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We describe a new concept for preparation of ultrasmall NaYF4:Yb,Er upconversion nanoparticles
(UCNPs) with a diameter of 7 nm, depending on the amount of water added in the polymerization
mixture, which affects the nucleation and growth of the particles. The morphology and structure of the
nanoparticles were thoroughly characterized both in the dried state (TEM including elemental analysis and
electron diffraction) and in solution (small and wide-angle X-ray scattering and dynamic light scattering). A
thick NaYF4 shell was subsequently introduced onto the particles, which significantly increased the
luminescence by minimizing surface quenching effects and passivating the core from the surrounding
environment. To make the particles dispersible in the aqueous environment natural for biological
applications, they were coated with a ~6 nm thick hydrophilic silica layer. This increased the size of core
and core—shell UCNPs to 20 and ~50 nm. All the developed particles exhibited non-cytotoxicity tested in
insulinoma INS-1E cells. The upconversion luminescence of these nanoparticles incubated with INS-1E cells

Received 26th May 2025, showed a similar pattern to that of the particles themselves. The small biocompatible UCNPs developed in

Accepted 19th August 2025 this study are promising candidates for non-invasive and non-destructive applications in bioimaging. Thanks
DOI: 10.1039/d5ma00542f to their advantageous properties, i.e., small size, adjustable optical properties and ability to interact with and

easily penetrate cells, they are suitable for future use in platforms for targeted drug delivery and advanced
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Introduction

Recently, interest in upconversion nanoparticles (UCNPs) has
been significantly growing due to their widespread use in engi-
neering and biomedical applications," and a number of various
reviews have addressed different strategies for their synthesis and
emission control.> While engineering applications include upcon-
version nanothermometry (e.g:, temperature measurement in
batteries),® light emitting diodes,* photocatalysts,> nanofluidics,’
anti-counterfeiting,” superconductors in photovoltaics,® solar
energy harvesting or data acquisition,” conversion and storage,°
biomedical applications involve mainly theranostics."* Here, diag-
nostics is based on multimodal real-time bioimaging (computer
tomography, MRI and fluorescence)'? and monitoring cell-cell
communication."® Examples of therapeutic applications are drug
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and gene delivery, corneal refractive index modification or photo-
thermal and photodynamic therapy of tumors.* In addition,
UCNPs are used for biosensing in upconversion-linked immunoas-
says for detection of nucleic acids,” prostate specific antigen,
cardiac troponin,'® bladder cancer, bacteria (Clostridioides and
Bordetella pertussis) and viral infections (SARS). At the same time,
intensive research is currently in progress on the use of UCNPs for
imaging of the pancreas and diagnostics in diabetology."”

The unusual feature of UCNPs based on various lanthanide-
doped inorganic nanoparticles, typically 10-100 nm in diameter,
lies in their unique lanthanide photon upconversion, where they
convert low-energy NIR photons into high-energy visible light
with a large anti-Stokes shift (>100 nm). UCNPs thus offer many
advantages over conventional luminophores, such as long-term
multimodal imaging in biomedical applications with excellent
brightness, high signal-to-noise ratio, photostability (nonbleach-
ing), continuity of emission (nonblinking), sharp and tunable
emission peaks, lack of overlap with cellular autofluorescence,
biocompatibility, no photo damage to living cells by NIR laser
irradiation, deep tissue penetration and functionalizability.
Several-fold improvement in imaging resolution has recently
been achieved by photon avalanche UCNPs."® The luminescence,
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namely emission colors of UCNPs is a major parameter that can
be manipulated depending on their elements, composition,
crystallinity, size, synthesis method, etc.'® In the synthesis,
nucleation and particle growth are affected by reaction tempera-
ture and time and the precursor/solvent, Na'/F~ and solvent
(octadec-1-ene)/oleic acid ratios;*® increasing Na® ion concen-
tration typically decreases the size of UCNPs.>" The brightness
is then mainly influenced by the UCNP phase, which can be
cubic, hexagonal, tetragonal, orthogonal or in the form of
platelets.”” The crystal structure also depends on the choice of
alkali ions.>® Furthermore, the size of UCNPs is also strongly
influenced by the viscosity of the reaction medium.

UCNPs consist of a host (oxides, fluorides, chlorides, vana-
dates), sensitizers such as Yb** and Nd** ions that are the energy
donors, and activators, e.g., Er*, Tm*", Ho*", Eu**, Tb*", Dy**,
Sm*" and Pr** ions, the energy acceptors.>* While the selection of
dopants tunes the chromacity, optimum upconversion lumines-
cence can be achieved by a short donor-acceptor pair distance
(<10 nm)*® and an optimal rare earth ion ratio.>® If the particles
are doped with gadolinium, they also have magnetic properties.””
To further enhance the upconversion photoluminescence inten-
sity and quantum efficiency, inert inorganic shells (typically
NaYF,, NaGdF, or CaF,) are introduced on the core UCNPs to
passivate the surface, reduce its radiative quenching and increase
the light-harvesting capacity, brightness and quantum yield. The
(multi)shell on core UCNPs is typically synthesized by epitaxial
growth method using molecular precursors or small sacrificed
nanoparticles. However, with increasing UCNP size, the surface-
to-volume ratio decreases.

