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ABSTRACT
Upconverting nanoparticles (UCNPs) have attracted much attention in nanomedicine due to their ability to upconvert photons. 
However, their adverse effects hinder the biomedical applications. In this paper, bisphosphonate-modified poly(isobutylene-
alt-maleic acid)-graft-poly(N,N-dimethylacrylamide)-coated NaYF4:Yb,Er,Pr UCNPs (UCNP@PIMAPDMA) nanoparticles were 
designed, which exhibited luminescence emission simultaneously in the visible and NIR-II regions. The developed UCNPs were 
characterized by a range of physicochemical methods, including transmission electron and energy dispersive microscopy (TEM 
and EDAX), dynamic light scattering (DLS), X-ray diffraction analysis (XRD), spectrofluorometry, X-ray photoelectron spectros-
copy (XPS), and so forth. The UCNP@PIMAPDMA nanoparticles were also evaluated in cell cultures and experimental animals. 
The particles showed good biocompatibility with cultured human embryonic kidney HEK293 cells commonly used in toxicologi-
cal studies. Neat UCNPs were cytotoxic towards these cells, which was confirmed by measuring their viability using the 3-(4,5-d
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. Blood serum proteins adhered to the surface of 
UCNP@PIMAPDMA particles, forming a protein corona that may contribute to particle biosafety. After intravenous injection of 
these particles into laboratory mice, there were no statistically significant changes in body mass of the treated animals. Also, no 
big adverse effects on blood cell profile, enzymatic and metabolic markers of hepatotoxicity and nephrotoxicity were observed. 
Finally, the application potential of UCNP@PIMAPDMA nanoparticles was confirmed by successfully imaging the cytoplasm of 
rat mesenchymal stem cells and rat C6 glioblastoma cells using laser scanning confocal microscopy.

1   |   Introduction

Lanthanide-based upconverting nanoparticles (UCNPs) have 
recently received much attention due to their applicability for 
bioimaging, biosensing, targeted drug delivery, photodynamic 

therapy, high-resolution microscopy or the production of print-
able barcodes, authentication, recycling labels, and so forth [1, 2]. 
For these applications, particles should meet some important re-
quirements such as uniform size and morphology, crystal phase, 
chemical composition, and surface chemistry, which affect their 
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physicochemical properties and thus cell-particle interactions [3]. 
UCNPs convert near-infrared (NIR) light into higher-energy lumi-
nescence photons that exhibit emission bands in the ultraviolet, 
visible (Vis) and NIR regions with long luminescence lifetimes. 
They are ideal for optical measurements with low background 
and high penetration depth in biological systems [4]. The most 
commonly used crystalline host matrices for these nanoparticles 
are fluorides such as NaYF4 due to their high transparency, low 
phonon frequency, high quantum efficiency, and high chemical 
stability. Doping is often achieved using sensitizer/activator pairs, 
for example Yb3+/Er3+ and Yb3+/Tm3+, which provide efficient 
green, red and blue emissions [5]. It has also been shown that by 
doping Pr3+ and Yb3+ ions into the fluoride matrix, upconversion 
and downconversion luminescence can be combined, which may 
be useful for advanced biomedical applications [6, 7]. Here, up-
conversion emission from the Vis to the deep ultraviolet region 
(200–280 nm) enables targeted deactivation of various types of 
microorganisms, including viruses and bacteria, whereas down-
conversion emission from the NIR-I (700–900 nm) into the NIR-II 
region (1000–1350 nm) is used for background-free high-contrast 
optical imaging of deeper biological tissues [8, 9].

Various methods, such as coprecipitation [10], hydro(solvo)ther-
mal [11] and microwave synthesis [12], or thermal decomposi-
tion [13], have been developed to synthesize rare-earth-based 
UCNPs of different sizes, morphologies and architectures. The 
latter technique is the simplest one for the preparation of mon-
odisperse UCNPs with controlled size and morphology, which 
can be tuned from nanospheres to hexagonal nanoplates, na-
norods and nanoprisms [14]. However, in bioapplications, from 
diagnosis to disease treatment, the effects of nanoparticles must 
be predictable and controllable, with minimal cytotoxicity. To 
meet these requirements, the UCNP surface must be carefully 
engineered to allow for stabilization, specific targeting and rec-
ognition of biochemical species while preventing particle aggre-
gation and dissolution [15]. This can be achieved by coating the 
particles with a ligand-containing shell or by embedding them 
in an inorganic or polymeric matrix [16].

There are many suitable polymers for the steric stabilization of 
particles, the most common being based on poly(ethylene glycol) 
(PEG) [17, 18] and carbohydrates such as starch, dextran, and 
chitosan [19–21]. On the other hand, ligands based on small oxy-
gen-, nitrogen-, phosphorus-, or sulfur-containing molecules pro-
vide the advantage of a smaller hydrodynamic particle diameter, 
which is preferred for in vivo applications due to efficient trans-
membrane permeation [22]. A thin protective layer on UCNPs 
is often also formed with silica, gold or semiconductors such as 
zinc sulfide to enhance photoluminescence [23–27]. A hydropho-
bic surface that allows dispersion of particles in organic solvents 
can be achieved by coating with long-chain hydrocarbon ligands 
such as oleic or lauric acid, dodecyl or hexadecyl phosphonate, or 
dihexadecyl phosphate [28]. Then, polymers such as poly(acrylic 
acid), poly(methyl methacrylate), polyethyleneimine, polyimid-
azoles, polystyrene-block-poly(acrylic acid), dendrimers, PEG-
modified poly(maleic anhydride-alt-1-octadecene), or poly(maleic 
anhydride-alt-1-tetradecene) have been used to produce a hydro-
philic surface [29–33]. Another example of surface protection of 
UCNPs is their encapsulation in micelles with a hydrophobic inte-
rior consisting of phospholipids [34]. Various molecules of biomed-
ical origin, such as antibodies, peptides, proteins and drugs, have 

also been conjugated to nanoparticles to enable the diagnosis and 
therapy of various diseases [35]. For example, NaYF4:Yb3+,Er3+-
based UCNPs coated with poly(isobutylene-alt-maleic anhydride) 
(PIMA) and functionalized with various phosphonate anchor 
groups and PEG moieties exhibited high long-term colloidal sta-
bility in biologically relevant buffers, allowing their application in 
bioimaging and nanomedicine [36].

In this paper, a sophisticated bisphosphonate polymer 
based on poly(isobutylene-alt-maleic acid)-graft-poly(N,N-
dimethylacrylamide) (PIMAPDMA) was prepared to protect 
NaYF4:Yb,Er,Pr UCNPs. The many bisphosphonate groups of 
the polymer ensured good complexation with the particle sur-
face, leading to good colloidal stability and minimal particle 
dissolution. Moreover, the polymer contains reactive carboxyl 
groups that can be used for the possible binding of biologically 
active molecules. Last but not least, it should be mentioned that 
the PDMA moiety of the polymer was chosen for its hydrophilic-
ity and biocompatibility. However, the main disadvantage of 
synthetic polymers is their non-biodegradability, which makes 
them difficult to eliminate from the body and can potentially 
lead to adverse effects such as inflammation and tissue dam-
age [37]. To overcome this complication, a disulfide-containing 
cystamine linker, which is potentially biodegradable, was in-
troduced into PIMAPDMA. Finally, the biocompatibility of 
UCNP@PIMAPDMA particles, which are designed as a fluores-
cent marker for imaging in the UV–Vis and NIR-II regions, was 
verified in in vitro and in vivo experiments.

