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Abstract

Multimodal imaging is advantageous in overcoming the deficiencies of individual imaging modalities. Herein,
small, monodisperse and water-dispersible NaGdF,: Ln (Ln = Eu, Tb, Dy) Nano Crystals (NCs) were successfully
prepared in a facile manner by one-pot microwave-assisted solvothermal reaction in ethylene glycol. The
morphology, size distribution, zeta potential, and crystal structure of the resulting NCs were well characterised by
transmission electron microscopy, Nano-ZS90 Zetasizer, and X-ray diffraction analyses. These as-synthesised
NaGdF,: Ln (Ln = Eu, Tb, Dy) NCs exhibited a low cytotoxicity for Hela and C9H2 cells. Moreover, the doping
concentrations of Eu®*, Tb*, and Dy* ions were optimised for efficient Photoluminescence (PL) under the
excitation of 273 nm in water. Furthermore, these NCs exhibited excellent relaxivity parameters (r,) in Magnetic
Resonance (MR) imaging and Hounsfield units in X-ray Computed Tomography (CT) imaging in vitro. Therefore,
these NCs have great potential to construct a unique platform for PL/CT/MR multimodal imaging simultaneously.

Introduction

Frequently used imaging techniques in clinical practice include ultrasound, Photoluminescence
(PL), Magnetic resonance (MR), and X-ray Computed Tomography (CT) [1-4]. However, each
modality imaging technique is often restricted by its nature. For example, PL imaging has excellent
sensitivity, but is often restricted by the depth of penetration in tissues and organs, and it is difficult
to obtain accurate anatomical and physiological information. In contrast, ultrasound, CT, and MR
imaging techniques have a low sensitivity, but their high spatial resolution can provide exceptional
three-dimensional (3D) anatomical information of organs and tissues [5,6]. Therefore, multimodal
imaging by combining two or more complementary imaging modalities into one system has
attracted much attention, offering a synergistic improvement of diagnostic ability over a single
imaging modality.

Several multimodal imaging probes have been developed to facilitate the real-time assessment
of pathways and mechanisms in vivo for improved diagnostic efficacy [7,8]. These complementary
multimodal imaging techniques provide a high spatial resolution and high sensitivity. However,
multifunctional materials suffer from large sizes, complex structures, and time-consuming
multistep preparation methods. Therefore, it is necessary to design and develop various optimal
nanostructures to balance low cost, high performance, and multiple functions.

In the recent years, lanthanide (Ln**)-doped PL nanocrystals (NCs) have attracted much interest
owing to their fascinating optical properties including large Stokes shifts, sharp emission bands,
long fluorescence lifetimes, and high resistance to photobleaching and photochemical degradation
[9-11]. The Ln**-doped PL materials have been investigated for diverse applications in various fields
such as displays, lighting, lasers, optical amplifiers, biological labels, and biological imaging [12-16].
The choice of a suitable host matrix is of great significance in designing efficient Ln**-doped PL
materials. Among various rare-earth compounds, fluorides are ideal host candidates owing to close
lattice matches to dopant ions for a high Ln** solubility, low phonon frequencies, high quantum
efficiency, and good thermal stability [17,18]. Among these, NaGdF, NCs are considered as an
excellent PL host matrix for various optically active Ln** [19,20]. Moreover, Gd** has seven unpaired
electrons that can efficiently alter the spin-spin relaxation time of surrounding water protons
[14,21,22]. Therefore, Gd**-containing materials have been developed as potential Tl-weighted MR
imaging contrast agents for biomedical applications [23,24]. Generally, T, contrast agent with a
bright signal is more desirable than T, contrast agent with a dark signal, because the intrinsic dark
signal in T -weighted MR imaging can mislead the clinical diagnosis [25,26]. Furthermore, Ln**
elements have intrinsic advantages for CT imaging owing to a higher X-ray absorption efficiency.
To sum up, this special characteristic of Ln**-doped NaGdF, NCs makes them suitable for efficient
PL/CT/ /MR multimodal imaging.
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Various methods have been used to prepare Ln**-doped NaGdF,
NCs, including hydrothermal method, thermal decomposition,
chemical precipitation, solvothermal synthesis, and microwave-
assisted hydrothermal synthesis [18,27-30]. So far, the thermal
decomposition method has been regarded as the most successful
method to prepare monodisperse Ln’*-doped NaGdF, NCs with
uniform morphology and small size [4,31]. However, this method
has some drawbacks such as rigorous experimental conditions and
hazardous precursors. Particularly, complex surface modification
processesare necessary to convert the as-synthesised hydrophobic NCs
into hydrophilic NCs. One-pot hydrothermal methods have also been
widely used to synthesize Ln**-doped NaGdF, NCs [32-35]. Although
hydrothermal methods are efficient for controlling the morphology
of products and improving their purity and crystallization, they are
usually time-consuming and afford hexagonal rods with low yields.

