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A B S T R A C T

Biocompatible, up-converting NaY1-xGdxF4:Yb/Er nanoparticles have been successfully obtained in situ by chi
tosan assisted solvothermal synthesis, and were further characterized to check their potential for optical ther
mometry. The temperature dependent change in the green emission intensity, originating from the 
thermalization between 4S3/2 and 2H11/2 levels, implied maximum relative sensitivity of 1.3 %K− 1 in the 
physiologically interesting temperature range. Presence of chitosan ligands at the nanoparticles surface promotes 
their biocompatibility. The nanoparticles concentration ranging from 10 to 50 µg/mL yielded viability higher 
than 80 % for HS-5 fibroblast and SCC-25 oral cancer cells. Efficient visualization of αNaY0.65Gd0.15F4: 
Yb0.18Er0.02 nanoparticles in cytoplasmic region of cells, under excitation at 976 nm, validates their potential to 
be used for cell labeling and temperature sensing in tissue.

1. Introduction

Rare earth (RE) doped up-converting nanoparticles (UCNPs) repre
sent a light emitting material. Its optical activity results from the pres
ence of dopants that allow up-conversion (anti-Stokes) emission, a 
nonlinear optical process of absorbing two or more low-energy photons 
and emitting photon which energy is higher than its excitation coun
terparts [1–3]. The optical properties of UCNPs come from the unique 
electronic configuration of RE3+ ions, in which the 4fN orbital is shielded 
from the chemical environment by the outermost 5s2 and 5p6 orbitals, so 
f-f transitions raised from the 2S+1LJ sublevels are partially allowed 
[4,5]. The intensity of the emission lines depends on the type of elec
tronic transition established, which in turn depends on structural char
acteristics of UCNPs. Because of their lowest phonon lattice energy 
(~350 cm− 1), fluorides have proven to be the most suitable host ma
terials for RE3+ doping, when compared to other inorganic materials 
[6,7]. Among them, the hexagonal NaYF4 and orthorhombic YF3 have a 
much higher emission intensity than cubic NaYF4 phase, due to fact that 
later possess more symmetrical crystal structure [8,9]. This is exploited 
for many applications in optoelectronics, lightening and solar energy 

harvesting. Nevertheless, RE3+ doped fluorides also received consider
able attention in medicine as new cell labels, and drug delivery agents, 
because when doped with Nd3+ or Yb3+ (as sensitizer), and co-doped 
with Er3+, Ho3+, or Tm3+ (as activator), these could be excited by the 
wavelengths from the first and second near-infrared (NIR) biological 
windows where light has its maximum depth of penetration in tissue, 
and minimum interaction with the tissue components [2,3,10]. 
Furthermore, it is shown that their temperature-sensing behavior, based 
on the luminescence intensity ratio (LIR) from the thermally coupled 
levels of activator ions, could be used for non-invasive remote sensing of 
temperature. To date, beside to the most advantageous hexagonal 
NaYF4:Yb/Er phase, RE-doped NaGdF4, YF3, Y6O5F8, and Ba3Gd2F12 are 
explored for this purpose [11–17].

Various synthesis techniques, including co-precipitation, sol–gel, 
and hydro/solvothermal processes, along with the application of oleic 
acid or ligand exchange, have been documented for the synthesis of 
UCNPs that have controlled crystalline phase composition, size, and 
morphology, as well as strong luminescent properties [2,18–20]. How
ever, hydrophobic ligand-covered UCNPs produced in this manner need 
further processing (oxidation or exchange of ligands) for providing 
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biocompatibility and water dispersibility [21]. Alternatively, biocom
patible capping ligands such as polyethyleneimine (PEI), dibenzoic acid 
(DBA) and trisodium citrate (TSC) were successfully used during syn
thesis of various hybrid structures [3,22,23]. Besides these, chitosan 
(CS) is also considered an important biopolymer for medical and phar
maceutical applications, especially for encapsulation of magnetic car
riers, controlled drug delivery, wound dressings, and tissue engineering 
[24,25]. The inter-dispersed acetamido groups of CS increase its 
biocompatibility, biodegradability, reactivity, non-toxicity, antifungal 
and antimicrobial activity [26,27].

In our earlier research, we reported for the first time that addition of 
chitosan during the hydro/solvothermal synthesis of cubic NaYF4:Yb/Er 
provides generation of UCNPs with adequate hydrophilicity and amino- 
functionalized surface, without compromising the luminescence [28]. 
Here, a similar synthesis approach is used for in situ obtaining biocom
patible NaY1− xGdxF3:Yb/Er nanoparticles. Due to fact that Er3+ is the 
most commonly used RE3+ ion for optical thermometry, LIR-based 
temperature sensitivity originating from the thermally coupled 2H11/2 
and 4S3/2 energy levels, NIR-cell imaging, and cytotoxicity of the UCNPs 
were investigated.

