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The goals of this work are to design and develop a technology for fabrication and study of
multifunctional properties of core/shell nanoparticles (NPs) as magnetic/luminescent
markers. The new hybrid core/shell Fe304/Gd203:1% Er’*, 18% Yb**, 2.5% Mg?', x% Nd**
NPs doped with different concentrations of neodymium ions, where x =0%, 0.5%, 0.75%,
1%, 2%, 4%, were synthesized by the co-precipitation method. The NPs were characterised
using XRD, TEM, SEM, EDX, confocal microscopy and photoluminescence. Fe3O4 (core)
consists of several 13 nm NPs. The core/shell NPs have sizes from 220 nm to 641 nm. In
this latter case, the shell thicknesses were 72, 80, and 121 nm. The upconversion efficiency
properties and magnetic properties of the hybrid NPs were investigated. In the core/shell
NPs, the addition of Nd** quenches the luminescence. The magnetic response of core/shell
samples is rather paramagnetic and does not differ significantly from that registered for the
shell material alone. For Gd203:1% Er?*, 18% Yb*" and Fe304/Gd203:1% Er’*, 18% Yb*",
2.5% Mg?*, 0.5% Nd**, at 300 K, the values of the magnetization registered at ~ 40 kOe are
similar and equal to ~5.3 emu'g™'. The survivability of the HeLa tumor cells with the
presence of the core/shell NPs was investigated for 24 h. The NPs are non-toxic up to a
concentration of 1000 pg'ml™! and penetrate cells in the process of endocytosis which has
been confirmed by confocal microscope studies.

1. Introduction

absorbed by the body tissues, so the NPs luminescence
through the skin from a depth of up to 3 cm can be

The work aimed to develop a technology for obtaining
core/shell oxide nanoparticles (NPs) exhibiting anti-Stokes
emission and at the same time possessing magnetic
properties. The reason for undertaking this research topic
was the need to produce spherical, separate, and hybrid NPs
in quantities of several grams. The Gd,0s:Yb, Er, Mg, Nd
layer is responsible for the NP visible light (560 nm and
660 nm) emission (luminescence) when illuminated with
near infrared (NIR — 980 nm). This process is called
upconversion. Radiation at 980 nm and 660 nm is poorly
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observed. The upconversion process is a process with low
quantum efficiency (of the order of tenths of a percent)
which due to the very narrow radiation absorption spectrum
by Yb ions requires the use of lasers. Thanks to the use of
laser radiation from the NIR region (980 nm, 808 nm),
autofluorescence from biological objects cannot be
observed. Excitation radiation is not scattered due to the
long wavelength and despite the low quantum efficiency of
the upconversion process, a high signal-to-noise ratio can
be observed [1, 2].

The advantage of the obtained core/shell oxide NPs will
be the possibility of using them, thanks to the presence of Fe
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and Gd ions [3,4] as improved contrast in magnetic
resonance imaging (MRI), and after attaching antibodies to
their surface, they will become a cancerous cell-destroying
factor, thanks to hyperthermia.

In their research, the authors use NPs based on an oxide
matrix because a) the authors’ technology allows the
synthesis of NPs with sizes of 200 nm and more; b)
according to Ref. 5, NPs of these sizes are ideal for tumor
delivery (the influence of size, shape, etc.); ¢) they can be
produced in large quantities (a typical process produces
gram quantities [~ 2 g]), which is not possible in the case
of fluorides. Additionally, the obtained hybrid NPs mainly
consist of gadolinium ions, which are used in MRI.

A new application is the use of opto-magnetic NPs
coated with antibodies in flow cytometry combined with
dialysis, in a strong magnetic field to remove circulating
cancer cells from the bloodstream that are the source of
metastases.

The work is also distinguished by the fact that the core
is not one large NP, but consists of small NPs, which
ensures that the system is paramagnetic.

Several different routes have been used to synthesize
bifunctional magnetic luminescent nanocomposite. Peng et
al. [6] synthesized down converting Fe;04/Gd205:Eu®*
nanocomposites obtained by the homogeneous preci-
pitation method. Shabanzadeh-Kouyakhi et al. [7] worked
on Gd,O3 NPs that were coated with a Fe3O4 nanolayer
synthesized via coprecipitation, and the resulting core/shell
nanocomposites were encapsulated in a dextrose capping
agent for enhanced biocompatibility. Chame et al. [8]
characterised multifunctional composites based on
core/shell Ag/Fe;04/Gd,05:Er’* NPs. They exhibited
bactericidal properties of Ag/Fe;O4 with the enhancement
of fluorescence intensity produced by Er*" doped in a
Gd,O3 matrix. Shen et al. [9] report the superparamagnetic
and upconversion emitting Fe;O04/NaYF4:Yb, Er hetero-
NPs synthesized by a novel ligand anchoring strategy.
Tejeda et al. [10] described a highly luminescent
Y3Al5012:Nd3" nanophosphors that were synthesized using
a sol-gel route and were subsequently mixed with
superparamagnetic FesOs NPs producing a core—shell
structure. Jing ef al. [11] obtained bifunctional core—shell
Fe304/Si02/Gd,03:YD, Er nanostructures. Vu ef al. [12]
fabricated bifunctional optical-magnetic Fe;04/GdyO5:Er’”,
Li". The upconversion emission intensity was significantly
enhanced compared to that without Li* ions. In the work of
Wu ef al. [13], bifunctional core/shell down converting
nanocomposites of Fe304/Gd,03:Eu*" were synthesized
through the urea homogeneous precipitation method. The
influence of the pH value of the solution on the
luminescence of the nanocomposite was examined.

In the research, the authors chose the Gd,Os; matrix
because it has low phonon energy (phonon -cut-off
~ 600 cm™), large bandgap (~ 5.4 €V), and high refractive
index (>1.9) [14]. The low phonon energy reduces
the chances of multiphonon relaxation processes and
enhances the efficiency of the upconversion radiative
emissions [15]. Gd2O; NPs were doped with Er** and Yb**
rare earth and alkaline earth metal ions — Mg>" to improve
the luminescence efficiency [16]. The Gd»Os:1% Er’",
18% Yb**, 2.5% Mg?* NPs were additionally doped with
neodymium ions (x% Nd** =0, 0.5%, 0.75%, 1%, 2%, 4% ).

Thanks to this, NPs can be excited with the semiconductor
lasers with two wavelengths of 980 nm (cross-transfer
between Er*"— Yb*" — Nd** ions) and with a wavelength of
808 nm (Nd*"). The process of anti-Stokes emission from
the Yb*" ion, which has only one excited state (*Fsp)
corresponding to the absorption of about 980 nm from 2F7
to 2Fs, involves the risk of heating biological samples.

The advantage of doping samples with Nd>" ions is the
shifting of the excitation wavelength to approximately
808 nm, which significantly reduces the effect of
overheating. The water absorption coefficient at 980 nm is
0.48 cm™!, while the water absorption coefficient at 808 nm
is much lower and amounts to 0.02 cm™' [17, 18]. The Nd**
ions also have a higher absorption cross-section at 808 nm,
(which is 1.2 - 107 cm? [19]) than Yb?" ions at 980 nm
(1.2-10720 cm? [20]).

In this work, Gd,03:1% Er**, 18% Yb’*, 2.5% Mg?",
x%Nd* (x=0%, 0.5%, 0.75%, 1%, 2%, 4%) NPs
and hybrid core/shell Fe;04/Gd205:1% Er’*, 18% Yb3*,
2.5%Mg?", x% Nd** NPs were synthesized and character-
ised. The core of the authors’ hybrid NPs consists of
a conglomerate of several FesOs NPs. In the work of
Shen et al. [21], a significant increase can be seen in the
NIR absorption at 808 nm for the conglomerate Fe3;O4 NPs
in comparison to individual Fe3O4 NPs. As a result, hybrid
NPs are more effective in photothermal therapies.

The effect of doping with neodymium ions on the anti-
Stokes emission of Gd,0::1%Er*", 18% Yb*" and
Fe;04/Gd205:1%Er’*, 18%Yb*, 2.5%Mg* NPs was
examined. The influence of the thickness of the
Gd205:1% Er**, 18% Yb** shell on the optical properties of
Fe304/Gd>03:1% Er, 18% Yb*" NPs was also investigated.
NPs were synthesized by homogeneous precipitation
methods and characterised by transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy
(EDX), scanning electron microscopy (SEM), X-ray
diffraction (XRD), and photoluminescence (PL).

2.  Experiment

2.1. Synthesis of Gd203:Er’*, Yb3"; Gd203:Er*, Yb%*,
Mg?**; Gd:03:Er**, Yb*, Nd* and Gd:0::Er*,
Yb*, Mg?*, Nd** NPs

In this study, the authors successfully synthesized
Gd205:1% Er**, 18% Yb*" NPs; Gd203:1% Er**, 18% Yb**,
2.5% Mg?" NPs; Gd>03:1% Er’*, 18% Yb** NPs doped with
various concentrations of Nd** (0.5%, 0.75%, 1%, 2%,
4%) and Gd203:1% Er**, 18% Yb3*, 2.5% Mg?>* NPs doped
with various concentrations of Nd** (0.5%, 0.75%, 1%, 2%,
4% ) using homogeneous precipitation synthesis [Supporting
Information (SI) Table S1].