2   |   Experimental

2.1   |   Materials

YCl3, YbCl3, ErCl3·6H2O, PrCl3 hydrate, NH4F, poly(isobutylene-
alt-maleic acid) (PIMA; Mw = 6000 g/mol), diethyl vinylphos-
phonate, cystamine dihydrochloride, di-tert-butyl dicarbonate, 
octadec-1-ene, bromotrimethylsilane, N-hydroxysuccinimide, 
N,N-dicyclohexylcarbodiimide, N,N-dimethylaminopyridine, 
phosphate-buffered saline (PBS; pH 7.4), Dulbecco's modi-
fied Eagle's medium (DMEM) and oleic acid were purchased 
from Sigma-Aldrich (St. Luis, MO, USA). Artificial lyso-
somal fluid (ALF; pH 4.5) was prepared according to the lit-
erature [38]. N-Boc-ethylenediamine (BEA) was from Apollo 
Scientific (Bredbury, UK). Carboxyl-terminated poly(N,N-
dimethylacrylamide) (PDMA-C; Mw = 10,000 g/mol) was pre-
pared by RAFT polymerization as described in a previous report 
[39]. Tert-boc-cystamine was obtained from cystamine dihydro-
chloride and di-tert-butyl dicarbonate according to the litera-
ture [40]. The solvents were from LachNer (Neratovice, Czech 
Republic). Distilled demineralized water (conductivity < 0.1 μS/
cm) filtered on a Milli-Q Gradient A10 system (Millipore; 
Molsheim, France) has been used throughout all experiments.

2.2   |   Synthesis of Diethyl (2-Aminoethyl)
Amino Bis(Ethyl Phosphonate) (DAP)

Briefly, BEA (1 g; 6.25 mmol) and diethyl vinylphosphonate 
(2.15 g; 13.1 mmol) were dissolved in water (8.4 mL) and heated 
at 70°C for 18 h under an argon atmosphere. After that, water 
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was removed at 50°C on a vacuum rotary evaporator. The result-
ing N-boc-protected diethyl (2-aminoethyl)amino bis(ethyl phos-
phonate) (Boc-DAP) was purified by column chromatography 
with methanol/dichloromethane as eluent (1:10 v/v, Rf = 0.65). 
The chemical structure of Boc-DAP was confirmed by 1H NMR 
spectroscopy (Supporting Information; Figure S1a). Yield: 2.2 g.

The tert-boc protecting group was removed by stirring Boc-DAP 
(1 g; 2 mmol) in 3 M methanolic HCl (15 mL) for 3 h. The reac-
tion mixture was then neutralized by the addition of NaOH to pH 
10, the methanol was removed at room temperature (RT) under 
vacuum and the product was extracted with dichloromethane 
(2 × 40 mL). The combined organic layers were dried over MgSO4, 
the solvent was removed at RT on a vacuum rotary evaporator 
and DAP was dried at RT for 5 h under vacuum (13 Pa). The suc-
cessful removal of the tert-boc protecting group was confirmed 
by the disappearance of the corresponding peak at 1.45 ppm in 
1H NMR spectrum of DAP (Figure S1b). Yield: 0.83 g.

2.3   |   Synthesis of Cystamine-Terminated Poly(
N,N-Dimethylacrylamide)

Briefly, PDMA-C (1 g), tert-boc-cystamine (81 mg), N-
hydroxysuccinimide (59 mg), and N,N-dimethylaminopyridine 
(17 mg) were dissolved in dimethyl sulfoxide/chloroform mix-
ture (17 mL; 1/7.5 v/v), cooled in ice bath to 5°C, the solution of 
N,N-dicyclohexylcarbodiimide (103 mg) in chloroform (3 mL) 
was added and the mixture was stirred at 5°C for 2 h and at RT 
for 34 h. Chloroform was removed at 30°C on a vacuum rotary 
evaporator and the resulting tert-boc-cystamine-terminated 
poly(N,N-dimethylacrylamide) was purified on a Sephadex 
LH-20 column (GE Healthcare Bio-Sciences; Uppsala, Sweden) 
with methanol as eluent. The presence of the tert-boc-cystamine 
group in the PDMA structure was proved by 1H NMR spectros-
copy (Figure  S2a). Tert-boc protecting groups of the polymer 
(1.23 g) were removed by hydrolysis using 3 M HCl in methanol 
(8 mL) at RT for 3 h and the pH was adjusted to 10 by adding 
solid NaOH. The methanol and water were evaporated at 40°C 
under vacuum (667 Pa) and the cystamine-terminated poly(N,N-
dimethylacrylamide), hereafter referred to as PDMA, was dis-
solved in dichloromethane (50 mL). The solution was then 
filtered, and the solvent was removed under vacuum at 40°C. 
1H NMR spectrum of PDMA confirmed the deprotection of 
terminal amino groups due to the disappearance of the peak at 
1.45 ppm (Figure S2b). Yield: 1.16 g.

2.4   |   Synthesis of Bisphosphonate-Modified 
Poly(Isobutylene-Alt-Maleic Acid)-Graft-Poly(N,N-D
imethylacrylamide) (PIMAPDMA)

Briefly, PIMA (70 mg) and PDMA (590 mg) were dissolved in 
anhydrous N,N-dimethylformamide (DMF; 3 mL) and the solu-
tion was heated at 60°C for 1.5 h under an Ar atmosphere. The 
solution of BEA (27 mg) and DAP (88 mg; Figure  1a) in dry 
DMF (1 mL) was added and the reaction continued at 60°C for 
18 h. The resulting tert-boc-PIMAPDMA was purified by dial-
ysis (MWCO = 14,000 g/mol) in water, which was exchanged 
six times within 30 h, and freeze-dried. According to 1H NMR 
spectroscopy, the resulting polymer contained 19, 17 and 3 

DAP, BEA and PDMA moieties per PIMA chain, respectively 
(Figure  S3a). Finally, ethyl ester groups were removed from 
tert-boc-PIMAPDMA (450 mg) dissolved in dichloromethane 
(10 mL) using bromotrimethylsilane (1.16 mL) under an Ar at-
mosphere. The solution was stirred at RT for 24 h, the solvent 
was removed on a vacuum evaporator and the solid was dis-
solved in a methanol/water mixture (5 mL; 4/1 v/v) with stir-
ring for 1 h. To remove tert-boc groups, a solution of 3 M HCl 
in methanol (8 mL) was added, the mixture was stirred at RT 
for 2.5 h, methanol was evaporated under vacuum and the pro-
tonated PIMAPDMA copolymer (Figure 1b) was purified on a 
Sephadex LH-20 column with methanol as eluent. The success-
ful removal of tert-boc and ethyl ester groups was confirmed by 
the disappearance of corresponding peaks at 1.45 and 4.2 ppm in 
1H NMR spectrum of PIMAPDMA (Figure S3b). Yield: 390 mg.

2.5   |   Synthesis of UCNPs

Briefly, YCl3 (143 mg; 0.73 mmol), YbCl3 (56 mg; 0.2 mmol), 
ErCl3·6H2O (8 mg; 0.02 mmol), and PrCl3 hydrate (12 mg; 
0.05 mmol) were dissolved in octadec-1-ene (15 mL) and oleic 
acid (6 mL) at 180°C for 30 min under an Ar atmosphere. After 
cooling, a methanolic solution (6 mL) of NaOH (100 mg) and 
NH4F (148 mg) was added and the mixture was heated at 300°C 
for 90 min under magnetic stirring in an Ar atmosphere. The re-
sulting NaYF4:Yb,Er,Pr particles (73, 20, 2, and 5 mol.% of Y, Yb, 
Er, and Pr, respectively) denoted as UCNPs were separated by 
centrifugation (3,460 rcf), washed twice with hexane, hexane/
ethanol, ethanol, ethanol/water (30ml each) and transferred in 
water reaching a concentration of 8mg/ml.

