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Eu-Based Bioprobes

Amine-Functionalized Silica Nanoparticles Incorporating
Covalently Linked Visible-Light-Excitable Eu3+ Complexes:
Synthesis, Characterization, and Cell-Uptake Studies
Biju Francis,[a,b] Bernhard Neuhaus,[c] M. L. P. Reddy,*[a] Matthias Epple,[c] and
Christoph Janiak*[b]

Abstract: We report the synthesis, characterization, photophys-
ical investigations, and cell-uptake studies of luminescent silica
nanoparticles incorporating covalently linked visible-light-excit-
able Eu3+ complexes. Visible-light excitation was accomplished
by using highly conjugated carbazole-based �-diketonate li-
gands. Covalent incorporation of the Eu3+ complexes into the
silica nanoparticles was achieved by modification of the
bidentate phosphine oxide 4,6-bis(diphenylphosphoryl)-10H-
phenoxazine (DPOXPO), which was used as the neutral donor
for the Eu3+ ion. The surface amine functionalization of the
nanoparticles was carried out using aminopropyltriethoxysilane

Introduction

Luminescence-based imaging techniques have achieved great
attention because of their high sensitivity, versatility and ease
of usage in in-vitro as well as in in-vivo imaging experiments.[1–4]

The limited optical qualities of organic dyes (weak photostabil-
ity) and quantum dots (potential cytotoxicity, blinking of fluo-
rescence and complex functionalization strategies) often limit
their imaging possibilities and demand the development of
better bioprobes.[5–8] Because of their appealing characteristics,
such as high biocompatibility, chemical inertness, optical trans-
parency, high water dispersibility, and easy surface-functionali-
zation strategies, silica nanoparticles are an attractive platform
for bioprobes.[9–11] Moreover, encapsulation into silica nanopar-
ticles improves the chemical and photostabilities of the loaded
species.[12–14] The remarkable optical properties of lanthanide
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(APTES). The prepared nanoparticles (Eu@Si-OH and Eu@Si-
NH2) are around 35–40 nm in diameter, monodisperse, stable
in aqueous dispersion, and also retain the luminescent proper-
ties of the incorporated Eu3+ complex. The synthesized nano-
particles exhibit a promising luminescence quantum yield of
38 % and an excited-state lifetime of 638 μs at physiological pH.
The photobleaching experiments revealed that the developed
nanoparticles are more photostable than the parent Eu3+ com-
plex 1. In vitro experiments with Eu@Si-NH2 nanoparticles on
HeLa cells showed that they are biocompatible and are readily
taken up by cells.

ions (Ln3+), such as narrow emission bands, high color purity,
large Stokes shifts, and long luminescent decay times, have of-
ten been combined with the advantageous characteristics of
silica nanoparticles.[15–19] However, the use of Ln3+ ions as bio-
probes is restricted, due to their low molar-absorption coeffi-
cients and UV excitation wavelengths.[20–22] The development
of visible-light-excitable Eu3+ antenna complexes, which avoid
the harmful UV irradiation and possess high molar-absorption
coefficients, augments their attractiveness in this scenario.[23–25]

The drawback of poor water solubility of these complexes can
be overcome by incorporating them into silica nanoparticles,
which provide better water dispersibility.[26–28] Hence, the past
decade has witnessed a surge in research for the development
of luminescent silica nanoparticles, whose optical properties
and biocompatibilities are promising for various biological
applications, by incorporating visible-light-excitable Eu3+ com-
plexes.[29–31]

Compared with other preparation methods, like impregna-
tion and doping, covalent linking of dye molecules to silica
nanoparticles reduces the risk of the dyes being leached
out.[32–34] Furthermore, it improves the homogeneity of the
nanoparticles and allows higher loading.[35] Previous works con-
cerning the covalent attachment of Eu3+ complexes to the silica
nanoparticles have been limited to the modification of primary
ligands (�-diketonates or carboxylic acids)[36–38] or nitrogen-
based neutral donors.[39–41] In comparison with nitrogen donor
ligands like terpyridine, phenanthroline, etc., phosphine oxide
molecules are much better neutral donors for Eu3+ ions.[42,43]

The coordinating abilities and the charge transport properties
of aromatic nitrogen-donor ligands like phenanthroline may be
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affected by the substituents on the ring, due to the involve-
ment of the lone-pair electrons on N-atoms. However, this is
not the case with phosphine oxide molecules, since the groups
binding to phosphorus atoms have no influence on the coordi-
nating ability of the phosphoryl oxygen atom.[44] Therefore, the
modification of phosphine oxide ligands is more flexible, and
easier, than the modification of nitrogen-donor ligands. In addi-
tion to this, bidentate phosphine oxide molecules form more
rigid and stable complexes with Eu3+ ions, due to the strong
Lewis acid–base interaction of the Eu3+ ion and the phosphoryl
oxygen atom.[45] Even though there are a few reports where
hybrid materials have been prepared by modifying monoden-
tate phosphine oxide ligands, the use of modified bidentate
phosphine oxides have rarely been explored.[46,47]