To achieve reproducible results, good performance and at
the same time high cell penetration, monodisperse ultrasmall
(<10 nm) nanoparticles are required, which are difficult to
prepare.”® Core UCNPs are typically synthesized by coprecipita-
tion of lanthanide chlorides, thermal decomposition of lantha-
nide trifluoroacetates or oleates at high temperature (>300 °C) or
sol-gel synthesis.”’ Also, microwave-assisted synthesis has
recently become popular as it is fast, reproducible and allows
phase and size control.”® However, because core UCNPs are
prepared in organic solvents and stabilized with hydrophobic
ligands (typically oleic acid),* they are not dispersible in aqueous
media. Another disadvantage of UCNPs is the leakage of lantha-
nide and fluoride ions into the aqueous environment, potentially
causing toxicity and luminescence deterioration.”" Therefore, it is
necessary to modify the UCNP surface with a protective polymer
coating to suppress ion leakage and to ensure good dispersibility
of the particles in water and colloidal and chemical stability
(biocompatibility) characterized by a low solubility product con-
stant. Last but not least, the polymer coating should allow
functionalization and thus bioconjugation of various target bio-
molecules. Various coating chemistries have been therefore
developed to introduce biocompatible hydrophobic or hydrophi-
lic polymers with reactive functional groups for conjugation of
photoactive biomolecules such as hypericin, rhodamine B, phtha-
locyanine, Rose Bengal, riboflavin, organic dyes, etc. While the
hydrophobic polystyrene or poly(methyl methacrylate) coating
suppresses the chemical degradation of UCNPs in phosphate
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buffers,* the frequently used hydrophilic poly(acrylic acid) pro-
vides good dispersibility and a large number of surface carboxylate
groups.®® Other coatings include biocompatible Federal Drug
Administration-approved compounds, such as silica, gum arabic,
polyvinylpyrrolidone and poly(ethylene glycol) derivatives.>*** Even
polyethylenimine, poly(sodium 4-styrene sulfonate), poly(maleic
anhydride-alt-1-octadecene)®® and poly(methyl vinyl ether-alt-
maleic acid) were suggested as coating materials.*®

Despite the considerable potential of UCNPs in various
technological and biomedical applications, their biosafety and
biocompatibility have not yet been thoroughly investigated. The
interactions of these nanoparticles with biological systems are
governed by a number of physicochemical parameters, includ-
ing chemical composition, particle size and shape, surface
charge, and surface functionalization.?” In particular, the leak-
age of ions such as lanthanides and fluorides has been asso-
ciated with oxidative stress, mitochondrial dysfunction, and
subsequent cell damage.*® Furthermore, the potential for
long-term accumulation in major organs and the induction of
immune responses raises additional safety concerns. In addi-
tion, the route of administration plays a key role in determining
biodistribution and systemic effects. Therefore, precise surface
engineering is essential to mitigate undesirable biological inter-
actions. In this study, silica shell was used as the surface coating
due to its well-documented biocompatibility, chemical inert-
ness, and suitability for further functionalization.*®

The aim of this report was to develop ultrasmall UCNPs with
high brightness that would be dispersible in aqueous milieu
and safe for biological use.

Experimental
Materials

Erbium(ir) chloride hexahydrate (99.9%), anhydrous yttrium(m)
(99.99%) and ytterbium(im) chlorides (99.9%), sodium hydro-
xide (99%), ammonium fluoride (99.99%), tetraethyl orthosili-
cate (TEOS), octadec-1-ene (OD; 90%), and IGEPAL® CO-520
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Oleic
acid (OA; 98%) was purchased from Lachema (Brno, Czech
Republic). Absolute ethanol was obtained from LachNer (Ner-
atovice, Czech Republic). RMPI 1640 medium was purchased
from the Institute of Molecular Genetics (Prague, Czech Repub-
lic). Water used in the synthesis was purified on a Milli-Q IQ
7000 system from Millipore (Molsheim, France).

Synthesis of ultrasmall core NaYF,:Yb,Er nanoparticles
(C-UCNPs)

The preparation of C-UCNPs was carried out in two steps. The
first step involved dissolving lanthanide chlorides, namely YCl;,
YbCl;, ErCl;-6H,0 in a molar ratio of 0.78:0.2:0.02 in OD (30
mL) and OA (12 mL) in a 100 mL three-necked vessel at 160 °C for
30 min with stirring (350 rpm) and under an Ar atmosphere by
modification of an earlier procedure.*® The reaction mixture was
then cooled to 40 °C and a methanolic solution (12 mL) of NaOH
(2.5 mmol) and NH,F (4 mmol) was slowly dropped into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characterization of particles

C-UCNP-I C-UCNP-II C-UCNP-III C-UCNP-1IV C-UCNP-V C-UCNP-VI
Water? (wt%) 0 0.7 1.4 2.1 4.2 8.0
Dy, (nm) 320 - 8 7 16 25
F)) 1.36 b 1.03 1.05 1.34 1.03

