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ARTICLE INFO ABSTRACT

Keywords: Rare-earth niobate compounds are excellent nonlinear optical materials. Unlike other niobate materials, gado-
GdNbO,4 nanospheroids linium ortho-niobate (GANbO,) is reported to be inert in the visible region. The synthesis of pure-phase GANbO,4
Photoluminescence

with a definite morphology suitable for biomedical applications is still a great challenge. In this study, a novel
strategy is introduced to successfully facilitate the bioavailability of GANbO,:Eu®* luminescent material by
harnessing the pre-ouzo effect during the synthesis of mesoporous GANbO4:Eu®* nanospheroids. Because of the
materialization of GANbO,4 nanodomains, the mesoporous GANbO, nanospheroids exhibit paramagnetic beha-
viour and allows the strong broadband excitation between 300 and 500 nm, which permits NbOg emissions to be
obtained in the visible region, whereas Eu®* activated mesoporous GANbO, nanospheroids produce an intense
red emission under UV, near-UV and visible excitations. These mesoporous nanospheroids also demonstrate
excellent cellular internalization for HCT116 and SW680 colon cancer cells and work in conjunction with optical
and magnetic resonance imaging for the accurate diagnosis and prognosis of anatomical and physiological
functions. The conjugation of chlorin e6 with mesoporous GANbO,:Eu®* nanospheroids leads to efficient pho-
todynamic therapy (PDT) in cancer treatment. Ultimately, our approach represents an advance in the use of
mesoporous GANbO,:Eu®* nanospheroids as multifunctional nanoprobes for multimodal imaging and PDT.

Surface functionalization
Multimodal bioimaging
Photodynamic therapy

1. Introduction

Molecular imaging technologies such as computed tomography,
nuclear imaging, optical imaging, positron emission tomography, and
magnetic resonance imaging (MRI) have emerged as promising tools for
clinical diagnosis [1-6]. Significant progress has been made in devel-
oping and refining these imaging modalities, but each individual ima-
ging technology faces limitations in terms of the information it can
provide for disease diagnosis and tumor detection [7]. For example,
optical imaging provides cellular- or molecular-level information that is
highly sensitive with a high spatial resolution, but the penetration
depth is too limited for anatomical and physiological details to be
discerned [8]. In contrast, as a noninvasive imaging technology, MRI
provides extremely high spatial and temporal resolution for anatomical
information but suffers from insufficient sensitivity and low planar
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resolution [6,8]. Therefore, recent research has focused on the devel-
opment of multimodal imaging materials to bridge the gap in terms of
resolution and sensitivity between these two imaging modalities. These
dual-modalities allow synergistic information to be collected for the
effective and accurate diagnosis and prognosis of anatomical and
physiological functions by providing 3D anatomical images with high
spatial resolution, deep penetration, and high sensitivity [9-11].

In order to combine MRI and optical imaging, any imaging probe
used should possess paramagnetic or super-paramagnetic character-
istics and superior luminescent properties [12]. Most MRI and optical
dual-modal imaging probes utilize inorganic nanomaterials based on
rare-earth (RE) elements due to their promising optical properties, with
a large Stokes shift, and their magnetic behavior, which are associated
with their outer-shell f-electrons [13-19]. In particular, gadolinium-
based nanomaterials have been widely investigated as dual-modal
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imaging probes due to their excellent paramagnetic behavior, which is
promising as a T1 contrast agent for MRI, and the ability to exhibit
Stokes and anti-Stokes fluorescence by accommodating other trivalent
RE activator ions such as Eu®**, Tb®**, Dy**, Er®*, and Yb®*
[15,20-23]. For example, Saha et al. [17] reported the use of Eu®t ion
doped Gd,O3 nanoplates as a dual-imaging probe by exhibiting T1 MRI
and Stokes fluorescence-based optical imaging. Ma et al. [24] reported
NaGdF,:Yb®* /Er® " @NaGdF,:Nd®* core-shell nanostructures for T1
MRI and anti-Stokes fluorescence-based optical imaging. The main
advantage of the Gd-based nanoparticle systems over Gd-chelates is
that Gd-based nanoparticles exhibit less leakage of Gd ions and greater
relaxivity due to the availability and higher density of magnetic ions
[25]. However, currently developed Gd-based dual-imaging probes re-
quire a complicated synthesis process to obtain enhanced luminescent
properties and also require surface functionalization to lower their
toxicity, gain the desired zeta potential, and enhance cellular inter-
nalization [26,27]. Gd-based nanomaterials also exhibit limited ex-
citation light harvesting ability and limited wavelengths with sharp
bands [17,26]. Therefore, it is necessary to develop novel Gd-based
nanomaterials with broadband excitation, enhanced luminescence
properties, lower toxicity, and higher cellular internalization, in addi-
tion to carrying the photosensitizing anticancer drugs for photodynamic
therapy (PDT). This is because the PDT is emerging as an alternative to
chemo- and radiotherapy for cancer treatment [28].

RENbO, compounds with a fergusonite monoclinic structure have
attracted attention due to their advantageous physicochemical prop-
erties such as low phonon frequencies, self-activating luminescence,
greater dielectric constants and nonlinear optical properties. Among the
RENDbO, compounds, GANbO, is an essentially inert material in the
visible region under UV light excitation due to the efficient energy
transfer from its NbOg octahedral units to the Gd®* ions. However,
GdNbO;, is still a promising host material for doping with trivalent RE
ions owing to their chemical stabilization and Gd®>* sensitization ef-
fects. Liu et al. [29] studied GANbO,:Ln®>* nanocrystalline phosphors
using a pechini-type sol-gel process for light-emitting diodes and field-
emission display applications. Yang et al. [30] developed GANbO4:Ln®*
single crystals using a high-temperature, high-pressure hydrothermal
reaction for solid-state lighting applications, while the pressure- and
temperature-induced luminescence properties of GANbO4Eu®* were
investigated by Hou et al. [31]. However, all of these investigations
focused on solid-state lighting applications. Even though several studies
have investigated the bioavailability of Gd- and Nb-based oxide nano-
materials, research on the biomedical applications of GANbO,4:RE®* has
yet to be conducted, possibly due to the appearance of intense excita-
tion that is limited to the deep UV region, i.e. UV-C (200-300 nm), and
also because of the lack of a suitable morphology. Indeed, the devel-
opment of an appropriate morphology with a non-toxic nature and that
enhances the absorption of excited photons in the near-UV (NUV) and
visible regions remains a challenge and currently limits the use of
GANbO4RE3* in biomedical applications.

