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ABSTRACT

Upconversion nanoparticles (UCNPs) have been used as biolabels for cancer cells due

to their ability to absorb near-infrared photons and upconvert them into visible radi-

ation.We reported the synthesis of UCNPs Y2O3/Yb
3?, Er3? (1, 1 mol%), which upon

excitationwith infrared photons (k = 980 nm) emit green colorwith amaximumpeak

centered at k = 550 nm. UCNPs were functionalized with folic acid (UCNPs-NH2-

FA) and analyzed by transmission electron microscopy, Fourier transform infrared

spectroscopy, XRD, DLS and photoluminescence measurements. UCNPs-NH2-FA

had a particle size of 70 ± 10 nm and exhibit a good luminescence spectrum in

comparison with bare UCNPs. Cytotoxicity of different concentrations of bare and

functionalized UCNPs was measured with the MTT assay in three cancer cell lines:

human cervical adenocarcinoma (HeLa) and human breast adenocarcinoma cells

(MDA-MB-231 and MCF-7). Some concentrations of bare UCNPs were cytotoxic for

cells; however, after been functionalized, UCNPs resulted to be non-cytotoxic. Geno-

toxicity of bare and functionalizedUCNPswas performed by the comet assay, and no

DNA damage was found for any concentration. The internalization of UCNPs-NH2-

FA into cancer cells was confirmed by confocal microscopy showing a cytoplasmic

fluorescence signal. UCNPs-NH2-FAwere used to detect cancer cells in suspension by

flow cytometry, with a specific green fluorescent signal for effective detection of cells.

These results confirm that functionalizedUCNPs can be usedwithout any cytotoxic or

genotoxic effects for bioimaging to detect and visualize cancer cells.
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Introduction

In the field of biomedicine, nanotechnology is pro-

viding new tools for imaging and diagnosis through

the synthesis and tuning of new nanomaterials with

unique physicochemical properties. Among others,

luminescence upconversion nanoparticles (UCNPs)

have been used as biolabels for cancer detection,

cancer therapy, fluorescence imaging, magnetic res-

onance imaging and drug delivery [1, 2]. UCNPs are

generally phosphor nanoparticles with a crystalline

matrix doped with lanthanide ions that can absorb

near-infrared (NIR) light (980 nm) and upconvert it

to visible light [3]. The crystal host lattice receives the

lanthanide ions and has a key influence on the

upward conversion process. The size of the lattice not

only determines the distance between the doping

ions but their relative spatial position, coordination

number and the type of anions surrounding the

dopant. Two important factors must be considered

for the selection of the host network: (1) the low

energy of the phonons of the lattice and (2) the size of

the doping ions that must have a similar size with

respect to the crystalline network [4, 5].

In UCNPs, the first ion of Yb3? acts as a sensitizer

and absorbs near-infrared radiation energy (NIR) that

is further transferred to the second ion (Er3?) also

called the activator. After this, UCNPs emit in the

visible range the excess of energy as photons [3]. This

phenomenon is called energy transfer upconversion

(ETU) [6–8]. By tuning the doping percentage of both

the sensitizer and activator ions, it is possible to obtain

nanomaterials with different emission colors [9]. The

advantage of using NIR is that the phototoxicity is

reduced compared with UV light, thus allowing to

detect them deeper into biological tissues, [10]. This is

known as the optical biological window, where the

tissues have the minimal light absorption avoiding

with this the undesirable photodamage of cells.

UCNPs exhibit several advantages that include

their high quantum yield, narrow emission peak,

reduced autofluorescence background and improved

tissue penetration depth. In contrast with the fading

of color in fluorescent proteins and organic dyes

commonly used as biolabels, UCNPs exhibit an

enhanced photostability [11].

Major challenges for oncology are the efficient and

specific delivery of intracellular agents for cancer

diagnosis and treatment. Moreover, this is a priority

to overcome the systemic toxicological effects of

chemotherapy. Therefore, new avenues to label

specifically cancer cells are in development. In this

sense, the functionalization of nanoparticles with

specific biological ligands such as antibodies and

ligand receptors is a trend [12]. Among these, folic

acid (FA) has been successfully used [13, 14]. FA is a

water-soluble vitamin, essential as a cofactor in sev-

eral body functions, which includes DNA synthesis

and repair, cell division and growth, amino acids and

protein synthesis, among others [15]. The uptake of

FA into the cells is triggered by its binding to folic

acid receptor (FR), a glycosyl-phosphatidylinositol-

anchored membrane protein [16]. Then, the complex

FA-FR is internalized through endocytosis [14]. It is

known that among the three isoforms of FR (a, b and

c), FR-a is overexpressed in a wide variety of human

cancer cells such as ovary, kidney, lung, mammary

gland, brain and endometrium [15, 17]. This overex-

pression of FA receptors in the membrane of cancer

cells makes them an easy target to be detected by

nanoparticles functionalized with FA.

Therefore, the aim of this work was to develop

UCNPs with excellent luminescent properties by

tuning the molar proportions of dopants and co-

dopants, combining lanthanide ions Er3? and Yb3? in

the host lattice of Y2O3. Moreover, to reduce their

cytotoxic and genotoxic effects in cells, UCNPs were

functionalized with FA. This allows UCNPs to target

and labeling cancer cells with an overexpression of

FR. Thereby, this process will make FR a suit-

able coupling site for FA-functionalized UCNPs on

tumor cells so they can be used as biolabels for cancer

cell imaging [14].

