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Abstract. Achieving both deep penetration of photons into biological tissue and highly sensitive recording of optical 

probes' response are the key goals of non-invasive optical imaging. In comparison with the traditional fluorescence 

imaging in the visible (400–700 nm) and near-infrared (700–900 nm) regions, optical fluorescence imaging in the sec-

ond optical tissue transparency window (1000–2300 nm) demonstrates low photon scattering, deeper penetration into 

the tissues and lower autofluorescence. In the present study, biocompatible upconversion nanoparticles with different 

contents of doping lanthanides, capable of luminescence in the visible and short-wave IR regions, were obtained and 

characterized. Also, targeted complexes based on Gd-containing nanophosphors were obtained as potential contrast 

agents for magnetic resonance imaging. Selective binding of targeted complexes to the surface of tumor cells expressing 

the HER2 receptor was shown. 
 

Keywords: Upconversion nanoparticles, short-wave infrared optical imaging, targeted complexes. 
 

List of Abbreviations 

CT – computed tomography 

DARPin – designed ankyrin repeat protein 

DLS – dynamic light scattering  

DMF – Dimethylformamide 

EDC – 1- ethyl-3-(3-dimethylaminopropyl) 

carbodiimide IR – infrared 

FTT – photothermal therapy 

HER2 – human epidermal growth factor re-

ceptor 2 

LoPE – low immunogenic pseudomonas ex-

otoxin 

MRI – magnetic resonance imaging 

NIR – near-infrared radiation  

nm – nanometer 

PBS – phosphate buffered saline 

PDI – polydispersity index 

PL – photoluminescence 

SWIR – short wavelength IR region 

sulfo-NHS – N-hydroxysulfosuccinimide 

TEM – transmission electron microscope 

UCNP – upconversion nanoparticles 

Introduction 

The development of agents for multi-

modal imaging of biological objects, includ-

ing individual cells, is an actively develop-

ing area of modern biomedicine. The new 

paradigm of creating multifunctional agents 

«one for everything», based on the multimo-

dality of the core, allows one to overcome 

the barrier of the complexity of multicompo-

nent agents created on the principle of «all in 

one». Successful examples of the new strat-

egy are the majority of inorganic nanoparti-

cles with imaging and therapeutic properties: 

magnetic nanoparticles for thermotherapy 

and magnetic resonance imaging (MRI) (Jor-

dan et al., 2006), gold nanoparticles for radi-

ation therapy and computed tomography 

(CT) (Huang et al., 2011), gold nanorods for 

photothermal therapy (FTT) and CT contrast 

enhancement (von Maltzahn et al., 2009), 

porphisomes for fluorescent and optoacous-

tic imaging and photodynamic therapy, etc. 
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(Charron et al., 2015). The most promising 

strategy seems to be a hybrid approach aimed 

at reducing the number of components by 

multiplying the functions not only of the core 

itself but also of the attached modules. In 

particular, the use of photoluminescent nano-

materials as a core and bifunctional agents 

(for example, gold nanoparticles for diagnos-

tics and FTT, recombinant toxins for tar-

geted therapy) as additional modules. 

Ideally, imaging technology should be 

fast, highly sensitive, deeply penetrating, 

and capable of long-term observation. MRI 

provides a spatial resolution of anatomical 

structures and also provides functional infor-

mation about soft tissues, but its sensitivity 

is relatively low. Typically, the contrast 

based on the amount of water is used only to 

create anatomical images where water con-

tent is important in various tissues. The use 

of compounds based on Gd3+ as an addi-

tional contrast provides high sensitivity, res-

olution, specificity and the possibility of 

studies in dynamics. Contrast agents for MRI 

based on Gd3+ are widely used in clinical 

practice and experimental studies. However, 

such agents are poorly absorbed by cells, 

therefore, to enhance their absorption, the 

binding of a contrast agent with peptides that 

facilitate transport across the cell membrane 

or transfecting agents is used (Rudelius et 

al., 2003). 

Compared to other approaches, the optical 

imaging of cells is a low cost, rapidity of ex-

ecution, the lack of radiation needed and rel-

atively high sensitivity (Sabapathy et al., 

2015). On the other hand, the use of fluores-

cence imaging techniques is limited to short 

wavelengths, which does not allow imaging 

of objects such as bones and skin (Shichi-

nohe et al., 2004). This limitation can be 

overcome by photoluminescent nanoparti-

cles with emission maxima in the near-IR re-

gion. 

