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Introduction 

In recent years, the use of nanobiotechnology and 

nanomedicine with molecular intra- and intercellular 

processes is increasing, because the research is 

concentrated into the possibilities of controlling and 

manipulating cell processes, for example, by targeted 

transport of active substances or cancer cells bioimaging 

[1-3]. Functionalized and multifunctional nanoparticles 

(NPs) for medical applications are created for several 

applications such as imaging and diagnostics, genetic 

screening, tests for viral or bacterial infection and the  

first signs of diseases before symptoms are manifested,  

the development of medicines and vaccines, drug  

delivery, treatments for diseases such as diabetes, cancer, 

heart disease and targeted therapies, among others  

(Fig. 1)[4-6].  

 Several types of NPs and nanodevices are under 

investigation for diagnostic or medicinal purposes: 

quantum dots, nanoshells, nanospheres, gold 

nanoparticles, paramagnetic nanoparticles, luminescent 

nanoparticles and carbon nanotubes. The great advantage 

of them is that their size and surface properties  

can be modified to optimize their pharmacokinetics for 

imaging of specific cells. The increased imaging 

specificity would significantly improve accuracy in 

diagnosis and an improved prognosis, also their 

photoluminescence (PL) properties, make them useful for 

single/multi-modal and single multi-functional molecular 

imaging [7-11]. 

 The new bioimaging methods optimized by NPs  

can determine more accurately, than conventional 

methods, the presence, position, and size of tumors [12]. 

However, these methods are relatively new and the 

mechanisms by which de NPs can lead to toxicity are still 

in development. The lack of availability of detailed 

toxicology data on NPs or nanocarrier systems makes it 

difficult to evaluate their potential toxicity and also their 

impact on the environment [13]. The toxicity of 

nanoparticles depends on various conditions, including not 

only physicochemical properties of nanoparticles (e.g., 

size, shape, chemical composition, photoluminescence, 

etc.), but also physiological status (e.g., genetics, disease 

conditions, etc.) [14,15]. 
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 Table 1 shows several types of nanomaterials with 

cytotoxic and cellular uptake. For example, Park et. al., 

[16] synthesized multifunctional carbon-based nanodots 

(C-dots) using  atmospheric plasma treatment as a surface 

functionalization method to enhance C-dots’ optical 

properties and antibacterial activities with strong 

fluorescence and low cytotoxicity. Yu et. al., [17] 

analyzed the potential toxicological effects of 

nanoparticles, due to their ability to generate excessive 

amounts of reactive oxygen species (ROS). This resulted 

in the damage of biomolecules and organelle structures, 

which further cause necrosis, apoptosis, or even 

mutagenesis. Thus, the bioaccumulation of NPs can 

induce inflammation and immune responses, which result 

in cell injury, death, organ dysfunction, and ultimately 

stimulate the occurrence of numerous diseases, such as 

Alzheimer’s, Parkinson’s, liver inflammation, and 

dysembryoplasia. These issues have become more 

pressing with the wide-spread use of NPs. Therefore, 

broad nanotoxicological studies of given NPs are crucial 

to warranty their biosafety and further biomedical 

applications.  

Table 1. Toxicity and cellular uptake of several NPs with different 
cancer cells. 

Cell line 
Size of 

NPs (nm) 

Shape of 

NPs 

Nanoparticle 

surface group 
Cites 

COS-1 kidney 

mammalian 

cells, and red 
blood cells, 

2 Spheres 

Quaternary 

ammonium, 

carboxylic 
acid 

[18] 

K562 human 
leukemia 

4, 12, 
18 

Spheres 

CTAB, citrate, 

cysteine, 
glucose, biotin 

[19] 

MV3 and BML, 

metastatic 
melanoma 

1.4 
Spherical 

cluster 

Triphenylphos

phine 
monosulfonate 

[20] 

HeLa cervix 
adenocarcinoma 

65x11 Rods CTAB, PEG [21] 

Baby hamster 

kidney cells 

BHK2, Human 
liver carcinoma 

Hep2G, Human 

lung carcinoma 
cells A549 

33 Spheres 
CTAB and 

citrate 
[22] 

Osteoblasts  60-140 Spheres Bare [23] 

HEK293 cells 41±5 Spheres Bare [24] 

Cell lymphoma 
198 ± 

9.01 nm 

Bi-
concave 

Folic acid-
glycine-poly-
L-lactic acid 

[25] 

Mouse fibroblast 
L929, rat glioma 

cell line C6 and 

the human 
glioma cell line 
U251 

96.3 nm Spheroidal 

Water-soluble 

polyhydroxyla
ted 

fullerene 

[26] 

BEAS2B, 
THLE2, A549 

and hep3B cell 
lines 

2.3–6.3 
nm 

Spherical 

Plasma 

treatment of 
C-dots-PEG 

[16] 

CTAB: cetyl trimethyl ammonium bromide;  

PEG: polyethylene glycol 

 The following figure shows the process of the 

functionalization of the NPs and their penetration into the 

studied cells. 

