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A B S T R A C T   

Energy and environmental concerns are increasing owing to the increased consumption of resources. To help 
solve the energy crisis and contribute to protecting our environment, this study aimed to develop a fast and eco- 
friendly method of synthesis. We propose a H3PO4 assisted fast synthesis technique for developing urchin-like 
GdPO4⋅xH2O:5Eu3+ nanoparticles. First, Gd(OH)CO3:5Eu3+ nanospheres with sizes of about 60 nm were 
developed using urea-based homogeneous precipitation. These nanospheres were utilized as the Gd3+ source and 
sacrificial templates in the formation of urchin-like GdPO4.xH2O:5Eu3+ nanoparticles, where the Kirkendall 
effect takes place during hydrothermal synthesis. The structural properties confirmed the existence of the H2O 
phase in the GdPO4:5Eu3+ nanoparticles. The synthesized urchin-like GdPO4⋅xH2O:5Eu3+ nanoparticles 
exhibited excellent photoluminescence in the reddish-orange region upon excitation by near-UV excitation 
wavelengths. These urchin-like nanoparticles demonstrated effective penetration in lung cancer cells by exhib
iting luminescence from both the cytoplasm and nucleoplasm. The conjugation of doxorubicin with urchin-like 
GdPO4⋅xH2O:5Eu3+ nanoparticles helped to realize efficient antitumor activity against lung cancer.   

1. Introduction 

In recent years, considerable progress has been made in the field of 
nanotechnology by designing and improving the characteristics of novel 
multifunctional inorganic nanoparticles, which can contribute to almost 
every field of science [1]. In the biomedical field, owing to their unique 
characteristics, including superior biocompatibility, high water disper
sion, low toxicity, and controlled drug release [2,3], multifunctional 
nanoparticles provide a gateway to modify the pharmacokinetic profile 
of drugs compared to conventional therapeutic modalities. Recently, 
rare-earth orthophosphates (REPO4) have been drawing a lot of atten
tion in the biomedical field owing to their exceptional properties such as 
high quantum yield, excellent biocompatibility, low photo-bleaching 
potential, and high chemical and thermal stabilities [4,5]. Among 
several phosphate host matrices, gadolinium orthophosphate (GdPO4) 
has been identified as one of the promising multifunctional nanoplat
forms for various optoelectronic and biomedical applications [6,7]. 

Owing to their paramagnetic behavior, gadolinium-based host materials 
can be used to obtain more than one imaging modality, such as fluo
rescence imaging, optical imaging, ultrasound, and magnetic resonance 
imaging [8–10]. Therefore, a GdPO4 host matrix doped with suitable 
rare-earth ions has captured the attention of researchers as a novel 
bifunctional host material for multimodal bioimaging and drug delivery 
applications. 

To avoid the shortcomings of traditional core-shell nanostructures, 
nowadays, most research has focused on synthesizing hollow and/or 
mesoporous nanoparticles [11,12]. Traditional template-based routes 
are typically used for synthesizing hollow nanostructures, however, to 
reduce the cost, energy, and time-demands, several direct methods of 
synthesis have been developed with the aid of etching, Ostwald 
ripening, and Kirkendall effect, where external templating agents are 
not required [13,14]. The Kirkendall effect, also known as the 
self-templating approach, modifies the structure and shape of nano
particles by interdiffusion and create hollow or urchin-like structures 
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[15,16]. Several studies have thus far investigated RE ion-doped GdPO4 
nanostructures with different morphologies. Xu et al. [7] and Zhang 
et al. [17] recently reported the preparation of urchin-like GdPO4 hol
low spheres by hydrothermal synthesis (180 ◦C for 24 h and 200 ◦C for 
12 h, respectively). Li et al. [18] reported the synthesis of GdPO4:Eu 
hollow spheres by etching (200 ◦C for 12 h), and Gao et al. [6] syn
thesized GdPO4 hollow microspheres through a multistep trans
formation method using polystyrene spheres as the template (180 ◦C for 
24 h followed by calcination at 800 ◦C for 4 h). All of these studies used 
NH4H2PO4 as the phosphate source for synthesizing GdPO4 hollow or 
urchin-like spheres. 

