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A simple neridronate-based surface coating
strategy for upconversion nanoparticles: highly
colloidally stable **°I-radiolabeled NaYF,:Yb>*/
Er**@PEG nanoparticles for multimodal in vivo
tissue imagingty
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In this report, monodisperse upconversion NaYF4:Yb®*/Er** 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 NaYF,Yb**/
Er**@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 125
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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 *2°|-

radiolabeled NaYF,Yb**/Er**@PEG nanoparticles are prospective for near-infrared (NIR) photothermal/
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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."”” 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
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photodynamic and SPECT/CT cancer theranostics.

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.® 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.”” Optical imaging is also a perfect
tool for margin-free tumor resection in image-guided surgery.®

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

This journal is © The Royal Society of Chemistry 2017
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one visible light photon.”® This has attracted a great deal of
interest due to its superior optical and magnetic properties’
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.'® 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 (~1/4*)."" The upconver-
sion nanoparticles composed of a NaYF, crystal host lattice
and doped by an optically active Yb*>*/Er** 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.">"® Upconversion nanoparticles
are thus highly promising for various applications in biological
fields, such as in vitro cell labelling,'* in vivo multimodal
imaging and cell tracking,"” controlled drug delivery,'® photo-
dynamic therapy, photoacoustic therapy,'” and photothermal
therapy.'®'® Chiefly, phototherapy generating singlet oxygen in
cancer tissue is a very promising theranostic method for clini-
cal oncology.*°

Few articles have recently addressed potential NaYF,:Yb*"/
Er’" 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.>"*> Though it is
widely accepted that the NaYF,:Yb*"/Er’**-based nanoparticles
possess high photochemical and thermal stability and low solu-
bility in water,>® their properties can be strongly affected by
certain anions and ligands present in the biological media.** In
PBS, the NaYF,:Yb*>"/Er** 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.>® 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.>**®

To prevent dissolution, preserve the luminescence, and
reduce the possible toxicity of the NaYF4Yb*/Er** 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.””?”2° 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.>® PEG-phosphonate-modified NaYF,:Yb**/Er’" nano-
particles carrying a single reactive group can provide a stable
colloid in water, but they can aggregate in PBS.*™*> In contrast,
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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.” However, the preparation of such
ligands is quite laborious, requiring a multi-step synthesis.*?

The aim of this work is to design high-quality, monodis-
perse, NIR-excitable upconversion NaYF,:Yb’>'/Er’" nano-
particles, modify their surface by PEG-hydroxybisphosphonate,
in particular PEG-neridronate, via one-step ligand exchange,
introduce functional groups for facile '**I-radiolabeling and
verify the colloidal stability of the particles in a physiological
medium (PBS and/or albumin). The resulting '*°I-labeled
NaYF,:Yb**/Er’*@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(m), ytterbium(m) and erbium(m) 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%), r-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; M,, = 5000 g mol™') was purchased from Rapp
Polymere (Tuebingen, Germany). Bovine serum albumin frac-
tion V (BSA; M,, = 67000 g mol™") was delivered by Serva
Electrophoresis (Heidelberg, Germany). Oleic acid, methanol,
hexane, dichloromethane, and propan-2-ol were obtained from
Lach-Ner (Neratovice, Czech Republic). Na'*’I 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™') 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 NaYF,:Yb**/Er** nanoparticles