2. Materials and methods

All of the chemicals used for chitosan assisted solvothermal synthesis 
of NaY0.8F4:Yb0.18Er0.02 (S1) and NaY0.65Gd0.15F4:Yb0.18Er0.02 (S2) 
UCNPs were purchased from Sigma-Aldrich: Y(NO3)3⋅6H2O, Gd 
(NO3)3⋅6H2O, Yb(NO3)3⋅5H2O and Er(NO3)3⋅5H2O, NaF, C2H6O2, and 
C56H103N9O39 (CS: 50,000–190,000 Da). Deionized water was used 
throughout. Defined stoichiometric amounts of rare earth nitrates were 
dissolved in 10 mL of deionized water and mixed with 15 mL of chitosan 
solution (0.3 mmol/L). Then, 10 mL of NaF solution was added (F+: 
RE3+ = 14:1). Finally, 35 mL of the ethylene glycol–water (1:1) mixture 
was added. Obtained precursor solution with final concentration of 2.5 
mmol/L was stirred for 20 min and then transferred to a 100 mL Teflon- 
lined autoclave. The synthesis was performed at 200 ◦C (4 h) under 
continuous stirring (100 rpm). After completion of the reaction, ob
tained precipitate was washed/centrifuged with ethanol and water 
several times (8000 rpm, 5 min) and dried at 90 ◦C for 2 h.

The phase composition of the UCNPs was determined by the X-ray 
powder diffraction (XRPD) using Rigaku Smart Lab diffractometer, 
equipped with a Cu-Kα source (λ = 1.5406 Å) using a scanning rate of 
0.02◦/s. The structural data for the powders were acquired through 
Rietveld refinement in Topas 4.2 (Bruker AXS GmbH, Karlsruhe, Ger
many) [29]. The morphological features and chemical purity of the 
particles were investigated by scanning electron microscopy (SEM) 
coupled energy-dispersive X-ray spectroscopy (EDS), SEM- Philips XL 
30/EDAX-Dx4, Amsterdam, Netherlands and transmission electron mi
croscopy (TEM), JEOL JEM 2100. UCNPs structure is additionally 
confirmed by performing selected area electron diffraction (SAED). The 
mean size of particles was calculated from SEM images by measuring 
radius of minimum 200 particles in SemAphore 5.21. Fourier transform 
infrared spectroscopy (FT-IR) was done on a Nicolet iS10 FT-IR Spec
trometer (Thermo Scientific Instruments) in the spectral range from 400 
to 4000 cm− 1. Photoluminescence (PL) emission measurements were 
performed at room temperature using a TE-cooled CCD fluorescence 
spectrometer (Glacier X, BWTEK, Plainsboro, NJ, USA) and 976 nm 
single mode pigtailed BL976-SAG300 laser diode (Thorlabs, Newton, 
NJ, USA For temperature-dependent measurements of PL intensity, a 
PID temperature-controlled plate (Solid State Heat/Cool Plate AHP- 
1200C21, from TECA, Illinois, USA) was employed in the temperature 
range from 20 to 65 ◦C. In order to avoid the local heating of the sample, 
the excitation was performed via laser radiation in pulses of 100 ms. The 
luminescent radiation was collected using a multimode optical fiber 
with a large diameter (0.6 mm) and a large numerical aperture (0.22), 
and further introduced into the spectrometer. All spectrograms were 
recorded without pulse averaging and were fitted with 6 separate 

Gaussian spectral lines, and appropriate integrals were used to find the 
LIR. The stability of the temperature measurement was determined by a 
series of consecutive measurements performed at 25 and 45 ◦C. The 
interval between two consecutive measurements was 2 min at a tem
perature of 25 ◦C and 1 min at 45 ◦C. Ten consecutive measurements 
were performed so that the total time in which stability was observed 
was 20 min and 10 min, respectively for 25 ◦C and 45 ◦C.

For determination of cytotoxicity and capability of UCNPs to be used 
for cell labeling, HS-5 (ATCC®, CRL-3611™) and SCC–25 (ATCC®, 
CRL–1628™) cell lines were used. The cells were cultured in T25 cell 
culture flasks with a complete growth medium − Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10 % Fetal Bovine Serum 
(FBS), 100 U/mL of a penicillin–streptomycin solution, and 400 ng/mL 
hydrocortisone (all chemicals obtained from Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA). The cultivation took place in a humid
ified atmosphere containing 5 % CO2 at a temperature of 37 ◦C. The 
complete growth medium was replaced every 2–3 days.