Each synthesis was carried out in a shaking water bath
for 2 h at a temperature of 90 °C. The hydrolysis of urea
produces an amorphous powder, hydrated Gd(OH)CO3
doped with rare earth ions and/or alkali metals. After
synthesis, the precipitates were washed five times with
deionized water. Centrifugation parameters: 6000 rpm,
15 °C, 15 min. In order to crystallize and calcinate the
material, NPs were heated in a furnace, in air, for 2 h at
a temperature of 700 °C.
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2.2. Synthesis of magnetic FesO4NPs

A mixture of 2.36 g FeCl3-6H,O and 0.86 g FeCl,-4H,O
was used for the synthesis of Fe3sO4 NPs. The reagents were
mixed in 40 ml of deionized water and stirred under an
argon atmosphere. Then, 5 ml of ammonium hydroxide
28-30% was added and it was quickly stirred (350 rpm) at
a temperature of 90 °C. 1.3 g of poly (ethylene glycol) PEG
4600 was dissolved in 5 ml of deionized water and the
solution was added drop by drop to the remaining reaction
components. The solution was stirred at 90 °C for 1 h. A
black precipitate was obtained which was washed several
times with deionized water. Centrifugation parameters:
6000 rpm, 15°C, 15 min. Finally, the precipitate was
washed with ethanol (99.8%) and dried in a laboratory
furnace overnight. A total amount of 1 g of NPs was
obtained.

2.3. Synthesis of Fe304/Gd203:Er**, Yb** NPs

For the synthesis of Fes04/Gd205:1% Er*, 18% Yb**
NPs, 30 mg of FesO4 NPs was used, which was dissolved
in 100 ml of deionized water and sonicated in an ultrasonic
bath for 30 min. 10 ml of this solution was taken for further
steps of the synthesis. Then, 0.76 g of gadolinium nitrate
Gd(NO3)3-6H,0, 4.49 mg of erbium nitrate Er(NO3)3-5H>0,
0.08 g of ytterbium nitrate Yb(NO3)3-5H>0, and 2.5 g of
urea CO(NHb»), as reducer were added to the conical flask.
Everything was dissolved in 100 ml of distilled water. The
synthesis was carried out for 1 h,2h,3h,4hat90°Cina
water bath with shaking (120 rpm). The synthesis was
carried out at different times to obtain different thicknesses
of Gd05:Er?*, Yb3* shells. A white-brown precipitate was
obtained, which was then centrifuged and purified three
times with deionized water in a laboratory centrifuge,
centrifugation parameters: 6000 rpm, 15 °C, 15 min. The
NPs were dried overnight in a laboratory dryer at 80 °C and
calcined in a furnace, in air, at 700 °C for 2 h.

2.4. Synthesis of Fe304/Gd203:Er**, Yb**, Mg?", Nd**
NPs

For the synthesis of Fe304/Gd205:1% Er**, 18% Yb**,
2.5% Mg*", x% Nd** NPs, 30 mg of Fes04 NPs were used,
which was dissolved in 100 ml of deionized water and
sonicated for 30 min in water in an ultrasonic bath. 100 ml
of this solution was added to the synthesis. Then, oxidants
were added to the FesO4 nanoparticle solution, i.e., 7.64 g
of gadolinium nitrate Gd(NO3)3-6H,0, 44.9 mg of erbium
nitrate Er(NOs);:5H,O and various amounts (0.02 g,
0.03¢g, 0.04g, 0.08g, 0.17g) of neodymium nitrate
Nd(NO3)3:6H,O, 0.064g of magnesium nitrate
Mg(NO3)2-6H,0, 0.8 g of ytterbium nitrate Yb(NO3)3-5H,0.
Finally, 25.4 g of urea CO(NH3), reducer was added. The
synthesis was carried out in a shaking water bath for 2 h at
a temperature of 90 °C. After synthesis, the precipitate was
washed five times in deionized water. Centrifugation
parameters: 6000 rpm, 15°C, 15 min. The white-brow
precipitate was dried in a laboratory furnace overnight. In
order to crystallize the material, Fe;04/Gdy05:1% Er®*,
18% Yb*", 2.5%Mg?", x%Nd** NPs were calcined in
a furnace, in air, for 2 h at 700 °C.

3. Results and discussion
3.1. Characterisation

The crystal structure and lattice parameters of NPs were
analysed by X-ray diffraction. Details regarding XRD,
SEM, and TEM measurements are described in SI. The
produced Fe3;Os NPs have a cubic crystal structure
(symmetry group Fd-3m) [Fig. 1(a)]. The lattice parameter
a is 8.35271 A £0.00047 A, whereas the Gd,03:1% Er’*,
18%Yb*, 0.5%Nd* and Gd,03:1%Er*, 18% Yb*,
2.5%Mg*, 0.5%Nd*" NPs have a cubic Gd,Os crystal
structure (symmetry group Ia-3) (SI Fig. S1). The lattice
parameter a in this case is 10.7816 A+0.0003 A
and 10.7799 A +0.0003 A, respectively. The obtained
Fe;04/Gd203:1% Er’*, 18% Yb*', 2.5% Mg*, 0.5% Nd>*
NPs have a cubic Gd,O; crystal structure (symmetry group
la-3) [Fig. 1(b)]. The lattice parameter a in this case is
10.7869 A +0.0005 A.

EDX maps of Fe;O4 NPs were performed as shown in
SI Fig. S2(b)—(d). Analogous EDX maps of elements such
as iron (Fe) and oxygen (O), and ytterbium (Yb) were made
for the following NPs: Fe;04/Gd205:1% Er®*, 18% Yb3*,
2.5%Mg*, 0.5%Nd*", Fe304/Gd205:1% Er**, 18% Yb*,
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Fig. 1. Experimental X-ray diffractograms measured for (a)
Fes304; (b) Fe304/Gd20::1% Er**, 18% Yb**, 2.5% Mg,
0.5%Nd*" NPs and matched using the Rietveld method
theoretical diffractograms. Symbols: (e) experimental
and (—) fitted diffractograms, (—) differential curve and
() positions of Bragg reflections (coming from Fe3O4
and Gd2Os phases, respectively).
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2.5%Mg?, 0.75%Nd*"  and Fe;04/Gd205:1% Er’*,
18% Yb**, 2.5% Mg**, 1% Nd*" NPs as shown in Fig. 2,
SI Fig. S3(a)—(h), SI Fig. S4(c)—(h), and SI Fig. S5(c)—(h),
respectively.

The average sizes of Fe;Os; Fe304/Gdy03:1% Er’',
18% Yb3*, 2.5% Mg?", 0.75% Nd*"; Fe;04/Gd203:1% Er’*,
18% Yb¥, 2.5%Mg?, 1%Nd*, and Fe;04/Gdy0s:
1%Er’*, 18%Yb¥, 2.5%Mg?, 1%Nd** NPs were
determined using TEM. The NPs are of sizes of 13 nm,
223 nm, 244 nm, and 317 nm, respectively, as shown in SI
Fig. S6(e), Fig. 2(b), SI Fig. S4(j), and SI Fig. S5(j).

200 250 300 350|
Particle size (nm)

Fig. 2. Core/shell Fe;04/Gd,05:1%Er*", 18% Yb¥, 2.5% Mg*,
0.5% Nd** NPs Fe/Gd distribution analysis. The composite
EDX map of Fe (yellow) and Gd (blue). Inset: histogram of
the NPs size distribution.

The size of NPs and their morphology were also
examined by SEM as shown in Fig.3(a)-(g), S
Fig. S7(a)—(h), Fig. S8(a)—(h), Fig. S9(a)—(b), Fig. S10(a)-
(h), Table S2, Table S4, and Table S5. Histograms of the
size distributions for the NPs are shown in SI: Fig. S11(a)—
(h), Fig.S12(a)—(h), Fig. S13(a)—(b), Fig. S14(a)—(h),
Fig. S15(a)—(d), and Fig. S16(a)—(c). The obtained NPs are
separate and spherical.

3.2. Optical properties
3.2.1.

Optical properties of Gd203:1% Er**, 18% Yb**,
x% Nd** NPs

The Gd;03:1% Er®*, 18% Yb**, x% Nd*" NPs exhibit
luminescence in the visible region at a wavelength of
560 nm and 660 nm after excitation with a laser at a
wavelength of 980 nm (continuous wave laser), which
corresponds to the characteristic transitions in Er*" ions,
41:9/2—)4115/2, and 4S3/2—>4115/2, 2H11/2—)4115/2, respectively.