Herein, we present the synthesis by sol–gel method

[18] and the physicochemical characterization of

UCNPs obtained by X-ray diffraction (XRD), trans-

mission electron microscopy (TEM), dynamic light

scattering (DLS) and Fourier transform infrared

spectroscopy (FTIR), and also their luminescent

properties studied by spectrofluorometry, for bare

and functionalized nanoparticles. UCNPs were

coated with a thin silica shell and then functionalized

with APTES/TEOS to add amine groups that enable

the further FA conjugation on their surface. More-

over, cytotoxicity and genotoxicity of bare and func-

tionalized UCNPs were tested on human cervix

carcinoma (HeLa) and breast cancer cells MDA-MB-

231 and MCF7. Imaging studies obtained by confocal

microscopy reveal that the UCNPs were uptaken by
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the cancer cells and cytometry assays allows us to

detect the binding of UCNPs-NH2-FA to cancer cells.

Thus, UCNPS synthetized in this work can be further

used as biolabels to identify cancer cells by imaging

or by flow cytometry.

Materials and methods

Sol–gel synthesis

Synthesis of the UCNPs of Y2O3/Er
3?/Yb3? was made

by the sol–gel method (SG) with concentrations of

Yb3? (1 mol%) and Er3? (1 mol%) and annealing

temperatures of 1200 �C. The description of the

methodology was reported previously by us [19].

Briefly, precursors used for this method were: Y(NO3)3
(Alfa Aesar 99.9965%), Yb(NO3)3 (Alfa Aesar 99.9%),

Er(NO3)3 (Alfa Aesar 99.9%). The metal precursor was

dissolved in HNO3 (14 mol%) to obtain a homoge-

neous and transparent solution. Tartaric acid (C4H6O6

Aldrich, USA) was dissolved in de-ionized water at a

molar ratio of 1:2 for Er3? and Yb3? metal ions. Each

individual solution was mixed under constant stirring,

and then both solutions were mixed together and

stirred for 24 h at room temperature. Thereafter, pH at

5.0 was verified and the mixture was heated under

constant stirring at 80 �C for 2 h to produce a denser

sol. Subsequently, the sol was heated at 120 �C until a

gel was obtained and it was dried to form the xerogel

[18]. Finally, the xerogel was collected and annealed at

1200 �C for 2 h [19]. To avoid agglomeration, UCNPs

were ultrasonicated before their analysis by TEM or

functionalization. Ultrasonication was done with a

high-intensity ultrasonic processor (Sonics & Materi-

als, Inc.) at 70% of the amplitude for about 30 min

with 20 ml of isopropanol/ethanol.

Silica and aminosilane functionalization

The amino groups added on the surface of the

UCNPs through the 3-aminopropyl-trimethoxysilane

(APTES) functionalization, allowed the binding of FA

to them. Silica-coating and aminosilane functional-

ization were made by the APTES/TEOS technique

[9]. Firstly, a Stöber synthesis methodology was used

to coat the UCNPs with a thin silica shell [20]. Briefly,

a solution of 10 mmol of UCNPs was stirred for

20 min. In parallel, another solution containing pure

ethanol and 0.6 ml of tetraethyl orthosilicate, TEOS,

(Sigma-Aldrich, MO, USA) was prepared. Both

solutions were added to a previously mixed solution

containing 1 ml of ammonium hydroxide (NH4OH,

Sigma-Aldrich, MO, USA), 0.2 ml of IGEPAL sur-

factant (Sigma-Aldrich, MO, USA) and 9 ml of dis-

tilled water and were constantly stirred for 24 h.

Then, the silica-coated UCNPs were centrifuged three

times at 2000 rpm for 15 min at 24�C. Finally, silica-
coated UCNPs were filtered and then annealed at

900 �C for 2 h as previously reported [21].

Silica-coated UCNPs were ultrasonicated for

15 min before aminosilane functionalization. After-

ward, silica-coated UCNPs were mixed for 4 h in a

solution of ethanol containing 0.02 ml of APTES

(98%, Sigma-Aldrich), 0.14 ml of TEOS and 0.2 ml of

ammonium hydroxide. After this, the aminosilane-

functionalized UCNPs (UCNPs-NH2) were air-dried

and collected [9].

Folic acid conjugation to UCNPs

The amino groups added by APTES/TEOS func-

tionalization to the UCNPs (UCNPs-NH2), enable a

further FA conjugation. In this context, the UCNPs-

NH2 were functionalized with FA ligands to bind to

FR expressed on the membrane of cancer cells.

Functionalization reaction of UCNPs-NH2 with FA

was done with a Schlenk system in a N2 atmosphere.

Firstly, 0.500 g of FA (Sigma-Aldrich, MO, USA) and

500 ll of triethylamine (TEA, Sigma-Aldrich, MO,

USA) were added in 10 ml of dry dimethyl sulfoxide

(DMSO, Sigma-Aldrich, MO, USA) where the mix-

ture was agitated for 2 h at 37 �C. Then, 0.260 g of N-

hydroxysuccinimide (NHS, 99% Sigma-Aldrich, MO,

USA) and 0.470 g of N,N0-dicyclohexylcarbodiimide

(DCC, 99% Sigma-Aldrich, MO, USA) were added to

the solution and stirred at 37 �C in darkness for 12 h

to obtain FA-NHS. After this, the mixture was filtered

through a pore diameter of 0.22 lm to separate the

by-products. UCNPs-NH2 were dispersed in 25 ml of

a carbonate/bicarbonate buffer (0.01 M, pH 9.0) and

ultrasonicated for 5 min. Then, 3 ml of FA-NHS

solution were added to the UCNPs-NH2. After this,

UCNPs-NH2 were agitated in darkness for 2 h. The

resulted UCNPs-NH2 functionalized with FA

(UCNP-NH2-FA) 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. Finally,

UCNPs-NH2-FA were vacuum-dried overnight at

30 �C. The final material turned into a powder of
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yellow color. The modification rate was measured by

UV–Vis follow the activated-FA consumption during

the conjugation with the UCNPs-NH2.