To assess cytotoxicity, suspensions of S2 were prepared at three 
concentrations: 10, 25, and 50 μg/mL. For each concentration, an 
appropriate mass of S2 was aseptically weighed and suspended in sterile 
water, followed by vigorous shaking and sonication for 3 min. HS-5 
cells, and SCC-25 oral cancer cell lines were seeded in a 96-well plate 
at a density of 10,000 cells per well and incubated at 37 ◦C in a hu
midified atmosphere containing 5 % CO2. After 24 h, 100 μl of S2 so
lution was added to each plate at concentrations of 10, 25, or 50 μg/mL. 
After 24 h of incubation with the cell cultures, the media was discarded, 
and the cells were washed once with PBS. Subsequently, 100 μL of 
medium containing 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenylte
trazolium bromide (MTT, 0.5 mg/mL) (Sigma-Aldrich, St. Louis, USA) 
was added to each well, followed by an additional 4-hour incubation, as 
previously described by Mancic et al. [30]. The supernatant was 
removed, and formazan crystals were dissolved in 100 μl of dimethyl 
sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, USA) by shaking for 20 min 
at 37 ◦C. Optical density was assessed at 540 nm utilizing a microplate 
reader (RT-2100c, Rayto, China). The control group were the cells 
cultured without S2.

Cell labeling was performed using following protocol: SCC-25 and 
HS-5 cells were placed at a density of 104 cells/cm2 onto sterile circular 
glass coverslips with a diameter of 18 mm and incubated for 24 h. After 
that period, the cells were incubated with 10 μg/mL of S2 solution for 
another 24 h. The cell then underwent three PBS rinses, followed by 
fixation with 4 % paraformaldehyde for 20 min. Following fixation, the 
cells were then mounted with Mowiol (Sigma-Aldrich) onto microscope 
slides after being washed three times in PBS to remove para
formaldehyde residuals. Samples were stored in the dark at room tem
perature until imaging.

Two-photon excited (auto)fluorescence of SCC-25 and HS-5 cells and 
up-conversion response of UCNPs were recorded using a custom-made 
nonlinear laser scanning microscope with the excitation wavelengths 
of 730 nm and 976 nm, respectively. Microscope set-up description is 
given elsewhere [30,31]. The signal was collected in back reflection, 
using an oil immersion objective lens with high numerical aperture (EC 
Plan-NEOFLUAR, NA = 1.3; Carl Zeiss AG, Oberkochen, Baden- 
Wurttemberg, Germany). A visible wide range bandpass filter 
(390–695 nm, Thorlabs FESH0700) was used to filter out the laser and 
transmit only the signal. Obtained raw data was processed and analyzed 
using ImageJ software (1.47v, National Institutes of Health, Bethesda, 
MD, USA).

3. Results and discussion

In accordance to JCPDS database, NaYF4 phase at ambient pressure 
and room temperature crystallizes in two crystal forms: a non- 
stoichiometric cubic (α) Fm-3m structure and hexagonal (β) P63/m 
structure, while YF3 phase crystallizes with the orthorhombic Pnma 
arrangement. The XRPD patterns, Fig. 1, reflect that both samples are 
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composed from cubic α phase (JCPDS 01-77-2042). Minor content of YF3 
phase (JCPDS 01-074-0911), as secondary one is noticeable in both 
spectra. The sharp and narrow diffraction peaks indicate the good 
crystallinity of synthetized powders. Based on the XRPD structural 
refinement, introduction of Gd3+ ion (8-fold coordination) with a larger 
ionic radius (1.053 Å) than Y3+ (1.019 Å), led to the slight increase of the 
crystal lattice parameters and crystal strain in sample S2, Table 1. The 
weakening of YF3 reflections in S2 pattern, Fig. 1b, suggests that sub
stitution of gadolinium favors the formation of the single-phase 
αNaY0.65Gd0.15F4:Yb0.18Er0.02, as solid solution.