Herein, a simple but effective method is reported for synthesizing
small and water-dispersible NaGdF:Ln (Ln = Eu, Tb, Dy) NCs by
a one-pot microwave-assisted solvothermal route in Ethylene Glycol
(EG) with EDTA-2Na as the morphology-controlling agent. The
polar EG not only serves as the reaction solvent, but also acts as the
surface-capping agent to prevent the growth of nanoparticles. The
dopant concentrations were optimised for efficient PL by adjusting
the doping concentrations of Eu*, Tb*, and Dy** ions. The in vitro
cytotoxicity of resulting nanoparticles was assessed by the typical
WST-1 assays using HeLa and C9H2 cells separately. Furthermore,
the MR and CT contrast capacities of the as-synthesised NCs with
different doping concentrations of Eu**, Tb** and Dy** ions were also
investigated.

Experimental Section

Chemicals

Gd (NO,) -6H,0 (99.9%), EuCl -6H,0 (99.9%), Tb (NO,) -6H20
(99.9%), and Dy(NO,),-5H,O (99.9%) were purchased from
Sigma-Aldrich. Ammonium fluoride (NH,F, A.R.) and sodium
hydroxide (NaOH, A.R.) were purchased from Aladdin Reagents.
Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, 99.0%)
was obtained from Tianjin Zhiyuan Chemical Reagent. EG (A.R.) was
purchased from Haotian Chemical Reagent. All the chemicals were
used as received without further purification.

Synthesis of NaGdF,:.Ln (Ln = Eu, Th, Dy) NCs

NaGdF4:x%Eu (x=13,16,19,22), NaGdF4:X%Tb (x=10,13,16,19),
and NaGdF;:x%Dy (x = 1,4,7,10) NCs were prepared by a similar
one-pot microwave-assisted solvothermal reaction with EG as the
solvent. In a typical synthesis of NaGdF4:x%Eu (x = 13,16,19,22),
0.5 mmol (total amount) of rare-earth precursors (0.435 mmolGd
(NO,),-6H,0 + 0.065 mmol EuCl,-6H,0, 0.42 mmolGd (NO,),-6H,0
+0.08 mmol EuCl,-6H,0, 0.405 mmolGd (NO,),-6H,0 + 0.095 mmol
EuCl,-6H,0, 0.39 mmolGd (NO,),-6H,0 + 0.11 mmol EuCl,-6H,0)
was respectively dissolved in EG (28 mL), followed by the addition of
0.093 g EDTA-2Na. The obtained solution was magnetically stirred
at room temperature until a homogeneous solution was obtained.
Then, NaOH (0.05 g) and NH_F (0.074 g) were dissolved in EG (4
mL), and the solution was injected into the reaction mixture under
stirring. The mixture was introduced into a microwave reaction kettle
and heated at 240 °C for 1 h with a power of 800 W in a microwave
hydrothermal reactor (XH-800S, Xianghu Technology). The mixture
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was cooled to room temperature naturally. The product was isolated
by centrifugation at 10,000 rpm for 10 min, washed sequentially with
deionised water and ethanol, and re-dispersed in deionised water (5
mL) to form a transparent colloidal solution.