Characterization of UCNPs

Crystallinity of bare UCNPs was characterized by

X-ray diffraction analysis (XRD) with a Phillips

X’Pert-MPD diffractometer equipped with Cu Ka
radiation (k = 0.15406 nm). Measurements scanned

over 2h range of 10�–80� were taken with a step size

of 0.1� and a 1 s dwell per point. The results obtained

were compared with the database PCPDFWIN as

previously reported [19]. The morphology and

nanoparticle size of UCNPs were assayed by trans-

mission electron microscopy (TEM) using a JEOL

JEM-2100-F microscope. Moreover, the presence of

the silica covering was confirmed by energy-disper-

sive spectrometry (EDS) technique. Average size of

nanoparticle and Zeta potential were measured by

dynamic light scattering (DLS) with a Zetasizer Nano

ZS instrument (Malvern). The photoluminescence of

the UCNPs was analyzed with a fluorescence spec-

trometer with dried UCNPs (PL, Hitachi� FL-4500)

with 980 nm for excitation. For the determination of

external quantum efficiency, we used the method

introduced by De Mello et al. [22]. The calculations

were aided by means of a 60-mm integrating sphere,

a CCD (InstaSpec IV), and an Oriel� MS260iTM high-

resolution 1/4 m imaging spectrograph.

To confirm the folic acid functionalization on

UCNPs surface, Fourier transform infrared spec-

troscopy analysis (FTIR) was done in the range of

400–4000 cm-1 (Thermonicolet 1700).

Cell culture

Human epithelioid cervix carcinoma HeLa cells

(CCL-2) and human breast cancer cells MDA-MB-231

(CRM-HTB-26) and MCF7 (HTB-22) were obtained

from American Type Culture Collection (ATCC,

Manassas, Virginia, USA). Cancer cell lines were

cultivated according the supplier directions. HeLa

and MDA-MB-231 cells were cultivated in RPMI-1640

media (Sigma-Aldrich, MO, USA) supplemented

with 10% Fetal Bovine Serum (FBS, BenchMark,

Gemini Bio Products), 1% penicillin–streptomycin

(Sigma-Aldrich, MO, USA), 1% L-glutamine (Sigma-

Aldrich, MO, USA) and 1.5 g/l sodium bicarbonate.

Human breast cancer cells MCF7 were cultured in

Dubelcco’s Modified Eagle’s medium (DMEM,

Sigma-Aldrich, MO, USA) supplemented with 10%

SFB, 1% penicillin–streptomycin, 1% L-glutamine,

1.5 g/l sodium bicarbonate and 0.01 mg/ml of

human recombinant insulin (Sigma-Aldrich, MO,

USA). Cells were propagated in growth medium and

maintained at 37 �C with 5% CO2.

Cytotoxicity assay

Cell viability was assessed by the method described by

Mosmann [23], using a colorimetric assay based on the

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

2H-tatrazolium bromide (MTT) to water-insoluble blue

formazan crystals by the mitochondrial dehydrogenase

enzymes. Cytotoxicity of both bare and functionalized

UCNPs (UCNPs-NH2-FA) was tested on HeLa, MDA-

MB-231 and MCF-7 cancer cell lines. UCNPs dilutions

were performed in DMEM media without supple-

ments. Cells were exposed to different concentrations

of UCNPs from 0.001 to 1 lg/ml for 24 h in a 96-well

plate containing 10,000 cells per well. Treated cells

with UCNPs were incubated at 37 �C and 5% CO2

atmosphere. After incubation time, cells were washed

three times with phosphate buffer solution, PBS

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,

1.8 mM KH2PO4 pH 7.4) and cell viability test was

assessed with the in vitro toxicology assay kit TOX-1

(Sigma-Aldrich). DMSO was used to induce total cell

death, while cell growth under ideal conditions was

assayed with the incubation of cancer cells in DMEM

media without UCNPs. Absorbance measurements

with an ELISA plate reader (Thermo Scientific, USA) at

570 and 690 nm, allowed the comparison of cell via-

bility between control groups and the damage induced

by different concentrations of UCNPs on cells. The

background absorbance of cell viability test was per-

formed by measuring the absorbance of multiwell

plates at 690 nm and subtracts it from the absorbance

values obtained at 570 nm. All data obtained from

UCNPs-treated cells were normalized to data from

three positive control wells with no treatment in three

independent experiments with their internal triplicates.

Alkaline single-cell gel electrophoresis
(comet assay)

To evaluate whether the incubation of solutions with

different concentrations of UCNPs with cancer cell

lines could induce DNA damage (i.e., single and
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double breaks in DNA), an alkaline single-cell gel

electrophoresis assay or comet assay was performed

as described previously by Singh et al. [24].

Cancer cells HeLa, MDA-MB-231 and MCF7 were

incubated with different concentrations of UCNPs

from 0.001 to 1 lg/ml for 24 h at 37 �C and 5%

CO2 atmosphere. Cells were incubated under the

same conditions without UCNPs as negative con-

trol. Afterward, cells were washed and collected in

PBS, to embedded in 0.5% low melting point

agarose on comet slides. The slides were covered

with a cover glass and kept at 4 �C to create a

microgel. Each slide was immersed for 1 h in pre-

chilled lysis solution containing 2.5 M NaCl,

100 mM Na2EDTA and 10 mM tris-base, at pH 10

with 1% Triton X-100 and 10% DMSO. Samples

were subjected to denaturation in alkaline buffer

(0.3 M NaCl, 1 mM EDTA) for 20 min in darkness.

