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A B S T R A C T   

Lanthanide-doped up-converting nanoparticles (UCNPs) have emerged as promising biomedical tools in recent 
years. Most research efforts were devoted to the synthesis of inorganic cores with the optimal physicochemical 
properties. However, the careful design of UCNPs with the adequate surface coating to optimize their biological 
performance still remains a significant challenge. Here, we propose the functionalization of UCNPs with four 
distinct types of surface coatings, which were compared in terms of the provided colloidal stability and resistance 
to degradation in different biological-relevant media, including commonly avoided analysis in acidic lysosomal- 
mimicking fluids. Moreover, the influence of the type of particle surface coating on cell cytotoxicity and 
endocytosis/exocytosis was also evaluated. The obtained results demonstrated that the functionalization of 
UCNPs with poly(isobutylene-alt-maleic anhydride) grafted with dodecylamine (PMA-g-dodecyl) constitutes an 
outstanding strategy for their subsequent biomedical application, whereas poly(ethylene glycol) (PEG) coating, 
although suitable for colloidal stability purposes, hinders extensive cell internalization. Conversely, surface 
coating with small ligand were found not to be suitable, leading to large degradation degrees of UCNPs. The 
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analysis of particle’ behavior in different biological media and in vitro conditions here performed pretends to help 
researchers to improve the design and implementation of UCNPs as theranostic nanotools.   

1. Introduction 

Lanthanide-doped up-converting nanoparticles (UCNPs) have been 
intensively studied in recent years thanks to their ability to convert near- 
infrared (NIR) excitation into ultraviolet (UV) and visible (Vis) emis
sions [1–3]. In the most typical design, UCNPs consist of NaYF4 matrices 
doped with Yb3+ ions as sensitizers that collect and transfer energy to co- 
doped lanthanide ions (e.g. Er3+, Tm3+) [4–6]. These activator ions 
provide intermediate metastable 4f excited states, which can generate 
effective up-converting luminescent emission upon sequential absorp
tion of multiple low-energy photons into the energy levels of lanthanide 
dopants. Due to the long-lived intermediate energy states of lanthanide 
ions, UCNPs display enhanced properties compared to other lumines
cent materials, such as semiconductor quantum dots or organic dyes, in 
terms of luminescence lifetimes or resistance to photobleaching [7,8]. 
The intense tunable reemissions from UCNPs upon the absorption of NIR 
radiation allow deep and sharp tissue penetration, having been exploi
ted in the biomedical field for detection [9], bioimaging [10], drug 
delivery [11], or photodynamic therapy [12]. 

Nevertheless, in view of the increasing use of UCNPs in biological 
applications, their potential dissemination, interactions with human 
cells/tissues, and potential harmful side effects must be considered in 
their design [13,14]. In this sense, it is worth mentioning the existence 
of several previous works that demonstrate the risks associated with the 
use/exposition of/to rare earth elements present in the structure of 
UCNPs [15–18]. In the specific case of nanoparticulated systems, the 
degradation of UCNPs involves important releases of F− , Y3+ and Yb3+

ions, giving rise to the presence of insoluble salts of lanthanide phos
phates upon incubation in phosphate buffers [19]. To shield their 
interaction with the surrounding biological environment and avoid 
unwanted degradation while providing colloidal stability and biocom
patibility, the surface chemistry of UCNPs appears as an essential factor 
[1,13,20]. Many different types of ligands and coatings have been pro
posed, ranging from small molecules and surfactants (e.g. ethylenedi
amine tetra(methylene phosphonic acid)) [16,21], to polymers (e.g. poly 
(ethylene glycol) (PEG)) [22–24], and inorganic coatings (e.g. silica) 
[24,25]. However, most commonly used coatings were unable to hinder 
the degradation of the UCNPs in biologically relevant media such as 
acidic lysosomal-mimicking fluids, thus varying their properties and 
compromising cell viability. 

Prompted by these findings, in this work we designed highly crys
talline UCNPs and rendered them dispersible in biological media by 
means of different nanoparticle surface coatings. Besides evaluating a 
typical capping agent such as PEG, three other less explored coatings 
were analyzed: a polymer as poly(isobutylene-alt-maleic anhydride) 
modified by grafting with dodecylamine (PMA-g-dodecyl); and two 
small ligands such as meso-2,3-dimercaptosuccinic acid (DMSA) and 2- 
aminoethyl dihydrogen phosphate (AET). The evaluation of PMA-g- 
dodecyl was motivated by its proven excellent performance as coating in 
both magnetic and gold nanostructures [26–28], being its use with rare 
earth-based nanoparticles still very limited [29]. UCNPs functionaliza
tion with DMSA was analyzed despite its low suitability a priori owing to 
its small molecular size; nevertheless, in the basis of an own previous 
work, this coating rendered large ferrimagnetic nanostructures, which 
are prone to aggregate, highly stable in biological media [30]. Finally, 
AET coating was selected as an alternative low-molecular-weight ligand 
to establish a direct comparison with DMSA [29,31,32]. The influence of 
these nanoparticle coatings on the colloidal stability, degradation, 
biocompatibility, and cell endocytosis/exocytosis of UCNPs was 
exhaustively evaluated. 

2. Experimental 

2.1. Materials 

The detailed list of materials can be found in Supplementary 
Information. 