2.6   |   Modification of UCNPs With PIMAPDMA

A dispersion of UCNPs (20 mg) in water (2.5 mL) was added 
dropwise to aqueous PIMADMA (40 mg) solution (2.5 mL) at 
RT under sonication (Bandelin Sonoplus; Berlin, Germany; 
20% power). Sonication continued for an additional 1 min and 
the mixture was stirred at 80°C for 16 h. The resulting UCNP@
PIMAPDMA particles were separated by centrifugation (13,170 
rcf) for 40 min, washed twice with water (2 mL each) and redis-
persed in water to a concentration of 4 mg/mL.

2.7   |   Physicochemical Characterization of UCNPs

Electron micrographs were taken with a TECNAI Spirit G2 trans-
mission electron microscope (TEM; FEI; Brno, Czech Republic) 
equipped with energy dispersive spectroscopy (EDAX; Mahwah, 
NJ, USA). TEM determined the number-average diameter of 
particles Dn and dispersity (Ð = Dv/Dn, where Dv is the volume-
average diameter) by analyzing about 300 objects from micro-
graphs. Dynamic light scattering (DLS) was measured using a 
Zetasizer Ultra instrument (Malvern Instruments; Malvern, 
UK) to determine the hydrodynamic diameter Dh and polydis-
persity PD of particles in water. Infrared spectra were measured 
on a 100 T FTIR spectrometer (Perkin-Elmer; Waltham, MA, 
USA) equipped with a Specac MKII Golden Gate single attenu-
ated total reflection (ATR). Thermogravimetric analysis (TGA) 
was performed with a PerkinElmer TGA 7 analyzer (Norwalk, 
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CT, USA) at 30°C–850°C and a heating rate of 10°C/min in an 
oxygen atmosphere.

The excitation and emission luminescence spectra at 300–900 nm 
were measured using a FS5 spectrofluorometer (Edinburgh 
Instruments; Edinburgh, UK) equipped with pulsed and contin-
uous (150 W) xenon lamps and 980 nm infrared diode lasers with 
a nominal power of 2 W (MDL-III-980; beam size of 5 × 8 mm2). 
Photoluminescence spectra in the NIR-II wavelength region at 
900–1300 nm were obtained using a steady-state and time re-
solved PicoQuant FT-300 spectrofluorometer (Berlin, Germany); 
a 735 nm laser was used as the pulsed excitation source. X-ray 
photoelectron spectroscopy (XPS) was performed on a K-Alpha+ 
XPS spectrometer (Thermo Fisher Scientific; Winsford, UK) oper-
ating at a base pressure of 1.0 × 10−7 Pa (details are in Supporting 
Information).

The phosphorus content was determined as follows. The par-
ticles were digested by HClO4 and HNO3 in a Biotage Initiator 
microwave reactor (Uppsala, Sweden) and phosphorus content 
was determined using sulfuric acid, ammonium molybdate, 
ascorbic acid, and antimony potassium tartrate with an UV–Vis 
spectrophotometer (Biochrom model Libra S22; Holliston, MA, 
USA) at 690 nm. Calibration was performed with KH2PO4. X-
ray diffraction (XRD) patterns of particles were acquired using 
CuKα radiation (λ 1.54 Å) on a GNR Explorer high-resolution 
diffractometer (Novara, Italy) with a Mythen 1 K strip detector 
(STOE; Darmstadt, Germany). Measurements were performed 

in Bragg–Brentano geometry in the 2Ө range of 2°–70° with a 
step of 0.05° and a time of 15 s at each step.

2.8   |   Colloidal Stability of UCNP@PIMAPDMA 
Nanoparticles

Neat UCNPs and UCNP@PIMAPDMA particles at a concen-
tration of 1 mg/ml were dispersed in water, 0.01 M PBS (pH 
7.4), DMEM with 10% fetal bovine serum and ALF, loaded in 
2 ml-plastic vials with a rubber septum and aged at 37°C for 7 
days with shaking (250 rpm). The particles were subsequently 
redispersed in the media in an ultrasonic bath (30 s) and the 
colloidal stability was determined by DLS by measuring the 
hydrodynamic size (Dh) and ζ-potential at 25 °C.

2.9   |   Degradability of UCNP@PIMAPDMA 
Nanoparticles

The above-mentioned dispersions of neat UCNP and UCNP@
PIMAPDMA nanoparticles were also used for degradability 
testing. The particles were separated from the medium by cen-
trifugation (14,130 rcf) for 35 min and the resulting supernatants 
were filtered (MWCO = 30 kg/mol) to remove the remaining 
particles. The amount of released F ̄ ions was determined as 
the molar percentage of F ̄ (XF) relative to the amount of fluo-
rine in the NaYF4:Yb,Er,Pr particles using a combined fluoride 

FIGURE 1    |    (a) Diethyl (2-aminoethyl)amino bis(ethyl phosphonate) (DAP) and (b) synthesis of protonated bisphosphonate-modified 
poly(isobutylene-alt-maleic acid)-graft-poly(N,N-dimethylacrylamide) (PIMAPDMA). BEA, N-boc-ethylenediamine; DMF, N,N-dimethylformamide; 
PDMA, poly(N,N-dimethylacrylamide); PIMA, poly(isobutylene-alt-maleic acid).
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electrode (Thermo Fisher Scientific; Waltham, MA, USA) fol-
lowing the manufacturer's protocol.

2.10   |   Cell Culture

Human embryonic kidney cells of the HEK293 line were ob-
tained from the Cell Collection of the Institute of Molecular 
Biology and Genetics of the National Academy of Sciences of 
Ukraine (Kyiv, Ukraine). Cells were cultured in CELLSTAR 
plastic dishes (Greiner Bio-One; Kremsmünster, Austria) in 
DMEM culture medium supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin–streptomycin mixture for 24 h 
in a CO2-thermostat (BINDER; Tuttlingen, Germany) at 37°C 
in 5% CO2 atmosphere and 100% humidity. The nanoparticles 
or doxorubicin (0.5 μМ; Ebewe Pharma; Unterach am Attersee, 
Austria) were then added to the cultured cells for 48 h for cyto-
toxicity analyses.

To establish the C6 cell culture, cells of the rat C6 cell line (No 
92090409; Sigma-Aldrich) were thawed and rinsed with cold 
PBS. The cells were then seeded in DMEM medium supple-
mented with FBS (Merck), primocin and penicillin–streptomy-
cin (Gibco; Life Technologies; Grand Island, NY, USA). Next, 
neat UCNPs and UCNP@PIMAPDMA nanoparticles (3 mg/
mL) were added to C6 cells for 2 days, which were then fixed 
with paraformaldehyde, stained with 4′,6-diamidin-2-fenylindol 
(DAPI; Invitrogen; Carlsbad, NM, USA), mounted on micro-
scope slides and visualized by laser scanning microscopy.