Among different synthesis techniques, the surfactant-free approach
for the synthesis of inorganic nanoparticles has gained abundant in-
terest due to its robust and facile synthesis protocols with nontoxic
solvents, limited organic impurities, virtuous accessibility of the na-
noparticles surface, environmentally friendly, and scale-up potential
[32-37]. Besides, for the development of mesoporous inorganic nano-
particles, organic templates have been used in the surfactant-free
synthesis but the removal of templates using the calcination or chemical
extraction may affect the surface properties of the nanoparticles
[38-40]. Therefore, in this study, we introduce a novel strategy for the
development of mesoporous GANbO4:Eu®>* nanospheroids for use in
biomedical applications via the self-assembly of GANbO,:Eu®** nano-
domains. Ethylenediaminetetraacetic acid (EDTA) plays dual role as a
complexing and capping agent, which inhibits to a certain extent Ost-
wald’s ripening process during the growth stage. The pre-ouzo effect
produces the surfactant-free micelles in the growth solution, and these
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micelles facilitate the self-assembly of EDTA-capped GANbO4Eu®™*
nanodomains to form mesoporous GANbO,:Eu®* nanospheroids. These
mesoporous GANbO,:Eu®* nanospheroids have significant potential for
use in the optical and MRI dual-modal imaging of colon cancer cells.
Photosensitizer chlorin e6 (Ce6) and folic acid (FA-)conjugated
GANbO4:Eu®* nanospheroids (GANbO4:Eu®* @Ce6@FA) are also ex-
amined for their use in PDT in cancer treatment.

2. Experimental
2.1. Synthesis of mesoporous GANbO Eu®* nanospheroids

GdNbO, and Gd.9.05NbO4:0.05Eu®* spheroid like nanostructures
were prepared using the hydrothermal synthesis process that employed
stoichiometric amounts of gadolinium nitrate hexahydrate [Gd
(NO3)36H,0]1, europium nitrate pentahydrate [Eu(NO3)35H,0], nio-
bium chloride (NbCls), and EDTA. For the synthesis, Gd- and Nb-based
solutions were prepared separately. Solution I was prepared by dissol-
ving 0.643 g of GA(NO3)3'6H,0, 0.032 g of Eu(NO3)3-5H,0, and 0.012 g
of EDTA in 65 ml of DI water and heating the solution to 70 °C under
continuous magnetic stirring to form a chelated Gdg.gsEug o5 complex.
Solution II was prepared by dissolving 0.135 g of NbCls in 10 ml of
isopropanol, sonicating for 5 min, and then stirring until a homo-
geneous solution was formed. Solution II was then added dropwise to
Solution I and stirred continuously for 2 h. This milky-white solution
was then transferred to a Teflon liner (120 cm® volume and 60% filling
capacity) and placed into a stainless-steel autoclave. The autoclave was
heated to 250 °C at a rate of 2 °C/min under continuous magnetic
stirring. Once the temperature reached 250 °C, the stirring was stopped.
Finally, the obtained precipitate was separated from the colloidal so-
lution using centrifugation at 6000 rpm for 10 min, washed several
times using ethanol and DI water, and air dried at 80 °C for a day. This
reaction was repeated for different synthesis conditions to monitor the
growth mechanism.

2.2. Conjugation of chlorin e6 (Ce6) with mesoporous GANbO zFu>™*
nanospheroids (GANbO ;:Eu®>* @Ce6)

The conjugation of the Ce6 with mesoporous GANbO4:Eu®* nano-
spheroids was carried out using a standard N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide  hydrochloride (EDC)/N-hydroxysuccinimide
(NHS)-coupling method. A nanocarrier solution was prepared by dis-
persing 0.5 mM GdNbO,:Eu®* nanospheroids in 1 ml PBS. The pho-
tosensitizer solution was prepared by dissolving 0.3 mg of Ce6 in 1 ml
of ethanol, into which equal amounts (40 mg) of EDC and NHC were
added in sequence and the carboxyl group of Ce6 was activated by
mixing with a rotator at 24 rpm for 15 min. The nanoparticle solution
was then added to the Ce6 solution and the GANbO,:Eu®** @Ce6 mix-
ture was reacted for 24 h. The GANbO,:Eu®>* @Ce6 mixture was sub-
sequently dialyzed against 70% ethanol for 48 h (molecular weight cut-
off = 100 kDa).

2.3. Conjugation of folic acid (FA) with GANbO .Eu’>* @Ce6
(GANDBO 2Eu® T @Ce6@FA)

To produce FA-modified GANbO4:Eu®* @Ce6 nanospheroids, 1 mM
of FA was dissolved in 1 ml of dimethyl sulfoxide solution and activated
by mixing it with the 1 mM EDC and 1 mM NHS for 15 min using a
rotation at 24 rpm. Following this, 100 uL of GANbO4:Eu®* @Ce6 so-
lution was added to the activated FA solution and reacted for 24 h to
produce GANbO4Eu®* @Ce6@FA nanospheroids. The
GdNbO4:Eu®** @Ce6@FA nanospheroids were then dialyzed against DI
water for 48 h using a 100 kDa dialysis membrane to remove the un-
reacted FA. After dialysis, GANbO4Eu** @Ce6@FA nanospheroids
were lyophilized and used for experimental analysis.
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Fig. 1. (a) Schematic for the production of the pre-ouzo effect induced GANbO,4 nanospheroids. The DI water and IPA solvent interface effect (total volume of DI
water and IPA = 75 ml) in the formation of GANbO4:Eu®" nanostructures; FE-SEM images show the pre-ouzo effect enabled formation of (b) non-mesoporous
nanoparticles (¢) micelles induced nanodomains self-assembled into nanospheroids, and (d and e) lamellar induced nanoplates self-assembled into layered nanos-

tructures.