The highest red luminescence was observed for NPs not
doped with neodymium, for a laser power density
of 4.52 W-cm [Fig. 4(a)]. Examples of luminescence
spectra of Gd03:1%Er’", 18% Yb*', 0.5%Nd*" NPs
measured for five 980 nm laser power densities
(4.52W-cm™2,5.92 W-cm™2,11.98 W-ecm ™2, 16.73 W-cm ™

Fig. 3. SEM images of (a) Fe304/Gd(OH)CO3:1% Er**, 18% Yb*",
2.5%Mg?, 0.5%Nd*, (b) Fes04/Gd(OH)COs:1% Er™,
18% Yb™, 2.5% Mg, 0.75%Nd*, (¢) Fes04/Gd:0s:

1%Er, 18%Yb™, 2.5%Mg>, 0.75%Nd*, (d)
Fe;04/Gd(OH)CO3: 1% Er™,  18%Yb¥,  2.5% Mg,
1%Nd*, (¢) Fes04/Gda03:1% Er™*, 18% Yb*, 2.5% Mg,
1%Nd*, (f) Fes04/Gd:05:1% Er’, 18% Yb**, 2.5% Mg,
2%Nd>, (g) Fe:04/Gd205:1% Er™*, 18% Yb**, 2.5% Mg?,
4% Nd** NPs.

and 19.64 W-cm2?) are shown in Fig.4(b) and SI
Fig. S17(a)—(d). The area under the red luminescence curve
is the largest for NPs without Nd>* ions for all laser powers
used, as shown in Fig. 4(c). NPs with 0% Nd*" do not show
luminescence at a wavelength of 560 nm. The remaining
NP samples show green luminescence. The area under the
green luminescence curve as a function of Nd*' ion
concentration is shown in SI Fig. S18. The introduction of
Nd3* ions did not improve the luminescence in the authors’
NPs, i.e., the authors do not have spatially separated Nd>*
and Er*" atoms. On the other hand, introducing Nd*" ions
with different amounts into Gd,03:1% Er®*, 18% Yb**
affects the non-radiative energy back transfer from Er®*
ions to Nd*" ions and then influences the cross-relaxation
(CR) process of Er** ions, which dominate the green-to-red
emission ratio [22].

When the authors used homogeneous doping, CR from
Er** to Nd** led to a decrease in upconversion upon laser
excitation at a wavelength of 980 nm (as shown in Fig. 5)
or 808 nm. There are three main resonant CR transitions
between Nd** and Er** (purple dotted arrows) [23, 24].
Homogeneous co-doping with a high concentration of Nd**
ions and activators will quench the overall upconversion
emission, due to the deleterious back transfer from
activators Er** to Nd** ions [25].
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Figure 6 and SI Fig. S19(a)—(d) demonstrate the anti- 2.5%Mg>, x% Nd* NPs (b).
Stokes emission spectra, measured in the visible range for
Gd203:1%Er**, 18% Yb*", 2.5% Mg?*, x% Nd*" (x =0.5%,
0.75%, 1%, 2%, and 4% ) NPs. The luminescence of Er**  *S3p—*115p, ZHi12—>*115» in Er’*ions. The PL of NPs was
ions was directly excited with a NIR light at 980 nm. The = also measured for five 980 nm laser power densities:
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and 665 nm which is attributed to the *Fon—>*I;s» and and 19.64 W-cm 2. The luminescence increases with the
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increase of the power density of a 980 nm laser as shown
in Fig. 6(a). The area under the red luminescence curve is
the largest for NPs without Nd>" ions [Fig. 6(b)]. But for a
0.5% concentration of Nd** ions, the area under the curve
of red luminescence is still at a relatively high level. No
green luminescence was observed for NPs without Nd**
ions. The largest area under the green luminescence curve
was observed for the sample with 0.5% Nd*" (SI Fig. S20).

3.2.3. Optical properties of Fe304/Gd203:1% Er’*,
18% Yb*" NPs

The Fe;04/Gd203:1% Er**, 18% Yb*" NPs with different
thicknesses of the Gd,O3 coating: 47 nm, 95 nm, 103 nm,
and 146 nm were synthesized. The NPs exhibit lumi-
nescence at a wavelength of 662 nm when excited with a
NIR laser of 980 nm and five laser power densities:
452 W-em™2,5.92 W-em2,11.98 W-cm ™2, 16.73 W-cm 2,
and 19.64 W-cm? [Fig. 7(a)~(b) and SI Fig. S21(a)—(c)].
With a Gd,Os3 coating thickness of 146 nm, they show the
highest red luminescence (*Fon—*I1s2) as shown in
Fig. 7(b). To understand the upconversion mechanism, the
upconversion emission intensity (lu,) was measured as a
function of excitation power (P). Supporting information
SI Fig. S22(a)—(d) demonstrates the dependence of ,, on P
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Fig. 7. The PL spectra of the Fe304/Gd203:1% Er**, 18% Yb**
NPs measured for five laser power densities of 980 nm,
in the visible region, for a shell thickness of 146 nm (a).
The area under the curve of red luminescence as a function
of five laser power densities of 980 nm for Fe;0,/Gd,0s:
1%Er**, 18% Yb*" NPs (b).

of the Fe;04/Gd05:1% Er**, 18% Yb** powder samples.
The line of log(Ly) vs. log(PY) is shown in SI Fig. S22(a)—
(d). The parameter of n is the number of photons from the
infrared region involved in generating one photon from the
visible area (SI Table S3). As shown in SI Fig. S22, the n
values calculated from the slope of the linear fit are
approximately 1.47, 1.53, 1.39, and 1.53 for red lumines-
cence at 662 nm and 1.89, 1.80, and 1.82 for green
luminescence at 560 nm, respectively, indicating that the
UC emission is a two-photon process.

3.2.4. Optical properties of Fe304/Gd203:1% Er’*,
18% Yb?**, 2.5% Mg?*, x% Nd*" NPs

For the Fe;04/Gd,03:1% Er**, 18% Yb*", 2.5% Mg?",
x% Nd** NPs (x = 0%, 0.5%, 0.75%, 1%, 2%, and 4% ), the
NPs show emission in the visible region after excitation
with a semiconductor laser with a wavelength of 980 nm as
shown in Fig. 8(a)—(c), Fig. 9(a)—(d) and SI Fig. S23(a)-
(d). The authors observed a significant increase in red
luminescence for the Fe;04/Gdy0::1% Er**, 18% Yb’*,
2.5%Mg*", x%Nd*" NPs in a dimethyl sulfoxide (DMSO)
environment. Under these conditions, the heat dissipation is
better than in the case of measurements of samples in the
form of powder [26].

Spectra were collected at five laser power densities:
452 W-em™2, 592 W-cm2, 11.98 W-cm™, 16.73 W-cm™2,
and 19.64 W-cm™ [SI Fig. S24 (a)—(d)]. In this case, the
luminescence increases with increasing laser power
density. In the core/shell NPs adding Nd** quenches their
luminescence. [Fig. 8(a) and (c)]. The area under the red
luminescence curve as a function of neodymium (Nd*") ion
concentration in the starting solution was determined for
Fe;04/Gd205:1% Er**, 18% Yb**, 2.5% Mg?*, x% Nd>* NPs
as shown in Fig. 8(c). For other concentrations, the
luminescence decreases. CR to Er** ions were also
observed, as shown in Fig. 5.

The luminescence of Fe;04/Gd,03:1% Er’*, 18% Yb?",
2.5%Mg?*", x% Nd*" NPs doped with different concentra-
tions of neodymium ions (x =0%, 0.5%, 0.75%, 1%, 2%,
and 4%) was investigated, when excited with a laser at a
wavelength of 808 nm and a laser power density of
11.68 W-cm™. The NPs exhibit emission at 662 nm as
shown in SI Fig. S25, which corresponds to the characteris-
tic transitions in Er*" ions. The highest luminescence is
observed for 1%Nd** at an emission wavelength of
662 nm. The 662 nm emission is a superposition of two
ways of erbium excitation. The first is chain excitation of
neodymium ions, where the energy is transferred to
ytterbium ions and, finally, as two energy transfers to
erbium. The second mechanism is a ground state absorption
(GSA) of 808 nm photon at Er ion, then energy transfer to
Yb ion and, finally, a GSA of 808 nm photon at Er ion and
energy transfer from Yb (980 nm) to the excited state of Er
ion [27] can be observed.