Rat mesenchymal stem cells (rMSCs) were obtained by bone 
marrow aspiration from rat bones. The harvested bone mar-
row was washed twice with PBS and then cultured in DMEM 
medium supplemented with FBS, primocin and penicillin–
streptomycin at 37°C in a 5% CO2 atmosphere in a cell culture 
flask. The culture medium was refreshed twice a week. When 
cells reached ~70% confluence, they were passaged by treat-
ment with trypsin (Sigma-Aldrich) at 37°C for 4 min, and the 
trypsin was subsequently neutralized with FBS. Cells were 
washed with PBS and used in experiments or reseeded for 
further culture. The rMSCs were incubated with neat UCNPs 
and UCNP@PIMAPDMA nanoparticles at a concentration 
of 3 mg/mL for 2 days. After incubation, the cells were fixed 
with paraformaldehyde, stained with DAPI and mounted on 
microscope slides for visualization by laser scanning confocal 
microscopy.

2.11   |   In Vitro Cytotoxicity

MTT assay (Sigma-Aldrich) for the determination of mitochondrial 
dehydrogenase activity and fluorescence microscopy were used to 
assess the viability of HEK293 cells as previously described [41]. 
Briefly, cells were placed in wells for 24 h, and nanoparticles or 
doxorubicin were added for 72 h. MTT reagent dissolved in culture 
medium (500 μg/mL) was then added to each well with cells and 
the mixture was incubated at 37°C for 3 h. The MTT-containing 
medium was removed and the resulting insoluble formazan 
crystals were dissolved in dimethyl sulfoxide. The absorbance at 
490 nm was measured using a BioTek 76,883 Plate Reader multi-
channel microphotometer (Santa Clara, CA, USA).

2.12   |   Detection of Protein Corona

Neat UCNPs and UCNP@PIMAPDMA particles were incubated 
with FBS (final concentration 50%) at 37°C overnight. Particles 
were separated by centrifugation (10,000 rcf) for 10 min and 
washed twice with PBS (pH 7.4). Amido Black 10B solution 
in 0.5% acetic acid (Carl Roth; Karlsruhe, Germany) was then 
added and the washing procedure was repeated twice. The 
particles were resuspended in PBS and the optical density was 
measured at 490 nm using a BioTek 76,883 Plate Reader multi-
channel microphotometer.

2.13   |   Laser Scanning Confocal Microscopy

Cells were visualized on a Carl Zeiss LSM 880 NLO microscope 
(Oberkochen, Germany) equipped with a Chameleon Ultra II Ti: 
sapphire laser (Coherent; Saxonburg, PA, USA) tuned to a wave-
length of 975 nm and power adjusted to 100 μW at the sample po-
sition. A 40× NA1.1 water immersion objective and a 32 GaAsP 
array spectral detector covering emission from 410 to 694 nm, op-
erated in single photon counting mode for optimal signal-to-noise 
ratio, were used. Lambda acquisition mode with full (8.8 nm) spec-
tral resolution was selected to spectrally validate the UCNP emis-
sion spectra. Sequential acquisition of frames in channel mode 
was used for the combined acquisition of differential interference 
contrast (DIC), DAPI signal and characteristic emission peaks of 
UCNPs. The first frame was acquired with a 405 nm cw excitation 
(20 μW on the sample plane), a 410–499 nm fluorescence channel 
for the DAPI signal, and a transmitted light detector for the DIC. 
The second frame was excited at 975 nm and detected in two chan-
nels: 535–561 nm and 641–686 nm. Since the emission of UCNPs 
exhibited a very long excited state lifetime in the order of hundreds 
of microseconds, a fully opened pinhole (300 μm, ~4 Airy units) 
and the slowest bidirectional scan rate were used, resulting in 
a typical pixel dwell time of ~50 μs, a pixel size of 90 nm and an 
image format of 1312 × 1312 pixels.

2.14   |   Animal Study

Male BALB/c mice aged 6–8 weeks with a body mass of 25–30 g 
were housed in cages equipped with individual filters on an open 
rack in a room with a 12/12 h cycle of artificial light and darkness 
at 20°C. Mice were provided with free access to food and water. 
All procedures were performed in accordance with bioethical 
standards and with careful attention and responsibility for ani-
mal welfare according to the protocol approved by the Bioethics 
Committee of the Institute of Cell Biology of the National Academy 
of Sciences of Ukraine (Protocol #1 of July 1, 2023).

For in vivo toxicity determination, mice were divided into two 
experimental groups of five animals each. Mice were intrave-
nously injected with UCNP@PIMAPDMA particles at a dose of 
5 mg/kg and the control group received PBS. The body mass of 
mice was recorded twice a week for 2 weeks. To evaluate the he-
matological profile, blood samples were collected from the orbital 
sinus of anesthetized mice [42]. Blood cells were counted using 
ethylenediaminotetraacetic acid (EDTA; Sigma-Aldrich) as an 
anticoagulant. Blood serum was separated by centrifugation and 
stored at −20°C until use (no longer than 1 week). Hematological 
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parameters were determined using a DYMIND DF-51 automatic 
hematology analyzer (5-Part; Dhaka, Bangladesh). Whole blood 
samples were prepared using EDTA and examined within 2 h of 
collection at RT.

To measure biochemical parameters in blood serum, such as 
aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), creatinine, and urea, a 
semi-automatic chemistry analyzer BS3000M (Wincom; Hunan, 
China) was used.

Statistical analyses were performed using the Prism 9.5.1 soft-
ware (GraphPad; Boston, MA, USA). Data were presented as 
mean ± standard deviation. The one-way ANOVA test and un-
paired t-test were used to determine statistically significant 
differences. Significance levels were indicated by the asterisks: 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3   |   Results and Discussion

3.1   |   Synthesis of UCNPs and Their Luminescence

NaYF4(73 mol% Y):Yb(20 mol%),Er(2 mol%),Pr(5 mol%) 
nanoparticles (UCNPs) were obtained by oleic acid-stabilized 
high-temperature coprecipitation of the corresponding lantha-
nide chlorides in octadec-1-ene. The Pr dopant was chosen to 
enable particle detection in both visible and NIR light. Careful 
washing of the particles with hexane, ethanol and water allowed 
their transfer into water. TEM micrographs showed uniform 
UCNPs of spherical-like shape with a diameter of 32 nm and 
dispersity Ð = 1.01 (Figure 2a). EDAX analysis revealed the ele-
ments present in the UCNPs, that is Na (8.1 wt%), Y (21.1 wt%), 
F (44.4 wt%), Yb (16.7 wt%), Er (2.6 wt%), and Pr (7.0 wt%) 
(Figure 2c), which only roughly agreed with the theoretical lan-
thanide content in the particles (Na 11.0, Y 31.1, F 36.4, Yb 16.6, 
Er 1.6, and Pr 3.4 wt%). The discrepancies could be caused by 
the fact that EDAX measures surface composition rather than 
bulk. In addition, the EDAX results indicated the presence of 
silicon impurity, air oxygen and nitrogen, as well as carbon 
and copper from the TEM grid. DLS measurements in water 
determined Dh = 164 nm, polydispersity PD = 0.13, confirming 
the narrow particle size distribution, and ζ-potential = 32 mV 
(Table  1). Concerning the hydrodynamic size of particles in 
water, it is common for Dh from DLS to be larger than Dn of 
dry particles according to TEM for several reasons. Although 
the former technique is based on particle diffusion and provides 
the z-average as a harmonically weighted mean of intensity pro-
portional to the sixth power of the particle radius, TEM image 
analysis provides a true picture of individual particles and gives 
the number-average value (Dn) or volume-averaged diameter 
(Dv); moreover, partial aggregation of particles in water cannot 
be neglected. The positive ζ-potential of the particles was then 
derived from metallic ions on the particle surface. The highly 
crystalline structure of UCNPs measured by an XRD technique 
demonstrated the main intense peaks at 2θ = 17.13°, 29.91°, 
30.78°, 43.46°, and 53.67° corresponding to (100), (110), (101), 
(201), and (211) reflection planes, respectively (Figure 2d). All 
the peaks were indexed to the standard hexagonal β-phase of 
NaYF4 (JCPDS card no. 28–1192). Doping Pr3+ ions did not lead 
to the formation of other phases.