2.2. Synthesis of UCNPs 

Highly-monodisperse cubic-shaped β-NaYF4:Yb0.18Er0.02 UCNPs 
were obtained by mixing 1.60 mmol of YCl3⋅6H2O, 0.36 mmol of 
YbCl3⋅6H2O and 0.04 mmol of ErCl3⋅6H2O with 33 mmol of oleic acid 
(OA) and 30.0 mL of 1-octadecene. The solution was heated to 150 ◦C 
and keep for 1 h under vacuum to eliminate oxygen and water traces. 
After cooling down to room temperature, 8 mmol of NH4F and 5 mmol of 
NaOH in 10 mL of methanol were added, forming a translucent yellow- 
white solution after 30 min stirring at 50 ◦C. The methanol was evap
orated by increasing the temperature to 80 ◦C under vacuum and, after 
20 min, the solution became transparent. Then, the mixture was heated 
at 7 ◦C⋅min− 1 up to 300 ◦C under N2 atmosphere and kept at reflux for 1 
h. The UCNPs were precipitated by adding methanol and centrifuging 
(2000 rcf, 10 min) and finally redispersed in chloroform [33,34]. The 
composition, size, and morphology of the UCNPs were tuned by modi
fying the ratios between lanthanide precursors and OA (see amounts of 
reagents used for the synthesis of each type of UCNPs in Supplementary 
Information: Table S1). 

2.3. Aqueous phase transfer of UCNPs 

AET, DMSA and PEG functionalization: 20 mg of dried OA-capped 
UCNPs were dispersed in 5 mL of 1.0 mM HCl for 3 h. The remaining 
OA was extracted with 5 mL diethyl ether (three times). Next, the UCNPs 
were precipitated by adding acetone and centrifuging (1000 rcf, 15 min) 
and redispersed in 5 mL of AET, DMSA or PEG aqueous solutions (5 
mg⋅mL− 1) under sonication for 15 min. PMA functionalization: PMA was 
initially modified with dodecylamine (PMA-g-dodecyl) as reported 
elsewhere [35]. Then, 1 mL of OA-capped UCNPs at 5 mg⋅mL− 1 was 
mixed with 1.5 mL of PMA-g-dodecyl at 0.25 M (monomer concentra
tion), adding additional 5 mL of chloroform. The solvent was slowly 
evaporated in a rotavap and dried UCNPs were redispersed in 2 mL of 
0.10 M sodium borate buffer (SBB) at pH 12. In all cases, the obtained 
UCNP@AET, UCNP@DMSA, UCNP@PEG or UCNP@PMA were 
collected by centrifugation (21000 rcf, 30 min) and washed three times 
to remove the excess of surface ligands. 

2.4. Colloidal stability and degradation of UCNPs 

Spherical-shaped β-NaYF4:Yb0.18Er0.02 UCNPs with the different 
surface coatings were dispersed in SBB, Dulbecco’s modified Eagles’s 
medium (DMEM), DMEM supplemented with 10 % (v/v) of fetal bovine 
serum (FBS), phagolysosomal mimicking medium (PSF), or PSF sup
plemented with 1 mM KF. The variations of ζ-potential and hydrody
namic size values were measured for 4 days. The degradation of UCNPs 
was evaluated by quantifying the released F− ions and the variation of 
luminescence emission intensity. For F− release studies, 1 mg⋅mL− 1 of 
UCNPs were dispersed in the selected medium at 37 ◦C and incubated for 
the analyzed time. Afterwards, the UCNPs were collected by centrifu
gation (15000 rcf, 5 min), followed by ultrafiltration (MW 30 kDa) to 
eliminate any remaining particle. A potentiometric system with 
fluoride-ion-selective electrode (Methrom, Titrator Excellence T7) was 
used to quantify the amount of F− in the supernatants. Experimental 
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details about luminescence emission measurements can be found in 
Supplementary Information. The experiments were performed in 
triplicate. 

2.5. Characterization 

Details of the characterization techniques can be found in Supple
mentary Information. 

2.6. In vitro cell assays: Cytotoxicity and internalization of UCNPs 

Tumoral human cervical HeLa cells, murine Balb/3T3 fibroblasts and 
Raw 264.7 murine macrophages were purchased from Cell Biolabs (San 
Diego, CA, USA) and grown at standard culture conditions (5 % CO2 at 
37 ◦C) in DMEM supplemented with 10 % (v/v) FBS, 2 mM L-glutamine, 
1 % (v/v) penicillin/streptomycin, 1 mM sodium pyruvate, and 0.1 mM 
nonessential amino acids. The in vitro cytotoxicity UCNPs was evaluated 
by means of the CCK-8 cytotoxicity assay. These cell viability data were 
complemented by measuring the cytokine release from macrophages, an 
indication of the inflammatory stress supported by cells which may lead 

to apoptosis. On the other hand, the uptake and internalization of UCNPs 
within HeLa cells was monitored by confocal microscopy. In addition, 
the influence of the UCNPs surface coating on cell internalization and 
clearance was also quantified by means of inductively coupled plasma 
mass spectrometry (ICP-MS). Experimental details of these procedures 
can be found in Supplementary Information. 

3. Results and discussion 

3.1. Synthesis and physical characterization of UCNPs 

In a typical synthetic procedure (see Experimental Section for de
tails), monodisperse UCNPs were obtained through a bottom-up thermal 
decomposition method [36–38]. The morphology of the nanostructures 
can be controlled by varying the molar ratio between OA and lanthanide 
chlorides (Ln3+) in precursor mixtures. In this way, we synthesized 
UCNPs based on NaYF4 matrices doped with 18 % Yb3+ and 2 % Er3+

(NaYF4:Yb0.18:Er0.02) displaying cubic, rod and spherical shape at OA: 
Ln3+ molar ratios between 16.5 and 21.5 (Fig. 1A-D; Table S1 in Sup
plementary Information). 

