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Abstract: This study presents the synthesis of NaYF4: Er** /Yb?* upconversion luminescent
nanomaterials using a wet chemistry method. The role of oleic acid in influencing the
size, shape, and luminescent properties of the materials was also investigated. The results
showed that, at a suitable oleic acid concentration of 103 M, the obtained nanoparticles
exhibited a nearly spherical morphology with diameters ranging from 150 to 250 nm and
predominantly display a hexagonal (3-NaYFy) crystalline phase. Photoluminescence mea-
surements under 980 nm laser excitation reveal that these nanoparticles emit strong, stable
luminescence with narrow emission bands characteristic of Er®* transitions. Subsequently,
the nanoparticles were coated with a silica shell, functionalized with amine groups, and
conjugated with IgG antibodies via glutaraldehyde (GA) to form the bio-nano complex
B-NaYF,: Er3*/Yb3*@SNGA-IgG. In vitro experiments using fluorescence microscopy
demonstrated that the complex effectively labels HeLa cervical cancer cells. With its robust
upconversion luminescence and excellent biocompatibility, the developed nanocomplex
shows promising potential for rapid pathogen detection and other biomedical applications.

Keywords: NaYF,: Er®*/Yb%*; upconversion; oleic acid; nanoparticles; wet chemistry

1. Introduction

Rare-earth ion-doped luminescent nanomaterials have attracted significant research
interest due to their ability to exhibit both downconversion (DC) and upconversion (UC)
luminescence. These properties are suitable for applications such as photocatalysis, security
printing, solar cells, drug delivery, and cell labeling for biomedical applications [1-8].

Among these effects, upconversion luminescence has several advantages, including
high sensitivity, generating a strong optical signal to enhance biological detection when
using an infrared excitation source (e.g., 980 nm laser). Using infrared excitation sources
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that are non-damaging to cells, friendly to humans, and capable of penetrating several
millimeters into human tissue allows deeper interaction with damaged areas. Consequently,
these materials have attracted interest in medical applications, especially for pathogen
detection and cancer cell labeling [9-15].

NaYF, luminescent materials doped with Er** and Yb®* ions are especially promising
due to their upconversion effects. However, in order to achieve the target of using these
materials for biomedical applications, numerous challenges still remain to be solved such
as relatively low luminescence intensity compared to other materials and the need to
optimize surface functionalization for effective biomolecule binding [16-19]. Researchers
are, therefore, focusing on enhancing luminescence intensity, developing more stable
and safer synthesis methods, and expanding applications for rapid and accurate pathogen
detection. Controlled synthesis of nanoparticle size and shape is crucial, as these parameters
directly influence optical properties and overall luminescence efficiency.

Oleic acid, a surfactant with the chemical formula C;7H33COOH, plays a pivotal role in
nanoparticle synthesis. Its cis C=C double bond facilitates the formation of a protective layer
around nanoparticles, reducing energy loss and preventing aggregation. This protective
effect allows for precise control over nanoparticle size and shape. Given that nanoparticle
size directly affects optical performance, achieving optimal size control is essential for
maximizing luminescence efficiency [20].

In this study, we investigate the effect of surfactant concentration—specifically, oleic
acid (OA)—on the size, shape, and luminescent properties of NaYFy: Er3*/Yb3* nanomateri-
als. Our goal is to determine the suitable synthesis conditions for producing highly lumines-
cent materials for diagnostic applications, particularly in rapid pathogen detection. Addi-
tionally, we evaluated the ability of the nanocomplex containing NaYF,:Yb%* /Er** to detect
HeLa cervical cancer cells, thereby confirming its potential for biomedical diagnostics.