The upconversion luminescence of the UCNPs was determined 
at 980 nm excitation and 2 W/cm2 (Figure 3a). The particles ex-
hibited characteristic emissions at 407 nm (2H9/2 → 4I15/2), 525 nm 
(2H11/2 → 4I15/2), 542 nm (4S3/2 → 4I15/2), 654 nm (4F9/2 → 4I15/2) and 
803 nm (4I9/2 → 4I15/2), which are typical for Er3+ ion transitions 
in upconverting nanomaterials. Although the upconverting 
luminescence of Pr3+ was weak due to the high probability of 
non-radiative relaxation inside these ions [43], its upconversion 
emissions at 486 nm (3P0 → 3H4) and 750 nm (3P0 → 3F4) were ob-
served under 980 nm excitation. After excitation at 495 nm, Pr3+ 
emission at 606 nm appeared in the photoluminescence spectrum 
of the particles, which was attributed to the 3P0 → 3H6 electronic 
transition (Figure  S4). In the excitation spectrum of UCNPs 
emitted at 606 nm, the peaks from 350 to 500 nm were ascribed 
to 4I15/2 → 4G11/2 (391 nm), 4I15/2 → 2G9/2 (418 nm), 4I15/2 → 4F3/2 
(443 nm) and 4I15/2 → 4F7/2 (482 nm) transitions of Er3+ and 
3H4 → 3P2 (443 nm), 3H4 → 3P1 (468 nm) and 3H4 → 3P0 (495 nm) 
transitions of Pr3+ ions [44]. Furthermore, the UCNPs displayed 
emission in the NIR-II wavelength region (Figure 3b). The emis-
sion at 940 and 1073 nm assigned to the 3P0 → 1G4 and 1D2 → 3F3,4 
transition of Pr3+ occurred after the absorption of Pr3+photons at 
735 nm, which confirms possible excitation of light in both the 
visible and NIR ranges. This is promising for background-free 
high-contrast optical imaging of deep biological tissues.

Based on the luminescence measurements, the energy transfer pro-
cesses in NaYF4:Yb,Er,Pr UCNPs excited at 735 and 980 nm can be 
interpreted using the energy transfer diagram (Figure 4). Under NIR 
excitation, the energy transfer and relaxation processes from Yb3+ 
to Er3+ (Figure 4; Path I) were identical to those of conventional 
NaYF4:Yb,Er nanoparticles [46]. At a wavelength of 980 nm, Yb3+ 
absorbed energy and promoted the 2F7/2 → 2F5/2 transition. It then 
resonantly transferred energy to the 4I11/2 state of the neighboring 
Er3+ ion due to the matching of excited energy states. This level of 
the Er3+ ion could also be populated by the direct excitation of the 
Er3+ ion from its ground state 4I15/2. Thus, Er3+ was excited to the 
higher energy states 4F7/2 and 4Gj (J = 7/2, 9/2, and 11/2) via mul-
tiphonon relaxation and energy transfer from Yb3+ to Er3+. After 
the excitation of the 4F7/2 level of the Er3+ ion, non-radiative relax-
ation to the 2H11/2 and 4S3/2 levels occurred. Radiative depopulation 
of these levels back to the ground state led to green upconversion 
emissions at 525 and 542 nm corresponding to the 2H11/2 → 4I15/2 
and 4S3/2 → 4I15/2 transitions of the Er3+ ion. In addition, an elec-
tron from the 4S3/2 level of the Er3+ ion relaxed non-radiatively to 
the 4F9/2 level, leading to red emission at 654 nm associated with 
the electronic transition 4F9/2 → 4I15/2 of the Er3+ ion. The red emis-
sion level (4F9/2 of the Er3+ ion) was also generated by the energy 
back-transfer process between 4Gj (Er3+) and the ground state of 
Yb3+/Er3+ ion [47, 48]. The excited 4F9/2 state of the Er3+ relaxed 
non-radiatively to the 4I9/2 level and exhibited NIR emission at the 
4I9/2 → 4I15/2 transition at 803 nm. In addition, the excited state 4Gj 
of the Er3+ relaxed non-radiatively to the 2H9/2 level and exhibited 
blue emission (407 nm) at the 2H9/2 → 4I15/2 transition.

According to the upconversion emission spectra, the energy trans-
fer between the excited Yb3+ ions and the neighboring Pr3+ ions 
in NaYF4:Yb,Er,Pr UCNPs was proposed (Figure 4; Path II). The 
upconversion excitation of the visible emission levels from the ex-
cited Pr3+ state was achieved due to the low phonon energy and 
weak lattice field of the fluoride materials [49]. With the excitation 
wavelength of 980 nm, the population at the 1G4 level of Pr3+ could 
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FIGURE 2    |    TEM micrographs of (a) NaYF4:Yb,Er,Pr (UCNPs) and (b) UCNP@PIMAPDMA nanoparticles, (c) EDAX analysis and (d) X-ray dif-
fraction pattern of UCNPs; the red vertical lines indicate the standard hexagonal β-phase of NaYF4 (JCPDS card no. 28–1192).

 15524981, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

b.70011 by U
kraine - C

ochrane, W
iley O

nline L
ibrary on [20/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 17 Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2026

be realized through the absorption of the ground state from 3H4 
of Pr3+ and the energy transfer from the excited 2F5/2 state of Yb3+ 
by the cross-relaxation process [50]. The excited 1G4 state of Pr3+ 
undergoes multiphonon-assisted anti-Stokes absorption of the sec-
ond photon, which promotes it to the upper emission level 3P0 [51]. 
The 3P0 level of Pr3+ could also be populated by the energy transfer 
from the two neighboring Yb3+ ions. As a result, most of the elec-
trons relaxed into the 3H4 and 3F4 levels, resulting in emission at 
486 nm (3P0 → 3H4) and 750 nm (3P0 → 3F4), respectively.

The proposed mechanism of Pr3+ emission in the NIR-II wave-
length region at 735 nm excitation can be explained as follows. 
The Pr3+ ion in the ground state 3H4 absorbed a photon at 732 nm 
(Figure 4; Path III) and moved to the excited state 1D2 [52]. This 
ion relaxed non-radiatively to the lower excited level 1G4 and 
then was promoted to the upper excited state 3P2 by absorption 
of the excited state or energy transfer upconversion, where the 
3P0 level was populated by non-radiative decay [53, 54]. The 1D2 
and 3P0 excited states of Pr3+ decayed radiatively to the 3F3,4 and 
1G4 levels, which showed emission at the 3P0 → 1G4 and 1D2 → 1G4 
transitions, respectively. We note that a detailed study of the 
energy transfer mechanism in the NIR-II wavelength region of 
NaYF4:Yb,Er,Pr nanoparticles is beyond the scope of this paper 
and will be reported elsewhere.