SEM image of sample S1 shows two distinct particle morphologies 
that include small spherical particles and larger polyhedrons (Fig. 2a), 
well consistent with the presence of two phases observed by XRPD. The 
growth of spherical particles (with a minimized surface energy) typically 
results in the formation of high packing-fraction structures, such as the 
Fm-3 m face-centered cubic one. Well-defined sub-units, visible at the 
particles surface, indicate that these are self-assembled of much smaller 
grains which size is of about few tens of nanometers. Bigger polyhedron- 
shaped particles with a flat surface are also notable, and these are 
associated with the orthorhombic YF3 phase, see Fig. S1. Their content 
lessens in sample S2, Fig. 2c. Both samples are of high elemental purity, 
as it is shown in corresponding energy dispersive spectroscopy analysis, 
Fig. 2b,d. The slight decrease of the mean size of spherical particles 
(from 257 ± 35 nm in S1 to 200 ± 35 nm in S2) is notable from insets in 
Fig. 2b,d. In order to check the crystal structure of spherical particles, 
TEM/HRTEM/SAED analysis of S2 sample is performed, Fig. 3. The clear 
lattice fringes of (111) planes (3.158 Å, JCPDS 01-77-2042) visible in 
Fig. 3c, indicates good crystallinity of spherical αNaY0.65Gd0.15F4: 
Yb0.18Er0.02 nanoparticles, while the SAED spot pattern presented at 

Fig. 3d implies their mesocrystalline structure.
The preservation of chitosan ligands onto their surface is revealed by 

the FT-IR analysis, Fig. 4. Based on the spectra obtained, the following 
chitosan related vibrations are observed in both samples at: 3356 cm− 1 

(stretching vibration of –OH and amine –NH group), 2870 cm− 1 (C–H 
bond in –CH3), 1651 cm− 1(C––O stretching), 1559 cm− 1(NH stretch
ing), 1375 cm− 1(CH3 bending vibrations) and 1051 cm− 1 (C–O 
stretching vibration) [32–34]. Comparing with the spectra of commer
cial chitosan, it may be noticed that in the spectra of S1 and S2 samples, 
the bands of the –OH (and –NH) and –CH stretching are almost un
detectable, while in the 1500–900 cm− 1 range analogous absorption 
bands were present. Their weaker intensities and slight shifting from 
positions in the spectrum of pure chitosan is due to coupling of ligands to 
the nanoparticles surface.

Fig. 5a shows the normalized up-converting (UC) emission spectra of 
both samples under 976 nm excitation. The visible emissions detected at 
408, 523/548, and 655 nm, which originate from 2H9/2, 2H11/2/

4 S3/2, and 
4F9/2 to 4I15/2, transitions of Er3+ ions, define yellowish-green light 
output for S1: CIE 1931 (0.4416 ± 0.0016; 0.5077 ± 0.0031) and for S2: 
CIE 1931 (0.4330 ± 0084; 0.5365 ± 0.0080), Fig. 5b. It is known that 
UC efficiency depends on the ground state absorption (GSA), energy 
transfer (ET), photon avalanche (PA), cooperative energy transfer (CET), 
and energy migration-mediated up-conversion (EMU) mechanisms. 
Simplified energy diagram with a proposed energy transfer processes is 
presented in Fig. 5c. After absorption of NIR photons, Yb3+ ions are 
excited from the 2F7/2 ground state to the 2F5/2 excited state and transfer 
this energy to the 4I11/2 state of the Er3+ ion. Two possible scenarios can 
promote the higher excited levels of Er3+. One is through the green- 
emitting levels (4S3/2 and 2H11/2) populating the 4G,2K manifold, and 
the other is through the red-emitting level (4F9/2) populating the level of 
2H9/2. Non-radiative relaxation from 4F7/2 to the 2H11/2 and 4S3/2 states 
empowers further radiative de-excitations to the ground 4I15/2 state, 
generating green emission at 523 nm (2H11/2 → 4I15/2) and 548 nm (4S3/ 

2 → 4I15/2). Consecutive absorption of two NIR photons is needed for red 
emission from 4F9/2 level. It could be additionally intensified by the non- 
radiative 4F7/2 relaxation. Blue UC emission from 2H9/2 observed at 408 
nm is attributed to ET promoting Er3+ from 4F9/2 up to, or above, the 
blue-emitting 2H9/2 level [17,35–37]. Superior emission of S2 sample 
observed, could be a consequence of more uniform nanoparticle 
morphology and phase purity, but also of Gd co-doping effect on of local 
crystal field asymmetry around emitting Er3+ in αNaY0.65Gd0.15F4: 
Yb0.18Er0.02 structure, as it was indicated earlier for this, and other 
phosphor host materials [38–40].

Fig. 1. XRPD data of samples S1 and S2. The experimental data are shown as the black dotted pattern while the red solid line corresponds to the calculated data. The 
residuals are plotted in the blue line.

Table 1 
Refined microstructural parameters of UCNPs.

