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Silica-modified monodisperse hexagonal
lanthanide nanocrystals: synthesis and
biological properties

U. Kostiv,a O. Janoušková,a M. Šlouf,a N. Kotov,a H. Engstová,b K. Smolková,b

P. Ježekb and D. Horák*a

Oleic acid-stabilized hexagonal NaYF4:Yb
3+/Er3+ nanocrystals, emitting green and red luminescence,

were prepared by the high-temperature co-precipitation of lanthanide chlorides. By varying the reaction

time and the Ln3+/Na+ ratio, the nanocrystal size can be controlled within the range 16–270 nm. The

maximum upconversion quantum yield is achieved under 970 nm excitation. The reverse microemulsion

technique using hydrolysis and condensation of tetraethoxysilane is a suitable method to coat the nano-

crystal surface with a silica shell to make the particles dispersible and colloidally stable in aqueous media.

During the subsequent functionalization, (3-aminopropyl)trimethoxysilane introduced amino groups onto

the silica to enable future bioconjugation with the target molecules. All specimens were characterized by

TEM microscopy, electron and X-ray diffraction, ATR FT-IR spectroscopy, and upconversion lumine-

scence. Finally, in vitro cytotoxicity and intracellular nanoparticle uptake (using confocal microscopy)

were determined with human cervical carcinoma HeLa and mRoGFP HeLa cells, respectively. From the

investigated particles, amino-functionalized NaYF4:Yb
3+/Er3+ nanocrystals internalized into the cells

most efficiently. The nanoparticles proved to be nontoxic at moderate concentrations, which is important

when considering their prospective application in biolabeling and luminescence imaging of various

cell types.

1. Introduction

In recent years, a broad variety of luminescent nanoparticles
of different sizes, shapes and compositions have been
reported.1 Luminescent nanomaterials including organic
dyes,2 quantum dots3 and upconversion nanoparticles were
obtained by a range of chemical methods and have found
various applications, such as solar cells,4 media for data
storage,5 photocatalysis,6 photodynamic therapy,7 biological
imaging and labeling.8 The disadvantage of ultraviolet light as
a source for excitation of organic dyes and quantum dots is
that it damages biological tissue, and has low penetration
depth and high background autofluorescence. In contrast,
near infrared light (NIR) is noninvasive and falls in the
“optical window” of biological tissues.9 Photo-damage to
tissues is thus minimized and in vivo imaging can be easily
achieved due to the deep penetration of NIR radiation into the

tissue. Upconversion nanocrystals have been suggested as a
promising new class of luminescent materials, which are
capable of producing visible light by energy transfer upconver-
sion (ETU) of NIR radiation.10 ETU is a nonlinear optical
process based on the sequential absorption of two or more
photons which converts long-wavelength excitation into
shorter wavelength radiation.11 In comparison with other
luminescent materials, such as organic dyes2 and quantum
dots,3 upconversion nanocrystals have shown superior chemi-
cal and optical features like narrow emission peaks,12 resist-
ance to bleaching,13 chemical stability,14 and the absence of
blinking effects.15 After being excited by NIR light, their sharp
emission peaks appear due to the intra-4f electronic tran-
sitions of rare earth ions (e.g., Yb+3 and Er3+).16,17

Upconversion nanoparticles are typically composed of a
chemically and thermally stable inorganic fluoride host lattice
(e.g., NaYF4) possessing low photon energies (∼350 cm−1) to
prevent non-radiative energy losses; at the same time the
lattice accommodates dopant trivalent lanthanide ions.18

Optically inert Y3+ ions have superior physical and chemical
properties with similar valence states as the optically active
rare earth ions. Lanthanide ions enhancing upconversion
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efficiency can be divided into two groups: activators emitting
visible light and sensitizers acting as energy donors.19 The
high luminescence efficiency of upconversion nanoparticles
can be achieved by precise concentrations of sensitizers and
activators. Optimal sensitizers should have large absorption
cross-sections corresponding to the activator energy level. Yb3+

ions are frequently used sensitizers which absorb NIR light
and donate the energy to an activator (e.g., Er3+, Ho3+ and
Tm3+) due to the similar energy of the excited state.20 The
emission of the photons at a shorter wavelength than the exci-
tation wavelength occurs by the relaxation of Er3+ from an
excited to the ground state, emitting thus green and red
light.21 High-quality NaYF4:Yb

3+/Er3+ nanocrystals are usually
synthesized by the high-temperature co-precipitation method
of lanthanide chlorides in the presence of organic solvents,
e.g., oleic acid or oleylamine.22 Oleic acid on the crystal surface
provides stability against aggregation and controls the particle
growth, moreover, it makes crystals hydrophobic due to long
hydrocarbon chains. The high-temperature co-precipitation
yields upconversion nanoparticles with a narrow size distri-
bution and a diameter that can be regulated by the stoichi-
ometry of the reagents. The adjustment of Na+ and F−

concentrations in the reaction system also controls the mor-
phology of the nanocrystals. Depending on synthetic con-
ditions, the NaYF4:Yb

3+/Er3+ crystal structure exhibits two
phases: cubic (α) and hexagonal (β). The latter phase is known
to be less symmetric23 (compared to cubic), which increases
the luminescence efficiency by increasing the crystal field
strength.19

In praxis, the upconversion nanocrystals have to fulfill
several requirements, such as water-dispersibility (no aggrega-
tion), uniformity in size, biocompatibility and the presence of
functional groups on the surface to make the successive conju-
gation of biomolecules possible. It is therefore necessary to
develop a facile low-cost modification of the nanoparticle
surface, e.g., with silica or polymer monolayers. Incorporation
of the NaYF4:Yb

3+/Er3+ nanocrystals into the silica shell has
been already achieved by the water-in-oil (w/o) reverse micro-
emulsion approach using the nonionic Igepal 520 stabilizer and
ammonium hydroxide-catalyzed hydrolysis and condensation
of the tetramethylorthosilicate.24 The advantage of silica is its
biocompatibility and modifiability with amino, carboxyl and
thiol groups.25 Binding of biomolecules (e.g., peptides, pro-
teins and DNA) can be then achieved by standard covalent bio-
conjugation techniques, such as hydrolysis of succinimidyl
esters, carbodiimide chemistry and disulfide-coupling.26

The aim of this report is to prepare upconversion hexagonal
nanoparticles and further modification of their surface with
silica and its amino derivative for the final investigation of
in vitro cytotoxicity and/or intracellular uptake by human cervi-
cal carcinoma cell lines. The effect of reaction parameters,
such as Ln3+/Na+ ratio, temperature and reaction time, on the
morphological, physical and biological properties of the result-
ing particles is therefore elucidated. This can have an impact
on the mechanism of nanoparticle internalization by cells and
future applications such as therapeutic or diagnostic tools.

2. Experimental
2.1 Chemicals and materials

Anhydrous yttrium(III), ytterbium(III) and erbium(III) chlorides
(99%), ammonium hydrogen difluoride, 1-octadecene (90%),
tetramethoxysilicate (TMOS; >99%), (3-aminopropyl)triethoxy-
silane (APTES) and Igepal CO-520 (polyoxyethylene(5) nonyl-
phenyl ether) were purchased from Sigma-Aldrich (St Louis,
MO, USA). Sodium and ammonium hydroxide were obtained
from Lach-Ner (Neratovice, Czech Republic). Oleic acid (OA),
methanol, ethanol, and acetone were from Lachema (Brno,
Czech Republic). All reagents were used as received.

HeLa human cervical carcinoma cell lines were kindly pro-
vided by Dr Mělkova (1st Medical Faculty of Charles University,
Prague, Czech Republic) and mRoGFP HeLa cells (Institute of
Physiology, Prague, Czech Republic) were cultivated in Dulbec-
co’s modified Eagle’s medium (DMEM; Life Technologies;
Carlsbad, CA, USA) supplemented with heat inactivated 10%
fetal calf serum (FCS), 100 U per ml penicillin and 100 μg per
ml streptomycin.

2.2 Synthesis of oleic acid-stabilized NaYF4:Yb
3+/Er3+

nanocrystals

Oleic acid (OA)-stabilized NaYF4:Yb
3+/Er3+ nanocrystals were

prepared according to an earlier described procedure27 with
some modifications. In the typical procedure, 1.5 mmol of
lanthanide chlorides (1.2 mmol YCl3, 0.27 mmol YbCl3 and
0.03 mmol ErCl3) were charged into a 100 ml 3-neck flask,
1-octadecene (15 ml) and OA (6 ml) were added and the
mixture was heated to 160 °C for 30 min until a homogeneous
solution was obtained. The flask was then cooled down to
room temperature and a solution of NH4F·HF (2.4 mmol) and
NaOH (2.5 mmol) in methanol (10 ml) was added dropwise.
The resulting mixture was slowly heated up to 70 °C until
methanol was evaporated, gently purged with argon, heated to
300 °C for 90 min, then cooled to room temperature and trans-
ferred into 15 ml centrifuge tubes. The NaYF4:Yb

3+/Er3+ crys-
tals were precipitated by the addition of acetone (10 ml),
separated using a Sorvall Legend X1 centrifuge (ThermoFisher;
Osterode, Germany), washed with ethanol three times, and,
finally, transferred into hexane. For in vitro cell viability experi-
ments, the NaYF4:Yb

3+/Er3+ nanocrystals were washed with an
ethanol/water mixture (1/1 v/v) and water five times each.

2.3 Surface modification of NaYF4:Yb
3+/Er3+ nanocrystals

by silica

The NaYF4:Yb
3+/Er3+ nanocrystals were coated by using a thin

silica shell using a reverse microemulsion process28 with slight
changes. Typically, dispersion of nanocrystals (30 mg) in
hexane (10 ml) was mixed with Igepal CO-520 (0.5 ml) and
25% NH4OH (0.08 ml) under sonication (Sonopuls sonicator;
Bandelin; Berlin, Germany) for 30 min. TMOS (0.02 ml) was
then added and the reaction continued for 48 h. Amino-func-
tionalized silica-coated NaYF4:Yb

3+/Er3+ nanocrystals were pre-
pared by adding APTES (0.01 ml) into the reaction mixture and
the reaction continued for 24 h. The resulting NaYF4:Yb

3+/
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Er3+&SiO2 and NaYF4:Yb
3+/Er3+&SiO2-NH2 nanocrystals were

precipitated by the addition of acetone (10 ml), separated by
centrifugation, washed with ethanol and dispersed in water.

2.4 Characterization of the nanocrystals

Electron microscopy. The morphology, composition and
crystal structure of the particles were investigated by using a
Tecnai G2 Spirit Twin 12 Transmission Electron Microscope
(TEM; FEI; Brno, Czech Republic). Size and particle size distri-
bution were determined by measuring at least 500 particles
from five random TEM/bright field (BF) micrographs using
Atlas software (Tescan, Brno, Czech Republic). Number- (Dn),
weight-average diameter (Dw) and the uniformity (polydisper-
sity index PDI) were calculated as follows:

Dn ¼
X

NiDi=
X

Ni; ð1Þ

Dw ¼
X

NiDi
4=
X

NiDi
3; ð2Þ

PDI ¼ Dw=Dn; ð3Þ
where Ni and Di are the number and diameter of the particles,
respectively. The TEM microscope was equipped with an EDAX
energy dispersive spectrometer (Mahwah, NJ, USA), which was
used for analysis of the elemental composition of the nano-
particles. The crystal structure was determined by selected area
electron diffraction (SAED). TEM/SAED diffraction patterns
were processed with Process Diffraction software29 and com-
pared with those calculated by using PowderCell software30

and/or downloaded from crystallographic databases.
Wide angle X-ray scattering (WAXS). WAXS was measured on

a Rigaku MolMet instrument using image plates and a pinhole
camera (Molecular Metrology System; Tokyo, Japan) attached
to a microfocused X-ray beam generator (Osmic MicroMax 002)
operating at 45 kV and 0.66 mA.22 The camera was equipped
with 23 × 25 cm removable imaging plates (Fujifilm).

ATR FT-IR spectroscopy. Infrared spectra were recorded
using a Nexus Nicolet 870 FT-IR spectrometer (Madison, WI,
USA) equipped with a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector. All spectra were recorded
using a Golden Gate single attenuated total reflection (ATR)
crystal (Specac; Slough, UK). The spectra (256 scans) were
acquired at a resolution of 4 cm−1 at room temperature. Water
vapor (atmospheric spectrum) and background were sub-
tracted from the spectra.

Upconversion luminescence. Luminescence spectra were
recorded on a Leica TCS SP2 AOBS confocal inverted fluore-
scence microscope (Mannheim, Germany) using a PL APO
100×/1.40–0.70 oil immersion objective (pinhole 1 Airy unit)
and a Coherent Chameleon Ultra Ti:sapphire laser (Santa
Clara, CA, USA) at 970 nm excitation with correction on a
power laser at different wavelengths. The NaYF4:Yb

3+/Er3+ and
NaYF4:Yb

3+/Er3+&SiO2-NH2 nanoparticle (0.01 g) dispersions in
hexane and water, respectively, were placed on a cover glass
using a spin coating technique.

In vitro viability of HeLa cells incubated with NaYF4:Yb
3+/

Er3+, NaYF4:Yb
3+/Er3+&SiO2 and NaYF4:Yb

3+/Er3+&SiO2-NH2

nanocrystals. 5 × 103 HeLa cells were seeded into 100 μl of
high glucose DMEM medium supplemented with 10% (v/v)
heat inactivated FBS, 10 IU per ml penicillin, and 100 μg per
ml streptomycin in 96-well flat-bottom plates (TPP; Prague,
Czech Republic) at 37 °C for 24 h, and the nanocrystals were
added at concentrations ranging from 0.001 to 1 mg ml−1 and
cell cultivation was continued at 37 °C for 72 h under a 5%
CO2 atmosphere. 10 μl of alamarBlue® cell viability reagent
(Life Technologies; Carlsbad, CA, USA) was then added to each
well and the incubation continued for an additional 4 h.
Resazurin as the active component of the alamarBlue® reagent
was reduced to highly fluorescent resorufin only in metaboli-
cally active viable cells. Fluorescence was detected using a
Synergy Neo plate reader (Bio-Tek; Winooski, VT, USA) under
excitation at 570 nm and emission at 600 nm. Cells cultivated
in the medium without the nanocrystals served as control.
Two wells were used for each concentration and the assay was
repeated three times.

Confocal imaging of mRoGFP HeLa cells incubated with
nanocrystals. The HeLa human cervical carcinoma cell
line stably expressing matrix targeted redox-sensitive GFP
(mRoGFP) was cultivated in DMEM medium without glucose
supplemented with 3 mM glutamine, 5% (v/v) glucose-free dia-
lyzed FCS, 10 mM 4-(2-hydroxyethyl)-1-piperazinethanesulfonic
acid (HEPES), 10 IU per ml penicillin, 100 μg per ml strepto-
mycin, and 10 mM galactose at 37 °C in humidified air with
5% CO2. The cells were then cultured for 3–4 days on poly(L-
lysine)-coated coverslips to 70% confluency and incubated
with NaYF4:Yb

3+/Er3+ nanocrystals (1 mg ml−1) for 48 h under
a 5% CO2 atmosphere. Fluorescence images of the labeled
cells were taken using the same confocal microscope as
described above. While mRoGFP was excited at 488 nm with a
20 mW argon laser, the NaYF4:Yb

3+/Er3+ nanocrystals were
excited at 970 nm with a Chameleon Ultra Ti:sapphire laser
and 140 fs pulse width. The images and their overlays were
manually contrasted and the brightness was adjusted by using
Image J software (National Institutes of Health; Bethesda, MD,
USA).

Analyses of colocalization and correlation of images by
using Pearson’s and Mander’s coefficients. The Pearson’s
(PCC) and the Mander’s overlap coefficients (MOC) are used
to quantify the degree of colocalization between fluorophores,
i.e., emission of GFP and nanocrystals.

PCC is given as follows:

PCC ¼
P ðRi � RavÞðGi � GavÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðRi � RavÞ2

P ðGi � GavÞ2
q ð4Þ

MOC is given as follows:

MOC ¼
P ðRiÞðGiÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðRiÞ2

PðGiÞ2
q ð5Þ

where Ri is the intensity of the first fluorophore in individual
pixels and Rav is the arithmetic mean, whereas Gi and Gav are
the corresponding intensities for the second fluorophore in
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the same pixels.31 All analyses were performed using Image J
software (National Institute of Health, Bethesda, MD, USA).

3. Results and discussion
3.1 Synthesis of NaYF4:Yb

3+/Er3+ nanocrystals

Two-step high-temperature co-precipitation of three lanthanide
chlorides has been selected as a suitable technique for the syn-
thesis of the NaYF4:Yb

3+/Er3+ nanocrystals. First, lanthanide
chlorides were dissolved in a mixture of 1-octadecene and OA
as a surface binding ligand and heated to 160 °C. Second,
NaOH and NH4F·HF as a source of Na+ and F− ions, respecti-
vely, were added and the mixture was heated to 300 °C and
kept at this temperature for 1.5 h producing hexagon shaped
NaYF4:Yb

3+/Er3+ nanocrystals. Throughout the experiments,
the amounts of both NH4F·HF and NaOH were held constant
at 2.4 and 2.5 mmol, respectively. The OA stabilizer controlled
the particle size and hindered particle agglomeration.32 Stabil-
ization was achieved by adsorption of OA on the nanocrystal
surface via interactions between the lanthanide ions and the
OA carboxyl groups. Hydrophobic OA alkyl chains then stabil-
ized the NaYF4:Yb

3+/Er3+ crystals enabling thus their dispersi-
bility in nonpolar solvents, e.g., hexane or toluene. In such
solvents, the crystals were individual without any tendency to
aggregate. In the following experiments, the effect of changing
experimental conditions, such as concentrations of the reac-
tants, ion ratios and reaction time, on the crystal size and
shape was investigated. All the experiments were performed
more than five times and the properties of the nanocrystals
were reproducible.

3.2 Effect of Ln3+/Na+ ratios

The Ln3+/Na+ ratio strongly influenced both the crystal mor-
phology and phase. Typical TEM micrographs of hydrophobic
NaYF4:Yb

3+/Er3+ nanocrystals are shown in Fig. 1a and d.
While the Ln3+/Na+ ratio was tuned from 1/2.5 to 1.5/2.5 (mol
mol−1), other reaction parameters, such as the reaction temp-
erature (300 °C) and time (90 min), were kept constant. At
Ln3+/Na+ = 1/2.5 (mol mol−1), polydisperse (PDI = 1.16) spheri-
cal crystals of 26 nm number-average diameter were prepared
(Fig. 1a). At the 1.5/2.5 ratio (mol mol−1), flat hexagon-shaped
crystals were obtained with Dn = 266 nm and PDI = 1.01 con-
firming the monodispersity of the product (Fig. 1d). Dark
stripes passing through the nanocrystals displayed thickness
and bend contours and/or dislocations (Fig. 1d) that are quite
common in the TEM micrographs of inorganic crystals.33 The
1.5/2.5 ratio (mol mol−1) can be thus considered as optimal
from the point of view of the formation of monodisperse crys-
tals with a pure hexagonal phase. At a higher concentration of
Ln3+ ions (Ln3+/Na+ = 3/2.5 mol mol−1), the average crystal size
and reproducibility of the syntheses tended to decrease
(results not shown). SAED and EDAX analyses of the NaYF4:
Yb3+/Er3+ crystals are summarized in Fig. 1b, c and e, g. Sur-
prisingly, TEM/SAED analyses reveal that the NaYF4:Yb

3+/Er3+

particles crystallized in both cubic and hexagonal phases for

Ln3+/Na+ = 1/2.5 mol mol−1 (Fig. 1b and c), whereas Ln3+/Na+ =
1.5/2.5 mol mol−1 resulted in the pure hexagonal phase corres-
ponding to Na(Y0.57Yb0.39Er0.04)F4

34 (Fig. 1d–f ). In all experi-
ments, TEM/EDAX analyses confirm the NaYF4:Yb

3+/Er3+

composition (the typical EDAX spectrum is shown in Fig. 1g).
While Na, Y, F and Yb peaks were clearly visible, the Er peak
was not detected due to trace amounts of this element. The Cu
and C peaks in EDAX spectra originated from the standard
carbon-coated copper support grid used in TEM. It should be
noted that crystalline phases of the NaYF4:Yb

3+/Er3+ particles
prepared at two Ln3+/Na+ ratios qualitatively differed at the
first sight as evidenced from comparison of the electron diffr-
action patterns (Fig. 1b and e). At Ln3+/Na+ = 1/2.5 mol mol−1,
the number of diffraction rings (Fig. 1b) is higher than for the
1.5/2.5 ratio (Fig. 1e). The additional peaks in Fig. 1b are
identified as the cubic phase of NaYF4. It is also worth noting
that the flat hexagonal crystals (Fig. 1d) exhibited a strong pre-
ferred orientation and most of them were laid on the (100)
plane. Consequently, their SAED zone axis was [001] and the
pattern (Fig. 1e) was dominated by hk0 diffractions, whereas
the hkl diffractions with l ≠ 0 exhibited negligible intensity
(Fig. 1f). In Fig. 1f, the strong hk0 and weak hkl diffractions
are denoted by the bold and normal fonts, respectively. Con-
sidering this strong preferred orientation, the SAED pattern of
the NaYF4:Yb

3+/Er3+ nanocrystals (Fig. 1e and f) corresponded
exactly to the above described hexagonal Na(Y0.57Yb0.39Er0.04)F4
phase as described in the literature.34,35 Moreover, WAXS ana-
lysis of the hexagonal NaYF4:Yb

3+/Er3+ nanocrystals obtained
at Ln3+/Na+ = 1.5/2.5 mol mol−1 displayed very sharp peaks at
positions corresponding to the hexagonal phase (Fig. 2). It can
be thus concluded that both the TEM and WAXS results proved
high purity of the hexagonal-phase NaYF4:Yb

3+/Er3+ nano-
crystals synthesized at Ln3+/Na+ = 1.5/2.5 mol mol−1.

3.3 Effect of reaction time

The second series of experiments involved synthesis of the
NaYF4:Yb

3+/Er3+ nanocrystals at different reaction times: 30, 60
and 90 min. The Ln3+/Na+ ratio of 1.5/2.5 (mol mol−1) and the
reaction temperature of 300 °C were kept constant. The nano-
crystal size grew from 16 to 266 nm with increasing reaction
time (Fig. 3); at the same time, the crystal size distribution
became narrower. The size of the crystals synthesized for
30 min was small (16 nm) and their polydispersity index was
rather broad (PDI = 1.4; Fig. 3a) indicating that the hexagonal
crystal growth was not completed. If the reaction time
increased to 60 min, the hexagonal crystal size increased to
160 nm, however, a second family of tiny primary particles
(∼3–9 nm) not participating in the particle growth was still
detectable (Fig. 3b). Finally, when the reaction time increased
to 90 min, large monodisperse hexagonal NaYF4:Yb

3+/Er3+

nanocrystals (266 nm) were formed and the tiny particles dis-
appeared suggesting the completed growth stage during the
particle formation. It should be mentioned that with the reac-
tion time increasing to 120 min, the crystal size and shape
remained the same as for the 90 min reaction time. The latter
particles were therefore selected for the next experiments.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 18096–18104 | 18099

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 2
01

5.
 D

ow
nl

oa
de

d 
by

 In
st

itu
te

 o
f M

ac
ro

m
ol

ec
ul

ar
 C

he
m

is
try

 o
n 

10
/0

4/
20

18
 1

5:
38

:4
0.

 
View Article Online

http://dx.doi.org/10.1039/c5nr05572e


3.4 Surface modification of NaYF4:Yb
3+/Er3+ nanocrystals

with silica

The disadvantage of the NaYF4:Yb
3+/Er3+ nanocrystals is their

hydrophobic character, which means that they are well-

dispersible in nonpolar solvents (e.g., hexane), but not in
water, the medium for biomedical applications. It is therefore
necessary to change the hydrophobicity for the hydrophilicity,
which in turn will make the crystals water-dispersible.

Silica was selected as a suitable coating which offers several
benefits, such as facile and cheap synthesis, good colloidal
stability in water, chemical inertness, optical transparency and
amenability to chemical modifications.36 In this report, silica
coating was produced by the water-in-oil microemulsion
method. To document possible subsequent functionalization
of silica by different reactants, the amino groups were intro-
duced on the surface by the reaction with APTES. The amino
groups are convenient to bind nanoparticles with bio-
molecules containing carboxyl, N-hydroxysuccinimide, isothio-
cyanate, azide, oxirane or aldehyde groups. The amino group-
containing nanocrystals can thus conjugate with almost all
kinds of peptides or proteins.26 As can be seen from compari-
son of TEM micrographs of the starting hexagonal NaYF4:Yb

3+/
Er3+ and NaYF4:Yb

3+/Er3+&SiO2-NH2 nanocrystals, the silica
shell completely covered the crystals forming a core–shell
structure (Fig. 4). The thickness of the silica shell was approxi-
mately 5 nm.

Fig. 1 (a, d) TEM/BF micrographs, (b, e) TEM/SAED diffraction patterns, (c, f ) comparison of SAED and XRD diffractograms and (g) typical EDAX
spectrum of the NaYF4:Yb

3+/Er3+ nanocrystals prepared at (a–c) 1/2.5 and (d–f ) 1.5/2.5 Ln3+/Na+ molar ratios at 300 °C for 90 min. XRD patterns in
(c, f ) were calculated from database crystal structures as described in the Experimental section.

Fig. 2 WAXS of hexagonal NaYF4:Yb
3+/Er3+ nanocrystals (Ln3+/Na+ =

1.5/2.5 mol mol−1) prepared at 300 °C for 90 min. The lines correspond
to hexagonal and cubic phases.41
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In order to confirm the presence of the silica shell on the
nanocrystals, they were analyzed by ATR FT-IR spectroscopy
(Fig. 5). The spectrum of the starting NaYF4:Yb

3+/Er3+ nano-
crystals exhibited characteristic bands of the oleyl chains at
2922 and 2857 cm−1 due to asymmetric and symmetric CH2

stretching vibrations, respectively (Fig. 5a). Another intensive
peak at 1680 cm−1 was attributed to the CvC stretching
vibrations of OA. In addition, two bands at 1550 and
1460 cm−1 corresponded to the asymmetric and symmetric
stretching vibrations of the COO− groups.32 After the crystal
modification, characteristic absorption OA bands completely
disappeared in NaYF4:Yb

3+/Er3+&SiO2 and NaYF4:Yb
3+/

Er3+&SiO2-NH2 spectra (Fig. 5b and c). A new large broad band
with a maximum at ∼3435 cm−1 and a peak at 1630 cm−1 was
likely caused by overlapping stretching and bending –OH/–NH
vibrations. A very strong and broad band attributed to the

symmetrical stretching Si–O–Si vibrations was observed at
1080 cm−1. In addition, the bands at 950 and 795 cm−1 were
attributed to Si–OH and asymmetric SiO4 stretching vibrations,
respectively. In the spectrum of NaYF4:Yb

3+/Er3+&SiO2-NH2,
two peaks at 2922 and 2851 cm−1 corresponded to the asym-
metric and symmetric methylene stretching vibrations,
respectively, due to hydrolysis of APTES. The formation of
a thin amino-functionalized or neat silica shell around
the hexagon-shaped NaYF4:Yb

3+/Er3+ nanocrystals was thus
confirmed by both TEM and ATR FT-IR results.

3.5 Upconversion luminescence

Hexagonal NaYF4 nanocrystals doped with optically active
Yb3+/Er3+ ion pairs are known as one of the most efficient host
materials for the conversion of NIR into visible light.37 Depen-
dence of the photoluminescence intensity of emitted light on
the excitation wavelength ranging from 920 to 990 nm exhibi-
ted a maximum at 970 nm (Fig. 6a and b) ascribed to the fact
that the 2F5/2 → 2F7/2 transition of Yb3+ ions overlapped the
4I15/2 → 4I11/2 transition of Er3+ ions. This description is in

Fig. 3 TEM/BF micrographs of NaYF4:Yb
3+/Er3+ nanocrystals prepared at 300 °C for (a) 30, (b) 60 and (c) 90 min.

Fig. 4 TEM/BF micrographs of hexagonal (a) NaYF4:Yb
3+/Er3+ and (b–d)

NaYF4:Yb
3+/Er3+&SiO2-NH2 nanocrystals prepared at 300 °C for 90 min.

(b–d) The micrographs are shown with increasing magnification to
easily recognize the thin SiO2-NH2 shell.

