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Abstract. Upconversion nanoparticles (UCNPs) are promising alternatives to 
traditional fluorescent labels for cell imaging that have outstanding potential 
in biological and clinical applications. As we previously established, the co-
incubation of synthesized in-house [NaYF4:Yb3+, Er3+] UCNPs uncoated and 
coated by SiO2 shell with the cell lines resulted in particles’ uptake. Because of 
the tendency to particle internalization by cells, the assessment of the 
biocompatibility of UCNPs intended for biomedical applications and their 
ability to induce desirable biological effects under the appropriate wavelength 
irradiation is an important step in UCNPs development. The present work is 
focused on the assessment of [NaYF4:Yb3+, Er3+] UCNPs’ phototoxicity and 
changes in human lung-derived embryonic fibroblast (FLEH-104) and human 
laryngeal epidermoid carcinoma (Hep-2) cell lines’ morphology in response to 
the influence of UCNPs. © 2024 Journal of Biomedical Photonics & 
Engineering. 
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1 Introduction 

Cancer is the leading cause of mortality worldwide and a 

significant factor hindering life expectancy growth. 

According to the World Health Organization statistics 

from 2019, cancer ranks as the primary or secondary 

contributor to mortality under the age of 70 in 112 out of 

183 countries [1, 2]. Therefore, the development of new 

methods for cancer diagnostics and therapy at early 

stages and the amendment of currently existing ones are 

top priorities for modern medicine. 

Currently, conventional surgery remains one of the 

most commonly used approaches for tumor removal. 

However, tumor surgery is accompanied by a substantial 

risk of malignant cells remaining in the surgery site, 

which can later result in the disease recurrence [3]. 

Radiotherapy and chemotherapy are also commonly used 

approaches, however, the resistance of some tumors to 

these types of therapy can also result in the treatment 

failure or even disease relapsing [4, 5]. Besides, 

conventional approaches to cancer therapy possess 

multiple undesirable side effects including off-target 
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toxicity of chemotherapeutic agents affecting healthy 

organs, tissues, and cells. Targeted therapy, which 

aims to affect only tumor cells, represents an 

alternative direction in the development of anticancer 

remedies [6−10]. The application of monoclonal 

antibodies targeting tumor-specific antigens [11], and 

oligonucleotide aptamers targeting different tumor-

specific structures including gens [12, 13] are illustrative 

examples of this therapy realm. 

The early-stage cancer diagnostics is crucial for 

therapy success and facilitates the chances of long-term 

patient survival. The usage of optical methods for cancer 

diagnostics deserves close attention. For the last two 

decades, label-free optical methods have been capturing 

the interest of researchers [14−16]. Differences in 

fluorescence level of endogenous fluorophores and 

morphology of normal and malignant cells are pillars of 

label-free approaches. Whereas exogenous fluorophores’ 

usage for cancer cell labeling is a more conventional 

approach and, currently, is widely used in clinic [17−19]. 

The selective labeling of cancer-specific structures 

within malignant cells or on their surface by 

fluorophores, conjugated with molecules providing 

cancer-targeting, is the grounds of this 

technique [8−9, 20, 21].  
The successful experience of selective fluorescent 

labeling application in clinic encourages researchers to 

search for new natural fluorophores and develop new 

synthetic fluorophores and nanostructures possessing 

fluorescent properties [22−28].  

Many types of luminophores are currently used in 

bioimaging (e.g. quantum dots, fluorescent proteins, 

organic dyes, dye-doped silica nanoparticles, metallic 

nanoparticles). However, the use of organic probes for 

luminescence imaging of living organisms has some 

limitations. Excitation of traditional bio-labels usually 

requires UV or VIS light, which results in low signal-to-

noise ratio due to high biological autofluorescence, low 

light penetration depth and possible cell photodamage. 

Therefore, it is desirable to use fluorescent bio-labels that 

can be excited by near-infrared light. Compared with 

organic dyes and semiconductor quantum dots, 

upconversion nanoparticles have attractive chemical and 

optical properties, such as low toxicity, sharp emission 

bandwidths, large anti-Stokes shifts and high resistance 

to photobleaching and photoblinking. NIR light can non-

invasively penetrate deep into living organisms because 

the excitation wavelength is within the optical 

transparency window of tissues (700−1000 nm).  

From the viewpoint of the elaboration of exogenous 

fluorescence labels, nanomaterials have attracted great 

interest due to their unique physical and chemical 

properties. So, fluorescent semiconductor quantum dots 

possess larger photon action areas than organic 

fluorophores (>1,000 GM compared to 1,300 GM for 

organic fluorophores) (1 GM = 10−50 cm4s photon−1) [29]. 