The luminescence of Gdy0::1%Er*", 18% Yb**,
0.5%Nd*; Gd205:1%Er*", 18%Yb*, 2.5%Mg*,
0.5% Nd*" and Fe;04/Gd>05:1% Er*, 18% Yb3*, 2.5% Mg?",
0.5% Nd*" NPs was compared in the range from 500 nm to
850 nm when excited with a semiconductor laser at
a wavelength of 980 nm and alaser power density of
13.7 W-cm™2. The highest luminescence was observed
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Fig. 8. (a) The PL spectra of Fes04/Gd203:1% Er’*, 18% Yb**,
2.5% Mg?*, x% Nd** NPs measured for various Nd** ion
concentrations for a 980 nm laser power density of
4.52 W-cm™. (b) PL spectra of Fe304/Gd203:1% Er’*,
18% Yb3*, 2.5% Mg?*, 0.5% Nd*" NPs measured for five
980 nm laser power densities. (c) The area under the
curves of red luminescence of core/shell NPs as a
function of Nd*" ion concentration determined for five
different 980 nm laser power densities. Measurements
were carried out for samples in the form of powder.

for magnesium-doped NPs Gd>03:1% Er**, 18% Yb*",
2.5% Mg?" at 661 nm, which corresponds to a transition
in Er’* dons (*Fono—*lis2) [Fig. 10(a)]. The Er**
2H12/*S32—*1132 transition at a wavelength of 848 nm [27]
is the strongest for iron-containing NPs (Fe)
Fe304/Gd205:1% Er*', 18% Yb*, 2.5% Mg?, 0.5% Nd>".
The luminescence of the NPs was also measured in the
infrared region from 1400 nm to 1800 nm after excitation

Fig. 9. The Tyndall effect of the Fe304/Gd203:1% Er*”,
18% Yb**, 2.5%Mg?*, 0.5%Nd*" NPs dissolved in a
DMSO solution. The NPs excited with a 980 nm
continuous wave laser (17.23 W-cm2) (a). No Tyndall
effect of the core/shell NPs attracted by a magnet
(570 mT) (22 h). (b). The core/shell NPs attracted by the
magnet, photo taken with the lights on (c) and excited
with a wavelength of 980 nm, photo taken with the lights

off (d).
6.0x10*
— G0, Er, Yb™, 0.5% Na™
(a) G, 0, Er™, Yb™, 2.5% Mg™".0.5% Na™
— e, 0,Gd,0, Er, Yb, 2.5% Mg™" 0.5% Nd™
cT) dFe.rr’ 4'15’2 »=980nm
0. 4.0x10%F E =137 Wem?
@)
t” 2H F4S 4|
> 12 Pz ~* e
®
& 2.0x10*F
-
£
2
Hmz"ASs/z = 4|1sr2
0.0
500 600 700 800
Wavelength (nm)
2.0x10? D
i =980nm
(b) laz> isi2 € =208 Wem?
—~ ——Gd,0,E™, Yb™, 0.5% Nd™
> Gd,0,Er”, Yb, 2.5% Mg™* 0.5% Nd™
E 1.5x10% | Fe,0,/Gd,0,Er™, Yb™, 2.5% Mg™* 0.5% Nd™'
=
2 2
8 1.0x10° |
£
5.0x10"

1400 1500 1600 1700 1800
Wavelength (nm)

Fig. 10. Comparison of PL spectra of Gd>03:1% Er*,
18% Yb*, 0.5%Nd**; Gd203:1%Er*, 18% Yb",
2.5%Mg?, 0.5%Nd** and Fes04/Gd203:1% Er*”,
18% Yb3*,2.5% Mg?*, 0.5% Nd** NPs in visible (a) and
infrared (b) area. The NPs were excited with a
semiconductor laser at a wavelength of 980 nm. The
laser power densities were 13.7 W-cm™? and
20.8 W-cm™2, respectively. The NPs were suspended in
DMSO (concentration of 0.2 pg-ml™).

with a laser at a wavelength of 980 nm and a laser power
density of 20.8 W-cm™2. The observed luminescence is the
highest for Fe;04/Gd>03:1% Er**, 18% Yb**, 2.5% Mg?*,
0.5% Nd** NPs as shown in Fig. 10(b). It corresponds to the
transitions in Er** 4I;3,—*1;5. The presence of iron causes
heating of the samples.

Details regarding PL measurements of NPs are described
in SL.
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3.3. Magnetic properties of Fe3O4; Gd203:1% Er’",
18% Yb**; Fes04/Gd203:1% Er*, 18% Yb*" and
Fe304/Gd203:1% Er¥*, 18% Yb*, 2.5% Mg?*,
0.5% Nd*" NPs

Supporting information Fig. S26(a)—(b) presents the
temperature dependence for the Fe3O4 NPs recorded in the
zero-field-cooled (ZFC) and field-cooled (FC) regimes at
100 Oe. With cooling, the ZFC magnetization, M?C,
decreases, while the FC magnetization, M'C, increases, but
so slightly that between ~ 100 K and 5 K it appears to be
temperature-independent. In the whole temperature range,
the ZFC/FC curves are irreversible, therefore, it is hard to
conclude about the superparamagnetic behaviour in this
sample. Additionally, in the M?F°(T) relation, there is no
well-defined maximum that could indicate the beginning of
a blocking or freezing process with the sample cooling. For
the investigated FesOs NPs, the magnetization curves,
M(H), were collected at 300 K and 5 K [SI Fig. S26(b)],
and exhibit reversible behaviour, and a non-zero coercive
field, respectively, however, their shape does not change
significantly with decreasing temperature. According to the
above, the investigated nano system should be treated as
magnetically interacting system of NPs. Although the
observation of zero coercivity at room temperature and the
bifurcation of the ZFC and FC curves together with the
rather small average diameter of grains (i.e., 13 nm) would
suggest superparamagnetic behaviour near room tempe-
rature. Analogous ZFC-FC dependences were earlier
reported in the literature on iron oxide NPs, where also the
frozen state (most probably cluster-glass-like) determined
by the magnetic interactions is predicted [28]. It should be
noted, that the interparticle interactions are present in the
investigated sample, although the non-magnetic coating on
the NPs should prevent such a situation. However, in this
case, the non-magnetic shell is most probably too thin or
does not cover individual grains, but agglomerates of NPs,
or both.

The obtained saturation magnetization, Ms, values, i.e.,
74 emu-g ! at 300 K and 84 emu-g ! at 5 K, are lower than
that predicted for bulk magnetite (98 emu-g™' [29]), and
this reduction is likely due to two reasons. The first is the
mass fraction of PEG 4600 which underestimates Ms
expressed in emu-g’!. The second is the NPs surface
contribution, which decreases the net particle magnetic
moment for ferrimagnetic NPs [30].

For Gd»0;:1%Er**, 18% Yb*" NPs, the temperature
dependence of the magnetization measured at 100 Oe
together with the M(H) relations collected at 300 K and 5 K
are plotted in SI Fig. S27(a)—(b). According to Fig. S27(a),
Gd203:1% Er**, 18% Yb’* NPs exhibit paramagnetic
behaviour in the whole temperature range used, which can
be described by Curie-Weiss (C-W) model y(7) = C/(T-0),
where C is the Curie constant, and € is the paramagnetic C-
W temperature. (It should be added that the ZFC/FC curves
registered for Gd»03:1% Er**, 18% Yb3* coincide with each
other). The C-W model was fitted to the temperature
dependence of the inverse magnetic susceptibility for
Gd205:1% Er**, 18% Yb*" [right axis in Fig. S27(b)] giving
C=0.018 (emu-K)/g/Oe, and 0~—-14 K. The effective
magnetic moment e calculated for GdxOs:1% Er’Y,
18% Yb** NPs from a relation

3Ckg
Hege = A

(kg and N, are the Boltzmann constant and Avogadro
number, respectively) is equal to 7.23 ug, thus slightly
lower than the theoretical value predicted for pure Gd,O3,
i.e., 7.94 ug [31]. The reduction of magnetic moment is
most likely caused by Yb*" impurities, the level of which is
significant here (18% ) and exhibits a much lower effective
magnetic moment, 4.5 up [32], than Gd*' ions. The
negative value of 0 suggests the antiferromagnetic coupling
between the magnetic moments of Gd*" ions, which is
reported frequently for Gd,O3 [33-36]. The paramagnetic
behaviour of GdO3:1%Er**, 18% Yb*" NPs was also
confirmed by the magnetization curves registered at 300 K
and 5K, where the linear dependence between the
magnetization and A is observed [SI Fig. S27(a)]. Of note
is the rapid increase of the magnetization value at 40 kOe
with a decrease in temperature from 300K to 5K,
indicating the strong fluctuations of the Gd** magnetic
moment with temperature. The magnetization value
registered for Gd,03:1% Er**, 18% Yb** at 40 kOe is equal
to 77 emu-g '=5 ug, thus it is close to the values reported
in the literature for Gd,0s [34, 37].

The results of temperature dependences of the
magnetization measured at 100 and 500 Oe in the ZFC/FC
regimes for core/shell samples with the 47 nm shell
thickness are shown in SI Fig. S28(a). Both registered pairs
of the ZFC and FC relations for this sample display
irreversibility between 5 K and 250 K, however, their
curvature is different. The curvature of the ZFC and FC
dependences registered at 100 Oe is similar, i.e., during
cooling, the magnetization values first increase slightly,
then drop sharply and increase again between 8 K and 5 K.
ZFC/FC curves measured at 500 Oe exhibit the
magnetization value increase with the temperature decrease
over the entire temperature range. The low-temperature
increase of the magnetization value observed in the ZFC-
FC relation measured at 100 Oe signifies the paramagnetic
contributions from the Gd»03:1% Er**, 18% Yb*" phase,
while the broad ZFC maximum is related to the
ferrimagnetic Fe;O4 phase. From the ZFC-FC dependence
measured at 500 Oe, it can be inferred that, with increasing
magnetic field value, the paramagnetic susceptibility of
Gd*" ions increased so significantly that it dominated the
ZFC-FC dependence, despite the significant concentration
of Fe30y4 in the sample.

