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The relentless interest in fluoride nanoparticles in last decades is due 
to the wide possibilities of varying their functional properties by 
introducing various lanthanides.1 This makes it possible to control 
the size of nanoparticles2 and their magnetic3 and luminescent 
properties,4 which ultimately leads to the control of the spectral 
range5 and the creation of an up-conversion system6 and multimodal 
nanoparticles.7 In turn, the hydrophilic coating of nanoparticles is 
needed to increase their colloidal stability and in vivo applicability.8 
As a rule, the hydrophilic coating is represented by surfactants,9 
polymers,10 lipids,11 etc. This allows one to achieve low toxicity12 
by increasing passive targeting to different tumors.12,13

In accordance with the previously published works,14–16 the 
NaGd0.7Eu0.3F4 nanoparticles (dav = 42 nm) were synthesized, 
aiming to their Eu3+-based red luminescent and Gd3+-based 
paramagnetic properties and the smallest size, which may 
facilitate higher relaxivity17 and effective penetration into cells 
and tissues. The low electrokinetic potential of NaGd0.7Eu0.3F4 
nanoparticles (−7 ± 2 mV) leads to colloidal instability and 
formation of large aggregates in water and blood plasma 
simulating solution [Figure 1(a)]. It was a prerequisite for their 
further hydrophilization by polyethyleneimine (PEI) and poly-
DL-lysine (PL) coatings. The excess quantity of PEI and PL was 
removed from the NaGd0.7Eu0.3F4 nanoparticles coated with PL 
and PEI by centrifugation, since high levels of PEI and PL can 
cause additional cytotoxicity.18 The concentrations of the 
polymers required for colloid stabilization of NPs@PL and 
NPs@PEI were determined (see Online Supplementary Materials). 
It was shown that the colloidal stabilization of NPs@PL and 

NPs@PEI at a concentration of 26.5 mmol dm−3 is eventually 
provided by 0.0276 mm and 0.0224 mm solutions of PEI and 
PL, respectively. Such low concentrations are sufficient to 
stabilize nanoparticles.

Hereinafter, NaGd0.7Eu0.3F4 coated by PL and PEI will be 
designated as NPs@PL and NPs@PEI, respectively. The 
resulting nanoparticles have an average size of ~170 nm and  
a polydispersity index PdI < 0.2 [Figure 1(a)]. Strong ionic 
background (Tris buffer solution) leads to a slight increase in the 
particle size [Figure 1(a)]. At the same time, a noncritical increase 
in the particle size is observed in BSA solutions (1 g dm−3) at  
pH 7.4. This indicates high colloidal stability achieved through 
non-covalent coating of nanoparticles with PEI and PL polymers.

The longitudinal (r1) and transverse (r2) relaxivities are used 
for quantitative evaluation of the MR-contrasting ability.17 The 
r1 and r2 values are calculated as the relaxation rates T1(2)

−1 (in s−1) 
per 1 mmol dm−3 of GdIII under the subtraction of T −1

diam, which 
is the relaxation rate of pure water according to the equation:  
T1(2)

−1 = r1(2) × CGd + T −1
diam. Linearity of the dependences of T1(2)

−1 on 
concentration allowed the relaxivity r1(2) to be calculated. The 
obtained values are r1 = 0.23 dm3 mmol−1 s−1 and r2 =  
= 1.06 dm3 mmol−1 s−1 for NPs@PL and r1 = 0.16 dm3 mmol−1 s−1 

and r2=1.07 dm3 mmol−1 s−1 for NPs@PEI at 20 MHz and 298 K 
[Fgiures 1(b,c)]. These values are much smaller than those for 
the commercially available contrast agents such as Omniscan, 
Gadovist, etc.,19 and the nature of hydrophilic coating slightly 
influences the relaxivity values [Figures 1(b,c)]. It is worth 
noting that the agglomeration of lanthanide-based nanoparticles 
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This work introduces non-covalent hydrophilic coating of 
NaGd0.7Eu0.3F4 nanocrystals by polylysine (PL) and 
polyethyleneimine (PEI) for MRI and fluorescent imaging 
purposes. PL- and PEI-stabilized nanocrystals exhibit high 
colloidal stability, cell internalization, fluorescent contrasting 
of nuclei and cytoplasm, low cytotoxicity, and relaxivity  
(r1 = 0.17 dm3 mmol−1 s−1 and r1 = 0.23 dm3 mmol−1 s−1).
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is a very common reason for the low relaxivity values, since 
hydration of the interfacial Gdiii ions is restricted by the 
agglomeration of such nanoparticles.20 The average sizes 
revealed for NPs@PL and NPs@PEI in aqueous solutions 
[Figure 1(a)] confirm that the agglomeration is the reason for the 
low relaxivity values [Figures 1(b,c)].