Sample Unit Cell Parameters (Å) CS 
(nm)

Strain RBragg

a b C

S1 Cubic 5.524 
(1)

5.524 
(1)

5.524 
(1)

170 
(4)

0.044 
(3)

3.3

Orthorombic 6.332 
(1)

6.846 
(1)

4.408 
(1)

136 
(24)

0.200 
(5)

3.4

S2 Cubic 5.536 
(1)

5.536 
(1)

5.536 
(1)

162 
(7)

0.265 
(3)

0.67

Orthorombic 6.362 
(1)

6.868 
(1)

4.420 
(1)

184 
(8)

0.366 
(8)

1.4
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To check its bio-compatibility through assessing cytotoxicity, MTT 
colorimetric assay was performed. Viability of the HS-5 and SCC-25 cells 
after 24 h incubation with 10, 25 and 50 μg/mL of S2 is expressed in 
percentage and compared to the control cell group viability in Fig. 6. As 
observed from results obtained, both cells exhibited more than 80 % 
viability. Additionally, there was no significant difference in viability of 
cells between groups treated with different concentrations, thus can be 
concluded that S2 sample is non-cytotoxic in concentration up to 50 μg/ 
mL. This agrees well with the determined viability of normal human 
gingival fibroblasts after incubation with α and β-NaYF4:Yb, Er, nano
particles synthetized under similar processing conditions [28,30].

To evaluate S2 potential for non-specific cell labeling, the lowest 
concentration of 10 µg/mL of UCNPs has been tested. HS-5 and SCC-25 
were incubated for 24 h with S2 suspension, and laser scanning micro
scopy was performed afterward. As can be seen in Fig. 7, S2 UCNPs are 
located adjacent to the plasma membrane in the cytoplasmic region of 
both cell lines. All cells treated with S2 retained their distinctive 
morphology, as it is evidenced based on their auto-fluorescence under 
femtosecond laser excitation at 730 nm. The green fluorescent dots 
illustrate distribution of S2 UCNPs under excitation at 976 nm. Their 
positioning, obtained after overlapping of two former images, guaran
tees efficient cell labeling without compromising the integrity of the cell 

nucleus.
Taking into account that UCNPs possess temperature sensing capa

bility due to the existence of thermally coupled levels (TCL) of doped 
activator ions, the intensity of radiative transitions originating from 
those levels changes in function of temperature. This occurs thanks to 
the fact that those levels have a small energy difference, so the higher 
level is thermally filled from the lower one following the Boltzmann 
population distribution rule. The LIR of spectral lines arising from the 
transitions from the TCL to the terminal level, as a function of absolute 
temperature, is: 

LIR(T) =
IH(T)
IL(T)

= B*e−
ΔEHL

kT (1) 

where IH,L are the luminescence intensities of the radiative transitions 
from the upper (H) and lower (L) TCL to the terminal level; ΔEHL is the 
energy difference between H and L levels; k is the Boltzmann constant, 
and T is the absolute temperature. B is the temperature-invariant 
parameter, that belongs to the host material. The absolute and relative 
change of LIR in function of temperature indicates a material’s potential 
to be used for sensing the temperature. The absolute sensitivity of the 
LIR to the temperature change is the partial derivative: 

Fig. 2. SEM with corresponding EDS and size distribution of spherical particles in samples S1 (a, b), and S2 (c, d).
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Sa =

⃒
⃒
⃒
⃒
∂LIR
∂T

⃒
⃒
⃒
⃒ =

ΔEHL

kT2 *B*e−
ΔEHL

kT (2) 

The relative sensitivity is defined by: 

Sr =
Sa
LIR

=
ΔEHL

kT2 *100% (3) 

For Er3+, TCL of interest are 4S3/2 and 2H11/2 levels and corre
sponding transitions to 4I15/2 terminal level, which provoke appearance 

of the green emission. Fig. 8a reveals the change of the emission in
tensity with the rise of the temperature in the physiologically interesting 
temperature range from 20 ◦C to 65 ◦C. The anisotropic shape of wide 
emission peaks implies that their maxima cannot be simply read, and 
therefore a deconvolution needs to be done. The green emission spectra 
were fitted using six gaussian lines of similar spectral width (see Fig. S2) 
and their change with the temperature were examined. Change of the 
intensity of the green 523 nm (2H11/2 → 4I15/2) and 539 nm (4S3/2  → 

Fig. 3. TEM (a-c) and SAED pattern of S2 UCNPs.