2. Results and Discussion
2.1. Morphological Characterization

Figure 1 presents the FESEM images of the nanomaterial samples: (a) NaYFy:
Er3* /Yb3*, (b) NaYF,: Er®*/Yb3*—OA (107! M), (c) NaYF: Er’*/Yb3*—OA (1072 M),
and (d) NaYFy: Er3*/Yb**-OA (10~3 M), respectively. The results indicate that the NaYFy:
Er®* /Yb3* sample that was synthesized without using OA (Figure 1a) exhibits an oval
block shape with a diameter ranging from 800 to 900 nm. When oleic acid (OA) is intro-
duced at a concentration of OA (10! M) (Figure 1b), the material tends to transition into
a rod-like form with a length of 800-900 nm and a diameter of 400-500 nm. As the OA
concentration decreases to OA (1072 M), the particles become completely separated and
tend to be hexagonal in shape with sizes of 400-500 nm. Further dilution to OA (103 M)
results in progressively smaller spherical-like particles, ranging from 150 to 250 nm.

The gradual reduction in particle size can be probably attributed to the dilution
process, which decreases the extent of reaction participation and promotes increased
nucleation relative to individual particle growth. Additionally, a more diluted environment
reduces particle collisions, thereby limiting aggregation and ensuring both small size and
uniform dispersion.

These findings demonstrate that OA plays a crucial role in controlling the size and
morphology of the material. At high OA concentrations, the material adopts a rod-like
morphology, whereas at lower concentrations, it shifts towards a more spherical-like form
and becomes progressively smaller. The controlled addition and dilution of OA provide an
effective means of tailoring particle size and morphology, making the material suitable for
various applications, particularly in biomedicine. This demonstrates the role of oleic acid
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as a morphological controller of the material, where dilution of its concentration leads to a
gradual decrease in particle size.

.

IMS-NKL 5.0kV 5.3mm x50.0k SE(M)

Figure 1. FESEM images of (a) NaYFy: Er®*/Yb%*, (b) NaYF,: Er¥* /Yb3*-OA (10! M), (c) NaYFy:
Er’*/Yb3**-OA (1072 M), and (d) NaYF,: Er3*/Yb**-OA (1072 M) samples.

2.2. Structure Characterization

The XRD patterns of the nanoparticle samples, namely, NaYFy: Er’*/Yb?*, NaYF,:
Er’* /Yb**-OA (10~! M), NaYFy,: Er®* /Yb3*-OA (1072 M), and NaYF,: Er¥*/Yb**-OA
(1073 M) are shown in Figure 2. The results reveal that characteristic diffraction peaks
appear in the NaYF,: Er®*/Yb%* samples synthesized by using OA at 20 angles of 17.2,
29.8, 30.8, 34.7, 43.5, 46.5, 53.6, 55.2, and 62.3°. These peaks correspond to those in the
JCPDS reference card No. 28-1192 for the 3-NaYF, (hexagonal) crystal phase, which is
the preferred phase for achieving high luminescence efficiency. For the NaYF,: Er®* /Yb%*
sample with the added OA concentration of 10~! M, additional diffraction peaks at 28.2,
32.6, 46.9, and 55.6° were observed alongside those of the 3-NaYF; (hexagonal) phase.
These peaks correspond to the x-NaYF, (cubic) phase, as indicated by JCPDS reference
card no. 01-077-2042. Importantly, for the case of using the suitable OA concentrations in
the range of 107271073 M, no impurity peaks are observed, confirming that the 3-NaYFy:
Er®* /Yb3* material was synthesized readily and purely with a high crystallinity.

By combining the results obtained from FESEM and XRD measurements, it can be
concluded that, for the NaYF,: Er®*/Yb3*—OA (10~ M) sample (Figure 2, curve 2), the
material exhibits a rod-like morphology with a mixed-phase structure (hexagonal and
cubic). However, as the OA concentration is diluted to 1073 M, the material adopts a
spherical-like morphology with only the hexagonal phase presents.



Inorganics 2025, 13, 140

40f12

s ——(1) - NaYF: Er*'/Yb®™*

——(2) - NaYF: Er**/Yb* - OA (10" M)
(3) - NaYF,: Er*/Yb® - OA (107 M)

——(4) - NaYF: Er**/Yb* - OA (10° M)

= I Cubic
Il Hexagonal

.

Intensity (a.u.)

= _:

1)

“ A
LL MMona
10 20 30 40

Mo
AT
50 60 7
2 Theta (degree)

Figure 2. X-ray diffraction pattern of (1) NaYF,: Er®* /Yb3*, (2) NaYFy: Er3*/Yb3*-OA (10~ M),
(3) NaYFy: Er¥* /Yb3*-OA (10~2 M), and (4) NaYF: Er**/Yb3**-OA (10~3 M) samples.