3.2   |   Surface Modification of UCNPs With 
PIMAPDMA and Their Characterization

Bisphosphonate-modified poly(isobutylene-alt-maleic acid)-
graft-poly(N,N-dimethylacrylamide) (PIMAPDMA; Figure  1b) 

was synthesized by nucleophilic addition of maleic anhydride 
(MA) units of PIMA with amino groups of BEA, DAP and PDMA. 
PIMA was selected as the basis for PIMAPDMA as an important 
hydrophobic building block containing 39 MA units. The com-
bination of hydrophobic properties with the high reactivity of 
MA allows the easy introduction of a large number of bisphos-
phonate groups, which can interact with the particle surface, 
thus ensuring good colloidal stability in PBS and minimizing 
degradation and dissolution [55]. Indeed, it is known that poly-
mers with multiple anchoring groups provide better protection 
against degradation in aqueous milieu, in contrast to polymers 
with only one anchoring group. In addition, the highly hydro-
philic PDMA sequence of the copolymer promotes biocompati-
bility and colloidal stability of UCNPs in aqueous solutions [39]. 
However, the problem with acrylamide- and maleic anhydride-
based polymers is their lack of biodegradability. For this reason, 
a cystamine linker with disulfide bonds was introduced into the 
PIMAPDMA to enable its degradability in future in  vitro and 
in vivo applications. This is because in the intracellular environ-
ment, disulfide groups are cleaved by thiols, such as glutathione, 
present in cells [56]. This is often exploited for the preparation of 
various organic and inorganic nanomaterials for biomedical ap-
plications [56], where the disulfide bridge of the cysteine linker 
ensures the degradation of the polymer coating into small frag-
ments (Mw < 30 kg/mol) that are excreted from the body by the 
kidneys. The Mw of synthesized PIMAPDMA according to GPC 
was 67 kg/mol with a very broad distribution (Ð = 6.2), possibly 
due to the high reactivity and low selectivity of the acylation re-
action between MA units and primary amines.

The proton signals belonging to tert-boc and ethyl protective 
groups and PDMA in 1H NMR spectrum of tert-boc-PIMAPDMA 
were used to calculate the average number of individual moi-
eties; thus, 19 DAP, 17 BEA and 3 PDMA substituents were deter-
mined in the PIMAPDMA (Figure S3a). According to elemental 
analysis, tert-boc-PIMAPDMA contained 0.83 wt% of phospho-
rus, which represents 13 DAP units. In the FTIR spectrum of 
PIMAPDMA, the peaks at 912, 1056, 1094 and 1140 cm−1 cor-
responded to the ν(P-OH), symmetric νs(P-O) of HPO3

− group, 
asymmetric νas(P-O) of PO3

2− moiety and asymmetric νas(HPO3
−) 

stretching vibrations, respectively (Figure S5a). These estimative 
assignments were consistent with the literature [57, 58]. The 
band at 1255 cm−1 was attributed to the δ(NH) bending vibration 

TABLE 1    |    Nanoparticle characteristics.

Dn 
(nm) Ð

Dh 
(nm) PD

ζ-
potential 

(mV)

UCNPs 32 1.01 164 0.13 32

UCNP@
PIMAPDMA

41 1.04 156 0.10 −34

Abbreviations: Ð, dispersity (TEM); Dh, hydrodynamic diameter (DLS); Dn, 
number-average particle diameter (TEM); PD, polydispersity (DLS).

FIGURE 3    |    (a) Upconversion and (b) NIR-II emission spectra of aqueous dispersions of UCNPs and UCNP@PIMAPDMA nanoparticles (3 mg/
mL) excited at 980 and 735 nm, respectively.
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of amide. The peaks at 1354, 1400, 2932 and 2868 cm−1 were as-
signed to the δ(CH3), δ(CH2), νas(CH3) and νs(CH2) vibrations, re-
spectively. The bands at 1615 and 1730 cm−1 corresponded to the 
vibrations of the νs(C  O) in amide and carboxyl, respectively. 
The broad peak at ~3400 cm−1 was attributed to the ν(OH) and 
ν(NH) vibrations. In the spectrum of UCNP@PIMAPDMA, the 
new band at 1114 cm−1 was assigned to the νas(P  O) vibration 
of PO3

2− group due to its coordination to metal ions on the par-
ticle surface. The peaks at 1638 and 1702 cm−1 were attributed 
to the νs(C  O) in amide and carboxyl groups, respectively. The 
ν(OH) and ν(NH) vibrations corresponded to the broad band at 
~3390 cm−1. These findings were confirmed by XPS analysis of 
neat UNCPs and UCNP@PIMAPDMA nanoparticles (Figure S6; 
Table  S1). The high-resolution spectrum C 1s of neat UNCPs 
confirmed the presence of oleic acid with a dominant C  C 
contribution at 285.0 eV and a minor C(  O)  O contribution at 
~289 eV. The neat UCNPs showed a dominating Y 3d and minor 
Yb peaks in the region between 100 and 240 eV. The binding of 
the polymer on the surface of UCNP@PIMAPDMA nanoparti-
cles led to significant changes of the high resolution spectra in 
the C 1s region and the appearance of peaks originating from 
C  N, C  O, C  S and C  P at 286.2 eV, amide C(  O)  NH at 
287.9 eV and carboxyl C(  O)  O at 289.0 eV. At the same time, 
the presence of PIMAPDMA was associated with the appearance 
of new NH  C(  O) peaks at 399.8 eV and C  NH3

+ at 401.6 eV in 
high-resolution spectra taken in the N 1s region. Further verifica-
tion of the presence of PIMAPDMA on the particle surface could 
be seen in the appearance of the new PO3 peak at 133.2 eV. In the 
thermogram of UCNP@PIMAPDMA nanoparticles, the weight 
loss up to 120°C and in the range of 120°C–560°C was due to the 
evaporation of adsorbed water and decomposition of the poly-
mer shell. According to TGA, the UCNP@PIMAPDMA nanopar-
ticles contained ~11 wt% of coating (Figure  S5b). Thus, FTIR 
spectroscopy and TGA confirmed the presence of PIMAPDMA 
on the particle surface.

TEM image of UCNP@PIMAPDMA nanoparticles showed larger 
particle size and slightly wider particle size distribution (Ð = 1.04) 
compared to neat UCNPs (Figure 2b). PIMAPDMA was visible in 
the micrograph with lower contrast than inorganic particles and 
its thickness was estimated to be 4.5 nm (Table 1). The hydrody-
namic diameter of the UCNP@PIMAPDMA nanoparticles in 
water decreased slightly (Dh = 156 nm) compared to neat UCNPs 
(Dh = 164 nm), demonstrating the improved stabilization due 
to the polymer shell, as also documented by the low polydisper-
sity value (PD = 0.10), indicating the narrow size distribution of 
coated particles (Table 1). The ζ-potential of UCNP@PIMAPDMA 
nanoparticles was negative (−34 mV) due to the presence of bis-
phosphonate and carboxyl groups of the polymer on the particle 
surface. The PIMAPDMA coating of UCNPs slightly decreased the 
emission intensity in both the visible and NIR ranges (Figure 3).