Electrophoresis was performed at 25 V and 300 mA

for 20 min. Slides were immersed in a cold neu-

tralizing buffer (0.4 M tris-hydrochloric acid, pH

7.5) for 15 min and then, dehydrated by incubation

in 99% ethanol for 5 min. The slides were air-dried

and stained with a solution of ethidium bromide (at

1 mg/mL) in dark. Sample slides were visualized

with an Axio Lab A1 epifluorescence microscope

equipped with an excitation filter of 365 nm and

barrier filter of 455 nm connected to a digital cam-

era (Axio Cam ICc5.D). A single analyst performed

the visual scoring of slides to minimize scoring

images variation. Analysis was done using the free-

software ImageJ developed by the National Insti-

tutes of Science (NIH). Data were based on the

analysis of 200 comets for each test visually scored.

Comets were classified visually to belong into one

of the five classes according to tail size. Class o

were scored for undamaged cells showed as intact

nuclei without tails, whereas damaged cells showed

the appearance of a comet score as follows: 0 = no

damage; 1 = low damage; 2 = medium damage

and 3 = high damage. The DNA damage index is

based on the length of migration and on the

amount of DNA in the tail and is given by the

formula: DNA damage index: [(0 9 n0) ?

(1 9 n1) ? (2 9 n2) ? (3 9 n3)], where n is the total

amount of counts for each class [25].

Confocal microscopy cell imaging

Cell culture Petri dishes coated with Poly-D-lysine

(MatTek Co. MA, USA) were used to seed 300,000

cancer cells in cell culture media and incubated

overnight at 37 �C with 5% CO2. Then, HeLa, MDA-

MB-231 and MCF7 cells were incubated with 1 lg/ml

of UCNPs for 24 h at 37 �C under 5% CO2 atmo-

sphere. After this, cells were rinsed with PBS and

then fixed with 4% formaldehyde in PBS solution at

4 �C for 15 min. After fixation, cells were permeabi-

lized with 0.5% Triton X-100 in PBS for 15 min at

4 �C. Nuclear staining was achieved by incubated the

cells with 40, 6-diamidino-2-phenylindole (DAPI) at

0.5 ng/ll in darkness for 10 min at 24 �C, followed

by eight washes with PBS.

Images of cells were obtained with an inverted

laser scanning microscope Olympus FluoView

FV1000 (Japan). Nuclear staining with DAPI was

visualized using an argon ion laser for excitation at

405 nm with DAPI filters for emission at 455 nm.

Luminescence of UCNPs was detected using the NIR

laser (980 nm) and EGFP filter channel (excitation at

488 nm and emission at 515–530 nm). A Plan

Achromatic 60x/1.48 N.A. oil immersion objective

was used. A photomultiplier module allows the

simultaneous view of the fluorescence in the entire

cell. Laser intensity was kept at 20% to reduce pho-

tobleaching. The imaging parameters used produced

no detectable background signal from any source

other than from UCNPs and DAPI. Confocal images

were captured using the FV-10 ASW software and

were analyzed with the FV-10ASW viewer version

4.1 from Olympus [26].

Detection of cancer cells with UCNPs
by flow cytometry

HeLa, MDA-MB-231 and MCF7 cancer cells (4 9 105)

were incubated with 1 lg/ml of UCNPs for 24 h at

37 �C under 5% CO2 atmosphere. After this, cells

were rinsed with PBS and harvested with Trypsin/

EDTA (Sigma-Aldrich, MO, USA). Then, cells were

centrifuged at 1200 rpm for 5 min, rinsed twice with

PBS, and finally cell pellet was resuspended in 1 ml

of PBS and further analyzed by flow cytometry using

an Attune NxT flow cytometer (Life Technologies,

Carlsbad, CA, USA). Recorded data from flow

cytometry consist of 30,000 events (cells) analyzed

with the BL1 channel. Flow cytometry analysis was
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performed with the Attune NxT software (life

Technologies).

Statistical analysis

With exception of confocal imaging acquisition, all

other experiments were done in a threefold-inde-

pendent 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 sta-

tistically significant when p\ 0.05.

Results

XRD and TEM images of Y2O3/Er31, Yb31

UCNPs

The composition obtained for the UCNPs synthesized

was (Y0.98Yb0.1Er0.1)2O3. The XRD patterns of the

UCNPs are showed in Fig. 1a. All the diffraction

peaks are consistent with the JCPDS No. 89-5592

(Y2O3) database (blue). XRD result of the sample is

showed in green color and all the characteristic

diffraction peeks (211), (222), (400), (440) and (622)

were present, confirming the cubic structure of the

sample.

The TEM images of both bare and FA-functional-

ized UCNPs Y2O3/Er
3?/Yb3? (1, 1%) obtained by

sol–gel are shown in Fig. 1b, c. The morphology of

UCNPs Y2O3/Er
3?/Yb3? obtained was mostly

spheroidal, whereas their average diameter obtained

by DLS was 70 ± 10 nm. As observed in Fig. 1c, the

silica shell of UCNPs-NH2-FA is shown to be

approximately of 5 nm thick. As observed in Fig. 1c,

UCNPs tend to agglomerate after functionalization

and during the preparation of the sample for TEM.

However, after APTES/TEOS and FA functionaliza-

tion, UCNPs do not agglomerate.

Upconversion luminescence
of nanoparticles and external quantum
efficiency

Upconversion luminescence spectra of bare and

functionalized UCNPs-NH2-FA, under 980 nm laser

excitation, are shown in Fig. 2. The emission of the

nanoparticles Y2O3/Er
3?, Yb3? (1, 1 mol%) was in

green at 564 nm. In Fig. 2, it is also showed the

electronic transitions present in the spectra were
2H11/2 ?