3. Results and discussion
3.1. Morphological analysis and growth mechanism

To create the mesoporous GANbO,:Eu®* nanostructures, a number
of hydrothermal experiments were conducted. The final products were
obtained by optimizing different reaction parameters, such as the co-
solvent, the concentration of the capping agent, reaction temperature
and reaction time, based on controlled experiments. Fig. 1a presents a
schematic illustration of the formation of pre-ouzo effect induced me-
soporous GdNbO4:Eu®** nanospheroids. NbCls which decomposes
when mixed with water but is highly soluble in alcohol, was used as the
Nb source. To observe the effect of the solvent interface on the growth
of the GANbO,:Eu®" nanospheroids, experiments were conducted by
varying the ratio of isopropanol and de-ionized (DI) water (total vo-
lume = 75 ml) at an EDTA concentration of 0.012 g, a reaction tem-
perature of 250 °C and time of 15 h. High-resolution field emission
scanning electron microscopy (HR FE-SEM, hereafter referred to simply

as FE-SEM) images and corresponding schematic illustrations are dis-
played in Fig. 1b-e. NbCls was dissolved in isopropanol, where it
formed niobium isopropoxide, a process which can be described by the
following chemical reaction:

NbCls + 5(C;H,0H) — Nb(OC;H;)s + 5HCl

NbCls and isopropanol play key roles in the formation of meso-
porous nanospheroids. After mixing with the aqueous Gd solution, a
ternary system is established and the pre-ouzo effect arises, which al-
lows micelles to form without the use of any surfactant or detergents
and assists in the formation of mesoporous GdNbO4Eu®* nanos-
tructures under high-temperature hydrothermal conditions. The pre-
ouzo effect is an analogy to the ouzo effect, in which the two solvents
must be miscible and the solute should be highly soluble in one solvent
and poorly soluble in the other [41,42]. Here, either NbCls or Nb
(OC3Hy)s is highly soluble in isopropanol but reacts with DI water and
Gd(NO3)3'6H,0 is soluble in both DI water and isopropanol. Therefore,
a milky white emulsion was immediately formed (Fig. 1a) when the Nb
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(OC3Hy)s solution was mixed with the aqueous Gd solution where the
isopropanol assumed not only to act as an interface between the water
and Nb(OC3Hj5)s but also to play a key role as a hydrotrope that med-
iates the solubility of Nb(OC3H;)s.

This emulsion was further treated under hydrothermal conditions
for different ratios of DI water and isopropanol. When the ratio of DI
water and isopropanol was fixed at 70:5 ml:ml, non-mesoporous
GANbO4:Eu®* nanoparticles with non-uniform sizes were observed
(Fig. 1b), indicating that the reaction was not completed. When the
ratio of DI water and isopropanol was set at 65:10, uniform mesoporous
nanospheroids formed (Fig. 1c). Under these conditions, GANbO:Eu®™
nanodomains are clearly visible on the nanospheroids, indicating that a
cooperative assembly process, via the non-directional interaction be-
tween micelles and the GANbO,:Eu®* nanodomains, is the main driving
force in nanospheroid formation. GANbO4:Eu®* nanospheroid forma-
tion based on micellar mediation was inspired by the Schottl et al.’s
[43] research on surfactant-free micellar aggregates. When the ratio of
DI water and isopropanol was changed to 55:20, 45:30, 35:40, and
25:50, the pores of the nanospheroids disappeared and the size of the
particles increased and formed like self-assembled nanoplate layered
nanostructures (Fig. 1d-e and Fig. Sla-b). This change in the nanos-
tructure might be due to an increase in the size of micelles, leading to
the formation of a lamellar phase. These results are in agreement with
the Liu et al.’s [44] report on the formation of mesoporous silica par-
ticles, and Song et al.’s [45] research on the viscosities of binary and
ternary water-alcohol mixtures. When the ratio of water and iso-
propanol was increased to 15:60, GANbO,:Eu®* microparticles were
observed (Fig. Slc), which were formed due to the aggregation of
layered GANbO4:Eu®* nanostructures.

The concentration of the complexing agent EDTA plays a key role in
the growth of mesoporous nanospheroids; therefore, the formation of
GANbO4:Eu®* nanospheroids was also studied as a function of the
EDTA concentration, with all other parameters kept constant (a DI
water and isopropanol ratio of 65:10 ml:ml, a reaction temperature of
250 °C, and a reaction time of 15 h), as shown in Fig. S1d-g. The effect
of EDTA concentration is summerized in Section I of the Supporting
Information. At the optimal EDTA concentration (0.012 g), the
GANbO4:Eu®" nanodomains (~5 nm in size) self-assembled into na-
nospheroid-like nanoparticles (~180 nm in size) with a mesoporous
structure (Fig. 1c and Fig. Sle). The mesoporous nanospheroids were
almost uniform in size and shape. Under these conditions, EDTA ba-
lanced the growth rate by restricting the development of branches in
different directions. The results suggests that at a particular condition,
it is possible to obtain mesoporous GANbO4:Eu®" nanoparticles due to
the pre-ouzo effect.