Water, hemoglobin, melanin, and lipids 

act as the main light absorbers, while tissue 

composition and morphology affect light 

scattering. Near-infrared radiation (NIR, 

700–1000 nm) is weaker absorbed by tissue 

components than visible light, which allows 

deeper imaging in the first "transparency 

window" of biological tissue. However, it 

has recently been shown that a second "trans-

parency window" located in the short wave-

length IR region (SWIR, 1000-2300 nm) has 

relatively low tissue absorption and auto-

fluorescence, which are comparable in mag-

nitude to NIR. At the same time, the losses 

associated with scattering are 1000 times 

less, which opens up opportunities for an un-

precedented improvement in the depth and 

resolution of optical probe detection. 

Recent studies have shown that upconver-

sion nanoparticles (UCNP) containing lan-

thanide ions are capable of luminescence in 

the SWIR with a large Stokes shift when ex-

cited with low-intensity light with a wave-

length of 980 nm (Tan et al., 2009). Tradi-

tionally, bioimaging using UCNP has been 

based on their anti-Stokes luminescence in 

the visible region of the spectrum. Relatively 

recent studies have revealed the potential of 

UCNP as probes for diagnosing pathologies 

and bioimaging in the second transparency 

window of biological tissue (Naczynski et 

al., 2013). 

In the present study, upconversion nanopar-

ticles (UCNP) doped with ytterbium, erbium, 

thulium and gadolinium ions and exhibiting 

photoluminescence in the visible and IR spec-

tral regions were obtained and characterized. 

UCNPs doped with Tm and Gd ions, intended 

for bimodal IR and MR imaging, were function-

alized with the targeted protein DARPin-LoPE. 

The specific binding of the obtained target com-

plexes with cells expressing the HER2 receptor 

was shown. 

 

Materials and Methods 

Obtaining of UCNP. Сore/shell UCNP with 

composition NaY0.78Yb0.20Er0.02F4\NaYF4 

(UCNP (2mol%Er)), 

NaY0.77Yb0.20Er0.03F4\NaYF4 (UCNP 

(3mol%Er)) and UCNP with composition 

NaY0,695F4Yb0,2Tm0,08Gd0,025 (UCNP 

(Tm,Gd)) were synthesized by the solvothermal 

decomposition of precursors as described ear-

lier (Guryev et al., 2020).  
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Coating of UCNP with a shell of polyacrylic 

acid (PAA) molecules was carried out by the 

ligand exchange method. Oleic acid ligands 

were removed from UCNP surface using nitro-

sonium tetrafluoroborate (NOBF4). 10 ml of 

NOBF4 solution was added to 10 μl of UCNP 

suspension in cyclohexane (5 mg/ml), the mix-

ture was incubated 12 h with stirring in a sealed 

flask. The mixture was centrifuged, the super-

natant was removed, UCNP-NOBF4 was dis-

persed in a mixture of dimethylformamide 

(DMF), toluene and cyclohexane. The mixture 

was centrifuged, the supernatant was removed, 

UCNP-NOBF4 was dispersed in 5 ml DMF, 

then 5 ml of PAA solution in DMF (30 mg/ml) 

was added. The mixture was incubated for 3 h 

in a sealed flask at 80°С with stirring. UCNP-

PAA was collected by centrifugation and 

washed three times with ethanol and three times 

with deionized water. 

 

Characterization of UCNP. UCNP images 

were obtained using a CM10 transmission elec-

tron microscope (Philips, Netherlands) at a 

voltage of 100 kV. The hydrodynamic diameter 

of particles was measured by dynamic light 

scattering using the Zetasizer Nano ZS system 

(Malvern Instruments Ltd., UK). 

The PL emission spectrum of UCNP in the 

range of 400-830 nm was obtained using a CM 

2203 spectrofluorimeter (SOLAR, Belarus). To 

excite the PL an external semiconductor laser 

module ATC-C4000-200AMF-980-5-F200 

(Semiconductor devices, Russia) with a wave-

length of 978 nm was used. 