Fig. 4. FT-IR spectra of samples S1, S2 and pure chitosan. Inset shows magnified part where the chitosan-related ligands are visible in spectra of S1 and S2.
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4I15/2) emission in a function of temperature, is presented at Fig. 8b. It is 
notable that 2H11/2 → 4I15/2 radiative transition which is dependent of 
two competing processes, population through thermal excitation from 
4S3/2 level and depopulation through nonradiative 4S3/2 level relaxation, 
changed negligible in investigated temperature range. Opposing to it, 
decreasing of 539 nm emission with the temperature increase was 
detected. As it was shown in [41], it is a consequence of enhancing the 
nonradiative relaxation to 4F9/2 level, and thermal population of 2H11/2 
level. Such behavior of two emission lines is beneficial for ratiometric 
fluorescence temperature sensing. The corresponding LIR and the 
exponential line, fitted according to (1), are shown in Fig. 8c. Standard 
deviation for LIR of ± 0.0083, presented at Fig. 8c, was calculated based 
on ten consecutive measurements performed at 25 ◦C. This value does 
not change significantly at higher temperature, see Fig. S3.The fitted 
coefficient in the exponent in (1), equal to − ΔEHL/k, is 853 K, Fig. 8c. 
This value corresponds to the energy difference ΔEHL of 0.0735 eV, 
which agrees very well with the theoretical value of ΔEHL = 0.0704 eV, 
calculated for the transition 523 nm → 539 nm. The absolute and rela
tive sensitivities, calculated using the Eqs. (2) and (3) and experimen
tally obtained ΔEHL, are presented in Fig. 8d. Fig. 8d shows that the 
absolute sensitivity (Sa) increases with increasing temperature. In 
contrast, the relative sensitivity (Sr) shows a quite opposite behaviour – 
its highest value of ~1.3 % K− 1 is obtained at the lowest temperature. As 

can be seen from Table 2, Sr obtained in this work is comparable with the 
values reported for the most efficient βNaYF4:Yb,Er,Gd phase (1.37 % 
K− 1 [42]), and quite higher than of NaYF4/Yb,Er@NaYF4 core shell 
structures (1.1 % K− 1 [43]), in the physiologically interesting temper
ature range.

4. Conclusions

Luminescent, biocompatible NaY1-xGdxF4:Yb/Er nanoparticles were 
obtained in situ by chitosan assisted solvothermal synthesis at 200 ◦C. 
The gadolinium introduction favors formation of αNaY0.65Gd0.15F4: 
Yb0.18Er0.02 UCNPs with a stronger UC emission. The temperature 
dependent change in the green emission intensity, originating from the 
thermalization between 4S3/2 and 2H11/2 levels, was analyzed for 
possible thermometry applications in the physiologically interesting 
temperature range. The detected relative sensitivity of ~1.3 % K− 1, in 
combination with the excellent biocompatibility of UCNPs (cells 
viability greater than 80 %) and efficient HS-5 fibroblast and SCC-25 
oral cancer cells visualization under NIR excitation, making them suit
able for measuring of the temperature in tissues.

Fig. 5. Normalized UC emission spectra of S1 and S2, excited at 976 nm (a) with corresponding CIE 1931 diagram (b) and schematic energy diagram of Yb3+/ Er3+

couple (c).

Fig. 6. Cytotoxicity assay of the sample S2 in HS-5 and SCC-25 after 24 h treatment. The data is shown as the mean ± SD (*P < 0.05, **P < 0.01 denote statistical 
significance).
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Fig. 7. Laser scanning microscopy images of SCC 25 and HS-5 cells incubated with 10 μg/mL of αNaY0.65 Gd0.15 F4:Yb0.18 Er0.02 UCNPs.

Fig. 8. Temperature-dependent UC emission spectra for green emission of αNaY0.65Gd0.15F4:Yb0.18Er0.02 in the physiologically interesting temperature range (a), 
relative intensities of the 523 and 539 nm emissions as a function of temperature (b) LIR (c), and absolute and relative sensitivity (d).
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      Abstract. Cancer represents one of the leading problems of today, with clinical detection oftentimes 

being difficult, currently based on imaging techniques, such as X-ray, computed tomography (CT) and 

magnetic resonance imaging (MRI). However, mortality rate is often reduced by early detection, 

therefore much focus has been directed towards developing methods for early detection of the disease. 