0

This shows that the concentration of oleic acid (OA) plays a crucial role not only in
controlling particle size and morphology but also in determining the crystal phase of the
synthesized NaYF;:Yb3* /Er’* nanomaterials. At low OA concentrations, the surface of
crystal nuclei is only partially covered, allowing for anisotropic growth that favors the
formation of the thermodynamically stable hexagonal 3-phase, which is typically associ-
ated with enhanced upconversion luminescence. However, when the OA concentration
increases, the nanocrystal surfaces become densely coated with OA molecules, significantly
altering the surface energy and growth dynamics. This hinders anisotropic crystal growth,
thereby kinetically stabilizing the formation of the cubic x-phase, which is known to form
during early nucleation or under growth-restricted conditions.

Additionally, excess OA can suppress the transition from cubic to hexagonal phase
by reducing the crystallization rate, ultimately leading to the coexistence of both «- and
-phases in the final product. However, the hexagonal 3-NaYF, phase features a larger
separation between Er®* ions, which helps to reduce fluorescence quenching. This structural
advantage is highly beneficial for achieving strong luminescence, making the material well-
suited for various applications [21-24].

Figure 3 presents the Fourier transform infrared (FTIR) spectrum of the 3-NaYFy:
Er¥*/Yb3*-OA (10~3 M) sample. The infrared spectrum displays a broad and intense
band in the 36003300 cm~! region, corresponding to O-H bond vibrations caused by
the absorption of H,O. Despite multiple washing steps with water and ethanol, organic
citrate molecules remain on the particle surface. The peaks at approximately 2950 and
2854 cm~! are attributed to the asymmetric and symmetric stretching vibrations of the
methylene group (-CH,), respectively [25,26]. A distinct peak at ~1614 cm ! corresponds
to the carboxylate (COO™) group, confirming the attachment of oleic acid (OA) to the
particle surface and its interaction with metal ions in the NaYF, lattice. Additionally, the
band at ~1011 cm ™! is assigned to the C-O stretching vibration, indicating coordination
with metal cations. The presence of rare earth elements bonded to the NaYF,; matrix is
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reflected in the lower-frequency vibrations observed at 792, 576, and 454 cm~ 1. These
results confirm the successful formation of NaYFy: Er3*/Yb®*" nanoparticles.
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Figure 3. FTIR spectrum of the NaYF,: Er®* /Yb**-OA (10~3 M) samples.

By integrating the findings from XRD and FTIR measurements, it is evident that the
incorporation of oleic acid in the synthesis process plays a crucial role in controlling particle
size and morphology, ultimately enhancing the optical properties of the material.

2.3. Energy Dispersive X-Ray Analysis

Figure 4 presents the energy dispersive X-ray (EDX) spectrum of the 3-NaYFy:
Er** /Yb3*-OA (103 M) nanoparticles. The spectrum reveals strong peaks corresponding
to the primary elements Na, Y, and F, along with weaker peaks for Yb and Er, which
are consistent with the expected composition of NaYF,: Er®* /Yb%*. Notably, no foreign
elements are detected, confirming the successful synthesis of the B-NaYFy: Er**/Yb**-OA
(1073 M) material.

To further analyze the elemental distribution and verify the uniform dispersion of
dopant elements within the host matrix, energy dispersive X-ray spectroscopy (EDS)
mapping was conducted (Figure 5). The EDS mapping images of the B-NaYFy: Er®*/Yb%*-
OA (1073 M) nanoparticles illustrate the distribution of: (I) sodium (Na); (II) yttrium (Y);
(III) fluorine (F); (IV) ytterbium (Yb); (V) erbium (Er) elements.