However, quantum dots mostly comprise heavy metals 

characterized by substantial toxicity [30] which 

significantly obstruct their introduction to clinical 

practice. Gold nanoparticles also have a large photon 

action area (greater than 2000 GM for gold nanorods), 

however, in contrast to quantum dots, they are 

biocompatible, which is crucial for their biomedical 

applications [27, 31]. The other promising class of 

nanoscale luminophores is rare-earth-doped 

upconversion nanoparticles (UCNPs) capable of 

converting longer wavelength near-infrared radiation 

into visible one via a nonlinear optical process [32]. The 

unique NIR-induced photoluminescence properties of 

UCNPs benefit bioimaging through the image contrast 

improvement via avoiding tissue autofluorescence, and 

through the increased labels’ photostability, ensuring 

prolonged imaging even at the single nanoparticle 

level [16−21]. These make UCNPs attractive for 

application in biological sensing, biomedical imaging, 

and disease theranostics [33−38]. 

Thus, UCNPs are promising alternatives to traditional 

fluorescent biolabels for cell imaging and have 

outstanding potential in biological and clinical 

applications such as photodynamic therapy (PDT). In this 

therapy, reactive oxygen species (ROS) are used as a 

lethal factor. In the traditional case of PDT, a 

photosensitizer is activated by visible light to generate 

ROS; as described above, this type of light has limitations 

in tissue penetration. Materials with upconverting 

properties could be used to activate the photosensitizer 

directly in the tumor environment. UCNPs excited by 

NIR light transfer the absorbed energy to photosensitizer 

molecules and cause the generation of ROS. The most 

efficient host material for 980 nm upconversion is the 

hexagonal phase NaYF4, often doped with rare earth ions. 

Mostly UCNPs are hydrophobic and their surface 

modification can provide the improvement of particles’ 

dispersibility in the aqueous biological media. Charged 

or polar moieties such as amphiphilic (co)polymers, 

lipids and silica are therefore attached to the particle 

surface. The silica coating imparts many useful 

properties to the nanoparticles, including the capability 

for their additional functionalization and 

biocompatibility [44]. The implementation of a silica 

shell is based on its unique properties, including high 

thermal and chemical stability, optical transparency, and 

easy control of the coating shell. In addition, the 

biocompatibility of the SiO2 shell and its further 

fictionalization with versatile organic and inorganic 

compounds are crucial for its biological applications as 

well as for enabling nanoparticle dispersion in polar and 

non-polar environments. By coating the NaYF4:Yb,Tm 

NCs with a uniform SiO2, the hydrophobic UCNs 

become water dispersible [45]. 

The surface modification of the nanoparticles by 

silica results in an increase in photoluminescence 

intensity of about 9% compared to the uncoated sample 

of NaYF4:(Yb3+, Er3+) phosphor. This increase in 

photoluminescence intensity can be explained by the 

suppression of non-radiative recombination of electron-

hole pairs via surface defects [46]. 

Furthermore, the use of SiO2 for the external coating 

of lanthanide-doped UCNPs is attractive because silica is 

known to be relatively harmless when used in biological 
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systems. The nanomaterials are relatively non-toxic even 

at relatively high concentrations (50 mg/ml) for 48 h 

incubation in HeLa cells [47]. Also, the dependence of 

UNPs’ cytotoxicity on their coating type was 

comprehensively considered previously in Ref [48]. 

Previously, we have demonstrated the possibility of 

Hep-2 cells labeling with uncoated and coated with SiO2 

shell [NaYF4:Yb3+, Er3+] UCNPs in vitro and estimated 

their phototoxicity [49]. SiO2-coated nanoparticles were 

found more toxic under NIR irradiation than uncoated 

ones and capable of inducing cell apoptosis (pycnosis 

stage). Also, we found a decrease in the number of cells 

containing autophagosomes, which can probably point to 

the blocking of resistance in tumor cells. Uncoated 

UCNPs did not substantially decrease Hep-2 cells’ 

viability, however, the same effect of autophagy 

blockage as for covered nanoparticles was found. 

Therefore, our preliminary data point to the prospective 

of the elaborated SiO2-coated UCNPs for application in 

cancer therapy. 

Here, we compared the photoсytotoxic effect of 

[NaYF4:Yb3+, Er3+] UCNPs on human lung-derived 

embryonic fibroblast (FLEH-104) and human laryngeal 

epidermoid carcinoma (Hep-2) cell lines under the NIR 

irradiation. Also, we assessed the effect of both types of 

nanoparticles in the presence of NIR irradiation on the 

morphology of normal and cancer cell lines. 