NaYF,:Yb**/Er’* nanoparticles were synthesized according to a
reported procedure.® Briefly, YCl; (0.78 mmol), YbCI;
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(0.2 mmol), ErCl; (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
NH,F-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 NaYF,:Yb*"/Er®" particles were precipitated with acetone
(10 ml), collected by centrifugation (6000 rpm, 10 min), and
washed with ethanol, 0.01 M HCI (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.*
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 CaCl, 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 x 50 ml) and 95% ethanol (100 ml), and
vacuum-dried as a white solid (29.19 g; 55%). 'H NMR
(300 MHz, D,0) § 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). *'P NMR (121.5 MHz,
D,0) 5 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 (M,, = 5000 g
mol™; 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. 'H
NMR (600 MHz, D,0, §): 3.68 (s, -O-CH,-CH,-O-, 4H), 3.37 (s,
~CHj3, 3H), 3.21-3.17 (t, CH,, 2H), 2.50 (s, CO-CH,~CH,~CO,
4H), 1.99-1.92 (t, CH,, 2H), 1.59-1.55 (t, CH,, 2H) 1.53-1.50 (t,
CH,, 2H) 1.33-1.30 (t, CH,, 2H); *C NMR (150.9 MHz, D,0, §):
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; *'P NMR (121.5 MHz, D,0, §): 19.69 ppm (Fig. S1 in
the ESI}). The substitution of NHS end-groups of PEG with
neridronate calculated from 'H 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.’® 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
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(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%). 'H NMR
(300 MHz, CDCl;) § 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 C;3H;3NO;: 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. '"H NMR (600 MHz, D,0, 6): 7.07 (d, 2H;
Ar), 6.83 (d, 2H; Ar), 2.99 (t, 2H; CH,), 2.80 (t, 2H; CH,), 2.44 (t,
2H; CH,), 1.91 (m, 2H; CH,), 1.39 (m, 2H; CH,), 1.26 (m, 2H;
CH,), and 0.95 (m, 2H; CH,). Additional characterization of
BH-Ner with 2D 'H NMR COSY spectroscopy, details of the
synthesis and purification are available in the ESI (Fig. S2-
S51). MS (MALDI-TOF): m/z 426.19 [M H]" (Fig. S6 in ESIt).
Yield: 62.5 mol% of sodium neridronate substituted with
Bolton-Hunter reagent.

Synthesis of NaYF,:Yb**/Er**@PEG and NaYF;:Yb?"/
Er**@PEG-BH-Ner nanoparticles

PEG-Ner (12 mg) was added to the aqueous dispersion of
NaYF,:Yb**/Er** nanoparticles (3 ml; 6 mg ml™') at RT with
stirring for 24 h under formation of NaYF,:Yb*'/Er’* @PEG
nanoparticles. Subsequently, BH-Ner (1 mg) was added and
stirring continued for an additional 24 h. NaYF,:Yb*"/
Er**@PEG and NaYF,Yb*'/Er’* @PEG-BH-Ner nanoparticles
were dialyzed against water and filtered through a Millex-HA
syringe filter unit, 0.45 pl pore size, until reaching a concen-
tration of 6 mg m1™".

Synthesis of '**I-radiolabeled NaYF,:Yb**/Er** @PEG
nanoparticles

NaYF,:Yb**/Er**@PEG-BH-Ner nanoparticles were labeled with
radioiodine by the chloramine T method with minor modifi-
cations.®” Briefly, NaYF,:Yb**/Er** @PEG-BH-Ner nanoparticles
(1 mg), chloramine T (15 pl; 10 mg ml™* of PBS), and Na'*’I
radiolabeling solution (25 pl; 150 MBq) were dissolved in PBS
buffer (300 pl; pH 7.4) and incubated at RT for 3 h with con-
tinuous shaking. A solution of ascorbic acid (25 mg ml™" PBS)
was added, and the reaction continued for 20 h. The resulting
25Ilabeled NaYF,:Yb*'/Er**@PEG nanoparticles were passed
through the PD-10 desalting column with PBS as the mobile
phase to remove the residual "*°I 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 '**I-labeled NaYF,:Yb*"/Er* @PEG nanoparticles relative to
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the total activity of the starting mixture. The concentration of
particles was 6 mg ml™".

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 (D,), weight-average diameter (D)
and the uniformity (polydispersity index PDI) were calculated
as follows:

Dy =Y NiDi/ Y N, (1)
Dy, = ZNiDi4/ZNiD137 (2)
PDI = D, /Dy, (3)

where N; and D; are the number and diameter of the particle,
respectively.

The hydrodynamic nanoparticle diameter (Dy,), size distri-
bution (polydispersity PD), and {-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 Dy, 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™".

The cytotoxicity of the nanoparticles was evaluated using a
primary fibroblast cell line (HF) and a cervical carcinoma cell
line HeLa. 5 x 10" of HeLa or 8 x 10* of HF cells were seeded
in 100 ul 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 pg ml™". The cells
were cultivated at 37 °C for 72 h under a 5% CO, atmosphere.
AlamarBlue® cell viability reagent (10 pl; 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

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

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

**L-labeled NaYF,:Yb*'/Er* @PEG nanoparticle dispersion in
PBS buffer (100 ul) 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; Ziirich, Switzerland).