“ Relative to the reaction mixture (OD, OA and water). > Impossible to measure; D, - number-average diameter (TEM), P - dispersity (TEM).

solution. To evaporate the methanol and trace water, the tem-
perature was slowly raised to 120 °C which was maintained for
30 min with stirring under an Ar atmosphere. The second step
consisted in cooling the reaction mixture to 60 °C in Ar atmo-
sphere, transferring it to an autoclave equipped with a magnetic
stirrer and adding varying amounts of water (0-3 mL); the
percentage of water in the reaction mixture was given in
Table 1, together with the corresponding particle denotation
(C-UCNP-I to VI). After closing, the autoclave was heated in an
aluminum bath at 310 °C (pressure 2.1 MPa) for 1.5 h with
stirring (350 rpm). Then, the reactor was cooled to room
temperature (RT) and the resulting C-UCNPs were separated
by centrifugation (3460 rcf) for 30 min in a fivefold excess of
ethanol and dispersed in hexane.

Synthesis of core-shell NaYF,:Yb,Er@NaYF, nanoparticles
(CS-UCNPs)

The shell around the C-UCNP-IV nanoparticles was synthesized
in a Y-oleate solution prepared by dissolving YCI; (0.6 mmol) in
OD (9 mL) and OA (3.6 mL) at 160 °C for 30 min under stirring
(350 rpm) in an Ar atmosphere. After cooling the solution to
40 °C, a dispersion of C-UCNP-IV nanoparticles (300 mg) in
hexane, OA (8.4 mL), OD (21 mL) and a methanolic solution
(12 mL) of NaOH (2.5 mmol) and NH,F (4 mmol) were added
dropwise. To evaporate the methanol, hexane and water, the
reaction mixture was slowly heated to 120 °C and maintained at
this temperature for 30 min with stirring (350 rpm) under Ar
atmosphere. This was followed by rapid heating to 300 °C for
1.5 h, cooling to RT, dispersing the resulting CS-UCNPs in a
fivefold excess of ethanol, centrifugation (3460 rcf) for 30 min
and dispersing the particles in hexane. For the cell experi-
ments, the particles were successively centrifuged and washed
with an ethanol/hexane mixture (1/2 and 2/1 v/v), ethanol and
water/ethanol (1/2 and 2/1 v/v) and immersed in water.

Surface engineering of C-UCNPs and CS-UCNPs with silica

A previously published method was modified to coat C-UCNPs
and CS-UCNPs with silica.** The particles were first diluted
with hexane to a concentration of 2 mg mL ", IGEPAL® CO-520
(2 mL per 20 mg particles) was then added and the dispersion
was sonicated using a Bandelin ultrasonic homogenizer (Berlin,
Germany; amplitude 10%). Then, 25% aqueous ammonia
(160 pL) was added, the mixture was sonicated for another
20 min at 10% amplitude, TEOS (160 pL) was added, and the
mixture was stirred (800 rpm) for 24 h. The resulting C-UCNP@
SiO, and CS-UCNP@SiO, nanoparticles were washed twice with
ethanol, three times with ethanol-water mixture with gradually
increasing water content until water completely replaced ethanol.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Characterization methods

For ultrastructural analysis of UCNPs by transmission electron
microscopy (TEM), a dispersion of UCNPs in hexane was
pipetted (2 upL) onto freshly glow-discharged CF400-Cu
carbon-coated grid, which was left in air to evaporate the
hexane. The UCNPs were analyzed by a Tecnai G2 Spirit TEM
(FEL Brno, Czech Republic) operating at 120 kvV. Morphology of
the particles was visualized by bright field imaging (TEM/BF)
and their number-average diameter (D,), weight-average dia-
meter (Dy) and dispersity (P = D,,/D,) were calculated from at
least 300 particles as described in our previous work.*> The
elemental composition was verified by energy-dispersive analy-
sis of X-rays (TEM/EDX) and the crystal structure was analyzed
by selected area electron diffraction (TEM/SAED). TEM/SAED
patterns were processed and compared with theoretically cal-
culated powder X-ray diffraction patterns (PXRD) using the
open-source program package EDIFF.** The crystal structures
for the diffraction pattern calculation (a-NaYF, and B-NaYF,)
were obtained from freeware Crystallography Open Database
(COD).** In addition, the UCNPs were visualized in a JEM2100-
Plus high resolution transmission electron microscope (HR-
TEM; JEOL; Tokyo, Japan) operating at 200 kV with a TemCam-
XF416 4K CMOS camera (TVIPS; Gauting, Germany).

Dynamic light scattering (DLS) was used to measure the
hydrodynamic diameter (D;) and size distribution of nano-
particles (polydispersity; PD) in hexane or water and (-
potential in water at 25 °C on a ZEN 3600 Zetasizer Nano
Instrument (Malvern Instruments, UK). Dy, and PD were deter-
mined from the intensity-weighted distribution function,
which was derived through CONTIN analysis of the correlation
function provided by the Malvern software.