To the best of our knowledge, no study has been performed on a 
GdPO4 host material using phosphoric acid (H3PO4) as the phosphate 
source. Therefore, we aimed to synthesize GdPO4:Eu3+ urchin-like 
nanospheres through a simple and energy-efficient process of hydro
thermal synthesis (180 ◦C for 1 h) using H3PO4 as the phosphate source. 
First, tetrapropyl ammonium hydroxide (TPAOH)-assisted Gd(OH) 
CO3:5Eu3+ nanospheres with the sizes of approximately 60 nm were 
synthesized. These nanospheres acted as the Gd source and sacrificial 
template during the formation of urchin-like GdPO4⋅H2O:5Eu3+ nano
particles. The observed structural properties confirmed their hydroxyl 
nature, and their photoluminescence (PL) properties resulted in excel
lent reddish-orange emission. Confocal microscopy imaging, drug 
(doxorubicin (DOX)) loading, and release efficiencies, coupled with cell 
viability studies, were performed to examine the potential of urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles for biomedical applications. Our re
sults demonstrate that the synthesized urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles are cost-effective and also demonstrated excellent poten
tial in future biomedical applications. 

2. Experimental 

2.1. Materials 

Gadolinium nitrate hexahydrate [Gd(NO3)3⋅6H2O] (99.9%), euro
pium nitrate pentahydrate [Eu(NO3)3⋅5H2O] (99.9%) were purchased 
from Sigma-Aldrich. TPAOH, phosphoric acid (H3PO4), urea [CO(NH2)2, 
99–100.5%) were also purchased from Sigma-Aldrich. Deionized water 
(DI) (18.2 MΩ), from a Millipore Milli-Q system was used in all exper
iments. All chemical agents used in this experiment were of analytical 
grade and were used directly without further purification. 

2.2. Synthesis of Gd(OH)CO3:5Eu3+ colloidal nanospheres 

Gd(OH)CO3:Eu nanospheres as the precursor for the preparation of 
GdPO4:5Eu3+ nanospheres were synthesized using a modified urea- 
based homogeneous precipitation method [19]. First, stoichiometric 
quantities of Gd(NO3)3⋅6H2O, Eu(NO3)3⋅5H2O, and urea (3 g) were 
dispersed in 100 ml of DI water. The mixture was vigorously stirred 
(500 rpm) using a magnetic stirrer at room temperature for 1 h until a 
homogenous solution was formed. TPAOH (20 μl) was added to reduce 
the size of the spheres. The homogenous mixture was then immersed in 
an oil bath and heated to 90 ◦C for 1 h, yielding white-colored mono
dispersed colloidal spheres of Gd(OH)CO3:Eu3+ as a precipitate. The 
product was separated by centrifugation (5,000 rpm), followed by 
multiple washings with water and ethanol. 

2.3. Synthesis of urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles 

The as-prepared Gd(OH)CO3:5Eu3+ nanospheres were dispersed in 
40 ml DI water, sonicated for a few minutes (solution A), and then 
stirred for 30 min. Simultaneously, the calculated quantity of H3PO4 was 
dispersed in 30 ml of DI water and subject to magnetic stirring at 
400 rpm for 30 min at room temperature (solution B). Solution A was 
then added dropwise to solution B with constant stirring at 400 rpm for 
1 h. The mixed solution was subsequently transferred into a stainless- 

steel autoclave with a Teflon liner (120 ml with 60 % filling capacity), 
heated to 180 ◦C for 1 h, and left to cool to room temperature naturally. 
The white-colored precipitate was finally separated from the colloidal 
solution by centrifugation at 5,000 rpm, followed by multiple washings 
with copious volumes of DI water and ethanol to obtain urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles. To understand the growth process 
with respect to time, the same hydrothermal reaction was carried out at 
180 ◦C for time periods ranging from 1 h to 24 h. 