Recent research in the field of nanotechnology is focused on the use of nanoparticles, particularly 

Lanthanide-doped up-conversion nanoparticles (UCNPs), for the detection of cancer cells using near 

infrared (NIR) fluorescence microscopy. The reason for this is that in long-term tracking tests, near-

infrared (NIR) light, has lower phototoxicity and higher tissue penetration depth in living systems as 

compared with UV/VIS light. In this research, NaGd0.8Yb0.17Er0.03F4 UCNPs were prepared by 

solvothermal synthesis in the presence of chitosan, a ligand which enables UCNPs biocompatibility and 

the specific antibody conjugation. Morphological and structural characterization of synthetized UCNPs 

were performed based on X-ray powder diffraction (XRPD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and 

photoluminescence spectroscopy (PL). Results confirmed the presence of the cubic phase with a minor 

portion of hexagonal phase in nanoparticles. Synthesized nanoparticles were conjugated further with 

anti-human CD44 antibodies, labeled with fluorescein isothiocyanate (FITC), which signal is used for 

confirmation of nanoparticles positioning in cells. Such obtained conjugates were successfully used for 

selective in vitro biolabeling of oral squamous cell carcinoma cells. 
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Synthesis and characterization of NaGd0.8Yb0.17Er0.03F4 nanoparticles for selective in 

vitro labeling of cancer cells 

Miljana Piljevic1, Ivana Dinic2, Marta Bukumira1, Mihailo D. Rabasovic1,  

Aleksandar J. Krmpot1, Milos Lazarevic3, Lidija Mancic2 

 
1Photonic Center, Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 

Zemun, 11080, Belgrade, Serbia 
2Institute of Technical Sciences of SASA, Kneza Mihaila St. 35, 11000, Belgrade, Serbia 

3School of Dental Medicine, University of Belgrade, dr Subotica 8, 11000, Belgrade, Serbia 

 

Lanthanide-doped up-conversion nanoparticles (UCNPs) represent a new class of contrast 

agents that show a significant potential in biomedical science for detection of cancer in early 

stages. These nanoparticles have the ability to emit visible or ultraviolet light upon excitation 

by near-infrared light, which enables noninvasive deep tissue imaging. This research presents 

synthesis of NaGd0.8Yb0.17Er0.03F4 UCNPs for selective labeling of oral squamous carcinoma 

cells. Nanoparticles were prepared through solvothermal synthesis in the presence of chitosan, 

a ligand which ensures UCNPs biocompatibility and enables further conjugation of selected 

antibodies. X-ray powder diffraction showed that majority of UCNPs crystallize in cubic 

structure, s.g. Fm3m, followed by low content of hexagonal-phased nanoparticles (~4 wt%). 

Scanning and transmission electron microscopy revealed that the obtained nanoparticles are 

cubic in shape and photoluminescence spectra indicated the double green emissions (2H11/2, 
4S3/2→4I15/2) and a red emission (4F9/2→4I15/2). Presence of protonated amino ligands at UCNPs 

surface, confirmed by Fourier transform infrared spectroscopy and X-ray photo spectroscopy, 

enabled UCNPs conjugation with anti-human CD44 antibodies (already labeled with 

fluorescein isothiocyanate - FITC), and their use for selective labeling of cancer cells. 

Commercially available SCC–25 (ATCC®, CRL–1628™) cancer cell line was used after 

magnetic-activated cell sorting of sub-populations of cells, CD44- and CD44+. For the 

visualization of cells incubated with conjugated UCNPs, Nonlinear Laser Scanning 

Microscopy was used, with Ti:Sapphire laser as a light source, which operates in femto-second 

(fs) pulse mode or continuous wave (CW) mode; fs mode at 730 nm and at 800 nm was used 

for unlabeled cell imaging and the excitation of FITC respectively, while CW mode at 980 nm 

was used for the excitation of UCNPs. Upon 980 nm laser irradiation, it was shown that 

NaGd0.8Yb0.17Er0.03F4 UCNPs conjugated with CD44 antibodies were selectively attached only 

to CD44+ sub-population of cells, while their presence was not detected on CD44- sub-

population of cells. Since CD44 antigen has potential to identify tumorigenic cancer stem cells, 

using the UCNPs conjugated with anti-human CD44 antibodies enables detection of early-

stage cancer.  
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Nonlinear Laser Scanning Microscopy for noninvasive imaging of cells 

labeled by up-converting NaY0.65Gd0.15F4:Yb0.18Er0.2 nanoparticles 

M. Piljević1, I. Dinić2, L. Mancic2, M. Vuković2, M. Tomić2, M. E. Rabanal3, M. Lazarević4, M. D.

Rabasović1 

1Photonic Center, Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Zemun, 11080, 

Belgrade, Serbia 
2Institute of Technical Sciences of SASA, Kneza Mihaila St. 35, 11000, Belgrade, Serbia 