2 Experimental Section  

2.1 UCNPs Synthesis and Characterization 

Uncoated and coated with SiO2 shell [NaYF4:Yb3+, Er3+] 

(fluoride matrix doped with ytterbium and erbium ions) 

UCNPs were synthesized by a hydrothermal method as it 

was described previously in Ref. [50]. The final UCNP 

concentration was 10 mg/mL. UCNP images (Fig. 1(a)) 

obtained using the field-emission scanning electron 

microscope (SEM)MIRA 2 LMU(TESCAN, Czech) 

were used for particles morphology and size assessment. 

The average size of UCNPs was measured using ImageJ 

software.  

 

 

  

Fig. 1 (a) SEM image of the uncoated [NaYF4:Yb3+, Er3+] UCNPs, (b) size distribution of uncoated UCNPs, 

(c) SEM image of the coated [NaYF4:Yb3+, Er3+] UCNPs, (d) size distribution of coated UCNP. 
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Fig. 2 (a) Scheme of the experimental setup and (b) photos of the setup with the 96 well plate under NIR light exposure. 

2.2 Cell Cultures  

Hep-2 and FLEH-104 cell lines were provided by the 

Department of Cell Engineering, Education and Research 

Institute of Nanostructures and Biosystems, Saratov State 

University, Russia. All cell lines were plated separately 

in tissue culture flasks and grown in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 

1% penicillin-streptomycin antibiotic antifungal cocktail, 

2 mM of L-glutamine, and 10% fetal bovine serum 

(FBS), in the humidified atmosphere of 5% CO2 in air at 

37 °C. The media were replaced every three days. Cell 

cultures with 75–85% confluence were harvested using 

0.25% trypsin and counted using a Countess automated 

cell counter (Thermo Fisher Scientific, USA). 

2.3 Experimental Procedures 

The scheme and photo of the experimental setup used for 

cells exposure are presented in Fig. 2(a, b). The cells 

were plated in a 96-well plate with a transparent bottom 

at 104 cells per well density and incubated overnight. 

After the incubation, uncoated and coated UCNPs were 

added to cells at a concentration of 10 mg/mL and 

incubated for 24 h. Then, each well except the control 

ones was irradiated by the 980 nm light source 

(0.5 W/cm2 power density). The cell culture media was 

replaced by Dulbecco’s Phosphate Buffered Saline 

(DPBS) for the duration of the light exposure. The 980 

nm diode laser (laser’s power: 108 mW) (LSR980NL-

1000, Lasever, China) equipped with 600 µm optic fiber 

was used for UCNP excitation. The exposure time varied 

in the range from 5 to 45 min. IR imager IRISYS 4010 

(InfraRed Integrated System Ltd, UK) located at a 

distance of 30 cm from the sample was used for non-

contact measurement of the samples’ surface 

temperature. The temperature of the cages did not 

increase during the experiment. Finally, cell viability was 

evaluated using resazurin-based Alamar Blue cell 

viability reagent. For this dye was added to each well at 

a concentration of 10% v/v and incubated for 4 h. The 

fluorescence intensity (Ex/Em: 560/590 nm) of the 

reduced form of dye (resorufin) was measured using the 

Synergy H1 multimode reader (BioTekInstruments, Inc., 

USA). 

Acridine orange dye was used for the cell 

morphology assessment. Cells were stained by 400 nM 

final concentration dye solution for 10 min, then triply 

washed with PBS and investigated using the inverted IX 

73 fluorescent microscope (Olympus America Inc., 

USA). 

3 Results and Discussion  

Synthesized [NaYF4:Yb3+, Er3+] UCNPs possessed 

hexagonal-like shape with the average size 205 ± 10 nm 

(Fig. 1(a)). The size distribution of synthesized UCNPs 

is presented in Fig. 1(b). The synthesized particles are 

characterized by a narrow size distribution, indicating 

their monodispersity. UCNPs coated with a layer of SiO2 

(Fig. 1(c)) have a wider size distribution due to the 

heterogeneity of the shell thickness. The size of the 

coated UCNPs is 262 ± 21 nm. 

Cells exposure with NIR light was performed using 

the setup depicted in Fig. 2(a, b). The laser beam size was 

adjusted to cover only a single well of the 96-well plate 

to prevent the overexposure of cells in the adjacent wells 

by direct laser light. It enabled us to control the exposure 

time for all experimental groups. The guidance of the 

NIR laser spot on the well center was performed using 

the laser beam visualizer fixed under the bottom of the 

transparent 96-well plate. 