Herein, a novel bidentate phosphine oxide molecule,
4,6-bis(diphenylphosphoryl)-10H-phenoxazine (DPOXPO)
(Scheme 1) was synthesized to be used as an efficient neutral
donor for Eu3+ ions. Using our previously reported carbazole-
based �-diketonate molecule as the primary ligand[48] and
DPOXPO as the neutral donor, we prepared the corresponding
Eu3+ complex 1 (Scheme 2) and investigated its photophysical

Scheme 1. Synthesis of the ligand DPOXPO.

Scheme 2. Synthesis of Eu3+ complex 1.
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properties. The newly designed DPOXPO has a functional NH
group to which a variety of substituents can be introduced.
We modified the DPOXPO by adding a substituted silyl group

Scheme 3. Silylation of DPOXPO.

Scheme 4. Synthesis of Eu@Si-NH2 and Eu@Si-OH nanoparticles. TEOS =
tetraethyl orthosilicate, APTES = aminopropyltriethoxysilane.
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(Scheme 3) and then covalently incorporated the resulting Eu3+

complex into silica nanoparticles (Scheme 4).
The amine functionalization of nanoparticles was done using

aminopropyltriethoxysilane (APTES). The synthesized nanoparti-
cles were characterized by FTIR spectroscopy, TEM, DLS spec-
trometry, and EDX spectroscopy. The surface amine functionali-
zation was confirmed by �-potential measurements (in aqueous
dispersions) and fluorescamine tests. The photophysical investi-
gations suggest that the synthesized nanoparticles (Eu@Si-OH
and Eu@Si-NH2) retain the excellent luminescence properties
of the incorporated Eu3+ complexes. Photobleaching experi-
ments of complex 1 and the nanoparticles reveal that the latter
is more photostable than the former. The cell-culture studies
on HeLa cells indicate that Eu@Si-NH2 nanoparticles are taken
up by the cells and are biocompatible.

Results and Discussion

Synthesis and Characterization of DPOXPO and Complex 1

The bidentate phosphine oxide ligand DPOXPO was synthe-
sized as shown in Scheme 1 and was positively identified by
1H, 13C, and 31P NMR spectroscopy, FTIR spectroscopy, and mass
spectrometry, as well as by elemental analysis. The downfield
shift observed in the 31P NMR spectrum (from δ = –18.34 ppm
to δ = 30.85 ppm) of DPOXPO confirms the successful oxid-
ation of the phosphine to the phosphine oxide. The solvated
complex, Eu(L2)3(C2H5OH)2 {HL2 = 4,4,5,5,5-pentafluoro-
3-hydroxy-1-[9-(4-methoxyphenyl)-9H-carbazol-2-yl]pent-2-en-1-
one}, was synthesized according to the method described in
our recent publication.[48] The synthesis procedure for Eu3+

complex 1 is depicted in Scheme 2. The synthesized complex
was characterized using 31P NMR spectroscopy, FTIR spectro-
scopy, ESI-MS methods, and elemental analysis. The ESI-MS and
elemental analysis data indicated that the DPOXPO molecule
replaces the solvent molecules in the coordination sphere of
the Eu3+ ion. In the FTIR spectra, the P=O stretching frequency
of the free DPOXPO ligand shifts from 1193 to 1144 cm–1 in
complex 1, which confirms the coordination of DPOXPO to the
Eu3+ ion. This has been further confirmed by the upfield shift
of the P=O signal (from δ = 30.85 ppm to δ = –91.90 ppm) in
the 31P NMR spectrum of complex 1.

Synthesis and Characterization of Silylated DPOXPO and
Eu3+ Conjugate [Eu(L2)3(Si-DPOXPO)]

The silylation of the bidentate phosphine oxide ligand was
done according to the synthetic route outlined in Scheme 3.
The silylated ligand (Si-DPOXPO) was characterized using 1H,
13C, 31P, and 29Si NMR spectroscopy and FTIR spectroscopy, as
well as elemental analysis. Similar to DPOXPO, the peak corre-
sponding to the P=O resonance appears at δ = 31.03 ppm in
the 31P NMR spectrum. In the 29Si NMR spectrum (Figure S1),
the presence of a peak at δ = 42.9 ppm indicates the successful
silylation of DPOXPO. In the FTIR spectrum, the band corre-
sponding to the P=O stretching appears at 1193 cm–1. The ele-
mental analysis further confirms the successful silylation of
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DPOXPO. Using Si-DPOXPO as a neutral donor, we synthesized
the corresponding Eu3+ complex [Eu(L2)3(Si-DPOXPO)] (1) and
used it as the precursor for the synthesis of luminescent nano-
particles without further purification.