The M(H) relations registered at 300, 50, 10, and 5 K
for the sample with a 47 nm shell (SI Fig. S28b) show a
linear (paramagnetic) character with a ferrimagnetic
contribution near-zero field. With the temperature decrease,
the coercivity field increases from ~ 50 Oe at 300 K to
~320 Oe, which is consistent with the character of
magnetic nanosystems, even if they are agglomerated.

The magnetization of Fe;04/Gd,03:1% Er**, 18% Yb*",
2.5%Mg>", 0.5% Nd>" NPs was measured as a function of
the applied magnetic field at a temperature of 3 K and
300 K [SI Fig. S29(a)] and as a function of the temperature
in the ZFC-FC regime, and at a magnetic field of 50 Oe [SI
Fig. S29(b)]. At first glance, the results obtained for this
sample are very similar to the data from Gd,Os:1% Er*,


https://doi.org/10.24425/opelre.2024.150182

1. Kaminska et al. /Opto-Electronics Review 32 (2024) e150182 9

18% Yb**, however, some differences can be distinguished,
i.e., the ZFC-FC relations do not coincide perfectly, and the
M(H) relation measured at 3 K is not linear but slightly
curved. All this means that although the dominant magnetic
character of Fe;04/Gd205:1% Er®*, 18% Yb**, 2.5% Mg?*,
0.5%Nd* NPs is paramagnetic, the influence of
ferrimagnetic Fe;O4 phase cannot be omitted.

Figure 11 shows the magnetization curves recorded at
300 K for three samples: Fe;0s; Gd203:1% Er’*, 18% Yb**
and Fe;04/Gd203:1%Er’*,  18%Yb*,  2.5%Mg?,
0.5% Nd*". From the M(H) dependence for the Fe304 NPs,
it is possible to determine the saturation magnetization of
~74 emu'g’! and a small non-zero coercivity, which
reflects the ferrimagnetic behaviour of this sample. The
M(H) relations obtained for the samples with Gd»Os (black
and red line in Fig. 11) appear to be the same, linear and
overlapping. However, the magnification of the low field
part of Fig. 11 signifies the well-defined paramagnetic
character only for Gd»0;:1% Er**, 18% Yb3*, while for
Fe;04/Gd205:1% Er’*, 18% Yb*', 2.5% Mg?*, 0.5% Nd*,
the contribution of magnetite is visible as the curvature of
the M(H) dependence. The next stage of research will be
working on increasing the volume of the core, which will
have superparamagnetic properties concerning the shell
with upconverting properties.

Details of the measurements determining the magnetic
properties of NPs are described in SI.
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Fig. 11. Magnetization curves for three samples: Fe;Os;
Gd203:1%Er**, 18% Yb*" and Fe304/Gd203:1% Er’*,
18% Yb*, 2.5% Mg*, 0.5%Nd*" NPs measured at
300 K. Inset: the magnification of the central area.

3.4. PrestoBlue assay of Fe304/Gd203:1% Er’*,
18% Yb**, 2.5% Mg?**, 0.5% Nd>* NPs

Cytotoxicity experiments with concentrations of the
Fe;04/Gd203:1% Er¥*, 18% Yb*', 2.5% Mg*", 0.5% Nd**
NPs between 1 pg'ml™' to 1000 pug-ml™ were tested ona
cell line, a human cervical carcinoma cell (HeLa)
with a PrestoBlue colorimetric assay as shown in Fig. 12.
The results in Fig. 12 confirmed that the hybrid
Fe304/Gd203:1% Er**, 18% Yb*", 2.5% Mg?>', 0.5% Nd**
are highly biocompatible at the NPs concentration up to
1000 ug'ml ! after a 24 hincubation. The observed increase
in the metabolic activity of HeLa cells in the presence of
NPs, compared to the control, may probably be caused by
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g. 12. Cell viability of HeLa cells after 24 h incubation with
eleven concentrations of Fe304/Gd203:1% Er’*,
18% Yb**, 2.5% Mg?*, 0.5% Nd*" NPs as determined
by PrestoBlue assay.

cellular stress. A similar increase in metabolic activity in the
presence of oxide NPs was observed by other researchers.
In the work of Chavez et al. [38], cytotoxicity tests showed
that Gd»05:Er**/Yb’" and Y,0s:Er’**/Yb* NPs in HeLa
cells are non-cytotoxic. In the work of Gal et al. [39],224 h
incubation of HeLa cells with PEGylated superpara-
magnetic iron oxide NPs of different core sizes (3—8 nm)
had no significant effect on cell viability.

3.5. Confocal microscopy imaging

The obtained Fe;04/Gdy03:1%Er3t, 18% Yb*',
2.5%Mg?", 0.5%Nd*" NPs were used as luminescent
markers in HeLa tumor cells [Fig. 13(a)—(d)]. NPs with two
concentrations of 25 pg-ml™' [Fig. 13 (a)-(d)] and
50 ug-ml™! (SI Fig. S30) were incubated with the cells for
24 h. The luminescence spectrum of the NPs inside the
cells was measured after excitation with a femtosecond
laser (300 mW) as shown in Fig. 13(b).

NPs penetrate the cells by endocytosis [40, 41]. The
authors performed a Z-stack scans and based on them they
can conclude that the NPs are located in HeLa cancer cells
(XZ and YZ cross-section), and they accumulate mainly in
the cytoplasm, near the cell nucleus (SI Fig. S31). In the
work of Zajdel et al. [42], experiments were conducted
with chemical inhibitors which confirmed the involvement
of endocytosis in upconverting NPs (B-NaYF4:2 0% Yb3*,
2%Er*") internalization and helped select several
mechanisms involved in internalization.

4. Conclusions

The authors have successfully designed and synthesized
novel multilayer core/shell nanostructures for upcon-
version applications. Optical-paramagnetic core/shell NPs
were synthesized by homogeneous precipitation synthesis.
The NPs show emission in the visible region (662 nm)
when excited with a semiconductor laser with a wavelength
of 980 nm and 808 nm. The hybrid NPs range in size from
220 nm to 641 nm, depending on the neodymium ion
concentration. The produced Fes;Os NPs have a cubic
crystal structure (symmetry group Fd-3m), whereas the
obtained Fe;04/Gd,03:1%Er**, 18% Yb*', 2.5% Mg?",
0.5%Nd*" NPs have a cubic Gd,O; crystal structure
(symmetry group [la-3). The Fe3Os NPs exhibit the
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Fig. 13. Confocal image of HeLa cancer cells after a 24 h
incubation in a solution with 25 pg'-ml! of
Fe304/Gd203:1% Er’*, 18% Yb**, 2.5% Mg?*, 0.5% Nd**
NPs. (a) The NPs were excited with a 980 nm femto-
second laser (observed as red spots). The HeLa cells
were marked using the immune-fluorescence method.
(b) Antibodies conjugated with Alexa Fluor 488 dye
(excited by 488 nm argon laser) were attached to
the lysosomes. The signal was collected in the range
from 496 nm to 570 nm (observed as green regions).
(c) Nuclei stained with Hoechst 33 342 dye were excited
with a wavelength of 705 nm (blue colour). The signal
was collected in the range from 423 nm to 475 nm.
(d) The images are a superposition of NPs luminescence,
marked cell fluorescence, and nuclei fluorescence.
(e) The spectra of NPs were excited by a femtosecond
laser at a wavelength of 980 nm and an average laser
power of 10%. Regions are placed in the confocal
microscope image from which individual emission
spectra of core/shell NPs were collected.

ferrimagnetic behaviour, with the saturation magnetization
of ~74 emu'g™' and non-zero coercivity. The magnetic
response of core/shell samples is rather paramagnetic and
does not differ significantly from that registered for the
shell material alone. For Gd,03:1% Er*", 18% Yb*" and
Fe;04/Gd203:1% Er¥, 18% Yb*", 2.5% Mg?*, 0.5% Nd**,
at 300 K, the values of the magnetization registered at
~40kOe are similar and equal to ~5.3 emu-g™!. The
core/shell NPs penetrate HeLa cancer cells by endocytosis,
which was confirmed by confocal microscopy studies. The
NPs are non-toxic to cells up to a concentration of
1000 pg-ml™', which was confirmed by studies using the
PrestoBlue test.
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Supporting Information:

Photoluminescence (PL) of the NPs

The photoluminescence (PL) spectra in the visible (VIS) region were measured with a Jobin-Yvon SPEX 270M monochromator
equipped with liquid-nitrogen-cooled CCD matrix (Si). The excitation source (Lexc =980 nm) was an MDL-N-980-8W infrared
(IR) laser diode and an 808 nm excitation source was a TCLDM9 (Thorlabs) equipped with a LDC220C laser diode controller
and a TED200C temperature controller. For the measurement of PL in the VIS region from 500 nm to 700 nm, a Shortpass Filter
FES0700 (Thorlabs) was used.