 

Fig. 1. Graphical representation of the functionalized NPs and their 

applications. 

 

 In order to bind and internalized into the cells, the 

NPs have to be coated for biocompatibility and also, they 

need functional groups that can bind to the surface 

receptor of the targeted cells, depending of the affinity or 

the applications, the functional groups on the surface may 

vary, some of the groups are in Table 1. 

 In this study, we synthesized, characterized and 

functionalized lanthanide downconversion nanoparticles 

(DCNPs) with the host lattice of Y2O3. The 

biocompatibility was accomplished with a silica  

core-shell and the functionalization was done with  

amine groups NH2 attached to folic acid ligands (FA).  

The Y2O3-based biolabels can bind to receptors 

overexpressed in the membrane of cancer cells and then 

internalized by folate receptors (FR) on the cell  

membrane via endocytosis [27,28]. The FR is a high 

affinity membrane folate-binding protein and their 

localization is in the caveolae, the receptor internalization 

can be induced by receptor crosslinking. The over-

expression of FR has been observed in various types of 

human cancers, such as: carcinomas, kidney, lung, 

mammary gland, brain and endometrium [27,29-33].  

The DCNPs were internalized and observed into  

cervical (HeLa) and breast (MCF-7) adenocarcinoma  

cell lines by flow cytometry and confocal microscopy.  

To probe the bio- and hemocompatibility of DCNPs we 

used fibroblasts cells (L929), and erythrocytes from 

peripheral blood samples, and we tested the in vitro 

inflammatory responses on macrophages (RAW 264.7). 

We previously reported a nanotoxicological study of 

Y2O3: Eu3 (5% mol) DCNPs with MDA-MB-231,  

B16-F10 and RAW 264.7 cell lines [34], herein we 

present broader comparison of the Y2O3-based DCNPs for 

biomedical applications. 



  

 
Experimental 

Materials 

The chemicals used for the synthesis were: Y(NO3)3 (Alfa 

Aesar 99.9965%), Eu(NO3)3 (Alfa Aesar 99.9%) and 

tartaric acid (C4H6O6 Aldrich, USA) . For the silica-shell 

we used: TEOS (Tetraethyl orthosilicate, Sigma Aldrich, 

MO, USA), ammonium hydroxide (NH4OH, Sigma 

Aldrich; MO, USA), IGEPAL surfactant (Sigma Aldrich, 

MO, USA). For the amino functionalization: APTMS,  

3-Aminopropyl-trimethoxysilane (98%, Sigma Aldrich). 

For the FA functionalization: Folic acid (Sigma Aldrich; 

MO, USA), triethylamine (TEA, Sigma Aldrich, MO, 

USA), dimethyl sulfoxide (DMSO, Sigma Aldrich, MO, 

USA), N-Hydroxysuccinimide (NHS, 99% Sigma Aldrich, 

MO, USA) and N,N’-Dicyclohexylcarbodiimide (DCC, 

99% Sigma Aldrich, MO, USA). 

DCNPs synthesis and functionalization 

The sol-gel (SG) synthesis was performed via tartaric acid 

[35] as previously reported. The precursor were mixed and 

stirred with deionized water and tartaric acid as a chelating 

agent for 24 h and then the mixture was heated 80°C for 

2h. Subsequently, the sol was heated at 120°C until a gel 

was produced and dried to form the xerogel. The xerogel 

was annealed at 1200C for 2 h. The NPs obtained were 

Y2O3: Eu3 (4% mol). 

 The functionalization was done with TEOS/APTMS, 

but first the DCNPs were sonicated because they tend to 

agglomerate with a high intensity ultrasonic processor 

(Sonics & Materials, Inc.) at 70% of the amplitude for 30 

min with 20 mL of isopropanol/ethanol. The silica coating 

was performed by Stöber synthesis as reported [36,37], 

then the DCNPs were mixed with ammonium hydroxide, 

IGEPAL as surfactant and distilled water, they  were 

constantly stirred for 24 h. The silica-coated DCNPs were 

centrifuged three times at 2000 rpm for 15 min at 24C 

and annealed at 900oC for 2 h. Then they were mixed for  

4 h in a solution of ethanol containing APTMS, TEOS and 

ammonium hydroxide. 