3Department of Materials Science and Engineering and Chemical Engineering, Universidad Carlos III de 

Madrid and IAAB, 28903, Madrid, Spain 
4School of Dental Medicine, University of Belgrade, dr Subotica 8, 11000, Belgrade, Serbia 

e-mail: miljana@ipb.ac.rs

Nonlinear Laser Scanning Microscopy (NLSM) is a modern technique that utilizes ultrafast-pulsed 

lasers in the near-infrared wavelength range, which makes it suitable for noninvasive imaging of living 

cells. In this study, αNaY0.65Gd0.15F4:Yb0.18Er0.2 nanoparticles were synthetized and their potential for 

non-specific cell labeling was investigated using NLSM. These up-converting nanoparticles (UCNPs) 

have a significant potential in biomedical sciences as fluorescent probes for early cancer detection. 

Upon excitation by near-infrared light UCNPs are able to emit visible or ultraviolet photons, enabling 

deep noninvasive tissue imaging. The solvothermal synthesis applied chitosan, a polymer that ensures 

biocompatibility of synthetized UCNPs. Their morphological and structural characterization included 

following analyses: X-ray powder diffraction, scanning electron microscopy coupled with energy-

dispersive X-ray spectroscopy, transmission electron microscopy, Fourier transform infrared 

spectroscopy and photoluminescence spectroscopy. Cell lines tested for labeling and visualization were 

HS-5 fibroblast healthy cells and SCC–25 oral cancer cells. Following nanoparticles incubation in these, 

NLSM was performed using Ti:Sapphire laser (Coherent, Mira 900-F) as a laser light source, operating 

in both, femto-second pulse mode and continuous wave mode. In order to visualize cells through their 

autofluorescence, excitation wavelength of 730 nm in femtosecond mode was used, while for their 

visualization through excitation of incubated nanoparticles continuous wavelength of 976 nm was used. 

Obtained images implied that the UCNPs were located adjacent to the plasma membrane in the 

cytoplasmic region of both healthy and cancer cells, without disturbing the morphology of cells. Besides 

this, UCNPs exhibited relative temperature sensitivity of ~1.3% K-1 indicating their potential for 

measuring the temperature in tissues. 

ORCID: M.P. 0000-0002-6367-8316, I.D. 0000-0002-0909-8230, L.M. 0000-0002-

6620-9582, M.V. 0000-0001-5824-3484, M.T. 0000-0003-1436-2208, M.E.R. 0000-

0002-5090-6498, M.L. 0000-0003-1330-5332, M.D.R. 0000-0002-9235-4388 
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Targeting cancer cells by up-converting NaGd0.8Yb0.17Er0.03F4 nanoparticles 

Ivana Dinić1, Miljana Piljević2, Marina Vuković1, Marta Bukumira2, Mihailo D. Rabasović2, 
Miloš Lazarević3, Lidija Mančić1 

1Institute of Technical Sciences of SASA, Belgrade, Serbia 
2Photonic Center, Institute of Physics Belgrade, University of Belgrade, Serbia 

3Institute of Human Genetics, School of Dental Medicine, University of Belgrade, Serbia 
   
In current medical research, biological imaging holds an important position in diagnostics, as 
it allows visualization of cell morphology and the processes occurring within them. As a result, 
considerable attention has been directed towards the development of novel types of biomar-
kers, including up-converting nanoparticles (UCNP) optically active under near-infrared (NIR) 
radiation. Lanthanide-doped UCNPs offer advantages over currently used fluorophores, due to 
the absence of tissue autofluorescence, minimized local heating, non-bleaching, and stable 
response. In this work, biocompatible NaGd0.8Yb0.17Er0.03F4 UCNPs nanoparticles were synthe-
sized through one-pot solvothermal processing with assistance of chitosan. Obtained 
nanoparticles were analyzed by X-ray powder diffraction (XRPD), field emission scanning 
electron microscopy (FE-SEM), transmission electron microscopy (TEM), Fourier transform 
infrared (FTIR) and photoluminescence (PL) spectroscopy. The findings confirmed crystal-
lization of the cubic crystals with a good luminescence response. To assess the biological safety 
of their use, a cytotoxicity test was conducted. Additionally, nanoparticles were conjugated 
with anti-human CD44 antibodies labeled with fluorescein isothiocyanate (FITC) and incubated 
with HS-5 fibroblasts and oral squamous cell carcinoma OSCC cells. Scanning laser microscopy 
is used for in vitro imaging of labeled cells. Based on the colocation of the FITC and UCNPs 
signals, selective labeling of OSCC cells was verified. 
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