Instruments and characterization

The TEM images were obtained using a JEOL JEM-2100HR
TEM operating at 200 kV. The XRD patterns were collected using a
Bruker D2 PHASER X-ray diffractometer using CuKa radiation (A =
1.5418 A) with an operating voltage of 30 kV and a current of 10 mA.
The diffraction patterns were collected from 15° to 70° at a speed of
3°min’. The DLS and zeta potential measurements were performed
using a Nano-ZS90 Zetasizer (Malvern, UK) at 25°C. The Cell
viability was assessed by in vitro WST-1 assays in Hela and C9H, cells
separately. The PL spectra were recorded at room temperature using
an Edinburgh steady-state fluorescence spectrometer FLS920 with an
excitation wavelength of 273 nm. The PL digital photographs were
recorded using a Canon D70 camera. The CT imaging was obtained
at 120 kVp voltages using a Philips 260-slice CT scanner (Philips
Medical System). The relaxivity parameters and T -weighted MR
images were recorded using a 0.52 T MR scanner with MiNiMR60-
Analyst (Shanghai Niumag, China).

Cytotoxicity assay in vitro

The cell cytotoxicity of NCs was measured by WST-1 assay. In
brief, HeLa and HIC2 cells were seeded in 96-well plates at a density
of 5x10, per well for 24 h. The cells were treated with a specific
concentration of NaGdF4:l6% Eu, NaGdF4:13% Tb, and NaGdF4:
4% Dy NCs (10 ug mL", 25 pg mL", 50 ug mL", and 100 pg mL")
at 37 °C for 24 h. Then, the cell viability was determined by adding
10 uL WST-1 reagent. The optical densities were read at 450 nm
using a microplate spectrophotometer (Spectra Max 190; Molecular
Devices). The cells cultured without NCs over the same time were
used as the controls. The cell viability was calculated as the percentage
of absorbance of the sample well compared to that of the control well
containing untreated cells.

CT imaging in vitro

To assess the CT contrast efficacy, the in vitro CT imaging was
carried using a Philips 256-slice CT scanner operated at 120 kVp
voltages. A series of aqueous solutions of NaGdF,:16% Eu, NaGdF,:
13% Tb, and NaGdF,:4% Dy NCs at different concentrations (0 mg/
mL, 1.25 mg/mL, 2.5 mg/mL, 5 mg/mL, 10 mg/mL, and 20 mg/
mL) in 2 mL Eppendorf tubes were prepared. The 3D datasets were
reconstructed with a voxel size of 20 um. The CT imaging parameters
are as follows: A slice thickness of 0.9 mm, a pitch of 0.99, 120 kVp,
300 mA, a field of view with 350 mm, a gantry rotation time of 0.5 s, a
table speed of 158.9 mms™. The axial images were reformed to coronal
images using a computational technique known as multiplanar
reconstruction.

T,-weighted MR imaging in vitro

The longitudinal relaxation time T, and corresponding T, -
weighted MR images of NaGdF4:16% Eu, NaGdF4:13% Tb, and
NaGdF 4% Dy NCs at different Gd** concentrations (0 mmol L7,
0.125 mmol L%, 0.25 mmol L, 1 mmol L%, and 2 mmol L!) were
acquired using a MR imaging instrument with 0.52 T magnetic field
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with MiNiMR60-Analyst (Shanghai Niumag, China). The obtained
NCs in water as the contrast agent were placed in a series of 2 mL
centrifuge tubes for T1 measurement. The resulting T, values were
recorded at different Gd** concentrations and plotted as 1/T, (R1) for
NaGdF ,-16% Eu, NaGdF 4:13%Tb, and NaGdF ,:4%Dy NCs; the slopes
of these lines provided the r, values. The T -weighted MR images were
collected using the parameter setting as follows: Echo Time (TE) = 30
ms, Repetition Time (TR) = 4500 ms, SW = 100 Hz, NS = 4, slices =
1, slice thickness = 1 mm.