Fig. 1. Transmission electron microscopy (TEM) images of NaYF4:Yb0.18:Er0.02 UCNPs with: (A) cubic, (B-C) rod, and (D) spherical morphology prepared at OA:Ln3+

molar ratio of 16.5, 19.0, 20.0 and 21.5, respectively. NaYF4:Yb0.18:Tm0.005 UCNPs with (E) cubic, (F) mix rod/hexagonal, and (G-H) spherical morphology prepared 
at OA:Ln3+ molar ratio of 16.5, 19.0, 20.0 and 21.5, respectively. (I) NaGdF4:Yb0.18:Er0.02 nanospheres prepared at OA:Ln3+ molar ratio of 19.0. Insets show sta
tistical frequency (%) vs. size (nm) distributions (edge length for cubes, diameter for spheres and hexagons; length for rods; width distributions of rod-shaped UCNPs 
can be found in Fig. S1 in Supplementary Information). Scale bars 100 nm. 
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The different morphology of the designed UCNPs was attributed to 
the effect of the amount of OA chains incorporated in the synthetic 
process on the bottom-up growth mechanism of the particles. For a 
hexagonal NaYF4 lattice (determined by X-ray diffraction (XRD), see 
below), the area of the {1010} facet exceeds that of the {0001}, so that 
the latter will have a higher surface energy and a faster growth rate. 
Thus, when the OA:Ln3+ molar ratio is low, OA molecules would pref
erentially adsorb onto the {0001} facets, giving rise to nanocubes 
(Fig. 1A). With further increases in the OA:Ln3+ molar ratio, the number 
of OA molecules reaches saturation on the {0001} facet and becomes 
progressively larger on the {1010} one, with larger surface area; in this 
manner, the growth velocity becomes progressively similar along the 
{0001} and {1010} directions, giving rise firstly to nanorods (Fig. 1B- 
1C) and, then, to nanospheres when the velocity is equal in both facets 
(Fig. 1D) [39]. 

On the other hand, and despite the main focus of this work was to 
analyze the effect of the surface coating of UCNPs on their biological 
performance, we have also demonstrated the versatility of our strategy 
by synthesizing UCNPs with different compositions. Thus, the emission 
spectrum of the UCNPs was selectively tuned by incorporating Tm3+

instead of Er3+ as doping activator ions (NaYF4:Yb0.18:Tm0.005). The 
substitution of 2 % Er3+ by 0.5 % Tm3+ slightly decreases the OA:Ln3+

ratios at which the morphology transitions take place, being this 
attributed to the already established effect of lanthanide activator and 
extent of doping on the structure and physicochemical characteristics of 
the resulting UCNPs [40]. In this way, cubic-shaped, a mix of rods and 
hexagons and spherical-shaped UCNPs were obtained at OA:Ln3+ ratios 
of 16.5, 19.0 and 20.0–21.5, respectively (Fig. 1E-H). Additionally, 
UCNPs composed of Gd3+ instead of Y3+ as constituent of the host 
matrices obtaining spherical-shaped NaGdF4:Yb0.18:Er0.02 UCNPs at a 

Fig. 2. Structural and luminescence characterization of UCNPs. (A) EDX mapping analysis of spherical-shaped NaYF4:Yb0.18:Er0.02 UCNPs (Scale bars 50 nm). (B) 
XRD patterns and (C) luminescence spectra upon 980 nm-laser excitation of cubic- (black) and spherical-shaped (green) NaYF4:Yb0.18:Er0.02, NaGdF4:Yb0.18:Er0.02 
(red), and NaYF4:Yb0.18:Tm0.005 (purple) UCNPs. Photographs in (C) show the bare-eye emissions at different wavelengths of thulium- and erbium-doped UCNPs. 
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fixed OA:Ln3+ molar ratio of 19.0 (Fig. 1I). However, as previously 
mentioned, these nanostructures were designed only as a proof of 
concept to demonstrate the versatility of our strategy to obtain UCNPs 
with different sizes, morphologies and/or compositions. An exhaustive 
study of their properties and applications will be the subject of a 
forthcoming publication. 

ICP-MS measurements confirmed the formation of the host matrices 
based on yttrium or gadolinium and the successful incorporation of the 
different sensitizer and activator ions within them according to the 
established precursor ratios (Additional File 1: Table S2). Moreover, 
energy-dispersive X-Ray (EDX) analysis was also performed for 
spherical-shaped NaYF4:Yb0.18:Er0.02 UCNPs as example, confirming the 
presence of the different constitutive elements within the crystal 
matrices (Fig. 2A). On the other hand, XRD characterization showed that 
all the synthesized UCNPs display β-hexagonal crystal lattices, which 
agrees with their excellent luminescent emissions (Fig. 2B; see also 
Fig. S2 in Supplementary Information, where all the spectrums are 
represented). The presence of some minor residual peaks in XRD spectra 
(denoted with *) indicate the existence of small parts of particles’ 
structure with α-cubic crystallographic phase, while the peaks at ca. 32◦

arise from the presence of remaining OA chains. In terms of photo
emission properties, NaYF4:Yb0.18:Er0.02 UCNPs showed main emissions 
at 524 nm (2H11/2 → 4I15/2; green), 540 nm (4S3/2 → 4I15/2; green), and 
654 nm (4F9/2 → 4I15/2; red) upon excitation with a non-collimated 980 
nm laser beam. NaYF4:Yb0.18:Tm0.005 UCNPs displayed emission bands 
at 360 nm (1D2 → 3H6; UV), 451 nm (1D2 → 3F4; violet), 476 nm (1G4 → 
3H6; blue), and 840 nm (3H4 → 3H6; NIR), respectively, while NaGdF4: 
Yb0.18:Er0.02 UCNPs showed similar emission lines as those of NaYF4: 
Yb0.18:Er0.02 ones, as expected given their same activator element 
(Fig. 2C). 