Fig. 5 ATR FT-IR spectra of hexagonal (a) NaYF4:Yb
3+/Er3+, (b) NaYF4:

Yb3+/Er3+&SiO2 and (c) NaYF4:Yb
3+/Er3+&SiO2-NH2 nanocrystals pre-

pared at 300 °C for 90 min.
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agreement with the published absorption spectra of the Yb3+/
Er3+ ion pair measured in the 300–1700 nm range.17,38

After absorption of NIR photons at 970 nm, the 2F7/2 exited
state of the Yb3+ ions became populated and the energy was
non-radiatively transferred to the Er3+ ions forming the 4I11/2
excited state (Fig. 6b). With absorption of the second NIR
photon, the Er3+ ions reached an even higher energy state. The
characteristic Er3+ emission corresponding to green light at
510–530 nm and 530–570 nm is attributed to the 2H11/2 →

4I15/2
and 4S3/2 → 4I15/2 transitions, respectively;39 red light at
640–680 nm was ascribed to the 4F9/2 → 4I15/2 transition
(Fig. 6b). The emission of green and red light, due to simul-
taneous ETU of two NIR photons at 970 nm, did not change
the shape and position of peaks in the upconversion spectrum
after coating the starting hexagonal NaYF4:Yb

3+/Er3+ nanocrys-
tals with amino-silica (Fig. 6c). Compared with the NaYF4:
Yb3+/Er3+, the intensity of the emitted light of NaYF4:Yb

3+/
Er3+&SiO2-NH2 decreased negligibly.

3.6 Viability of HeLa cells incubated with hexagonal
lanthanide nanocrystals

As a conventional approach to examine the biocompatibility of
the starting and surface-modified hexagonal NaYF4:Yb3+/Er3+

nanocrystals, the human cervical carcinoma (HeLa) cell viabi-
lity assay was selected to document the in vitro cytotoxicity of
particles. After three days of cell incubation with hexagonal
NaYF4:Yb

3+/Er3+, NaYF4:Yb
3+/Er3+&SiO2 and NaYF4:Yb

3+/
Er3+&SiO2-NH2 nanocrystals (1 μg–1 mg ml−1), the cytotoxicity
of NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/Er3+&SiO2 nanocrystals was

not observed. However, the NaYF4:Yb
3+/Er3+&SiO2-NH2 nano-

crystals exhibited concentration-dependent toxicity (Fig. 7).
The cytotoxicity was calculated as the IC 50 value, which indi-
cated the amount of the nanocrystals needed to inhibit cell
proliferation by half (50%). The IC 50 value for NaYF4:Yb

3+/
Er3+&SiO2-NH2 nanocrystals was 0.54 ± 0.147 mg ml−1. Fig. 7
shows the influence of the NaYF4:Yb

3+/Er3+&SiO2-NH2 concen-
tration on cell viability after three-day incubation. The viability
of HeLa cells incubated with nanocrystals at the concentration
of 250 μg ml−1 significantly differed from that at 500 μg of par-
ticles per ml. At concentrations ≤250 μg ml−1, no cytotoxicity

was detected, however, viability decreased to 40 and 10% of
the control, if 500 μg and 1 mg of nanocrystals, respectively,
were present per ml of the cell incubation medium. The cyto-
toxicity of NaYF4:Yb

3+/Er3+&SiO2-NH2, in contrast to the other
two types of nanocrystals, can be ascribed to positively
charged amino groups promoting infiltration through the cyto-
plasmic membrane. This might result in an increased accumu-
lation of the particles on and/or inside the cells as shown by
confocal fluorescence microscopy (Fig. 8).

3.7 Fluorescence of hexagonal lanthanide-labeled mRoGFP
HeLa cells and upconversion imaging

The hexagonal lanthanide nanocrystal-labeled mRoGFP HeLa
cells were investigated by confocal inverted fluorescence
microscopy at several planes under 488 and 970 nm excitation.
At the first excitation wavelength (488 nm) the mitochondrial
network was found to be distributed in the cells (Fig. 8a, A–C;
Table 1). The normal undamaged cells showed interconnected
tubules of the mitochondrial network (Fig. 8a, A–C). If the
cells were markedly damaged, the original mitochondrial
network would be disintegrated forming small spherical frag-
ments.40 Because confocal microscopy observation of cells
incubated with the NaYF4:Yb

3+/Er3+&SiO2-NH2 nanocrystals,

Fig. 6 (a) Luminescence intensity of hexagonal NaYF4:Yb
3+/Er3+ nanocrystals as a function of excitation wavelength. Upconversion emission

spectra of hexagonal (b) NaYF4:Yb
3+/Er3+ nanocrystals excited at 960–980 nm and (c) NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/Er3+&SiO2-NH2 nanocrystals

excited at 970 nm.

Fig. 7 Concentration-dependent viability of HeLa cells incubated with
hexagonal NaYF4:Yb

3+/Er3+&SiO2-NH2 nanocrystals for 3 days.
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which displayed cytotoxicity, if used at high concentrations
(>250 μg ml−1), was done at a shorter time than the measure-
ment of cytotoxicity, the mitochondria were without marked
damage. At the second excitation wavelength (970 nm), the
nanoparticles were viewed and the optimum visualization
plane for both the cell interior and nanocrystals was then
selected. Fig. 8b, A–C, show the overlaid images of the mito-
chondrial network and nanoparticles at the same confocal
plane, while Table 1 summarizes the intensity of overlaps by

using the Pearson’s correlation coefficient (PCC) and the
Mander’s overlap coefficient (MOC). The coefficients quantify
the degree of colocalization between fluorophores, i.e., emis-
sion of GFP and nanocrystals, documenting thus the crystal
internalization efficiency. Using this approach, the initial hexa-
gonal NaYF4:Yb

3+/Er3+-, NaYF4:Yb
3+/Er3+&SiO2- and NaYF4:

Yb3+/Er3+&SiO2-NH2-labeled mRoGFP HeLa cells were com-
pared. From all the investigated particles, minimum internaliz-
ation was observed for the neat NaYF4:Yb

3+/Er3+ crystals
(Table 1). The NaYF4:Yb

3+/Er3+&SiO2 and NaYF4:Yb
3+/

Er3+&SiO2-NH2 crystals exhibited higher, but equal cell pene-
tration (Table 1). However, the NaYF4:Yb

3+/Er3+&SiO2-NH2

nanocrystals displayed significant cytotoxicity at concen-
trations >250 μg ml−1 (Fig. 7). Again, this can be caused by
positive charges in comparison with the NaYF4:Yb

3+/Er3+&SiO2

crystals, which did not show any cytotoxicity and can be thus
considered as biocompatible. It is needless to say that nontoxi-
city and the ability of the nanoparticles to penetrate the cells
are crucial for the prospective application of lanthanide nano-
crystals in biomedicine.

4. Conclusions

Lanthanide-doped upconversion nanocrystals have recently
received a lot of attention due to their possible biomedical
applications. Monodisperse, hexagon shaped, oleic acid-stabil-
ized NaYF4:Yb

3+/Er3+ nanocrystals were synthesized by the
high-temperature co-precipitation of lanthanide chlorides. By
tuning the initial Ln3+ and Na+ concentrations and reaction
times, the particle size and shape were regulated. TEM/BF
micrographs, TEM/EDAX spectra and TEM/SAED diffraction
patterns proved that the nanocrystals with a properly adjusted
Ln3+/Na+ ratio (1.5/2.5 mol mol−1) exhibited the morphology of
flat hexagons (size 266 nm) with a narrow size distribution and
a pure hexagonal crystal phase, which is optimal for light
upconversion. The hexagonal NaYF4:Yb

3+/Er3+ nanocrystals
were coated by using a thin silica shell obtained from hydro-
lysis and condensation of tetramethoxysilicate via the reverse
microemulsion method using an amphiphilic Igepal CO-520
surfactant. The additional silica layer was attached by the reac-
tion with (3-aminopropyl)triethoxysilane to introduce amino
groups and produce NaYF4:Yb

3+/Er3+&SiO2-NH2 nanocrystals
suitable for subsequent bioconjugation of the target biomole-
cule. The successful coating of nanocrystals with silica was
confirmed by TEM and ATR FT-IR analysis. Upon NIR
irradiation (970 nm), the nanocrystals emitted green and red
fluorescence of Er3+ ions. The interactions of hexagonal
NaYF4:Yb

3+/Er3+, NaYF4:Yb
3+/Er3+&SiO2 and NaYF4:Yb

3+/
Er3+&SiO2-NH2 nanocrystals with HeLa cells were then ana-
lyzed. The experiments proved the non-toxicity of the hexa-
gonal NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/Er3+&SiO2 crystals, while

the NaYF4:Yb
3+/Er3+&SiO2-NH2 particles at concentrations >250

μg ml−1 were toxic. Fluorescence images confirmed internaliz-
ation of the hexagonal crystals by the mRoGFP HeLa cells and
together with the cytotoxic study, suitable particles could be

Fig. 8 (a) Fluorescence images of mitochondria at 480 nm in mRoGFP
HeLa cells after incubation with hexagonal (A) NaYF4:Yb

3+/Er3+, (B)
NaYF4:Yb

3+/Er3+&SiO2 and (C) NaYF4:Yb
3+/Er3+&SiO2-NH2 nanocrystals.

(b) Overlays of (a) and upconversion luminescence (excitation at 970 nm
and detection at 500–700 nm).

Table 1 Pearson’s and Mander’s coefficients and overlaps of nano-
particles with the mRoGFP HeLa cell areas with localized mitochondria

Nanoparticles
Pearson’s
coefficient

Mander’s
coefficient

Overlap
(%)

NaYF4:Yb
3+/Er3+ −0.059 0.791 28.9

NaYF4:Yb
3+/Er3+&SiO2 0.096 0.794 45.4

NaYF4:Yb
3+/Er3+&SiO2-NH2 0.109 0.746 43.4

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 18096–18104 | 18103

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 2
01

5.
 D

ow
nl

oa
de

d 
by

 In
st

itu
te

 o
f M

ac
ro

m
ol

ec
ul

ar
 C

he
m

is
try

 o
n 

10
/0

4/
20

18
 1

5:
38

:4
0.

 
View Article Online

http://dx.doi.org/10.1039/c5nr05572e


selected for future applications in biology and medicine. Due
to the relatively large size of the nanoparticles (266–276 nm),
a high luminescence efficiency of the labeled cells was
achieved, enabling their monitoring both in short- and long-
time periods. This will allow elucidation of the mechanism of
particle trafficking in the cells. The system can be thus con-
sidered as a model for future investigation of clinically relevant
particles for diagnosis and/or photodynamic therapy of
tumors, e.g., melanoblastomas.
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Abstract
NaYF4:Yb3+/Er3+ nanoparticles were synthesized by thermal decomposition of lanthanide trifluoroacetates using oleylamine (OM)
as both solvent and surface binding ligand. The effect of reaction temperature and time on the properties of the particles was
investigated. The nanoparticles were characterized by transmission electron microscopy (TEM), electron diffraction (ED), energy
dispersive spectroscopy (EDX), dynamic light scattering (DLS), thermogravimetric analysis (TGA), elemental analysis and X-ray
diffraction (XRD) to determine morphology, size, polydispersity, crystal structure and elemental composition of the nanocrystals.
TEM microscopy revealed that the morphology of the nanoparticles could be fine-tuned by modifying of the synthetic conditions. A
cubic-to-hexagonal phase transition of the NaYF4:Yb3+/Er3+ nanoparticles at temperatures above 300 °C was confirmed by both
ED and XRD. Upconversion luminescence under excitation at 980 nm was observed in the luminescence spectra of
OM–NaYF4:Yb3+/Er3+ nanoparticles. Finally, the OM–NaYF4:Yb3+/Er3+ nanoparticles were coated with a silica shell to enable
further functionalization and increase biocompatibility and stability in aqueous media, preventing particle aggregation.

2290

Introduction
Due to their unique physicochemical properties, nanometer-
scale materials are finding widespread applications as drug
delivery systems in the diagnosis and treatment of various
diseases [1,2]. Recently, upconversion nanoparticles have
shown promise as optical materials [3] and a number of reviews

[4-6] have described their applications in drug and gene
delivery [7], cell labeling and tracking [8], bioimaging [9] and
photodynamic therapy [10]. Lanthanide-doped upconversion
nanoparticles emit visible light upon excitation by near-IR light
(NIR). Compared with organic dyes and semiconductor
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quantum dots, upconversion nanoparticles have attractive chem-
ical and optical properties, as well as low toxicity [11], sharp
emission bandwidths, large anti-Stokes shifts [12] and high
resistance to photobleaching and photoblinking [13]. NIR light
can non-invasively penetrate living organisms deeply because
the excitation wavelength is within the optical transparency
window of tissues (700–1000 nm) [14]. Upconversion proceeds
by different mechanisms, such as energy transfer and excited-
state absorption and photon avalanche. These three mecha-
nisms are based on the sequential absorption of two or more
photons. Upconversion emission proceeds by sequential absorp-
tion of two photons and leads to population of a highly excited
state. If the activator sequentially obtains energy from the sensi-
tizer, it reaches the excited state and emits light at a short wave-
length [15]. In the NaYF4-based particles, the Yb3+ sensitizer is
often used to absorb photons at 980 nm, providing an excited
state from which energy is transferred to a neighboring acti-
vator (e.g., Er3+). Hexagonal -NaYF4 crystals sensitized by
Yb3+ and activated by Er3+/Tm3+ ions are a highly efficient
host material for green and blue upconversion [16-18].

There are many techniques to synthesize small-sized high-
quality upconversion particles. The most widely used of these,
wet-chemical methods, involve thermal decomposition of rare
earth organic acid precursors, typically metal trifluoroacetates,
acetylacetonates, oleates or acetates, in non-aqueous media in
the presence of surfactants and at high temperatures [19]. In
addition to their effect on reaction temperature and time, the
advantages of trifluoroacetates include the rapid formation of
reactive fluoride compounds and the ability to control morpho-
logy, shape, crystal phase and size depending on the ratios of
the starting reagents (i.e., organic precursors, surfactants and
solvents) [20]. The surfactants, e.g., oleylamine (OM) and oleic
acid, typically consist of polar capping groups and long hydro-
carbon chains. Other synthetic methods include the hydro-
(solvo)thermal technique, which involves mixing lanthanide
and fluoride salts (e.g., NH4F) in a high-boiling point solvent
(e.g., ethylene glycol) at high temperature and pressure [21,22].

Upconversion particles are typically prepared in different mor-
phologies, sizes and shapes with high surface areas to effi-
ciently conjugate target ligands and drugs [23]. It is important
to tailor the surface of the nanoparticles to the specific applica-
tion. Thus, various ligands and functionalities have to be at-
tached to the particle surface to provide efficient drug delivery,
to ensure engulfment by the cells, or to control the release of
biomolecules and their specific target. Finally, the surface
modification must ensure that the particles can be dispersed in
the aqueous biological media. Charged or polar moieties, such
as amphiphilic (co)polymers [24], lipids [25] and silica [26], are
therefore attached to the particle surface. The silica coating

imparts many useful properties to the nanoparticles, including
additional functionalization and biocompatibility [27].

We herein report the preparation of OM–NaYF4:Yb3+/Er3+

nanoparticles with controlled morphology, size, composition,
phase and luminescence. Thorough particle characterization
was performed to elucidate the relationship between synthetic
conditions and particle structure. Surface modification of the
particles using silica precursors enhanced colloidal stability and
facilitated the transfer of the crystals in aqueous media.

Experimental
Materials
Sodium and yttrium(III) trifluoroacetate, ytterbium(III) chlo-
ride hexahydrate, erbium(III) chloride hexahydrate, oleylamine
(OM), tetramethoxysilicate (TMOS; > 99%) and Igepal CO-520
(polyoxyethylene(5) nonylphenyl ether) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ytterbium(III) oxide was
prepared by dissolving ytterbium(III) chloride hexahydrate (1 g)
in water (10 mL) followed by the addition of 25% NH4OH
(1.2 mL). Erbium(III) oxide was prepared analogously from the
respective chloride (0.5 g) dissolved in water (5 mL), which
was followed by the addition of 25% NH4OH (0.6 mL). The
resulting ytterbium(III) oxide was washed with water to remove
ammonium chloride, and trifluoroacetic acid (0.58 ml) was
added to reach pH 1. Water was removed on a rotary evapo-
rator, and the resulting ytterbium(III) trifluoroacetate was dried
in a desiccator for 24 h. Erbium(III) trifluoroacetate was
obtained similarly with the only difference being the addition of
0.29 mL of trifluoroacetic acid. All other chemicals employed
in this study were obtained from Lachema (Brno, Czech
Republic). Ultrapure Q-water ultrafiltered on a Milli-Q Gradient
A10 system (Millipore, Molsheim, France) was employed in all
experiments.

Synthesis of OM-stabilized upconversion
nanoparticles
Synthesis of the upconversion nanoparticles was similar to a
previously reported protocol [20] with slight modifications. To
prepare the hexagonal NaYF4:20%Yb/2%Er particles, a mix-
ture of CF3COONa (2 mmol), (CF3COO)3Y (0.78 mmol),
(CF3COO)3Yb (0.2 mmol) and (CF3COO)3Er (0.02 mmol) was
dissolved in OM (10 mL) in a 100 mL three-neck round-bottom
flask and heated to 120 °C under vigorous magnetic stirring to
remove water. Heating then continued at a predetermined
temperature (e.g., 330 °C) for a given amount of time (0.5–4 h)
under argon to prevent oxidation. The resulting transparent
yellowish reaction mixture was cooled and ethanol (20 mL)
was added. The OM–NaYF4:Yb3+/Er3+ nanoparticles were
separated by centrifugation, washed three times with hexane
and deionized water and transferred in hexane.
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Synthesis of silica-coated upconversion
nanoparticles
The surfaces of the OM–NaYF4:Yb3+/Er3+ nanoparticles were
coated with silica using a reverse microemulsion method [28]
with slight modifications. The OM–NaYF4:Yb3+/Er3+ nanopar-
ticles (50 mg) were dispersed in cyclohexane (10 mL). Igepal
CO-520 (0.5 mL) and 25% aqueous ammonia (0.08 mL) were
added, and the suspension was mixed using a Sonopuls soni-
cator (Bandelin, Berlin, Germany) for 30 min, yielding a stable
colloid. TMOS (0.04 mL) was then added, and the mixture was
stirred (600 rpm) at room temperature for 2 days. The resulting
NaYF4:Yb3+/Er3+&SiO2 nanoparticles were precipitated by the
addition of acetone (10 mL), separated by centrifugation and
washed five times with ethanol and ethanol/water (1:1 v/v) to
remove the surfactant.

Characterization of the nanoparticles
The nanoparticles were visualized and analyzed on a Tecnai G2

Spirit Twin transmission electron microscope (TEM; FEI; Brno,
Czech Republic) equipped with an energy dispersive spectro-
meter (EDX; Mahwah, NJ, USA). Bright field TEM imaging
(BF), electron diffraction (ED) and energy dispersive spec-
troscopy (EDX) were used to determine the morphology, crystal
structure and elemental composition of the nanocrystals, res-
pectively. All TEM micrographs, diffractograms and spectra
were taken at an accelerating voltage of 120 kV. Particle size
distribution was analyzed with the Atlas software (Tescan
Digital Microscopy; Brno, Czech Republic). The number-
average diameter (Dn) and weight-average diameter (Dw) and
uniformity (polydispersity index PDI = Dw/Dn) were calculated
from at least 500 individual particles. Dn and Dw can be
expressed as follows:

(1)

(2)

where ni and Di are the number and diameter of the particles,
respectively. The ED patterns were processed with Process-
Diffraction software [29] and compared with the diffraction
patterns of known NaYF4 crystal structures calculated with
PowderCell software [30] or downloaded from crystallographic
databases.

The hydrodynamic particle size (Dh) was measured using
dynamic light scattering (DLS) on a ZEN 3600 Zetasizer Nano

Instrument (Malvern Instruments; Malvern, UK) at pH 1. Ther-
mogravimetric analysis (TGA) was performed in air using a
Perkin Elmer TGA 7 analyzer (Norwalk, CT, USA) from 30 to
850 °C at a heating rate of 10 °C·min 1. Elemental analysis was
determined on a Perkin-Elmer 2400 CHN apparatus.

X-ray diffraction (XRD) was measured on a Rigaku MolMet
(Molecular Metrology System) instrument (Tokyo, Japan) using
a pinhole camera attached to a microfocused Osmic MicroMax
002 X-ray beam generator operating at 45 kV and 0.66 mA
(30 W). The camera was equipped with a removable imaging
plate 23 × 25 cm (Fujifilm). The experimental setup covered a
momentum transfer (q) range of 0.25–3.5 Å 1, where
q = (4 / )sin , wavelength  = 1.54 Å and 2  was the scat-
tering angle. The center and sample-to-detector distance were
calibrated using Si powder. The samples were measured in a
transmission mode. Crystallinities (Cr) were estimated using
integral intensities (sum of areas) diffracted by crystalline (Ic)
and amorphous (Ia) phases according to Equation 3:

(3)

The crystal size was calculated [31] according to the Scherrer
Equation 4:

(4)

where K is the shape factor (typically 0.9),  is the full width of
half maximum (FWHM) of reflection (in radians) and  is the
wavelength of the X-rays (1.54 Å).

Infrared spectra were obtained on a Nexus Nicolet 870 FTIR
spectrometer (Thermo Fisher Scientific; Waltham, MA, USA)
equipped with a liquid nitrogen-cooled mercury cadmium
telluride (MCT) detector using a Golden Gate single reflection
ATR cell (Specac; Slough, UK). Spectra (256 scans) were
acquired at room temperature at a resolution of 4 cm 1. Water
vapor (atmospheric spectrum) and background were subtracted
from the spectra, and an ATR correction was applied.

Upconversion luminescence spectra were recorded on a Leica
TCS SP2 AOBS confocal inverted fluorescent microscope
(Leica Microsystems; Mannheim, Germany) using a PL APO
100×/1.40–0.70 oil immersion objective (a pinhole 1 Airy unit)
and a Chameleon laser Ultra Ti:sapphire laser (Coherent; Santa
Clara, CA, USA) at 980 nm excitation. The nanoparticle
(0.01 g) dispersion in hexane was placed on a cover glass using
a spin coating technique.
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Figure 1: TEM micrographs of OM-NaYF4:Yb3+/Er3+ nanoparticles prepared at (a) 250, (b) 300 and (c) 350 °C for 1 h.

Table 1: Effect of reaction temperature on OM–NaYF4:Yb3+/Er3+ nanoparticles prepared for 1 h.

no. T (°C) Dn (nm) PDI Dh (nm) PI L(cubic)
(nm)

L(hex)
(nm)

crystallinity
(wt %)

C (wt %) N (wt %) coating (wt %) I545/I660
C N TGA

1 250 6 1.28 237 0.43 8.8 12.1 76 3.87 0.24 4.8 4.6 8.7 1.93
2 280 8 1.21 265 0.43 9.7 14.0 77 2.60 0.13 3.2 2.5 5.2 2.50
3 300 9 1.16 199 0.35 6.4 17.2 67 4.20 0.30 5.2 5.9 11.1 1.83
4 330 10 1.30 188 0.27 6.4 18.6 74 3.00 0.15 3.7 2.9 7.1 1.79
5 350 9 1.07 163 0.24 – 21.3 71 18.89 2.42 23.4 21 35.2 1.68

Dn: number-average diameter (TEM); PDI: polydispersity index (TEM); Dh: hydrodynamic diameter (DLS); PI: polydispersity (DLS); L: average crystal-
lite size (XRD); C: carbon content; N: nitrogen content; TGA: thermogravimetric analysis; I545/I660: characteristic upconversion ratio.

Results and Discussion
To prepare NaYF4:Yb3+/Er3+ nanoparticles with a hexagonal
unit cell, lanthanide trifluoroacetates were decomposed in OM,
serving as both solvent and surface binding ligand [20].
Because the particle size plays a key role in biomedical applica-
tions, e.g., for internalization of nanoparticles by cells of the
reticuloendothelial system [32], the effects of both reaction
temperature and time were investigated to control morphology,
particle size and crystallinity.

Effect of reaction temperature
In the first series of experiments, reaction temperature was
varied from 250 to 350 °C, while the other reaction parameters,
such as the composition NaYF4:20%Yb3+/2%Er3+, the concen-
tration of sodium and lanthanide trifluoroacetates in OM
(8.8 wt %) and the reaction time (1 h), were held constant. The
selected composition of rare-earth ions produced highly effi-
cient IR-to-visible upconversion [20]. As illustrated in the
TEM/BF micrographs (Figure 1), the particles were well sep-
arated, suggesting that the long OM chains on the particle
surface effectively prevented aggregation. The particles had
regular spherical shapes with sizes (Dn) in the range of 6–10 nm
(Table 1). The particle size increased as the temperature
increased up to 350 °C, which is close to the OM boiling point.

Particle size distribution was relatively narrow, as documented
by the polydispersity index (PDI) ranging from 1.07 to 1.30.
Nearly monodispersed particles (PDI = 1.07), which are
supposed to possess uniform physical, chemical and biological
properties, were obtained at 350 °C. Small size (about 10 nm)
and narrow size distribution are important for particles to be
considered as probes of target proteins, oligonucleotides and
other biomolecules in cells and tissues. DLS experiments
showed that the average hydrodynamic particle size in water
was large (Dh = 163–265 nm), suggesting the formation of
particle aggregates. DLS provides the z-average of the particle
size, which is substantially larger than the number-average
diameter determined by TEM. For example, the hydrodynamic
diameter of the no. 4 OM-NaYF4:Yb3+/Er3+ nanoparticles
(Table 1) was 135–240 nm, with the most frequent fraction
between 150–200 nm (Figure 2). The large difference between
the number-average diameter (TEM) and the hydrodynamic
diameter (DLS) is due to the fact that hydrophobic particles
tend to aggregate and cannot be resolved as individual particles
by DLS.

Morphology  and  c rys ta l l ine  s t ruc ture  of  the  dry
OM–NaYF4:Yb3+/Er3+ nanocrystals were determined by
TEM/BF, TEM/ED and XRD. The crystal structure of NaYF4
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Figure 2: Particle size distribution of no. 4 OM-NaYF4:Yb3+/Er3+

nanoparticles (Table 1) determined by DLS.

typically exhibits two polymorphic forms: the metastable cubic
-phase and the thermodynamically stable hexagonal -phase.

The latter is a much better host lattice for the luminescence of
various optically active lanthanide ions. Altering reaction
temperature is a successful approach to control crystal struc-
tures. Higher reaction temperature and longer reaction time are
required to provide sufficient free energy to overcome the acti-
vation barrier of an /ß phase transition [19,33]. In the XRD
experiments, all crystal diffractions and amorphous halos of the
OM–NaYF4:Yb3+/Er3+ nanoparticles were fitted by Voigt [34]
and Gaussian peak functions, respectively, yielding the position,
full width of half maximum (FWHM), and area for each peak.
The effect of reaction temperature on OM–NaYF4:Yb3+/Er3+

crystallinity is shown in Figure 3a. The degree of crystallinity
of the particles reached 67–77 wt % (Table 1). The amorphous
halo originated from OM surrounding the NaYF4:Yb3+/Er3+

crystallites. Sizes of the cubic and hexagonal phases were esti-
mated using the Scherrer equation from the [111] (2  = 28.2)
and [101] (2  = 30.9) reflections, respectively [35]. XRD
diffractograms of the OM–NaYF4:Yb3+/Er3+ nanoparticles
prepared at lower temperatures exhibited both - and -phases,
but the average -phase crystallite size decreased from about 9
to 6 nm with increasing temperature (Table 1). In contrast, the
average size of the -phase crystals increased from 12 to 21 nm,
which was in rough agreement with the Dn determined by TEM.
As seen in the diffractograms, nanoparticles with both cubic and
hexagonal phases were obtained at 250 and 280 °C, respective-
ly. When the particles were synthesized at temperatures above
300 °C, the intensity of the peaks corresponding to the hexa-
gonal OM–NaYF4:Yb3+/Er3+ phase increased significantly. The
particles obtained at 330 and 350 °C exhibited the hexagonal
phase, but traces of the cubic phase were still present in the
lower temperature particles. The position of the XRD peaks
(Figure 3a) corresponded to the hexagonal phase, as published
in literature [20].

Figure 3: X-ray diffraction patterns of OM-NaYF4:Yb3+/Er3+: effect of
(a) reaction temperature (time 1 h) and (b) time (temperature 330 °C).
Lines corresponding to hexagonal and cubic phases were found in
[36]. The arrows at the top of the image denote the most intensive
diffractions of the cubic phase.

The results presented above are in good agreement with those
from TEM/ED (Figure 4a,b and Figure 5a,b). Both methods
illustrated the significant impact of the reaction temperature on
the properties of the particles. The particles prepared at low
temperatures (250 °C) exhibited cubic crystal structures [19,33]
(Figure 4a,b), whereas the particle structure obtained at higher
temperatures (  330 °C) was hexagonal and corresponded to
Na(Y0.57Yb0.39Er0.04)F4 (Figure 5a,b). The EDX spectra
contained strong peaks for the main components (Na, Y, F) and
detectable Yb, but the amount of Er was below the detection
limit (Figure 4c and Figure 5c). The spectra also contained
signals from the sample holder (Cu), supporting carbon film
(C), small amounts of oleylamine (C, O, N) and inorganic
impurities (Si).

Another method used to investigate the OM–NaYF4:Yb3+/Er3+

nanoparticles was elemental analysis. The amount of the OM
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Figure 4: TEM analysis: (a) ED pattern, (b) comparison of experimental ED pattern and calculated XRD pattern, and (c) EDX spectrum of no. 1
OM–NaYF4:Yb3+/Er3+ nanoparticles. Peaks were indexed according to [20].