3.3   |   Colloidal Stability of UCNP@PIMAPDMA 
Nanoparticles

The colloidal stability of UCNP@PIMAPDMA nanoparticles 
in water, PBS, DMEM, and ALF was evaluated by measuring 
their hydrodynamic diameter Dh and ζ-potential at 37°C and 
compared with neat particles (Figure 5a,b). The ζ-potential was 
determined only in water due to the interference of components 
(e.g., amino acids, salts and vitamins) of other media with DLS 
measurements. The Dh of UCNP@PIMAPDMA nanoparticles 
in water, DMEM and ALF did not change significantly for at 
least 7 days; thus, these particles were colloidally stable, that is 
did not aggregate, suggesting that they were well sterically sta-
bilized. In PBS, the Dh of UCNP@PIMAPDMA nanoparticles 
did not change for 3 days, indicating a significant improvement 
in colloidal stability compared to neat UCNPs, which collapsed 
immediately after contact with the buffer (Figure  5a). It was 
only after 3 days that the UCNP@PIMAPDMA particle size in-
creased. In the case of the ζ-potential of both positively charged 
neat UCNPs and negatively charged UCNP@PIMAPDMA 
nanoparticles in water, no significant changes were observed 
even after 7 days due to electrostatic repulsions (Figure  5b). 
Thus, it can be concluded that the PIMAPDMA coating pro-
vided excellent colloidal stability of UCNPs in all tested media 
for at least 3 days, which is long enough for most bioapplications.

3.4   |   Degradability of UCNP@PIMAPDMA 
Nanoparticles

Recent studies have shown that lanthanide-based UCNPs are 
prone to dissolution in aqueous media due to the solubility of 
NaYF4, particularly at elevated temperatures. This can lead 
to a decrease in luminescence intensity and induce cell death 
[59, 60]. Therefore, the chemical stability of neat UCNPs and 
UCNP@PIMAPDMA nanoparticles in different media (water, 
PBS, DMEM, and ALF) was evaluated at 37°C simulating the 
temperature used in in  vivo experiments (Figure  5c). As ex-
pected, the particles exhibited the lowest dissolution in water 
and the highest in PBS due to the accelerated hydrolysis caused 
by the complexation of the lanthanides with phosphate ions 
from PBS [61]. In water, the chemical stability of UCNP@
PIMAPDMA (XF = ~1.6 mol%) was improved, compared to 
UCNPs (XF = 7.2 mol%). In DMEM and ALF, a major decrease 

FIGURE 4    |    Possible energy transfer of NaYF4:Yb,Er,Pr UCNPs 
excited at 980 nm (I, II) and 735 nm (III). Only relevant energy levels 
with radiative (solid straight arrow) and non-radiative transitions (blue 
dashed curved arrow) are shown. The black dashed curved arrows rep-
resent the energy transfer processes between the excited Yb3+ ion and 
the neighboring Er3+ (I) and Pr3+ ions (II). BET—back energy transfer. 
The NIST atomic spectra database was used to identify the spectra and 
energy levels of the spectral lines [45].
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in dissolution rates of polymer-coated UCNPs was observed 
(XF = 4.7 and 6.3 mol%, respectively) compared to the neat ones 
(XF = 22 and 29.8 mol%, respectively). The biggest chemical sta-
bility improvement (75% relative to neat UCNPs) was observed 
in PBS, where the dissolution rate decreased from XF = 94 to 
23 mol%; these results are even better (by ~35%) than those pub-
lished earlier [55, 62]. This can be explained by the effective pro-
tection of the surface of UCNPs by PIMAPDMA bound by many 
phosphonate groups, thus hindering the diffusion of phosphates 
from PBS. This type of coating therefore ensures good chemical 
stability of UCNPs and can be used in bioapplications, especially 
where phosphorus-containing media are required.

3.5   |   In Vitro and In Vivo Biological Experiments

The biocompatibility and biosafety of UCNPs and UCNP@
PIMAPDMA nanoparticles were assessed in vitro with cultured 
HEK293 cells using MTT assay and also in in vivo experiments 
after intravenous injection of particles to laboratory mice. HEK 
293 cells were selected because they are considered pseudonor-
mal and are widely used by many researchers as a standard cell 

line (negative control) when investigating anti-tumor activ-
ity [63]. To evaluate the cytotoxicity of particles in vitro, the via-
bility of human embryonic kidney HEK293 cells was measured 
after treatment with neat UCNPs and UCNP@PIMAPDMA 
nanoparticles. The results were compared with those of 0.5 μM 
doxorubicin (Dox) used as a positive control of high toxicity. 

FIGURE 5    |    Time dependencies of (a) hydrodynamic diameter Dh in various media, (b) ζ-potential of UCNPs and UCNP@PIMAPDMA nanopar-
ticles in water, and (c) F ̄ ion molar fraction (XF) in the supernatants after incubation of particles in water, PBS (pH 7.4), DMEM, and ALF at 37°C.

FIGURE 6    |    Viability of HEK293 cells incubated with UCNPs and 
UCNP@PIMAPDMA nanoparticles at a concentration of 12, 24, 120, 
and 240 μg/mL for 72 h. 0.5 μM doxorubicin (Dox) was used as a posi-
tive control, and untreated cells served as a negative control. *p < 0.05, 
***p < 0.001, and ****p < 0.0001.
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Low concentrations of nanoparticles (12 and 24 μg/mL) were 
non-toxic for HEK293 cells (Figure  6). However, a distinct 
toxic effect was observed when these cells were treated with 
neat UCNPs at doses of 120 and 240 μg/mL, whereas UCNP@
PIMAPDMA nanoparticles administered at ≤ 120 μg/mL were 
not cytotoxic and at 240 μg/mL were statistically significantly 
cytotoxic (p < 0.05; Figure 6).

For this reason, the toxicity and biosafety of UCNP@
PIMAPDMA nanoparticles were further evaluated in vivo fol-
lowing intravenous administration to mice at a dose of 5 mg/kg; 
this dose was chosen based on a similar published study [64]. 
All animals remained physically active during the 2-week ex-
periment. One week after the UCNP@PIMAPDMA injection, 
only a slight but statistically insignificant decrease in animal 
body mass was found, which might be due to blood sampling 
(Figure  S7). Body mass then increased within 2 weeks, but 
again, it was a statistically insignificant difference.

Once the nanoparticles enter the blood circulation of mice, 
they can interact with blood cells, which can lead to changes 
in the hematological profile of the blood. It should be noted 
that 2 weeks after injection of UCNP@PIMAPDMA nanopar-
ticles, there were no statistically significant changes in white 
or red blood cell counts and hemoglobin levels (Figure 7a–c). 
Fourteen days after administration of UCNP@PIMAPDMA 
nanoparticles, there was a statistically significant reduction in 
platelet count (p < 0.01) compared to the control (Figure 7d). 
This is consistent with the literature, although platelet count 
data vary [65]. Interestingly, before the start of the experi-
ment (Day 0), this group of animals had lower platelet counts 
than the control group, but this difference was not statisti-
cally significant (data not shown). Similarly, there were no 
differences in neutrophil, lymphocyte and monocyte counts 
(Figure 7e–g).

In addition to hematological indicators in the blood of mice in-
travenously injected with UCNP@PIMAPDMA nanoparticles, 
selected biochemical markers in the blood serum of treated an-
imals, such as alanine aminotransferase (ALT), aspartate ami-
notransferase (AST) and alkaline phosphatase (ALP), which 
are enzymatic markers of hepatic injury [66], were examined 
(Figure S8). In particular, an increased serum ALP activity is an 
indicator of hepatobiliary damage in humans and experimen-
tal animals [67]. Most nephrotoxic agents increase blood urea 
and serum creatinine, which is a more precise marker of renal 
toxicity than blood urea because it is not affected by diet [68]. 
No changes in the levels of enzymatic indicators of hepatotox-
icity were observed in mice treated with UCNP@PIMAPDMA 
nanoparticles (Figure S8a–c). However, a statistically significant 
reduction in urea content was observed (Figure S8d), whereas 
serum creatinine levels remained unchanged (Figure  S8e), 
suggesting that the nanoparticles had no nephrotoxic effects 
[69, 70]. However, other much more specific biochemical mark-
ers of hepatotoxicity, namely the activities of AST, ALT and ALP 
were not affected by the UCNP@PIMAPDMA nanoparticles 
(Figure S8a–c).