Synthesis and Characterization of Nanoparticles

To obtain a homogeneous dye distribution and better photo-
stability, the dye molecule has to be covalently linked to the
matrix.[35] Using the one-pot water-in-oil microemulsion
method,[49] we have covalently incorporated the long-wave-
length-excitable Eu3+ complex [Eu(L2)3(Si-DPOXPO)] into silica
nanoparticles, with TEOS as the precursor for silica-shell forma-
tion (Scheme 4). The addition of aqueous ammonia, which cata-
lyzes the hydrolysis and condensation of TEOS onto the
[Eu(L2)3(Si-DPOXPO)] conjugate, led to the growth of the silica
shell on [Eu(L2)3(Si-DPOXPO)]. APTES was used to modify the
surface of the nanoparticles with NH2 groups. The synthesized
nanoparticles were characterized using FTIR spectroscopy, DLS
spectrometry, TEM, and EDX spectroscopy. In the FTIR spectra,
the broad band at 3400 cm–1 corresponds to the OH and NH2

groups present on the surface of the nanoparticles. The band
at 1092 cm–1, with a shoulder at 1210 cm–1, can be assigned to
the asymmetric vibration of the Si–O–Si group.[50] The charac-
teristic symmetric vibration of Si–OH and the asymmetric vibra-
tion of the Si–O–Si groups are responsible for the bands ob-
served at 800 and 952 cm–1, respectively. The band at 467 cm–1,
due to the O–Si–O bending vibration, is also present in the
FTIR spectrum of Eu@Si-NH2 nanoparticles. The TEM images
(Figures 1 and S2) indicate that the nanoparticles are monodis-
persed and have spherical morphology, with average particle
sizes of 38 and 42 nm for the Eu@Si-NH2 and Eu@Si-OH nano-
particles, respectively (ascertained by measuring 50 particles in
each case). The hydrodynamic diameters of the nanoparticles
determined by DLS spectroscopic measurements are found to
be 65–70 nm, and this takes into account their motion and the
solvent sphere around the particles (Figure S3). Comparing the
integrated areas of the peaks corresponding to silicon and euro-
pium in energy-dispersive X-ray (EDX) spectroscopy (Figure S4),
we have determined a silica/Eu3+ complex molar ratio of 1:0.01,

Figure 1. (a) TEM image (scale bar 50 nm) and (b) histogram depicting the
diameter size distribution of Eu@Si-NH2 nanoparticles. From the image con-
trast in (a), the individual nanoparticles could be clearly seen and their size
determined, despite the aggregation and superimposition from the drying
process during the TEM-grid preparation.



Full Paper

giving about 5500 Eu complexes per nanoparticle (see Support-
ing Information for estimate). The surface charge of the unmod-
ified (Eu@Si-OH) and NH2-functionalized (Eu@Si-NH2) nano-
particles was determined by measuring the respective �-poten-
tial values, –5.8 and +15.6 mV, after dispersion in pure water
(i.e., at neutral pH), with the latter confirming the NH2 function-
alization (partial protonation of the amino groups at neutral
pH). The NH2 functionalization was further confirmed by the
fluorescamine test, in which the Eu@Si-NH2 nanoparticles
showed a broad fluorescence signal, with a peak maximum
around 480 nm (Figure S5) after the addition of fluorescam-
ine.[51,52]

UV/Vis Absorption Spectra

The UV/Vis absorption spectra of the parent Eu3+ complex 1
(in chloroform solution) and the synthesized nanoparticles (in
aqueous dispersion) are depicted in Figure S6. The absorption
spectrum of complex 1 exhibits two distinct broad bands. The
band with a maximum at around 360–400 nm corresponds to
the electronic transitions of the enol moiety of the �-diketonate
ligand, and the band in the higher energy region of 240–
280 nm is attributable to the electronic transitions of the carb-
azole backbone.[53,54] The electronic transitions of the enol moi-
ety of the �-diketonate ligand (band at ca. 310–400 nm) and
the chelated phosphine oxide (band at ca. 300–380 nm) units
are overlapped in complex 1. The absorption spectra of the
nanoparticles also display two broad bands, due to the elec-
tronic transitions of the enol moiety and carbazole ring of the
�-diketonate ligands. Compared with complex 1, the absorp-
tion bands of the nanoparticles (Eu@Si-OH and Eu@Si-NH2)
are slightly redshifted, which may be due to the change in the
environment of the Eu3+ complex within the nanoparticles. The
scattering effect of the nanoparticles may also contribute to-
wards the redshift of the absorption spectrum.