 The functionalization with FA ligands was also 

reported [38], it was done in a Schlenk system in a N2 

atmosphere. FA and TEA were added in 10 ml of dry 

DMSO and they were agitated for 2h at 37°C. Afterwards, 

a mixture was added to the solution with NHS and DCC 

and stirred at 37°C in darkness for 12h to obtain FA-NHS. 

The mixture was filtered to separate the by-products. The 

DCNPs-NH2 were dispersed in 25 mL of a carbonate/ 

bicarbonate buffer (0.01M, pH 9.0) and ultrasonicated for 

5 min. The FA-NHS solution was added to the DCNPs-

NH2. The mixture was agitated in darkness for 2 h. Finally 

they were centrifuged at 6000 rpm for 15 min, washed 

three times with 45 mL of DMSO followed by five rinses 

with 45 ml of ethanol; they were vacuum dried overnight 

at 30°C. 

Characterizations 

The X-ray diffraction (XRD) was performed with a 

Philip’s X’Pert diffractometer equipped with Cu Kα  

(λ= 1.5406 Å) radiation at a scanning rate of 0.5°. 

Measurements in a 2θ = 10–80 degree range was taken 

with a step size of 0.5°/min. The transmission electron 

microscopy (TEM) (JEOL JEM-2010) was used to 

characterize the morphology; it is operated at 200 kV. The 

photoluminescence (PL) spectra were analyzed by 

fluorescence spectrophotometer (Hitachi, FL-4500) 

equipped with 150 W Xe-lamp. The Fourier transform 

infrared spectroscopy (FTIR) was used to characterize the 

functional groups present on the surface of the DCNPs in 

the range of 400–4000 cm-1 (Thermonicolet 1700). Zeta-

potential measurements were conducted on Zetasizer 

Nano series (Nano-ZS, Malvern Instruments).  

Cell culture and cell viability assay 

Cell lines were obtained from the American Type Culture 

Collection (ATCC). Human cervix adenocarcinoma HeLa 

(CCL-2), human breast adenocarcinoma MCF-7 (HTB-

22), murine fibroblasts L-929 (CCL-1) and mouse 

macrophages RAW 264.7 (TIB-71) cell lines, were 

cultivated in Dulbecco’s Modified Eagle’s Media 

(DMEM) supplemented with 10% v/v fetal bovine serum 

(FBS) (in the case of macrophages FBS was previously 

heat inactivated), 1.5 g/L of sodium bicarbonate, 1% v/v 

L-glutamine and 1% penicillin/streptomycin. Cells were 

grown until confluence at 37°C and 5% CO2.  

 The reduction of 3-(4,5-dimethyl-2-thiazolul)-2,5-

diphenyl-2H-tatrazolium bromide (MTT) was used to 

assess cell viability [39]. Briefly, cells were seeded at 

10,000 cells per well in a 96-well plate for 24 h 37°C and 

5% CO2. Then, different concentration of DCNPs (1, 5, 

10, 20, 40, 60 80, and 100 μg/mL) were added to each 

well in a final volume of 100 μL and incubated together 

with the cells for 24 h at 37°C and 5% CO2. After this, cell 

were rinsed thrice with PBS 1x and MTT (0.5 μg/μL) was 

added to each well in 100 μL DMEM media and incubate 

for 4 h before absorbance reading in an ELISA plate 

reader (Thermo Scientific, USA). Background absorbance 

of cell test was measured at 690 nm and subtracted from 

the absorbance values at 570 nm. Positive control of cell 

viability was the cells cultured in DMEM media without 

DCNPs; while dimethyl sulfoxide was used to induce cell 

death (negative control). Absorbance values of positive 

control were used to calculate cell viability and normalize 

all obtained data from three independent experiments with 

internal triplicates.  

Hemolysis assay 

According to the ISO 10993-4:2017 one of the biological 

evaluations of medical devices with blood is the hemolysis 

quantification. To assess this, peripheral blood was 

obtained from a healthy donor and placed into a heparin-

containing vacutainer tube (BD Biosciences), then the 

sample was centrifuged at 1750 rpm for 10 min at 25°C. 