The small and wide-angle X-ray scattering (SWAXS) extended
the established small angle X-ray scattering (SAXS) method to a
wider range of angles. The angles achieved in this case were not
as large as those provided by X-ray diffraction instruments.
However, all measurements were performed in the same cam-
era under as similar conditions as possible. Usually only the
sample to detector distance was varied. This provided impor-
tant additional information also from the overlap angle region.
For SWAXS, a two-pinhole point focusing SAXS instrument
Xeuss Pro made by Xenocs (Grenoble, France) was used. The
CuKo beam with a wavelength of 4 = 0.154 nm was generated by
a low-power Genix3D microsource operating at 50 kv and
0.6 mA. Scattering was observed with a 2D EIGER2 R 500K
detector (Dectris; Baden-Dattwil, Switzerland) with 512 x 1028
pixels, each 75 x 75 um” in size at two different sample to
detector distances 1 m (SAXS) and 0.1 m (WAXS). The whole
system including the windowless detector was evacuated and
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each counting took 1 or 2 h. In each setup, the sample to detector
distance was calibrated using an Ag behenate standard. Data
were azimuth-averaged and adjusted to absolute scale using a
glassy carbon standard. After merging the data from these
positions, a reliable g interval from 0.05 to 30.0 nm ' was
selected; g is the magnitude of the scattering vector g =
4nsin(0)/4 and 0 is half of the scattering angle. The highest
scattering angle corresponded approximately to a value of 25° 20.

Upconversion luminescence spectra were measured using
an FS5 spectrofluorometer equipped with a CW 980 nm laser
diode (MDL-III-980-2W) as the excitation source (Edinburgh
Instruments, UK). The laser had a maximum power of 2 W and
a beam size of 5 x 8§ mm”.

Attenuated total reflectance coupled with Fourier transform
infrared (ATR FTIR) spectra were recorded on a Nexus Nicolet
870 IR spectrometer (Madison, WI, USA) coupled with a liquid
nitrogen-cooled mercury-cadmium telluride detector and a
GoldenGate single-reflection diamond ATR system (Specac;
Orpington, UK).

Thermogravimetric analysis (TGA) of the particles from 25 to
500 °C was carried out in air at a heating rate of 10 °C min™"
using a PerkinElmer TGA 7 analyzer (Norwalk, CT, USA).

Cell experiments

Insulin-producing glucose-responsive INS-1E cells from X-ray-
induced rat insulinomas were purchased from AddexBio (San
Diego, CA, USA; No. C0018009).*° For their culturing, 11 mM
glucose with RPMI 1640 medium supplemented with 5% (v/v)
fetal calf serum, 10 mM HEPES, 1 mM pyruvate, 50 mM mercap-
toethanol, 50 IU mL ™" penicillin and streptomycin (50 mg mL™")
were used.

The in vitro cytotoxicity of C-UCNP-IV nanoparticles in water
was analyzed using a trypan blue exclusion assay (Thermo
Fisher Scientific) on INS-1 cells cultured in 11 mM glucose
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medium at 37 °C for 48 h in a humidified atmosphere with 5%
CO,. This was followed by incubation with C-UCNP-IV nano-
particles (0.01-0.4 mg mL ") for 24 h and determination of cell
viability by staining with 0.4% trypan blue. The percentage of living
cells was measured using a Luna II automated cell counter (Logos
Biosystems; Gyeonggi-do, South Korea). Cell viability was assessed
from five biological replicates, i.e., passages of INS-1E cells.

Confocal microscopic images of INS-1E cells incubated
with ligand-free and silica-coated C-UCNPs and CS-UCNPs
(0.4 mg mL™") for 24 h were taken on poly(z-lysine)-coated
coverslips using a Leica SP 8 confocal microscope (Wetzlar,
Germany) after excitation at 980 nm with a Coherent 170 fs
Chameleon pulsed laser of 100 mW power (Coherent; Saxon-
burg, PA, USA). Bright-field images of the cells were visualized
using the same microscope with a 405 nm lamp.

Results and discussion

Effect of water addition on the morphology of core NaYF,:Yb,Er
nanoparticles (C-UCNPs)

As mentioned already in the Introduction, the great benefit of
upconversion nanoparticles consists in the absence of optical
background ensuring high detection sensitivity. However, their
morphology, i.e., particle size, shape and crystallinity are strongly
dependent on the way of synthesis, ratio of reactants and
viscosity of the reaction medium.’® In this study, core NaYF,:
Yb,Er upconversion nanoparticles (C-UCNP-I to C-UCNP-VI) were
prepared in a high-boiling solvent (octadec-1-ene) by oleic acid-
stabilized high-temperature coprecipitation of lanthanide chlor-
ides with NH,F and NaOH, the amount of which was kept
constant while varying the amount of water added to the reaction
mixture (Table 1).