Photoluminescence Studies

The room-temperature excitation and emission spectra of com-
plex 1 in chloroform solution and the nanoparticles in PBS
buffer solution at pH 7.4 are recorded and given in Figure 2.
From the excitation spectra, it is clear that the ligand excitation
bands of the luminescent nanoparticles match well with the
excitation spectra of the parent Eu3+ complex 1. The absence
of sharp Eu3+ ion absorption bands in the excitation spectra
indicates that sensitization via ligand excited states is more effi-
cient than the direct excitation. The emission spectra of com-
plex 1 and the nanoparticles exhibit the characteristic emission
bands of Eu3+ ions when excited at 400 nm (Figure 2).[55–57] The
electric-dipole-induced hypersensitive 5D0→7F2 transition is
dominating in both cases, and it is responsible for the bright
red color of complex 1 and the nanoparticles.[58] Visible-light
excitation of the parent complex is retained in the developed
nanoparticles, as demonstrated in Figure 2e, where the nano-
particles are excited by blue light. The absence of broad ligand
emission bands in the emission spectra suggests that sensitiza-
tion via ligand excited states is efficient.[59] The photophysical

Eur. J. Inorg. Chem. 2017, 3205–3213 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3208

studies revealed that the synthesized nanoparticles retain the
excellent luminescence properties of the incorporated Eu3+

complex.

Figure 2. (A) Normalized excitation spectra (emission monitored at 612 nm)
and (B) normalized emission spectra (excited at 400 nm) of: (a) complex 1 in
chloroform solution, (b) Eu@Si-NH2, and (c) Eu@Si-OH nanoparticles dis-
persed in PBS solution (pH 7.4). In the normalized emission spectra (B), the
spectra for (a), (b), and (c) are essentially superimposed. Photographs of the
aqueous dispersion of Eu@Si-NH2 nanoparticles under: (d) normal light and
(e) blue light.

Photostability Studies

The photostabilities of the parent Eu3+ complex 1 and the pre-
pared nanoparticles (Eu@Si-NH2 and Eu@Si-OH) are shown in
Figure 3. A chloroform solution of complex 1 and PBS disper-
sions of the nanoparticles were used for the studies. The inten-
sity at 612 nm was monitored at 15 min time intervals under
continuous exposure at 365 nm. After 4 h of continuous UV
irradiation, broad ligand fluorescence dominated the emission

Figure 3. Photostability experiments of: (a) parent Eu3+ complex 1 in CHCl3
solution, (b) Eu@Si-NH2, and (c) Eu@Si-OH nanoparticles dispersed in PBS
buffer (pH 7.4) under continuous exposure at 365 nm. The luminescence
intensity was monitored at 612 nm at 15 min intervals.
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spectrum of the parent complex, which implies a complete de-
composition of complex 1. On the other hand, the photodec-
omposition of the nanoparticles Eu@Si-OH and Eu@Si-NH2 is
less than 15 %, even after 4 h of continuous UV irradiation.
Here, the silica shell acts as a protective layer to the encapsu-
lated Eu3+ complex in the nanoparticles and isolates the com-
plex from the external environment. This clearly shows that by
incorporation into the silica nanoparticles, the photostability of
the dye molecules can be improved significantly.

Luminescence Decay Profiles

The antenna complexes of Eu3+ ions usually exhibit long lumi-
nescence lifetime values (μs to ms range).[57,60,61] The excited-
state lifetimes of complex 1 in chloroform solution and the
nanoparticles Eu@Si-NH2 and Eu@Si-OH in PBS buffer solution
at pH 7.4 were measured by monitoring the emission band at
612 nm when excited at 400 nm. The luminescence decay pro-
file of the Eu@Si-NH2 nanoparticles at room temperature is
depicted in Figure 4, and those of complex 1 and the Eu@Si-
OH nanoparticles are depicted in Figures S7 and S8, respec-
tively. The single-exponential fitting of the decay curves in all
compounds indicates the existence of a single coordination en-
vironment in complex 1 and in the developed nanoparticles.
The excited-state lifetime of complex 1 was 719 ± 2 μs, whereas
those of the Eu@Si-NH2 and Eu@Si-OH nanoparticles were
537 ± 5 and 638 ± 5 μs, respectively (Table 1). The relatively
shorter lifetimes observed for the nanoparticles may be due to
the presence of OH and NH2 groups, which activate the non-
radiative decay pathways.

Figure 4. Luminescence lifetime profile of Eu@Si-NH2 nanoparticles dis-
persed in PBS solution (pH 7.4) at room temperature (emission monitored at
612 nm).

Table 1. 5D0 lifetime (τobs) and luminescence quantum yields (Φ) of complex
1 in CHCl3 solution and Eu@Si-NH2 and Eu@Si-OH nanoparticles in PBS
dispersions.