The mapping results confirm that Na, F, and Y are evenly distributed throughout
the sample, indicating the successful incorporation of these elements into the host lattice.
Additionally, the distributions of Yb and Er are also homogeneous, which plays a crucial role
in reducing concentration quenching and enhancing luminescence intensity. The composite
(merged color) image (VI) demonstrates the overlap of elemental signals, verifying that
all components are present and uniformly distributed within the system, with no signs
of phase separation or aggregation. This finding underscores the high potential of this
material for optical applications, particularly in the biomedical field.
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Figure 5. Mapping EDS images of 3-NaYFy: Er¥*/Yb**-OA (10~3 M) nanoparticles, the distribution
of: (I) sodium (Na) element; (II) yttrium (Y) element; (IIT) fluorine (F) element; (IV) ytterbium (Yb)
element; (V) erbium (Er) element, and (VI) merged color.

2.4. Luminescence Properties

Figure 6 presents the upconversion photoluminescence spectra of the nanoparticle sam-
ples: (a) NaYFy: Er’*/Yb3*, (b) NaYFy: Er** /Yb3"-OA (10! M), (c) NaYF,: Er®*/Yb**-OA
(1072 M), and (d) NaYFy: Er®* /Yb3*-OA (10~3 M), under 980 nm excitation, at 450 mW.

The spectra exhibit three broad emission bands ranging from green to red, centered at
520, 540, and 650 nm. These emissions correspond to the 2Hy; /2 — 5 /2 4G, /2 = 5 /2
and *Fg/, — *I;5/, energy transitions in Er>*, respectively [7,27,28]. The upconversion
emission of NaYFy: Er?* /Yb3* nanoparticles clearly demonstrates these typical energy tran-
sitions. A significant enhancement in luminescence intensity was observed in the NaYFy:
Er¥* /Yb**-OA (10~3 M) sample compared to the NaYF,: Er3* /Yb3*-OA (10~! M) sample.
The emission intensity of the 3-NaYF,: Er¥* /Yb**-OA (103 M) sample is 8.2 times higher
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than that of the mixed phase NaYF,: Er®* /Yb3*~OA (10~! M) sample. This enhancement
can be attributed to the small particle size and uniform distribution of dopant ions in the
material, which further contributes to reducing the concentration quenching effect, thereby
enhancing the luminescence intensity.
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| ——(b) - NaYF: Er’"/Yb* - OA (10™' M)
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Figure 6. The upconversion photoluminescence spectra of (a) NaYFy: Er®*/Yb®*, (b) NaYFy:
Er3t/Yb**-OA (101 M), (c) NaYF,: Er3*/Yb**—OA (102 M), and (d) NaYF,: Er’*/Yb**-OA
(1073 M) samples under 980 nm excitation.

Some reports have demonstrated that NaYFs-based upconversion nanocrystals can
be synthesized with significantly smaller sizes (e.g., 20-50 nm) by employing different
synthetic strategies [29,30]. To further reduce particle size, several optimization approaches
can be considered, such as: decreasing the OA concentration; adjusting the reaction temper-
ature and time; employing a co-surfactant or alternative ligands using microwave-assisted
synthesis. In our work, the primary focus was to ensure strong upconversion luminescence
and phase purity (especially stabilizing the 3-phase). We have investigated the effects
of three representative oleic acid (OA) concentrations (10’1, 1072, and 1073 M) on the
morphology and upconversion luminescence of NaYF,:Er>* /Yb%* nanomaterials. Among
these, the 1073 M concentration exhibited the very good performance in terms of emission
intensity, particle uniformity, and size. Therefore, this sample was selected for cancer cell
labeling experiments. Further investigation of these material characteristics will be carried
out in the next study.

2.5. In Vitro Cellular Imaging

We used fluorescence microscopy to evaluate the binding ability between NaYFy:
Erd*/ Yb3+@SNGA-IgG conjugates and HeLa cervical cancer cells after the incubation pro-
cess. Figure 7a,b show the fluorescent images of HeLa cervical cancer cells (negative control)
and HeLa cervical cancer cells incubated with NaYFy: Erd* /Yb3* @SNGA-IgG, respectively.
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(a) (b)

Figure 7. Fluorescence microscopy images of Hela cervical cancer cells after 3 h of incubation with
(a) HeLa cervical cancer cells (negative control) and (b) 3-NaYFy: Er3+/ Yb3+@SNGA—IgG conjugates
at a concentration of 20 pug/mL.