Results and discussion

Highly colloidally stable upconversion particles in PBS:
modification of NaYF,:Yb>"/Er** with PEG-Ner

Upconversion NaYF,:Yb*"/Er’* 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.*® Oleic acid-stabilized NaYF,:Yb*'/Er**
nanoparticles had a spherical shape with D, = 26 nm and a
narrow size distribution (PDI = 1.01; Fig. 1a). The NaYF,:Yb*"/
Er®* 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 NaYF,:Yb*"/Er*" nanoparticles
were treated with HCI, which removed oleic acid from the par-
ticle surface.”® No changes in the particle size (D, = 26), mor-
phology, and size distribution (PDI = 1.02) were detected after
the HCI treatment (Fig. 1b).

The oleic acid-free (naked) NaYF,:Yb*'/Er*" nanoparticles
aggregated in water, reaching a hydrodynamic diameter of
360 nm (PD = 0.36), although they possessed a high positive
surface charge ({-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
NaYF,:Yb*'/Er** 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 NaYF,:Yb*'/Er’" particles into PBS
and prevent their aggregation, post-synthesis particle coating
was used, ensuring steric stabilization consisting of an
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Fig.1 TEM micrographs of (a) oleic acid-stabilized NaYF,:Yb**/Er®*
nanoparticles in hexane, (b) naked NaYF,:Yb>*/Er** nanoparticles in
water, and NaYF,:Yb**/Er**@PEG in (c) water and (d) PBS after 3 months
of storage.

addition of an in-house synthesized PEG-Ner (Fig. S7 in ESIT).
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.>"*° 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 NaYF,:Yb*>*/Er** @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 D,, = 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 NaYF,:Yb*'/Er** @PEG par-
ticles dispersed in PBS buffer and/or BSA were investigated by
DLS. The hydrodynamic diameter Dy, and polydispersity PD of
the nanoparticles in PBS were approximately 110 nm and 0.22,
respectively. These values are larger than the D, 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 D,. To exclude the effect of
the potential dissolution of the NaYF,:Yb**/Er**@PEG nano-
particles in PBS, they were aged in PBS for 3 months. No
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visible changes in the particle morphology, shape, or colloidal
stability were detected by either TEM (Fig. 1d) or DLS (D), =
120 nm, PD = 0.23). Moreover, to mimic blood conditions, the
colloidal stability of the NaYF,:Yb**/Er** @PEG particles was
investigated in PBS in the presence of BSA (0.5 mg ml™"), con-
firming that this protein did not change either the Dy, or PD of
the particles (Fig. 2a and Fig. S8 in ESIT).

To confirm the surface modification of the particles, the
{-potential of the NaYF,:Yb*'/Er’** @PEG nanoparticles was
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Fig. 2 (a) Hydrodynamic diameter D,, and polydispersity PD of NaYF,:

Yb**/Er**@PEG nanoparticles in PBS in the presence of BSA (0.5 mg
ml™). (b) ATR FTIR spectra of oleic acid-stabilized NaYF4:Yb>*/Er®* and
NaYF4:Yb3+/Er3+@PEG nanoparticles. (c) TGA of oleic acid-stabilized
NaYF,:Yb**/Er®*, naked NaYF4:Yb**/Er®*, and NaYF,;:Yb**/Er**@PEG
nanoparticles.
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Fig. 3 Upconversion photoluminescent images of NaYF,:Yb**/Er**@PEG nanoparticles in water (4 mg ml™) after excitation by a 980 nm laser with

a power of 400 mW.

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 NaYF,:Yb*'/Er*' nano-
particles (48 mV). Therefore, the (-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
(-potential value.

The surfaces of oleic acid-stabilized NaYF,:Yb*'/Er’" and
NaYF,:Yb**/Er’* @PEG nanoparticles were further verified by
ATR FTIR spectroscopy (Fig. 2b). The spectrum of the initial
oleic acid-stabilized NaYF,:Yb’"/Er’" nanoparticles exhibited
characteristic asymmetric and symmetric C-H stretching
vibrations (2924 and 2853 cm™', respectively) and COO~
vibrations (1562 and 1443 cm™") of oleic acid.*® After surface
modification by PEG-Ner, the characteristic oleic acid
vibrations in the spectrum of NaYF,:Yb**/Er’*@PEG nano-
particles completely vanished. New intensive peaks appeared
at 2887 and 1342 cm™" corresponding to C-H stretching and
bending vibrations, respectively; a strong peak at 1104 cm ™
was attributed to C-O stretching vibrations, and a broad peak
at 3420 cm™' corresponded to OH stretching vibrations.*"*?
The absence of oleic acid vibrations and the presence of the
new PEG-Ner bands proved the successful surface modification
of the NaYF,Yb*'/Er’’@PEG particles by ATR FTIR
spectroscopy.