The reaction temperature and reaction time are also key parameters
in the formation of GANbO,:Eu®" nanospheroids, so the effect of these
two variables was also studied under hydrothermal conditions. First,
experiments were carried with varying reaction temperatures and all
other parameters kept constant (EDTA = 0.012 g, reaction time = 15 h
DI water to isopropanol ratio = 65:10 ml:ml), as shown in Fig. 2 and
Fig. S2. When the reaction temperature was 200 °C, no specific mor-
phology was observed but nanodomains containing irregular blocks
appeared (Fig. 2a), which might be due to the simultaneous chelation
and over-capping effect of EDTA. This EDTA capping restricts the in-
crease in GANbO4Eu®™ particle size, which favors the formation of
nanodomains-assembled nanospheroids at elevated reaction tempera-
tures. When the reaction temperature was increased to 220 °C,
GAdNbO,:Eu®* nanodomains (Fig. 2b) were observed with a crystalline
monoclinic phase because EDTA capping begins to decompose at
220 °C, facilitating the self-assembly of GANbO4:Eu®* nanodomains via
micellar mediation. When the reaction temperature was further in-
creased to 240 °C, uniform nanospheroid-like mesoporous nanoparticles
(Fig. 2c and Fig. S2a) with well-defined monoclinic GANbO:Eu®™"
diffraction peaks (Fig. S3a) were observed, where the EDTA capping
effect weakening gradually and the micelles actively playing a key role
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in the formation of a mesoporous structure. At 250 °C, well-defined
mesoporous GANbO4:Eu®* nanospheroids were formed (Fig. 2d, and
Fig. S2b), along with the appearance of all GANbO4:Eu®* X-ray dif-
fraction (XRD) peaks (Fig. S3a), indicating the presence of optimal
EDTA and micellar effects. However, at 260 °C, the porous nature of the
GANbO4Eu®* nanospheroids disappeared, and lamellar-induced na-
nospheroids with enhanced crystallinity were obtained at 280 °C, as
shown in Fig. 2e and f, and Fig. S2¢ and d. The enhanced crystallinity
and disappearance of the mesoporous nature might be due to the en-
hanced effect of Ostwald’s ripening process at elevated reaction tem-
perature. From the XRD patterns (Fig. S3a), the intensity ratio of the
diffraction peaks at 28.32°/29.79° clearly varies with increasing tem-
perature, indicating that preferential orientation was strongly depen-
dent on the reaction temperature.

HR-TEM image revealed lattice fringes and empty spaces (high-
lighted with circles in Fig. 2g), illustrating the mesoporous nature of the
GdNbO4:Eu®* nanospheroids. Lattice fringes were observed across the
entire nanodomains regions with a uniform spacing of 2.68 10\, in-
dicating the successful formation of GANbO4:Eu®>* composite nanodo-
mains. Fig. 2h presents the SAED pattern, which exhibited bright spots
on the ring pattern, and the d-spacing values were in agreement with
those for the monoclinic phase of GANbO,:Eu®". These results also
support the formation of mesoporous nanospheroids with
GdNbO4:Eu®** nanodomains. To identify the elements present in the
GdNbO4:Eu®* nanospheroids, energy dispersive X-ray spectroscopy
(EDS) was carried out. Fig. 2i shows the EDS spectrum (magnified
image presented in Fig. S2e) for the GANbO5:Eu®* nanospheroids, in-
dicating the presence of Gd, Nd, Eu, C, and O ions and confirming that
the Nb ions had occupied L shells, Gd and Eu had occupied both L and
M shells, and C and O ions had occupied K-shells. Fig. 2j presents the
corresponding color mapping of the elements present in the
GdNbO4:Eu®* nanospheroids.

The effect of reaction time is presented in the Supporting
Information (Fig. S4, Section II in Supporting Information), illustrating
the capping effect of EDTA and simultaneous self-assembly of
GdANbO4Eu®* nanodomains in the formation of mesoporous
GdNbO,:Eu®>* nanospheroids over the course of the reaction time.
Mesoporous GANbO, or GANbO,:Eu®* nanospheroids with an average
particle size of 180 nm were observed to form under the following
growth conditions (a solvent ratio of 65 ml of DI water to 10 ml of
isopropanol, 0.012 g of EDTA, a reaction temperature of 250 °C, and a
reaction time of 15 h). Based on the morphological results, we posit that
the formation mechanism of GANbO4:Eu®* nanospheroids is micelle
formation and nucleation induced by the pre-ouzo effect, the simulta-
neous complexation and capping of the nanodomains, the decomposi-
tion of EDTA capping, the availability of nanodomains for self-assembly
and finally, the self-assembly of nanodomains with micellar mediation
to form GANbO4Eu®* nanospheroids. A schematic diagram of the
growth mechanism is presented in Fig. 1a. Due to their similar ionic
radii and the same oxidation states, pure GANbO4 and GANbO,:Eu®™*
exhibited similar morphologies.

3.2. Structural properties

To examine the structural properties of the synthesized mesoporous
GdNbO,4 nanospheroids, Fourier transform infrared (FTIR), Raman and
X-ray photoelectron spectroscopy (XPS) investigations were conducted.
Fig. 3a presents the transmittance mode FTIR spectrum for the meso-
porous GANbO4Eu®* nanospheroids. The FTIR spectrum exhibited vi-
brational frequencies with band maxima at 3574, 3190, 1580, 1400,
1094, 817, and 652 cm ™ '. A broadband appeared between 2500 and
3800 with band maxima at 3574 and 3190 cm ~ !, which are associated
with H-bonded -OH symmetric stretching vibrations. Nihonyanagi et al.
[46] reported that the splitting of —OH vibrations is due to inter-
molecular or intramolecular couplings. This is also applicable to the
GdNbO,4 nanospheroids because micelles were formed due to the pre-
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Fig. 2. FE-SEM and TEM images and corresponding schematics showing the effect of reaction temperature on the formation of GANbO,4 nanospheroids (a) 200 °C, (b)
220 °C, (c) 240 °C, (d) 250 °C, (e) 260 °C and (f) 280 °C (inset scale bar = 50 nm). (g) HR-TEM image, (h) SAED pattern and (i & j) EDS and corresponding color

mappings of Gd, Eu, Nb, and O.

ouzo effect in the interaction between water and niobiumisopropoxide/
isopropanol, where intermolecular couplings formed. The peak with a
maximum frequency at 1580 cm ™! is attributed to the —COO co-
ordinated asymmetric stretching vibrational band, which indicates
EDTA chelation between Gd and Nb ions. The peaks with maxima at
1400 and 1094 cm ™ are related to the symmetric stretching vibrations
of —COO and —CO, respectively. The broad band between 500 and
900 cm ! exhibited two band maxima at 817 and 652 cm ™!, which are
related to the O—Nb—O bridge and Nb—O stretching vibrations, re-
spectively. To verify the effect of EDTA, the FTIR spectra were mea-
sured as a function of reaction temperature (Fig. S3b). The decrease in
the vibrational band intensities between 1000 and 1800 cm ™' with
increasing reaction temperature confirmed the decomposition of EDTA.