Figure 5: TEM analysis: (a) ED pattern, (b) comparison of experimental ED pattern and calculated XRD pattern, and (c) EDX spectrum of
OM-NaYF4:Yb3+/Er3+ nanoparticles no. 4. Peaks were indexed according to [20].

shell on the NaYF4:Yb3+/Er3+ nanoparticles was determined
from carbon and nitrogen concentrations according to the
following equations: % coating according to C = (% C in
sample × 100)/80.74, where 80.74 is % C in OM, and % coating
according to N = (% N in sample × 100)/5.23, where 5.23 is
% N in OM. The percentage of the OM shell on the nanoparti-
cles prepared at 250–330 °C ranged between approximately 3
and 6 wt % according to both carbon and nitrogen analysis. In
contrast, the no. 5 OM–NaYF4:Yb3+/Er3+ nanoparticles
obtained at 350 °C (Table 1) contained relatively high amounts
of coating (23 and 21 wt % according to C and N analysis, res-
pectively). The OM content on the OM–NaYF4:Yb3+/Er3+

nanoparticles prepared at different reaction temperatures was

also determined by TGA (Figure 6a). Small weight losses
(ca. 1 wt %) observed upon heating from room temperature to
ca. 150 °C were ascribed to evaporation of water and ethanol.
Major weight loss was observed at temperatures between 200
and 500 °C due to OM decomposition. If the particles were
prepared at 250–330 °C, the amount of OM on the particle
surface was rather low (ca. 5–11 wt %). However, the no. 5
particles prepared at 350 °C contained much higher amounts of
OM (35 wt %) due to its enhanced adsorption on the surface.
Determination of the amount of coating by elemental analysis
and TGA was mostly in agreement, but the TGA results were
systematically higher, likely due to chemical transformation of
inorganic compounds at high temperatures.
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Figure 7: NIR-to-vis upconversion emission spectra of OM–NaYF4:Yb3+/Er3+ nanoparticles excited at 980 nm with a power density of 3 mW/cm2.
Effect of (a) reaction temperature and (b) time.

Figure 6: TGA of OM–NaYF4:Yb3+/Er3+ nanoparticles prepared at
(a) different reaction temperatures for 1 h and (b) different reaction
times at 330 °C.

To investigate the optical properties of the OM–NaYF4:Yb3+/
Er3+ nanoparticles prepared at different reaction temperatures,
the upconversion emission spectra were recorded at 980 nm
excitation (Figure 7a). The energy transfer upconversion started
after sequential absorption of NIR photons (e.g., 980 nm) by
Yb3+ ions, leading to the population of Yb3+ ions from the 4F7/2
ground to the 4F5/2 excited state (Figure 8). This scheme was

proposed by Wang, who suggested that the energy was then
transferred from the two excited Yb3+ ions to the 4F7/2 state of
the neighboring Er3+ ion [37]. The 2H11/2 and 4S3/2 states of the
Er3+ ion were populated by nonradiative multiphonon relax-
ation of the 4F7/2 state. From these levels, the ion could return
directly to the 4I15/2 ground state or populate the 4F9/2 state by
an additional nonradiative multiphonon relaxation. Conse-
quently, three different Er3+ transitions were induced by NIR
photons leading to the visible light emission [37]. Hence, the
NaYF4:Yb3+/Er3+ nanocrystals exhibited three bands of green
(520 and 545 nm) and red (660 nm) upconversion emissions
corresponding to 2H11/2 and 4S3/2

4I15/2 and 4F9/2
4I15/2

transitions, respectively. These bands were induced by 4f–4f
transitions of the Er3+ ions.

Figure 8: Energy-level diagram of Yb3+/Er3+ and the upconversion
mechanism at 980 nm excitation. The doted and dashed curves repre-
sent photon excitation/energy transfer and relaxation, respectively.
Only visible emissions are shown [38].

Because the red light photons are important for prospective
biomedical applications, the I545/I660 ratio should be rather low
and the total luminescence intensity high. The ratio of green to
red emission intensities changed from 2.50 to 1.68. The light
emitted by the no. 1 particles prepared at 250 °C had a low
intensity due to their cubic crystal structure. However, the no. 2
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Table 2: Effect of reaction time on OM–NaYF4:Yb3+/Er3+ nanoparticles prepared at 330 °C.

no. time (h) Dn (nm) PDI Dh (nm) PI L(cubic)
(nm)

L(hex)
(nm)

crystallinity
(wt %)

C (wt %) N (wt %) coating (wt %) I545/I660
C N TGA

6 0.5 8 1.20 265 0.54 6.3 19.8 75 2.37 0.11 2.9 2.0 5.6 1.86
4 1 10 1.30 188 0.27 6.4 18.6 74 3.00 0.15 3.7 2.9 7.1 1.79
7 2 11 1.08 200 0.54 6.5 20.8 77 6.12 0.21 7.6 4.0 13.8 1.39
8 3 10 1.15 289 0.69 – 19.9 73 5.88 0.32 7.3 6.1 14.3 1.38
9 4 9 1.09 308 0.63 6.0 17.6 75 5.42 0.31 6.7 5.8 10.9 1.31

Dn: number-average diameter (TEM); PDI: polydispersity index (TEM); Dh: hydrodynamic diameter (DLS); PI: polydispersity (DLS); L: average crystal-
lite size (XRD); C: carbon content; N: nitrogen content; TGA: thermogravimetric analysis; I545/I660: characteristic upconversion ratio

particles prepared at 280 °C had a higher I545/I660 ratio. This
can be explained by the different interatomic distances between
the Yb3+ and Er3+ ions in the crystal structure, which changed
from cubic to hexagonal. The crystals were not completely
hexagonal and contained some cubic impurities, and the
distances between Yb3+ and Er3+ therefore differed, increasing
the green light intensity. The red light intensity remained
constant due to insufficient energy transfer to Er3+ and energy
losses between the ions. When the particles were prepared at
temperatures above 300 °C, luminescence intensities were
slightly higher, indicating that maximum luminescence effi-
ciency was achieved by optimizing the interatomic distance
between the absorbers and the emitters.

Effect of reaction time
In these experiments, OM-NaYF4:Yb3+/Er3+ nanoparticles were
prepared at 330 °C and reaction times ranged from 0.5 to 4 h.
Other reaction conditions were held constant as described
above. The size of the NaYF4:Yb3+/Er3+ nanoparticles of nos. 4
and 6–9 was again approximately 10 nm and the particle size
distribution was rather narrow (Table 1 and Table 2). The
degree of crystallinity according to XRD (Figure 3b) was
approximately 75 wt % (Table 2). A small amorphous halo
originated primarily from OM on the nanoparticle surface. In -
and -phase particles, the presence of an amorphous halo is in-
dicative of a disorder-to-order type cubic-to-hexagonal phase
transition [39]. The size of  crystallites ranged from 6 to
6.5 nm, and the size of -phase crystals ranged between
18–21 nm. Interestingly, diffraction peaks corresponding to the
cubic phase were hardly visible in the OM–NaYF4:Yb3+/Er3+

nanoparticles prepared for 3 h, and the size of the crystallites
could not be determined. No structural changes were observed
by XRD in the particles prepared at different reaction times,
indicating that a 4 h reaction time was not sufficient for full
conversion of the particles into the hexagonal phase at reaction
temperatures below 350 °C. The percentage of coating was
again analyzed by both elemental analysis and TGA. The
thermal degradation of the OM–NaYF4:Yb3+/Er3+ nanoparti-

cles was similar to that shown in Figure 6a, with the main loss
typically occurring between 200 and 600 °C (Figure 6b).
According to elemental analysis, the amount of coating ranged
from 3 to 7.5 wt %, in accordance with previously described
results on the effect of reaction temperature. The content of OM
according to TGA was again higher (5.6–14.3 wt %) than when
determined by elemental analysis (Table 2). The amount of
coating grew as reaction time increased from 0.5 to 3 h.

Visible upconversion spectra of the OM–NaYF4:Yb3+/Er3+

nanoparticles prepared at constant temperature (330 °C) and
varying reaction time are shown in Figure 7b. The presence of
green and red light was confirmed in three emission spectra of
the investigated nanoparticles after two-photon excitation at
980 nm. The intensities of green and red light slightly and
significantly increased with increasing reaction time, which can
be associated with a highly ordered ion structure of the
nanocrystals. The intensity ratio I545/I660 decreased with
increasing reaction time.

Modification of the OM–NaYF4:Yb3+/Er3+

nanoparticle surface with SiO2
The OM–NaYF4:Yb3+/Er3+ nanoparticles were easily dispersed
in nonpolar organic solvents, such as hexane or toluene, due to
the presence of aliphatic OM side chains on the surface.
However, the nanoparticles must disperse in aqueous media for
biological applications. To disperse the no. 4 NaYF4:Yb3+/Er3+

nanoparticles in water, they were coated with a thin silica shell
using a microemulsion technique. TMOS and Igepal CO-520
were used as a precursor and an emulsifier, respectively.
Compared with the initial 10 nm OM–NaYF4:Yb3+/Er3+

nanoparticles, the TEM micrograph (Figure 9) showed that the
size of the NaYF4:Yb3+/Er3+&SiO2 particles had increased to
17 nm due to the presence of the silica shell on the surface. The
NaYF4:Yb3+/Er3+&SiO2 nanoparticles had a clear core–shell
structure with a shell thickness of about 3.5 nm. The presence
of the silica shell on the NaYF4:Yb3+/Er3+ nanoparticles was
further confirmed by comparing the ATR FTIR spectra of
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Figure 9: TEM micrograph of NaYF4:Yb3+/Er3+&SiO2 nanoparticles.
Inset: C – particle core and S – SiO2 shell.

Figure 10: ATR FTIR spectra of OM–NaYF4:Yb3+/Er3+ and
NaYF4:Yb3+/Er3+&SiO2 nanoparticles.

unmodified and modified nanoparticles (Figure 10). The initial
OM–NaYF4:Yb3+/Er3+ particles had characteristic absorption
bands at 2925 and 2857 cm 1 attributed to the asymmetric and
symmetric stretching vibrations of the methylene units in the
long OM chain [40,41]. After deposition of the silica onto the
surface, these peaks were not detected in the ATR FTIR spec-
trum. New intense absorption bands at 1090 and 795 cm 1 in
the spectrum of the NaYF4:Yb3+/Er3+&SiO2 particles were
attributed to the symmetric and asymmetric Si–O–Si stretching
vibrations, respectively [42]. An intense 960 cm 1 band was
also observed in the spectrum of the modified nanoparticles,

corresponding to the symmetric stretching vibrations of the
Si–OH bonds in the silica [26]. The main evidence for the
presence of an OH group was the appearance of intensive broad
absorption bands at 3445 and 1630 cm 1. These bands are
characteristic of OH vibrations. The abovementioned character-
istic silica bands verified the presence of SiO2 on surface of the
NaYF4:Yb3+/Er3+ and successful surface modification.

Conclusion
OM–NaYF4:Yb3+/Er3+ nanoparticles were synthesized by
conventional thermal decomposition of lanthanide trifluoro-
acetates in OM. Particle morphology was controlled by the
careful selection of reaction temperature and time, as evidenced
by TEM. XRD and TEM/ED measurements confirmed the
presence of cubic - and hexagonal -phases in the crystallites.
The latter form is preferred in biomedical applications due to its
high upconversion efficiency. From a synthetic point of view,
temperature had the greatest influence on the resulting crys-
talline structure. The pure hexagonal phase was obtained at
reaction temperatures  350 °C and annealing times above 1 h.
To generate free radicals such as singlet oxygen (destructive to
cancer cells) in biological experiments, the nanoparticles should
emit photons at 660 nm to excite phthalocyanine, a typical
photosensitizer [43]. Upconversion OM–NaYF4:Yb3+/Er3+

nanoparticles were excited by near-infrared light at 980 nm, i.e.,
at the Yb3+ absorption maximum. Photons were emitted at 520,
545 and 660 nm in the fluorescence spectra of the
OM–NaYF4:Yb3+/Er3+ nanoparticles. The NaYF4:Yb3+/Er3+

nanoparticles were successfully coated with a silica shell using
the reverse microemulsion method, making them dispersible in
water and promising candidates for applications in biology and
medicine.
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ABSTRACT: Starting NaYF4:Yb
3+/Er3+ nanoparticles with

size tuned from 24 to 33 nm were prepared by high-
temperature coprecipitation of lanthanide chlorides in high-
boiling organic solvents. To enhance colloidal stability in
aqueous medium, an aminosilica shell was introduced on the
surface by hydrolysis and condensation of tetramethyl
orthosilicate and (3-aminopropyl)trimethoxysilane using a
reverse microemulsion technique; to form alkyne groups,
reaction with 4-pentynoic acid followed. Finally, the cell
adhes i ve and ce l l pene t r a t ing az idopentanoy l -
GGGRGDSGGGY-NH2 (RGDS) and azidopentanoyl-
GGGRKKRRQRRR-NH2 (TAT) peptides were conjugated
to the upconversion particles via Cu(I)-catalyzed alkyne−azide
cycloaddition. The concentrations of the peptides bound to the nanoparticle surfaces and amount of adsorbed residual Cu(I)
catalyst were determined using an 125I-radiolabeled RGDS peptide and a 64Cu(I)-doped catalyst, respectively. Targeting and
uptake of the RGDS- and TAT-conjugated NaYF4:Yb

3+/Er3+&SiO2 nanoparticles by human cervix carcinoma HeLa cells were
monitored by confocal microscopy. RGDS-conjugated nanoparticle probes were mainly localized on the cell plasma membrane
due to specific binding of the peptide to the corresponding integrins. In contrast, the TAT-conjugated nanoparticles were able to
cross the cell membrane and accumulate in the cell cytoplasm. Thus, this new peptide bioconjugation approach supported both
extra- and intracellular nanoparticle uptake, enabling targeting and imaging of the specific tumor phenotypes.

KEYWORDS: upconversion, nanoparticles, RGDS peptide, TAT peptide, HeLa cells

■ INTRODUCTION

The development of new, suitable devices for the early
diagnosis and treatment of cancer still remains an enormous
challenge. Therefore, the design of new, noninvasive recog-
nition and cell targeting tools is of significant importance.
Recently, luminescent nanosized materials have been widely
investigated in a variety of areas, ranging from medicine and
biology1−3 to photovoltaics4−6 and security.7 Diverse lumines-
cent downconversion probes, such as organic dyes and
quantum dots, were investigated in both in vivo and in vitro
biological imaging assays.8,9 However, downconversion materi-
als, which absorb short-wavelength UV or visible photons, have
several drawbacks, including a reduced light penetration depth,
possible photodamage of the living tissue, and high
autofluorescence. In contrast, upconversion nanoparticles
(UCNPs) overcome the above-mentioned disadvantages.10−12

UCNPs are able to absorb two or more photons of low-
energy near-infrared (NIR) light and convert them into visible
luminescence via an energy transfer upconversion process.13,14

Due to its lower scattering, the NIR light allows deeper tissue

penetration than UV light.15 The NIR spectral region (700−
1100 nm) is well-known as the “window of optical trans-
parency”, where biological tissues and water have minimal
autofluorescence and absorbance.16,17 Moreover, due to anti-
Stokes measurement of the upconversion photoluminescence,
autofluorescence is totally avoided. This feature makes the
UCNPs very promising tools for biolabeling, bioimaging, and
photodynamic therapy. Compared with the organic dyes and
the semiconductor quantum dots, the UCNPs exhibit unique
chemical, biological, and optical properties, such as low
cytotoxicity,18 sharp emission bands, large anti-Stokes shifts,19

and high resistance to photobleaching and photoblinking.11

Among the upconversion luminescent materials, the optically
inactive NaYF4 crystalline host lattice exhibits high chemical
stability and low phonon energy (∼350 cm−1) and is codoped
with the optically active Yb3+ (sensitizer) and Er3+ (activator)
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ions playing a dominant role.20 The Yb3+ ion possesses only
one excited 2F5/2 level, which resonates well with the
Er3+energy level (5I11/2), thus leading to efficient energy
transfer between Yb3+ and Er3+. After absorption of the first
NIR photon at 970 nm, the Yb3+ sensitizer excites to the 2F5/2
energy state and efficiently donates energy to the 4I11/2 level of
the neighboring Er3+ activator. Subsequently, another Yb3+ ion
transfers additional energy to the Er3+ and harvests a higher
4F7/2 energy level of the latter ion. After nonradiative relaxation,
NaYF4:Yb

3+/Er3+ exhibits green emissions at 510−530 and
530−570 nm and red emission at 640−680 nm.14

High-quality monodisperse UCNPs can be conveniently
synthesized using different approaches, such as thermal
decomposition, the hydro(solvo)thermal method, and high-
temperature coprecipitation.21 The last method yields mono-
disperse nanoparticles with high crystallinity and superior
optical properties.22 The NaYF4:Yb

3+/Er3+ nanoparticles exhibit
two crystalline structures: cubic (α) or hexagonal (β). The
crystal structure is very important because it influences the
energy transfer between active lanthanide dopants. In
particular, the different distances and spatial positions between
the activator and sensitizer result in various probabilities of the
f−f transition. It is known that the low symmetry of the β phase
compared to the α phase leads to higher upconversion due to
the increasing crystal field strength.22,23 The high purity and
crystallinity of the hexagonal (β) phase makes the NaYF4:Yb

3+/
Er3+ nanoparticles a very promising candidate for emitting
bright luminescence.24

In bioapplications, the UCNPs must fulfill many require-
ments, such as strong upconversion luminescence, dispersibility
(colloidal stability) in aqueous biological media, nontoxicity
(biocompatibility), functionality, and minimal nonspecific
protein and cell adsorption. Aiming at these concerns, a silica
shell was introduced on the NaYF4:Yb

3+/Er3+ cores using a
water-in-oil microemulsion technique.25 Silica has several
advantages, such as biocompatibility (nontoxicity), trans-
parency, and hydrophilicity, providing a stable colloid in
aqueous medium.26,27 The silica shell also serves as a support
for additional modifications to introduce functional groups,
such as amino, carboxyl, and thiol groups, for the prospective
attachment of peptides, antibodies, proteins, and/or other
biomolecules.10,28

For facile and direct conjugation of various biomimetic
ligands and/or targeting moieties on the nanoparticles, a click
reaction exemplified by Cu(I)-catalyzed Huisgen 1,3-dipolar
azide−alkyne cycloaddition was used.29 The click reaction is
efficient and fast and has a high degree of selectivity and
stability, which allows us to use mild reaction conditions and
aqueous media.30,31 This feature allows us to potentially
immobilize different peptides, such as arginine-glycine-aspartic
acid-serine (RGDS) or trans-activating transcriptional activator
(TAT), on the surface of the silica-coated upconversion
nanoparticles. RGDS is a well-known cell-adhesive amino acid
sequence that preferentially interacts with cell membranes via
integrins32,33 and may help to specifically target cancer cells. In
contrast, the cell-penetrating TAT peptide derived from the
HIV-1 TAT protein enables the nanoparticles to cross the cell
membranes and transfer into the cytoplasm.34,35

The aim of this work was to develop monodisperse
upconversion nanoparticles and specifically control their
targeting to the cells by means of immobilized peptide ligands.
The fluorescence measurements showed that the NaYF4:Yb

3+/
Er3+&SiO2 particles containing RGDS motifs enabled specific

binding to the cell membrane, whereas the TAT-conjugated
nanoparticles crossed the cell membrane and were accumulated
in the cell cytoplasm promoting particle internalization.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Anhydrous lanthanide chlorides, such

as yttrium, ytterbium, and erbium chloride (99%), octadec-1-ene
(90%), tetramethyl orthosilicate (TMOS), (3-aminopropyl)-
triethoxysilane (APTES), Igepal CO-520 (polyoxyethylene(5) non-
ylphenylether), chloramin T, trifluoroacetic acid (TFA), 1,1,1,3,3,3-
hexafluoro-2-propanol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and Rink Amide resin were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Sodium hydroxide and N,N-
dimethylformamide (DMF) were purchased from Lach-Ner (Ner-
atovice, Czech Republic); oleic acid (OA), ethylenediaminetetraacetic
acid (EDTA), ammonium fluoride, methanol, ethanol, and acetone
were purchased from Lachema (Brno, Czech Republic). N,N′-
Diisopropylcarbodiimide (DIIC), piperidine, ethyl(hydroxyimino)-
cyanoacetate (OxymaPure), 5-azidopentanoic acid, and the Fmoc-
protected amino acids were obtained from Iris-Biotech (Marktredwitz,
Germany). The 64CuCl2 and Na125I radiolabeling solutions were
purchased from Nuclear Physics Institute and Lacomed (both Řez,̌
Czech Republic), respectively. The TentaGel Rink Amide R resin was
obtained from Rapp Polymere (Tübingen, Germany).

HeLa human cervical carcinoma cells (Institute of Physiology,
Prague, Czech Republic) were lentivirally transfected and selected for
stable expression of matrix-targeted redox-sensitive GFP (mRoGFP).
The vector containing mitochondrial addressing peptide (MAP)-
conjugated redox-sensitive GFP (mRoGFP)36 was a gift from Dr.
Rodrigue Rossignol, University of Victor Segalen, Bordeaux, France.
The mRoGFP HeLa cells were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM; Life Technologies; Carlsbad, CA, USA)
supplemented with heat-inactivated 10% fetal calf serum (FCS), 100
U/mL of penicillin, and 100 μg/mL of streptomycin.

All other agents were purchased from Sigma-Aldrich. Ultrapure Q-
water was ultrafiltered on a Milli-Q Gradient A10 system (Millipore,
Molsheim, France) and was used to prepare the solutions.

Synthesis of the NaYF4:Yb
3+/Er3+ Nanoparticles. The

NaYF4:Yb
3+/Er3+ nanoparticles stabilized with oleic acid (OA) were

prepared according to a previously described procedure, with slight
modifications.37,38 In a typical synthesis, 1 mmol of lanthanide
chlorides (0.78 mmol YCl3, 0.2 mmol YbCl3, and 0.02 mmol ErCl3)
was charged in a 100 mL three-neck flask, and octadec-1-ene (15 mL)
and oleic acid (6 mL) were added. The flask was heated to 160 °C for
30 min under argon to obtain a homogeneous solution. Subsequently,
the mixture was cooled to room temperature, and methanol (10 mL)
containing NH4F·HF (2.5 mmol) and NaOH (4 mmol) was added
dropwise. The resulting solution was slowly heated to 70 °C with
stirring under a gentle flow of argon until the methanol was
evaporated, heated to 300 °C for 1.5 h, and cooled to room
temperature. The NaYF4:Yb

3+/Er3+ nanoparticles were precipitated by
the addition of acetone (30 mL), separated using a Sorvall Legend X1
centrifuge (ThermoFisher; Osterode, Germany), washed with ethanol
three times, separated by centrifugation, and stored as a 1 wt %
dispersion in hexane. For confocal imaging, the NaYF4:Yb

3+/Er3+

particles were carefully washed five times with a water/ethanol mixture
(1/1 v/v) and five times with water (15 mL each) and transferred in
water.

Synthesis of the NaYF4:Yb
3+/Er3+&SiO2 and NaYF4:Yb

3+/
Er3+&SiO2−NH2 nanoparticles. The NaYF4:Yb

3+/Er3+ nanoparticles
were coated with a silica shell using a microemulsion technique.25,38,39

The particles (30 mg), Igepal CO-520 (0.5 mL), and 25% aqueous
ammonia (0.08 mL) were dispersed in hexane (10 mL) and sonicated
for 20 min to form a stable, transparent dispersion. To coat the
particles with a silica shell, TMOS (0.04 mL) was added to the
dispersion, and the mixture was stirred (600 rpm) at room
temperature for 48 h. To obtain the NaYF4:Yb

3+/Er3+&SiO2−NH2
nanoparticles, APTES (0.01 mL) was added to the above NaYF4:Yb

3+/
Er3+&SiO2 dispersion, and the reaction continued for 24 h with
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stirring. The NaYF4:Yb
3+/Er3+&SiO2 and NaYF4:Yb

3+/Er3+&SiO2−
NH2 nanoparticles were precipitated by the addition of acetone (5
mL), washed with water/ethanol (1:1 v/v) five times, and transferred
to water.
Synthesis of the RGDS and TAT Peptides. The azidopentanoyl-

GGGRGDSGGGY-NH2 (RGDS) and az idopen tanoy l -
GGGRKKRRQRRR-NH2 (TAT) peptides were synthesized by a
standard Fmoc/tBu solid-phase method on a TentaGel Rink Amide R
resin (0.18 mmol NH2/g). An automatic CEM Liberty Blue
microwave peptide synthesizer (Matthews, NC, USA) and software
version 1.31.5252.26519 were used with default DIIC/OxymaPure
coupling and piperidine deprotection cycles. The peptides were
cleaved from the resin with a CF3COOH/thioanisole/triisopropylsi-
lane/H2O mixture (95/3/1/1 v/v/v/v) and purified by precipitation
in diethyl ether (1 mL). The identity of the peptides was confirmed by
a gradient Knauer HPLC system equipped with a diode-array detector
and an Alltech 3300 evaporative light-scattering detector. The
analytical measurements were performed on a GraceSmart C18
column (particle size 5 μm) using gradient elution with a water/
acetonitrile mixture containing 0.1% TFA. The peptides were also
analyzed on a Bruker UltrafleXtreme MALDI-TOF mass spectrometer
(Bremen, Germany).
Synthesis of the 125I-Radiolabeled Azidopentanoyl-

GGGRGDSGGGY-NH2 Peptide. The chlorotrityl-protected tyrosine
of the azidopentanoyl-GGGRGDSGGGY-NH2 peptide attached on
the Rink Amide resin was deprotected by 1,1,1,3,3,3-hexafluoro-2-
propanol/dichloromethane (1 mL; 1/4 v/v), labeled with radioiodine
by the chloramine method, and isolated as previously described.30,40

Modification of the NaYF4:Yb
3+/Er3+&SiO2−NH2 Surface with

Peptides. The first step included introduction of alkyne groups on
the NaYF4:Yb

3+/Er3+&SiO2−NH2 nanoparticles (2.75 mg) through a
reaction with 4-pentynoic acid (8 mg) and activation with OxymaPure
(23 mg) and DIIC (12.5 μL) in DMF (2 mL) for 3 h. The particles
were washed with DMF and water (10 mL each) three and five times,
respectively. The second step consisted of the click reaction between
the alkyne groups and the terminal azido groups of the
azidopentanoyl-GGGRGDSGGGY-NH2 and azidopentanoyl-
GGGRKKRRQRRR-NH2 peptides. An aqueous solution (50 μL) of
the peptide (1 mg/mL) was added to an aqueous dispersion of the
alkyne-modified nanoparticles (2 mL; 4 mg/mL), and the mixture was
purged with nitrogen for 30 min to remove oxygen, followed by the
click reaction, which was catalyzed by in situ generated Cu(I) from
sodium ascorbate (100 μL; 10 mg/mL) and 0.05 M CuSO4 (4 μL).
The resulting NaYF4:Yb

3+/Er3+&SiO2-RGDS and NaYF4:Yb
3+/

Er3+&SiO2-TAT particles were washed with a 1% EDTA solution
three times to remove the residual CuSO4 and with water five times to
remove the adsorbed peptide. The radioactivity of the nanoparticles
and peptide solutions was measured using a Bqmetr 4 ionization
chamber (Empos; Prague, Czech Republic).
Nanoparticle Photophysics and Confocal Imaging of HeLa

Cells Incubated with the Particles. The cells were cultivated in
DMEM without glucose supplemented with 3 mM glutamine, 5 vol %
glucose-free dialyzed FCS, HEPES (10 mM), penicillin (10 IU/ml),
streptomycin (100 μg/mL), and galactose (10 mM) at 37 °C in
humidified incubators with a CO2 atmosphere (5%). The cells were
cultured on poly(L-lysine)-coated coverslips for 3−4 days to 70%
confluence and incubated with the nanoparticle dispersion (1 mg/mL)
for 24 h in a CO2 atmosphere (5%). mRoGFP and the CellMask
Orange plasma membrane stain (10 μL) were used to visualize the
mitochondria and plasma membranes, respectively. Luminescence of
the labeled cells was monitored at 970 nm excitation using a Leica
TCS SP2 AOBS confocal inverted fluorescence microscope (Man-
nheim, Germany) equipped with a PL APO 100 ×/1.40−0.70 oil
immersion objective (pinhole 1 Airy unit) and a Coherent Chameleon
Ultra Ti:sapphire laser with 140 fs pulse (Santa Clara, CA, USA).
mRoGFP and CellMask Orange were excited by a 20 mW argon laser
at 488 and 540 nm, respectively. ImageJ software (National Institutes
of Health; Bethesda, MD, USA) was used to manually adjust the
brightness and image contrast, to create overlays, and to determine the
Pearson correlation (PCC) and Mander’s overlap coefficients (MOC).

The coefficients were used to quantify the degree of colocalization
between the fluorophores.