In a previous investigation, specific coatings of magnetic 
nanoparticles such as poly(N,N-dimethylacrylamide) and 
SiO2 had a positive effect on the biocompatibility in vivo [41], 

similar to PIMAPDMA in this study. When comparing toxicity 
in in vivo and in vitro studies, differences in both types of ex-
periments should be considered. Although in vitro assays are 
influenced by the conditions of the culture medium, the pro-
tein content in the animal's bloodstream is significantly higher 
than in the culture medium. This may influence the formation 
of a protein corona around the particles and, thus, their bio-
compatibility [71]. This hypothesis was tested by incubating 
UCNP@PIMAPDMA nanoparticles with FBS and detecting 
changes in the attached proteins using Amido Black 10B dye. 
Indeed, after incubation with FBS, a distinct protein corona 
was detected on the particles (Figure  8), confirming that the 
interaction of particles with blood plasma proteins can affect 
their biocompatibility.

3.6   |   Biological Application

To confirm the potential of the newly developed UCNP@
PIMAPDMA nanoparticles for bioimaging, rat C6 glioblastoma 
cells and rMSC primary were selected as the tumor cell line 
model and primary culture cells, respectively. After incubation 
of C6 cells and rMSCs with the particles, both neat UCNPs and 
UCNP@PIMAPDMA nanoparticles were localized in the cyto-
plasm (Figure 9); however, the latter particles were more inter-
nalized because they did not aggregate.

Emission spectra obtained by lambda scans of rMSCs incu-
bated with nanoparticles had two main emission peaks (542 
and 654 nm; Figure 10), similar to previously measured spec-
tra of aqueous dispersions of UCNPs and UCNP@PIMAPDMA 
nanoparticles (Figure  3a). However, the ratio of intensities of 
these two peaks differed for various regions of interest (ROIs) 
represented by different colors and intensities in the cells 
(Figure 10), as indicated by the different ratio of green and red 
colors in the overlay images (Figure 9). This ratio appeared to 
be related to the overall intensity of the signal in the given pixel; 
the higher the intensity, the stronger the red signal (654 nm) 
compared to the green signal (542 nm). This can be explained 
by the larger number of aggregated nanoparticles, which trans-
fer energy more efficiently between neighboring nanoparticles, 
leading to greater amplification of red emission than green. 
Several other factors, such as the local cellular environment, 
pH, ion concentration, and protein interactions, cannot be 
overlooked, as they can alter the optical properties of UCNPs. 
Energy transfer processes, such as Förster resonance and 
different upconversion efficiencies, may also play a role [72]. 
Understanding these factors is crucial for accurate interpreta-
tion of bioimaging results using UCNPs. Nevertheless, due to 
the zero cellular and tissue background for the combination of 
excitation and detection settings used, the unique emission pat-
terns of the nanoparticles allow unambiguous localization of 
UCNPs in vivo.

Last but not least, it should be noted that, in general, further 
improvement of cell visualization using UCNPs requires op-
timization of particle composition, including the introduction 
of a passive shell that prevents quenching and increases lu-
minescence. In addition, it is important to optimize and test 
the biodegradable polymer coating surrounding the nanopar-
ticles and the conjugation of other bioactive species. This will 
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FIGURE 7    |     Legend on next page.
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FIGURE 7    |    Concentration of (a) white blood cells (WBC), (b) red blood cells (RBC), (c) hemoglobin (Hb), (d) platelets (PLT), (e) neutrophils, (f) 
lymphocytes, and (g) monocytes in the blood of mice 2 weeks after intravenous administration of UCNP@PIMAPDMA nanoparticles. The yellow 
and green symbols represent blood parameters of individual animals. **p < 0.01.

FIGURE 8    |    Detection of protein corona after UCNP@PIMAPDMA nanoparticle staining with Amido Black 10B. (1) negative control (Amido 
Black 10B), (2) fetal bovine serum (FBS), (3) UCNP@PIMAPDMA and (4) UCNP@PIMAPDMA and FBS. The bottom photo shows a microplate con-
taining a dispersion of particles after staining with Amido Black 10B dye. ****p < 0.0001.

FIGURE 9    |    Laser scanning micrographs of C6 cells and rMSCs incubated with UCNPs and UCNP@PIMAPDMA nanoparticles for 2 days over-
laid with DIC images; green (535–561 nm) and red channel (641–686 nm) overlay; excitation at 975 nm. Cells not incubated with nanoparticles served 
as a control. Scale bar 20 μm.
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ensure selectivity and targeting of specific cells, expanding 
the therapeutic possibilities of the particles and their overall 
applicability.

4   |   Conclusions

Yb3+, Er3+ and Pr3+-doped upconversion nanoparticles were 
successfully synthesized by the high-temperature coprecipi-
tation method. After excitation at 980 and 735 nm, the UCNPs 
exhibited bright blue, green and red luminescence in the form 
of narrow peaks in the range of ~480–700 nm in the visible part 
of the spectrum, as well as emission bands in the NIR-II region 
of the spectrum (> 1000 nm). Achieving luminescence emission 
simultaneously in the visible and NIR-II regions is rather rarely 
described in the literature. Although downshifting emission is 
more suitable for cell imaging, upconversion is applicable for 
deep tissue imaging. Thus, the excellent luminescence emission 
efficiency in the visible-to-NIR-II region holds promise for the 
use of such particles in biotherapy and imaging. In biomedi-
cal in vivo applications, injected UCNPs should have a limited 

retention time in the body without accumulating permanently, 
and at the same time should not cause undesirable chronic reac-
tions resulting from their dissolution and release of lanthanide 
ions. To ensure the biocompatibility of the UCNPs and establish 
their future degradability, the nanoparticles were coated with a 
bisphosphonate-modified copolymer based on poly(isobutylene-
alt-maleic acid) and poly(N,N-dimethylacrylamide) containing 
degradable disulfide bonds. Such a coating provided significantly 
higher colloidal and chemical stability of particles in PBS than 
previously investigated coatings due to a larger number of phos-
phonate anchoring groups attached to the UCNP surface [55]. 
In addition, various bioactive substances, including drugs, can 
be immobilized on such coated particles by reacting the avail-
able functional amino and carboxyl groups of the polymer, 
which allows for the design of new drug delivery systems. The 
biocompatibility of the newly developed UCNP@PIMAPDMA 
nanoparticles towards cultured human embryonic kidney 
HEK293 cells and the biosafety after intravenous administration 
to experimental mice suggested the great potential of these par-
ticles for tissue bioimaging. This was successfully demonstrated 
when the particles were detected in the cytoplasm of rMSCs and 

FIGURE 10    |    (a) 32 channel spectral image of rMSCs labeled with UCNPs. The color encodes the real spectrum. (b) Emission spectra from the 
whole image (black) and from selected regions of interest (ROIs in color) showing the ratio of intensity variability between the main emission peaks 
of UNCPs. (c) Relation between signal intensity (expressed as photons per pixel) and spectral shift (expressed as the average wavelength); the higher 
the local emitted intensity, the higher 654 nm red peak emission. Scale bar 50 μm.

 15524981, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

b.70011 by U
kraine - C

ochrane, W
iley O

nline L
ibrary on [20/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



15 of 17Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2026

C6 glioblastoma rat cells by laser scanning confocal microscopy, 
confirming efficient particle uptake.
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