3.2. Surface modification of UCNPs 

For the intended biological applications of UCNPs, it is required to 
provide them with long-term colloidal stability in biological media 
while preventing their aggregation and/or degradation. For this pur
pose, we performed four different surface coatings of the designed 
UCNPs, taken spherical-shaped NaYF4:Yb0.18:Er0.02 nanostructures as a 
model for their subsequent evaluation in various media of biological 
interest. The UCNPs with the different stabilizing agents were denoted 
as UCNP@AET, UCNP@DMSA, UCNP@PEG and UCNP@PMA. 

As expected, non-modified UCNPs with OA chains on their surface 
obtained by thermal decomposition were highly agglomerated when 
trying to disperse in water, displaying an average hydrodynamic size of 
438 ± 47 nm (Fig. 3A). After the functionalization processes, the suc
cessful attachment of the different ligands to the UCNPs surface was 
evaluated by Fourier-transform infrared spectroscopy (FTIR) (Fig. 3B; 
see the bonds associated with each band in Fig. S3 in Supplementary 
Information) [28,30,41–45]. Furthermore, the subtle changes observed 
in the particle surface charge also confirmed the successful attachment 
of the coating molecules to the UCNPs, displaying average ζ-potential 
values of − 7.5 ± 1.9 (UCNP@AET), –23.8 ± 2.6 (UCNP@DMSA), − 14.7 
± 1.5 (UCNP@PEG), and –22.5 ± 1.9 mV (UCNP@PMA). Thermogra
vimetric analysis (TGA) was performed to establish the weight per
centage of the nanostructures attributed to the coating layers, observing 
that small ligands such as DMSA represent only ca. 12 % of weight of 
functionalized UCNPs while this percentage increases up to ca. 20 % in 
the case of larger polymeric structures such as PMA-g-dodecyl (Fig. S4 in 
Supplementary Information). Finally, dynamic light scattering (DLS) 
data showed that all the surface coatings provided the UCNPs with an 
initial high stability in water, displaying similar hydrodynamic sizes 
ranging from 104 to 110 nm (Fig. 3A). 

3.3. Colloidal stability of UCNPs in biological media 

The colloidal stability of coated UCNPs was evaluated by monitoring 

their hydrodynamic size and ζ-potential upon 48 h incubation in two 
complex biological media: DMEM supplemented with 10 % (v/v) FBS 
and PSF. Thus, UCNP@AET displayed an initial hydrodynamic size of 
106 ± 8 nm in supplemented DMEM, which slightly increased within 
the first 12 h of incubation up to 122 ± 6 nm, probably due to a com
bination of protein adsorption and certain particle destabilization 
caused by the high ionic strength of the medium. Further incubation led 
to remarkable particle size increasing up to 139 ± 9 nm. In the case of 
UCNP@DMSA, the initial hydrodynamic size was 102 ± 7 nm, dis
playing a starting ζ-potential of − 13.3 ± 0.7 mV. The hydrodynamic size 
was observed to slightly increase along incubation up to 117 ± 5 nm, 
probably as consequence of the formation of a thin protein corona. No 
appreciable variation in their surface charges was noted except at 48 h of 
incubation, for which the ζ-potential slightly increased to − 11.7 ± 0.5 
mV. For UCNP@PEG, the initial hydrodynamic size and ζ-potential 
values (101 ± 8 nm and − 13.4 ± 1.0 mV, respectively) barely changed 
during the incubation time thanks to the steric hindrance provided by 
this polymer. The surface charge of UCNP@PEG was slightly negative as 
a consequence of the delocalization of electron pairs in the ether bond of 
PEG monomers, but contribution of some adsorbed protein molecules 
onto the particles’ surface cannot be completely neglected [46,63]. 
UCNP@PMA showed an initial hydrodynamic size of 106 ± 9 nm and 
ζ-potential value of − 14.3 ± 1.8 mV, and both magnitudes barely varied 
during incubation time, which denoted an outstanding stability of 
UCNP@PMA in this medium (Fig. 3C). 

On the other hand, when the incubation was performed in PSF (see 
composition in Table S3 in Supplementary Information), important 
variations in the colloidal stability of the coated UCNPs were noted 
(Fig. 3D). UCNP@AET hydrodynamic sizes were observed to largely 
increased from the beginning of the incubation process up to 507 ± 48 
nm after 48 h, denoting a strong aggregation consequence of the expe
rienced degradation, as shown later. UCNP@DMSA also underwent a 
remarkable increase on their hydrodynamic size during incubation from 
up 202 ± 19 nm, with ζ-potential varying from − 5.1 ± 0.5 to − 11.9 ±
1.8 mV. This denoted that DMSA coating provided better stability than 
AET, particularly at short incubation times, but both ligands are not 
suitable to achieve the desired protection of UCNPs in PSF. UCNP@PEG 
and UCNP@PMA showed high stability in acidic media, with hydrody
namic sizes within the range 110–125 nm during incubation and no 
signs of aggregation. On the other hand, progressive reductions in their 
surface potentials were observed up to − 9.7 ± 0.6 mV and − 14.6 ± 1.4 
mV, respectively, thus providing certain electrostatic stability in addi
tion to polymeric steric hindrance. (Fig. 3D). In summary, PEG and 
PMA-g-dodecyl coatings were able to provide UCNPs with high stability 
under some cell mimicking conditions, whereas DMSA and, especially, 
AET coatings become more unstable and were not able to hinder the 
aggregation of ceramic UCNPs. 