Measurements of the relaxation rate of NPs@PL and NPs@PEI 
in solutions simulating blood composition showed a slight decrease 
in the T1

−1
 values [Figure 1(d)], which can be associated with the 

changes in their aggregation behavior in these media [Figure 1(a)].
Eu-based red luminescence of NPs@PL and NPs@PEI 

[Figure 1(e)] makes it possible to use them as an intracellular 
visualizer. The intensity of the dipole transition 5D0→7F2 
sensitive to local symmetry and strength of the ligand field 
around Eu3+ ions are close to that of the magnetic dipole 
transition 5D0→7F1 insensitive to the changes in the surrounding 
charge distribution, which is typical for Eu3+ inorganic salts and 
oxides with high local symmetry of the Eu3+ environment.21 

The cytotoxic effect of NPs@PL and NPs@PEI was evaluated 
by measuring the cell viability of M-Hela and Chang liver cell 
lines after incubation in solutions with different concentrations of 
the nanoparticles. The half-maximal inhibitory concentration 
(IC50) values are above 1.7 g dm−3 for NPs@PL and NPs@PEI 
(Table S3). However, the cytotoxicity of NPs@PEI is greater 
compared to that of NPs@PL, which can be associated with the 
greater cytotoxicity of PEI constituting the exterior layer.

Flow cytometry measurements were performed for evaluation 
and comparison of the cellular uptake of NPs@PL and NPs@PEI 
by M-HeLa cancer cells (Figure S3). A significant increase in 
red fluorescence was observed after 24 h of incubation of M-Hela 
cells with NPs@PL and NPs@PEI. It is indicative of the  
penetration of NPs@PL and NPs@PEI into cells. It is worth 
noting that NPs@PL (Figure S2) shows higher internalization than 
NPs@PEI. Further visualization of intracellular internalization 
of NPs@PEI and NPs@PL was achieved by fluorescence 

microscopy imaging. In particular, both types of nanoparticles 
penetrated into M-Hela cancer cells and evenly distributed in the 
cytoplasm and nuclei. In accordance with flow cytometry, 
permeation of NPs@PL into cells and nuclei is more effective. 
Analysis of the morphology of M-HeLa cells after incubation 
with 4',6-diamidino-2-phenylindole (DAPI) and NPs@PL and 
NPs@PEI revealed an obvious nuclear damage compared to the 
control (Figure 2). A significant decrease in the nuclei size and 
the formation of a round shape were identified. Moreover, typical 
signs of apoptosis were observed: the presence of apoptotic 
bodies, characterized by the preservation of the cell membrane 
and the bright blue glow of fragmented DNA (Figure 2). The 
reasons for these processes and the therapeutic utility of  
NPs@PEI and NPs@PL are subject to the future work.

Thus, this work presents two colloidal systems based on 
NaGd0.7Eu0.3F4 nanoparticles with low cytotoxicity (IC50 >  
> 1.7 g dm−3) and red luminescent properties. It has been shown 
that coating of NaGd0.7Eu0.3F4 NPs by PL and PEI provides 
colloidal stability in water and blood simulating aqueous 
solution. The optimal hydrophilic coating of NPs@PL and 
NPs@PEI provides their low cytotoxicity and efficient cellular 
uptake behavior. The more efficient fluorescent contrasting of 
the cancer cells by NaGd0.7Eu0.3F4 nanoparticles stabilized with 
polylysine compared to those stabilized with polyethyleneimines 
is derived from the greater uptake of the former. This demonstrates 
one more advantage of polylysine vs polyethyleneimine 
molecules as building blocks of the hydrophilic coating. The fact 
that NPs@PL exhibit lower cytotoxicity compared with NPs@
PEI is another advantage of the hydrophilic coating constructed 
from PL molecules.

Nanoparticles NaGd0.7Eu0.3F4 were synthesized in the 
framework of the project funded by The Fellowship of the 
President of Russia MD-1191.2022.1.3 (PI A. S. Mereshchenko). 
The study of colloidal and biological properties was carried out 
as a part of the state assignment of FRC Kazan Scientific Center 
of RAS. NMR relaxation measurements were supported by the 
Strategic Academic Leadership Program (PRIORITY-2030) of 
Kazan Federal University, Russia. The authors are grateful for 
financial support from the government assignment for FRC 
Kazan Scientific Center of RAS.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2024.09.004.

Figure 1 (a) Size of NPs, NPs@PL and NPs@PEI in water, Tris buffer, 
and Tris buffer with BSA media; T1(2)

−1 vs Gd concentration obtained for  
(b) NPs@PL and (c) NPs@PEI; (d) T1

−1
 values measured for NPs@PEI and 

NPs@PL in different solutions; (e) luminescence spectra of (1) NPs@PL 
and (2) NPs@PEI. 

Figure 2 Fluorescence microscopy analysis of the absorption of  
NPs@PEI and NPs@PL test systems by M-HeLa cells (yellow arrow 
indicates the morphological changes of the nucleus).
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