The assessment of the metabolic activity of model 

cell lines after their 24 h co-incubation with elaborated 

uncoated/coated UCNPs without NIR exposure did not 

reveal a statistically significant decrease in cell viability. 
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The irradiation of cells after the period of co-incubation 

with all types of particles, in turn, negatively affected the 

cell viability (Fig. 3). So, an increase in the irradiation 

duration resulted in the mitigation of cell viability. Also, 

we found that the susceptibility of the Hep-2 cell line to 

the uncoated/coated UCNPs action under the NIR 

exposure was lower than for FLEH-104. The probable 

reason for this is the difference in cell line morphology. 

Fibroblasts are characterized by larger surface area if 

compared with epidermoid carcinoma cells. Therefore, 

the probability of malignant cell interaction with added 

uncoated/coated UCNPs is lower if compared with such 

for fibroblasts, which may be a reason for lower particle 

internalization efficiency. The laser irradiation dose 

obtained for 5 min did not induce a decrease in cells' 

metabolic activity for both cell lines, while the cells' 

irradiation for 10 min caused a statistically significant 

decrease in their viability.  

Fig. 4 shows images of Hep-2 and FLEH-104 cell 

cultures after different types of exposure under 

fluorescence microscopy, where living cells were stained 

with acridine orange. Autophagy and apoptosis are 

observed in some cases. 

In control samples of Hep-2, cells form contacts and 

connections. The cells are round or polygonal. They vary 

widely in size. The nucleus is rounded. Nucleoli are 

present. Mitotic figures are present. There are no signs of 

apoptosis and individual autophagosomes are seen in the 

cytoplasm (Fig. 4(a)). When uncoated with SiO2 shell 

UCNPs are added to the cells, a decrease in cell density 

is observed. However, the cells remain in contact. 

 

 
Fig. 3 The viability of Hep-2 and FLEH-104 cell lines 

after 24 h of incubation with uncoated/coated UCNPs at 

10 mg/mL particle concentration, depending on the 

particles’ type and the exposure time (5 and 10 min). 

 

 
Fig. 4 Fluorescent images of Hep-2 cells stained with acridine orange: (a) control − cells incubated in the absence of 

uncoated with SiO2 shell UCNPs, (b−d) cells incubated with uncoated UCNPs for 24 h and exposed by NIR-irradiation 

for (b) 5 min, (c) 15 min, and (d) 45 min. Cells containing autophagosomes are marked by the blue arrows; apoptotic cells 

are indicated by red arrows. 
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Fig. 5 Fluorescent images of FLEH-104 cells stained with acridine orange: (a) control − cells incubated in the absence of 

uncoated with SiO2 shell UCNPs, (b−d) cells incubated with uncoated UCNPs for 24 h and exposed by NIR-irradiation 

for (b) 5 min, (c) 15 min, and (d) 45 min. Cells containing autophagosomes are marked by the blue arrows; apoptotic cells 

are indicated by red arrows. 

A single pycnosis of the nuclei is observed. Apoptotic 

bodies are also detected. And in some cells there are 

single microautophages. The cell density is greatly 

reduced when irradiated for 5 min. Cells are more 

scattered. All nuclei are pyknotic and condensed. Many 

lysosomes appear, but autophagosomes are absent. 

However, despite the pronounced pycnosis, there are 

figures of mitosis, activation of proliferative activity, 

which explains the higher survival rate of this culture 

according to the previous test at 5 minutes of irradiation 

(Fig. 4(b)). After 15 min of irradiation, the cells 

maintained their contacts. Individual pycnosis and 

microautophagosomes, mitotic figures are present 

(Fig. 4(c)). At 30 min irradiation, pycnosis was observed 

with disappearance of cell cytoplasm, which is a 

morphological sign of the initial stage of apoptosis. At 

45 min of irradiation, the cell density is greatly reduced. 

Cells are more elongated. Nuclei are hyperchromic and 

condensed. Many lysosomes and individual 

microautophagosomes appear. Nuclear pycnosis with 

disappearance of cytoplasm and apoptotic bodies were 

observed (Fig. 4(d)). After 60 min of irradiation, the cell 

density is reduced. Cells are more elongated. The nuclei 

are small, hyperchromic and condensed. Pycnosis of 

nuclei was registered - a sign of apoptosis. There are no 

autophagosomes in the cells. 