3.4. UCNPs degradation 

In addition to the two media in which we previously assessed 
colloidal stability, the degradation study of UCNPs was expanded to 
other two simpler media: non-supplemented DMEM and SBB. Moreover, 
to analyze the effect of the presence of added F− ions on the degradation 
of UCNPs, we also studied PSF media supplemented with 1 mM KF. In 
this regard, it is worth mentioning that fluoride anions are essential in 
human body, being a micronutrient necessary to, for instance, prevent 
dental cavities and promote healthy bone growth [47,48]. 

As expected from previous studies [14,21], the designed UCNPs were 
low-degraded when dispersed in SBB medium, displaying reduced re
leases of F− ions and low decays on luminescence intensities even after 
96 h incubation (Fig. 3E(i)-3F(i)). This low degradation degree was 
especially remarkable for UCNP@PMA and UCNP@PEG. A similar 
behavior was observed when the UCNPs were dispersed in non- 
supplemented DMEM (Fig. 3E(ii)-3F(ii)). In the case of DMEM-FBS 
medium, UCNP@PMA and UCNP@PEG maintained a low degradation 
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Fig. 3. Colloidal stability and degradation of the UCNPs in biological media. (A) Population hydrodynamic diameter distributions and (B) FTIR spectra of spherical- 
shaped NaYF4:Yb0.18:Er0.02 UCNPs coated with OA (black), AET (red), DMSA (blue), PEG (green), and PMA-g-dodecyl (magenta) dispersed in water after 0 h in
cubation at 37 ◦C. Colloidal stability of the functionalized UCNPs when: (C) incubated in DMEM + 10 % (v/v) FBS analyzed in terms of (i) hydrodynamic size and (ii) 
ζ-potential variation; (D) incubated in PSF analyzed in terms of (i) hydrodynamic size and (ii) ζ-potential variation. (E) Fraction of F− released from NaYF4:Yb0.18: 
Er0.02 UCNPs (XF) upon incubation in (i) SBB, (ii) DMEM, (iii) DMEM + 10 % (v/v) FBS, (iv) PSF, and (v) PFS + 1 mM KF. (F) Luminescence decay ratio of NaYF4: 
Yb0.18:Er0.02 UCNPs (L/L0) upon incubation in (i) SBB, (ii) DMEM, (iii) DMEM + 10 % (v/v) FBS, (iv) PSF, and (v) PFS + 1 mM KF. UCNPs concentration was 10 
μg⋅mL− 1 in all cases in (E) and (F). Polydispersity index associated with each DLS measurement can be found in Table S4 in Supplementary Information. 
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degree, but it increased markedly in the case of the particles coated with 
DMSA and, especially, AET (Fig. 3E(iii)-3F(iii)), being this fact attrib
uted to the loss of stability derived from the larger adsorption of proteins 
on UCNPs’ surfaces. On the other hand, more important transformations 
of UCNPs occurred when incubated in PSF, observing large releases of 

F− ions and notable decays on luminescence signals, being these 
particularly stronger for UCNP@AET (Fig. 3E(iv)-3F(iv)). Interestingly, 
the presence of added F− ions in the PSF medium strongly decreased the 
degradation degree of the UCNPs (Fig. 3E(v)-3F(v)), in agreement with 
the fact that the maximum F− concentration is determined by its 

Fig. 4. Microscopy analysis of UCNPs degradation. TEM images of spherical-shaped NaYF4:Yb0.18:Er0.02 UCNPs coated with AET, DMSA, PEG and PMA-g-dodecyl 
upon 0–48 h incubation in (A) DMEM + 10 % FBS and (B) PSF. Scale bars 100 nm. 
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equilibrium value [19,49,50]. 
The observed relationship between the loss of luminescence and F−

release from UCNPs is consistent with previous reports [19,51], being 
derived from the key role of particles crystallinity on the intensity of 
their luminescence emissions. However, luminescence signals can be 
also affected by flocculation of UCNPs or heterogeneous precipitation of 
other materials on the particles’ surface (e.g. phosphates in the case of 
PBS buffers) [52]. The effect of particle’s concentration was also briefly 
evaluated using UCNP@AET, observing larger degradation degrees in 
diluted dispersions (Fig. S5 in Supplementary Information). This fact 
might be considered when preparing dispersions with low circulating 
concentrations in the order of few tens/hundreds of μg of UCNPs per mL, 
such as those typically used in biological applications [53]. 