Compound τobs [μs] Φ [%]

Complex 1 719 ± 2 42
Eu@Si-OH 537 ± 5 38

Eu@Si-NH2 638 ± 5 34

Eur. J. Inorg. Chem. 2017, 3205–3213 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3209

The Eu3+ �-diketonate complexes are well known for their
remarkable luminescence quantum yield values. Recently, an
Eu3+ �-diketonate complex and its corresponding hybrid mate-
rial were reported with quantum yield values of 82 % and 63 %,
respectively.[61] In the present study, the luminescence quan-
tum yield of the Eu3+ complex in chloroform solution is found
to be 42 %. The incorporation of Eu3+ complexes into silica
nanoparticles is usually unfavorable in the perspective of lumi-
nescence quantum yield. The nanoparticles Eu@Si-NH2 and
Eu@Si-OH were dispersed in PBS buffer at pH 7.4 and the lumi-
nescence quantum yields were estimated to be 34 % and 38 %,
respectively (Table 1). The slight decrease in the quantum yields
of the developed nanoparticles may be due to the increase
in the nonradiative decay pathways associated with the high
frequency oscillators (OH and NH2 groups) present in the
Eu@Si-NH2 and Eu@Si-OH nanoparticles. The quantum yield
values of the parent Eu3+ complex and the developed nano-
particles are comparable with the previously reported val-
ues.[57,61,62] This observation further confirms that, after incor-
poration into the nanoparticles, the Eu3+ complex maintains its
optical properties.

The quantum yields and lifetimes of Eu3+-based hybrid mate-
rials do not usually follow the same trend.[27,35,60,61] The lifetime
is the inverse of the total deactivation rate, which, in turn, is
the sum of the radiative and nonradiative rates. On the other
hand, the quantum yield depends only on the radiative rate at
which the excited level is depopulated. Therefore, the absence
of correlation between the quantum yield and the lifetime does
not represent a contradiction. In some cases, the luminescence
parameters improve after incorporation into hybrid materials,
whereas in other cases, the luminescence parameters decrease
when compared with the pure complex. The exact mechanism
has rarely been reported. In our case, the large number of sur-
face OH and NH2 groups decreases the quantum yield and life-
time values compared with those of the parent Eu3+ complex,
but we cannot directly correlate the quantum yield and lifetime
values of the nanoparticles. Also, notably, the estimated error
for the quantum yield measurements is ±10 % (see Exp. Sect.).

Cell-Imaging and Cell-Viability Studies

The cell-uptake studies with the nanoparticles were carried out
using the HeLa cell line. The high Stokes shift for the Eu@Si-
NH2 nanoparticles permitted the visualization of them, to-
gether with the red dye CellMask (sequential excitation at dif-
ferent wavelengths). The CLSM images indicated that both
kinds of nanoparticles, that is, Eu@Si-NH2 and Eu@Si-OH (to a
lesser extent), attached to the cells and were subsequently
taken up by the cells (Figures 5 and 6). Most of the particles
were attached to the cell membrane after 4 h of incubation,
probably due to the electrostatic interaction between the posi-
tively charged Eu@Si-NH2 nanoparticles and the negatively
charged cell membrane. By z-stacking, we confirmed that the
particles had entered the cell (data not shown). By the MTT
assay,[63] which monitors the mitochondrial activity, we deter-
mined the cell viability after incubation with nanoparticles (Fig-
ure 7). More than 80 % of the cells were viable after 4 h of
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incubation with the nanoparticles, indicating good biological
compatibility for potential biomedical applications.

Figure 5. Pseudo-color images of HeLa cells incubated with Eu@Si-NH2 nano-
particles [top row (a–c)], and Eu@Si-OH nanoparticles [bottom row (d–f)].
Images (a) and (d) show the fluorescent nanoparticles (artificial color in blue;
original color red); (b) and (e) show bright field images of HeLa cells; (c) and
(f ) show the cell morphology stained with CellMask (red). All images were
taken with a Keyence Biorevo BZ-9000 microscope. The cells were incubated
for 4 h with the nanoparticles and were then thoroughly washed to remove
dispersed and weakly adhering nanoparticles.

Figure 6. Magnified confocal-laser-scanning pseudo-color images of HeLa
cells, incubated with Eu@Si-NH2 nanoparticles: (a) artificially colored in blue
[original luminescence color (red)], (b) stained with CellMask (red), and (c) a
merged image. The cells were incubated for 4 h with the nanoparticles and
were then thoroughly washed to remove dispersed and weakly adhering
nanoparticles. The CLSM gives arbitrary colors, and to distinguish between
red nanoparticles and red CellMask, we have colored them according to their
excitation wavelengths (380 nm for the nanoparticles and 649 nm for Cell-
Mask).