Fig. 3b shows the Raman spectrum of the mesoporous
GANbO4:Eu®* nanospheroids. The spectrum exhibits Raman-active
modes at 106, 170, 232, 332, 417, 453, 638, 691 and 800 cm ~'. When
compared to earlier reports [30,31], the peaks were all broader and
some peaks (106, 170 and 800 cm ') were red-shifted, indicating the
presence of nanodomains within the nanospheroids. Due to the effect of
these nanodomains, the theoretically predicted 18 Raman-active modes
were not well differentiated. However, the symmetric (v; and v,) and
antisymmetric (v3 and v4) vibrational modes of fergusonite-structured
monoclinic GANbO4Eu®* were observed in the Raman spectrum. The
Raman bands appearing at 800 and 332 cm ™! belong to the v; and v,
modes, respectively, of the Nb—O vibrational in the NbO, tetrahedral
structure. The v; and v, vibrational modes of Nb—O appeared at 638
and 417 cm ™!, respectively.

The chemical composition and oxidation states of the mesoporous
GdNbO4:Eu®* nanospheroids were further observed using XPS analysis.
The XPS survey of GANbO4Eu®* (Fig. S5), indicating the presence of

Gd, Eu, Nb, O and C. Fig. 3c shows the high-resolution Gd 4d spectrum,
and peaks at binding energies of 140.5, 143.1, and 147.7 eV, which
were assigned to Gd/Eu 4d, Gd 4ds,,, and Gd 4ds,,, respectively, within
the GANbO,:Eu®" compound. The inset of Fig. 3c presents the high-
resolution Eu 3d spectrum with the peak closely fitting a binding energy
of 1134.5 eV, which can be ascribed to Eu 3ds,». The appearance of Eu
4d and Eu 3ds,, confirmed the doping of Eu®* ions at Gd®* sites. Si-
milarly, Nb ions in GANbO4:Eu®* exhibited an Nb 3d spectrum of Nb
3ds,2, Nb 3ds,», and Nb 3ds,, at 206.4, 207.2, and 209.3 eV, respec-
tively, with Nb>* and Nb** oxidations states (Fig. 3d). Fig. 3e presents
the high-resolution O 1s spectrum, which was de-convolved into several
peaks at binding energies of 529.1, 529.6, 530.2, 531.3, 532.1, and
532.6 eV. These results further confirmed the successful formation of
GANbOEu®™.

The specific surface area and pore size distribution of the
GdNbO4:Eu®* nanospheroids were observed by measuring the corre-
sponding Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) curves (Fig. 3f). N, adsorption and desorption curves confirmed a
type IV isotherm with an H4 hysteresis loop, supporting the meso-
porous nature of the particles [47]. The specific surface area (from BET
analysis) and the average pore diameter (using the BJH method) of the
GdNbO,:Eu®* nanospheroids were found to be around 34.4 m?/g and
9.3 nm, respectively.

3.3. Photoluminescence properties

Fig. 4a and c show the photoluminescence (PL) excitation and
emission spectra of GANbO, nanospheroids, respectively. The PL ex-
citation and emission spectra exhibited broadband excitation and
emission between the regions of 200-500 nm and 400-650 nm,
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respectively. For clarity, the PL excitation spectrum was de-convolved
using Gaussian fitting, leading to two intense bands with band maxima
at 346 and 410 nm and one weak band with a band maximum at
294 nm (Fig. 4a). The excitation band with a band maximum at 294 nm
was due to the typical 0>~ — Nb®* ligand to metal charge transfer
transition (LMCT), which is similar to earlier reports, in which LMCT
band was observed between 200 and 300 nm [29,30,48,49]. Liu et al.
[29] reported a comparison of LMCT intensities between bulk and na-
nocrystalline GANbO, host lattices and concluded that LMCT intensity
depends on the crystallinity, the size of the particles, and the number of
surface defects. All of these studies reported an excitation spectrum
between 200 and 310 nm but not in the NUV (315-400 nm) and visible
regions. In contrast, the GANbO, nanospheroids in the present study
exhibited intense broadband excitations in the NUV and visible regions.
The PL excitation spectra as a function of emission wavelength are
presented in Fig. S6a and b, and exhibited similar excitation bands
except their intensities. According to Blasse et al. [50], the angle be-
tween Nb—O—Nb plays a key role in deciding the position of excitation
bands. If the angle of Nb—O—Nb increases (Fig. 4b), the excitation band
maximum appears at a lower energy level due to the strong delocali-
zation of electronic wavefunctions, which results in the broadening of
energy bands. Fulle et al. [51] reported that fergusonite-type RENbO4
exhibits a three-dimensional framework with irregular NbOg and REOg
units. In both units the Nb and RE ions occupy 4e Wycoff positions with
two-fold symmetry. Nb ions in the 4e Wycoff position bond with six
oxygen atoms with four shorter and two longer bond lengths. The two
longer bonds in NbOg octahedra show significant variation with a
change in the RE ion, meaning that the bond lengths of Nb—O depend
on the ionic radius and position of the RE ions. The observation that the
variation in bond length influences the bond angle of Nb—O—Nb can
also be applied to nanoparticles. In the GdANbO, nanospheroids, the
nanospheroid was developed via the self-assembly of GdNbO,4 nano-
domains, in which the local distortion between the NbOg octahedrons
might occur, resulting in an increase in the Nb—O—Nb bond angle. To

examine this, the unit cell parameters were calculated for the XRD
patterns of GANbO,4 nanospheroids, and the obtained lattice constants
were a = 5.409 A, b = 11.088 A, ¢ = 4.605 A, B = 87.677°, and
V = 276.215 A%, The lattice parameters from the reference JCPDS card
(#022-1104) are a = 5369 A, b = 11.090 A, ¢ = 5.105 A,
B = 94.550°, and V = 303.010 A% It is thus clear that the unit cell
volume of the GANbO,4 nanospheroids decreases due to the decrease in
the lattice constant c, indicating that lattice distortion occurred in the c-
direction. The decrease in length in the c-direction is greater when
compared to the increase in length in the a-, and b- directions, resulting
in a greater bond angle in Nb—O—Nb.