2.4. Cell cytotoxicity (CCK-8) assay 

The cytotoxicity of urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles and 
the anti-cancer ability of GdPO4⋅H2O:5Eu3+@DOX were evaluated using 
the cell counting Kit-8 (CCK-8) assay. The percentage viability of lung 
cancer (A549) cell lines were calculated after culturing in Roswell Park 
Memorial Institute (RPMI) medium, where a medium containing 10% 
fetal bovine serum, 1% penicillin and streptomycin at 37 ◦C, and 5% CO2 
and harvested by trypsinization and subsequently seeded into a 96-well 
cell culture plate at 1 × 104 cells/well for 24 h. After seeding, cells were 
treated with urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles and incubated 
for 24 h. Cell viability was examined using a CCK-8 assay. Viability was 
assessed calorimetrically using a multi-reader (Varioskan LUX Multi
mode Microplate Reader) at an absorbance of 450 nm. 

2.5. In vitro cell uptake assay 

A549 cells (5 × 104) were seeded in a 6-well plate for 24 h. The cell 
lines were then treated with or without urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles. After 24 h of treatment, the cell lines were rinsed three 
times with 1x phosphate buffered saline (1x PBS) and incubated in 4% 
paraformaldehyde solution for 15 min. This was followed by rinsing 
three times with 1x PBS. Thereafter, the nuclei of the A549 cells were 
stained with DAPI (1 μg/ml). Finally, the cells were rinsed three times 
with 1x PBS and then mounted, and imaged using an Olympus IX70 
fluorescence microscope equipped with a 120 W mercury vapor short 
arc lamp (X-Cite series 120, EXFO) and appropriate band-pass filters for 
collecting emission signals of DAPI and urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles. 

2.6. Surface functionalization, loading and release of an anti-cancer drug 

For the surface functionalization of the nanoparticles, 20 mg of 
urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles were dispersed in 18 ml of 
propanol. 3-aminopropyltriethoxysilane (APTES) (120 μl) was then 
added to the nanoparticle solution and the sample bottle was sealed. The 
sample bottle was then heated in a beaker of water to 80 ◦C (in heating 
mantle) for 24 h with constant stirring (490 rpm). After 24 h, the sample 
was separated using centrifugation (1,000 rpm for 15 min), washed with 
ethanol several times, and dried in a room-temperature desiccator for 
48 h. The functionalized nanoparticles were dispersed in 10 ml DI water, 
and 500 μg of DOX was added to the nanoparticle solution. The mixture 
was incubated under constant rotation for 48 h at room temperature in 
the dark under ambient conditions. The DOX-loaded sample was 
collected by centrifugation (10,000 rpm for 30 min) and rinsed three 
times with DI water. To check the drug-loading efficiency, absorbance at 
481 nm were measured after collecting the supernatant solution 
following centrifugation. 

To observe the release efficiency of DOX from the urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles, the drug-loaded nanoparticles were 
suspended in pH 7.4 PBS (to mimic the physiological pH) and pH 4.5 PBS 
(to mimic the pH of endosomes) solutions. The fluorescence spectra of 
the collected supernatants were measured at different time intervals to 
estimate the efficiency of DOX release. 

G.L. Varaprasad et al.                                                                                                                                                                                                                         



Ceramics International xxx (xxxx) xxx

3

2.7. Statistical analyses 

The CCK-8 assay results were analyzed using one-way ANOVA with 
the Neumann-Keuls test using GraphPad Prism software (La Jolla, CA, 
USA). Data are expressed as the mean ± SD of three replicated 
experiments. 

3. Results and discussion 

Fig. 1 shows field-emission scanning electron microscopy (FE-SEM) 
and field-emission transmission electron microscopy (FE-TEM) images 
of the as-synthesized Gd(OH)CO3:Eu3+ precursor. The low-and high- 
magnification FE-SEM images (Fig. 1a and b) revealed Gd(OH)CO3:Eu3+

nanospheres with a uniform dispersion. The high-magnification FE-SEM 
image (Fig. 1b) of Gd(OH)CO3:5Eu3+ shows that the surface of the 
nanospheres was rough and uniform in size (~60 nm in diameter), 
which was also confirmed by the TEM and high-magnification TEM 
images (Fig. 1c and d). Fig. 1e–h presents the FE-SEM and FE-TEM im
ages of the urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles, synthesized at 
180 ◦C for 1 h under hydrothermal conditions. FE-TEM images of the 
urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles as a function of reaction 
time are presented in Fig. S1. After a reaction time of 1 h, the FE-SEM 
and FE-TEM images of the GdPO4⋅H2O:5Eu3+ nanoparticles revealed 
monodispersed urchin-like nanoparticles with a uniform diameter of 
approximately 150 nm (Fig. 1e–g), which can be attributed to the 
accumulation of a large number of nanorods (magnified image of 
Fig. 1g) with the reaction between Gd(OH)CO3:5Eu3+ nanospheres and 
the H3PO4 precursor due to the Kirkendall effect. The following re
actions occurred during the formation of the urchin-like GdPO4. 
H2O:5Eu3+ nanoparticles: 