In the absence of water, huge cubic C-UCNP-I nanoparticles
(326 nm) with high dispersity (P = 1.36) were formed (Fig. 1a).
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Fig. 1 Dependence of the number-average diameter D, (triangles) and dispersity D (squares) of C-UCNPs on the amount of water in the reaction
mixture. (@) C-UCNP-I, (b) C-UCNP-II, (c) C-UCNP-III, (d) C-UCNP-IV, (e) C-UCNP-V, and (f) C-UCNP-VI.
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TEM/EDX analysis provided elemental composition roughly
corresponding to NaF crystals while TEM/SAED patterns
showed that none corresponded to any of the known NaYF,
structures. With the addition of water increasing from 0.7 wt%,
the C-UCNP-II particle size and dispersity decreased signifi-
cantly (Fig. 1b). After the addition of 1.4-2.1 wt% water, the
C-UCNP-III and C-UCNP-IV particles were ultrasmall (<10 nm),
apparently spherical-like in shape and almost monodisperse
(P <1.05; Fig. 1c and d). This was obviously due to the
separation of the nucleation phase from the growth phase,
which is a necessary condition for achieving a narrow particle
distribution.*” Such particles will show improved functionality
compared to polydisperse ones in optics, medical diagnostics,
magnetic resonance imaging and drug delivery; also, in achieving
reproducible results. Complete TEM analysis of the smallest (D,, =
~7 nm) and almost monodisperse (P ~ 1.05) C-UNCP-IV nano-
particles documented that they were isomeric (Fig. 2a; Table 2).
The TEM/EDX spectra (Fig. 2b) confirmed the expected composi-
tion as the dominating peaks corresponded to sodium yttrium
fluoride (Na, Y, F) and the remaining peaks (C, Cu) could be
attributed to the background because the particles were depos-
ited on a carbon-coated copper grid (Fig. 2a). The TEM/SAED
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Table 2 Characterization of C-UCNP-IV (later denoted as C-UCNPs), C-
UCNP@SIO,, CS-UCNPs, and CS-UCNP@SIO, nanoparticles

(-potential

D, (nm) b Dp (nm)  PD (mv)
C-UCNPs 7 1.05 19 0.14> 37
C-UCNP@SiO, 20 1.04 82° 0.20° —23
CS-UCNPs width: 39 1.01 662 0.19* 21
length: 47 1.00
CS-UCNP@SiO, width: 46  1.02  218° 0.16° -23
length: 55  1.01

D,, - number-average diameter (TEM), P - dispersity (TEM), Dy, -
hydrodynamic diameter (DLS; %in hexane, in water), PD - polydisper-
sity (DLS).

diffraction pattern (Fig. 2¢) and its comparison with theoretically
calculated PXRD pattern (Fig. 2d) proved that the nanoparticles
exhibited the cubic phase of sodium yttrium fluoride - o-NaYF,.
The experimental SAED intensities (Fig. 2¢; red line) decreased
faster with the diffraction vector compared to the theoretically
calculated PXRD intensities (Fig. 2¢; blue line), which could be
attributed to the intrinsic differences between X-ray and electron
diffraction and the fact that the crystals were quite small and

Intensity

2 4 6 8 10 12 14 16 18
E [keV]

Intensity

111 —— PXRD(a-NaYF,)

—— SAED(experiment)
220

311

q [1/A]

Fig. 2 TEM analysis of C-UCNP-IV particles: (a) TEM/BF micrograph, (b) TEM/EDX spectrum, (c) TEM/SAED diffraction pattern, and (d) comparison of the
radially averaged experimental electron diffraction pattern with the theoretically calculated PXRD diffractogram of a-NaYF4. The inset in Figure (a) is

obtained at a higher magnification with HRTEM microscope at 200 kV.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their structure exhibited a higher mosaicity, i.e., the degree of
misalignment of the crystal lattice planes. The hydrodynamic size
of C-UCNP-IV was larger (D}, = 19 nm; PD = 0.14) than D,,, which
was due to the fact that TEM monitors the sample in the dry
compact state, while DLS determines the particles in the solvent-
solvated state (Table 2). In addition, TEM measures number-
based particle size, whereas DLS distributions are intensity-based
(proportional to the power of 6) and are therefore sensitive to the
presence of large particles. The {-potential of C-UCNP-IV in water
(pH = 5.5) was positive (37 mV) due to the cationic nature of
lanthanide ions. Such high {-potentials are generally associated
with colloidally stable systems, while low {-potentials indicate low
stable colloids.*®

When 4.2 wt% water was added to the reaction mixture,
resulting C-UCNP-V particles consisted of more cubic nano-
particles in addition to spherical ones, according to TEM/BF;
their size and dispersity again increased (D, = 16 nm; D = 1.34)
compared to C-UCNP-IV (Fig. 1e). On addition of 8 wt% water to
the reaction mixture, C-UCNP-VI particles consisted of large
irregularly shaped merged crystals of ~1 pm accompanied by
completely cubic particles of 25 nm in size and low dispersity
(P = 1.03; Fig. 1f). TEM/EDX analysis showed an elemental
composition with an unusually high silicon content (probably
impurities from synthesis) and TEM/SAED diffraction patterns
did not correspond to any of the known NaYF, structures,
similar to the C-UCNP-I.