The supernatant was discarded and the erythrocytes were 

obtained and rinsed once with 10 mL of NaCl (150 mM) 

and five times with PBS 1x (pH 7.4). Then, red blood cells 

were diluted 1:50 in PBS 1x and 270 μL of this sample 

was incubated for 1h at 37°C with 30 μL of different 



  

 
concentration of DCNPs. The erythrocytes diluted with 

PBS 1x were taken as a negative control, and the 

erythrocytes incubated with 20% (v/v) of Triton X-100 

were taken as a positive control. After incubation with 

DCNPs, the samples were centrifuged at 3000 rpm for 5 

min and the supernatant was collected. The optical density 

value (OD) of the supernatant was measured on a 

microplate reader (Multiskan Go, Thermo Scientific) at 

541 nm. All experimental data were normalized to the 

mean value of positive control, which represents 100 % 

hemolysis; each sample was measured in triplicate and 

averaged. Then, each value was multiplied by 100 to 

obtain the percentage of hemolysis. The threshold of 

hemolysis or red blood cells is ≥5% according to the 

standard. 

Nitrite production  

Nitric oxide produced by RAW 264.7 macrophages 

exposed to different concentrations of DCNPs was 

measured by the resulting nitrite ions using the Griess 

method [40]. Briefly, macrophages were seeded in a  

96-well plate at a density of 10,000 cells per well for 24 h 

at 37°C and 5% CO2. Then, different concentrations of 

DCNPs were added to each well in a final volume of  

100 μL and let them stand for 24 h at 37°C and 5% CO2. 

After this, 20 μL of cell media were taken and incubated 

in darkness with 80 μL of sodium nitroprusside at 5 mM 

for 1 h at 37°C. One hundred microliters of Griess  

reagent (0.1% sulfanilamide and 0.1% N-(1-

naphthylethylenediamine) were mixed with the sample 

and incubated for 15 min at 25°C. The absorbance of the 

samples was read at 540 nm and obtained values were 

compared with a standard curve of nitrite concentrations 

(from 1.67 to 100 μM of sodium nitrite). Macrophages 

incubated with 200 ng of lipopolysaccharides extract 

(LPS) were taken as positive control of nitrite production. 

Reactive oxygen species quantification by flow cytometry 

Cells were incubated with different concentrations of 

DCNPs (1, 5, 10, 20, 40, 60 80, and 100 μg/mL) for 24 h. 

After this, they were washed with PBS 1x and incubated 

with 2’,7’-dichlorofluorescein diacetate (30 μM) for 90 

min at 37°C and 5% CO2. Then, the cells were centrifuged 

and resuspended in PBS 1X and subjected to flow 

cytometry analysis using a 488 nm excitation laser and 

525 nm emission laser. Cells without DCNPs were used as 

a negative control, while cells grown with tert-butyl 

hydroperoxide (TBHP) (50 μM) were considered as a 

positive control for generating higher superoxide levels. 

The fluorescence was recorded in a triplicate manner in 

three independent experiments for each sample, and was 

analyzed using the Attune NxT acquisition software 

version 3.2.1 (Thermo Fisher).   

Genotoxicity assessment y comet assay 

To assess the plausible genotoxic effect of DNCPs, we 

carried out the alkaline single cell gel electrophoresis 

assay also known as comet assay. HeLa, MCF-7 and L929 

cell lines were incubated with 1,5,10,20, and 100μg/mL of 

either bare DCNPs or FA-DCNPs for 24 h at 37°C and 5% 

CO2. As a negative control, we used the same cell lines 

incubated in DMEM media without DCNPs. Afterward, 

cells were rinsed with PBS1x and alkaline single cell gel 

electrophoresis was performed as previously reported [41]. 

One hundred comets were count for their classification of 

the length of the comet tail in regards to the DNA damage 

index. The analysis was carried out with the ImageJ free 

software (National Institutes of Sciences, USA).  

Cellular uptake of DCNPs by flow cytometry and 

confocal microscopy  

Internalization of DCNPs-FA in HeLa and MCF-7 cancer 

cells was carried out by flow cytometry and confocal 

microscopy, fibroblast cell line L929 was used as negative 

control due to the lack of FR on their cell membrane.  For 

flow cytometry measurements, cell lines were seeded at a 

density of 50,000 cells in a 12-well plate for 24 h at 37°C 

and 5% CO2. Then, 100 μg/mL of FA-DCNPs were added 

to each well and incubated for 24 h at 37°C and 5% CO2. 