H3PO4 + 3H2O ⇒ 3H3O+ + PO 3−
4 (1)  

H3O+ +PO 3−
4 +Gd0.95Eu0.05(OH)CO3⇒Gd0.95Eu0.05PO4 ⋅ H2O + CO3 (2) 

During the reaction, Gd(OH)CO3:5Eu3+ nanospheres acted as both 
chemical and physical templates. The Gd(OH)CO3:5Eu3+ nanospheres 
were initially surrounded by H+ ions because of the dissociation of the 
weak Arrhenius acid H3PO4 into H3O+ and PO4

3− in water (see Equations 
(1) and (2)). Molecules of H3O+ diffuse Gd3+ ions from the Gd(OH) 
CO3:5Eu3+ nanospheres via ionization. The diffused Gd3+(Eu3+) ions 
react with PO4

3− and induces the formation of GdPO4⋅H2O:5Eu3+

nanorods. This diffusion from the outer surface of Gd(OH)CO3:5Eu3+

nanospheres occurs due to the mediation of H3O+ and facilitates the 
reaction with PO4

3− to form GdPO4⋅H2O:5Eu3+ nanorods on the surfaces 
of Gd(OH)CO3:5Eu3+ nanospheres, resulting in thinner nanospheres 
(Fig. S1). With increasing reaction time, the 

Quantity of GdPO4⋅H2O:5Eu3+ nanorods also gradually increased 
whereby the Kirkendall effect takes place through the outward diffusion 
of Gd3+ ions and diffusion of PO4

3− ions inwards because the diffusion 
velocity of Gd 3+ ions exceeds that of PO4

3− ions [7,20]. Within 1 h of 
reaction, the total process was completed by forming GdPO4⋅H2O:5Eu3+

nanorod-assembled urchin-like nanoparticles. This is faster than the 
time reported in previous studies where researchers used NH4H2PO4 as 
the phosphate source [7,21]. Upon further increasing the reaction time, 
the detachment of the GdPO4⋅H2O:5Eu3+ nanorods from the urchin-like 
nanoparticles began. The growth process is shown in Scheme 1. The 
synthesis results demonstrated that H3PO4 accelerated the reaction if the 
Kirkendall effect occurs during the reaction, as compared to when 
NH4H2PO4 was used. 

The elemental composition of the urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles was verified using energy-dispersive X-ray spectroscopy 

Fig. 1. Morphological images of Gd(OH)CO3:5Eu3+ nanospheres and urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles: (a and b) FE-SEM and (c and d) FE-TEM images of 
Gd(OH)CO3:5Eu3+ nanospheres under different magnifications. Low and high magnification, (e) FE-SEM and (f and g) FE-TEM, images of urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles and corresponding elemental mappings of merged image, O, P, Eu, and Gd elements and EDS spectra are presented in g(i–v) 
and h respectively. (i and j) Selected area electron diffraction (SAED) pattern and high-resolution transmission electron microscopy (HRTEM) image of an urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticle. 
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(EDS) of a single urchin-like GdPO4⋅H2O:5Eu3+ particle. The resulting 
spectrum is shown in Fig. 1h and this confirmed the presence of Gd, Eu, 
P, and O. Most of the Gd and Eu ions were bound to the L shell at 6.51 
and 5.85 keV whereas the P and O ions were tied to the K shell at 2.01 
and 0.53 keV, respectively. Additionally, elemental mapping (Fig. 1g 
(i–v) confirmed the uniform distribution of elements within the nano
particle. In particular, Eu3+ ions were scattered homogeneously within 
the Gd3+ sites of the GdPO4⋅H2O host lattice (Fig. 1g (iv)), indicating the 
possibility of good luminescent properties. Fig. 1i shows the selected 
area electron diffraction (SAED) pattern, revealing strong concentric 
rings with bright dots on the rings, confirming a nanocrystals–based 

polycrystalline nature. The corresponding HRTEM image is shown pre
sented in Fig. 1j. The interplanar distance between the vertically 
developed adjacent lattice fringes was approximately 5.992 Å with the 
(100) plane and the horizontally developed adjacent fringes was 
approximately 4.378 Å with the (101) plane. 