The PL emissions of the GANbO,4 nanospheroids (Fig. 4c) also ex-
hibited different properties compared to previously reported GANbO,4
emission spectra, where broadband emissions were observed in the
visible region between 400 and 600 nm with a band maximum at
around 440 nm. For the GANbO,4 nanospheroids, the broadband emis-
sions had band maxima at 440, 483 and 522 nm. The appearance of
additional peaks at 483 and 522 nm is due to the GANbO, nanodo-
mains. Similar emission properties were reproduced even with different
excitation wavelengths (Fig. S6¢).

The PL excitation and emission of GANbO,:Eu®* is presented in
Fig. 4d and e. Fig. 4d shows the excitation spectrum of GANbO4:Eu®*,
which exhibited a broadband with a band maximum at 273 nm along
with f-f transitions at 361 nm ("Fo — °D,), 381 nm ("Fy — °G,), 394 nm
("Fo — °Lg), 415 nm ("F; — °D3) and 464 nm ("Fy — °D,). The de-
convolved PL excitation spectra clearly displayed broad bands with
band maxima at 257, 294 and 366 nm. The excitation band with a band
maximum at 257 nm was due to the charge transfer from the com-
pletely filled 2p orbitals of O?~ ions to the partially filled 4f orbitals of
Eu®" ions, which is also known as the charge transfer band (CTB). The
other two broad bands related to the LMCT and the presence of nano-
domains in the GANbO4:Eu®* nanospheroids. Interestingly, the in-
tensity of the LMCT in the GANbO,:Eu®>* nanospheroids increased
compared to the host GANbO, which might be due to the overlap of the
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Fig. 4. Photoluminescence properties of mesoporous GANbO, and GANbO4:Eu®* nanospheroids. (a) Excitation spectrum, (b) Nb-O octahedral crystal structure and
(c) emission spectrum of GdANbO,4 nanospheroids. (d) Excitation and (e) emission spectra of GdNb04:Eu3+ nanospheroids along with (f) the decay curve.

CTB and LMCT. In addition, the band maximum shifted from 346 to
366 nm, which may be due to the merging of the 346 and 410 nm
excitation bands. The increase in LMCT intensity and the merging of the
two bands were assumed to facilitate the efficient energy transfer from
the CTB to the lower energy levels, such as the f-f transitions, of the
Eu®* ions via the LMCT and merged nanodomain band. In the litera-
ture, nanocrystalline or bulk GANbO,:Eu®* phosphors have been re-
ported to exhibit an intense CTB between 200 and 300 nm and very
poor f-f transitions in the NUV region [29,30,52]. Therefore, the ex-
cellent excitation properties in the NUV and visible regions, which are
useful for biomedical applications, are advantageous features of the
GANbO4:Eu®* nanospheroids in this study. The intense excitation
bands exhibited by GANbO4:Eu®" in the UV, NUV, and visible regions
raise the possibility of multifunctional applications, such as solid-state
lighting, photocatalytic, and biomedical applications. In particular,
NUV and visible excitations are suitable for biomedical applications.
Fig. 4e shows the PL emission spectra of the GANbO,:Eu®* nano-
spheroids as a function of excitation wavelength. At different excita-
tions, the spectra exhibited similar emission bands in the red region
(except for their intensity) due to intra-configurational f-f transitions of
5Dy — 7Fy, ®Dg — "F,, °Dy — "F3, and °Dy — “F, at 592, 613, 655 and
705 nm, respectively. In addition, for 273 and 393 nm excitations, the
spectra exhibited a weak broadband emission with a band maximum at
440 nm, which is related to the NbO,*> group, but nanodomain emis-
sions were completely suppressed with a doping of 5 mol% Eu>* ions in
the GANbO, host lattice (Fig. S6d), indicating efficient energy transfer
from the GANbO,4 nanodomain host to Eu®* ions. Of the f-f transitions
appearing in the emission spectra of the GANbO4:Eu>* nanospheroids,
the hypersensitive transition D, — ’F, displayed more intense

emissions than did other transitions. In particular, the asymmetry ratio
of the hypersensitive to magnetic dipole (°Dg — “F,/°Dy — ’F;) tran-
sitions indicates the lack of inversion symmetry of Eu®* ions in the
GdNbO,4 nanospheroids and confirmed the presence of an REOg unit
with two-fold rotational symmetry similar to a NbOg unit occupying the
4e crystallographic site [51].

The decay curve of GANbO4:Eu®*, which was measured via ex-
citation 393 nm and monitoring the emission wavelength at 613 nm, is
presented in Fig. 4f. The decay curve closely fit the bi-exponential [I
) = Ip + Azexp(—t/t 1) + Azexp(—t/z )] function, where I, and I
denote the luminescence intensity at time zero and t, respectively, 7 ;
and 7 , are the short and long lifetimes, respectively, and A; and A, are
the constants. The calculated 7z; and 7, values were 282 and 1000 s,
respectively. Liu et al. [29] reported that the decay curve of
GdNbO4:Eu®* phosphor closely fit a single exponential function when
measured under an excitation of 261 nm, and Yang et al. [30] also
reported a single exponential function for GANbO,Eu®* under a
306 nm excitation. Both reports are based on nanocrystalline phos-
phors. For the GANbO4:Eu®* nanospheroids, in the present study, the
decay curve fit a bi-exponential function well, indicating efficient en-
ergy transfer from the NbOg octahedral units to the Eu>* ions. Based on
the PL properties, we suggest that the pre-ouzo effect induced self-as-
sembly of nanodomains into GANbO,:Eu®>* nanospheroids facilitates
the energy transfer between the NbOg octahedral units and Eu®* ions.
The present study represent the first to report on GdANbO, and GANbO,
sensitized luminescence properties.
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weighted MRI images and (d) longitudinal relaxation times of mesoporous GANbO, and GANbO4:Eu>* nanospheroids at different Gd*>* ion concentrations.