Characterization of the Nanoparticles. Electron Microscopy.
The morphology, composition, and crystal structure of the nano-
particles were analyzed on a transmission electron microscope (TEM;
Tecnai G2 Spirit Twin 12; FEI; Brno, Czech Republic) equipped with
an energy-dispersive spectrometer (EDX; Mahwah, NJ, USA). The
particle diameter and the size distribution were determined from
bright-field TEM micrographs. The weight- (Dw) and number-average
diameter (Dn) and uniformity (polydispersity index PDI = Dw/Dn)
were calculated using Atlas software (Tescan; Brno, Czech Republic)
by counting at least 500 individual particles

∑ ∑=D nD n/i i in (1)

∑ ∑=D nD nD/i i i iw
4 3

(2)

where ni and Di are the number and diameter of the particle,
respectively. Selected area electron diffraction (SAED) on the TEM
microscope verified the crystal structure. The SAED patterns were
processed with ProcessDiffraction software41 and compared with those
calculated with PowderCell software42 using the crystal structures of
various NaYF4 polymorphs downloaded from crystallographic data-
bases. Nitrogen was analyzed on a PerkinElmer 2400 CHN apparatus
(Norwalk, CT, USA).

Dynamic Light Scattering. The hydrodynamic particle diameter
(Dh), size distribution (polydispersity, PD), and zeta (ζ)-potential
were determined by dynamic light scattering (DLS) on a ZEN 3600
Zetasizer Nano Instrument (Malvern Instruments; Malvern, UK). The
particle dispersion (0.1 mg/mL) was measured at 25 °C, and the data
were analyzed by Malvern software.

ATR FT-IR Spectroscopy. Infrared spectra of the dried powdered
samples were recorded on a Nexus Nicolet 870 FT-IR spectrometer
(Madison, WI, USA) equipped with a liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector. All spectra were measured using a
Golden Gate single attenuated total reflection (ATR) crystal (Specac;
Slough, UK). Spectra (256 scans) were recorded at room temperature
with a resolution of 4 cm−1. Background and water vapor (atmospheric
spectrum) were deducted from the spectra.

Upconversion Luminescence. Luminescent spectra were recorded
on the confocal inverted fluorescence microscope described above.
The excitation spectra were normalized in relation to the power laser,
which was adjusted at different wavelengths ranging from 930 to 990
nm. For the measurement, a drop of the nanoparticle dispersion (0.01
g) in hexane was placed on a cover glass using a PWM32-PS-R790
spinner (Headway Research; Garland, TX, USA).

■ RESULTS AND DISCUSSION
NaYF4:Yb

3+/Er3+ Nanoparticles. NaYF4:Yb
3+/Er3+ par-

ticles were prepared by the high-temperature coprecipitation
of lanthanide chlorides in octadec-1-ene at 300 °C and
stabilized by OA. The advantage of this approach consists of
the formation of particles with a narrow size distribution, high
phase purity, and luminescent efficiency. The effects of reaction
time on the properties of the resulting nanoparticles, such as
morphology, size, particle size distribution, composition, phase
structure, and luminescent properties, were investigated. TEM
micrographs revealed that the particles had a spherical
(isometric) shape if they were prepared at a reaction time
≤1.5 h (Figure 1a).
The particles were 24 nm in diameter, and the particle size

distribution was very narrow (PDI = 1.02; Table 1). The
spherical shape and narrow particle size distribution could be
ascribed to a complete adsorption of the OA capping ligand on
the nanoparticle surface due to interactions between the OA
carboxyl groups and the lanthanide ions.23 Stabilization by
hydrophobic alkyl chains then controlled the crystal growth and
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prevented subsequent particle aggregation. As a result, the
nanoparticles were dispersible in nonpolar solvents, e.g., hexane
or toluene. However, the particle size distribution of the
NaYF4:Yb

3+/Er3+ particles obtained at a prolonged reaction
time (3 h) broadened (PDI = 1.12); moreover, anisometric
particles, up to 33 nm in diameter, were observed in the TEM
micrographs (Figure 1b). The anisometry of the nanoparticles
is associated with their preferred orientation on the supporting
carbon film. The preferred particle orientation is described
below in the paragraph dealing with TEM/SAED diffraction
patterns.
Briefly, the almost isometric nanoparticles (Figure 1a)

exhibited a quite strong orientation given by the zone axis
[1,−1,0], which suggested two things.
(i) The partially flat nanoparticles were lying on the crystal

facet perpendicular to the [1,−1,0] lattice direction.
(ii) The longer reaction time resulted in crystal growth

perpendicular to the [1,−1,0] lattice direction (Figure 1b). It is
worth noting that the slightly flattened nanoparticle shape was
verified by tilting the specimen in the TEM. At a 45° angle, the
aspect ratio of the isometric particles increased to 1.1−1.2 (the
results not shown). At a long reaction time (6 h), the reaction
mixture became too viscous due to OA degradation, which
negatively affected particle separation and redispersion in
hexane.
To confirm the TEM results, particles in hexane were

prepared at a short reaction time (≤1.5 h) and analyzed by
DLS to determine the hydrodynamic diameter, Dh, polydisper-
sity, PD, and colloidal stability. The hydrodynamic diameter of
the particles was only slightly larger (Dh = 27 nm) than that
calculated from the TEM micrographs (Dn = 24 nm). This
small difference can be explained by the presence of the OA
capping ligand on the NaYF4:Yb

3+/Er3+ surface, which is
invisible in TEM due to its very low contrast compared to the
dense lanthanide nanoparticles. At the same time, the low
polydispersity obtained from the light scattering (PD = 0.03)
documented a very narrow particle size distribution, which is in
agreement with the TEM analysis of the dry particles (Table 1).

The NaYF4:Yb
3+/Er3+ nanoparticles have identical crystal

structures and polymorphisms as the original undoped NaYF4.
The polymorphs include a cubic α-phase and hexagonal β-
phase.38,43 A representative TEM/SAED diffraction pattern of
the NaYF4:Yb

3+/Er3+ nanocrystals is shown in Figure 2a. A
comparison of the experimental TEM/SAED pattern (Figure
2b, gray curve) with the theoretically calculated hexagonal
NaYF4 pattern (Figure 2b, black lines) unambiguously proved
that the nanocrystals were hexagonal β-phase. A detailed
comparison of the experimental and the calculated diffraction
intensities (Figure 2b) showed that the nanocrystals deposited
on the supporting carbon film exhibited a quite strong preferred
orientation characterized by a zone axis [uvw] = [1,−1,0]. As a
result, the strongest experimentally observed diffractions
(Figure 2b, gray curve) originated from the zonal planes that
obeyed the Weiss zone law (hu + kv + lw = 0; where (h, k, l) are
the diffraction indices of the planes and [u, v, w] are the indices
of the zone axis).44,45 In this report, the strongest hkl
diffractions obeyed this law in the form h − k = 0, as the
zone axis [uvw] = [1,−1,0]. It should be noted that the
strongest diffractions in TEM/SAED (110, 111, 002, 112, and
220 diffractions marked with bold font in Figure 2b) obeyed
the h − k = 0 condition and vice versa. This result also indicates
that the experimental SAED diffractions that did not obey the
above condition were weaker than the calculated XRD
diffractions (black lines in Figure 2b).
The presence of dopants in the synthesized NaYF4:Yb

3+/Er3+

particles was confirmed by TEM/EDX analysis (Figure 2c).
The Na, Y, F, and Yb peaks were clearly distinguishable, in
contrast to the Er peak, which could not be detected due to the
small amount of Er. The Cu and C peaks originated from the
supporting carbon-coated copper TEM grid on which the
nanocrystals were deposited.
The upconversion luminescence of the NaYF4:Yb

3+/Er3+

nanoparticles was monitored in a confocal inverted fluores-
cence microscope. To identify an optimal excitation wavelength
with a high intensity of emitted light, the nanoparticle
upconversion emission was measured at 500−700 nm, with
excitation ranging from 930 to 990 nm. The shapes and
positions of the peaks of emitted light did not change due to
simultaneous energy transfer upconversion of NIR photons.
Maximum absorption was observed at 970 nm, corresponding
to the 2F7/2−2F5/2 transition

46 of Yb3+ (Figure 3a). Under this
excitation, the upconversion emission displayed three peaks at
520, 545 (both green), and 660 nm (red), which corresponded
to the 2H11/2−4I15/2,

4S3/2−4I15/2, and
4F9/2−4I15/2 transitions of

Er3+, respectively (Figure 3b).
NaYF4:Yb

3+/Er3+&SiO2 and NaYF4:Yb
3+/Er3+&SiO2−NH2

Nanoparticles. The high-temperature coprecipitation techni-
que yields highly uniform NaYF4:Yb

3+/Er3+ nanoparticles that
are only dispersible in nonpolar solvents due to the presence of
hydrophobic OA ligands on the surface. However, bioapplica-
tions require the nanoparticles to be dispersed in water
medium. Therefore, it is necessary to prepare particles with a

Figure 1. TEM micrographs of (a) isometric and (b) elongated
NaYF4:Yb

3+/Er3+ nanoparticles prepared at 300 °C for (a) 1.5 and (b)
3 h.

Table 1. Characterization of the Upconversion Nanoparticles by TEM and DLSa

nanoparticles Dn [nm] PDI Dh [nm] PD ξ-potential [mV]

NaYF4:Yb
3+/Er3+ 24 1.02 27 0.03 −

NaYF4:Yb
3+/Er3+&SiO2 32 1.03 50 0.18 −30

NaYF4:Yb
3+/Er3+&SiO2−NH2 32 1.03 102 0.25 12

aDn - number-average diameter (TEM); PDI - polydispersity index (TEM); Dh - hydrodynamic diameter (DLS); PD - polydispersity (DLS).
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hydrophilic surface. Hydrophilic silica is one of the most
convenient coatings for particle surface modification.25 In this
report, a reverse microemulsion technique was selected as a
method of choice because it allows the formation of a silica
shell on the hydrophobic nanoparticle surface via the hydrolysis
and condensation of TMOS. Igepal CO-520 was used as a
surfactant, and hexane was used as a continuous phase. As a
result, a stable aqueous colloid of NaYF4:Yb

3+/Er3+&SiO2

nanoparticles was formed. The thickness of the silica shell
can be controlled by varying different reaction parameters, such
as the concentration of the starting particles and TMOS. The
optimal concentration for the formation of a homogeneous
silica shell was 3 mg of nanoparticles per mL of hexane (Figure
4b). At concentrations <3 mg of particles/mL of hexane, some
neat silica particles (∼20 nm) without a NaYF4:Yb

3+/Er3+ core
were observed (Figure 4a), whereas at concentrations >3 mg/
mL, an inhomogeneous silica shell was formed (Figure 4c,d).
The optimal volume of TMOS for the formation of the silica
shell was 20 μL (Figure 4b). An inhomogeneous silica coating
or neat silica particles without a luminescent core were formed
at <20 μL (Figure 4e,f) or >20 μL of TMOS, respectively
(Figure 4g−i). According to TEM, the diameters of both
NaYF4:Yb

3+/Er3+&SiO2 and NaYF4:Yb
3+/Er3+&SiO2−NH2 (Dn

= 32 nm; Table 1) particles were larger than the size of the

initial NaYF4:Yb
3+/Er3+ nanoparticles (24 nm) due to the

presence of the silica shell on the surface. The thickness of a
silica and/or aminosilica shell in the NaYF4:Yb

3+/Er3+&SiO2

and NaYF4:Yb
3+/Er3+&SiO2−NH2 nanoparticles was ∼4 nm.

The particle size distribution of both particle types was very
narrow, as documented by a PDI = 1.03 (Table 1).
After being coated with a thin homogeneous silica layer, the

surface of the NaYF4:Yb
3+/Er3+&SiO2 nanoparticles was further

functionalized with APTES to introduce amino groups, the
amount of which (0.6 mmol/g) was calculated from nitrogen
analysis. This observation is in agreement with the literature,
where four amino groups per nm2 of particles were reported.47

The amino groups are important for the immobilization of
biomolecules containing carboxyl, N-hydroxysuccinimide, oxir-
ane, isothiocyanate, aldehyde, or azide groups.28

To confirm successful surface modification of the particles,
the Dh, PD, and ζ-potential of the NaYF4:Yb

3+/Er3+&SiO2 and
NaYF4:Yb

3+/Er3+&SiO2−NH2 nanoparticles in water (pH 6.4)
were investigated by DLS. Compared to NaYF4:Yb

3+/
Er3+&SiO2, the NaYF4:Yb

3+/Er3+&SiO2−NH2 particles were
larger (Table 1) due to the presence of aminosilica on the
surface. The NaYF4:Yb

3+/Er3+&SiO2 nanoparticles demonstra-
ted good colloidal stability due to the negative charge (−30
mV) originating from the silanol groups on the nanoparticle

Figure 2. Detailed TEM analysis of the NaYF4:Yb
3+/Er3+ nanoparticles. (a) Experimental TEM/SAED diffraction pattern, (b) comparison of the

experimental SAED pattern (gray) with the calculated XRD diffractogram (black) of β-NaYF4, and (c) EDX spectrum of the nanoparticles. (a, b)
The SAED patterns and (c) EDX spectrum correspond to the isometric nanoparticles in Figure 1a. The diffraction indices marked with bold font in
(b) correspond to zonal planes oriented along the [1,−1,0] axis.

Figure 3. (a) Upconversion luminescence intensity of the NaYF4:Yb
3+/Er3+ nanoparticles as a function of excitation wavelength and (b) NIR-to-VIS

emission spectra at 960−980 nm excitation.
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surface.48 In the NaYF4:Yb
3+/Er3+&SiO2−NH2 nanoparticles, a

total positive charge (12 mV) was observed due to the presence
of amino groups. However, this charge value is not sufficient to
colloidally stabilize the particles; as a result, the NaYF4:Yb

3+/
Er3+&SiO2−NH2 nanoparticles had a tendency to aggregate,
which is in agreement with published data.49

Biomimetic Modification of the NaYF4:Yb
3+/

Er3+&SiO2−NH2 Nanoparticles. To prepare the lumines-
cence markers for cell imaging, two different biomimetic ligands
were used.
(i) The well-known fibronectin-derived RGD peptide

contains arginine (Arg), glycine (Gly), and aspartic acid
(Asp) sequences as basic units of cellular recognition.32 The
short RGD peptide is easy to prepare and amenable to other
possible modifications, e.g., radiolabeling. In this work, an Arg-
Gly-Asp-Ser tetrapeptide (RGDS) was prepared, where the
serine residue can be prospectively replaced by other amino
acids. The RGDS peptide specifically adheres to different types
of cells via α5β1 and αVβ3 integrins present on the cell surface.
The RGDS peptide also contained triglycine spacers, a tyrosine
chain for radiolabeling, and an azide group on the N-terminus.
(ii) The second investigated peptide was an arginine-rich cell

penetrating trans-activator of transcription (TAT) peptide
consisting of an RKKRRQRRR domain. In contrast to RGDS,
the TAT protein is known to support delivery of nanoparticles
into any cell type. The protein is encoded by the TAT gene of

the HIV-1 protein, consists of approximately 100 amino acids,
and has the ability to penetrate the lipid bilayer due to its
positive charge.50 Thus, this ligand promotes the delivery of the
attached “load”, e.g., particles, into the cytoplasm.
The azido-functionalized RGDS and TAT peptides were

covalently attached to the NaYF4:Yb
3+/Er3+&SiO2−NH2 nano-

particle surface. The amino groups of the particles were first
converted into alkynes by the reaction with 4-pentynoic acid-
activated ester to make the particles available for further
biomimetic modifications with the azido-functionalized pep-
tides by Cu(I)-catalyzed azide−alkyne cycloaddition (click
reaction). The click reactions have an enormous advantage in
that their high selectivity limits the occurrence of side chain
reactions during bioconjugation. Because the RGDS peptide
preferentially interacts with transmembrane proteins (integ-
rins), limited upconversion can be expected in the cells due to
the adhesion of the NaYF4:Yb

3+/Er3+&SiO2−RGDS particles to
the cell membrane. In contrast, the TAT peptide, which is able
to transport the NaYF4:Yb

3+/Er3+&SiO2 nanoparticles through
the cell membrane, should provide a high level of upconversion
luminescence of the particles inside the cells. Neat
NaYF4:Yb

3+/Er3+&SiO2 particles (without a biomimetic mod-
ification) served as a reference. In this case, only limited
upconversion luminescence in the cells can be expected in
biomedical applications, as the particles can only reach cancer
cells via the enhanced permeability and retention (EPR) effect.

Figure 4. TEM micrographs of spherical NaYF4:Yb
3+/Er3+&SiO2 nanoparticles obtained at (a−d) different concentrations of the starting

nanoparticles and 20 μL of TMOS and (b, e−i) after the addition of different TMOS volumes and 3 mg of particles/mL. (a) 1.5, (b) 3, (c) 5, and
(d) 7 mg of particles/mL; (e) 10, (f) 15, (b) 20, (g) 30, (h) 40, and (i) 60 μL of TMOS.
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The synthetic approach used to prepare the peptide-
conjugated NaYF4:Yb

3+/Er3+&SiO2−NH2 nanoparticles by
the click reaction is schematically illustrated in Figure 5. To
monitor the click reaction, 125I-radiolabeled azidopentanoyl-
RGDS peptide was reacted with the pentynoic acid-modified
NaYF4:Yb

3+/Er3+&SiO2−NH2 particles, and the system was
measured in an ionization chamber. The average radioactivity of
the nanoparticles prepared with and without the copper catalyst
was 0.085 ± 0.00419 and 0.01 ± 0 MBq, respectively. This
corresponds to 3 × 10−22 mol of peptide (180 peptide units)
per particle; i.e., the peptide surface concentration reached 9.4
fmol/cm2, assuming that the density of the spherical β-NaYF4
crystals is 4.3 g/cm3.
Because the residual Cu catalyst that remains after the click

reaction could potentially induce particle toxicity, it is necessary
to remove it by thorough washing. As confirmed by the absence
of radioactivity in the assay, double washing (1% EDTA) of the
particles after the 64CuCl2-catalyzed click reaction was
sufficient.
The surfaces of NaYF4:Yb

3+/Er3+, NaYF4:Yb
3+/Er3+&SiO2,

NaYF4:Yb
3+/Er3+&SiO2−NH2, and NaYF4:Yb

3+/Er3+&SiO2−
RGDS particles were further analyzed by ATR FT-IR
spectroscopy (Figure 6). Although the sensitivity of this
method was limited for particles containing small amounts of
RGDS, qualitative analysis was possible. The initial NaY-
F4:Yb

3+/Er3+ nanoparticles showed characteristic bands of
asymmetric and symmetric CH2 stretching vibrations of OA
(2925 and 2853 cm−1, respectively) and COO− (1560 and
1420 cm−1, respectively).51

The OA peaks in the spectrum of the NaYF4:Yb
3+/

Er3+&SiO2 particles completely vanished. New intense bands
appeared at 1080, 955, and 800 cm−1 and were assigned to
symmetrical stretching of Si−O−Si and Si−OH and asym-
metric SiO4 stretching vibrations, respectively. The presence of
these bands dominated the fingerprint regions of all silica-
modified nanoparticles. The strong intensity of these character-

istic bands confirmed that the particles were modified with
silica. No significant differences in the spectra of NaYF4:Yb

3+/
Er3+&SiO2 and NaYF4:Yb

3+/Er3+&SiO2−NH2 particles were
noticed. Intense peaks with a maximum at ∼3435 cm−1 and
1630 cm−1 appeared in both spectra due to stretching and
bending vibrations of −OH groups, respectively. The character-
istic signal of −NH vibrations in the spectrum of NaYF4:Yb

3+/
Er3+&SiO2−NH2 nanoparticles was overlapped by intensive
vibrations of −OH groups making the signal of amino groups
almost unidentified. Eventually, after the biomimetic mod-
ification of NaYF4:Yb

3+/Er3+&SiO2−NH2 nanoparticles with
RGDS, the ATR FT-IR spectra exhibited bands at 1725, 1665
and 1550 cm−1, which were attributed to the peptide. The
absence of characteristic OA bands and the appearance of
characteristic silica bands and new peaks attributed to the

Figure 5. Click reaction of the 4-pentynoic acid-modified NaYF4:Yb
3+/Er3+&SiO2−NH2 nanoparticles with the 125I-radiolabeled azidopentanoyl-

RGDS, azidopentanoyl-RGDS, and azidopentanoyl-TAT peptides.

Figure 6. ATR FT-IR spectra of the initial and surface-modified
NaYF4:Yb

3+/Er3+ nanoparticles.
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peptide allowed us to conclude that each step of surface
modification was performed successfully.
Cell Culture Experiments. In these experiments, human

HeLa epithelioid cervical carcinoma cells were incubated with
the prepared nanoparticles. The cells were either pretransfected
with mRoGFP or subsequently stained with the plasma
membrane marker CellMask Orange, and the particle
distribution within the cells was imaged using a confocal
inverted fluorescence microscope. Upconversion (970 nm
excitation) and confocal imaging indicated that the NaY-
F4:Yb

3+/Er3+ particles penetrated less into the HeLa cells and
formed aggregates outside the cells (Figure 7a), whereas the

NaYF4:Yb
3+/Er3+&SiO2 particles were highly internalized in the

cells (Figure 7b, Table 2) by the passive penetration. This
internalization was in agreement with higher Pearson’s (PCC)
and Mander’s coefficients (MOC), and overlap for the
NaYF4:Yb

3+/Er3+&SiO2 particles with the mitochondria was
higher than for NaYF4:Yb

3+/Er3+ particles (Table 2).
To actively target the nanoparticles into the cells, it is

necessary to introduce specific targeting ligands on the particle
surface. Here, two different peptides, namely, RGDS and TAT,
were immobilized on the NaYF4:Yb

3+/Er3+&SiO2 particles and
investigated as cell labeling agents.
Although the Pearson’s and Mander’s coefficients have no

meaning for the cell contours, we calculated them for the
annulus of CellMask Orange, as well as for overlaps of the
binary images of the nanoparticles and the CellMask annuli
(Table 3). Confocal z-scan images of the HeLa cell sections
confirmed that the NaYF4:Yb

3+/Er3+&SiO2−TAT nanoparticles
were well-internalized and localized in the cytoplasm, as well as
within the plasma membrane (Figure 8a,c; Table 3). In
contrast, the NaYF4:Yb

3+/Er3+&SiO2−RGDS particles adhered
to the HeLa cell surface, as indicated by colocalization with a
rather wide membrane annulus (Figure 8b,d). Thus, the results
confirmed superior adhesion of the NaYF4:Yb

3+/Er3+&SiO2−
RGDS nanoparticles to the plasma membranes. It has yet to be

verified whether the lack of upconversion nanoparticles in the
cell cytosol will lead to insufficient photodynamic therapy.

■ CONCLUSIONS
Luminescent nanoparticles intended for bioapplications must
exhibit a uniform morphology and narrow size distribution to
provide well-defined, reproducible, and tunable properties.
Moreover, the particles must be completely coated by the silica
shell, without the formation of any additional nonluminescent
silica particles. The NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/

Er3+&SiO2 particle uniformity was documented by low values
of the polydispersity index (PDI ∼ 1.03) and polydispersity

Figure 7. Overlays of the fluorescence images and upconversion
photoluminescence of (a) the NaYF4:Yb

3+/Er3+- and (b) NaYF4:Yb
3+/

Er3+&SiO2-labeled mRoGFP HeLa cells; the mitochondria are green
(excitation at 480 nm), and the nanoparticles are red (excitation and
detection at 970 and 500−700 nm, respectively). Scale bar, 20 μm.

Table 2. Pearson’s and Mander’s Coefficients and Overlaps of the Nanoparticles with the Mitochondria by mRoGFP or the
Whole HeLa Cell Areas (n = 6)

nanoparticles
Pearson’s coefficient
[mitochondria]

Mander’s coefficient
[mitochondria]

overlap with the mitochondria
[%]

overlap with the whole cell area
[%]

NaYF4:Yb
3+/Er3+ 0.068 0.422 18 48 ± 3

NaYF4:Yb
3+/Er3+&SiO2 0.133 0.734 23 89 ± 3

Table 3. Pearson’s and Mander’s Coefficients and Overlaps
of the Nanoparticles with the Plasma Membrane Marker of
the HeLa Cells

nanoparticles
Pearson’s
coefficienta

Mander’s
coefficienta

overlapa

[%]

NaYF4:Yb
3+/Er3+&SiO2−TAT 0.254 0.962 64

NaYF4:Yb
3+/Er3+&SiO2−RGDS 0.403 0.963 92

aFor the CellMask annulus taken as the plasma membrane.

Figure 8. Fluorescence confocal images and upconversion photo-
luminescence of (a) the NaYF4:Yb

3+/Er3+&SiO2−TAT- and (b)
NaYF4:Yb

3+/Er3+&SiO2−RGDS-labeled HeLa cell sections after
CellMask Orange staining. The plasma membrane is green (excitation
and detection at 540 and 565 nm, respectively), and the nanoparticles
are red (excitation and detection at 970 and 500−700 nm,
respectively). Overlaps of (c) the NaYF4:Yb

3+/Er3+&SiO2−TAT and
(d) NaYF4:Yb

3+/Er3+&SiO2−RGDS nanoparticles with the plasma
membrane marker of the HeLa cells. Scale bar, 20 μm.
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(PD < 0.2), which were deduced from the TEM and DLS
measurements, respectively.
To achieve high uptake of luminescent particles by cancer

cells, active targeting by immobilization of biorecognition
molecules (targeting ligands for cancer receptors) on the
nanoparticle surface is required. These nanoparticles are
recognized by cell surface receptors, inducing receptor-
mediated endocytosis. Here, the effects of solid-phase
synthesized RGDS and TAT ligands on particle uptake by
the cells were compared. Both RGDS and TAT peptides are
water-soluble, which enables their conjugation with the
NaYF4:Yb

3+/Er3+&SiO2−NH2 nanoparticle surface via click
chemistry. Following the design and synthesis of the
biomimetic particles, in vitro cell culture studies were
conducted to investigate cellular targeting and particle uptake.
The experiments with the cancer cells showed that the
NaYF4:Yb

3+/Er3+&SiO2−RGDS and NaYF4:Yb
3+/Er3+&SiO2−

TAT particles differed in their cell interaction mechanisms.
Although the NaYF4:Yb

3+/Er3+&SiO2−RGDS nanospheres
adhered to the cell plasma membrane, the NaYF4:Yb

3+/
Er3+&SiO2−TAT particles were specifically targeted to the
cell cytosol. Specific targeting to the cell cytosol and plasma
membrane may be exploited in various theranostic applications,
including targeted drug delivery. For example, targeting of the
NaYF4:Yb

3+/Er3+&SiO2−RGDS nanoparticles to the plasma
membrane is likely to be a prospective tool for in vivo cell
imaging, whereas targeting of the NaYF4:Yb

3+/Er3+&SiO2−
TAT particles to the cytosol could be suitable for photo-
dynamic therapy. This treatment will benefit from the fact that
NIR light can penetrate deep inside the tissues, thus reaching
the luminescent particles that emit visible light and interact
with a photosensitizer, e.g., phthalocyanine, to generate reactive
oxygen species to irreversibly damage the tumor cells. Thus, the
NaYF4:Yb

3+/Er3+&SiO2−RGDS and NaYF4:Yb
3+/Er3+&SiO2−

TAT nanoparticles may be considered promising tools for the
design of novel multifunctional bioconjugates for the specific
noninvasive targeting and recognition of tumor cells.
Prospectively, the conjugation of TAT-immobilized upconver-
sion nanoparticles with additional ligands (monoclonal anti-
body) might provide a new method for the production of
theranostic agents that are specific to tumor cell phenotypes.
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models†
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Nanoparticles are constructs that can be used for cellular interventions and targeted drug delivery. They are

useful for overcoming the dose-related toxic effects of drugs or diagnostic preparations by predominant or

selective accumulation in the pathologic tissues. Gadolinium(III) compounds are largely used as contrast

agents in magnetic resonance imaging (MRI) but may have toxic effects, especially in nephropathic

patients, due to the dose required for use in MRI. Here, we describe the preparation of new

multifunctional NaGdF4:Yb
3+/Er3+ nanoparticles, their characteristic properties, and some preliminary

data about their effect on cell viability and tissue localization. Hexagonal-phase NaGdF4 nanocrystals that

were doped with optically active Yb3+ and Er3+ ions, were synthesized by coprecipitation of lanthanide

chlorides in octadec-1-ene at high temperature, stabilized by oleic acid, and subsequently coated with

a thin silica layer. The morphology, elemental composition, crystalline structure, and SiO2 coating of the

prepared NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles were characterized in detail by transmission electron

microscopy (TEM) combined with energy-dispersive spectroscopy (TEM/EDX) and selected area electron

diffraction (TEM/SAED) and attenuated total reflection Fourier transform infrared (ATR FTIR)

spectroscopy. The upconversion and paramagnetic properties of the particles were measured using

confocal microscopy and MRI, respectively. The biocompatibility of the NaGdF4:Yb
3+/Er3+@SiO2

nanoparticles was tested in vitro using mouse 3T3 fibroblasts and B16F10 melanoma cells. Particle

localization was evaluated ex vivo in tumor, liver, and brain tissues of B16F10 melanoma bearing mice

after intravenous administration. The NaGdF4:Yb
3+/Er3+@SiO2 particles proved to be non-toxic at

moderate concentrations. Particle localization within the organs was demonstrated by analysis of the

tissues using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and showed

vascular localization.
1. Introduction

Lanthanide-based nanocrystals have gained considerable
attention for various biological applications due to their unique
luminescent and magnetic properties, which can be easily
ademy of Sciences of the Czech Republic,

h Republic

ces of the Czech Republic, V́ıdeňská 1083,

gy Department, Institute for Clinical and
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SI) available: T1 relaxometry (Table S1),
ribution histograms (Fig. S2). See DOI:

hemistry 2017
controlled by varying the lanthanide ion dopants.1–3 In partic-
ular, upconversion/magnetic NaGdF4:Yb

3+/Er3+ nanoparticles
have great potential as promising multimodal probes for in vitro
and in vivo bioimaging,4 targeted drug delivery,5 and image-
guided surgery.6 Due to the presence of optically active Yb3+/
Er3+ ion pair in the Gd3+-containing host lattice, the particles
show not only a strong near-infrared (NIR) to visible upcon-
version luminescence but also a short longitudinal relaxation
time T1 that allows simultaneous optical and magnetic reso-
nance (MR) images of healthy and diseased tissues.6–8Moreover,
the maximum light absorption of the NaGdF4:Yb

3+/Er3+ nano-
particles falls within the “optical window” of the biological
tissues. The advantages of the particles include a large anti-
Stokes shi of �500 nm, absence of photobleaching and pho-
toblinking, weak autouorescence, deep light penetration, and
reduced photodamage to living organisms.9,10 Integration of the
magnetic and upconversion features in one particle provides
more detailed and accurate non-invasive imaging information
RSC Adv., 2017, 7, 45997–46006 | 45997
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than using each method alone, facilitating diagnoses and
follow-up therapeutic responses over long time periods.