The size and shape of some synthesized particles in hexane
were also analyzed by SWAXS, which can quantify differences in
particle scattering density (Fig. 3a). The total scattered X-ray
intensity I(q) dependencies showed that the C-UCNP-I and C-
UCNP-VI particles were too large to be analyzed by this method.
In the region of the smallest accessible angles, log/log I(g) depen-
dencies of these two particle types had a slope of —4 indicating a
sharp boundary between particles and the solvent.

But it was not possible to find out more information such as
whether the particles were globular, platelets or rods. More
information was obtained from measurements of C-UCNP-IV
nanoparticles, which could be fitted by a Schulz-Zimm distri-
bution of spheres centered at mean radius (R) = 5.1 nm with
halfwidth ¢ = 0.18 and good fit with experimental data docu-
mented by Reaceor = 2.41 (Fig. 3a).

This corresponded quite well to the results from TEM. The
particle size distribution measured by SWAX then reflected
spherical-like shape of the C-UCNP-IV particles (Fig. 3b). There-
fore, only C-UCNP-IV nanoparticles were used in further work,
which were hereinafter referred to as C-UCNPs.

Core-shell NaYF,:Yb,Er@NaYF, nanoparticles (CS-UCNPs)

The disadvantage of ultrasmall UCNPs is that their lumines-
cence is relatively low compared to conventionally sized nano-
particles (D, = 25 nm). To overcome this shortcoming, a passive
NaYF, shell was introduced on C-UCNPs by injecting its pre-
cursors into the reaction mixture. This changed the morphol-
ogy to rounded and increased the D, in hexane from 7 nm to
39 nm with a dispersity of 1.01 (Fig. 4; Table 2). At the same
time, the Dy, increased to 66 nm and the {-potential decreased
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Fig. 3 (a) SWAXS determination of scattered X-ray intensity of C-UCNP-
IV nanoparticles and (b) their distribution according to the Schulz-Zimm
sphere model.

to 21 mV. This decrease can be attributed to several interrelated
factors: (i) the increase in particle size due to shell growth
affecting the (-potential measurements, (ii) the shift of the
slipping plane (the point where the {-potential is measured)
from the charged surface lowering apparent {-potential, and
(¢ii) the composition of the shell. NaYF, is relatively inert and
typically carries negligible surface charge. The introduction of
NaYF, shell onto C-UCNPs substantially increased the lumin-
osity compared to C-UCNPs (Fig. 5a) because the core-shell
morphology prevented energy loss during the energy transfer
process.*’

Surface modification of C-UCNPs and CS-UCNPs with silica

C- and CS-UCNPs were hydrophobic due to the presence of OA
residues on the particle surface. In order to be colloidally stable
in aqueous biological environments, prevent aggregation dur-
ing storage and reduce potential toxicity, the particles must be
coated with a hydrophilic protecting layer such as silica. If the
silica is mesoporous, its large surface area allows the introduc-
tion of various functional groups or adsorption of pharmaceu-
ticals into the pores, from which they can be released at the
target site. Here, the C-UCNPs and CS-UCNPs were encapsu-
lated in dense silica layer by a reverse microemulsion approach
with TEOS. Comparison of TEM micrographs of C-UCNPs and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM micrographs of (a) C-UCNPs, (b) C-UCNP@SIO,, (c) CS-UCNPs, and (d) CS-UCNP@SiO, nanoparticles.
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(a) Fluorescence emission spectra after 980 nm excitation (the inset shows the spectra at higher magnification), (b) ATR FTIR spectra and (c)

thermogravimetric analysis of C-UCNPs, C-UCNP@SIO,, CS-UCNPs, and CS-UCNP@SIO, nanoparticles.

C-UCNP@SiO, nanoparticles confirmed the successful for-
mation of a silica layer around the particles with a thickness
of ~6.5 nm (Fig. 4b); this silica thickness was found also on
CS-UCNPs. DLS measurements revealed a significant increase
in the Dy, of C-UCNP@SiO, and CS-UCNP@SiO, nanoparticles
compared to uncoated ones. The uncoated C-UCNPs and
CS-UCNPs in hexane had Dy = 19 and 66 nm, respectively,
while the C-UCNP@SiO, and CS-UCNP®@SiO, nanoparticles in

© 2025 The Author(s). Published by the Royal Society of Chemistry

water showed a relatively low PD = 0.16-0.20 with an increased
Dy, reaching 82 and 218 nm, respectively. This increase can be
attributed to several factors: the silica shell on the nano-
particles, the hydrophilicity of the silica forming the hydration
layer and the diffusion behavior of the particles in water. The
relatively small Dy of the C-UCNP@SiO, particles indicated
reduced aggregation compared to the C-UCNPs. At the same
time, the {-potential of both C-UCNP@SiO, and CS-UCNP@SiO,
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nanoparticles in water decreased from +37 mV (C-UCNPs) to
—23 mV (Table 2); the negative value was due to deprotonation
of silanol groups. ATR FTIR spectra of C-UCNPs and C-UCNP@
SiO, particles confirmed the removal of excessive OA from their
surface and the modification by silica (Fig. 5b). The O-H and
C-H stretching vibration in the range of 3000-3660 cm ™" and at
2920, 1560, and 1435 cm ™, respectively, corresponded to resi-
dual OA bound to the C-UCNP and CS-UCNP surface. The silica
modification was then evidenced by a peak at 1060 cm '
ascribed to Si-O-Si bonding.