4I15/2 (550 nm), 4S3/2 ?
4I15/2 (564 nm) and

4F9/2 ?
4I15/2 (660 nm).

Calculations for external quantum efficiency on

bare UCNPs result in a value of 1.15% ± 0.11%.

Analysis for UCNPs-NH2-FA gives a value of 0.01%.

Figure 1 XRD and TEM images of Y2O3/Er
3?, Yb3? UCNPs.

a Comparison of XRD patterns of JCPDS No. 89-5592 (Y2O3)

database (blue line) and Y2O3/Er
3?/Yb3? (1, 1 mol%) (green

line). Representative TEM images of b bare UCNPs Y2O3/Er
3?/

Yb3? (1, 1 mol%) and c functionalized UCNPs-NH2-FA.

Figure 2 Upconversion emission spectra under 980 nm excita-

tion for bare UCNPs (purple line) and UCNPs doped with Er3?/

Yb3? (1, 1 mol%) and functionalized with aminosilane-folic acid

(green line). All the samples measured were dried powder.
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A calculated value of 8.9% absorption (for

kexc = 974 nm) for UCNPs-NH2-FA contrasts with

1.9% calculated for bare UCNPs. However, bare

UCNPs were less absorbent but six times more

intense in its PL emission than functionalized

UCNPs-NH2-FA suggests that the outer layers are

responsible for most of the near-infrared pumping

excitation absorption.

EDS spectra of coated UCNPs

Energy-dispersive X-ray spectroscopy (EDS) is an

analytical technique used for the elemental analysis

or chemical characterization of a sample. It relies on

the interaction of some source of X-ray excitation in a

given sample. Its characterization capabilities are due

in large part to the fundamental principle that each

element has a unique atomic structure rendering a

unique set of peaks on its X-ray emission spectrum.

In this context, the EDS technique was used to verify

the elements contained on the UCNPs and to confirm

whether the silicon coating was present on their

surface. The spectrum is shown in Fig. 3.

FTIR analysis of UCNPs

To verify the functionalization of UCNPs with amine

and FA groups, a Fourier transform infrared spec-

troscopy analysis (FTIR) was used. FTIR is a tech-

nique that simultaneously collects high spectral

resolution data over a wide spectral range; it is used

to obtain an infrared spectrum of absorption or

emission of a specific sample.

The presence of the aminosilane groups and FA on

the surface of functionalized UCNPs was confirmed

by FTIR, as showed in Fig. 4. FTIR spectrum of bare

UCNPs is shown in Fig. 4 with blue line, for refer-

ence. Also Fig. 4 shows the FTIR spectrum of

aminosilane-functionalized UCNPs (red line), where

it shows the presence of the amino groups: wagging

of NH2 at 669–793 cm-1, primary amines at

1541 cm-1 and secondary amines at 3341 cm-1.

The FA-functionalized UNCPs (UCNPs-NH2-FA)

are shown with black line, which confirms that the

UCNPs are functionalized with FA, since the vibra-

tion of FA ligands at 3375, 3124 and 2960 cm-1 and

the FA –NH2 groups at 1659, 1606 and 1512 cm-1 are

observed.

Zeta potential measurement by DLS
analysis of UCNPs

The stability of UCNPs was measured through the

Zeta potential. It is evident that the Zeta potential of

functionalized nanoparticles (UCNPs-NH2-FA) did

not change significantly with their storage. Interest-

ing is that after being functionalized either with

APTES/TEOS or with FA, nanoparticles tend to be

more stable than the bare UCNPs as it can be

Figure 3 a EDS spectra of

silica-coated UNCPs Y2O3/

Er3?/Yb3? (1, 1 mol%). In b it

is showed the elements present

on the surface of silica-coated

UCNPs.
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observed by their Zeta potential values in Fig. 5a. As

showed in Fig. 5b, comparison of Zeta potential

measurements of nanoparticles at day 0 and after

15 days of being stored in distilled water at 4 �C was

achieved.

Cytotoxicity assay of UCNPs in cancer cell
lines

The cytotoxicity effect of bare and functionalized

UCNPs-NH2-FA incubated with cervix (HeLa) and

breast cancer cells (MDA-MB-231 and MCF7) are

shown in Fig. 6. The lower concentrations of bare

UCNPs (0.001 lg/ml) showed less cell viability than

higher concentrations (0.1 lg/ml). This is explained

due to the agglomeration and precipitation tendency

exhibited by bare UCNPs, thus interfering with the

absorbance reading measurements of the plate.

However, after FA functionalization, the agglomera-

tion tendency of UCNPs was reduced. The cytotoxi-

city effect of UCNPs in human cervix and breast

cancer cell lines was diminished after been func-

tionalized with aminosilane and FA groups (UCNPs-

NH2-FA), as showed in Fig. 6a for HeLa cells and

Fig. 6b, c for breast cancer cells MCF7 and MDA-MB-

231. Taking these results in consideration, we test

whether UCNPs-NH2-FA were able to be use as

biolabels for cancer cells as it is shown in the next

section.

Genotoxicity of bare and functionalized
UCNPs-NH2-FA

Genotoxicity is a key parameter when evaluating the

toxicity of a given nanomaterial. This can be deter-

mined by the DNA damage using different approa-

ches such as alkaline single-cell gel electrophoresis or

comet assay. With this method it is possible to eval-

uate single- and double-strand fragmentations in

DNA. In this study, human cervix adenocarcinoma

(HeLa) and breast cancer cells (MDA-MB-231 and
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Figure 4 FTIR spectra of, bare UCNPs Y2O3/Er
3?/Yb3? (1,

1 mol%) (blue line), UCNPs with aminosilane functionalization

(red line) and functionalized UCNPs-NH2-FA (black line).