After this, cells were rinsed thrice and detached from the 

plate by tripsinization and resuspended in 1 mL of PBS 1x 

to analyze them with an Attune NxT flow cytometry (Life 

Technologies). Data acquired consists of 50,000 events 

detected with forward scatter (FSC) and side scatter (SSC) 

beams. Uptake of DCNPs-FA into cells was carried out 

using the Attune NxT software by comparing the cell’s 

granularity (SSC-H) with the same cell line without NPs 

treatment. Additionally, cellular uptake of DCNPs-FA into 

cancer cells was assessed by confocal microscopy using 

an inverted laser-scanning Olympus FluoView FV1000 

(Olympus, London, UK). Cells were seeded on a poly-

L-lysine (5 mg/mL) sensitized coverslip (0.13-0.17 

mm) at a density of 50,000 cells, and incubated with 
100 μg/mL of DCNPs-FA. Nuclear staining was carried 

out as previously described by us [34]. Briefly, DCNPs 

was detected by red fluorescent protein (RFP) filter at λexc 

478 nm and λem 660 nm. A plan achromatic 60x/1.48 N.A. 

oil immersion objective was used to visualize the cells and 

the images were analyzed with the FV10-ASW viewer 

version 4.2 from Olympus. Scale bar represents 50 μm.  

Statistical analysis 

All the experiments were done in a threefold-independent 

manner with internal triplicates. The results were 

expressed as mean ± standard deviation of three 

independent experiments. Data were evaluated by analysis 

of variance (ANOVA), followed by Tukey’s multiple 

comparison test, using Graph Pad Prism 6.0 software. The 

results were considered statistically significant when 

p<0.05. 

Results and discussion 

Physicochemical characterization  

The XRD diffraction pattern of Y2O3 and Y2O3:Eu3+ (4% 

mol) synthesized by sol-gel are shown in Figs. 2(a,b,c), 

they presented sharp and distinct peaks that demonstrates 



  

 
crystalline NPs. The diffraction patterns in both samples 

correspond to the reference XRD database of pure cubic 

Y2O3 phase (JCPDS: 83-0927), Fig. 2(c). The most intense 

peaks corresponding to hkl (222) were used to calculate 

the crystallite size of the NPs of Y2O3:Eu3+ with the 

Scherrer’s equation Dp = (0.94 λ) / (βCosθ) where Dp is 

the average crystallite size, λ = 1.5406 Å, β is the line 

broadening in radians, and θ refers to the angle of the peak 

position. The crystallite size was 34 nm and the powder 

synthesized was nanocrystalline. Khachatourian et. al., 

[42] reported a crystallite size of 19 nm for several 

concentrations of Y2O3:Eu3+ from 1% from 1% to 13% 

molar, also Anh et. al., [43] also reported a 10 nm 

crystallite size of Y2O3:Eu3+ 5% molar. Gowd et. al., [44] 

studied the effects of annealing temperature in the 

crystallite size, reporting 11.15 nm at 700o C and at 1400o 

C the size was 46.26 nm. 

 
Fig. 2. X-ray diffraction patterns of (a) Y2O3 and (b) Y2O3:4%Eu3+ (4% 

mol) NPs compared with the (c) Y2O3 JCPDS No. 83-0927 database. 

TEM images of (d) bare Y2O3 (e) bare Y2O3: Eu3+ (4% mol), (f) folic 
acid functionalized Y2O3: Eu3+ 

 The Fig. 2(d), Fig. 2(e) and Fig. 2(f) are also showing 

TEM images of bare SG synthesized Y2O3 (Fig. 2(d)), 

Y2O3:Eu3+ (Fig. 2(e)) and the FA functionalized DCNPs 

(Fig. 2(f)). The images showed spheroidal particles of 

approximately 80 nm size and at this stage they are 

agglomerated, thus, in order to functionalize them we used 

IGEPAL surfactant. Fig. 2(f) shows the silica shell of 

DCNPs-FA approximately of 10 nm thick. Huang et. al., 

[45] and Khachatourian et. al., [42] reported and 

increasing of the size of the NPs with the Eu3+ 

concentration of about 13%, in our study the NP size was 

similar in Y2O3 with and without doping. 

 FTIR analysis of bare and doped NPs was previously 

reported [34]. The PL of excitation and emission spectra 

of NPs and Y2O3:Eu3+ (4% mol) bare and functionalized 

DCNPs-FA are depicted in Fig. 3. 

 The photoluminescence (PL) emission spectra of 4% 

Eu3+ doped Y2O3 (excitation at λ= 254 nm) showed the 

613 nm characteristic red emissions. The PL spectra  

(Fig. 3) showed the emission broadband attributed to the 

transition 5D0->7F2, that corresponds to the charge transfer 

from O2- → Eu3+ (Fig. 3(a) excitation spectra) due to the 

electronic transition between O2 - 2p orbital to the unfilled 

4f6 orbital of Eu3+ .The 5D0 level will not be split into the 

crystal-field (J=0), so the emission transitions yields on 

the 7fJ levels [46-48].  