The TGA of C-UCNPs, C-UCNP@SiO,, CS-UCNPs, and CS-
UCNP®@SiO, nanoparticles illustrated their weight loss as a
function of temperature (Fig. 5¢). The weight loss of C-UCNPs
(15 wt%) starting from ~ 100 °C and accelerating between 300-
500 °C was due to the evaporation of surface adsorbed water
and excessive OA. A similar trend was observed for C-
UCNP@SiO,, but with a smaller overall weight loss (9 wt%)
due to the protective effect of the silica coating which prevented
the degradation. Also, CS-UCNPs exhibited excellent thermal
stability and minimal weight loss (2 wt%) up to 500 °C, con-
firming the structural integrity of the core-shell structure.
Thus, the TGA results confirmed that the core-shell structure
was more heat resistant than the core-only particles and that
the silica coating enhanced the thermal stability.

Luminescence spectra were recorded after 980 nm excitation
for all synthesized nanoparticles, namely C-UCNPs, C-UCNP@
SiO,, CS-UCNPs, and CS-UCNP@SiO, (Fig. 5a). The bands were
ascribed to the transition of the f-electrons of Yb*" ions from
the ground °F;,, state to the excited *Fs, state. Due to the
proximity of the energy levels of Yb®>" and Er*" ions, energy
could be transferred from the excited Yb** to the Er** emitter.
This process led to two possible consequences: (i) absorption of
the excitation state, where the Er’" energy levels (*Hyy, and
%S;/,) are pumped with energy, and (if) cross-relaxation of Er**
ions to the “F,, energy level. The fluorescence spectra thus
showed green emission characterized by peaks at 515-534 nm
and 534-560 nm, corresponding to the transitions from *Hy,,
— "5, and *S3, — L5, respectively. A red emission peak at
640-674 nm was attributed to the *Fy,, — “I;5,, transition and a
relatively weak blue emission was centered at ~402-412 nm.
The emission intensities of C-UCNPs and C-UCNP@SiO, parti-
cles at a concentration of 1 mg mL ™" in the 515-560 nm range
were almost identical, whereas the intensity of the red emission
peak (660-690 nm) of SiO,-coated particles decreased signifi-
cantly (1.7 times). This decrease can be attributed to the
absorption of red light by the silica coating in the 650-670 nm
region,®® although the SiO, coating should be optically
transparent.”® The intensity of the emission peak of CS-UCNPs
was an order of magnitude higher (170 times) than that of
C-UCNPs (Fig. 5a), which is higher than the results reported in
the literature.>"> This enhanced brightness primarily resulted
from the increased energy transfer efficiency and suppression of
non-radiative losses facilitated by the shell. The shell served as a
protective barrier, mitigating surface quenching and preventing
detrimental interactions that would otherwise lead to energy
dissipation. In addition, by passivating surface defects, the shell
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effectively reduced non-radiative decay pathways, ensuring that a
greater proportion of the absorbed energy was converted into
luminescence.”® Moreover, the shell played a key role in mini-
mizing the cross-relaxation losses that typically occur when
activating ions near the nanoparticle surface undergo inefficient
energy transfer.

Cytotoxicity of nanoparticles

For in vitro experiments, INS-1E cells were selected as a model
of insulin producing B-cells, which play a crucial role in
maintaining blood glucose levels in the human body. In addi-
tion, after an eventual transplantation of Langerhans islets,
quantification (imaging) of B-cells is important to evaluate the
efficacy of diabetes treatment.

When studying the interactions of UCNPs with the cells, the
first step was to establish their in vitro safety. The cytotoxicity of
ultrasmall C-UCNPs was monitored using a trypan blue exclusion
test based on cell counting and the fact that viable cells do not
pass polar trypan blue, whereas dead cells are readily penetrated
by the dye and stained. The viability of INS-1E cells incubated
with C-UCNPs for 24 h reached >95% (Fig. 6). Even a high
particle concentration (0.4 mg mL™") did not induce cytotoxicity,
similar to PEG-neridronate-modified NaYF,:Gd,Yb,Tm@NaGdF,
core-shell UCNPs.*® The fact that C-UCNPs interacted well with
cells, internalized and did not damage them indicated their good
biocompatibility. In this context, the biocompatibility of C-UCNPs
was obviously better compared to previously investigated NaYF,:
Yb,Er@SiO,-NH, nanoparticles, which reduced the viability of HeLa
cells to 40% of control at a concentration of 0.5 mg mL™ "> As
expected, neither the silica shell of both C- and CS-UCNPs reduced
cell viability.