Figure 5 Zeta potential of

bare and functionalized

UCNPs. a Comparison of Zeta

potential obtained in each step

of the synthesis protocol, bare

and functionalized

nanoparticles. b Comparison

of Zeta potential between

UCNPs-NH2-FA at day 0 and

after 15 days of being stored in

distilled water at 4 �C.
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MCF-7) were exposed to bare UCNPs and function-

alized UCNPs-NH2-FA at different concentrations for

24 h. The scores of DNA damaged for the three types

of cancer cells are shown in Fig. 7.

As observed in Fig. 7a, the DNA damage index for

HeLa cells treated with 0.001–1 lg/ml of bare and

functionalized UCNPs was similar to those values

obtained for untreated cells (p[ 0.05). The same

results were observed for both cancer cell lines MDA-

MB-231 and MCF7, as observed in Fig. 7b, c. Thus,

when comparing the DNA damage index of control

cells (without treatment) with those obtained in the

exposed cells to UCNPs, no difference was found.

Therefore, no genotoxic effect was induced for the

exposure of cancer cells to UCNPs. This parameter is

important when assessing an efficient biolabel for

imaging detection.

Cancer cell imaging with UCNPs

In this study, we took advantage of the overexpres-

sion of FA receptors on the cell membrane of cancer

cells. Thus, UCNPs-NH2-FA used herein were used

to bind to this FA receptors presented in both, cervix

adenocarcinoma (HeLa) and breast cancer (MB-

MDA-231 and MCF7) cells. To corroborate this,

images of UCNPs-NH2-FA internalized into cancer

cells were obtained by confocal microscopy as it is

shown in Fig. 8.

Confocal images of nucleus (n) stained with DAPI

are showed in Fig. 8. UCNPs-NH2-FA were inter-

nalized into HeLa, MDA-MB-231 and MCF7 cells.

Localization of UCNPs-NH2-FA was detected in the

cytoplasmic region of all cancer cells (white arrows);

this was possible due to the green emission light of

UCNPs-NH2-FA excited with NIR 980 nm. Merge of

the images allows the visualization of both nuclear

staining and internalized UCNPs-NH2-FA, as expec-

ted they were clearly localized in the cytoplasmic

region, since FA ligands were used for UCNPs

internalization.

Functionalized UCNPs Y2O3/Er
3?/Yb3? (1,

1 mol%) were incubated with human cervix adeno-

carcinoma HeLa cells and breast cancer cell lines

MDA-MB-231 and MCF7 for 24 h. Nuclear staining

with DAPI is labeled as ‘‘n.’’ Detection of functional-

ized UCNPs-NH2-FA in the cytoplasm of cancer cells

is shown with white arrows. Merge of DAPI and

green emission of UCNPs-NH2-FA in the cytoplasm

of cancer cells is presented, where nucleus and

nanoparticles are labeled as previously indicated.

Scale bar represents 30 lm.

Cancer cells detection with UCNPs-NH2-FA
by flow cytometry

Considering that both cervical and breast cancer cell

lines were able to uptake FA-functionalized UCNPs.

We test whether the detection of these cancer cells in

suspension was possible by flow cytometry. For this,

human cervical HeLa cancer and breast cancer

(MDA-MB-231 and MCF7) cell lines were incubated

with 1 lg/ml of either bare or functionalized UCNPs.

As it is shown in Fig. 9a, c, e, bare UCNPs were not

able to bind to any of the cancer cell lines here used.

However, an increase in the fluorescence intensity

Figure 6 Cell viability assay of bare UCNPs Y2O3/Er
3?/Yb3? (1,

1%) (white bars) and functionalized UCNPs-NH2-FA (green color

bars) in a human epitheloid cervix carcinoma HeLa cells and

b human breast cancer cell line MCF7 and c MDA-MB-231. Cell

viability test is based on the reduction of MTT reagent. Results

represent the mean ± standard deviation of three independent

experiments * p\ 0.05; ** p\ 0.01 and *** p\ 0.001.
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was clearly detected when UCNPs-NH2-FA were

added to the cancer cells, as depicted in Fig. 9b, d, f.

With these results, we confirm that UCNPs-NH2-FA

can be used as cancer cell biolabels. Moreover, this

emphasizes that besides the advantages of their

physicochemical properties, UCNPs have probe to be

safe in terms of cytotoxicity and genotoxicity. This

makes the UCNPs herein used excellent biolabels

nanotools for cancer cell detection either by imaging

or by flow cytometry.

Discussion

Nanomaterials based on lanthanide ions exhibit both

downconversion (conventional Stokes type) and

upconversion (anti-Stokes) luminescence [6]. In this

sense, UCNPs have a long luminescence lifetime and

are characterized for their capability to absorb NIR

light and upconvert it to visible light [27]. Addition-

ally, the composition of their sensitizer ions can be

tuned to obtain certain type of emissions that have

been applied for biomedical applications. For exam-

ple, in this study we synthesized UCNPs with 1%

molar concentrations of Er3?, Yb3? ions, which

resulted to show the characteristic green emission of

the electronic transitions 2H11/2 ?
4I15/2 (550 nm)

and 4S3/2 ?
4I15/2 (564 nm) and exhibited a cubic

structure verified by a detailed in the XRD and PL

analysis. If the percentage of the Yb3? ion is

increased, the transition 4F9/2 ?
4I15/2 (660 nm) is

present with more intensity and the color of emission

will change to red, more detailed information about

this process is shown on our previous paper [19].