The X-ray diffraction (XRD) patterns of the as-synthesized Gd(OH) 
CO3:5Eu3+ precursor and urchin-like GdPO4⋅H2O:5Eu3+ samples are 
shown in Fig. 2a. The XRD pattern of Gd(OH)CO3:5Eu3+ did not reveal 
any sharp diffraction peaks between 10

◦

and 80
◦

, indicating the amor
phous nature of the synthesized compound. In contrast, the XRD pat
terns of GdPO4⋅H2O:5Eu3+ showed intense and well-resolved diffraction 
peaks without any impurity phases, consistent with the hexagonal phase 
of standard JCPDS No. 39–0232 (space group P3121 (152)). The exis
tence of the H2O phase alongside GdPO4 indicates the enhancement of 
nanoparticle dispersion in aqueous media compared with oxide phase 
nanoparticles alone. Therefore, GdPO4⋅H2O:5Eu3+ nanoparticles are 
expected to be promising candidates for biomedical applications. 

To investigate the functional groups and chemical composition of the 
Gd(OH)CO3:5Eu3+ nanospheres and urchin-like GdPO4⋅H2O:5Eu3+

samples, Fourier transform infrared spectroscopy (FTIR) was performed. 
The FTIR spectrum (Fig. 2b) of Gd(OH)CO3:Eu3+ exhibited the charac
teristic vibrational bands of O− C− O (asymmetric stretching νas), with 
typical doublet absorption bands with band maxima at 1400 and 
1508 cm− 1. π− CO3

2− and δ-CO3
2− appearing with vibrational peaks were 

centered at 840 and 699 cm− 1, respectively [7,22]. The FTIR spectrum 
of GdPO4⋅H2O:5Eu3+ exhibited the vibrational bands of PO4

3− moieties 
by exhibiting the functional groups of P–O (1080 cm− 1) and O− P− O 
(620 and 536 cm− 1) [23,24]. For both Gd(OH)CO3:5Eu3+ and 
GdPO4⋅H2O:5Eu3+, the FTIR spectra exhibited O–H stretching vibrations 
between 2570 and 3740 cm− 1. Additionally, GdPO4⋅H2O:5Eu3+

exhibited O–H bending vibrations at 1626 cm− 1, confirming the hydrate 
phase of GdPO4 urchin-like nanoparticles [23]. 

The chemical composition and the elemental oxidation states of the 
Gd(OH)CO3:5Eu3+ and GdPO4⋅H2O:5Eu3+ samples were verified 
through XPS measurements (Fig. 2c–f). The XPS survey scans of both 

Scheme 1. A representation of the formation of urchin-like GdPO4.H2O:5Eu3+

nanoparticles. 

Fig. 2. Structural properties of Gd(OH)CO3:5Eu3+ nanospheres and urchin-like GdPO4.H2O:5Eu3+ nanoparticles: (a) XRD patterns, (b) FTIR spectra, and (c) XPS 
spectra and (d–f) high resolution core-level XPS spectra of Gd(Eu), P, and O, respectively. 
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samples revealed similar Gd peaks with different states, including 4f, 
4d5/2, 4p3/2, 3d5/2, and 3d3/2 at binding energies of 9.5, 142.4, 272.5, 
1186.7, and 1219.3, respectively. In addition, GdPO4⋅H2O:5Eu3+