 

 
Fig. 3. (a) PL excitation spectra of bare Y2O3: Eu3+ (4% mol) (blue);  

PL emission spectra at λ=254 nm ex. of (b) FA-Y2O3: Eu3+ NPs (red),  
(c) bare Y2O3 NPs (violet), (d) bare Y2O3: Eu3+ (4%mol) (orange) and  

(e) functionalized TEOS/APTMS Y2O3: Eu3+ (4%mol) (green). 

Nanotoxicological assessments 

Nanotoxicological assessments of nanomaterials have 

become a trend especially in those with wide biomedical 

applications. Herein, we present the synthesis of down 

conversion NPs functionalized with folic acid to allow 

their active delivery to cervical and breast cancer cells, 

recognized to overexpress folic acid on their cell 

membranes [49]. The key parameters that drive in vitro 

toxicity studies of given nanomaterials are related to 

biocompatibility, genotoxicity and inflammatory 

responses. To achieve this, we carried out several in vitro 

nanotoxicological assessments. As shown in Fig. 4, we 

tested the cytotoxic effect of several concentrations of 

bare and DCNPs-FA in cervix (Fig. 4(a)) and breast  

(Fig. 4(b)) cancer cell lines and fibroblast L929 (Fig. 4(c)) 



  

 
was used as a control of no malignant cell line. As 

observed, the bare DCNPs caused a slight toxicity of less 

than 25% in both cancer cell lines only after the following 

concentrations: 80 μg/mL for HeLa and 60 μg/mL for 

MCF-7 cells. However, no cytotoxic effect was detected 

in fibroblasts. After the functionalization of DCNPs  

with folic acid, their cytotoxic effect on all the three cell 

lines was negligible. These results confirm that 

functionalization of DCNPs with folic acid reduces their 

toxicity, making them biocompatible. This step is crucial 

for those nanomaterials that will be used as cell biolabels  

[50]. To further assess the biosafety of DCNPs a 

hemolysis test was perform. The release of hemoglobin by 

red blood cells is an indicator to evaluate the potential cell 

membrane damage caused by their interaction with 

DCNPs [51]. As depicted in Fig. 4(d) the percentage of 

hemolysis was measured by exposing erythrocytes to the 

same concentrations of bare DCNPs and DCNPs-FA 

previously used to assess cell viability. The results clearly 

demonstrated that the release of hemoglobin was below 

the threshold of 5% (red dotted line), because none tested 

concentration of both DCNPs exerted damage on the red 

blood cell membrane. Although there are many other 

hemocompatibility tests, the hemolysis assay plays a 

crucial role due to the abundance of this cell type in blood 

stream (4-6 x 106 cells/μL) and their importance in oxygen 

transportation, gas exchange, and sensing of osmotic 

pressure, among others [51]. Thus, bare DCNPs and 

DCNPs-FA can be considered to be hemocompatible 

according to the ISO 10993-4:2017. Further in vitro 

biocompatibility assays deals with inflammatory 

responses, most of them are led by macrophages and 

involve the production of nitric oxide (NO). A method to 

measure the production of NO is by the quantification of 

its by-products such as nitrites [52]. Some nanomaterials 

are capable to induce the increase of NO and nitrites, 

together they trigger cell death and inflammation [53,54]. 

Thus, we determine the concentration of nitrites produced 

by mouse macrophages that were incubated with different 

concentrations of bare and DCNPs-FA (Fig. 4(e)). 

Lipopolysaccharides (LPS) were used as an inductor of 

nitrites production and thus a positive control. In all the 

measured samples the concentration of nitrites was lower 

(≤20 μM) than in the positive control (40 μM). Worth to 

mention is that the functionalization of NPs with folic acid 

reduced the production of nitritres significatively, 

especially in higher concentrations of DCNPs-FA such as 

80 and 100 μg/mL. Nitric oxide is recognized as an 

important part of the immune system. Its increase has been 

correlated with high levels of nitrites in plasma upon 

inflammation [55]. Since the concentrations of nitrites 

measured by the macrophages exposed to DCNPs and 

DCNPs-FA were lower than the positive control, it is 

possible to confirm that none of the tested NPs induced 

any in vitro inflammatory responses exerted by nitrites. It 

is well known that NO and reactive oxygen species (ROS) 

are immunomodulators that regulate proinflammatory 

responses [52]. 