Figure 7. Viability (%) of HeLa cells assessed by the MTT assay. Untreated
cells served as the control. All results are presented as the mean ± standard
deviation (SD) from triplicate experiments. Blue bars correspond to the cell
viability after treatment with Eu@Si-OH nanoparticles, and red bars corre-
spond to the cell viability after treatment with Eu@Si-NH2 nanoparticles. The
cell viability is high in all cases.

Eur. J. Inorg. Chem. 2017, 3205–3213 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3210

Conclusion
We synthesized the visible-light-excitable, carbazole-based Eu3+

complex 1 using a novel bidentate phosphine oxide molecule
DPOXPO as the neutral donor. The DPOXPO molecule has a
functional NH group, and by modifying this group, we cova-
lently incorporated the corresponding Eu3+ complex into silica
nanoparticles. Amine functionalization of the nanoparticle sur-
face was performed for biological studies. Synthesized nanopar-
ticles were 35–40 nm in size, monodispersed, dispersible in wa-
ter, and they retained the excellent luminescence properties of
the incorporated Eu3+ complex. They exhibited a remarkable
luminescence quantum yield, as high as 38 %, and an excited-
state lifetime of up to 638 μs at physiological pH, both of which
are comparable with the previously reported values. Photo-
bleaching studies revealed that the synthesized nanoparticles
were more photostable than the parent Eu3+ complex 1. The
cell-uptake studies with HeLa cells revealed that the amine-
functionalized nanoparticles Eu@Si-NH2 were taken up by the
cells and were biocompatible. These interesting properties
make the developed nanoparticles potential candidates for vari-
ous biological applications. The large Stokes shift (excitation
with blue light, emission of red light) makes them especially
interesting as fluorescent probes that avoid interference with
other staining reagents (like CellMask).

Experimental Section
General: Europium(III) nitrate pentahydrate, sodium hydride (60 %
dispersion in mineral oil), aminopropyltriethoxysilane (APTES) and
(3-chloropropyl)trimethoxysilane were procured from Sigma–
Aldrich. Tetraethyl orthosilicate (TEOS) and Triton X-100 were pur-
chased from Acros Organics. 4,6-Bis(diphenylphosphino)-10H-
phenoxazine was obtained from Alfa Aesar. All other chemicals
were of analytical reagent grade and used without further purifica-
tion. Solvents were dried using standard methods. The solvated
Eu3+ complex [Eu(L2)3(C2H5OH)2] was synthesized according to the
method described in our earlier publication.[48] The FTIR spectra of
the compounds were measured using KBr pellets with a Bruker
TENSOR 37 FTIR spectrometer, at ambient temperature, operating
in the range 4000–500 cm–1. A Bruker 500 MHz NMR spectrometer
was used to record the 1H (500 MHz), 13C (125.7 MHz), 31P
(202.44 MHz), and 29Si NMR (99.32 MHz) spectra of the newly syn-
thesized compounds in [D]chloroform solution. C, H, and N elemen-
tal analyses were performed with a Perkin–Elmer Series 2 Elemental
Analyzer 2400. A Thermo Scientific Exactive Benchtop LC/MS Orbi-
trap Mass Spectrometer was used to record the electrospray ioniza-
tion (ESI) mass spectra. Dynamic-light-scattering spectrometry and
zeta-potential determinations were performed with a Zetasizer
Nanoseries instrument (Malvern Nano-ZS, laser: λ = 532 nm) using
the Smoluchowski approximation; the data was taken from the Mal-
vern software without further correction. The particle-size data refer
to scattering intensity distributions (z-average). HR-TEM images and
EDX spectra of the synthesized nanoparticles were collected with
an FEI Tecnai G2 F20, with an acceleration voltage of 200 kV. The
UV/Vis absorption spectra of the Eu3+ complex (in chloroform solu-
tion) and the nanoparticles (in aqueous dispersion) were recorded
with a Shimadzu UV-2450 UV/Vis spectrophotometer, and the back-
ground correction of the spectra was made using the correspond-
ing solvents. The photoluminescence (PL) spectra of the Eu3+ com-
plex 1 (in chloroform solution) and nanoparticles (in PBS dispersion,
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at pH 7.4), were recorded with a Spex-Fluorolog FL22 spectro-
fluorimeter equipped with a double grating 0.22 m Spex 1680
monochromator and a 450 W Xe lamp as the excitation source. The
lifetime measurements of complex 1 (in chloroform solution) and
the nanoparticles (in PBS dispersion, at pH 7.4) were carried out at
room temperature using a Spex 1040 D phosphorimeter. The overall
quantum yields for the parent Eu3+ complex and the developed
nanoparticles were determined under ligand excitation (400 nm),
based on the absolute method, using a calibrated integrating
sphere in a Spex-Fluorolog spectrofluorimeter.[64] An Xe-arc lamp
was used to excite the samples placed in the sphere, and the quan-
tum yields were determined by comparing the spectral intensities
of the lamp and the sample emission, as reported in the litera-
ture.[65,66] Using this experimental setup and the integrating sphere
system, the solid-state and film-state fluorescence quantum yields
of tris(8-hydroxyquinolinolato)aluminium (Alq3) were determined to
be 40 % and 18 %, respectively, which are consistent with previ-
ously reported values.[67,68] Each sample was measured several
times under slightly different experimental conditions. The esti-
mated error for the quantum yields is ± 10 %.[69,70]