Biocompatibility, dispersibility in water, and uniform
particle size are prerequisite conditions to meet the demands of
biomedical applications. Currently, NaGdF4:Yb

3+/Er3+ nano-
particles are generally synthetized by high-temperature copre-
cipitation of lanthanide chlorides in an organic solvent, e.g.,
octadec-1-ene, and stabilized by oleic acid.11 However, these
particles are hydrophobic and lack functional groups, which
presents an obstacle for further surface conjugation of targeting
ligands and therapeutic agents. Surface chemistry thus remains
a key issue to minimize nonspecic uptake by the reticuloen-
dothelial system, prolong blood circulation time, and improve
diagnostic efficiency. Strategies to design water-dispersible
particles include ligand exchange12 or oxidation,13 and encap-
sulation with SiO2 or polymers.14,15

Gd is a paramagnetic lanthanide that was used more than 30
years ago in the formulation of contrast agents to enhance
contrast in magnetic resonance imaging (MRI) due to its large
magnetic moment and short relaxation time.16 Once in the
circulation aer intravenous administration, it demarks the
vascularization of an organ and is widely used for magnetic
resonance angiography. However, compromised kidney func-
tion is a contra-indication to its administration because Gd
ltration is inefficient. Subsequent systemic toxicity is possible,
even leading to fatal nephrogenic systemic brosis.17

Studies during the last twenty years have demonstrated the
importance of the tumor microenvironment and of therapeutic
interventions specically directed toward cancer cells, inl-
trating and surrounding immune cells, stroma cells, stromal
structures, vessels, nerves and soluble products.18 A targeted
therapy is not only critical to achieve highly efficient anticancer
effects but also necessary to reduce unwanted side reactions in
the rest of the organism. At present, the development of nano-
therapeutics allows a selective targeting of the cancer cells and
the tumor microenvironment. The availability of diagnostic
tracers, e.g., gold, iron oxide, gadolinium,19,20 or human ferritin
loaded with maghemite21,22 as carriers of therapeutic agents has
opened the eld of theranostics, in which the dual functions of
diagnosis and therapy are combined in a single nano-
construct.23 Moreover, a selective targeting of tumors can be
obtained through the enhanced permeability and retention
effect (EPR) due to endothelial leakages in the tumor neo-
vascularization24 and the reduced lymphatic circulation in the
tumor microenvironment with possibility to reach concentra-
tions 5–10 times higher than in normal tissue within 1–2 days.25

Imaging of tumor vascularization and identication of the sites
of EPR can help in deciding the type of tumor targeting, as well
as the opportunity for anti-angiogenic therapy.

In our study, we synthesized NaGdF4:Yb
3+/Er3+@SiO2 nano-

particles and evaluated them in the context of achieving a new
system that, while reducing the general toxic effects by lowering
the diagnostic dose, may maintain an efficient vascular locali-
zation. This might lead to targeted treatment of cancer or even
other pathologies with aggressive neo-vascularization, such as
neo-vascular eye diseases.26 For a preliminary evaluation, three
main tissues were analyzed (tumor, liver, and brain) as
45998 | RSC Adv., 2017, 7, 45997–46006
examples of different vascular conditions: neo-angiogenesis,
regular and abundant vascularization associated with
reticular-endothelial cells, and vascularization with restricted
permeability due to the brain–blood barrier. Biocompatibility,
i.e., cell viability, was also tested in vitro on tumor and non-
tumor mouse cell lines and on immune cells.
2. Experimental
2.1 Chemicals

Lanthanide chlorides, such as anhydrous gadolinium(III),
ytterbium(III), and erbium(III) chloride (99%), octadec-1-ene
(90%), ammonium uoride, tetramethoxysilane (TMOS), and
Igepal CO-520 [polyoxyethylene (5) nonylphenylether], were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium
hydroxide was acquired from Lach-Ner (Neratovice, Czech
Republic), and oleic acid, methanol, ethanol, and acetone were
acquired from Lachema (Brno, Czech Republic). The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was purchased from Serva Electrophoresis GmbH (Hei-
delberg, Germany). Ultrapure Q-water (pH 7; resistivity 18.2 MU

cm) produced using ultraltration on a Milli-Q Gradient A10
system (Millipore; Molsheim, France) was used in all
experiments.
2.2 Synthesis of NaGdF4:Yb
3+/Er3+ nanoparticles

NaGdF4:Yb
3+/Er3+ nanoparticles were prepared according to

previously described procedure with some modications.27,28 In
a typical synthesis, 1 mmol of lanthanide chloride (0.78 mmol
GdCl3, 0.2 mmol YbCl3, and 0.02 mmol ErCl3) was placed in
a 100 ml three-neck ask to which octadec-1-ene (15 ml) and
oleic acid stabilizer (6 ml) were added. The ask was heated to
160 �C for 30 min to obtain a homogenous solution and cooled
to room temperature (RT), aer which a methanolic solution
(5 ml) containing NH4F (4 mmol) and NaOH (4 mmol) was
added dropwise. The resulting mixture was slowly heated to
70 �C until all the methanol evaporated, stirred under a gentle
ow of argon, and heated to 300 �C for 90 min. Aer cooling to
RT, the resulting NaGdF4:Yb

3+/Er3+ nanoparticles were precipi-
tated in acetone (30 ml), separated using a Sorvall Legend X1
centrifuge (ThermoFisher; Osterode, Germany), washed three
times with ethanol, separated by centrifugation, and stored in
hexane.
2.3 Synthesis of NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles

The surfaces of the NaGdF4:Yb
3+/Er3+ nanoparticles were coated

with silica using a microemulsion technique.29 NaGdF4:Yb
3+/

Er3+ nanoparticles (30 mg) were dispersed in hexane (10 ml) and
Igepal CO-520 (0.5 ml) and 25% aqueous ammonia (80 ml) were
added. Aer sonication for 20 min, a stable emulsion was
formed; TMOS (20 ml) was added and the mixture was stirred
(600 rpm) at RT for 2 days. The resulting NaGdF4:Yb

3+/
Er3+@SiO2 particles were precipitated with acetone (5 ml),
washed three times with water/ethanol (1 : 1 v/v), and stored in
water.
This journal is © The Royal Society of Chemistry 2017
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2.4 Viability test of cells incubated with NaGdF4:Yb
3+/

Er3+@SiO2 nanoparticles

Murine B16F10 melanoma and fetal 3T3 broblast cell lines
(ATCC; Manassas, VA, USA) were used to evaluate the possible
cytotoxic effects and biocompatibility of NaGdF4:Yb

3+/
Er3+@SiO2 nanoparticles using the MTT cell viability assay. The
3T3 cells were used not only as a common model of non-tumor
cells, but also because broblasts are important component of
the tumor microenvironment.30 The cells were cultured at 37 �C
under a 5% CO2 atmosphere in Dulbecco's modied Eagle
medium (DMEM; Institute of Molecular Genetics; Prague,
Czech Republic) supplemented with 2 mM L-glutamine, 0.05 mg
gentamycin, 1 mM sodium pyruvate, 0.05 mM 2-mercaptoe-
thanol (Sigma-Aldrich) and 10% heat-inactivated fetal calf
serum (FCS; Gibco; Grand Island, NY, USA).

Male Balb/c mice (Institute of Physiology, Prague, Czech
Republic) were used. Aer adaptation to the conditions of local
animal facility (Institute of Microbiology, Prague, Czech
Republic), the spleen from a Balb/c mouse was harvested in
sterile conditions into HMEM-d culture medium (Institute of
Molecular Genetics). Aer mashing through a nylon net, half of
the splenocytes was separated on the Ficoll-PaqueTM 1085 (GE
HealthCare; Stockholm, Sweden) using gradient density
centrifugation (500 g/30 min at 18 �C) to isolate the mono-
nuclear cells; the other half was used unseparated to include
myeloid cells. Both types of splenocyte suspensions were then
transferred to DMEM for culture.

The original colloid (2 mg of NaGdF4:Yb
3+/Er3+@SiO2/ml)

was diluted 50-fold in a phosphate-buffered solution (PBS) to
avoid aggregation of the particles and sterilized using UV light.
Further dilutions were obtained from this stock dispersion to
evaluate the effect of the NaGdF4:Yb

3+/Er3+@SiO2 particles at the
different concentrations. Cells were seeded on 96-well plates in
150 ml of media at concentrations ranging from 20 000 to 30 000
cells per well. In the next step, the cells were incubated in the
presence of 4.4, 22 or 44 ng of particles per well (equivalent to
0.03, 0.15 and 0.3 mg ml�1), or 2.2, 22 or 45 mg of nanoparticles
per well (corresponding to 0.015, 0.15 and 0.35 mg ml�1). The
cell viability was compared to control group in the absence of
the nanoparticles. The tests were performed in triplicate, and 12
wells with medium alone were used as a blank. The cells were
cultured in the incubator at 37 �C for 48 and/or 72 h under a 5%
CO2 atmosphere. The cell viability was evaluated by addingMTT
(10 ml; 5 mg ml�1) to each well containing the particles or
control and to 6 wells containing only the medium. The plates
were kept in the dark and incubated for 1 h longer. Aer
formation of the formazan crystals, the color of which turned to
violet, the medium (80 ml) was carefully removed using a multi-
channel pipette, and dimethylsulfoxide (130 ml) was added to
each well to dissolve the formazan crystals. The optical densities
were obtained using a plate-reading spectrophotometer at
530 nm. The mean value of the blank (medium and MTT) was
subtracted from each sample; the means and standard devia-
tions for each group were determined using a Student's t-test;
statistically signicant results at p $ 0.05 are shown in the
graphs.
This journal is © The Royal Society of Chemistry 2017
2.5 Animal model and localization of NaGdF4:Yb
3+/

Er3+@SiO2 nanoparticles in mouse organs

B16F10 melanoma cells (1 � 106) were subcutaneously inocu-
lated into the lower back of syngeneic C57BL/6 mice (AnLab;
Prague, Czech Republic), and the tumours were allowed to
develop until they reached 10 mm in diameter. All experiments
were approved by the Animal Care and Use Committee at the
Institute of Microbiology (ID 64/2015). The animals were sacri-
ced 24 h aer 3 intravenous injections (one per day every 24 h)
of NaGdF4:Yb

3+/Er3+@SiO2 nanoparticles (2 mg ml�1 at 1 : 50
dilution in sterile PBS). The volume of each administered dose
was 100 ml.

Both tumor (melanoma) and healthy tissues (liver and brain)
were snap-frozen immediately aer harvesting and preserved at
�80 �C. The Gd localization and amount in the samples was
determined by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). The deeply frozen tissues were
allowed to warm up to �13 �C prior to the sectioning with
a Leica cryomicrotome CM1950 (Leica Biosystems; Wetzlar,
Germany). The tissues were cut to 30 mm-thick slices for the
quantitative LA-ICP-MS study of Gd and Fe distributions in the
tissues, which were conducted using an Analyte G2 laser abla-
tion unit (Photon Machines; Bozeman, MT, USA) equipped with
an ArF excimer nanosecond laser (193 nm) coupled to a 7700�
ORS-ICP-MS spectrometer (Agilent Technologies; Tokyo, Japan).
An octupole reaction system working in helium mode was used
to eliminate spectral interferences observedmainly on 56Fe. The
raw data (csv les) were transformed to the elemental distri-
bution images using ImageLab multisensor imaging soware
(v. 2.18, Epina; Pressbaum, Austria). The elemental quantitative
data were achieved by the analysis of a set of dried droplet
calibration standards with the increasing concentration of both
elements: 0, 5, 50, 100, 250, 500, and 1000 mg g�1 for Fe and 0,
0.1, 1, 10, 100, 500, and 1000 mg g�1 for Gd, respectively. The
linear relationships were established with the correlation coef-
cients >0.993 for all calibration curves (Fig. S1 in ESI†).

The resulting images showing the NaGdF4:Yb
3+/Er3+@SiO2

particle localization and accumulation in the tissue were
compared with classical histology aer haematoxylin and eosin
staining performed on sequential sections. The Gd accumula-
tions were expressed as a colorimetric gradient scale corre-
sponding to the mg of accumulated Gd/g.

The tissue samples used in this analysis were evaluated to
demonstrate the vascular net distribution by immunohisto-
chemistry detection of endothelia. The samples were xed in
4% formalin solution, stored at RT for 24 h, placed in a Leica
ASP6025 automated tissue processor (Wetzlar, Germany), and
embedded in paraffin blocks using a Leica EG 1150H paraffin
embedding station. Slices (2–3 mm thick) were cut from each
sample using a Leica RM2255 microtome and mounted on
special glass slides. The rst slices were stained with
haematoxylin-eosin (DiaPath; Martinengo, Italy). The second
set, for detection of the endothelial cells by immunohisto-
chemistry methods, was performed using the anti-mouse CD31
(PECAM-1) antibody (Zytomed Systems; Berlin, Germany). 3,30-
Diaminobenzidine chromogen (Dako/Agilent; Glostrup,
RSC Adv., 2017, 7, 45997–46006 | 45999
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Denmark) was used for visualization of the detected vessels. The
prepared slides were evaluated as light-microscopic images
using a Carl Zeiss Axio Scope A1 (Oberkochen, Germany) and
a Zeiss Axio Scan.Z1 slide scanner.
Fig. 1 TEM micrographs of (a) starting NaGdF4:Yb
3+/Er3+ and (b, c)

NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles; (b) 20 ml and (c) 40 ml TMOS in

the feed.
2.6 Characterization of the nanoparticles

Electron microscopy. The size, composition and crystal
structure of the nanoparticles were analyzed using a Tecnai
Spirit G2 transmission electron microscope (TEM; FEI; Brno,
Czech Republic). The microscope was equipped with an energy
dispersive spectrometer (EDX; Mahwah, NJ, USA), which was
used for the elemental analysis of the nanoparticles. Selected
area electron diffraction (SAED) on the TEM microscope was
used to verify the crystal structure of the nanoparticles. The
electron diffraction patterns were processed using ProcessDif-
fraction soware31 and compared with the diffraction patterns
calculated using PowderCell soware;32 the crystal structures
for the diffraction pattern calculation were obtained from ICSD
database.33 Bright-eld TEM micrographs were analyzed using
Atlas soware (Tescan; Brno, Czech Republic) to characterize
the particle size distributions. Morphology of individual parti-
cles, including number-average diameter (Dn), weight-average
diameter (Dw), uniformity (polydispersity index PDI ¼ Dw/Dn),
and ellipticity, were calculated using Atlas soware (Tescan
Digital Microscopy Imaging; Brno, Czech Republic) from eval-
uation of at least 500 individual particles from TEM micro-
graphs by measuring long axis (morphological descriptor
MaxFeret) and short axis (morphology descriptor MinFeret).
The average diameters and ellipticity can be expressed as
follows:

Average diameter ¼ 1/2 � (MaxFeret + MinFeret), (1)

Ellipticity ¼ MaxFeret/MinFeret, (2)

Dn ¼
P

niDi/
P

ni, (3)

Dw ¼
P

niDi
4/
P

niDi
3, (4)

where ni and Di are number and diameter of the i-th particle,
respectively.

Dynamic light scattering. The hydrodynamic particle diam-
eter (Dh), size distribution (polydispersity PI), and z-potential of
the nanoparticles were determined using dynamic light scattering
(DLS) on a ZEN 3600 Zetasizer Nano Instrument (Malvern
Instruments; Malvern, UK). The particle suspension (0.1mgml�1)
was measured at 25 �C, and the data were analyzed using the
Malvern soware.

ATR FTIR spectroscopy. Infrared spectra were recorded on
a Nexus Nicolet 870 FTIR spectrometer (Madison, WI, USA)
equipped with a liquid nitrogen-cooled mercury cadmium
telluride detector. The spectra were measured using a Golden
Gate single reection ATR cell (Specac; Orpington, UK) equip-
ped with a diamond internal reection ATR crystal.

Upconversion luminescence. Upconversion luminescence
was measured on a Leica TCS SP2 AOBS confocal inverted
uorescence microscope (Mannheim, Germany) using a PL APO
46000 | RSC Adv., 2017, 7, 45997–46006
100�/1.40–0.70 oil immersion objective (pinhole 1 Airy unit)
and a Coherent Chameleon Ultra Ti:sapphire laser (Santa Clara,
CA, USA) at 970 nm excitation. The NaGdF4:Yb

3+/Er3+ nano-
particle (0.01 g) dispersions in hexane were placed on a cover
glass.

Magnetic resonance. Magnetic resonance (MR) images were
acquired using a 4.7 T Bruker Biospec spectrometer equipped
with a commercially available resonator coil (both Bruker,
Germany) at 25 �C. A standard two-dimensional rapid acquisi-
tion with a relaxation enhancement multispin echo sequence
was used with the following parameters: repetition time ¼ 280
ms, echo time ¼ 12 ms, turbo factor ¼ 2, spatial resolution ¼
137 � 137 mm2, slice thickness ¼ 0.7 mm, number of acquisi-
tions ¼ 16, and acquisition time ¼ 9 min 36 s. The signal-to-
noise ratio SNR ¼ 0.655 S/s, where S is signal intensity in
a region of interest, s is the standard deviation of the noise in
background and constant 0.655 reects Rician distribution of
the background noise in a magnitude MR image.

The MR relaxometry was performed for different concen-
trations of the particles at magnetic eld B0 ¼ 0.5 T and 20 �C.
3. Results and discussion
3.1 Morphology, structure, phase, and composition of
NaGdF4:Yb

3+/Er3+ and NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles

Upconversion/magnetic nanoparticles composed of NaGdF4
host lattice doped with Yb3+ and Er3+ ions and stabilized with
oleic acid were obtained by the high-temperature coprecipita-
tion of lanthanide chlorides. The morphology and particle size
were evaluated using the TEM microscopy (Fig. 1a). The parti-
cles exhibited an ellipsoidal shape with a mean size Dn¼ 27 nm
and a reasonably narrow particle size distribution (PDI ¼ 1.20).
Size distribution histograms of all synthesized particles were
presented in ESI (Fig. S2†). The hydrodynamic diameter of the
NaGdF4:Yb

3+/Er3+ nanoparticles in hexane was Dh¼ 35 nm with
polydispersity PI ¼ 0.28, which conrmed the relatively narrow
size distribution. The difference between Dn and Dh of the
NaGdF4:Yb

3+/Er3+ particles can be explained by the presence of
the adsorbed steric stabilizer (oleic acid) on the nanoparticle
surface, which is not visible on the TEM micrographs of the
particles in the dry state due to low contrast of oleic acid
compared to the lanthanide particles.

Freshly synthesized NaGdF4:Yb
3+/Er3+ particles are hydro-

phobic in nature; hence they are dispersible only in organic
This journal is © The Royal Society of Chemistry 2017
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solvents (e.g., hexane), but not in water, which is required for all
biological experiments. To render the particles dispersible in
aqueous media, their surface was modied with a silica shell
using the reverse microemulsion technique.28 It is worth
mentioning that the nanoparticle surface must be completely
covered by a homogeneous silica shell without the formation of
any additional pure silica particles without a core. In this report,
the shell thickness of NaGdF4:Yb

3+/Er3+@SiO2 nanoparticles was
controlled by varying TMOS amount added to the mixture under
otherwise constant reaction conditions, including the concen-
trations of the nanoparticles, NH4OH, and Igepal CO-520. When
20 ml of TMOS was added to the reaction mixture, the nano-
particles reached 36 nm in size (PDI ¼ 1.18), i.e., they were
covered by a 5 nm-thick silica shell (Fig. 1b). In contrast, the
addition of a greater quantity of TMOS (40 ml) increased the
particle size and shell thickness to 41 and 7 nm, respectively.
However, under the latter conditions, additional pure silica
particles�10 nm in size were formed (Fig. 1c). Therefore, further
experiments were performed using the optimal amount, 20 ml of
the TMOS precursor to achieve complete coverage of the nano-
particle surface with a homogeneous silica shell while avoiding
the production of neat silica. The DLS measurements (Dh, PI, and
z-potential) in water conrmed successful modication of the
NaGdF4:Yb

3+/Er3+ particle surface with silica. The Dh of the
NaGdF4:Yb

3+/Er3+@SiO2 particles was 65 nm (PI ¼ 0.3), and the
particles exhibited a good colloidal stability due to a total negative
surface charge (�30mV) that originated from the silanol groups.34

The crystal structure and elemental composition of the
prepared nanoparticles were veried by TEM microscopy using
Fig. 2 (a, b) TEM analysis of the crystal structure and (c, d) the
elemental composition of the prepared nanoparticles. (a) Selected
area electron diffraction pattern (SAED) of NaGdF4:Yb

3+/Er3+, (b)
comparison of the experimental SAED pattern with theoretically
calculated X-ray diffraction pattern (XRD) corresponding to the
hexagonal phase of NaGdF4, and energy-dispersive spectrum (EDX) of
(c) original NaGdF4:Yb

3+/Er3+, and (d) NaGdF4:Yb
3+/Er3+@SiO2

nanoparticles.

This journal is © The Royal Society of Chemistry 2017
selected area electron diffraction (TEM/SAED) and energy-
dispersive analysis of X-rays (TEM/EDX; Fig. 2). Regardless of
the SiO2 shell, the SAED diffractograms of the nanoparticles
were identical; only one representative diffraction pattern of
uncoated NaGdF4:Yb

3+/Er3+ nanocrystals is therefore shown on
Fig. 2a. A comparison of the experimental SAED with theoreti-
cally calculated X-ray diffractograms (XRD) of known crystal
structures from crystallographic databases33 showed very good
agreement between the experiment and the hexagonal phase of
NaGdF4 (Fig. 2b). Consequently, the most intense diffraction
rings could be described (Fig. 2a) and the diffraction positions
and intensities in the recalculated 1D-diffractogram were
analyzed (Fig. 2b). The diffraction positions of SAED and XRD
showed a perfect t, which unambiguously conrmed that the
prepared nanoparticles were the hexagonal phase of NaGdF4.
The diffraction intensities of the SAED and XRD exhibited
certain differences that could be attributed to the quite complex
preferred orientation (texture) of the nanocrystals lying on the
at, electron-transparent carbon lm. The strongest SAED
diffraction (hkl) was (101), and two additional SAED diffrac-
tions, (002) and (111), were remarkably stronger than the cor-
responding XRD diffractions (Fig. 2b). The rst pair of strong
SAED diffractions, (101) and (002), dened the rst zone of
strongly diffracting lattice planes that was described by the zone
axis [uvw] ¼ [0,1,0] and corresponded to the rst preferred
orientation of nanocrystals on the carbon lm. The second pair
of strong SAED diffractions, (101) and (111), dened the second
zone of strongly diffracting lattice planes that was described by
the zone axis [uvw] ¼ [1,0,�1] and corresponded to the second
preferred orientation of the nanocrystals on the carbon lm
(calculation of zone axes from the strong diffractions was
described elsewhere35). As a result, the strongest experimentally
observed diffractions associated with the above two zone axes
should obey the Weiss Zone Law (WZL): hu + kv + lw ¼ 0, where
(h, k, l) are the diffraction indices of the planes, and [u, v, w] are
the indices of the zone axis.35 For the rst zone axis [uvw] ¼
Fig. 3 ATR FTIR spectra of NaGdF4:Yb
3+/Er3+ (full line) and

NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles (dashed line).

RSC Adv., 2017, 7, 45997–46006 | 46001

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c7ra08712h


Fig. 4 (a) NIR-to-VIS emission spectrum of NaGdF4:Yb
3+/Er3+ nano-

particles at 970 nm excitation. T1-weighted MR images of (b)
a phantom containing NaGdF4:Yb

3+/Er3+ nanoparticles and (c)
a control phantom filled with water.
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[0,1,0], the WZL takes the form k ¼ 0, and consequently, the
strongest SAED diffractions should have indices of the type
(h0l). For the second zone axis [uvw] ¼ [1,0,�1], the WZL takes
the form h � l ¼ 0, i.e., h ¼ l, which means that the strongest
SAED diffractions should have indices of the type (hkh), i.e., the
rst and the last diffraction indices are equal. Indeed, the four
strongest SAED diffraction rings (Fig. 2a) were formed by
Fig. 5 The effect of increasing concentration of NaGdF4:Yb
3+/Er3+@S

medium) on the viability of non-tumor cells (3T3 mouse fibroblasts)
determined using the MTT assay. (a) 4–40 ng per well corresponding to 2
to 0.06–35 mg ml�1, and (c) 8.8 ng per well to 45 mg per well correspond
was considered significant for p $ 0.05, *p < 0.05, **p < 0.01, and ***p

46002 | RSC Adv., 2017, 7, 45997–46006
a combination of (h0l) and/or (hkh) diffractions (with just one
exception of strong low-angle diffraction (110)), which proved
that the above analysis of preferred orientation of nanocrystals
deposited on the carbon lm was correct. Moreover, the
stronger higher-angle diffractions were usually (h0l) and/or
(hkh) (Fig. 2b).

Embedding of the NaGdF4:Yb
3+/Er3+ nanoparticles in the

SiO2 shell was veried using TEM/EDX (Fig. 2c and d). The EDX
spectrum of uncoated nanoparticles (Fig. 2c) showed only the
peaks from the standard TEM support (carbon coated copper
grid; peaks of C and Cu) and the peaks of the prepared particles
(Na, Gd, and F, including the substituting Yb but lacking any of
the substituting Er ions, whose concentration was below the
detection limit). The very weak oxygen peak probably resulted
from the slight oxidation of the carbon lm. The EDX spectrum
of the NaGdF4:Yb

3+/Er3+@SiO2 nanoparticles exhibited the
same peaks as described above plus strong peaks of the envel-
oping silica (Si and O; Fig. 2d).

Modication of NaGdF4:Yb
3+/Er3+ nanoparticles with the

silica shell was also conrmed by ATR FTIR spectroscopy (Fig. 3).
The peak at 1560 cm�1 corresponding to the COO� band and
peaks at 2850 and 2920 cm�1 belonging to the symmetric and
asymmetric CH2 stretching vibrations, respectively, conrmed
the presence of oleic acid on the nanoparticle surface. Aer the
addition of the silica shell to the NaGdF4:Yb

3+/Er3+ nanoparticles,
the latter bands disappeared and characteristic SiO2 peaks were
recorded in the spectrum of the NaGdF4:Yb

3+/Er3+@SiO2 parti-
cles. The symmetric and asymmetric vibrations of Si–O–Si and
Si–OH appeared at 795 and 950 cm�1, respectively. The peak at
1080 cm�1 was attributed to the Si–O–Si stretching vibration, and
the intense broad peaks at 1630 and�3420 cm�1 in the spectrum
of NaGdF4:Yb

3+/Er3+@SiO2 were induced by the bending and
stretching vibrations of the OH groups of adsorbed water mole-
cules, respectively.