In the control FLEH-104 cells, the cells form multiple 

contacts and connections, are sharply elongated, the 

nucleus is not expressed, the nucleoli are present. There 

are no signs of apoptosis and autophagy (Fig. 5(a)). 

When uncoated with SiO2 shell UCNPs are added to the 

cells, a decrease in cellular activity is observed, but the 

cells retain contacts, a single pycnosis, increased 

granularity in the cells, and microautophages are 

observed. The viability of the fibroblasts was not affected 

by uncoated UCNPs. The data obtained are consistent 

with the results of the authors who showed that the use of 

particles in concentrations of 62.5−125 μg/mL does not 

lead to a violation of fibroblast viability [51]. After 

irradiation for 5 min, the cellular activity is greatly 

reduced, the cells are more elongated, the nuclei are 

hyperchromic, condensed, many lysosomes appear, there 

is cellular debris (remnants of destroyed cells). 

Morphological signs of autophagosomes (appearance of 

vacuoles surrounded by lysosomes) are present in cell 

cultures. Pycnosis of nuclei was registered − possibly 

apoptosis (Fig. 5(b)). At 15 min of irradiation, the cell 

activity of the culture is reduced, but the cells maintain 

contacts, there is a single pycnosis and microautophages, 

and the granularity in the cells is increased (Fig. 5(c)). 

After 30 min of irradiation, pycnosis predominates and 

signs of apoptosis are possible. At 45 min irradiation, 

cellular activity is greatly reduced, cells are more 

elongated, nuclei are hyperchromic and condensed, many 

lysosomes appear, cellular debris and autophagosomes 

are present. Pycnosis of nuclei was registered - signs of 

apoptosis are possible (Fig. 5(d)). After 60 min of 

irradiation, the activity of the cells is greatly reduced, the 
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cells are more elongated, the nuclei are hyperchromic and 

condensed, there are many lysosomes and 

autophagosomes, and there is cellular debris. Pycnosis of 

nuclei was registered − signs of apoptosis are possible. 

4 Conclusion  

UCNPs have been approved as a promising material for 

cancer diagnostics and treatment. Here we demonstrated 

the capability of [NaYF4:Yb3+, Er3+] UCNPs to induce 

cell death through apoptosis under the NIR irradiation. 

The irradiation of cells, preliminary co-incubated with 

elaborated UCNPs (10 mg/mL) for 24 h, by 980 nm laser 

(power density: 0.5 W/cm2) for 10 min was found 

sufficient to significantly decrease the viability of both 

model cell lines. The phototoxic effect of UCNPs on the 

fibroblast cell line was more pronounced than on the 

epidermoid carcinoma cells, possibly due to differences 

in particle internalization efficiency by these cell lines.  

It has been shown the photoсytotoxic and 

morphological comparison of FLEH-104 and Hep-2 cell 

lines responses to influence of uncoated and coated by 

SiO2 shell UCNPs. 

Cell viability is assessed for cytotoxic effects of 

UCNPs at light exposure (to demonstrate the direct 

phototoxic effects). 

The addition of UCNPs has a negative effect on 

FLEH-104. This result may be due to the fact that 

fibroblasts have a different morphology (they are larger 

and elongated) than Hep-2, as a consequence their cell 

surface area is larger and when particles are added, they 

capture a greater amount. This means that after 5 min no 

toxic effect is observed, but after 10 min the fibroblasts 

begin to die (this number of UCNPs and the duration of 

exposure are sufficient to heat the cell and cause its 

death). 

Morphological signs of autophagy (appearance of 

vacuoles surrounded by lysosomes) and apoptosis 

(pronounced pycnosis of the nucleus) are observed in 

some cases during irradiation of Hep-2 and FLEH-104 

cells. 

The results confirm the high activity of luminescent-

uncoated UCNPs against Hep-2 cancer cells and show 

potential for theranostics, i.e. imaging and controlled 

thermal effects on pathological cells. The particles 

exhibited cytotoxic, cytostatic properties. By activating 

the photodynamic reaction in tumor cells, apoptosis is 

induced and tumor cell resistance is prevented by 

extending the irradiation time to 60 min by blocking 

autophagy. At the same time, maximum laser irradiation 

of FLEH-104 culture treated with luminescent coating 

UCNPs induces not only apoptosis but also autophagy, 

indicating that normal cells are less sensitive to the action 

of the particles. This makes these types of nanoparticles 

the most promising to study in experimental oncology. 

Thus, UCNPs are a promising alternative to conventional 

fluorescent labels for cell imaging and have great 

potential in biological and clinical applications. 
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