Synthesis of 4,6-Bis(diphenylphosphoryl)-10H-phenoxazine
(DPOXPO): 4,6-Bis(diphenylphosphino)-10H-phenoxazine (10 mmol)
was dissolved in 1,4-dioxane (15 mL). H2O2 (2 mL, 30 %) was added
dropwise to the solution, and the reaction mixture was then stirred
at room temperature for 4 h. Water (10 mL) was then added to
quench the reaction, and the solution was extracted with dichloro-
methane (3 × 20 mL). The organic layer was washed several times
with water to remove excess 1,4-dioxane, dried with anhydrous
Na2SO4, filtered, and the solvent evaporated. The product was ob-
tained as an off-white powder (yield 99 %). C36H27NO3P2 (583.55):
calcd. C 74.10, H 4.66, N 2.40; found C 73.96, H 4.49, N 2.42. 1H NMR
(500 MHz, CDCl3): δ = 10.50 (br., NH), 7.20 (m, 22 H), 6.50 (m, 2 H),
5.98 (m, 2 H) ppm. 31P NMR (202.44 MHz, CDCl3): δ = 30.85 ppm.
FTIR (KBr): ν̃max = 3338 (br.), 1193 (P=O) cm–1. MS: m/z = 584.1547
[M + H]+.

Synthesis of Eu3+ Complex 1: The Eu3+ complex 1 was synthesized
by stirring equimolar amounts of solvated complex [Eu(L2)3-
(C2H5OH)2] and DPOXPO in chloroform solution at 65 °C for 24 h
(Scheme 2). The solvent was then removed, and the product was
purified by recrystallization from a chloroform/hexane mixture
(15:85) (yield 76 %). 31P NMR (202.44 MHz, CDCl3): δ = –91.90 ppm.
C108H78EuF15N4O12P2 (2122.68): calcd. C 61.11, H 3.70, N 2.64; found
C 61.23, H 3.64, N 2.70. FTIR (KBr): ν̃max = 3340 (br.), 3072, 1616,
1504, 1234, 1144 cm–1. MS: m/z = 1660.2923 (M – L2)+.

Synthesis of the Silylated Phosphine Oxide Si-DPOXPO: 4,6-
Bis(diphenylphosphoryl)-10H-phenoxazine (1 mmol) was dissolved
in dry DMF (10 mL) under N2, with the temperature being main-
tained at 0 °C. Sodium hydride (2 mmol) was added, and the orange
mixture was stirred for 2 h, while the reaction mixture was allowed
to warm to room temperature. 3-Chloropropyltrimethoxysilane
(1.9 mmol) was added dropwise at room temperature. The reaction
mixture was then stirred at 150 °C for 18 h. After attaining room
temperature, the yellow-brown suspension was filtered, and the sol-
vent was removed under reduced pressure. The obtained product
was then washed several times with hexane until an off-white pow-
der was obtained (yield 72 %). C42H41NO6P2Si (745.81): calcd. C
67.64, H 5.54, N 1.88; found C 67.86, H 5.72, N 1.64. 1H NMR
(500 MHz, CDCl3): δ = 7.22 (m, 20 H), 6.66 (m, 2 H), 6.49 (m, 2 H),
5.97 (m, 2 H), 3.61 (s, 9 H), 3.49 (t, 2 H), 1.80 (m, 2 H), 0.72 (t, 2 H)
ppm. 31P NMR (202.44 MHz, CDCl3): δ = 31.03 ppm. 13C NMR
(125 MHz, CDCl3): δ = 147.82, 138.24, 134.31, 133.93, 129.12, 128.87,
125.83, 125.51, 124.52, 112.73, 53.77, 47.47, 26.51, 9.21 ppm. 29Si
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NMR (99.32 MHz, CDCl3): δ = –42.9 ppm (Figure S1). FTIR (KBr):
ν̃max = 1194, 1115 cm–1.

Synthesis of Silylated Eu3+ Complex [Eu(L2)3(Si-DPOXPO)]: The
solvated Eu3+ complex [Eu(L2)3(C2H5OH)2] (2 mmol) was dissolved
in chloroform (20 mL). Si-DPOXPO (2 mmol) was added to the solu-
tion, and the mixture was stirred at 65 °C for 12 h. The solvent was
then removed under reduced pressure. The product obtained was
then washed with hexane, dried in vacuo, and used without further
purification.