The PL spectra of UCNP in the IR spectral 

region were studied using a laboratory spectro-

scopic setup. An ATC-C4000-200AMF-980-5-

F200 semiconductor laser module with a wave-

length of 978 nm was used as a source of excit-

ing radiation. The radiation of the laser diode 

was collected in a multimode fiber (diameter 

200 μm) connected to the collimator 

F280SMA-980 (ThorLabs, USA), collimated 

radiation with a diameter of 4 mm at an angle 

of 45 ° was directed to a quartz cuvette 

(10×10×44 mm), with a suspension of the sam-

ple under study, where the UCNP PL was ex-

cited. This illumination scheme was used to 

minimize the fraction of scattered laser radia-

tion directed towards the monochromator's en-

trance slit. The UCNP PL was projected onto 

the entrance slit of the monochromator using a 

collecting lens. A mechanical interrupter 

SR540 (Stanford Research Systems, USA), 

which set the reference signal for the lock-in 

amplifier SR810 (Stanford Research Systems, 

USA) and a cut-off filter LP02-980RE (Sem-

rock, USA), which blocked the scattered radia-

tion of the diode laser, were installed in front of 

the entrance slit of the monochromator. Using 

an SP-150 monochromator lattice (Acton Re-

search, USA) 300 lines/mm, a narrow portion 

of the UCNP PL spectrum in the range from 

1000 to 1700 nm was sequentially distin-

guished. The selected part of the spectrum was 

detected using an InGaAs detector (Acton Re-

search, USA), PL signal was processed by a 

lock-in amplifier, digitized, and stored on a per-

sonal computer. 

To study the penetration depth of UCNP PL 

through biological tissues, layers of muscle tis-

sue with a thickness of 1 to 4 mm were placed 

close to the cuvette with the UCNP suspension 

so that both exciting radiation in the direction 

of the UCNP sample and the UCNP PL in the 

direction of the detector passed through them.  

 

Assembly of targeted complexes. Targeted 

protein DARPin-LoPE was obtained as previ-

ously described (Guryev et al., 2020). UCNP-

PAA with functional carboxyl groups were co-

valently linked to targeted protein molecules 

using a zero-length linker 1-ethyl-3-(3-dime-

thylaminopropyl)carbodiimide (EDC) in the 

presence of N-hydroxysulfosuccinimide (sulfo-

NHS). Carboxyl groups of UCNP-PAA were 

activated with EDC/sulfo-NHS in MES buffer 

(100 mM MES, 150 mM NaCl, pH 6.0), the 

suspension was washed with phosphate buff-

ered saline (PBS), DARPin-LoPE protein solu-

tion was added in a ratio of 2:1 protein:UCNP 

(w:w), the mixture was incubated for 2 h with 

stirring. The assembled complexes were 

washed three times with PBS to remove un-

bound protein molecules. The concentration of 

the protein component in the targeted com-

plexes was determined by the BCA method. 
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Investigation of the interaction of UCNP and 

targeted complexes with tumor cells. To study 

the interaction of targeted complexes with the 

HER2 receptor on the cell surface, we used a 

culture of human ovarian carcinoma cells 

SKOVip, overexpressing the HER2 receptor on 

the surface. Human epidermoid carcinoma cells 

A431 were used as control (HER2–) cells. 

SKOVip and A431 cells were cultured in 

McCoy’s medium (HyClone, USA) supple-

mented with L-glutamine and 10% fetal bovine 

serum (HyClone, USA). The cells were seeded 

onto coverslips placed in the wells of a 6-well 

plate at a concentration of 2.5x105 cells/ml and 

incubated for 24 h at 37°C and 5% CO2. The 

cell medium was replaced with PBS, and a sus-

pension of targeted complexes or UCNP was 

added to a concentration of 1 μg/ml. To prevent 

endocytosis of nanoparticles, cells were incu-

bated for 1 h at 4°C. The cells were washed with 

PBS and fixed with 4% formaldehyde solution 

for 30 min in the dark. Formaldehyde was re-

moved, cells were washed 3 times with PBS 

and 1 time with deionized water. The coverslips 

were removed from the wells of the plate, dried, 

placed in a drop of glycerol on the glass slides 

and sealed. The binding of particles to the cell 

surface was assessed by confocal laser fluores-

cence microscopy using an Axio Observer Z1 

LSM-710 DUO NLO microscope (Carl Zeiss, 

Германия). Pulsed PL excitation was per-

formed with a Chameleon Vision II titanium-

sapphire laser (Coherent, USA) at a wavelength 

of 980 nm with a repetition rate of 80 MHz and 

a pulse duration of ~140 fs. The UCNP PL sig-

nal was recorded using a 32-channel photode-

tector in the spectral ranges 446-486 nm and 

768-850 nm. 

 

Results 

Synthesis and characterization of UCNP-Er. 