TEM images were also acquired to evaluate the structural and 
physicochemical alterations of the diverse types of functionalized 
UCNPs when incubated in DMEM supplemented with FBS and PSF 
(Fig. 4). In the case of DMEM-based media, it was observed that the 
previously determined luminescence emission losses and large release of 
F− ions from UCNP@AET resulted in a low structural stability of the 
particles. UCNP@DMSA showed a remarkably lower degradation de
gree, being only noted some particle agglomeration. UCNP@PEG and 
UCNP@PMA maintained their well-defined morphology, in agreement 
with their lower release of F− ions to the medium, thus confirming the 
best protection against degradation provided by these coatings (Fig. 4A). 
Similarly, TEM analysis confirmed the important alteration of UCN
P@AET dispersed in PSF, with a partial loss of morphology and the 
formation of intertwined or agglomerated particle chains after 48 h of 
incubation. In the case of UCNP@DMSA, some particle surface alter
ations could be observed after incubation, being these variations more 
important than those previously observed when dispersed in DMEM- 
based medium. In the case of UCNP@PEG and UCNP@PMA, they 
again maintained high degrees of monodispersity upon 48 h incubation 
in PSF (Fig. 4B). 

In summary, we have demonstrated that PEG and, more especially, 
PMA-g-dodecyl coatings, provided UCNPs with high colloidal stability 
and resistance to degradation. In particular, PMA-g-dodecyl coatings 
preserved the luminescence intensities of UCNPs above 90 % and 80 % 
of original values after 96 h incubation in DMEM-based media and PSF, 
thus constituting a significantly higher protector against particles’ 
degradation than other previously proposed surface modifications 
[52,54]. The excellent performance of PMA-g-dodecyl coatings to render 
different nanostructured materials highly stable in aqueous media 
[26,28] is derived from the mechanism used to attach the polymeric 
molecules. In this sense, it was reported that surface coatings based on 
the deposition of additional amphiphilic layers, maintaining the original 
hydrophobic layers (i.e. polymer coating), gave rise to UCNPs with 
reduced non-radiative quenching by aqueous media in comparison with 
those that were rendered water-dispersible via ligand exchange pro
cesses [23]. 

We want to highlight that, unlike most previous works in which 
stability studies were very limited to PBS or DMEM-based media, the 
evaluation of the behavior of UCNPs in PSF here performed provided 
important information about the optimal coating of UCNPs. Thus, 
although the coatings with AET and DMSA rendered UCNPs with 
reasonably good protection when incubated in the most common media, 
their performance drastically dropped when they were evaluated in PSF. 
This fact limits the use of these surface modifications in applications that 
require the cellular internalization of UCNPs. To the best of our 
knowledge, the behavior of UCNPs in PSF media has hardly been 
analyzed before [16], being this stability/degradation study a valuable 
guide for the design nanostructures with cell internalization potential. 

3.5. In vitro evaluation of UCNPs 

Thanks to their outstanding optical properties, UCNPs are being 
widely studied as potential nanotools for multimodal imaging and 

photodynamic therapy, amongst other applications. However, the po
tential harmful effects due to particle biotransformation or inherent 
component toxicity might preclude their translation to the clinics. To 
determine whether the UCNPs with the performed coatings are 
biocompatible, the viability of Balb/3T3 murine fibroblasts and human 
cancerous HeLa cells was assessed after 24–48 h of UCNPs administra
tion by means of CCK-8 toxicity assays. 

As observed in Fig. 5A-C, all types of coated UCNPs were non-toxic 
for both cell lines after 24 h of incubation, with viabilities above 80 
%. After 48 h, UCNPs showed a more remarkable concentration- and 
coating-dependent toxicity (Fig. 5B-D). Thus, cell viabilities larger than 
80 % were only achieved at particles’ concentrations below 9.1 and 36 
μg⋅mL− 1 when HeLa and Balb/3T3 cells were incubated in the presence 
of UCNP@AET. In particular, this kind of particles showed the lowest 
observed cell viability, reaching 41 % after 48 h of incubation in HeLa 
cells at the highest analyzed concentration (Fig. 5B). This behavior was 
attributed to the large release of F− ions from the structure of UCN
P@AET that can be harmful for cells, particularly for cancerous ones, 
which have a more accelerated metabolism. In the case of 
UCNP@DMSA, the critical concentration above which cell viabilities 
decreased below 80 % was 36 μg⋅mL− 1 in both cell types. For their part, 
UCNP@PEG and UCNP@PMA showed high cytocompatibility, with vi
abilities above 90 % for all the analyzed concentrations in both cell lines 
(Fig. 5A-D). 

The cytocompatibility of UCNPs was also evaluated by measuring the 
release of IL-6 and TNF-α cytokines from RAW 264.7 murine macro
phages upon 24 h incubation. Although cytokine production is not 
directly related to cell mortality, it is a well-established indication of 
inflammatory stress supported by cells, which may lead to their 
apoptosis. The obtained results confirmed previous CCK-8 viability data, 
with UCNP@PMA and UCNP@PEG showing similar cytokines release 
than control cells. UCNP@DMSA and UCNP@AET reached much larger 
values, which confirm the high inflammatory stress induced by these 
typologies of particles in the cells, especially in the case of UCNP@AET 
at large concentrations. Bare UCNPs were also evaluated, observing 
cytokines release values up to six times those observed in control cells 
due to the low biological stability and the consequent high stress 
induced by these non-functionalized nanoparticles (Fig. S6 in Supple
mentary Information). 

Next, the internalization of UCNPs within HeLa cells was monitored 
through confocal microscopy. It is well-known that the quantum yield 
from upconversion in UCNPs is highly dependent on their surface 
chemistry, this being a factor that can distort the evaluation of the 
internalization of UCNPs with different coatings through the study of 
confocal microscopy images. However, the previously performed eval
uation of their luminescence in biological media (Fig. 3F) allowed the 
use of emission intensity observed on confocal images to qualitatively 
compare the internalization degrees of the different particles. Thus, the 
internalization degrees of UCNP@PEG, UCNP@PMA and UCNP@DMSA 
in the first 24 h incubation can be directly compared based on the 
luminescence observed on the confocal images (similar emission pro
files), while the strong decays on the luminescence of UCNP@AET must 
be considered on the analysis. 