3.4. Magnetic properties

To understand the magnetic behavior, such as magnetization and
susceptibility, of the GANbO, and GANbOEu®™ nanospheroids, room
temperature super-conducting quantum interface device (SQUID) ana-
lysis was conducted as a function of the applied magnetic field.
Magnetization was obtained by measuring the magnetic moment per
unit mass. Fig. 5a and b shows the variation in the magnetic moment
and magnetization of the GANbO, and GANbO:Eu®* nanospheroids as
a function of the applied magnetic field. The GANbO,4 nanospheroids
with and without Eu®* ions exhibited paramagnetic behavior with zero
coercivity and remanent magnetization suggesting the absence of hys-
teresis. Magnetization was linearly dependent on the magnetic field,
which indicated that there was a single paramagnetic phase at room
temperature (Fig. 5b). There was no significant difference observed in
the magnetization of GANbO, and GANbO4:Eu®* nanospheroids due to
the absence of ferromagnetic impurities in both samples. The magnetic
behavior of both samples mainly originated from unpaired f-electrons
of lanthanide ions. In addition, the susceptibilities of GdANbO, and
GdNbO4:Eu®* nanospheroids, which were evaluated from magnetiza-
tion vs. applied magnetic field data, were 8.09 x 10 emu g~! Oe’!
and 8.21 x 10 emu g~ ! Oe’, respectively. The paramagnetic beha-
vior of the GANbO, and GANbO4:Eu®>* nanospheroids indicates their
feasibility for use in MRI imaging for medical diagnosis.

3.5. Multimodal bioimaging and photodynamic therapy

Hydrodynamic particle size and zeta potential are influential factors
for successful biomedical applications. Dynamic Light Scattering (DLS)
analysis was conducted without surface modification of GANbO4:Eu>*
nanospheroids and the results are presented in Fig. S7a-d (Section III,

Supporting Information). Hydrodynamic size and zeta potential of
GdNbO,:Eu®* nanospheroids were confirmed to be of a uniform shape
with favorable dispersion and stability in DI water and Dulbecco’s
Modified Eagle Medium (DMEM) cell culture media. To examine the
feasibility of GANbO4:Eu®>" nanospheroids for use in biomedical ap-
plications, dual-modal imaging involving MRI and optical imaging was
conducted. Because of the availability of Gd®>* ions in the mesoporous
GdNbO4 and GANbO4Eu®* nanospheroids, the synthesized meso-
porous particles act as T1 MRI contrast agents. To assess the MRI per-
formance of mesoporous GANbO, and GANbO4:Eu®* nanospheroids,
the MRI signals from the solution were examined as a function of Gd®™*
ion concentration, and the resulting images are presented in Fig. 5c.
The longitudinal (1/T1) relaxation time of the mesoporous GANbO, and
GdNbO4:Eu®* nanospheroids was plotted against Gd** ion con-
centration (Fig. 5d). The MRI T1 weighted signals increased linearly
with an increasing concentration of Gd** ions. The specific relaxivity
(r1) was calculated based on the relationship between longitudinal re-
laxation time and Gd concentration (from 0.05 to 0.5 mM, Fig. 5d); r;
was found to be 1.598 mM ! s™! and 1.326 mM ™! s~ for the meso-
porous GANbO, and GANbO4:Eu®* nanospheroids, respectively. The
higher r; of GANbO, compared to the GANbO4:Eu®" nanospheroids
might be due to the efficient exchange of Gd** ions with the sur-
rounding water protons [53]. The obtained r; values were similar or
better than those reported for NaGdF4Er®*, Yb®'/NaGdF,,
CaF,:Gd,Er,Yb and CaF,:Gd,Er,Tm nanoparticles [54,55].

HCT116 and SW680 cell lines were used to examine the optical
imaging capability of the GANbO,:Eu®" nanospheroids. The penetra-
tion capability of the GANbO,:Eu®* nanospheroids with HCT116 and
SW680 cells was examined using fluorescence-assisted cell sorting
(FACS) analysis, which is a specialized form of flow cytometry. Fig. 6a
and b presents FACS histograms for the HCT116 and SW680 cell lines
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(the blue arrows indicate the vesicles).

with and without GANbO4:Eu®* nanospheroids staining, respectively. It
can be observed that the histogram for the GANbO4:Eu®* nanospheroid
stained HCT116 and SW680 cells had more highly intense FITC regions
as compared to the control, indicating good penetration capability.
Further, XTT assays were used to investigate the cytotoxicity of
GdNbO, and GANbO4:Eu®* nanospheroids stained COS7, HCT116 and
SW680 cells. Fig. S8 and Fig. 6¢ presents the XTT assay results, which
shows that the viabilities of non-cancerous COS7 and cancerous
HCT116 and SW680 cells were good for the tested GANbO, and
GdNbO4:Eu®* nanospheroid concentration range of up to 100 ug/ml,
indicating that GANbO4 and GANbO4:Eu®* nanospheroids are suitably
biocompatible.

To further confirm the localization of the GANbO4:Eu®™ nano-
spheroids within the HCT116 and SW680 cells, in vitro fluorescence
microscopy analysis was performed. Fig. 6d and e presents DAPI-alone
and GANbO4:Eu®>* nanospheroid/DAPI merged confocal microscope
images confirming that the GANbO,:Eu®* nanospheroids emitted a
significantly brighter red color from both the cytoplasm and nucleo-
plasm of the cells. The red emissions from the cytoplasm and nucleo-
plasm indicates the effective potential uptake of GANbO,:Eu®* nano-
spheroids by cancer cells. To understand the reasons for the cell
localization of the nanospheroids, the GANbO,:Eu®* nanospheroids
were calcined at 300 and 400 °C for 5 h. With increasing calcination
temperature of GANbO4:Eu®* nanospheroids, the confocal microscope
images (Fig. S9a and b) displayed weaker red emissions from calcined
GdNbO4:Eu®* nanospheroid stained cells and almost no emission using
400 °C calcined samples, indicating that the localization of calcined
GdNbO,:Eu®* nanospheroids in the cancer cells decreased as the cal-
cination temperature increased. The same phenomenon was observed
in FACS analyses of both HCT116 and SW680 cell lines, where the shift
of calcined GANbO4:Eu®** nanospheroids stained samples decreased
when increasing calcination temperature and no shift was observed for
the stained cells with the 400 °C calcined sample (Fig. S9c and d,
Supporting Information). The FACS histograms and confocal micro-
scope images display the same results, indicating that the hydrophilic
nature of the GANbO4Eu®* nanospheroids gradually changes to a

hydrophobic nature. This hydrophobic behavior was due to the loss of
the —OH, —CO, and —COO surface functional groups of GANbO,:Eu®*
nanospheroids with increasing the calcination temperature.