PL spectra in the VIS area from 500 nm to 850 nm and IR area from 1400 nm to 1800 nm were measured at room temperature
using a Horiba/Jobin-Yvon Fluorolog-3 spectrofluorometer with a 980 nm semiconductor laser as an excitation source. Optical
detection was performed with a Hamamatsu R928P PMT detector (250—850 nm) in the photon counting mode or a cooled PBS
solid-state detector (900-3000 nm). The PL spectra were corrected for the spectral response of the spectrometer system used.

Powder X-ray diffraction

X-ray diffraction was applied for the evaluation of Fe3O4, Gd203:(Er, Yb, Mg, Nd) and Fe3;04/Gd,Os:(Er, Yb, Mg, Nd) NPs
(powdered) crystal structure and size. NPs were investigated using a Philips X Pert Pro Alphal MPD diffractometer (Panalytical)
(A=1.5406 A).

Transmission Electron Microscopy (TEM)

Structure and morphology measurements of obtained Fe304, Gd20;:(Er, Yb, Mg, Nd) and Fe3;04/Gd,0s:(Er, Yb, Mg, Nd) NPs
were performed on a transmission electron microscopy (TEM) Talos F200X (FEI) microscope operating at a maximum
accelerating voltage of 200 kV. A small amount of sonicated NPs suspended in ethanol was applied on the surface of an
amorphous carbon film deposited on a copper mesh. After the complete evaporation of ethanol, the grid was placed in the
microscope chamber. Selected NPs were studied in three imaging modes: in bright field, dark field, and high-resolution
microscopy. Energy-dispersive X-ray spectroscopy is used to make maps of elements building NPs.

Scanning Electron Microscopy (SEM) imaging

Morphology and composition measurement of synthesized Fe3;04, Gd2O3:(Er, Yb, Mg, Nd), and Fe304/Gd»O3:(Er, Yb, Mg, Nd)
NPs were carried out on a high-resolution SEM-Auriga microscope (Carl Zeiss) operating in the accelerating voltage range from
1 kV to 5kV.

Magnetic properties of the NPs

The magnetic measurements were performed using a commercial physical property measurement system (PPMS, Quantum
Design) equipped with an AC Measurement System (ACMS) and vibrating sample magnetometer (VSM) options. Using the
VSM option, temperature dependences of the dc magnetization were collected in the zero-field-cooled (ZFC) and field-cooled
(FC) regimes in the stable magnetic field # =100 Oe, and in the range from 5 K to 350 K, as well as magnetization curves at
5 K and 300 K were collected, and for selected samples at several temperatures between these values. Additionally, for the
sample with a 47 nm shell, the ZFC-FC curves were measured for the higher magnetic field which equals 500 Oe. AC magnetic
susceptibility was measured only for the sample with a 47 nm shell — temperature dependences of the real, Rey(T), and imaginary
part, Imy(7), of magnetic susceptibility were recorded between 5 K and 300 K at several frequencies of the alternating magnetic
field in the range from 70 Hz to 10 kHz, with an amplitude equal to 4 Oe.

Confocal microscopy

The HeLa cells were cultured in Dulbecco-modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
antibiotics (penicillin, streptomycin). Cultures of cells were incubated at 37 °C in an atmosphere containing 5% CO,. Cells were
cultured in 6 well plates (6 -10 cm?) containing coverslips at a density of 103/plate. After 24 h, the culture medium was removed
and 2 ml of solutions with 25 ug-ml™! and 50 pg-ml™! of NPs in DMEM were added. Cells were incubated with NPs for 24 h.
After this time, the cells were washed twice with PBS to remove residual NPs outside the cells and then fixed with 3.7%
formaldehyde in PBS for 20 min. Next, the permeabilization of cell membranes with 2 ml of a 1% solution of TritonX-100 in
5% FBS in PBS for 10 min was done. Then, permeabilization was blocked for 30 min in 5% FBS in PBS. The cells were then
incubated with primary rabbit polyclonal antibody against LAMP1 (lysosome marker) (25 ul of the antibody in 5% FBS in PBS
was added to the cells and incubated for 1 h). Next, the cells were washed with PBS and goat secondary antibody to Rabbit IgG
conjugated with Alexa Fluor 488 was connected to the primary antibody. The procedure was the same as the previous one. The
nucleus was stained by adding 25 pl of Hoechst 33 342 and left for 10 min. Afterward, the cells were washed with PBS and were
applied to a microscopic slide.
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Bioimaging of HeLa cells, incubated with the Fe304/Gd203:1% Er*', 18% Yb**, 2.5% Mg?*, 0.5% Nd*" NPs, was performed using
a commercial confocal laser scanning microscope (Zeiss 710 NLO) with a NIR femtosecond laser (Coherent, Chameleon). The
samples were excited by 980 nm, and UC visible emission channels were detected at 500 nm to 721 nm. Antibodies conjugated
with Alexa Fluor 488 dye (excited by 488 nm argon laser) were attached to the lysosomes. The signal was collected in the range
from 496 nm to 570 nm (observed as a green region). Nuclei stained with Hoechst 33 342 dye were excited with a wavelength
of 705 nm (blue colour). The signal was collected in the range from 423 nm to 475 nm.

PrestoBlue assay of Fe;04/Gd203:1% Er’*, 18% Yb**, 2.5% Mg?**, 0.5% Nd** NPs

For viability testing, cells were placed in a 96-well plate at 10 000 cells per well and left overnight in an incubator (37 °C and 5%
CO; in the atmosphere). After 24 h, the medium was removed and fresh medium containing NPs at the appropriate concentration
(1, 5, 10, 50, 100, 200, 300, 400, 500, 800, 1000 ug-ml ") was added. The activity was performed in four replications. Cells with
the medium with NPs were placed in an incubator for 24 h. After the incubation time, the medium with NPs was removed and the
cells were washed with PBS buffer to remove NPs that did not penetrate the cells. For the PrestoBlue test, the cells were flooded
with a medium mixture containing 10% PrestoBlue reagent and incubated for 1 h, and then the plate was read by measuring its
fluorescence at 520 nm excitation and 580 nm emission.

Table S1.
Summary of the obtained materials.

9] L Q0
§ o o O ‘% Q £Q E Q
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5. Fo. 285 En_ £E_ S
EZ& S 2% g 23% Sam 2o
O 5 & 82 5 & Z& 2 <
g3 48 Z£ 32 £%
O -~ z p=
Gdy05:1%Er?*, 18% Yb3* 254 7.64 44.9 0.8 - -
Gd05:1% Er’*, 18% Yb3*, 2.5% Mg>" 25.4 7.64 44.9 0.8 — 0.064
Gd0::1% Er**, 18% Yb3*, 0.5% Nd3* 25.4 7.64 44.9 0.8 0.02 -
Gdy05:1%Er’*, 18% Yb3*, 0.75% Nd** 254 7.64 44.9 0.8 0.03 -
Gdy03:1% Er**, 18% Yb3*, 1% Nd** 25.4 7.64 44.9 0.8 0.04 -
Gdy0::1% Er**, 18% Yb3*, 2% Nd** 25.4 7.64 44.9 0.8 0.08 -
Gdx03:1% Er’**, 18% Yb3*, 4% Nd** 254 7.64 44.9 0.8 0.17 -
Gd05:1% Er’*, 18% Yb**, 2.5% Mg?*, 0.5% Nd** 25.4 7.64 44.9 0.8 0.02 0.064
Gdx03:1% Er’**, 18% Yb3*, 2.5% Mg?",
0.75% Nd>* 25.4 7.64 44.9 0.8 0.03 0.064
Gdx03:1% Er’**, 18% Yb3*, 2.5% Mg?", 1% Nd>* 254 7.64 44.9 0.8 0.04 0.064
Gd05:1% Er’*, 18% Yb**, 2.5% Mg?", 2% Nd** 25.4 7.64 44.9 0.8 0.08 0.064

Gd205:1% Er**, 18% Yb3*, 2.5% Mg?', 4% Nd*>* 25.4 7.64 44.9 0.8 0.17 0.064
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Fig. S1. Experimental X-ray diffractograms measured (a) for Gd203:1% Er**, 18% Yb**, 0.5% Nd**; (b) Gd203:1% Er*",
18% Yb**, 2.5%Mg?", 0.5%Nd* NPs and matched by the means of the Rietveld method theoretical

diffractograms. Symbols: (e) experimental and () fitted diffractograms, (—) differential curve, and ( | ) positions
of Bragg reflections (coming from the Gd,Os phase).