Figure 7 Genotoxicity assay of bare UCNPs Y2O3/Er
3?/Yb3? (1,

1%) (white bars) and functionalized UCNPs-NH2-FA (color bars)

on HeLa, MDA-MB-231 and MCF7 cancer cells. DNA damage

index of a HeLa, b MDA-MB-231 and c MCF7 cells exposed to

UCNPs at different concentrations was assessed by comet assay.

d DNA damage categorization by comet assay according to tail

size. Non-treated cells were incubated with cells culture media to

simulate normal conditions and taken as the negative control

group. Data represent the mean ± standard deviation of three

independent experiments. Statistical analysis by ANOVA and

Tukey’s multiple comparison revealed no significance (ns).
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Figure S1 exhibits the electronic transitions between

the Yb3? and Er3? ions for the upconversion process,

showing with red arrow the red emission and the

green emission with green arrow [6].

Contrary to other luminescent particles, UCNPs do

not bleach due to their chemical stability [28]. The

photoluminescence of bare and functionalized

UCNPs-NH2-FA showed that although functional-

ized UCNPs had less intensity as the bare nanopar-

ticles, both UCNPs showed good emission spectra

with a green emission at 564 nm. The advantage of

this type of UCNPs is that their excitation energy is

NIR light, which is safer to the body and can pene-

trate tissue as deep as several inches [29]. Bare

UCNPs being less absorbent but more intense in its

PL emission than functionalized UCNPs-NH2-FA

suggests that the outer layers are responsible for most

of the absorption from the near-infrared pumping

excitation. Even though, the functionalized UCNPs

were clearly located into cell cytoplasm, showing that

the diminished luminescence is good for cell

identification.

Taking these in consideration, in this work we

synthesized UCNPs with a crystal host of Y2O3,

doped with the same molar concentrations (1%) of

both ions Er3? and Yb3?, which allows us to obtain

UCNPs with an intense green emission particularly

useful for cancer cells biolabeling.

To be useful for biological assays, UCNPs must be

dispersible in aqueous solution and be covered with

biological ligands to increase their selectivity and

targeting. The UCNPs synthetized in this work were

coated with a 5-nm-thick silica shell; however, they

tend to agglomerate after and during coating. To

overcome this, we decided to use the IGEPAL sur-

factant along with the APTES/TEOS covering tech-

nique. This resulted in a homogeneous coating on all

UCNPs and also added silane groups in the surface

of the nanoparticles. The silanization is a powerful

technique used for covalent modification of surface

nanoparticles, among others of silica surface, this can

be further used to covalent binding of biological

ligands such as FA [30].

It is well known that some types of cancer cells

such as breast, ovary and lung overexpress the FA

receptors in their cell membrane [14, 17, 31]. Also, FA

ligands have a high binding affinity to FA receptors,

which are overexpressed on the surface of cervical

adenocarcinoma (HeLa) and breast cancer cells such

as MDA-MB-231 and MCF7 [2, 32]. Thus, to specifi-

cally site direct the UCNPs here studied to cancer

cells, a FA ligand was linked to their surface through

the silane group. This was confirmed by FTIR, which

showed the presence of characteristic peaks corre-

sponding to vibration of amine-folic acid bonds on

the surface of the UCNPs. It has been reported that

when FA was chemically linked with amine or

c-carboxyl groups, its FA receptor binding affinity

increased [32–34] enhanced with this the capability of

UCNPs functionalized with FA to bind to FR located

at the surface of cancer cells.

Figure 8 Cellular localization of fluorescence green emission UCNPs-NH2-FA.
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When assessing the toxicity of a given nanomate-

rial, cell viability tests are fundamental to provide

information related with cell survival, metabolic

status and cell death modality of treated cells. If this

nanomaterial is intended to be used as a cell biolabel,

it must fulfill several criteria including

Figure 9 Flow cytometry detection of cancer cells with function-

alized UCNPs-NH2-FA. Human cervical adenocarcinoma (HeLa)

cells and human breast MDA-MB-231 and MCF7 cancer cells

incubated with bare UCNPs (a, c, e) and functionalized UCNPs-

NH2-FA (b, d, f). Green emission of UCNPs was detected with the

BL1-channel.
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biocompatibility and toxicological assessment to

assure that its binding to the target cell will not

damage it either by leading to cell death or by caus-

ing any genotoxic effect [9]. Thereby, besides their

physicochemical characterization, biological charac-

terization of UCNPs must include the evaluation of

their cytotoxic and genotoxic effects in cancer cells.

Cytotoxicity is used to test if a reagent affects the

viability of a given cell population and causes cellular

damage that leads to cell death. In this case, we used

a colorimetric assay based on the reduction of MTT

into formazan, this transformation reflects the meta-

bolic status of a cell population after being exposed to

the UCNPs here evaluated.

To evaluate whether the functionalization with

aminosilane-folic acid (NH2-FA) on the surface of

UCNPs caused any cytotoxic effect on cancer cells,

cell viability tests were carried out on three different

cancer cell lines (HeLa, MDA-MB-231 and MCF7).

The results revealed that the three cancer cell lines

exhibited a differential susceptibility to bare UCNPs

composed of Y2O3/Er
3?/Yb3? (1, 1%) and function-

alized UCNPs-NH2-FA. For example, HeLa and

MCF7 cell lines resulted to be more sensitive to bare

UCNPs than MDA-MB-231 breast cancer cells.

However, after functionalization with aminosilanes

and FA groups, the cytotoxicity of UCNPs reduced

significantly; hence, the cell viability after exposition

to UCNPs-NH2-FA resulted to be more than 80% for

all the tested concentrations. This confirms that

functionalized UCNPs-NH2-FA showed no affection

on the metabolic state of the three cancer cells here

studied: HeLa and breast cancer cells MD-MB-231

and MCF7. This result is a desirable feature for bio-

labels tools, because this assures that they can bind to

their cancer cell target, without damage it or any

other cells located in the surrounding area of the

tumor.