NaGdF4 nanoparticles that were doped with the optically
active Yb3+/Er3+ ion pair exhibited a characteristic photo-
luminescence (Fig. 4a) that emitted high-energy visible photons
iO2 nanoparticles (ng to mg per well containing 150 ml of cultivation
and tumor cells (B16F10 mouse melanoma) after a 48 h incubation
7–267 ngml�1 and (b) 8.8 ng per well to 4.5 mg per well, corresponding
ing to 60 ng ml�1 to 0.35 mg ml�1. OD: optical density. Student's t-test
< 0.001; n.s. ¼ non-significant.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effect of increasing concentrations of NaGdF4:Yb
3+/Er3+@SiO2

nanoparticles (ng per well) on the viability of immune cells obtained
from the spleen homogenates of healthy mice after 48 and 72 h
incubation. The viability was determined using the MTT assay. OD:
optical density. No significance was found using the Student's t-test.
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aer being excited by two low-energy NIR photons via the energy
transfer upconversion mechanism. Under NIR irradiation at
970 nm, the NaGdF4:Yb

3+/Er3+ nanoparticles emitted intense
green (520 and 550 nm) and red light (660 nm), which can be
ascribed to 2H11/2 / 4I15/2,

4S3/2 / 4I15/2 and 4F9/2 / 4I15/2
radiative transitions of Er3+ ions, respectively, which originated
from energy transfer between the Yb3+ and Er3+ ions. T1-
weighted MR images of NaGdF4:Yb

3+/Er3+ particles showed
a noticeable higher MR signal (3.5�) compared to that obtained
Fig. 7 The histology of melanomas in syngeneic C57BL/6 mice treate
compared using LA-ICP-MS (first row). (a) Representative tumor slice stai
(c) Gd, (d) evidenced vascularization of melanoma tissue by endothelial
LA-ICP-MS-analyzed melanoma tissue (haematoxylin–eosin staining), fra
tissue with blood vessels, better evidenced by staining of vascular endoth
LA-ICP-MS for Fe demonstrated only the main vessels according to the F
details of the vascularization at an even lower concentration of the trace
distribution revealed by immunohistochemistry. Arrows indicate the ves

This journal is © The Royal Society of Chemistry 2017
from water phantoms (Fig. 4b). The SNR in the phantom con-
taining NaGdF4:Yb

3+/Er3+ nanoparticles (0.5 mg ml�1) was 22.5
(the control water phantom had an SNR ¼ 6.4). This result
suggested suitable paramagnetic properties that would allow
use of the NaGdF4:Yb

3+/Er3+nanoparticles as a contrast agent
for magnetic resonance imaging. This was supported by the
relaxometry measurements, where signicant shortening of the
relaxation time was observed even at low particle concentra-
tions (Table S1†).
3.2 Viability of cells incubated with NaGdF4:Yb
3+/Er3+@SiO2

nanoparticles assessed using the MTT assay

The viability of tumor and non-tumor mouse cell lines (B16F10
melanoma cells and 3T3 broblasts, respectively) was repeat-
edly investigated in vitro using MTT assay aer 48 h of incu-
bation with 4, 20, and 40 ng of the NaGdF4:Yb

3+/Er3+@SiO2

particles per well containing 150 ml of cultivation medium
(corresponding to 27, 133, and 267 ng ml�1, respectively;
Fig. 5a). None of these particle concentrations induced signi-
cant cytotoxicity. In further experiments, the 3T3 and B16F10
cells were incubated with progressively higher concentrations of
the nanoparticles for 48 h (Fig. 5b). At concentrations #4.5 mg
per well (corresponding to 30 mg ml�1), the colloid did not cause
any toxicity in the tumor cells, whereas in the range of 8.8 ng to
0.44 mg per well (corresponding to 0.06–3 mg ml�1) the non-
tumor cells (3T3) showed a slight reduction of viability and
a progressive cytotoxic effect at 2.2 and 4.5 mg of particles per
d with intravenously injected NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles

ned with haematoxylin and eosin, elemental distribution map for (b) Fe,
staining in immunohistochemistry, (e, f) detailed histological images of
med in yellow and red on the total tumor section, showing the tumor
elia by immunohistochemistry methods (vessels are stained in brown).
e in the blood (hemoglobin), while the Gd analysis better revealed the
r than the Fe and with a very good correspondence with the vascular
sels.
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well (corresponding to 15 and 30 mg ml�1). The cytotoxic effect
was evident and progressive with further increases in the
particle concentrations in mg scale, up to 45 mg per well corre-
sponding to 0.35 mg ml�1; (Fig. 5c). In this case, both kinds of
cells presented cytotoxic effect when the particle concentration
was >4.4 mg per well (corresponding to 0.03 mg ml�1). Inter-
estingly, the toxic effect was more relevant on tumor cells.

Additional experiments were performed to evaluate the effects
of various NaGdF4:Yb

3+/Er3+@SiO2 nanoparticle concentrations
on the viability of immune cells aer 48 and 72 h of cultivation.
Immune cells were obtained from the spleens of healthy C57BL/6
mice aer spleen homogenization. The complete suspension
consisting of lymphocytes and myeloid cells was compared with
a puried lymphocyte suspension obtained by density gradient
separation with Ficoll-Paque™. This was performed because
lymphocytes co-cultivated with myeloid cells are more resistant
than those aer separation. Therefore, the separated lymphocyte
suspension was expected to bemore sensitive to possible cytotoxic
Fig. 8 Elemental distributions of gadolinium isotopes (156Gd, 157Gd, 158Gd
bearing mice with NaGdF4:Yb

3+/Er3+@SiO2 nanoparticles. LA-ICP-MS ima
of the analyzed tissue sections (top, grey) were obtained using a Scanner
shows accumulation of the particles at the vascular level according to
histochemistry (vessels stained in brown are indicated by arrows).

46004 | RSC Adv., 2017, 7, 45997–46006
agents. The incubation with NaGdF4:Yb
3+/Er3+@SiO2 nano-

particles at concentrations 4–40 ng per well (27–267 ng ml�1) did
not produce a signicant change in the cell viability in either
preparations even aer 72 h of culture. As expected, the viability of
the isolated lymphocytes was lower than that of the non-separated
cells, but in neither case did the doses of NaGdF4:Yb

3+/Er3+@SiO2

nanoparticles induce cytotoxicity (Fig. 6).

3.3 Localization of NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles in

mouse organs

The distribution of the NaGdF4:Yb
3+/Er3+@SiO2 nanoparticles

in the tumor and body tissues was evaluated using LA-ICP-MS,
which is a powerful analytical technique for highly sensitive
direct examination of the content of elements, in the present
case Gd, in biological tissues. The Fe present in the hemoglobin
was evaluated for comparison. The experiments were performed
in the tumor tissue (melanoma) and healthy tissue (brain and
liver) in a mouse model aer intravenous administration of
) in the brain (left) and liver vessels (right) after treatment of the tumor-
ging data were collected with a 110 mm laser focus. The optical images
HP Scanjet 4890 with the resolution of 4800 dpi. LA-ICP-MS imaging
the vascular distribution in the tissues, as confirmed by the immuno-

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c7ra08712h


Paper RSC Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
7 

Se
pt

em
be

r 2
01

7.
 D

ow
nl

oa
de

d 
on

 0
3/

05
/2

01
8 

12
:3

5:
34

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online
a standard concentration of the NaGdF4:Yb
3+/Er3+@SiO2 nano-

particles. First, the tumor localization was evaluated. The
NaGdF4:Yb

3+/Er3+@SiO2 nanoparticles (100 ml of a colloid; 2 mg
of particles per ml diluted 1 : 50 in PBS) were injected into
animals harboring murine B16F10 melanoma cells. As
described in the Experimental section, sequential sections of
frozen samples were prepared and analyzed to permit compar-
ison of the histological picture (Fig. 7a, d and e) with the LA-ICP-
MS analysis. The LA-ICP-MS images showed that the Fe was
predominantly associated with large blood vessels due to high
amounts of Fe present in hemoglobin (Fig. 7b) and a high
background. In contrast, the Gd accumulation better dened
the vascular component of the tumor tissue. The Gd signal was
apparent at a much lower particle concentration (26 mg g�1)
than the Fe signal (410 mg g�1; Fig. 7b and c). Many blood
vessels with accumulated NaGdF4:Yb

3+/Er3+@SiO2 particles can
be seen in Fig. 7d. These nanoparticles have thus the substan-
tial advantages of having a very low background and highly
sensitive demonstration of blood vasculature as long as 48 h
aer the injection.

Second, the brain and liver tissues were analyzed, and the
NaGdF4:Yb

3+/Er3+@SiO2 particles were distinctly detected in the
vasculature net (Fig. 8). In the brain, the NaGdF4:Yb

3+/
Er3+@SiO2 particles were present only in the blood vessels
(Fig. 8a). In contrast, very high accumulation of the NaGdF4:-
Yb3+/Er3+@SiO2 nanoparticles was observed in the vascular and
perivascular spaces of the liver, as indicated by the presence of
some background (Fig. 8b). This was expected because it is
known that the Kupffer cells can easily take up circulating
particles.36 Chronic accumulation of the particles may represent
a problem, especially within the kidneys, on the basis that Gd
contrast agents, which are widely used in MRI studies, have
been oen associated with a risk of systemic toxicity and
brosis in patients with reduced renal function.37 However, the
nanoparticle formulation may take advantage of the liver
detoxication ability, implying that the particles are eventually
removed and engulfed by macrophages.

4. Conclusions

Rare-earth upconversion nanocrystals with a thin silica coating
layer, NaGdF4:Yb

3+/Er3+@SiO2 particles, have been successfully
prepared. Their morphology, composition, structure, and
coating were veried by detailed TEM analysis, including energy
dispersive spectroscopy (EDX) and electron diffraction (SAED).
The comparison of experimental SAED diffraction patterns with
theoretically calculated XRD patterns proved unambiguously
that the prepared nanocrystals had a crystalline structure of
hexagonal NaGdF4. The upconversion property in combination
with an immobilized photosensitizer, namely, the emission of
red/green light aer irradiation with deep-tissue penetrating
NIR light, is very important for future applications of the
particles in photodynamic tumor therapy. Moreover, Gd
renders the particles, when accumulated by efficient EPR effect,
with contrast in MRI, which may permit non-invasive detection
of NaGdF4:Yb

3+/Er3+@SiO2 particle-engulfed cells of patholog-
ical sites in the organism.
This journal is © The Royal Society of Chemistry 2017
Biological experiments conrmed that the cytotoxicity of
NaGdF4:Yb

3+/Er3+@SiO2 nanoparticles was dose-related with
a threshold above 0.5 mg of particles per well (3 mg ml�1) and
clearly present at concentrations of 2.2 mg per well (15 mg ml�1).
Lower concentrations did not affect the viability of non-tumor,
tumor, or immune cells. The LA-ICP-MS method proved to be
very effective for the direct determination of the NaGdF4:Yb

3+/
Er3+@SiO2 particle distribution within the biological tissues.
This technique enables visualization of even very small quan-
tities of the particles (pico- to femtograms), thus facilitating
highly sensitive (parts per billion) monitoring of the nano-
particle distribution inside a tissue. In this manner, the distri-
bution of blood vessels containing NaGdF4:Yb

3+/Er3+@SiO2

nanoparticles within the tumor was easily visualized. Even
a very small quantity of accumulated particles was detectable,
which is benecial in terms of injection of very low particle
doses. This might be applicable even in biopsies of investigated
organs or tumor tissues, allowing extensive evaluation of the
nanoparticle distribution in the organism to improve planning
of highly precise theranostic interventions. A huge difference in
the nanoparticle accumulation was found between brain and
liver according to their vascular characteristics. The LA-ICP-MSI
method may also be suitable for studies of the bio-distribution
of the nanoparticles. In fact, the nanoparticles are actively
investigated not only for therapeutic purposes38 but also in
terms of undesirable particle penetration into the organs, such
as the lung and brain, due to the environmental pollution, as
well as particle accumulation/elimination by the reticulo-
endothelial system.39,40

Our investigation provides the rst useful information on
the biocompatibility of the newly synthetized NaGdF4:Yb

3+/
Er3+@SiO2 nanoparticles and their vascular localization in the
evaluated organs even 24 h aer the administration. This is
important for prospective applications of Gd compounds not
only for MRI, but also for efficient targeting of pathological
neoangiogenesis (cancer, diabetic retinopathy, etc.) and micro-
environmental components of cancers. Moreover, NaGdF4:Yb

3+/
Er3+@SiO2 particles can be proposed for bi-modal upconversion
luminescence/MR imaging and photodynamic therapy41 and,
aer functionalization or coupling with other molecules, as
radiosensitizers for enhanced radiotherapy,42 or neutron
capture therapy,43 as well as therapeutic carriers.
Conflicts of interest

There are no conicts to declare.
Ethical statement

All procedures were conducted in strict accordance with the
European Convention for the Care and Use of Laboratory
Animals, and were approved by the Animal Care and Use
Committee at the Institute of Microbiology, AS CR, approval ID:
64/2015.
RSC Adv., 2017, 7, 45997–46006 | 46005

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c7ra08712h


RSC Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
7 

Se
pt

em
be

r 2
01

7.
 D

ow
nl

oa
de

d 
on

 0
3/

05
/2

01
8 

12
:3

5:
34

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online
Acknowledgements

The nancial support of the Czech Science Foundation (15-
01897S) is gratefully acknowledged. The biological experiments
were supported by RVO 61388971 Institutional Grant and
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Phthalocyanine-Conjugated Upconversion NaYF4:Yb
3++/

Er3+@SiO2 Nanospheres for NIR-Triggered Photodynamic
Therapy in a Tumor Mouse Model
Uliana Kostiv,[a] Vitalii Patsula,[a] Agnieszka Noculak,[b] Artur Podhorodecki,[b] David Větvička,[c]

Pavla Poučkov�,[c] Zdenka Sedl�kov�,[a] and Daniel Hor�k*[a]

Introduction

Recently, upconversion nanomaterials have shown great prom-
ise for a variety of applications ranging from solar energy con-
version[1,2] and security areas[3] and even to biomedicine[4] for

nanothermometry,[5] drug delivery,[6] early-stage in vivo bio-
imaging,[7,8] and treatment of cancer using photothermal[9] and

photodynamic therapy (PDT).[10,11] PDT is an alternative to con-
ventional treatments, such as surgery, chemotherapy, and radi-

otherapy, due to its low toxicity and minimal side effects on
normal cells. PDT involves the administration and accumulation

of a photosensitizer in the tumor, followed by photoirradiation
of the tumor site and activation of the photosensitizer by light

of the appropriate wavelength, typically by ultraviolet (UV) or
visible light.[12] During light exposure, a photochemical reaction
between the excited photosensitizer and the surrounding mo-

lecular oxygen occurs, resulting in the generation of singlet
oxygen (1O2), which then causes irreversible destruction and ul-

timately tumor cell death (apoptosis and necrosis).[13,14] Tradi-
tional photosensitizers are, however, usually activated by UV or

visible light, which causes the photodamage of living cells by
exposure to high-energy irradiation and poorly penetrates into

the tissue, thus preventing it from reaching deep-seated
tumors.[15] PDT induced by near-infrared (NIR) light has an ad-
vantage as it falls within the “biological transparency window”,

allowing deep-tissue penetration.[16] Lanthanide-based upcon-
version nanoparticles converting low-energy NIR photons to

high-energy UV-visible light are thus an ideal candidate to de-
liver light deep into the tissue, overcoming the limitations of

conventional PDT.[17] Attempts are therefore made to attach or

adsorb a photosensitizer to the surface of the upconversion
lanthanide-doped nanoparticles, enabling deep-tissue optical

imaging and photoactivation.[18–20]

There are many requirements laid on the upconversion

nanoparticles involving controllable and reproducible synthe-
sis, uniform size to secure the same properties, colloidal stabili-

Photodynamic therapy (PDT) has garnered immense attention
as a minimally invasive clinical treatment modality for malig-
nant cancers. However, its low penetration depth and photo-

damage of living tissues by UV and visible light, which activate
a photosensitizer, limit the application of PDT. In this study,
monodisperse NaYF4:Yb

3+/Er3+ nanospheres 20 nm in diame-
ter, that serve as near-infrared (NIR)-to-visible light converters

and activators of a photosensitizer, were synthesized by high-
temperature co-precipitation of lanthanide chlorides in a high-

boiling organic solvent (octadec-1-ene). The nanoparticles
were coated with a thin shell (�3 nm) of homogenous silica
via the hydrolysis and condensation of tetramethyl orthosili-

cate. The NaYF4:Yb
3+/Er3+@SiO2 particles were further func-

tionalized by methacrylate-terminated groups via 3-(trimethox-

ysilyl)propyl methacrylate. To introduce a large number of reac-
tive amino groups on the particle surface, methacrylate-termi-

nated NaYF4:Yb
3+/Er3+@SiO2 nanospheres were modified with

a branched polyethyleneimine (PEI) via Michael addition. Alu-

minum carboxyphthalocyanine (Al Pc-COOH) was then conju-
gated to NaYF4:Yb

3+/Er3+@SiO2-PEI nanospheres via carbodii-

mide chemistry. The resulting NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc

particles were finally modified with succinimidyl ester of poly-
(ethylene glycol) (PEG) in order to alleviate their future uptake
by the reticuloendothelial system. Upon 980 nm irradiation,
the intensive red emission of NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG

nanoparticles completely vanished, indicating efficient energy
transfer from the nanoparticles to Al Pc-COOH, which gener-

ates singlet oxygen (1O2). Last but not least, NaYF4:Yb
3+/Er3+

@SiO2-PEI-Pc-PEG nanospheres were intratumorally adminis-
tered into mammary carcinoma MDA-MB-231 growing subcu-

taneously in athymic nude mice. Extensive necrosis developed
at the tumor site of all mice 24–48 h after irradiation by laser

at 980 nm wavelength. The results demonstrate that the
NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG nanospheres have great po-

tential as a novel NIR-triggered PDT nanoplatform for deep-

tissue cancer therapy.
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ty, enhanced upconversion emission effect, low autofluores-
cence, nontoxicity, functionality to attach a photosensitizer, or

efficient energy transfer to a photosensitizer.[21,22] Moreover,
the size is important for in vivo applications, especially if the

particles should remain in the blood circulation after injection
and/or be internalized in the cells. The upconversion nanopar-

ticles are typically produced by the thermal decomposition of
lanthanide salts, high-temperature co-precipitation, hydrother-

mal/solvo-thermal techniques,[23,24] etc. However, freshly syn-

thetized upconversion particles are hydrophobic, as they are
typically stabilized by oleic acid. Particle surface modification is
thus needed, which requires ligand exchange, e.g. , with poly-
(acrylic acid), poly(ethylene glycol) (PEG), or the introduction of
additional layers (silica, polyethylenimine—PEI) to transfer the
particles in aqueous media and impart functionality.[21] The pre-

vailing functional groups introduced on the particle surface in-

clude carboxyl or amino moieties, which are of great impor-
tance for further conjugation with targeting biomolecules,

such as peptides, drugs or antibodies.
The aim of this study was to synthesize high-quality mono-

disperse NaYF4:Yb
3+/Er3+ nanospheres, introduce onto them a

silica, PEI and/or PEG shell in combination with an in-house

synthesized aluminum carboxyphthalocyanine photosensitizer

and thoroughly characterize the particles in terms of morphol-
ogy, chemical composition, photophysics, and NIR-triggered

photodynamic therapy in a tumor mouse model.

Results and Discussion

NaYF4:Yb
3+/Er3+ nanospheres were synthesized by a high-tem-

perature co-precipitation (300 8C) of lanthanide chlorides in oc-

tadec-1-ene as a high-boiling organic solvent with oleic acid
(OA) as a stabilizer. The advantage of this approach consists of

the formation of particles of a narrow size distribution and
high phase purity. Starting NaYF4:Yb

3+/Er3+ particles had

spherical morphology with number-average diameter Dn=

20 nm (according to TEM) and a very narrow size distribution

(PDI=1.01; Figure 1a). The hydrodynamic diameter of the

nanospheres in hexane was slightly larger (Dh=24 nm) due to
the OA stabilizer adsorbed on the particle surface. The hexago-

nal crystal structure and composition of the NaYF4:Yb
3+/Er3+

nanoparticles were described in our previous publication.[25]

To transfer the hydrophobic NaYF4:Yb
3+/Er3+ nanospheres

into an aqueous medium required in bioapplications and to in-

troduce functional groups for the prospective attachment of
drugs and biomolecules, the particles were coated with a thin

layer of modified silica. The silica shell was introduced on the
NaYF4:Yb

3+/Er3+ core by hydrolysis and condensation of TMOS

via the water-in-oil microemulsion technique. The silica homo-
geneously covered the NaYF4:Yb

3+/Er3+ nanospheres forming

a core–shell structure. The size of the monodisperse
NaYF4:Yb

3+/Er3+@SiO2 nanospheres (PDI=1.03) increased to
26 nm with the silica shell thickness being ~3 nm (Figure 1b).

Hydrodynamic diameter of the NaYF4:Yb
3+/Er3+@SiO2 particles

(Dh=50 nm) increased compared to NaYF4:Yb
3+/Er3+ (24 nm).

The NaYF4:Yb
3+/Er3+@SiO2 particles had a negative surface

charge (z-potential=�30 mV) due to the presence of silanol

groups.[26] After coating with the silica layer, reactive methacry-
late groups were introduced on the nanoparticles by addition-

al hydrolysis and condensation of TSPMA. The resulting metha-

crylate-terminated NaYF4:Yb
3+/Er3+@SiO2 nanospheres

(NaYF4:Yb
3+/Er3+@SiO2-MA), which had a high negative surface

charge (�45 mV), were subsequently reacted with branched
PEI via a Michael addition[27] to introduce a large number of

amino groups available for subsequent conjugation with a
photosensitizer and/or targeting moieties, such as peptides or

antibodies. The NaYF4:Yb
3+/Er3+@SiO2-PEI particles were well

dispersible in water with Dh=80 nm and a total positive sur-
face charge (z-potential=48 mV). Al Pc-COOH was then chemi-

cally attached to the NaYF4:Yb
3+/Er3+@SiO2-PEI nanospheres

using carbodiimide chemistry. The NaYF4:Yb
3+/Er3+@SiO2-PEI-

Pc nanoparticles had a lower positive surface charge (15 mV)
than the initial NaYF4:Yb

3+/Er3+@SiO2-PEI particles, which con-

firmed successful attachment of Al Pc-COOH. To prevent

uptake of the NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc particles by the re-

ticuloendothelial system, their residual amino groups were re-

acted with PEG-NHS, yielding NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-

PEG (Figure 1c). These nanoparticles had a low positive surface

charge (10 mV) with a relatively large hydrodynamic diameter
Dh=120 nm.

ATR FTIR spectroscopy is a useful method to characterize

the particle surface in terms of its chemical composition (Fig-
ure 2a). Starting OA-stabilized NaYF4:Yb

3+/Er3+ nanoparticles

had characteristic bands attributed to COO� vibrations (1562
and 1443 cm�1) and asymmetric or symmetric C�H stretching
vibrations (2922 or 2850 cm�1, respectively) of OA.[28] After the
surface modification with the silica shell, the characteristic vi-

brations of OA completely vanished from the spectra of

Figure 1. TEM images of a) NaYF4:Yb
3+/Er3+ , b) NaYF4:Yb

3+/Er3+@SiO2, and c) NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG nanospheres.
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NaYF4:Yb
3+/Er3+@SiO2 nanospheres and a new intensive peak

appeared at 1080 cm�1, which was assigned to the symmetrical

stretching of Si-O-Si groups. Moreover, two new bands at 950
and 795 cm�1 were attributed to Si�OH and SiO4 vibrations, re-

spectively. Additional bands at �3420 and 1630 cm�1 were as-

signed to the O�H vibrations of adsorbed water. After modifi-
cation of the nanoparticles with PEI and conjugation with Al

Pc-COOH, the intensive Si-O-Si band was shifted toward lower
wavenumbers.

In the spectra of NaYF4:Yb
3+/Er3+@SiO2-PEI and NaYF4:Yb

3+

/Er3+@SiO2-PEI-Pc particles, bands at 2926 and 2853 cm�1 were
attributed to C�H stretching vibrations of PEI, and bands at

1520–1550 cm�1 were assigned to both primary and secondary
amine N�H groups.[29] Additionally, a new peak at 759 cm�1 in
the spectrum of NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc nanospheres
was assigned to C�N stretching vibration of phthalocyanine.[30]

The absence of characteristic OA bands, appearance of silica
peaks and new bands of PEI and Al Pc-COOH indicated a suc-
cessful surface modification of the nanoparticles.

To further investigate the efficiency of PEI coating,
NaYF4:Yb

3+/Er3+@SiO2-PEI and NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc

nanospheres were analyzed by thermogravimetry (Figure 2b).
Thermal behavior of the particles was similar with some dis-

tinctions. Weight losses (2.2 wt%) occurring up to 200 8C can
be ascribed to the evaporation of solvent (water). Weight

losses at <500 8C were assigned to decomposition of PEI coat-
ings and/or Pc and residual silanol groups. It can be assumed
from the thermograms that the NaYF4:Yb

3+/Er3+@SiO2-PEI par-

ticles contained ~5 wt% PEI and the NaYF4:Yb
3+/Er3+@SiO2-

PEI-Pc particles had ~4 wt% Pc. A small third weight loss at

>600 8C corresponded to decomposition of amorphous
carbon formed in earlier stages of combustion.

Optical results

Emission spectra of NaYF4:Yb
3+/Er3+ , NaYF4:Yb

3+/Er3+@SiO2-
PEI, NaYF4:Yb

3+/Er3+@SiO2-PEI-PEG, NaYF4:Yb
3+/Er3+@SiO2-PEI-

Pc, and NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG nanospheres were

recorded at an excitation wavelength of 980 nm (Figure 3).

NaYF4:Yb
3+/Er3+ particles showed typical Er3+ emission

bands with a dominant peak at 650 nm (red) and slightly less

intense emission at 535 nm (green). The particles were charac-
terized also by a strong emission band at 1550 nm, the intensi-

ty of which cannot be compared directly to visible emission

due to a different detection system used for its recording. The
ratio between green and red bands (GRR) for the NaYF4:Yb

3+

/Er3+ nanospheres was equal to 0.7, and this value, in this
range of nanocrystal sizes (>20 nm), depends mainly on the

relative ion concentrations.[31,32] Thus, we did not expect any
significant changes in GRR ratio due to surface effects when

the nanocrystals were coated with different organic shells

(NaYF4:Yb
3+/Er3+@SiO2-PEI and NaYF4:Yb

3+/Er3+@SiO2-PEI-PEG)
because in all cases, the relative ion concentration was the

same. Indeed, only a small change in GRR ratio was observed
when additional organic shell was introduced on the particle

surface (Figure 3).
This small difference in GRR can be a combined effect of sur-

face modifications and difference in type of solvent. In con-

trast, surface modification of the particles with Pc significantly
changed the Vis part of the emission spectra. The GRR of

NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG and NaYF4:Yb

3+/Er3+@SiO2-
PEI-Pc particles was equal to 4.34 and 7.82, respectively. This

change could be easily understood, if one has a look on the
absorbance spectrum of Pc (Figure 3), where its main absorb-

ance peak exactly overlapped with the red emission band of
the upconversion nanoparticles. Such a significant change in
GRR ratio and an efficient overlap between these two bands

indicated that there was a significant energy transfer from up-
conversion nanoparticles to Pc. Moreover, the transfer was

much more efficient in NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc nanoparti-

cles. Pc-containing particles had also a very weak emission

band at ~900 nm, attributed to the emission from Pc

(Figure 3), which confirmed that the energy absorbed by the
Pc was effectively transferred to environment, generating sin-

glet oxygen species instead of being transformed into NIR
photons emitted from Pc. The abovementioned scenario was

schematically presented in Figure 4.

Figure 2. a) FT-IR spectra and b) TGA of the nanospheres.
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To prove the energy transfer from the particles to Pc, the
emission decay curves of NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/Er3+

@SiO2-PEI-Pc-PEG nanospheres were measured for both green
and red emission bands (Figure 5). First, the emission kinetics

of both particles were very complicated and far from the expo-
nential decay. Thus, to get any quantitative comparison be-
tween the particles, the averaged emission decay time was cal-
culated (Figure 5). Conjugating Pc to upconversion particles
significantly decreased the averaged red emission decay time,

which proved the energy transfer from Er3+ energy levels to Pc
(Figure 5b). In this scenario, the energy levels corresponding

to red emission can be considered as originating from donor

(sensitizer), while the Pc plays a role of acceptor. In a simple
two-level model, the energy transfer efficiency (ket) from donor

to acceptor can be estimated from Equation (1):

ket ¼ 1�tpl=t0 ð1Þ

where t0 and tpl are the emission decay times of the undistur-
bed donor and donor coupled to acceptor, respectively. Due to

the complex shape of the emission decay curves, the tpl could
not be exactly estimated from any analytical model. Addition-
ally, the Yb3+-Er3+-Pc system is much more complex than two
coupled, two-level systems. Nevertheless, a roughly estimated

number of ket (red)=88% confirmed that the energy transfer
from Er3+ to Pc is very efficient. In addition, to prove that the
change in red emission decay did not come from nanoparticle

surface modification, the red emission decay was also mea-
sured for NaYF4:Yb

3+/Er3+@SiO2-PEI-PEG nanospheres.

As can be seen from Figure 5b, the coating itself did not

change the emission decay time significantly. The averaged
decay time changed only slightly from 203 to 184 ms. Interest-

ingly, the averaged green emission decay time was also de-
creased when the nanoparticles were conjugated with Pc (Fig-

ure 5a). This means that the energy corresponding to this
emission band was efficiently transferred from Er3+ ions to Pc.

This could be possible because this energy falls also into ab-
sorbance tail of Pc, what makes the energy transfer from nano-
particles to Pc probable but much less efficient (ket (green)=

47%).