revealed characteristic P bands with 2p and 2s states, located at binding 
energies of 133.5, and 190.3, respectively. To obtain further insights 
into the structural properties and ionic states of the rare-earth ions of 
GdPO4⋅H2O:5Eu3+, core-level high-resolution XPS spectra were 
measured for Gd, Eu, P, and O ions. Fig. 2d shows the high-resolution 
core-level Gd3d spectra, where typical doublet 3d5/2 and 3d3/2 bands 
with an energy difference of approximately 32.6 eV. This energy dif
ference corresponds well with those obtained in previous studies that 
investigated Gd2O3, confirming that the Gd3+ ions are in the 3+- 
oxidation state [25–29]. The 3d5/2 and 3d3/2 bands were deconvoluted 
into three peaks. The deconvolved 3d5/2 peak exhibited Gd3d5/2, 
Gd2O33d5/2, and satellite peaks with band maxima at 1185.6, 1188.6, 
and 1187.1 eV, respectively. The deconvolved 3d3/2 peak exhibited 
Gd3d3/2, Gd2O33d3/2, and satellite peaks with band maxima at 1217.4, 
1219.9 and 1226.5 eV, respectively. The weak satellite peaks that 
appeared in the Gd3d spectrum could be attributed to energy loss phe
nomena [26]. The inset of Fig. 2d shows the Eu core-level spectrum and 
deconvoluted into two peaks, which are ascribed to Eu3d and Eu3d5/2, 
respectively, confirming the doping of Eu3+ ions into the Gd3+

ion-occupied sites. The P ions in GdPO4.H2O:5Eu3+ exhibited a P2p 
band (Fig. 2e), which was deonvoluted into two typical peaks, such as 
2p3/2 and 2p1/2, respectively. Moreover, the O1s spectrum (Fig. 2f) was 
deconvoluted into three peaks with band maxima at 530.9, 532.1, and 
533.7 eV. The O1s peak positioned at 533.7 eV corresponds to the Gd− O 

species, and the peaks at 530.9 and 532.1 eV can be attributed to the 
physical and chemical absorption of water molecules and the residual 
oxygen groups (− OH, C− O, and O− C− O) due to the coordination of 
Gd− O− Gd [27,29]. The presence of 530.1 and 532.1 eV peaks confirm 
the formation of GdPO4 with a hydroxide phase [30]. 

The PL excitation (PLE), emission (PL) spectra, and the correspond
ing decay curve of the urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles were 
investigated by monitoring their characteristic emission and excitation 
wavelengths, respectively. The resulting spectra are displayed in Fig. 3. 
When the emission wavelength was fixed at 589.5 nm, the PLE spectra 
exhibited a broad and intense charge transfer excitation band (CTB) 
between 208 and 267 nm, with a band maximum at 233 nm (Fig. 3a). 
The CTB appeared due to the charge transfer among the 4f and 2p or
bitals of the Eu3+ and O2− ions, respectively. However, the position of 
the CTB was unstable at this particular location. The CTB position relies 
on the local coordination environment of the host lattice around Eu3+

ions along with the covalent bonding of O2− and Eu3+ ions [31]. The PLE 
spectra also displayed narrow bands with considerable intensities due to 
the intra-configurational f-f transitions of Gd3+ and Eu3+ ions. The 
intense band observed at 274 nm was recognized as the characteristic 
peak of Gd3+ ions, which can be attributed to the 8S7/2→6I7/2 transition. 
The transitions in the longer-energy regions occurred at 311, 318, 361, 
379, 394, 415, and 463 nm are ascribed to 5I6, 5H4, 

5D4, 5G4, 5L6, 5D3, 
and 5D2 levels, respectively. Among them, the excitation bands at 
233 nm (CTB), 274 nm (8S7/2→6I7/2), and 394 nm (7F0→5L6) are well 
documented with the emission wavelengths of UV and near-UV chips, 
demonstrating that the synthesized urchin-like GdPO4⋅H2O:5Eu3+