There is an increased concern related to hazards of

nanomaterials in biological systems, especially those

applied in biomedicine and food. In nanotoxicology,

besides cytotoxicity assays it is also important to

measure the genotoxicity effects of the tested nano-

material. This can be achieved by several strategies

including comet and micronucleus assays. It has been

reported that there is a strong consistency between

the genotoxicity effects of a nanoparticle measured by

the comet assay with those obtained by the

micronucleus assay [35]. Although the bioaccumula-

tion of UCNPs in mice has been reported [36], to our

knowledge there have not been reports of their

genotoxic effects. Therefore, we decided to evaluate

the genotoxicity of both bare UCNPs and function-

alized UCNPs-NH2-FA by comet assay in HeLa,

MDA-MB-231 and MCF7 cancer cells treated with

different concentrations of UCNPs. The results

revealed that none of concentrations of both bare and

functionalized UCNPs herein tested provokes DNA

damage in treated cells. Hence, with the MTT and

comet assays, it was possible to determine that all the

concentrations herein used of both bare and func-

tionalized UCNPs resulted to be no cytotoxic and no

genotoxic.

Numerous studies have reported the application of

UCNPs for in vitro cellular imaging [32]. In vitro

cellular imaging involves targeting of UCNPs to

some subcellular components, such as FA receptor

[37–39]. The advantage of UCNPs over their respec-

tive lanthanide bulk material is that the former are

photoexcitable in the NIR spectra, for example, at

980 nm such as the UCNPs of Y2O3/Er
3?/Yb3? (1,

1%) here studied. At this wavelength, the auto-ab-

sorption of any biological sample is weak, reducing

with this the absorption and luminescence back-

ground [27].

It is known that some cancer cells express FR in

their cell membrane, facilitating with this the uptake

of any ligand bound to this FR [40]. This was our

reasoning to functionalize UCNPs with FA to pro-

mote the internalization of UCNPs-NH2-FA into

cancer cells. To confirm this, we incubated the

UCNPs-NH2-FA with cervical adenocarcinoma HeLa

cells and breast cancer cells lines MDA-MB-231 and

MCF7, to evaluate if the UCNPs-NH2-FA were able to

bind to FA receptor expressed on their cell membrane

and been uptaken by the cells. We showed that the

luminescence of UCNPs-NH2-FA emission at 554 nm

was detectable using confocal microscopy. Moreover,

it was demonstrated that UCNPs-NH2-FA were able

not only to bind but also to internalize into the

cytoplasm of the HeLa, MDA-MB-231 and MCF7

cancer cells. With these, we demonstrate that UCNPs-

NH2-FA here synthetized are able not only to bind

but to be uptaken by cancer cells that overexpress FA

receptors on their cell membrane.

In attempts to use this UCNPs-NH2-FA as cancer

cell biolabels for diagnosis, it is important to test an

efficient and rapid method for cancer cell detection.

For this, we took advantage of the intrinsic green

fluorescence of UCNPs to test whether their binding
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to cancer cell lines could be detected by a conven-

tional method used in diagnosis such as flow

cytometry. Moreover, since the internalization of

UCNPs-NH2-FA was previously demonstrated, we

decided that UCNPs-NH2-FA binding and uptake

could be measure by flow cytometry. Indeed, the

obtained results demonstrated that only UCNPs-

NH2-FA bound to cervical adenocarcinoma (HeLa)

cells and breast cancer cells (MDA-MB-231 and

MCF7), while bare UCNPs were not able to bind to

these cells and no detection was observed.

Thus, the results of biological experiments are

supported by a complete physicochemical character-

ization of the UCNPs here used. Indeed, we also

present the assessments for nanotoxicology evalua-

tion of UCNPs. It is possible to use these UCNPs-

NH2-FA as biolabels for cancer cells, since it was

possible to visualize and detect them by confocal

microscopy and flow cytometry. It is important to

mention that due to their lack of both cytotoxicity and

genotoxicity and no fading of color, UCNPs can be

used for a longer period of time is the energy source

is maintained, especially in for diagnosis imaging to

have an efficiently contrast agent for better imaging,

diagnosis and therapy. The inorganic UCNPs have

unique optical properties that can have a potential for

wide applications such as magnetic resonance imag-

ing (MRI), ultrasonography, optical imaging devices

and positron emission tomography (PET) [41].

Moreover, their excitation wavelength at NIR light

corresponds to the optical biological window that

avoids the photodamaging of cells but allows a deep

penetration in tissue cells. So, this study paves the

way to further testing the usage of this type of

UCNPs-NH2-FA for in vivo studies in animal models

of cancer as detection nanoprobes.

Conclusions

In this study, we demonstrate that UCNPs Y2O3;

Er3?, Yb3? (1, 1 mol%) covered with silica and func-

tionalized with folic (UCNPs-NH2-FA) showed

intense green emission spectra at 554 nm, under

near-infrared excitation at 980 nm. Also we confirm

that UCNPs-NH2-FA exhibit an excellent biocom-

patibility because their cytotoxicity was null after

being functionalized and no genotoxicity and DNA

damage was detected by their incubation with cancer

cells.

Moreover, UCNPs-NH2-FA were intracellular

visualized in cervix adenocarcinoma HeLa cells and

MCF7 and MB-MDA-231 breast cancer cells, and also

it was possible to confirm their cell binding by flow

cytometry by detecting UCNPs-NH2-FA green emis-

sion. This confirms their purpose as cancer cell bio-

labels. These functionalized UCNPs-NH2-FA

represent an advanced diagnosis tool based on nan-

otechnology for applications as biolabels for in vivo

murine models of breast and cervical cancer and

open the door to be considered as cancer diagnosis

nanotools.
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