Animal experiments

The therapeutic efficiency of the NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-

PEG nanospheres was tested in a pilot study lasting for 30
days on outbred athymic nude mice with subcutaneously

growing human mammary carcinoma (MDA-MB-231 cell line)
(Figure 6a). Mice were irradiated only once, 10 min after intra-

tumor application of the particles. No further irradiation fol-
lowed through the entire 30-days of follow-up. Extensive ne-

Figure 3. Upconversion (UPC) and down-shifting (DS) emission spectra of NaYF4:Yb
3+/Er3+ , NaYF4:Yb

3+/Er3+@SiO2-PEI, NaYF4:Yb
3+/Er3+@SiO2-PEI-PEG,

NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc, and NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles at 980 nm excitation with laser power of 1 W in a) Vis and b) NIR spectral
range. Vis spectra have been corrected spectrally.

Figure 4. Schematic illustration of NIR-triggered photodynamic therapy
using NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles.
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crosis developed in all five mice intratumorally treated with
the NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG particles within 24–48 h

after irradiation with a 980-nm excitation laser (Figure 6b,c). Of

the experimental animals, 40% showed complete remission of
tumor burden (Figure 6d), and the remaining 60% showed

partial remission with tumor volumes in a range of 0.5–0.9 cm3

at day 30. In control experiments, NaYF4:Yb
3+/Er3+@SiO2-PEI-

PEG particles (without Pc) were applied to mice under other-

wise identical conditions, and the tumor was not affected (Fig-
ure 6e). Its volume at the end of the pilot study (day 30) varied

from 1.1 to 1.4 cm3. We have thus proved the principle of the
upconversion properties of NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG

nanospheres. Our future research will focus on the biocompati-
bility of these nanoparticles and their fate in vivo, whether
they will show a biodistribution that will allow potential intra-

venous application, because some deep tissue tumors might
be hard to reach for intratumor applications.

Conclusions

In this study, monodisperse NaYF4:Yb
3+/Er3+ nanospheres

were designed, coated with a silica shell and PEI, conjugated
with aluminum carboxyphthalocyanine, and finally modified
with PEG with the aim to kill tumor cells by NIR-induced PDT.

Based on the emission and emission decay experiments, we
proved that efficient energy transfer from nanoparticles to Pc

molecules occurred after 980-nm wavelength excitation. The
pilot in vivo study showed promising therapeutic efficiency

against human mammary carcinoma in mice. Intratumorally in-

jected NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles after ir-

radiation with 980 nm excitation laser caused the development

of necrotic areas in all five tested animals (two mice with com-
plete curative effects, and three mice with partial curative ef-

fects). In contrast, the irradiation of tumorous mice treated
with particles without Pc did not have any effect on the

Figure 5. Emission decay times of NaYF4:Yb
3+/Er3+ , NaYF4:Yb

3+/Er3+@SiO2-PEI-PEG, and NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG nanoparticles measured at a) 535

and b) 650 nm.

Figure 6. a) Nu/nu mouse with growing human mammary carcinoma MDA-
MB-231 before therapy. Developing necrosis in mouse treated with
NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-PEG nanospheres b) 2 and c) 5 days after PDT;
d) tumor is completely healed (there is only a scar) 20 days after PDT. e) Con-
trol mouse treated with NaYF4:Yb

3+/Er3+@SiO2-PEI-PEG particles 5 days after
PDT.
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tumors (no necrosis observed). NaYF4:Yb
3+/Er3+@SiO2-PEI-PEG

particles can be thus considered a safe delivery vehicle, while

the NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc-PEG with unique optical

properties are very promising for in vivo imaging and other

biomedical applications.

Experimental Section

Materials and chemicals : Anhydrous yttrium, ytterbium, and
erbium chlorides (99%); ammonium hydrogen difluoride (95%);
octadec-1-ene (90%); tetramethyl orthosilicate (TMOS); 3-(trime-
thoxysilyl)propyl methacrylate (TSPMA); Igepal CO-520 (polyoxyeth-
ylene(5) nonylphenylether) ; branched polyethylenimine (PEI; Mw

�800); and sodium salt of N-hydroxysulfosuccinimide (NHS) were
purchased from Sigma–Aldrich (St. Louis, MO, USA). N-[3-(dimethyl-
amino)propyl]-N’-ethylcarbodiimide hydrochloride (EDC) and 3-
morpholino-2-hydroxypropanesulfonic acid (MOPSO) were ob-
tained from Fluka (Buchs, Switzerland). Methoxy poly(ethylene
glycol) succinimidyl ester (PEG-NHS; Mw=2000) was purchased
from Rapp Polymere (T�bingen, Germany). Sodium hydroxide was
obtained from Lach-Ner (Neratovice, Czech Republic). Oleic acid
(OA), hydrochloric acid, methanol, ethanol, and acetone were from
Lachema (Brno, Czech Republic). Cellulose dialysis membrane
(14 kDa) was from Spectrum Europe (Breda, Netherlands). Other
agents were purchased from Sigma–Aldrich. Ultrapure Q-water was
ultra-filtered on a Milli-Q Gradient A10 system (Millipore, Molsheim,
France) and used to prepare solutions.

Synthesis of NaYF4:Yb
3++/Er3+ nanospheres : NaYF4:Yb

3+/Er3+

nanospheres stabilized with an OA capping ligand were synthe-
sized according to a previously described approach with slight
modifications.[33,25] Typically, YCl3 (0.78 mmol), YbCl3 (0.2 mmol),
ErCl3 (0.02 mmol), OA (6 mL), and octadec-1-ene (15 mL) were
loaded in a 100-mL three-neck flask, and the mixture was heated
at 160 8C for 30 min with stirring under an argon atmosphere to
obtain a homogenous yellowish solution. The flask was cooled to
room temperature (RT), NH4F·HF (2.4 mmol) and NaOH (2.5 mmol)
in methanol (10 mL) were added dropwise and the solution was
gradually heated at 100 8C under an argon atmosphere with con-
tinuous stirring until the methanol evaporated. The mixture was
then heated at 300 8C for 1.5 h and cooled to RT. The NaYF4:Yb

3+

/Er3+ nanospheres were precipitated by the addition of acetone
(30 mL), separated by centrifugation using a Sorvall Legend X1
centrifuge (ThermoFisher; Osterode, Germany), and washed with
ethanol three times.

Synthesis of NaYF4:Yb
3+/Er3+@SiO2 nanospheres : NaYF4:Yb

3+

/Er3+ particles were modified with a silica shell using a water-in-oil
microemulsion technique.[25,34] Briefly, NaYF4:Yb

3+/Er3+ (30 mg)
nanoparticle dispersion in hexane (10 mL), 25% NH4OH (0.08 mL),
and Igepal CO-520 (0.5 mL) were sonicated for 20 min to form a
transparent colloid. TMOS (0.04 mL) was added, and the reaction
mixture was stirred (600 rpm) at RT for 48 h. To obtain methacry-
late-functionalized nanospheres (NaYF4:Yb

3+/Er3+@SiO2-MA),
TSPMA (0.02 mL) was added to NaYF4:Yb

3+/Er3+@SiO2 particles,
and the dispersion was stirred at RT for 24 h. Finally, NaYF4:Yb

3+

/Er3+@SiO2 and/or NaYF4:Yb
3+/Er3+@SiO2-MA nanospheres were

precipitated by acetone (10 mL), washed with ethanol and water
three times each, transferred in water, and kept at 4 8C.

Synthesis of NaYF4:Yb
3+/Er3+@SiO2-PEI nanospheres : Polyethyle-

nimine (PEI; 250 mg) was dissolved in water (10 mL) and few drops
of HCl were added to adjust the pH to 9. NaYF4:Yb

3+/Er3+@SiO2-
MA nanoparticle colloid (10 mL, 50 mg of particles) was added. The

mixture sonicated for 2 min, purged with argon for 20 min, and
heated at 70 8C for 12 h with stirring (800 rpm). NaYF4:Yb

3+/Er3+

@SiO2-PEI nanospheres were washed with water and separated by
centrifugation; the washing procedure was repeated five times.

Synthesis of aluminum carboxyphthalocyanine (Al Pc-COOH):
Hydroxyaluminum 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine
(Figure 7) was prepared by a two-step synthesis. First, the polycy-

clotetramerization step starting with bifunctional pyromellitic dia-
nhydride and aluminum chloride resulted in tetraimide, which was
hydrolyzed in the second step to octacarboxy-substituted phthalo-
cyanine. Hydroxyaluminum octa-4,5-carboxyphthalocyanine was
synthesized as follows. A mixture of benzene-1,2,4,5-tetracarbolic
anhydride (pyromellitic dianhydride), urea, and anhydrous alumi-
num chloride was heated at 200 8C in the presence of 1,8-diazabi-
cyclo[5,4,0]undec-7-ene as a catalyst until fusing. The reaction
product was washed with water, acetone, 6n HCl, water, and
dried. Hydroxyaluminum octa-4,5-carboxyphthalocyanine tetrai-
mide was subsequently hydrolyzed by boiling with dilute H2SO4

for 72 h. The suspension was filtered and the precipitate was
washed with hot dilute H2SO4. The yield of the crude hydroxyalu-
minum octa-4,5-carboxyphthalocyanine was 26 wt%. The product
was suspended in water and converted into the sodium salt by
adding aqueous NaOH. Pure hydroxyaluminum octa-4,5-carbox-
yphthalocyanine was isolated by repeated chromatography on
Al2O3 and acidification of the eluate with dilute HCl (yield
8.1 wt%). Elemental analysis for C40H17AlN8O17, calculated (%): C
52.889 H 1.899 N 12.33, found (%): C 52.799 H 1.709 N 12.15.

Covalent conjugation of NaYF4:Yb
3+/Er3+@SiO2-PEI nanospheres

with Al Pc-COOH : Al Pc-COOH was covalently conjugated to
NaYF4:Yb

3+/Er3+@SiO2-PEI nanospheres by conventional carbodii-
mide chemistry.[35, 36] First, a mixture of Al Pc-COOH (3 mg) in 0.1m
MOPSO (1 mL) was stirred (400 rpm) at RT for 16 h in the dark. A
solution of EDC (28 mg) and NHS (7 mg) in 0.1m MOPSO (9 mL)
was added, and the reaction continued at 0 8C for 1 h. A dispersion
of NaYF4:Yb

3+/Er3+@SiO2-PEI nanospheres (50 mg) in 0.1m MOPSO
(10 mL) was added to the above solution, the mixture was kept at
0 8C for 1 h, and the reaction continued at RT for 24 h with stirring
(400 rpm). Resulting NaYF4:Yb

3+/Er3+@SiO2-PEI-Pc-nanoparticles
were separated by centrifugation, washed by water and 0.01m
NaOH (10 mL) to remove unreacted Al Pc-COOH, and finally re-dis-
persed in water.

Synthesis of NaYF4:Yb
3+/Er3+@SiO2-PEI-PEG and NaYF4:Yb

3+

/Er3+@SiO2-PEI-Pc-PEG nanospheres : PEG-NHS (50 mg) was added
to NaYF4:Yb

3+/Er3+@SiO2-PEI and/or NaYF4:Yb
3+/Er3+@SiO2-PEI-Pc

nanospheres (50 mg) in water (20 mL). The mixture was sonicated
for 1 min, stirred (600 rpm) at RT for 16 h, and dialyzed against
water for 48 h to remove unreacted PEG.

Figure 7. Hydroxyaluminum 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine.
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Characterization of the nanospheres : Particle size and morpholo-
gy were analyzed on a Tecnai G2 Spirit Twin 12 transmission elec-
tron microscope (TEM; FEI ; Brno, Czech Republic). At least 500 par-
ticles were measured on the micrographs using Atlas software
(Tescan, Brno, Czech Republic). The number- (Dn) and weight-aver-
age diameters (Dw) and the uniformity (polydispersity index PDI)
were determined as follows [Eq (2), Eq (3), Eq (4)]:

Dn ¼
X

Ni Di=
X

Ni ð2Þ

Dw ¼
X

Ni Di
4=
X

Ni Di
3 ð3Þ

PDI ¼ Dw=Dn ð4Þ

where Ni and Di are the number and diameter of the particles, re-
spectively.

Hydrodynamic diameter Dh (z-average), size distribution (PD) and
z-potential of the nanoparticles in water (pH 6.4) were determined
at RT on a ZEN 3600 Zetasizer Nano Instrument (Malvern Instru-
ments; Malvern, UK). Infrared spectra were recorded on a Nexus
Nicolet 870 FT-IR spectrometer (Madison, WI, USA) equipped with a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector.
The spectra were measured using a Golden Gate single attenuated
total reflection (ATR) crystal (Specac; Slough, UK). Spectra
(256 scans) were acquired at RT with 4 cm�1 resolution. The water
vapor (atmosphere spectrum) and background were subtracted
from the spectra. Thermal decomposition of the modified particles
was determined in a PerkinElmer TGA 7 thermogravimetric analyzer
(Norwalk, CT, USA); the particles were heated in air from RT to
850 8C at 10 8Cmin�1.

Optical studies : Detection systems for steady state photolumines-
cence measurements involved a 980-nm SDL-980-LM-1000T laser
excitation source (Shanghai Dream Lasers Technology, China) and
an iHR320 monochromator coupled with a Synapse II CCD camera
and Symphony� I line InGaAs CCD linear detector (both from
Horiba Jobin–Yvon). Visible photoluminescence and NIR emission
spectra were recorded using 1200mm�1 (blaze 500 nm) and
300mm�1 (blaze 1000 nm) gratings, respectively. The entrance slit
of the monochromator was 0.1 mm. This configuration provided a
spectral resolution 0.06 and 0.05 nm for the Vis and NIR spectral
ranges, respectively. All the emission spectra were collected in 908
geometry, and the laser beam was focused into the detection opti-
cal axis with a quartz lens (f=4 cm). In the visible spectral range,
spectra were corrected to obtain the absolute values of relative
Er3+ emission bands. Photoluminescence decay curves were mea-
sured using an Opolette� pulsed laser (978 nm, 7 ns, 20 Hz,
Opotek; Carlsbad, CA, USA) coupled to a gated detection system
having a time resolution of 1 ms.

Experimental cell line : A Caucasian human mammary adenocarci-
noma cell line MDA-MB-231 was purchased from the European Col-
lection of Cell Cultures (ECACC; Salisbury, UK; distributed by Sigma
Aldrich). Cells were cultivated according to the manufacturer’s pro-
tocol in RPMI-1640 medium supplemented with 1% sodium pyru-
vate, 1.25% l-glutamine, 2% penicillin/streptomycin, and 10%
fetal bovine serum. Before implantation into the experimental ani-
mals, cells were washed with PBS and incubated in trypsin/EDTA
solution for 10 min to achieve detachment.

Experimental animals : A total of 10 outbred nude female mice
(Hsd: athymic Nude-Fox n1nu) of bodyweight between 19–23 g ob-
tained from AnLab and ENVIGO (Prague, Czech Republic) were
used in the study. The animals were kept in laminar flow cabinets

for small laboratory animals with radiation sterilized bedding
SAWI—Research Bedding (Jelu-Werk; Rosenberg, Germany), fed by
irradiated Ssniff diet (Ssniff Spezialdiaeten; Soest, Germany) and
had unlimited access to autoclaved water. All mice referred to
hereafter were treated in accordance with the Act on Experimental
Work with Animals (Public Notice of the Ministry of Agriculture of
the Czech Republic No. 246/1992, 311/1997, and 207/2004, Decree
of the Ministry of the Environment of the Czech Republic No. 117/
1987, and Act of the Czech National Assembly No. 149/2004),
which is fully compatible with the corresponding European Union
directives.

In vivo experiments : Harvested MDA-MB-231 cells were adminis-
tered subcutaneously, 1�107 cells as a mixture with BD Matrigel�
(VWR International ; Stř�brn� Skalice, Czech Republic), into the ab-
dominal right flank of outbred nude mice. When the tumors
reached a diameter of ~6 mm, mice were randomly divided into
control and experimental group (n=5). All experimental animals
were subjected to ketamine/xylasine narcosis.[37] NaYF4:Yb

3+/Er3+

@SiO2-PEI-PEG nanospheres (control group) and NaYF4:Yb
3+/Er3+

@SiO2-PEI-Pc-PEG nanospheres (experimental group) were applied
intratumorally in a volume of 100 mL (7 mgmL�1). Irradiation
(3 min) of 2-cm2 area took place 10 min after application using a
Quanta System IG980 excitation laser (Medicom; Prague, Czech Re-
public) with a power of 1 W, a power density of 0.5 Wcm�2, and an
energy density of 90 Jcm�2. Mice survival was followed for 30 days.
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čić, I. Vinković Vrček, S. Gajović, D. Hor�k, RSC Adv. 2017, 7, 8786.
[35] G. T. Hermanson, Bioconjugate Techniques, Academic Press, Cambridge

(UK), 2013.
[36] H. Hl�dkov�, D. Hor�k, V. Proks, Z. Kučerov�, M. Pek�rek, J. Kučka, Macro-
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A simple neridronate-based surface coating
strategy for upconversion nanoparticles: highly
colloidally stable 125I-radiolabeled NaYF4:Yb

3+/
Er3+@PEG nanoparticles for multimodal in vivo
tissue imaging†

Uliana Kostiv,a Volodymyr Lobaz, a Jan Kučka,a Pavel Švec,a Ondřej Sedláček,a

Martin Hrubý,a Olga Janoušková,a Pavla Francová,b Věra Kolářová,b Luděk Šefcb and
Daniel Horák *a

In this report, monodisperse upconversion NaYF4:Yb
3+/Er3+ nanoparticles with superior optical properties

were synthesized by the oleic acid-stabilized high-temperature co-precipitation of lanthanide chlorides in

octadec-1-ene as a high-boiling organic solvent. To render the particles with biocompatibility and col-

loidal stability in bioanalytically relevant phosphate buffered saline (PBS), they were modified by using in-

house synthesized poly(ethylene glycol)-neridronate (PEG-Ner), a bisphosponate. The NaYF4:Yb
3+/

Er3+@PEG nanoparticles showed excellent long-term stability in PBS and/or albumin without any aggre-

gation or morphology transformation. The in vitro cytotoxicity of the nanoparticles was evaluated using

primary fibroblasts (HF) and a cell line derived from human cervical carcinoma (HeLa). The particles were

subsequently modified by using Bolton–Hunter-hydroxybisphosphonate to enable radiolabeling with 125I

for single-photon emission computed tomography/computed tomography (SPECT/CT) bimodal imaging

to monitor the biodistribution of the nanoparticles in non-tumor mice. The bimodal upconversion 125I-

radiolabeled NaYF4:Yb
3+/Er3+@PEG nanoparticles are prospective for near-infrared (NIR) photothermal/

photodynamic and SPECT/CT cancer theranostics.

Introduction

Accurate imaging of contrast agents and therapeutics inside
diseased cells deep within the body and the determination of
their location are of crucial importance for the diagnosis of
various diseases.1,2 Radionuclide-based single-photon emis-
sion computed tomography (SPECT) on an anatomical back-
ground of computed tomography (CT) provides highly sensi-
tive and quantitative molecular imaging. A complementary
method, in vivo optical imaging, has the advantage of being a
noninvasive and highly sensitive technique with no radiation

burden and is widely used for the visualization of cellular and
molecular functions in living organisms. Nevertheless, it has
several limitations, especially the background autofluores-
cence of tissues and the lack of precise quantification because
of its shallow visible light tissue penetration depth due to light
scattering and absorbance by the tissues. As a result, more
attention is paid to near infrared (NIR) optical imaging due to
its ability to penetrate deeper through the tissue compared to
conventionally used wavelengths in optical imaging.3 Methods
of molecular imaging suffer from relatively poor spatial resolu-
tion (1 mm) compared to anatomical imaging (CT and MRI;
0.1 mm and better). Using both SPECT/CT and NIR optical
diagnostic modalities in a single experiment can give comp-
lementary information and compensate for the shortcomings
of each imaging modality alone, resulting in an improved
detection sensitivity and resolution for in vitro/in vivo tumor
diagnosis and treatment.4,5 Optical imaging is also a perfect
tool for margin-free tumor resection in image-guided surgery.6

The emission of visible light under NIR irradiation is typi-
cally achieved by luminescent upconversion lanthanide (Ln)
nanoparticles combining the energy of two NIR photons into

†Electronic supplementary information (ESI) available: 31P and 1H NMR, 2D 1H
NMR COSY and MALDI-TOF spectra of synthesized compounds, details on
BH-Ner synthesis and purification, radioactivity, intensity-weighted size distri-
bution, autocorrelation decay plot, as well as hydrodynamic diameter of NaYF4:
Yb3+/Er3+@PEG and 125I-labeled NaYF4:Yb

3+/Er3+@PEG nanoparticles. See DOI:
10.1039/c7nr05456d

aInstitute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,

Heyrovského nám. 2, 162 06 Prague 6, Czech Republic. E-mail: horak@imc.cas.cz
bCenter for Advanced Preclinical Imaging, First Faculty of Medicine, Charles

University, Salmovská 3, 120 00 Prague 2, Czech Republic
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one visible light photon.7,8 This has attracted a great deal of
interest due to its superior optical and magnetic properties9

that can be easily controlled by varying the Ln ion dopants.
Since the maximum particle absorption (980 nm) falls into the
optical window in biological tissues, tissue penetration is rela-
tively deep; those wavelengths are not absorbed by hemo-
proteins.10 Other advantages of the particles include
minimum autofluorescence, a large anti-Stokes shift, narrow
emission bandwidths and low scattering, which strongly
decreases with increasing wavelength (∼1/λ4).11 The upconver-
sion nanoparticles composed of a NaYF4 crystal host lattice
and doped by an optically active Yb3+/Er3+ ion pair are able
after the sequential absorption of two or more low-energy NIR
photons to convert them into high-energy visible emission,
which may subsequently serve for efficient photodynamic or
photothermal therapy in situ.12,13 Upconversion nanoparticles
are thus highly promising for various applications in biological
fields, such as in vitro cell labelling,14 in vivo multimodal
imaging and cell tracking,15 controlled drug delivery,16 photo-
dynamic therapy, photoacoustic therapy,17 and photothermal
therapy.18,19 Chiefly, phototherapy generating singlet oxygen in
cancer tissue is a very promising theranostic method for clini-
cal oncology.20

Few articles have recently addressed potential NaYF4:Yb
3+/

Er3+ particle aggregation and dissolution in bioanalytically rele-
vant media, such as phosphate buffered saline (PBS), and
changes in the morphology, particle surface composition, Ln
ion leakage, and photoluminescence intensity.21,22 Though it is
widely accepted that the NaYF4:Yb

3+/Er3+-based nanoparticles
possess high photochemical and thermal stability and low solu-
bility in water,23 their properties can be strongly affected by
certain anions and ligands present in the biological media.22 In
PBS, the NaYF4:Yb

3+/Er3+ nanoparticles can undergo partial dis-
solution, subsequently forming stable Ln-phosphate complexes
in the solution and on the particle surface due to the much
lower solubility product of Ln-phosphates than that of the
corresponding fluorides.24 Moreover, this partial dissolution
and particle morphological transformation under biological
conditions may lead to organelle damage due to the stripping
of the membrane phosphate groups from the lipid bilayer,
which initiates pro-inflammatory effects and/or the generation
of biological hazards in cells and animals.25,26

To prevent dissolution, preserve the luminescence, and
reduce the possible toxicity of the NaYF4:Yb

3+/Er3+ nano-
particles, a protective coating has to be introduced on the par-
ticle surface. In this respect, phosphonate moieties are con-
sidered the most effective anchoring agents to passivate the
particle surface and prevent particle dissolution under biologi-
cal conditions due to the high binding affinity of Ln ions to
phosphate groups.21,27–29 In combination with poly(ethylene
glycol) (PEG), PEG-phosphonates can reduce the non-specific
adsorption of proteins on the particles, prolong their blood cir-
culation time, and prevent recognition by a reticuloendothelial
system.30 PEG-phosphonate-modified NaYF4:Yb

3+/Er3+ nano-
particles carrying a single reactive group can provide a stable
colloid in water, but they can aggregate in PBS.31,32 In contrast,

PEG-bisphosphonate ligands form a strong and stable link to
Ln ions, providing long-term colloidal stability of the particles
in both water and PBS.9 However, the preparation of such
ligands is quite laborious, requiring a multi-step synthesis.33

The aim of this work is to design high-quality, monodis-
perse, NIR-excitable upconversion NaYF4:Yb

3+/Er3+ nano-
particles, modify their surface by PEG-hydroxybisphosphonate,
in particular PEG-neridronate, via one-step ligand exchange,
introduce functional groups for facile 125I-radiolabeling and
verify the colloidal stability of the particles in a physiological
medium (PBS and/or albumin). The resulting 125I-labeled
NaYF4:Yb

3+/Er3+@PEG nanoparticles were tested in a non-
tumor mouse model via SPECT/CT imaging. To the best of our
knowledge, this is the first time that such highly colloidally
stable biocompatible upconversion nanoparticles have been
prepared. The nanoparticles were self-targeted into liver,
which may be very valuable, e.g., for NIR photothermal or
photodynamic therapy (after the addition of a suitable photo-
sensitizer) of liver tumors that are surgically very difficult to
approach; at the same time, noninvasive imaging enables
tracking of the fate of the nanoparticles over both short- and
long-time periods.

Experimental
Chemicals and materials

Anhydrous yttrium(III), ytterbium(III) and erbium(III) chlorides
(99%), ammonium hydrogen difluoride, octadec-1-ene (90%),
phosphate buffered saline (PBS), 6-aminohexanoic acid, phos-
phorous acid, methanesulfonic acid, phosphorus trichloride,
chloramine T hydrate (95%), L-ascorbic acid (99%), N,N′-
dicyclohexylcarbodiimide (DCCI), 3-(4-hydroxyphenyl)propio-
nic acid, and N-hydroxysuccinimide (NHS) were obtained from
Sigma-Aldrich (St Louis, MO, USA). The PD-10 desalting
column (Sephadex LH-20) was received from Amersham
Biosciences, Sweden. Sephadex LH-20 was obtained from
Sigma. Methoxy poly(ethylene glycol) succinimidyl active ester
(PEG-NHS; Mw = 5000 g mol−1) was purchased from Rapp
Polymere (Tuebingen, Germany). Bovine serum albumin frac-
tion V (BSA; Mw = 67 000 g mol−1) was delivered by Serva
Electrophoresis (Heidelberg, Germany). Oleic acid, methanol,
hexane, dichloromethane, and propan-2-ol were obtained from
Lach-Ner (Neratovice, Czech Republic). Na125I radiolabeling
solution (74 MBq) was purchased from the Institute of
Isotopes (Budapest, Hungary). All of the other reagent grade
chemicals were purchased from Sigma-Aldrich and used as
received. A cellulose dialysis membrane (14 000 g mol−1) was
purchased from Spectrum Europe (Breda, Netherlands).
Ultrapure Q-water ultra-filtered on a Milli-Q Gradient A10
system (Millipore; Molsheim, France) was used in all
experiments.

Synthesis of NaYF4:Yb
3+/Er3+ nanoparticles

NaYF4:Yb
3+/Er3+ nanoparticles were synthesized according to a

reported procedure.34 Briefly, YCl3 (0.78 mmol), YbCl3
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(0.2 mmol), ErCl3 (0.02 mmol), oleic acid (6 ml), and octadec-
1-ene (15 ml) were charged in a 100 ml three-neck flask. The
mixture was heated to 160 °C for 30 min with stirring under an
argon atmosphere to obtain a homogeneous solution, which
was cooled to room temperature (RT). NaOH (4 mmol) and
NH4F·HF (2.5 mmol) were dissolved in methanol (10 ml), and
the solution was added dropwise to the above mixture, which
was slowly heated at 70 °C under an argon atmosphere until
methanol evaporation at 300 °C for 1.5 h. After cooling to RT,
the NaYF4:Yb

3+/Er3+ particles were precipitated with acetone
(10 ml), collected by centrifugation (6000 rpm, 10 min), and
washed with ethanol, 0.01 M HCl (10 ml), and water. Finally,
the particle dispersion was dialyzed against water for 48 h.

Synthesis of sodium neridronate

Sodium neridronate, (6-amino-1-hydroxy-1-phosphono-hexyl)
phosphonic acid monosodium salt, was prepared according to
a previously published report with a slight modification.35

Typically, 6-aminohexanoic acid (25 g; 190.6 mmol), phospho-
rous acid (15.63 g; 190.6 mmol), and methanesulfonic acid
(80 ml) were placed into a flask equipped with a reflux conden-
ser and a CaCl2 tube and heated to 65 °C. Phosphorus trichlo-
ride (35 ml; 401.2 mmol) was added dropwise, and the mixture
was maintained at 70 °C for 18 h, cooled to RT, and quenched
into an ice-water mixture (200 ml) with vigorous stirring, and
the resulting solution was refluxed for 5 h. After cooling to RT,
the pH was adjusted to 4.4 with 50% aqueous solution of
NaOH, and the formed suspension was aged at 0 °C for 2 h.
The resulting neridronate was collected by filtration, washed
with cold water (2 × 50 ml) and 95% ethanol (100 ml), and
vacuum-dried as a white solid (29.19 g; 55%). 1H NMR
(300 MHz, D2O) δ 3.00 (t, J = 7.4 Hz, 2H), 2.03–1.83 (m, 2H),
1.77–1.53 (m, 4H), 1.48–1.33 (m, 2H). 31P NMR (121.5 MHz,
D2O) δ 19.65.