50 nm

50 nm

Fig. S2. TEM elements distribution maps of Fe;O4 NPs: (a) HAADF image, (b) Fe, (c) O, and
(d) O and Fe.
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Fig. S3. TEM images of Fe304/Gd205:1% Er**, 18% Yb**, 2.5% Mg*", 0.5% Nd*" NPs in bright (a) and dark
field (b). The distribution maps of the above-mentioned elements of the NPs Fe and Gd (c), Gd (d),
O (e), Fe (f), Fe and YD (g), Fe, Gd, and Yb (h), TEM image of the NPs (i).
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Fig. S4. TEM images of Fe;04/Gd205:1% Er**, 18% Yb3*, 2.5% Mg?*, 0.75% Nd** NPs in bright (a)
and dark field (b). The distribution maps of the above-mentioned elements of the NPs Fe and
Gd (¢), Gd (d), O (e), Fe (f), Fe and Yb (g), Fe, Gd, and Yb (h), TEM image of the NPs (i).
Histogram of NP size distribution (j).
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Fig. S5. TEM images of Fe;04/Gd»05:1% Er**, 18% Yb**, 2.5% Mg>*, 1% Nd>*" NPs in bright (a) and
dark field (b). The distribution maps of the above-mentioned elements of the NPs Fe and Gd
(c), Gd (d), O (e), Fe (f), Fe and Yb (g), Fe, Gd, and Yb (h), TEM image of the NPs (i).
Histogram of NP size distribution (j).



https://doi.org/10.24425/opelre.2024.150182

1. Kaminska et al. /Opto-Electronics Review 32 (2024) el50182 18

(@

Gauss (e)
xc=12.8+0.3

5 10 15 20 25
Particle size (nm)

Fig. S6. TEM images of Fe;04 NPs (a)—(c), EDX spectra of the NPs (d). Size distribution histograms
of the NPs (e).
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SEM images of the GdA(OH)CO3:1% Er**, 18% Yb3" (a), Gd203:1% Er*", 18% Yb3*, 2.5% Mg?
(b), GA(OH)COs3:1% Er**, 18% Yb™, 0.5% Nd** (c), Gd203:1% Er™, 18% Yb*, 0.75% Nd**
(d), GA(OH)CO53:1%Er™, 18% Yb¥, 1% Nd* (e), Gd:05:1% Er¥*, 18% Yb¥, 1 % Nd*
(calcined NPs at 700 °C for 2 h) (f), Gd(OH)COs:1% Er*", 18% Yb*", 2% Nd** (g), and
Gdx05:1% Er**, 18% Yb™, 2 % Nd** (calcined NPs at 700 °C for 2 h) (h).
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SEM images of the Gd(OH)CO3:1% Er’**, 18% Yb**, 4% Nd** (a), Gd203:1% Er**, 18% Yb**,
4% Nd** (calcined NPs at 700°C for 2 h) (b), Gd(OH)CO3:1% Er**, 18% Yb*", 2.5% Mg**,
0.5% Nd** (c), Gd203:1% Er**, 18% Yb**, 2.5% Mg?", 0.5% Nd>" (calcined NPs at 700 °C for
2h) (d), Gd(OH)CO5:1%Er*, 18% Yb*', 2.5%Mg*, 0.75%Nd*" (e), Gd,05:1% Er*,
18% Yb*", 2.5% Mg?*, 0.75% Nd** (calcined NPs at 700°C for 2 h (f), Gd(OH)COs3:1% Er**,
18% Yb3*, 2.5% Mg?*, 1% Nd** (g), Gd203:1% Er**, 18% Yb*", 2.5% Mg?*, 1% Nd*" (calcined

NPs at 700 °C for 2 h) (h).
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Fig. S9. SEM images of Gd(OH)CO3:1% Er**, 18% Yb*", 2.5% Mg?*, 2% Nd*" (a) and calcined NPs
at 700° C for 2 h: Gd203:1% Er’*, 18% Yb?", 2.5% Mg?", 2% Nd** (b).
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-

1

Fig. S10. SEM images of the Fe304/Gd(OH)CO3:1% Er’*, 18% Yb’" (47 nm) (a), Fe304/Gd205:1% Er’”,
18% Yb* (calcined NPs at 700 °C for 2 h) (47 nm) (b), Fe;04/Gd(OH)CO3:1% Er?*, 18% Yb**
(95 nm) (c), Fe304/Gd>05:1% Er**, 18% Yb** (calcined NPs at 700 °C for 2 h) (95 nm) (d),
Fe;04/Gd(OH)COs: 1% Er*, 18% Yb™ (103 nm) (¢), FesO4/Gdr05:1%Er’*, 18% Yb*
(calcined NPs at 700 °C for 2 h) (103 nm) (), Fes0/Gd(OH)CO3:1% Er**, 18% Yb>* (146 nm)
(g), Fe304/Gd205:1% Er’**, 18% Yb3* (146 nm) (calcined NPs at 700 C for 2 h) NPs (h).
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Table S2.

List of diameters of NPs obtained by homogeneous precipitation method.

Sample composition

Particle size by SEM [nm]

10

11

12

13

14

15

16

17

18

Gd(OH)CO3:1% Er’, 18% Yb3*

Gd205:1% Er*", 18% Yb**, 2.5% Mg?*

Gd(OH)CO3:1% Er*, 18% Yb3*, 0.5% Nd3*

Gdr05:1% Er’, 18% Yb™, 0.75% Nd3*
Gd(OH)COs:1% Er*, 18% Yb*", 1% Nd3*

Gdr05:1% Er®, 18% Yb™", 1% Nd3*

Gd(OH)COs:1% Er’, 18% Yb*", 2% Nd3*

Gdr05:1% Er*, 18% Yb*", 2% Nd3*

Gd(OH)COs:1% Er’, 18% Yb*", 4% Nd3*

Gd05:1% Er*, 18% Yb*", 4% Nd3*

Gd(OH)COs:1% Er’, 18% Yb™", 2.5% Mg?*, 0.5% Nd3*
Gd05:1% Er**, 18% Yb*, 2.5% Mg?*, 0.5% Nd**
Gd(OH)COs:1% Er’, 18% Yb™", 2.5% Mg?", 0.75% Nd3*
Gd05:1% Er’, 18% Yb™", 2.5% Mg?*, 0.75% Nd**
Gd(OH)CO3:1% Er, 18% Yb*, 2.5% Mg?*, 1% Nd**
Gd203:1% Er*", 18% Yb**, 2.5% Mg?*, 1% Nd3*
Gd(OH)CO5:1% Er’, 18% Yb*, 2.5% Mg?*, 2% Nd**

Gd203:1% Er**, 18% Yb**, 2.5% Mg?*, 2% Nd**

525.7+1.84

536+6.11

582+2.6

615.5+1.78

563.4+34

491.3+2.7

6224132

572.8+3.2

589.3+34

537.7+1.14

527.6+1.3

47531123

474.6+3.5

421.9+2

612.63+4

551.5+5

564+2

503.6+3.41
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Fig. S11. Size distribution histograms of the Gd(OH)COs:1%Er*", 18% Yb*" (a), Gd,03:1% Er*",
18% Yb, 2.5%Mg?" (b), Gd(OH)COx:1%Er®*, 18% Yb*, 0.5%Nd** (c), Gda0s:1% Er.
18% Yb*. 0.75%Nd* (d), GA(OH)COs:1% Er’, 18%Yb¥, 1%Nd* (), Gda0s:1% Er.
18% Yb¥, 1%Nd* (f), GA(OH)COs:1%Er, 18%Yb, 2%Nd** (g), GdOs:1%Er™.
18% Yb, 2% Nd* NPs ( h).
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Fig. S12. Size distribution histograms of the Gd(OH)CO3:1% Er’**, 18% Yb*", 4% Nd** (a) Gd»03:1% Er*",

18% Yb*,

2.5%Mg?, 0.75%Nd**

4%Nd* (b) Gd(OH)COs:1% Er*,
Gd03: 1% Er®, 18% Yb™, 2.5%Mg>, 0.5%Nd* (d) Gd(OH)COs:1% Er*,
(e) Gd20::1%Er’,

18% Yb*",

18% Yb*, 2.5%Mg?, 0.5%Nd* (c)

18% Yb*",

0.75%Nd*  (f)

2.5% Mg,

Gd(OH)COs: 1% Er**, 18% Yb*, 2.5%Mg?, 1%Nd* (g) Gd:0s:1 %Er*, 18% Yb*,

2.5% Mg?*, 1% Nd** NPs (h).
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Fig. S13. Size distribution histograms of the Gd(OH)CO3:1% Er**, 18% Yb3*, 2.5% Mg?*, 2% Nd*" (a),
Gdy03:1% Er, 18% Yb™, 2.5% Mg2", 2% Nd* NPs (b).

Table S3.

The number of photons involved in the anti-Stokes emission process for Fe;04/Gd>03:1% Er’*, 18% Yb3* NPs

(powder form).