Luminescence of nanoparticles incubated with INS-1E cells

The upconversion luminescence of C-UCNPs, CS-UCNPs,
C-UCNP@Si0O,, and CS-UCNP@SiO, nanoparticles incubated
with INS-1E cells for 24 h was monitored using a confocal
microscope at 980 nm excitation (Fig. 7). Confocal micrograph
showed that the nanoparticles emitted upconversion lumines-
cence, whose spectra showed typical peaks of UCNPs at 540 and

100
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40 |

Viability (%)

20

0,00 0,01 0,02 0,05 0,10 0,20 0,40
Particle concentration (mg/ml)

Fig. 6 Concentration-dependent viability of INS-1E cells incubated with
C-UCNPs (black), C-UCNP@SIO, (blue), CS-UCNPs (red), and CS-
UCNP@SiO, nanoparticles (green) for 24 h.
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Fig. 7 Upconversion emission spectra of C-UCNPs (black), C-
UCNP@SIO; (blue), CS-UCNPs (red), and CS-UCNP@SIO, nanoparticles
(green) incubated with INS-1E cells for 24 h after excitation at 980 nm.

650 nm, similar to the spectrofluorometer measurements
(Fig. 5a). However, the luminescence intensities of the particles
incubated with INS-1E cells differed from those of the particles
themselves. This was due to the fact that in the former case it
was not possible to ensure the same amount of nanoparticles in
the field of view, so this measurement is not suitable for
comparing intensities. Even if the initial concentration of the
nanoparticles was the same, it depended on their accumulation
in the cells and whether they aggregated there. Accordingly, the
CS-UCNPs showed the lowest luminescence intensity, as they
did not penetrate the cells well and thus were the sparsely
present.

After 24-h incubation of C- and CS-UCNPs and their silica-
coated counterparts with INS-1E cells, the particles passively
penetrated and accumulated in the cells, as documented by
overlay of bright-field images of the cells with micrographs of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the particles at 980 nm excitation and 530 and 640 nm emission
(Fig. 8). Both the ultrasmall C-UCNPs (Fig. 8a and e) and the
larger UCNP@SiO, nanoparticles seemed to penetrate well into
the cells and in the latter case accumulated there due to the
SiO, coating (Fig. 8b and f), similar to the CS-UCNP@SiO,
particles (Fig. 8d and h). In contrast, the larger CS-UCNPs
(without SiO, coating) did not penetrate much into the cells
(Fig. 8c and g). At the same time, it should be noted that these
experiments with all four types of nanoparticles did not result
in any cell damage similar to the cell viability tests (Fig. 6).

Conclusions

Morphology and crystal structure are the most important
physical parameters of UCNPs in terms of their luminescence,
biocompatibility and bioavailability. Particle size influences the
blood circulation lifetime, distribution in organs and clearance
from the body. In this respect, ultrasmall UCNPs designed in this
report are particularly advantageous as they are supposed to
circulate in the body largely undetected by the immune system
and, being below the renal clearance threshold, can be easily
excreted in the urine. These nanoparticles were prepared in an
autoclave using a new innovative method based on controlled
high-temperature coprecipitation of lanthanide chlorides in the
presence of water under increased pressure (2.1 MPa). The
resulting nanoparticles were monodisperse and therefore had
the same physical and optical properties, which provide better
efficacy in bioapplications than polydisperse particles. In terms
of crystal structure, hexagonal B-phase is generally preferred as it
affords higher upconversion luminescence compared to other
crystalline modifications. However, the spherical structure of our
ultrasmall cubic a-phase UCNPs also provided sufficient lumi-
nescence. To increase luminescence, an inert NaYF, shell was
epitaxially grown on the core UCNPs. The substantial

Fig. 8 Merged confocal micrographs of (a) and (e) C-UCNPs, (b) and (f) C-UCNP@SIO,, (c) and (g) CS-UCNPs, and (d) and (h) CS-UCNP@SIO,
nanoparticles (green) and bright-field optical images of INS-1E cells incubated for 24 h at 980 nm excitation and emission at 533 and 650 nm.
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enhancement (170 times) in luminescence efficiency of CS-
UCNPs was attributed to the minimization of surface quenching
effects by the protective outer shell. Subsequently, the C- and CS-
UCNPs were coated with silica to enhance their colloidal stability
in aqueous environment and possibly to provide reactive func-
tional groups for future bioconjugation. Coating the CS-UCNPs
with silica increased the thermal stability of the nanoparticles.
It was found that all UCNPs, even at a high concentration of
0.4 mg mL™", were non-cytotoxic after 24-h incubation with
INS-1E cells. Ultrasmall nanoparticles (C-UCNPs) and larger
C-UCNP@SiO, and CS-UCNP®@SIO, particles accumulated well
in cells confirming positive effect of SiO, coating on particle
internalization. This allows the particles to be used for non-
invasive diagnostic applications in medical bioimaging of dis-
eased organs of the human body, as well as for targeted drug
delivery to affected tissues.
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