Synthesis of PEG-neridronate (PEG-Ner)

A solution of sodium neridronate (0.64 g, 2 mmol) in PBS (pH
7.4) was cooled to 5 °C; dry MeO-PEG-NHS (Mw = 5000 g
mol−1; 1 g; 0.2 mmol of NHS groups) was added, the mixture
was stirred at 5 °C for 5 h, and the product was separated on a
Sephadex G25 column with a water eluent and freeze-dried. 1H
NMR (600 MHz, D2O, δ): 3.68 (s, –O–CH2–CH2–O–, 4H), 3.37 (s,
–CH3, 3H), 3.21–3.17 (t, CH2, 2H), 2.50 (s, CO–CH2–CH2–CO,
4H), 1.99–1.92 (t, CH2, 2H), 1.59–1.55 (t, CH2, 2H) 1.53–1.50 (t,
CH2, 2H) 1.33–1.30 (t, CH2, 2H); 13C NMR (150.9 MHz, D2O, δ):
177.9, 177.4, 77.0, 73.6, 72.2, 60.7, 42.0, 41.6, 33.8, 30.7, 29.6,
25.9 ppm; 31P NMR (121.5 MHz, D2O, δ): 19.69 ppm (Fig. S1 in
the ESI†). The substitution of NHS end-groups of PEG with
neridronate calculated from 1H NMR was 54%.

Synthesis of Bolton–Hunter reagent

Bolton–Hunter reagent (N-succinimidyl-3-(4-hydroxyphenyl)
propionate) (BH) was prepared according to the previously
described procedure.36 Briefly, a solution of DCCI (3 g;
14.6 mmol) in dichloromethane (5 ml) was added dropwise to
an ice-cold mixture of 3-(4-hydroxyphenyl)propionic acid

(2.17 g; 13.1 mmol) and NHS (1.68 g; 14.6 mmol) in dichloro-
methane (20 ml). After stirring at 4 °C for 5 h, the white pre-
cipitate was filtered off, and the solution was evaporated under
vacuum. The crude product was recrystallized from propan-2-ol
to afford the BH as white crystals (2.06 g, 60%). 1H NMR
(300 MHz, CDCl3) δ ppm 7.07 (d, 2H), 6.76 (d, 2H), 2.98 (t, 2H)
2.86 (t, 2H), 2.82 (s, 4H). Mass spectroscopy (MS) ESI+: m/z
263.14 [M]+. Elemental analysis calculated for C13H13NO5: C,
59.31; H, 4.98; N, 5.32. Found: C, 59.45; H 5.02; N, 5.28.

Synthesis of Bolton–Hunter-neridronate (BH-Ner)

The solution of sodium neridronate (0.138 g; 0.43 mmol) in
PBS (pH 7.4) was cooled to 5 °C, dry Bolton–Hunter reagent
(0.103 g; 0.39 mmol) was added, and the mixture was stirred at
5 °C for 5 h. The product denoted as Bolton–Hunter-neridro-
nate (BH-Ner) was isolated by precipitation with propan-2-ol
and vacuum-dried. 1H NMR (600 MHz, D2O, δ): 7.07 (d, 2H;
Ar), 6.83 (d, 2H; Ar), 2.99 (t, 2H; CH2), 2.80 (t, 2H; CH2), 2.44 (t,
2H; CH2), 1.91 (m, 2H; CH2), 1.39 (m, 2H; CH2), 1.26 (m, 2H;
CH2), and 0.95 (m, 2H; CH2). Additional characterization of
BH-Ner with 2D 1H NMR COSY spectroscopy, details of the
synthesis and purification are available in the ESI (Fig. S2–
S5†). MS (MALDI-TOF): m/z 426.19 [M H]+ (Fig. S6 in ESI†).
Yield: 62.5 mol% of sodium neridronate substituted with
Bolton–Hunter reagent.

Synthesis of NaYF4:Yb
3+/Er3+@PEG and NaYF4:Yb

3+/
Er3+@PEG-BH-Ner nanoparticles

PEG-Ner (12 mg) was added to the aqueous dispersion of
NaYF4:Yb

3+/Er3+ nanoparticles (3 ml; 6 mg ml−1) at RT with
stirring for 24 h under formation of NaYF4:Yb

3+/Er3+@PEG
nanoparticles. Subsequently, BH-Ner (1 mg) was added and
stirring continued for an additional 24 h. NaYF4:Yb

3+/
Er3+@PEG and NaYF4:Yb

3+/Er3+@PEG-BH-Ner nanoparticles
were dialyzed against water and filtered through a Millex-HA
syringe filter unit, 0.45 μl pore size, until reaching a concen-
tration of 6 mg ml−1.

Synthesis of 125I-radiolabeled NaYF4:Yb
3+/Er3+@PEG

nanoparticles

NaYF4:Yb
3+/Er3+@PEG-BH-Ner nanoparticles were labeled with

radioiodine by the chloramine T method with minor modifi-
cations.37 Briefly, NaYF4:Yb

3+/Er3+@PEG-BH-Ner nanoparticles
(1 mg), chloramine T (15 μl; 10 mg ml−1 of PBS), and Na125I
radiolabeling solution (25 μl; 150 MBq) were dissolved in PBS
buffer (300 μl; pH 7.4) and incubated at RT for 3 h with con-
tinuous shaking. A solution of ascorbic acid (25 mg ml−1 PBS)
was added, and the reaction continued for 20 h. The resulting
125I-labeled NaYF4:Yb

3+/Er3+@PEG nanoparticles were passed
through the PD-10 desalting column with PBS as the mobile
phase to remove the residual 125I and low-molecular-weight
residues; altogether, 20 fractions (0.75 ml each) were collected.
Radioactivity of the nanoparticle solutions was measured
using a Bqmetr 4 ionization chamber (Empos; Prague, Czech
Republic). The labeling yield was calculated as the activity of
the 125I-labeled NaYF4:Yb

3+/Er3+@PEG nanoparticles relative to
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the total activity of the starting mixture. The concentration of
particles was 6 mg ml−1.

Characterization of the nanoparticles

The morphology of the nanoparticles was investigated by
using a Tecnai G2 Spirit Twin 12 transmission electron micro-
scope (TEM; FEI; Brno, Czech Republic). The size and nano-
particle size distribution were determined by measuring at
least 500 nanoparticles from six random TEM micrographs
using Atlas software (Tescan, Brno, Czech Republic). The
number-average diameter (Dn), weight-average diameter (Dw)
and the uniformity (polydispersity index PDI) were calculated
as follows:

Dn ¼
X

NiDi=
X

Ni; ð1Þ

Dw ¼
X

NiDi
4=
X

NiDi
3; ð2Þ

PDI ¼ Dw=Dn; ð3Þ
where Ni and Di are the number and diameter of the particle,
respectively.

The hydrodynamic nanoparticle diameter (Dh), size distri-
bution (polydispersity PD), and ζ-potential were determined by
dynamic light scattering (DLS) on a ZEN 3600 Zetasizer Nano
Instrument (Malvern Instruments; Malvern, UK). The particle
dispersion was measured at 25 °C, and the Dh and PD were cal-
culated from the intensity-weighted distribution function
obtained by CONTIN analysis of the correlation function
embedded in Malvern software.

Thermogravimetric analysis (TGA) was performed in nitro-
gen using a PerkinElmer TGA 7 analyzer (Norwalk, CT, USA)
from 30 to 850 °C at a heating rate of 10 °C min−1.

The cytotoxicity of the nanoparticles was evaluated using a
primary fibroblast cell line (HF) and a cervical carcinoma cell
line HeLa. 5 × 104 of HeLa or 8 × 104 of HF cells were seeded
in 100 μl of media into 96-well flat-bottom TPP® plates (Sigma-
Aldrich) for 24 h before adding the nanoparticles, the concen-
tration of which varied in the range 0.5–600 μg ml−1. The cells
were cultivated at 37 °C for 72 h under a 5% CO2 atmosphere.
AlamarBlue® cell viability reagent (10 μl; Thermo Scientific)
was added to each well and incubated at 37 °C for 4 h. The
active component of the AlamarBlue® reagent resazurin was
reduced to the highly fluorescent resorufin only in viable cells.
Its fluorescence was detected in a Synergy Neo plate reader
(Bio-Tek; Winooski, VT, USA) using an excitation at 570 nm
and an emission at 600 nm. As a control, the cells cultivated in
medium without nanoparticles were employed. Three wells
were used for each concentration. The assay was repeated two
times in triplicate.

Experimental animals

Two 12-weeks-old female adult BALB/C mice (Charles River;
Cologne, Germany) were bred in the institutional animal
specific-pathogen free facility and maintained in individually
ventilated cages (12 : 12 h light–dark cycle, 22 ± 1 °C, 60 ± 5%
humidity). The experiments were performed in accordance

with national and international guidelines for laboratory
animal care and approved by the Laboratory Animal Care and
Use Committee of the First Faculty of Medicine, Charles
University in Prague and the Ministry of Education, Youth and
Sports and of the Czech Republic (MSMT-6316/2014-46).

SPECT/CT biodistribution experiment
125I-labeled NaYF4:Yb

3+/Er3+@PEG nanoparticle dispersion in
PBS buffer (100 μl) was injected intravenously via the tail vein
into two mice (activity 30 MBq per mouse). The biodistribution
was studied under anesthesia with 2% isoflurane in air using
an Albira SPECT/PET/CT tri-modal preclinical scanner (Albira
Imaging System, Bruker BioSpin; Rheinstetten, Germany).
Both mice were screened at 30 min, 90 min, 24 h, and 96 h
post-injection. All acquisitions used a set of multi-pinhole col-
limators. The duration of acquisition was 20 min (40 s per pro-
jection) followed by a single CT scan (8 min). Image analysis
and co-registration were carried out using PMOD analysis soft-
ware (PMOD Technologies LLC; Zürich, Switzerland).

Results and discussion
Highly colloidally stable upconversion particles in PBS:
modification of NaYF4:Yb

3+/Er3+ with PEG-Ner

Upconversion NaYF4:Yb
3+/Er3+ nanoparticles of superior

quality were synthesized by the high-temperature co-precipi-
tation of lanthanide chlorides in a high-boiling solvent
(octadec-1-ene) at 300 °C; oleic acid served as a stabilizer. The
chemical composition and crystal structure of the particles
were described earlier.34 Oleic acid-stabilized NaYF4:Yb

3+/Er3+

nanoparticles had a spherical shape with Dn = 26 nm and a
narrow size distribution (PDI = 1.01; Fig. 1a). The NaYF4:Yb

3+/
Er3+ particles were hydrophobic due to the presence of the
oleic acid capping ligand. Such particles cannot be dispersed
in aqueous media, as required in biological systems. To obtain
water-dispersible particles, the NaYF4:Yb

3+/Er3+ nanoparticles
were treated with HCl, which removed oleic acid from the par-
ticle surface.38 No changes in the particle size (Dn = 26), mor-
phology, and size distribution (PDI = 1.02) were detected after
the HCl treatment (Fig. 1b).

The oleic acid-free (naked) NaYF4:Yb
3+/Er3+ nanoparticles

aggregated in water, reaching a hydrodynamic diameter of
360 nm (PD = 0.36), although they possessed a high positive
surface charge (ζ-potential = 48 mV). For prospective bio-
medical applications, the particles should not be dispersible
only in water, but they should also form stable and nontoxic
colloids in physiological fluids (PBS). However, the naked
NaYF4:Yb

3+/Er3+ nanoparticles quickly aggregated in PBS,
forming a turbid dispersion most plausibly due to surface
phosphate chelation and increased ionic strength in PBS com-
pared to water, which compromised the electrostatic colloid
stabilization.

To transfer the naked NaYF4:Yb
3+/Er3+ particles into PBS

and prevent their aggregation, post-synthesis particle coating
was used, ensuring steric stabilization consisting of an
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addition of an in-house synthesized PEG-Ner (Fig. S7 in ESI†).
Hydroxybisphosphonates have an advantage in that they
possess a very strong affinity to lanthanide cations, which
stabilizes the particles even in aqueous solutions of high ionic
strength such as PBS.21,39 PEG is attached to the nanoparticles
via a coordination bond (chelate) formed between PEG-Ner
and lanthanide cations on the particle surface. Shapes and
sizes of the resulting NaYF4:Yb

3+/Er3+@PEG nanoparticles in
water were observed using TEM (Fig. 1c). Due to the low elec-
tron density of polymers, the PEG layer was not noticeable in
the TEM micrograph of the particles. The particles were indi-
vidual without noticeable aggregation and had a regular spher-
oid shape with a number-average diameter Dn = 26 nm and a
polydispersity index PDI = 1.02, documenting a very narrow
particle size distribution. Such a narrow particle size distri-
bution is highly necessary in bioapplications to achieve
uniform bioavailability and stability of the particles once they
are administered to the living organism.

To confirm the TEM results, the NaYF4:Yb
3+/Er3+@PEG par-

ticles dispersed in PBS buffer and/or BSA were investigated by
DLS. The hydrodynamic diameter Dh and polydispersity PD of
the nanoparticles in PBS were approximately 110 nm and 0.22,
respectively. These values are larger than the Dn according to
TEM, due to the effect of the polymer coating. It is worth men-
tioning that while DLS was measured in PBS, TEM analyzed
the dry particle size. Moreover, intensity-weighted distri-
butions measured by DLS provide the Z-average particle size,
which is substantially larger than Dn. To exclude the effect of
the potential dissolution of the NaYF4:Yb

3+/Er3+@PEG nano-
particles in PBS, they were aged in PBS for 3 months. No

visible changes in the particle morphology, shape, or colloidal
stability were detected by either TEM (Fig. 1d) or DLS (Dh =
120 nm, PD = 0.23). Moreover, to mimic blood conditions, the
colloidal stability of the NaYF4:Yb

3+/Er3+@PEG particles was
investigated in PBS in the presence of BSA (0.5 mg ml−1), con-
firming that this protein did not change either the Dh or PD of
the particles (Fig. 2a and Fig. S8 in ESI†).

To confirm the surface modification of the particles, the
ζ-potential of the NaYF4:Yb

3+/Er3+@PEG nanoparticles was

Fig. 1 TEM micrographs of (a) oleic acid-stabilized NaYF4:Yb
3+/Er3+

nanoparticles in hexane, (b) naked NaYF4:Yb
3+/Er3+ nanoparticles in

water, and NaYF4:Yb
3+/Er3+@PEG in (c) water and (d) PBS after 3 months

of storage.

Fig. 2 (a) Hydrodynamic diameter Dh and polydispersity PD of NaYF4:
Yb3+/Er3+@PEG nanoparticles in PBS in the presence of BSA (0.5 mg
ml−1). (b) ATR FTIR spectra of oleic acid-stabilized NaYF4:Yb

3+/Er3+ and
NaYF4:Yb

3+/Er3+@PEG nanoparticles. (c) TGA of oleic acid-stabilized
NaYF4:Yb

3+/Er3+, naked NaYF4:Yb
3+/Er3+, and NaYF4:Yb

3+/Er3+@PEG
nanoparticles.
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measured in water (pH 7). The particles showed a low positive
charge (8 mV), which was significantly different from that of
the initial measurement of naked NaYF4:Yb

3+/Er3+ nano-
particles (48 mV). Therefore, the ζ-potential measurements
allowed us to conclude that the particles were sterically stabi-
lized by PEG-Ner and uncharged PEG chains attached to the
particles surface brought the particle slipping plane upwards
from the charged surface, resulting in a near-neutral
ζ-potential value.

The surfaces of oleic acid-stabilized NaYF4:Yb
3+/Er3+ and

NaYF4:Yb
3+/Er3+@PEG nanoparticles were further verified by

ATR FTIR spectroscopy (Fig. 2b). The spectrum of the initial
oleic acid-stabilized NaYF4:Yb

3+/Er3+ nanoparticles exhibited
characteristic asymmetric and symmetric C–H stretching
vibrations (2924 and 2853 cm−1, respectively) and COO−

vibrations (1562 and 1443 cm−1) of oleic acid.40 After surface
modification by PEG-Ner, the characteristic oleic acid
vibrations in the spectrum of NaYF4:Yb

3+/Er3+@PEG nano-
particles completely vanished. New intensive peaks appeared
at 2887 and 1342 cm−1 corresponding to C–H stretching and
bending vibrations, respectively; a strong peak at 1104 cm−1

was attributed to C–O stretching vibrations, and a broad peak
at 3420 cm−1 corresponded to OH stretching vibrations.41,42

The absence of oleic acid vibrations and the presence of the
new PEG-Ner bands proved the successful surface modification
of the NaYF4:Yb

3+/Er3+@PEG particles by ATR FTIR
spectroscopy.

Additional analysis of the particle surface modification
involved TGA (Fig. 2c). Small weight losses from RT to approxi-
mately 150 °C were ascribed to the evaporation of residual sol-
vents, such as water or hexane. In the thermogram of oleic
acid-stabilized NaYF4:Yb

3+/Er3+ nanoparticles, a major weight
loss (∼23 wt%) was detected at 200–500 °C due to oleic acid
decomposition. In contrast, weight loss in the thermogram of
the naked NaYF4:Yb

3+/Er3+ particles was rather low (∼3 wt%),
confirming the almost complete removal of oleic acid from the
particle surface during treatment with HCl. Finally, main
weight loss (∼20 wt%) during TGA was attributed to decompo-

sition of PEG-Ner on the NaYF4:Yb
3+/Er3+@PEG nanoparticle

surface confirming efficiency of the coating.
The upconversion NaYF4 nanoparticles doped by optically

active Yb3+/Er3+ ion pairs emit green and red light after NIR
excitation. The green emissions of optically transparent NaYF4:
Yb3+/Er3+@PEG particle dispersions in water upon 980 nm
excitation are shown in Fig. 3. A full description of upconver-
sion photoluminescence spectra of the oleic acid-stabilized
NaYF4:Yb

3+/Er3+ nanoparticles was presented in our previous
report.34

Radiolabeling of NaYF4:Yb
3+/Er3+@PEG nanoparticles

Due to the lack of functional groups on the NaYF4:Yb
3+/

Er3+@PEG nanoparticles, which are needed for subsequent
radiolabeling, for the first time BH-Ner was selected as a tyro-
sine-containing reagent that can be easily labeled with radio-
iodine. The BH-Ner also contains bisphophonate moieties,
which strongly anchor to the particle surface. The BH-Ner was
obtained by the conjugation of neridronate with the Bolton–
Hunter reagent via NHS-activated carboxy groups. BH-Ner was
then bound to the NaYF4:Yb

3+/Er3+@PEG nanoparticles
between the PEG chains attached on the inorganic core
surface to yield NaYF4:Yb

3+/Er3+@PEG-BH-Ner particles.
Subsequently, the particles were labeled with Na125I by the
conventional chloramine T method to follow their fate in the
organism by noninvasive PET/SPECT imaging. The reaction
between 125I and NaYF4:Yb

3+/Er3+@PEG-BH-Ner nanoparticles
was monitored by measuring radioactivity in an ionization
chamber (Fig. S9 in the ESI†). High radiolabeling yield (75%,
i.e., fraction 5–7) confirmed successful conjugation of 125I to
NaYF4:Yb

3+/Er3+@PEG-BH-Ner particles. As a control, NaYF4:
Yb3+/Er3+@PEG particles (without BH-Ner) were labeled with
Na125I; radiolabeling yield was rather low (∼15%) probably due
to non-specific radioiodine adsorption. The long-term col-
loidal stability of the 125I-labeled NaYF4:Yb

3+/Er3+@PEG nano-
particles in PBS in the presence of ascorbic acid was supported
by DLS studies. The hydrodynamic diameter of 125I-labeled
NaYF4:Yb

3+/Er3+@PEG nanoparticles did not change with time

Fig. 3 Upconversion photoluminescent images of NaYF4:Yb
3+/Er3+@PEG nanoparticles in water (4 mg ml−1) after excitation by a 980 nm laser with

a power of 400 mW.
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(10 days), suggesting that the particles did not aggregate in
PBS buffer (Fig. S10 in the ESI†).

In vitro interactions of NaYF4:Yb
3+/Er3+@PEG nanoparticles

with HF and HeLa cells

The cytotoxicity of NaYF4:Yb
3+/Er3+ and NaYF4:Yb

3+/Er3+@PEG
nanoparticles was determined with primary fibroblasts (HF)
and cervical carcinoma HeLa cell lines using AlamarBlue® cell
viability assay (Fig. 4). While NaYF4:Yb

3+/Er3+ nanoparticles
were slightly cytotoxic only at the two highest concentrations
(300 and 600 μg ml−1) on primary HF cells, which are more
sensitive than carcinoma cell lines, the viability decreased at
these concentrations to 51 and 59%, respectively. NaYF4:Yb

3+/
Er3+@PEG particles did not show significant toxicity at these
two highest concentrations. These differences can be influ-
enced by the modification of the particles with PEG. The cyto-
toxic effects of both NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/

Er3+@PEG nanoparticles were minimal on HeLa cells. The two
highest concentrations decreased the viability to 76 and 89%
for NaYF4:Yb

3+/Er3+ and NaYF4:Yb
3+/Er3+@PEG particles,

respectively.

In vivo biodistribution SPECT/CT study

Two mice were injected intravenously with 125I-labeled NaYF4:
Yb3+/Er3+@PEG nanoparticles in PBS. SPECT/CT scans have

shown very fast and complete homogeneous liver uptake
(Fig. 5). Most of the activity was already located in the liver
30 min after injection. A partial particle degradation led to free
radioiodine radioactivity reuptake into the thyroid gland.
Nanoparticles were then slowly excreted by the hepatobiliary
route with almost complete relocation to the gastrointestinal
tract within 4 days after the injection. The fast liver accumu-
lation is especially advantageous for possible use in NIR-
photoablative therapeutic techniques of liver tumors, which
are (due to very high blood supply) very difficult to be surgi-
cally removed.

Conclusions

For the first time, highly colloidally stable biocompatible 125I-
labeled NaYF4:Yb

3+/Er3+@PEG nanoparticles were successfully
developed and used for dual-modal NIR optical and SPECT/CT
imaging. This radiolabeling strategy is of general use, allowing
toolbox-like design to construct multi-decorated coatings. The

Fig. 5 SPECT/CT images of a mouse after (a and e) 30 min, (b and f)
1.5 h, (c and g) 24 h, and (d and h) 96 h of intravenous injection of the
125I-labeled NaYF4:Yb

3+/Er3+@PEG nanoparticles. Two mice were
screened with the same result.

Fig. 4 Dependence of (a) HF and (b) HeLa cell viability on NaYF4:Yb
3+/

Er3+ and NaYF4:Yb
3+/Er3+@PEG nanoparticle concentration.
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particles showed excellent long-term colloidal stability in
albumin-containing PBS without any aggregation and/or dis-
solution. In vitro cytotoxicity proved that the NaYF4:Yb

3+/
Er3+@PEG particles did not show significant toxicity for cancer
cells and primary fibroblast cells. Only naked NaYF4:Yb

3+/Er3+

nanoparticles were slightly toxic at concentrations >0.3 mg
ml−1. Moreover, the particles were tested on the non-tumor
mice by noninvasive in vivo PET/SPECT imaging, showing very
fast and complete homogeneous liver uptake.

Bimodal upconversion 125I-labeled NaYF4:Yb
3+/Er3+@PEG

nanoparticles that simultaneously integrate different imaging
modalities and include specific targeting moieties and/or
drugs can prospectively facilitate effective monitoring and
treatment of early stage diseases and tumors, as well as follow-
ing photoablative therapy of hard-to-resect liver tumors.
Moreover, the nanoparticles can suit noninvasive short- and
long-term in vivo imaging to track fate of the nanoparticles in
the organism and/or can become a superior tool for photo-
dynamic therapy if they contain a suitable photosensitizer.
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Electronic Supplementary Information 

Figure S1. 31P NMR spectrum of PEG-Ner. 
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Figure S2. Scheme of synthesis and purification of BH-Ner. (c) BH-Ner, (d) N-hydroxysuccinimide, and (e) 3-(4-
hydroxyphenyl)propanoic acid obtained by hydrolysis of (a) initial Bolton-Hunter reagent. Cold acetone or propan-2-ol was 
added to the reaction mixture, which was aged at 4 °C for 24 h. As a result, PBS formed large crystals, while (b) and (c) 
formed suspension, which was isolated by decantation. (b) and (c) were filtered-off from the suspension, washed with 
propan-2-ol three times, and dried; (d) and (e) products remained in solution. 
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Figure S3. 1H NMR spectrum of sodium neridronate. Peaks assigned to five methylene groups were at 2.99 (t, 2H; CH2), 1.91 
(m, 2H; CH2), 1.68 (t, 2H; CH2), 1.60 (m, 2H; CH2), and 1.39 ppm (m, 2H; CH2). The integrals of all five peaks were equal. 

Figure S4. 1H NMR spectrum of BH-Ner with admixture of sodium neridronate. All five peaks were attributed to methylene 
groups of sodium neridronate, but the integrals were not equal: 1.00 for (5), 0.45 for (6), 0.46 for (7), 1.04 for (8), and 1.03 
for (9). Two additional peaks at 1.26 and 0.95 ppm had the integrals 0.58 and 0.57 respectively, which were complementary 
to the integrals of (6) and (7) giving in a pair a sum ∼1. To find if extra peaks at 1.26 and 0.95 ppm belonged to the BH-Ner 
or to admixtures, the 2D 1H NMR COSY spectrum was measured (Figure S5).



Figure S5. 2D 1H NMR COSY spectrum of BH-Ner and sodium neridronate. Numbering of the peaks was similar as in Figures 
S3 and S4. Peak at 1.26 ppm was strongly correlated with methylene group (5) and the peak at 0.95 ppm. Similar 
correlations were observed for methylene group (6) and the peak at 1.26 ppm was assigned as (6’). The peak at 0.95 ppm 
was correlated with methylene group (8) and the peak (6’). Similar correlations were found for methylene group (7) and the 
peak at 0.95 ppm was assigned as (7’). Two additional peaks at 1.26 and 0.95 ppm belonged to the methylene groups in 
neridronate. No correlation was observed between (6) and (6’), as well as between (7) and (7’), confirming that they 
belonged to different molecules. Since the integrals of (6’) and (7’) were equal to the integrals of methylene groups (3) and 
(4), as well as to the integrals of Ar (1) and (2) in Bolton-Hunter group (Figure S4), it was assumed that peaks (6’) and (7’) 
belonged to the BH-Ner product. Peaks of methylene groups (5’-9’) in BH-Ner were shifted compared to sodium 
neridronate peaks (5-9): 2.99 (m, 2H; CH2) - (5+5’), 1.91 (m, 2H; CH2) - (9+9’), 1.68 (t, 2H; CH2) - (6), 1.60 (m, 2H; CH2) - (7), 
1.39 (m, 2H; CH2) - (8+8’), 1.26 (m, 2H; CH2) - (6’), and 0.95 ppm (m, 2H; CH2) – (7’). The ratio of integrals of methylene 
groups (3) or (4) in Bolton-Hunter group to the integral of methylene group (5+5’) in neridronate was 1:1.6 (see Figure S4). 
Calculated substitution of sodium neridronate with Bolton-Hunter reagent was 62.5 mol.%. The product was used for 
interaction with the nanoparticles without further purification. 



Figure S6. MALDI-TOF spectrum of BH-Ner in 2,5-dihydroxybenzoic acid matrix. Peak at 426.191 m/z was attributed to 
protonated [BH-Ner H]+. [BH-Ner+H+nNa]+ - 448.172, 470.153, 492.133, and 514.112 m/z - were adducts of protonated BH-
Ner with sodium ions, which replaced protons of hydroxybisphosphonate group. Other groups of peaks at higher m/z 
corresponded to adducts of m[BH-Ner+H+nNa]+ ions and product of BH-Ner fragmentation at amide bond (Mw = 148.16 
g/mol). Sodium neridronate (Mw = 277.15 g/mol), 2,5-dihydroxybenzoic acid (Mw = 154.12 g/mol), and their adducts with 
sodium ions were not observed in the spectrum. 
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Figure S7. Chemical structure of PEG-neridronate. 



Figure S8. (a) NaYF4:Yb3+/Er3+@PEG nanoparticle size distribution calculated from intensity-weighted distribution function 
A(Dh) and (b) autocorrelation decay plot g2 (t). Dispersion of the particles in albumin-containing PBS was just prepared 
(black curve) and after 350 h (red curve). 



Figure S9. Radioactivity of 125I-labeled NaYF4:Yb3+/Er3+@PEG nanoparticles and Na125I fractions. 

Figure S10. Hydrodynamic diameter Dh and polydispersity PD of 125I-labeled NaYF4:Yb3+/Er3+@PEG nanoparticles in PBS. 

Calculated average PEG footprint area from TGA results under the assumption of spherical particles (2.2 nm2 per PEG-Ner 
ligand) corresponds to high-quality dense coating and is comparable to literature data on PEG coating of different 
particles.S1 



S1 J.V. Jokerst, T. Lobovkina, R.N. Zare, and S.S. Gambhir, Nanomedicine, 2011, 6, 715. 
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