Synthesis of Nanoparticles: The amine-functionalized luminescent
silica nanoparticles were synthesized by a water-in-oil reverse mi-
croemulsion in a one-pot synthesis procedure (Scheme 4). A water-
in-oil reverse microemulsion was prepared by mixing cyclohexane
(7.5 mL), octanol (1.82 mL), Triton X-100 (1.78 mL), and water
(500 μL) and stirred for 15 min. The compound [Eu(L2)3-
(Si-DPOXPO)] (4 mg) in toluene (1.5 mL) was added, and the mix-
ture was stirred for 30 min (addition of a greater amount of complex
may decrease the luminescence intensity by concentration quench-
ing).[27] TEOS (100 μL) was added to this as a precursor for silica-
shell formation, followed by aqueous ammonia (75 μL) to catalyze
the hydrolysis and condensation of TEOS. For amine functionaliza-
tion, APTES (10 μL) was added to the reaction mixture, which was
stirred at room temperature for 24 h. The nanoparticles were then
isolated by breaking the microemulsion with the addition of eth-
anol (4 mL). The prepared nanoparticles were separated by centrifu-
gation, washed with a 1:2 mixture of ethanol/water and then with
water to remove the surfactants and unreacted Eu3+ complexes.
The washing was continued and tested with luminescence meas-
urements until the washings exhibited no emission from unreacted
[Eu(L2)3(Si-DPOXPO)]. The synthesized nanoparticles Eu@Si-NH2
and Eu@Si-OH were then characterized using Fourier transform in-
frared spectroscopy (FTIR), dynamic light scattering (DLS) spectrom-
etry, transmission electron microscopy (TEM), and energy dispersive
X-ray spectroscopy.

Cell-Imaging Experiments and Analyses: The cellular uptake was
measured by transmission light microscopy and fluorescence
microscopy with a Keyence Biorevo BZ-9000 instrument (Osaka,
Japan). Confocal-laser-scanning microscopy was performed with a
confocal-laser-scanning microscope (SP5 LCSM, Leica) using a 63×
water objective. HeLa cells were cultured in Dulbecco's modified
Eagle's medium (DMEM), supplemented with fetal calf serum (FCS,
10 %), streptomycin (100 U mL–1), and penicillin (100 U mL–1), at
37 °C under 5 % CO2 atmosphere. Eu@Si-NH2 nanoparticles were
redispersed in autoclaved water at 0.25 mg mL–1 by sonication at
80 % amplitude and 0.8 pulse with sonotrode MS7 (Hielscher UP50
H) for 1 min. The particles were then diluted with DMEM [cell-cul-
ture medium, supplemented with fetal calf serum (10 %), strepto-
mycin (100 U mL–1), and penicillin (100 U mL–1)] to a concentration
of 0.1 mg mL–1. For CLSM, cells were seeded 1 d prior to the experi-
ment at 105 cells/well in a four-chamber polystyrene tissue-culture-
treated glass slide. The cells were incubated with the nanoparticle
dispersion (excitation: 380 nm; emission: 612 nm). Afterwards, the
cells were washed three times with PBS (phosphate-buffered saline)
and incubated with formaldehyde (3.7 %) for fixation for 20 min.
The cells were washed again two times with PBS before incubation
with CellMask® (plasma membrane stain, Life Technologies, Carls-
bad, USA; excitation: 649 nm; emission: 666 nm) to stain the cellular
membrane. Afterwards, the cells were washed three times with PBS
and stored overnight in mounting medium before microscopy.

MTT Assay (Cytotoxicity): The cell viability was analyzed by the
MTT assay. Here, the enzyme mitochondrial dehydrogenase cleaved
the tetrazolium ring of MTT and the pale-yellow solution became
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dark-blue, because of the formation of formazan within the living
cells. Only active mitochondria contain the enzyme mitochondrial
dehydrogenase. For the MTT assay, the HeLa cells were seeded in
24-well plates with 5 × 104 cells per well. MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide; Molecular Probes,
Life Technologies, Carlsbad, USA] was dissolved in PBS (5 mg mL–1)
and then added to the required amount of cell-culture medium to
give a final MTT concentration of 1 mg mL–1. The cell-culture me-
dium of the cells was replaced by the MTT medium (300 μL) and
incubated at 37 °C under 5 % CO2 in a humidified atmosphere for
90 min. Then, the MTT medium was removed, and the blue precipi-
tate was dissolved in DMSO (300 μL, each well) and incubated for
30 min. Finally, 100 μL of each well were taken for photometric
analysis at λ = 570 nm (Multiscan FC instrument, ThermoFisher
Scientific, Vantaa, Finland). The absorption of the supernatant of
the cells treated with the nanoparticles was normalized to that of
the control. In all cases, cells cultivated under the same conditions,
but without any treatment, were used as the control.
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