UCNP doped with lanthanide ions were used as 

visualizing agents in this study. UCNPs possess 

unique photoluminescent properties and photo-

chemical stability; therefore, they have ad-

vantages over other fluorophores and are widely 

used as effective markers for deep bioimaging. 

For doping the NaYF4 matrix, we used ions 

of trivalent lanthanides – ytterbium (Yb3+) and 

erbium (Er3+). The percentage of ytterbium 

and erbium was selected based on the available 

data on the photoluminescence (PL) intensity of 

various UCNPs in the range 1000-1700 nm. 

Сore/shell UCNP (2mol%Er) and UCNP 

(3mol%Er) were synthesized by the solvother-

mal decomposition with additional heat treat-

ment to transfer them from the α-cubic phase to 

a more stable β-hexagonal phase (Fig. 1 A, B). 

The NaYF4 shell additionally stabilizes the 

core of UCNP (2mol%Er) and UCNP 

(3mol%Er) and increases the radiation conver-

sion efficiency. 

UCNP (2 mol% Er) and UCNP (3 mol% Er) 

had bright PL with emission maxima in the 

green (at a wavelength of 541 nm) and red (at a 

wavelength of 658 nm) upon excitation at 978 

nm (Fig. 1 C, D, E). The peak of the PL emis-

sion in the IR region of Erbium-doped UCNP is 

in the region of 1525 nm, and its value is pro-

portional to the intensity of the exciting radia-

tion at 978 nm (Fig. 1 F, G). 

According to transmission electron micros-

copy (TEM), the particle size of UCNP 

(2mol%Er) and UCNP (3mol%Er) was 

31.8±4.1 nm and 29.2±3.2 nm, respectively 

(mean values±standard deviation). Nanoparti-

cles of this size can be successfully used in in 

vivo experiments without the risk of rapid elim-

ination from the body of laboratory animals.  

To study the penetration depth of UCNP PL 

through biological tissues, layers of muscle tis-

sue with a thickness of 1 to 4 mm were placed 

close to the cuvette with the UCNP suspension 

so that both exciting radiation in the direction 

of the UCNP sample and the UCNP PL in the 

direction of the detector passed through them. 

The PL signal was recorded in the range of 

1450–1650 nm (Fig. 2). The PL signal from 

UCNP (2mol%Er) was recorded through a 2 

mm tissue layer. At a greater thickness, a pro-

nounced signal was not observed. In the case of 

UCNP (3mol%Er), the PL intensity was signif-

icantly higher, and the PL signal was recorded 

up to a tissue thickness of 3 mm. 

Synthesis and characterization of UCNP-

Tm,Gd 

To investigate the possibilities of bimodal 

imaging, ytterbium, thulium, and gadolinium 
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 ions were included in UCNP as doping compo-

 

Fig. 1. A, B – TEM images of UCNP (2 mol% Er) (A) and UCNP (3 mol% Er) (B) with a magnification of 

х180000; C - suspensions of UCNP (2 mol% Er) and UCNP (3 mol% Er) illuminated by a laser with a 

wavelength of 980 nm; D, E – PL emission spectra of UCNP (2mol%Er) (D) and UCNP (3mol%Er) (E) in 

the visible region of the spectrum upon excitation at 978 nm with an intensity of 0.8 to 5.2 W/cm2; F, G – 

PL emission spectra of UCNP (2 mol% Er) (E) and UCNP (3 mol% Er) (G) in the IR spectral region in the 

range 1000-1700 nm upon excitation at 978 nm with an intensity of 0.8 to 5.2 W/cm2 

 

 

Fig. 2. Penetration depth of PL of UCNP (2mol%Er) (A) and UCNP (3mol%Er) (B) through biological 

tissues of various thicknesses upon excitation at 978 nm 
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nents. Thulium doping ions provides a UCNP 

with bright photoluminescence in the near-infra-

red region, which is a valuable feature for bioim-

aging applications. The inclusion of gadolinium 

ions in UCNP will make it possible to carry out 

MR imaging of biological objects in combination 

with optical imaging in the IR region.  

UCNP (Tm, Gd) were synthesized by solva-

tothermal decomposition. According to TEM 

data, the particle size was 26.5 ± 1.1 nm (Fig. 

3A), which is optimal for biomedical applica-

tions. UCNPs doped with ytterbium and thu-

lium ions exhibit PL maxima in the visible re-

gion (474 nm), near IR (801 nm) (Fig. 3B, C). 

The brightest is the UCNP (Tm, Gd) PL band 

in the near-IR region (801 nm) upon excitation 

at 978 nm. In this case, both the exciting radia-

tion and the PL signal of UCNP are able to pen-

etrate deeply through biological tissues. 