 
Fig. 4. Bio- and hemocompatibility of bare Y2O3: Eu3+ and Y2O3: Eu3-

FA. Cell viability of (a) cervix adenocarcinoma HeLa, (b) breast cancer 
MCF-7 and (c) mouse fibroblast L929 cell lines exposed to different 

concentrations of bare and folic acid functionalized DCNPs. (d) 

Percentage of hemolysis elicited by the incubation of different 
concentrations of bare and DCNPs-FA on red blood cells. Dotted redline 

represents the threshold of allowed hemolysis (e) Quantification of nitrite 

production by mouse macrophages incubated with different 
concentrations of bare and functionalized DCNPs. Results are expressed 

as the mean ± SD. Statistical significance of experiment was calculated 

using tow-way ANOVA (*p<0.05; **p<0.01; ***p<0.001 and 
****p<0.0001) with a Tukey’s multiple comparison tests. 
 

 Thus, besides the quantification of NO, here we 

analyzed the induction of ROS generation by flow 

cytometry. As observed in Fig. 5 the level of ROS 

production in HeLa is similar between bare DCNPs and 

DCNPs-FA. However, cancer cell line MCF-7 incubated 

with higher concentrations of bare DCNPs (from 60 to  

100 μg/mL) induced an increase of ROS generation  

(Fig. 5(a)). However, ROS production was not exerted by 

the incubation of breast cancer cells with DCNPs-FA, 

corroborating with this, that folic acid favors the 

biocompatibility of DCNPs. Finally, the generation of 

ROS production in L929 cell line was similar among all 

DCNPs concentration tested except for the higher 

concentration (100 μg/mL), but as expected, this was 

reduced after biological functionalization (Fig. 5(b)). ROS 

exert different signals inside the cells, most of them are 

involved in homeostasis, cell growth and differentiation. 

However, the intracellular increase of ROS led to 

oxidative stress as a defense mechanism towards a variety 

of inductors that also includes nanomaterials. It has been 

reported that metal and metal oxide nanoparticles among 

others, induce the outburst of ROS as the main mechanism 

of cytotoxicity [56]. ROS also are responsible for the 

induction of DNA damage, a phenomenon also attributed 

to some nanomaterials, especially metallic and metal 

oxide nanoparticles. Thus, having evaluated that DCNPs-

FA are not capable of exacerbating the production of ROS 

in both cancer cells and fibroblasts, but that bare DCNPs 



  

 
induce a slightly rise in ROS level at higher concentration; 

we evaluated the genotoxic effect of bare and DCNPs-FA 

in the cells lines. Different approaches can be used to 

determine genotoxicity, cell comet or alkaline single-cell 

electrophoresis has been recognized by the OECD as a 

standard method to evaluate single and double DNA 

strand fragmentations [57]. We measured the DNA 

damage index of cancer cells and fibroblasts incubated 

with different concentrations of bare DCNPs (Fig. 5(c)) 

and DCNPs-FA (Fig. 5(d)).  The comparison of the scores 

of the comet tails from HeLa, MCF-7 or L929 cells 

without any treatment (basal DNA damage) were not 

statistically significant (p>0.05) from those observed at 

lower (1, 5, and 10 μg/mL) or higher (20-100 μg/mL) 

concentrations of bare DCNPs and DCNPs-FA. Thus, 

there was not any significant DNA damage scored, and 

therefore we concluded that no genotoxic effect was 

exerted by the incubation of DCNPs with cell lines tested 

herein.  

 
Fig. 5. Reactive oxygen species quantification and genotoxicity 

assessment of bare DCNPs and FA-DCNPs. ROS detected by flow 

cytometry in cervical cancer (HeLa), breast cancer (MCF-7) and mouse 
fibroblast (L929) cell lines, exposed to different concentrations of (a) 

bare DCNPs and (b) DCNPs-FA. Genotoxic effect of (c) bare-DCNPs 

and (d) DCNPs-FA was assessed by comet assay. Herein the DNA 
damage index is plotted for cancer cells and nonmalignant cells. Results 

are expressed as the mean ± SD. Statistical significance of experiment 

was calculated using two-way ANOVA (*p<0.05; **p<0.01; ***p<0.001 

and ****p<0.0001) with a Tukey’s multiple comparison tests. 

 Altogether, these results indicate that DCNPs-FA are 

bio- and hemocompatible; this is highly relevant when 

completing the nanotoxicological assessments of a given 

biolabel such as DCNPs. In this regard, we decide to 

evaluate whether the DCNPs-FA were capable of been 

internalized by cancer cells due to the overexpression of 

folic receptors on their cell membrane. Thus, firstly we 

determine the uptake of DCNPs-FA in cervical HeLa and 

breast MCF-7 cancer cells and compare it with L929 

fibroblasts cells that lack FR on the cell membrane. To 

achieve this, we used flow cytometry to compare the 

cellular complexity (so-called granularity) of cells [58]. 