Fig. 5E shows a strong luminescence inside the cytoplasm of HeLa 
cells along the first 6 h of incubation for UCNP@AET, which denotes a 
large cell uptake. The luminescence pattern indicates that the particles 
were aggregated within the cells, probably inside endo/lysosomes due 
to their lower pH, which would agree with colloidal stability data. 
However, after 24 h incubation the luminescence signals strongly 
decreased due to UCNPs degradation. The biological-induced removal of 
AET on the particle surface can be the origin of such degradation process 
since similar phosphate-based coatings have been demonstrated to be 
unable to protect the particles under abiotic and biotic conditions [16]. 
On the other hand, UCNP@DMSA and UCNP@PEG were also initially 
internalized within the cells, but at much lower extents than UCN
P@AET, due to the positive surface charge of these last ones in 
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comparison to the negatively charged cell membranes. For 
UCNP@DMSA, the luminescence signals from the particles were 
observed to progressively increase with incubation time and become 
more intense than for UCNP@AET after 24 h of incubation (Fig. 5E). 
This confirms the better protection of UCNPs provided by the DMSA 
coating compared to AET. Conversely, PEGylated nanostructures 
showed initially lower fluorescent signals within the cells, originated 
from the stealth properties of the PEG coating layer hindering in
teractions with cells and, thus, leading to lower uptakes. Nevertheless, 
once internalized, this type of UCNPs was well preserved within the 
cells, as denoted by the luminescence signals observed after 24 h of 
incubation. On the other hand, UCNP@PMA were initially internalized 
at similar degree than UCNP@DMSA, but they remain much more 
luminescently active inside the cells for longer times, corroborating the 
excellent protective role provided by this polymeric coating (Fig. 5E). 
The percentage of HeLa cells with internalized surface coated UCNPs 

after 6 and 24 h incubation was quantified from the obtained confocal 
microscopy images, corroborating the previously described observations 
(Fig. S7 in Supplementary Information). 

To confirm previous microscopy observations, the internalization of 
the different ligand-coated UCNPs inside HeLa cells was quantified by 
ICP-MS. Fig. 5F shows that the content of UCNP@AET inside cells was 
large and reached a maximum after 6 h of administration to subse
quently decrease in agreement with confocal images. Conversely, 
internalized UCNP@DMSA reached a maximum inside cells after 24 h of 
administration to slightly decrease afterwards. A similar pattern was 
also observed for UCNP@PMA. Regarding UCNP@PEG, they were 
internalized at lower extents than the other types of UCNPs, which 
confirmed the stealthiness provided by PEG. Thus, we showed that, 
although AET coating promotes a rapid internalization of UCNPs within 
HeLa cells, the low protection provided caused faster degradation, 
agglomeration, and excretion of the particles. PMA-g-dodecyl and DMSA 

Fig. 5. Cell viability, endocytosis, and exocytosis of spherical-shaped NaYF4:Yb0.18:Er0.02 UCNPs. Viability of HeLa cells after (A) 24 h and (B) 48 h, and Balb/3T3 
cells after (C) 24 h and (D) 48 h of incubation with UCNPs. (E) Confocal images of HeLa cells after 6 h and 24 h incubation with UCNPs (Scale bars 10 µm). 
Quantification of UCNPs (F) endocytosed into HeLa cells and (G) exocytosed from HeLa cells after different incubation periods. 
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coatings allowed a more sustained internalization over time and pro
vided the UCNPs with the adequate protection to preserve their lumi
nescence properties inside cells, while PEG modification prevents the 
internalization of large amounts of UCNPs. On the other hand, despite 
the existence of works analyzing the cell uptake mechanisms of UCNPs, 
much fewer studies have addressed the particle’s exocytosis fate 
[55,56]. Here, this study was performed, observing that UCNP@AET 
were those which were most largely cleared out from HeLa cells to the 
medium after 6 and 24 h of incubation, followed by UCNP@DMSA and 
UCNP@PMA, in correlation with internalization data. Thus, the reduc
tion in the luminescence intensity of UCNP@AET can also be attributed 
to the faster clearance of these UCNPs out of cells (Fig. 5G). 

In order to corroborate previous ICP-MS data and confocal micro
scopy observations, the behavior of UCNP@PMA was also evaluated 
through TEM images. After 2 h incubation, it can be observed that a 
reduced number of particles have already been incorporated into the 
cells within endosomes. These endosomes began to break and release the 
particles into the cytoplasm of the cells after 12 h, while the excretion of 
these UCNP@PMA from cells in the form of exosomes can be noticed 
after 24 h. In a high-zoom image after 48 h incubation, it can be 
observed that the amount of UCNP@PMA internalized within cells re
mains high, in concordance with previous data, but they begin to 
aggregate (Fig. S8 in Supplementary Information). 

In this way, the performed in vitro study confirmed PMA-g-dodecyl 
coating as the best functionalization strategy in view of the potential 
biomedical application of the designed UCNPs. In concordance with 
their previously demonstrated high stability and resistance to degrada
tion, UCNP@PMA were those that showed a better compromise between 
low cytotoxicity degrees, large and constant/steady cellular in
ternalizations, and high preservation of their luminescence properties 
within cells overtime. PEG coating was highly effective to avoid UCNPs 
degradation within cells and the derived toxic effects, but it failed to 
promote the cellular internalization of large number of particles, while 
DMSA and, specially, AET coatings were not effective to prevent adverse 
toxic effects to cells. 