Additional analysis of the particle surface modification
involved TGA (Fig. 2¢). 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 NaYF,:Yb**/Er** 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 NaYF,:Yb**/Er** particles was rather low (~3 wt%),
confirming the almost complete removal of oleic acid from the
particle surface during treatment with HCI. Finally, main
weight loss (~20 wt%) during TGA was attributed to decompo-

This journal is © The Royal Society of Chemistry 2017

sition of PEG-Ner on the NaYF,:Yb**/Er** @PEG nanoparticle
surface confirming efficiency of the coating.

The upconversion NaYF, nanoparticles doped by optically
active Yb**/Er’" ion pairs emit green and red light after NIR
excitation. The green emissions of optically transparent NaYF,:
Yb*'/Er** @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
NaYF,:Yb*'/Er’" nanoparticles was presented in our previous
report.>

Radiolabeling of NaYF,:Yb**/Er** @PEG nanopatrticles

Due to the lack of functional groups on the NaYF,:Yb*'/
Er**@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 NaYF,:Yb*'/Er**@PEG nanoparticles
between the PEG chains attached on the inorganic core
surface to yield NaYF,:Yb*/Er’*@PEG-BH-Ner particles.
Subsequently, the particles were labeled with Na'*’I by the
conventional chloramine T method to follow their fate in the
organism by noninvasive PET/SPECT imaging. The reaction
between '*°I and NaYF,:Yb**/Er** @PEG-BH-Ner nanoparticles
was monitored by measuring radioactivity in an ionization
chamber (Fig. S9 in the ESIT). High radiolabeling yield (75%,
i.e., fraction 5-7) confirmed successful conjugation of "*°I to
NaYF,:Yb**/Er**@PEG-BH-Ner particles. As a control, NaYF,:
Yb**/Er**@PEG particles (without BH-Ner) were labeled with
Na'*’[; radiolabeling yield was rather low (~15%) probably due
to non-specific radioiodine adsorption. The long-term col-
loidal stability of the "**I-labeled NaYF,:Yb**/Er**@PEG nano-
particles in PBS in the presence of ascorbic acid was supported
by DLS studies. The hydrodynamic diameter of '*’I-labeled
NaYF,:Yb**/Er**@PEG nanoparticles did not change with time

Nanoscale, 2017, 9, 16680-16688 | 16685
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Fig. 4 Dependence of (a) HF and (b) Hela cell viability on NaYF,:Yb**/
Er** and NaYF4:Yb**/Er**@PEG nanoparticle concentration.

(10 days), suggesting that the particles did not aggregate in
PBS bulffer (Fig. S10 in the ESIT).

In vitro interactions of NaYF,:Yb**/Er’** @PEG nanoparticles
with HF and HeLa cells

The cytotoxicity of NaYF,:Yb*'/Er** and NaYF,:Yb*'/Er** @PEG
nanoparticles was determined with primary fibroblasts (HF)
and cervical carcinoma HelLa cell lines using AlamarBlue® cell
viability assay (Fig. 4). While NaYF,:Yb*'/Er*" nanoparticles
were slightly cytotoxic only at the two highest concentrations
(300 and 600 pg ml™") on primary HF cells, which are more
sensitive than carcinoma cell lines, the viability decreased at
these concentrations to 51 and 59%, respectively. NaYF,:Yb*"/
Er**@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 NaYF,Yb*'/Er** and NaYF,:Yb>'/
Er** @PEG nanoparticles were minimal on HeLa cells. The two
highest concentrations decreased the viability to 76 and 89%
for NaYFgYb*'/Er*" and NaYF,:Yb*'/Er**@PEG particles,
respectively.

In vivo biodistribution SPECT/CT study

Two mice were injected intravenously with '*’I-labeled NaYF,:
Yb**/Er**@PEG nanoparticles in PBS. SPECT/CT scans have

16686 | Nanoscale, 2017, 9, 16680-16688
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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
125 labeled NaYF4:Yb**/Er**@PEG nanoparticles. Two mice were
screened with the same result.

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 ***I-

labeled NaYF,:Yb**/Er** @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

This journal is © The Royal Society of Chemistry 2017
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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 NaYF,:Yb>'/
Er** @PEG particles did not show significant toxicity for cancer
cells and primary fibroblast cells. Only naked NaYF,:Yb*"/Er**
nanoparticles were slightly toxic at concentrations >0.3 mg
ml~". 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 '*’I-labeled NaYF,:Yb*'/Er**@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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