Incubated with the higher concentrations of DCNPs-FA 

(100 μg/mL) and compared it with the granularity of cells 

without NPs treatment. Cell complexity is measured by 

flow cytometry using the side scatter beam (SSC-H), thus, 

the cell percentage that has internalized DCNPs-FA is 

detected with a different internal cell complexity due to 

the presence of vesicles containing nanoparticles [59]. As 

depicted in Fig. 6, when comparing the granularity of 

cervix (a) and breast (b) adenocarcinoma cell lines with 

and without DCNPs-FA, an increase of cell percentage 

complexity is observed. However, this is not found in 

fibroblast cells (c), due to the lack of folic acid receptors 

on their cell membrane, therefore these cells are not able 

to internalize DCNPs-FA and there is no change in 

internal cellular complexity as expected.  

 
Fig. 6. Measurement of internalization of Y2O3:Eu3+-FA (DCNPs-FA) by 

flow cytometry. It is presented the comparison of cellular complexity 

(SSC-H) between (a) cervix HeLa, (b) breast MCF-7 and (c) fibroblasts 
L929 cell lines incubated with 100 μg/mL of DCNPs-FA.  

 In attempts to provide more information regarding the 

internalization of these NPs and to corroborate these 

results we carried out confocal microscopy imaging to 

determine the intracellular localization of DCNPs-FA in 

HeLa and MCF-7 cells. It has been reported that cancer 

cells overexpress folic acid receptors in the cell 

membrane, thus active transport using folic acid as ligand 

has been successfully used before [60]. The confocal 

micrographs (Fig. 7) confirm that both cell lines were able 

to uptake DCNPs-FA. Although it is more evident the 

higher cytoplasmic localization of DCNPs-FA (red dots) 

in cervix adenocarcinoma cells than in breast cancer cells, 

this can be explained by the fact that HeLa expresses 

higher amounts of folic acid receptors on cell membranes 

than MCF-7 cells [49]. However, both cell lines were fully 

able to internalize DCNPs-FA as determined by flow 

cytometry and confocal microscopy. Therefore, it is 

possible to use these DCNPs as biolabels for cancer cells 



  

 
that overexpress folic acid on their membranes. Herein we 

presented a complete physicochemical characterization 

study along with nanotoxicological evaluations to 

warranty the biosafety of DCNPs-FA to be used for 

further in vivo studies and biomedical applications.  

 
Fig. 7. Cellular localization of fluorescence Y2O3:Eu3+-FA nanoparticles 
in cancer cells. Confocal microscopy of cervical (HeLa) and breast 

(MCF-7) adenocarcinoma cell lines incubated with DCNPs-FA (red). 

DAPI depicts nuclear staining in blue. Scale bar represents 50 μm. 
 

Conclusion  

The Y2O3:Eu3+ can produce efficient red emission (with 

the electronic transition 5D0->7F2) when excited with short 

wavelength UV at 254 nm. The XRD diffraction patterns 

showed a cubic structure with a crystallite size of 34 nm 

and a nanoparticles size around 80 nm ± 10 nm. The 

DCNPs tend to agglomerate so the use of surfactant was 

needed to functionalize them. The functionalization was 

performed with TEOS/APTMS technique with a silica 

shell on the surface of the NPs and amino group bound 

with FA ligands. FA ligands bind to the folate receptor 

which is a selective tumor marker overexpressed in the 

cancer cells studied. Results from nanotoxicological 

analysis showed that DCNPs-FA are bio- and 

hemocompatible, because they do not interfere with cell 

viability and do not damage the red blood cell membrane. 

Moreover, they do not trigger any oxidative stress or in 

vitro inflammatory responses produced by macrophages, 

and importantly, they do not induce any genotoxic effect. 

These facts make them excellent candidates to be used as 

nanotools in the detection of circulating cancer cells or in 

other biomedical applications with especial focus in 

bioimaging. The importance of nanotoxicological studies 

is to provide evidence for a deeper understanding of the 

relationship between the physicochemical properties of 

NPs and the molecular/cellular responses exerted by them. 

These will contribute to tuning the design of suitable 

nanomaterials that can be safely used in biomedicine 

applications. A promising application is the use of 

DCNPs-FA as contrast agents for imaging studies. 

However, to accomplish this, in vivo toxicological studies 

in healthy and murine cancer models are needed. In the 

case of DCNPs-FA, our results support the usage of these 

nanotools for diagnosis applications, focusing on detecting 

of circulating cancer cells by flow cytometry. 
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