Fig. 3. (a) PL excitation, (b) PL emission (inset shows the CIE diagram for GdPO4.H2O:5Eu3+ urchin-like nanoparticle), (c) energy level diagram, and (d) decay curve 
of the urchin-like GdPO4.H2O:5Eu3+ nanoparticles. 
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nanoparticles are suitable for UV and near-UV excitation-based lumi
nescent applications. Fig. 3b shows the PL emission spectrum of 
urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles under 394 nm excitation. 
We chose 394 nm wavelength of the excitation spectrum originated from 
the ground state 7F0 to the higher excitation for this study because all the 
excitations that appeared in the PLE spectrum exhibited similar emis
sions, except the intensities. However, for biological applications, 
near-UV excitation is more feasible compared to UV excitation. The PL 
spectrum revealed a strong emission band in the reddish-orange region 
with a band maximum at 589.5 nm, ascribed to the magnetic dipole 
transition of 5D0→7F1. The second and third intense emission bands 
were apparent in the red and far-red regions at 613 (5D0→7F2) and 
694 nm (5D0→7F4), arising from the electric dipole transitions. These 
were accompanied by moderately intense red emission band at 650 nm 
(5D0→7F3). Furthermore, Eu3+ ions occupied the local site symmetry in 
the GdPO4.H2O host lattice, which was estimated by considering the 
integrated emission intensity ratio of the electric dipole (red emission) 
and magnetic dipole (orange emission) transitions, also called the 
asymmetric ratio. According to the Judd‒Ofelt theory, Eu3+ ions occupy 
a site without inversion symmetry if the electric dipole transition 
dominates the magnetic dipole transition (red/orange >1). If the mag
netic dipole transition dominates the emission spectrum (red/orange 
<1), Eu3+ ions enter into the inversion symmetry site [32,33]. The 
red/orange ratio of GdPO4⋅H2O:5Eu3+ was approximately 0.76, 
demonstrating that the Eu3+ ions occupied the Gd3+ sites with inversion 
symmetry. In addition, the Commission International de l’Eclairage 
chromaticity of GdPO4.H2O:5Eu3+ urchin-like nanoparticles (inset of 
Fig. 3b) is exhibited in the reddish-orange region with the coordinates of 
(0.625, 0.374). The PL properties observed in the present study indi
cated their suitability for bioimaging applications. A schematic of the 

excitation and emission mechanisms with energy levels is presented in 
Fig. 3c. Furthermore, the decay profile (Fig. 3d) of the urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles was obtained by employing the exci
tation and emission wavelengths of 394 nm and 589.5 nm, respectively. 
The profile obtained in the present study is well-documented to a single 
exponential function [34,35]:  

I(t)= I0 + A exp
(− t

τ

)
(3)  

where A is a constant and I0 and I(t) represent the initial luminescence 
intensity and luminescence intensity at time t, respectively. τ in equation 
(3) is the decay time, and was found to be ~1.4 ms. Thus, the NUV 
excitation‒based reddish-orange emission from urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles confirms their potential application 
in diagnosing diseases through bioimaging. 

To investigate the feasibility of applying urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles in the biomedical field, bioimaging 
and drug delivery studies were carried out on A549 lung cancer cells. 
Fig. 4a‒d shows the in vitro fluorescence imaging of the A549 cells, 
where Fig. 4a shows the control, and Fig. 4b and c shows the confocal 
microscope images of DAPI alone and GdPO4⋅H2O:5Eu3+ nanoparticles 
alone, respectively. The merged images of the urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles and DAPI (Fig. 4d) confirmed that 
the urchin-like nanoparticles exhibited emission from both the cyto
plasm and nucleoplasm. The emission of urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles from A549 cells indicated good penetration capability for 
localizing lung cancer cells. Furthermore, the cytotoxicity of the urchin- 
like GdPO4⋅H2O:5Eu3+ nanoparticles and the antitumor activity after 
conjugation of DOX with the urchin-like GdPO4⋅H2O:5Eu3+ nano
particles (GdPO4⋅H2O:5Eu3+@DOX) were verified by treating the 

Fig. 4. Confocal fluorescence microscope images of the A549 cell (a) control, (b) after staining with DAPI, (c) after staining with GdPO4⋅H2O:5Eu3+, and (d) merged 
image (inset shows the magnified merged image of the A549 cell). (e) Cell viability confirmation using cytotoxicity assay. (f) DOX releasing capacity of the urchin- 
like GdPO4⋅H2O:5Eu3+ nanoparticles at different intervals of times under different pH values. (g) Schematic for the cellular localization and DOX releasing of urchin- 
like GdPO4⋅H2O:5Eu3+ nanoparticles. 
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A549 cells. The DOX loading percentage on the urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles was estimated as approximately 
~95%. The DOX loading occurred with the help of active electrostatic 
interactions between the surface amine groups due to the functionali
zation of GdPO4⋅H2O:5Eu3+ nanoparticles with APTES and carbonyl 
groups of the DOX molecules under neutral conditions [36]. This was 
further confirmed by measuring the zeta potentials (Fig. S2), which were 
15.91 mV and − 11.76 mV for GdPO4⋅H2O:5Eu3+ and 
GdPO4⋅H2O:5Eu3+@DOX, respectively. Different concentrations of 
GdPO4⋅H2O and GdPO4⋅H2O:5Eu3+@DOX were used to examine the cell 
viability and antitumor activity. 