In the first case, no photoluminescence (PL) emission was observed in the refer-
ence sample (Figure 7a). In the second case, the NaYF;: Er3*/ Yb3+@SNGA—IgG sample
exhibited strong green luminescence (Figure 7b). This might be attributed to the forma-
tion of bonds between NaYFy: Er**/Yb**@SNGA-IgG and HelLa cervical cancer cells,
demonstrating a strong interaction between the conjugates and HelLa cancer cells due to
biological conjugation. Furthermore, it can be seen that the NaYFy: Er®*/Yb**@SNGA-IgG
particles are localized within the cell cytoplasm. The Glutaraldehyde facilitates ligand
binding between the cell and the luminescent labeling particles, and, subsequently, the
conjugates are internalized into the cell via the invagination process. Therefore, 3-NaYFy:
Er®*/Yb**@SNGA-IgG could serve as a potential bio-label for cancer cells.

3. Experimental
3.1. Materials and Methods

Yttrium (III) nitrate hexahydrate, Y(NO3)3-6HyO (99.9%), ytterbium (III) nitrate pen-
tahydrate, Yb(NO3)3-5H,0 (99.9%), erbium (III) nitrate pentahydrate, Er(NO3)3-5H,O
(99.9%), NaF (99%), and tetraethyl orthosilicate (TEOS) (99.9%) were purchased from Sigma-
Aldrich, St. Louis, MO, USA. NaOH (99%), trisodium citrate dehydrate HOC(COONa)
(CH,COONa);-2H,0 (99%) were provided from Merck, Darmstadt, Germany, while oleic
acid (C1gH3407) (92%) was provided from Fisher, London, England. All chemicals were of
analytical grade without any purification.

The crystalline phase identification of NaYF,:Yb3* /Er3* nanomaterials were carried
out by using X-ray diffraction (XRD) (D8 Advance, Bruker, Karlsruhe, Germany). The
morphology and energy dispersive X-ray spectra (EDS) of the NaYF,:Yb?* /Er®* nanoparti-
cles were analyzed using a field emission scanning electron microscope (FE-SEM, 5-4800,
Hitachi, Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM,
JEM 2100, Jeol, Tokyo, Japan). To investigate the chemical bonding of the material, infrared

absorption spectra (IR) were recorded in the wavenumber range of 4000 to 400 cm ™~

using
a Fourier transform infrared (FT-IR) spectrometer (Spectrum Two, PerkinElmer, Waltham,
MA, USA). Photoluminescence (PL) measurements were conducted to evaluate the optical
properties of NaYF,:Yb?* /Er’* nanomaterials.

The upconversion photoluminescence properties were analyzed using an iHR320
photoluminescence measurement system (Horiba, Kyoto, Japan), under 980 nm excitation
(the dried nanopowder samples were placed directly onto flat copper slides). The cells
were observed under an Olympus ScanR fluorescence microscope (Olympus Europa SE

and Co.KG, Hamburg, Germany).
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3.2. Preparation of NaYFy: Er3*/Yb3* Nanoparticles

The synthesis process of NaYF,: Er®* /Yb** nanomaterials is as follows:

First, a mixed solution of rare-earth metal salts, including Y(NOs3)3-6H,0, Yb(NO3)3-5H,0,
and Er(NO3)3-5H,0, is prepared with a molar ratio of NaYF,:Yb**:Er3* = 79:19:02. The
solution is stirred for 15 min to obtain Solution 1.

Next, a solution of NaF and sodium hydroxide is slowly added to Solution 1, followed
by continuous stirring for 120 min to obtain Solution 2. Then, trisodium citrate dihydrate is
gradually added to Solution 2 and stirred for 15 min to obtain Solution 3.

After that, oleic acid solutions (10~1, 1072, 1073 M, etc.) are added to Solution 3 and
stirred for 120 min. Finally, the resulting solution is transferred into an autoclave and
heated at 200 °C for 24 h.