4. Conclusions 

In this work, we synthesized β-hexagonal crystalline UCNPs by the 
thermal decomposition methodology. The UCNPs were rendered 
dispersible in aqueous media through their successful surface coating 
with four different ligands: AET, DMSA, PEG and PMA-g-dodecyl. The 
colloidal stability, degradation, and in vitro behavior of the functional
ized UCNPs were carefully evaluated, being observed that PEG and, 
particularly, PMA-g-dodecyl coatings provided excellent protection to 
the nanoparticles while rendered them non-toxic in the analyzed range 
of concentrations (up to 145 µg⋅mL− 1). Moreover, PMA-g-dodecyl 
coating allowed a progressive cell internalization of UCNPs within 
endosomes that began to break and release the particles into the cyto
plasm after 12 h incubation, while the onset of UCNPs’ excretion from 
cells within exosomes was observed after 24 h. 

Through the performed study, we aimed to establish a real and 
effective comparison between the four discussed functionalization 
strategies. It is well-known that small changes on the physicochemical 
properties of nanoparticles such as size, shape and/or composition 
directly influence their biological performance, but surface coating is 
the key player that dictates the biological fate of nanoparticles and, thus, 
their potential application in the biomedical area. From previous re
ported works it is quite difficult to decipher which is the more suitable 
coating for biological application of UCNPs, since the core characteris
tics of the synthesized nanostructures is largely changed between the 
different studies. Thus, herein we analyzed the univocal effect of surface 
coating on the biological fate of UCNPs, observing that the functional
ization with PMA-g-dodecyl constitutes the most efficient coating 
strategy. The mechanism used to attach the polymeric molecules ap
pears to be the key factor for the better biological performance of these 

functionalized UCNPs. Unlike the other three evaluated coatings, here 
the original OA chains remained on the surface of the particles, resulting 
in their lower non-radiative quenching in aqueous environments and 
protecting them from medium-related degradation [23]. 

From the obtained results, it can be concluded that the evaluation of 
UCNPs in a wide range of biological conditions (e.g. different dispersion 
media, cell incubation times, etc.) constitutes an essential step to 
determine the best surface functionalization route. Here, the analysis of 
the behavior of UCNPs in different physiologically-relevant buffers, 
together with the determination of their in vitro performance, was done 
upon relatively long incubation times compared to many previous 
studies in which such evaluation was done at shorter time scale (2–24 h) 
[57–59]. This allowed us to determine the low biological suitability of 
DMSA and, especially, AET coatings for the long term, despite the 
former ligands appear as suitable functionalization strategies at shorter 
incubation times. 

In the basis of our present results and some other previous works that 
carefully evaluated the in vivo biocompatibility of UCNPs [60], as well as 
the negligible concerns related to the biological fate of PMA-based 
coated nanoparticles [61], we expect that the combination of UCNPs 
with PMA-g-dodecyl coatings render rare-earth-based nanoplatforms 
with important impact in biomedical applications. 
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P. Francová, V. Kolářová, L. Šefc, D. Horák, A simple neridronate-based surface 
coating strategy for upconversion nanoparticles: Highly colloidally stable 125I- 
radiolabeled NaYF4:Yb3+/Er3+@PEG nanoparticles for multimodal in vivo tissue 
imaging, Nanoscale 9 (2017) 16680–16688, https://doi.org/10.1039/c7nr05456d. 

[23] S. Wilhelm, M. Kaiser, C. Würth, J. Heiland, C. Carrillo-Carrion, V. Muhr, O. 
S. Wolfbeis, W.J. Parak, U. Resch-Genger, T. Hirsch, Water dispersible 
upconverting nanoparticles: Effects of surface modification on their luminescence 
and colloidal stability, Nanoscale 7 (2015) 1403–1410, https://doi.org/10.1039/ 
c4nr05954a. 

[24] M.I. Saleh, B. Rühle, S. Wang, J. Radnik, Y. You, U. Resch-Genger, Assessing the 
protective effects of different surface coatings on NaYF4:Yb3+, Er3+ upconverting 
nanoparticles in buffer and DMEM, Sci Rep 10 (2020) 1–11, https://doi.org/ 
10.1038/s41598-020-76116-z. 

[25] Y.F. Wang, L.D. Sun, J.W. Xiao, W. Feng, J.C. Zhou, J. Shen, C.H. Yan, Rare-earth 
nanoparticles with enhanced upconversion emission and suppressed rare-earth-ion 

leakage, Chemistry - A European Journal 18 (2012) 5558–5564, https://doi.org/ 
10.1002/chem.201103485. 

[26] D. Valdeperez, N. Wutke, L.M. Ackermann, W.J. Parak, M. Klapper, B. Pelaz, 
Colloidal stability of polymer coated zwitterionic Au nanoparticles in biological 
media, Inorganica Chim Acta 534 (2022) 120820, https://doi.org/10.1016/j. 
ica.2022.120820. 
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T. Soukka, Disintegration of hexagonal NaYF4:Yb3+, Er3+ upconverting 
nanoparticles in aqueous media: The role of fluoride in solubility equilibrium, 
Journal of Physical Chemistry C 121 (2017) 656–665, https://doi.org/10.1021/ 
acs.jpcc.6b09301. 
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