UCNP synthesis is usually carried out in 

non-polar organic solvents, which makes them 

hydrophobic and limits their biocompatibility. 

Consequently, a necessary step is the modifica-

tion and functionalization of their surfaces to 

make them stable in aqueous solutions, biocom-

patible and provide them with reactive groups 

for conjugation with biomolecules. Ligand ex-

change is one of the commonly used methods 

for modifying the UCNP surface. It consists in 

replacing the original hydrophobic ligands with 

hydrophilic ones. For this purpose, various 

compounds are actively used, in particular, pol-

yacrylic acid (PAA). This approach can reduce 

the PL quantum yield, but it helps to maintain 

the size and colloidal stability of nanoparticles. 

Coating of UCNP (Tm, Gd) with a shell of 

PAA molecules was carried out by the ligand 

exchange method, while the ligands of oleic 

acid on the UCNP surface were removed using 

nitrosonium tetrafluoroborate (NOBF4). As a 

result, a suspension of UCNP (Tm, Gd) coated 

with a biocompatible PAA shell with a hydro-

dynamic diameter of 53.1 ± 8.5 nm was ob-

tained (Fig. 4A); the value of the polydispersity 

index (PDI) was 0.328. The hydrodynamic di-

ameter of UCNP-PAA is larger than the TEM-

determined "dry" particle size due to the for-

mation of a hydration shell around the particles 

in an aqueous medium. The data obtained make 

it possible to consider UCNP-PAA to be fairly 

uniform in size and suitable for biomedical ap-

plications. 

 

Preparation of targeted complexes. UCNP-

PAA particles by themselves do not possess tar-

geting properties and can only be used for non-

specific labeling of cells or tissues. The func-

tional carboxyl groups of PAA on the surface of 

the particles are suitable for attaching to them 

various modules that have an affinity for a par-

ticular biological target (Fig. 5). In the present 

study, human epidermal growth factor receptor 

2 (HER2) was used as a target. The HER2 re-

ceptor's overexpression is common in many 

types of epithelial tumors, such as breast, ovar-

ian, bladder, salivary, endometrial, pancreatic, 

and non-small cell lung cancer. 

The targeted protein DARPin-LoPE was 

used as a targeting module, which includes the 

targeting scaffold DARPin - designed ankyrin 

repeat protein, which specifically binds to the 

HER2 receptor on the cell surface [Sokolova et 

al., 2019]. The complexes were assembled by 

covalent chemical conjugation of PAA car-

boxyl groups with protein amino groups using 

a zero-length linker 1-ethyl-3-(3-dimethyla-

minopropyl)carbodiimide (EDC) in the pres-

ence of N-hydroxysulfosuccinimide (sulfo-

NHS) (Fig. 5). This technology allows the for-

mation of stable amide bonds between modules 

and avoids the destruction of the complex, as in 

the case of non-covalent assembly. 

As a result, a suspension of targeted UCNP-

PAA-DARPin-LoPE complexes with an aver-

age hydrodynamic particles diameter of 

88.7±14.4 nm (Fig. 4B) and PDI value of 0.308 

was obtained. The increase in the average par-

ticle size is explained by the attachment of pro-

tein molecules and the formation of additional 

hydration shells. The concentration of the target 

protein in the complexes was 1.239 mg/ml at a 

UCNP-PAA concentration of 1 mg/ml, which 

corresponds to ~730 protein molecules per par-

ticle. The properties of the targeted complexes 

make it possible to count on their effective use 

as specific imaging agents. 

Study of the interaction of UCNP-PAA and 

targeted complexes with tumor cells in vitro. 
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One of the main properties of the obtained 

target complexes is the possibility of specific 

visualization of target cells. To investigate the 

possibility of specific visualization, the follow-

ing cell lines were used: human ovarian carci-

noma cells SKOVip, overexpressing the HER2 

receptor on the surface, and human epidermoid 

carcinoma A431 cells with no expression of the 

HER2 receptor. The targeted protein DARPin-

LoPE attached to UCNP-PAA particles imparts 

targeted properties to the entire complex, while 

the PL properties of UCNP allow visualization 

of biological objects using fluorescence micros-

copy and fluorescence imaging. 