After completion of the hydrothermal reaction, the resulting products were collected
by centrifugation and washed several times with deionized water to remove unreacted
precursors and soluble byproducts. The washed samples were then dried at 70 °C for 48 h
to obtain dry nanopowders. Notably, although the nanocrystals were surface-modified
with oleic acid (OA), the washing step did not involve redispersion in an aqueous medium.
As aresult, the dried OA-coated nanocrystals retained their hydrophobic nature and were
not dispersed in water during any of the characterization steps. The obtained product is
centrifuged, thoroughly washed with deionized water to remove residual solvents and
dried at 70 °C for 48 h. The final product is a NaYF:Er** /Yb®** material in powder form.

3.3. Preparation of NaYFy: Er**/Yb3*@SNGA-IgG Bio-NanoComplexes

After synthesis, the NaYF,: Er®*/Yb3" material was coated with a layer of silica
via the hydrolysis of tetraethyl orthosilicate (TEOS). To functionalize the surface with
amine groups, we used a solution of 3-aminopropyltrimethoxysilane [31]. The surface
functionalization process was carried out for 24 h. Next, a solution of 50% glutaraldehyde
(GA) was mixed with the functionalized NaYF,: Er®*/Yb3*material; this mixture was then
dispersed in a PBS solution (0.1 M, pH = 5) at a concentration of 5 g L ! and agitated for
30 min. Subsequently, the compound was combined with various concentrations of IgG.
The reaction mixtures were incubated in the presence of glycerol at room temperature for
4 h. Finally, the NaYF,: Er®* /Yb**@SNGA-IgG products were collected by centrifugation
at 5900 rpm, washed three times with water, and stored at 4 °C in a sealed container.

3.4. Experiment on Incubating the Biomedical NaYFy: Er3*/Yb3*@SNGA-IgG Nanocomplex with
HeLa Cervical Cancer Cells

3.4.1. In Vitro Cell Culture

HelLa cervical cancer cells were cultured at 37 °C in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 1% antibiotic-antimycotic, and 50 pg/mL gentamicin.
The cells were subcultured after 3-5 days at a ratio of 1:3 and incubated at 37 °C in an
atmosphere containing 5% COs.

3.4.2. Experiment for Labeling HeLa Cervical Cancer Cells Using the Biomedical
Nanocomplex NaYFy: Er®*/Yb3*@SNGA-IgG

To evaluate cell detection capabilities, we performed cell staining. The procedure
was as follows: HeLa cervical cancer cells were seeded into a 24-well plate at a density
of 5 x 10* cells/mL and allowed to stabilize in an incubator at 37 °C with 5% CO, for
24 h. Next, PEG 1500 and the nanocomplex of 3-NaYF,: Er3t/ Yb3+@SNGA—IgG (at a
concentration of 20 ug/mL) were added to the cell culture wells, and the cells were
incubated for further 3 h.
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After incubation, the culture medium (including nanoparticles) was discarded. The
cells were then washed three times with sterile phosphate-buffered saline (pH 7.4) before
being observed under an Olympus ScanR fluorescence microscope.

4. Conclusions

We have successfully synthesized the NaYFy: Er®* /Yb3* material using a wet chem-
istry method. The influence of oleic acid on the morphology and luminescent properties
of the material was investigated. The resulting NaYFy: Er®*/Yb3* nanomaterials exhibit
upconversion luminescence in the green region, and our results indicate that a suitable
oleic acid concentration of 1073 M is required. The synthesized nanoparticles are spherical
in shape, with diameters ranging from 150 to 250 nm, and possess a single-phase 3-NaYF,
(hexagonal phase) crystalline structure.

The 3-NaYFy: Er3*/Yb3* materials synthesized with an oleic acid concentration of
10~3 M demonstrate good and stable upconversion luminescence. They were subsequently
coated with silica, functionalized with amino-silane, and conjugated with IgG antibodies.
The pairing ability of the biomedical B-NaYFy: Er3* /Yb**@SNGA-IgG nanocomplex for la-
beling HeLa cervical cancer cells was successfully evaluated using an inverted fluorescence
microscope. The results show that the nanocomplex effectively binds to HeLa cervical
cancer cells under in vitro conditions.

Initial test results suggest that the biomedical nanocomplex containing the 3-NaYFy:
Er?*/Yb*" material shows promising potential for rapid pathogen detection.
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