In addition to the above observations, the uptake of GANbO:Eu>*
nanospheroids by cancer cells was further confirmed by bio-TEM ana-
lysis (Fig. 6f). After incubation with GANbO4Eu®* nanospheroids, ve-
sicles formed in the cytoplasm. The nanospheroids were found in both
the vesicles and the cytosol in the cytoplasm and the morphology of the
nanospheroids did not change, indicating that the nanospheroids were
phagocytized by the HCT116 cells via endocytosis. These results are in
good agreement with the FACS and confocal imaging analyses.

We further explored the antitumor activity of GANbO4:Eu®** @Ce6@
FA in PDT. The conjugation of Ce6 and FA with GANbO4:Eu®>* nano-
spheroids was carried out via an EDC-NHS-activated condensation re-
action and confirmed using TEM and FTIR analyses. TEM images clearly
showed the conjugation of Ce6 (Fig. 7a) and both Ce6 and FA with the
GANbO:Eu®™ nanospheroids (Fig. 7b). A schematic illustration of the
conjugations process is presented in Fig. 7c. Compared to the
GdANbO4Eu®* nanospheroids, the FTIR spectra (Fig. 7d) of
GANbO,:Eu®* @Ce6 and GANbO4:Eu® " @Ce6@FA exhibited additional
vibration modes for N—H, COOH, and C=0 at 1495, 1613, and
1652 cm ™7, respectively, indicating the successful conjugation of Ce6
and FA with the GANbO,:Eu®* nanospheroids. COS7 and HCT116 cells
were treated with different doses of GANbO4:Eu®* @Ce6@FA nano-
spheroids and incubated for 24 h. PDT was conducted via irradiating
with and without 671 nm wavelength laser light for 10 min. After ir-
radiating with light, the cells were incubated for 24 h and XTT assays
were conducted. Without laser irradiation, GANbO4:Eu®* @Ce6@FA
nanospheroids did not show any effect on the non-cancerous COS7
cells, whereas, after laser irradiation the survival rate was about 87%
when treated with 100 pg/ml (Fig. S10), indicating that no obvious
toxicity to the normal cells. As shown in Fig. 7e, without irradiation,
cell viability was about 86% when treated with 100 pg/ml of
GANbO,:Eu® " @Ce6@FA nanospheroids, while after irradiation with
671 nm light, the cell survival rate was about 5%. The higher photo-
induced cytotoxicity was due to the singlet oxygen (*O,) generated by
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Fig. 7. (a) TEM images of Ce6 conjugated GANbO4:Eu®" nanospheroids, (b) TEM images of FA conjugated GANbO4:Eu® " @Ce6 nanospheroids, (c) schematic of the
Ceb6 and FA conjugation process, (d) FTIR spectra of FA, Ce6, GANbO,:Eu®* @Ce6, and GANbO4:Eu®* @Ce6@FA, (e) XTT assays, and (f) PDT mechanisms.

the photosensitizer Ce6 from the GANbO4Eu®**@Ce6@FA nano-
spheroids. Based on the observed results, the PDT mechanism is illu-
strated in Fig. 7f. The PDT results confirmed that the mesoporous
GdNbO,:Eu®* nanospheroids are promising carriers of photosensitizers
in PDT. Therefore, the pre-ouzo effect induced mesoporous
GdNbO,:Eu®* nanospheroids could be potential theragnostic agents for
integrated cancer diagnosis and therapy.

4. Conclusion

The successful synthesis of mesoporous GdNbO4Eu®* nano-
spheroids by the self-assembly of GANbO4:Eu®* nanodomains with si-
multaneous surface functionalization via a pre-ouzo effect induced
hydrothermal reaction process was reported. The XRD patterns con-
firmed that the nanospheroids had a fergusonite structure. The forma-
tion of the surfactant-free micelles, the simultaneous complexation and
capping effect of EDTA, and micelle-mediated self-assembly of the na-
nodomains were investigated by varying synthesis parameters, in-
cluding the ratio of co-solvents, the concentration of EDTA, the reaction
temperature, and the reaction time. FTIR spectra revealed that the

10

surface of the GANbO, and GANbO,:Eu®" nanospheroids were func-
tionalized with —OH, —CO and —COO functional groups, which en-
hanced their colloidal stability. The Raman spectrum displayed the
characteristic vibrational modes of the GdNbO, nanospheroids and
confirmed the existence of GANbO, nanodomains within the meso-
porous GANbO,4 nanospheroids. When nanodomains were excited with
a 346 nm wavelength, the mesoporous GdNbO, nanospheroids ex-
hibited strong emissions in the visible region. The broadband excitation
facilitated the energy transfer from the NbOg octahedra to the Eu®*
ions in the GANbO4 host lattice, which enhanced the red emission in-
tensity under UV, NUV, and visible excitations. Magnetic measurements
confirmed their paramagnetic nature, and FACS analysis established the
high cellular internalization of the synthesized nanospheroids in
HCT116 and SW680 colon cancer cells. This result was further con-
firmed with confocal microscope images, which displayed intense red
emission from both the cytoplasm and nucleoplasm. The GANbO, and
GdNbO4:Eu®* nanospheroids also produced high contrast T1 MRI. PDT
analysis subsequently confirmed that the mesoporous GANbO:Eu®*
nanospheroids are potential carriers of photosensitizers. In conclusion,
the obtained results suggest that mesoporous GANbO4Eu®*
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nanospheroids are promising nanoprobes for multimodal bioimaging
and PDT.
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