Cells of both lines were incubated for 1 h in 

the presence of targeted complexes and UCNP-

PAA, washed, fixed, and examined using con-

focal laser fluorescence microscopy. The ob-

tained micrographs of SKOVip (HER2+) cells 

after incubation with targeted complexes 

 

 

 

Fig. 3. Properties of UCNP (Tm,Gd). А – TEM 

image of UCNP (Tm,Gd) with a magnification of 

х130000; scale bar 50 nm; B – UCNP (Tm,Gd) 

suspension under irradiation at 978 nm; C – PL 

spectrum of UCNP (Tm,Gd) in the visible and IR 

regions upon excitation at 978 nm with an intensity 

of 0.8 to 8.2 W/cm2 

 Fig. 4. Hydrodynamic diameter distribution 

of UCNP-PAA (A) and targeted com-

plexes (B) 

 

Fig. 5. Scheme of assembly of target complexes based on UCNP and targeted protein DARPin-LoPE 
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clearly show the accumulation of particles on 

the cell membrane (Fig. 6). On micrographs of 

A431 (HER2–) cells after incubation with tar-

geted complexes, the accumulation of particles 

on the cell membrane is not pronounced, the 

particles are arranged chaotically (Fig. 6). After 

incubation of SKOVip (HER2+) and A431 

(HER2–) cells with non-targeted UCNP-PAA 

particles, no specific accumulation of particles 

was observed on the cell surface membrane 

(Fig. 6). Thus, microscopic data indicate the 

specific binding of the obtained target com-

plexes to the surface of cells expressing the 

HER2 receptor. 

 

Discussion 

The detection efficiency of bioimaging 

probes is determined by the intensity of their 

photoluminescence, the length of the optical 

path through tissues and the volumetric distri-

bution of energy, which is due to the absorbing 

and scattering properties of biological media 

and tissues. UCNP have a set of photophysical 

properties that give them advantages over other 

fluorescent probes. Especially valuable proper-

ties are the possibility of PL excitation by low-

intensity IR light and the presence of narrow PL 

emission peaks not only in the visible, but also 

in the near IR and shortwave IR spectral regions 

(Naczynski et al., 2013). Doping UCNP’s ma-

trix with Tm3+ and Er3+ ions makes it possible 

to obtain UCNP with PL in the region of 800 

nm and 1525 nm, falling into the biological tis-

sue transparency window I and II, respectively. 

Depending on the application, this offers the 

opportunity to take advantage of one option or 

another, including low tissue autofluorescence, 

reduced light absorption and scattering. 

 

Fig. 6. Micrographs obtained by confocal fluorescence microscopy: SKOVip (HER2+) and A431  

(HER2–) cells incubated for 1 h with targeted complexes and UCNP-PAA. A – bright-field image of cells; 

B – PL signal in the range 446-486 nm, C – PL signal in the range 768-850 nm; D - overlay of images A, 

B and C. Scale bar 10 μm 



E.L. Guryev, V.A. Sukhova, A.V. Yudintsev, A.B. Kostyk, A.V. Lubeshkin, J. Chen, A.V. Zvyagin 

20  |  doi: 10.24412/2500-2295-2021-1-12-21 

The UCNP and targeted complexes devel-

oped in this study fully correspond to the cur-

rent strategy of creating multifunctional agents. 

The wide possibilities of fluorescence imaging 

in the IR region in combination with highly sen-

sitive magnetic resonance (MR) imaging allow 

us to count on the advantages of both ap-

proaches. The obtained targeted complexes 

have an optimal size for delivery to target tis-

sues and cells via both passive and active path-

ways. Modification of the surface gives them 

biocompatibility and colloidal stability. The 

modular design of the complexes and the choice 

of UCNP dopants (not limited to erbium, thu-

lium and gadolinium) make it possible to obtain 

targeted complexes that are specific to any of a 

variety of biological targets and with the de-

sired imaging properties. Recombinant proteins 

with a given specificity can include not only tar-

geting but also visualizing (fluorescent) or toxic 

modules, which further expands the functional-

ity of the complexes without complicating their 

structure. The targeted protein DARPin-LoPE 

used in this study is capable of exerting a spe-

cific toxic effect on HER2-overexpressing tu-

mor cells (Sokolova et al., 2019) due to the 

presence of a targeting and toxic module in its 

structure. Conjugation of UCNP with such bi-

functional protein molecules made it possible to 

obtain multifunctional complexes capable of 

specifically interacting with a certain type of tu-

mor cells. Due to the combination of visualiz-

ing and targeted properties, the developed com-

plexes are of undoubted interest as promising 

agents for multimodal imaging. 
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