) . Green luminescence Red luminescence
Thicknesses of Gd,Os shells Composition (560 nm) (662 nm)
[nm] 8301512, “Hi1p—Tisp2 *Fon—T1sp2
47 nm - 1.47+0.03
95 nm 1.89£0.05 1.53+£0.02

Fe;04/Gd205:1% Er**, 18% Yb3*
103 nm 1.80+0.06 1.39+0.03
146 nm 1.82+0.08 1.53+0.03
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Fig. S14. Size distribution histograms of the Fe;04/Gd(OH)COs:1%Er’*, 18% Yb*" (47 nm) (a),

Fe;04/Gd205:1%Er**, 18% Yb*" (calcined NPs at 700°C for 2h) (47 nm) (b),
Fe;04/Gd(OH)CO3:1% Er’*, 18% Yb3* (103 nm) (c), Fe304/Gd203:1% Er*", 18% Yb*" (calcined
NPs at 700° C for 2 h) (103 nm) (d), FesO4/Gd(OH)CO3:1% Er™, 18% Yb™ (95 nm) (e),
Fe;04/Gd205:1% Er’*, 18% Yb3* (calcined NPs at 700°C for 2h) (95 nm) (f),
Fe;04/Gd(OH)CO3:1% Er’*, 18% Yb** (146 nm) (g), Fe304/Gd203:1% Er**, 18% Yb*" (calcined
NPs at 700 °C for 2 h) (146 nm) NPs (h).
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Table S4
List of diameters of NPs obtained by the homogeneous precipitation method.

Sample composition

Particle size by SEM [nm]

1 Fes04/Gd(OH)CO;5:1% Er**, 18% Yb*" (47 nm) 176.8 +1.62
2 Fes04/Gd:05:1%Er**, 18% Yb** (47 nm) 300.7 + 1
3 Fes04/Gd(OH)CO3:1%Er’", 18% Yb*" (103 nm) 350.36 £1.57
4 Fe304/Gd205:1% Er*', 18% Yb*" (103 nm) 276.5+1.6
5  Fes04/Gd(OH)CO3:1%Er’*, 18% Yb*" (95 nm) 310.9+3.25
6  Fes04/Gdy03:1%Er’, 18% Yb* (95 nm) 253+5
7  Fe;04/Gd(OH)CO3:1% Er’*, 18% Yb** (146 nm) 405+2
8  Fe304/Gdy05:1%Er’*, 18% Yb3' (146 nm) 343+2
[ B
Sciuzssshg (@ ol fci?:ms +1.58 (b)
:
L £ of
: ° el
L w0k
: sk
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Fig. S15. Size distribution histograms of the Fe;04/Gd(OH)COs:1% Er**, 18% Yb3*, 2.5% Mg?",

0.5% Nd**(a),

Fe;04/Gd(OH)CO3:1% Er**,

18% Yb*,

2.5%Mg>, 0.75%Nd* (b),

Fe;04/Gd>05:1% Er’*, 18% Yb**, 2.5% Mg?*, 0.75% Nd** (calcined at 700 °C for 2 h) (c),
Fe;04/Gd(OH)COs:1% Er’, 18% Yb™", 2.5% Mg?", 1% Nd** NPs (d).
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Fig. S16. Size distribution histograms of the Fe;04/Gd203:1% Er**, 18% Yb**, 2.5% Mg?*, 1% Nd**
(calcined at 700 °C for 2 h) (a), Fe304/Gd203:1% Er*', 18% Yb**, 2.5% Mg?*, 2% Nd** (calcined
at 700 °C for 2 h) (b), Fe304/Gd205:1% Er’*, 18% Yb3*, 2.5% Mg>', 4% Nd>" (calcined at 700 °C

for 2 h) (c).
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Fig. S17. PL spectra of the Gd203:1% Er*", 18% Yb3*, 0.75% Nd** (a), Gd203:1% Er’*, 18% Yb3*, 1% Nd>*
(b), Gd203:1% Er*", 18% Yb?", 2% Nd*' (¢), Gd205:1% Er**, 18% Yb3*, 4% Nd>* NPs (in powder
form) measured for five laser power densities of 980 nm (d).
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Fig. S18. Area under the curve of green luminescence as a function of neodymium

ion concentration determined for five laser power densities of 980 nm for
Gd205:1% Er**, 18% Yb**, x% Nd*" NPs.
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Table S5.
List of diameters of NPs obtained by the homogeneous precipitation method.
Sample composition Particle size by SEM (nm)
1 Fe;04/Gd(OH)CO5:1% Er’*, 18% Yb3*, 2.5% Mg?", 0.5% Nd** 257+3
2 Fe;04 GAd(OH)CO3:1% Er**, 18% Yb*, 2.5% Mg?*, 0.75% Nd**  280.76 £ 1.58
3 Fe;04/Gd205:1% Er’*, 18% Yb3*, 2.5% Mg?', 0.75% Nd** 220.5+34
4 Fe;04/Gd(OH)CO5:1% Er’, 18% Yb3*, 2.5% Mg?*, 1% Nd** 354.15+£2.5
5 Fe;04/Gd205:1% Er’*, 18% Yb3*, 2.5% Mg*, 1% Nd** 296+ 1.9
6 Fe;04/Gd205:1% Er’*, 18% Yb3*, 2.5% Mg**, 2% Nd** 64119
7 Fe;04/Gd205:1% Er’*, 18% Yb3*, 2.5% Mg?", 4% Nd** 300.7 1
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Fig. S19. PL spectra of the Gd2O3:1%Er**, 18% Yb**, 2.5%Mg*", 0.75%Nd*" (a), Gd»0;:1% Er**,

18% Yb%, 2.5%Mg2, 1%Nd* (b), Gd:05:1%Er, 18%Yb¥, 2.5%Mg>, 2%Nd* (c),
Gd203:1% Er**, 18% Yb**, 2.5% Mg?*, 4% Nd*" NPs measured for five laser power densities of
980 nm (d).
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Fig. S20. Area under the curve of green luminescence as a function of neodymium ion
concentration determined for five laser power densities of 980 nm for
Gdy05:1%Er’*, 18% Yb3*, 2.5% Mg?', x% Nd>" NPs.
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Fig. S21. PL spectra of the Fe304/Gd203:1% Er**, 18% Yb*" NPs measured for five laser power densities
of 980 nm. The spectra obtained for different thicknesses of the shells Gd>03:1% Er’",
18% Yb** NPs 47 nm (a), 95 nm (b), 103 nm (c).
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Fig. S22. Logarithmic dependence of the anti-Stokes emission intensity as a function of power density
of a semiconductor laser with a wavelength of 980 nm (continuous wave) for
Fe304/Gd203:1% Er’t, 18% Yb*" NPs with different thicknesses of Gd,Os shells. The NPs
were in the form of powder.
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Fig. S24. PL spectra of the Fes04/Gd03:1% Er**, 18% Yb3*, 2.5% Mg?', x% Nd*" NPs doped with
different concentrations of neodymium ions, measured at four power densities of a 980 nm
semiconductor laser 5.92 W-cm2(a), 11.98 W-cm 2 (b), 16.73 W-cm2(c), 19.64 W-cm2 (d).
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Fig. S26. ZFC/FC measurements at /=100 Oe (a), and magnetization curves measured at 300 K and
5 K for Fe304 (b). The inset to (b) shows a low-field range of the hysteresis loop measured
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Fig. S27. Magnetization curves for Gd,03:1%Er**, 18% Yb*" measured at 300 K and 5K (a).
Temperature dependence of the magnetization and inverse susceptibility for Gd203:1% Er*",
18% Yb** NPs at =100 Oe (b). The red line is the result of the Curie-Weiss fitting.
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Fig. S29. Magnetization as a function of the magnetic field measured at 3 and 300 K (a), ZFC and FC
curves for Fe;04/Gd205:1% Er’*, 18% Yb3*, 2.5% Mg?*, 0.5% Nd** NPs (b).
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Fig. S30. (a) Confocal image of HeLa cancer cells after a 24 h incubation in a solution with 50 pg-ml™!
of Fe304/Gdx05:1% Er’**, 18% Yb3*, 2.5% Mg?", 0.5% Nd** NPs. The NPs were excited with a
980 nm femtosecond laser (observed as red spots). The HeLa cells were marked using the
immunofluorescence method. Antibodies conjugated with Alexa Fluor 488 dye (excited by
488 nm argon laser) were attached to the lysosomes. The signal was collected in the range
from 496 nm to 570 nm (observed as green regions). Nuclei stained with Hoechst 33 342 dyes
were excited with a wavelength of 705 nm (blue colour). The signal was collected in the range
from 423 nm to 475 nm. The images are a superposition of NPs luminescence, marked cells
fluorescence, and nuclei fluorescence. (b) The spectra of NPs were excited by a femtosecond
laser at a wavelength of 980 nm and an average laser power of 10%.
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Fig. S31. (a)—(d) Confocal z-stack image of HeLa cells with 25 pg'ml™! of Fe304/Gd205:1% Er*",
18% Yb**, 2.5% Mg?*, 0.5% Nd** NPs. The NPs were excited with a 980 nm femtosecond
laser (observed as red spots). The HeLa cells were marked using the immunofluorescence
method. Antibodies conjugated with Alexa Fluor 488 dye (excited by 488 nm argon laser)
were attached to the lysosomes. The signal was collected in the range from 496 nm to
570 nm (observed as green regions). Nuclei stained with Hoechst 33 342 dyes were excited
with a wavelength of 705 nm (blue colour). The signal was collected in the range from
423 nm to 475 nm. The images are a superposition of NPs luminescence, marked cells
fluorescence, and nuclei fluorescence.
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