The obtained results are presented in Fig. 4e. It can be seen that, 
urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles did not have any signifi
cant impact on cell viability; however, GdPO4⋅H2O:5Eu3+@DOX had a 
significant impact on A549 cells with respect to the applied concentra
tion (Fig. 4e). With an increase in GdPO4⋅H2O:5Eu3+@DOX concentra
tion, the cell viability decreased. After 24 h of treatment with 0.313 μg/ 
ml and 5 μg/ml DOX on the GdPO4⋅H2O:5Eu3+ nanoparticles, the sur
vival rates of A549 cells were approximately 79.69% and 61.75% 
(P<0.05), respectively. After 48 h, these proportions reduced to about 
47.96% and 33.09% (P<0.001), suggesting that the urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles were effective in releasing DOX in 
the A549 cells. The half-maximal inhibitory concentration of DOX 
(0.313 μg) after loading on the urchin-like GdPO4⋅H2O:5Eu3+ nano
particles, was observed for A549 cells after 48 h of treatment. Moreover, 
the DOX releasing capacity from the urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles was determined at different intervals of time and at 
different pH values of pH 7.4 and pH 4.5. The observed values are 
presented in Fig. 4f. Furthermore, a higher releasing efficiency of DOX 
from the GdPO4⋅H2O:5Eu3+ nanoparticles was observed in acidic con
ditions compared to the neutral conditions (Fig. 4f), indicating that the 
electrostatic interactions between the hydroxyl groups of 
GdPO4⋅H2O:5Eu3+ and amine groups of DOX was weaker under acidic 
conditions. Therefore, urchin-like GdPO4⋅H2O:5Eu3+@DOX nano
particles exhibited a better release efficiency in tumors (acidic) than 
blood (pH = 7.4). The hypothetical mechanism of cellular internaliza
tion and drug release from urchin-like GdPO4⋅H2O:5Eu3+@DOX nano
particles is presented in Fig. 4g. Thus, the obtained results indicate that 
urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles show great promise as po
tential materials for multifunctional biomedical applications. 

4. Conclusions 

In this study, an effective and energy-saving hydrothermal synthesis 
of Kirkendall effect-induced urchin-like GdPO4⋅H2O:5Eu3+ nano
particles was reported. The spherical and urchin shapes were confirmed 
by FE-SEM and FE-TEM images. The Gd(OH)CO3:5Eu3+ nanospheres, 
with sizes of about 60 nm acted as the Gd3+ source and sacrificing 
template, while H3PO4 as the phosphate source accelerated the rate of 
reaction to form urchin-like GdPO4⋅H2O:5Eu3+ nanoparticles. The XRD 
patterns revealed that the synthesized GdPO4⋅H2O:5Eu3+ nanoparticles 
had a pure hexagonal phase. The FTIR spectrum verified the H2O phase 
of the GdPO4:5Eu3+ nanoparticles, and the EDS and XPS spectra 
confirmed the doping of Eu3+ ions at the Gd sites of GdPO4⋅H2O:5Eu3+. 
The PL spectra confirmed the inversion symmetry of Eu3+ ions in the 
GdPO4⋅H2O host lattice, revealing reddish-orange emissions under near- 
UV excitation. The confocal microscope images validated the effective 
penetration capability of the urchin-like GdPO4⋅H2O:5Eu3+ nano
particles in A549 cells, exhibiting luminescence from both the cytoplasm 
and nucleoplasm. The viability of A549 cells decreased significantly 
after treatment with DOX-conjugated urchin-like GdPO4⋅H2O:5Eu3+

nanoparticles. The results suggest that the synthesized urchin-like 
GdPO4⋅H2O:5Eu3+ nanoparticles are promising materials for multi
functional biomedical applications. 
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