Results and Discussion

Morphology and size distributions of NaGdF,:.Ln (Ln = Eu,
Th, Dy) NCs

The morphology and sizes of the as-synthesised NaGdF,:Ln
(Ln = Eu, Tb, Dy) NCs were investigated by transmission electron
microscopy (TEM) (Figure 1). NaGdF:16% Eu, NaGdF:13% Tb,
and NaGdF:4% Dy NCs have uniform and almost monodisperse
spherical morphology, and their average sizes measured using image
] software from ~100 collected data were approximately 36 nm, 37
nm, and 35 nm, respectively. Because the ionic radius of Eu**, Tb*,
and Dy*" is similar to that of Gd**, the doped Eu*, Tb**, and Dy**
did not change the morphology and sizes of the as-synthesised NCs.
For the same reason, the dopant concentrations of various Eu**, Tb*,
and Dy’* ions have a negligible effect on the morphology and size
of the as-obtained NaGdF, NCs. The morphology and size of the
as-synthesised NaGdF ,+Ln (Ln = Eu, Tb, Dy) NCs were investigated
(Figures S1-S3). NaGdF, NCs tend to grow into several hundred
nanorods in an aqueous solution. Here, polar EG was used as both
the reaction solvent and surface-capping agent, preventing the
growth of nanoparticles. Dynamic Light Scattering (DLS) analyses
were also carried out to characterize the corresponding aqueous
dispersion of the resultant NCs (Figure S4). The relatively narrow
particle size distributions in water with average hydrodynamic
diameters of approximately 100 nm were consistent with the TEM
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Figure 2: XRD patterns of NaGdF,16% Eu, NaGdF,:13% Tb, and
NaGdF,:4% Dy NCs.

results. Commonly, it is vital to control the size of nanomedicines
(generally <120 nm) for cellular delivery. Therefore, these synthesised
NCs are small enough for bioimaging. EDTA-2Na was used as
the morphology-controlling agent and played a vital role in the
morphology of NCs. EDTA moieties might have attached to the
surface of NCs to help the growth of monodisperse nanoparticles.
Otherwise, NaGdF,:16% Eu NCs without the protection of EDTA-
2Na showed irregular and adhesive morphology (Figure S5).

XRD characterization

The crystal structures of the obtained NaGdF4:l6%Eu,
NaGdF:13%Tb, and NaGdF:4%Dy NCs were studied by X-ray
diffraction (XRD) analysis (Figure 2). All the three samples showed
good crystallinity and similar diffraction peaks. All the identified
diffraction peaks for these samples matched with the standard
hexagonal phase of B-NaGdF, (JCPDS card no. 27-0699). The doped
Eu*, Tb**, and Dy** did not change the crystalline phase, probably
because their ionic radius is approximately equal to that of Gd*.
Moreover, no trace impurity peak was observed in the XRD patterns,
indicating that all the samples are in a single phase in the detectable
range.

Zeta potential characterization

Table 1 shows the corresponding zeta potentials of the as-
obtained NCs. The zeta potentials of NaGdF ,+16% Eu, NaGdF L£13%
Tb, and NaGdF,:4% Dy NCs in water were approximately 42.5 mV,
34.2 mV, and 38.5 mV, respectively, even though their surfaces were
shielded by EG. Their highly positive charge is beneficial to form
stable NC dispersions. These NCs were well dispersed in water,
forming a transparent solution (Figure S6).

Table 1: Zeta potentials of NaGdF,: 16% Eu, NaGdF,:13% Tb, and NaGdF,: 4%
Dy NCs in aqueous solutions.

e

P

RO) ‘

] 40
Size (nm)

Figure 1: TEM images and size distributions of (a,b) NaGdF,:16% Eu, (c,d)
NaGdF,:13% Tb, and (e,f) NaGdF,:4% Dy.
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NCs Zeta potential(mV)*
NaGdF,:16%Eu 425+0.8
NaGdF,:13%Tb 342+19
NaGdF,: 4%Dy 38.5+3.6

*All the values were averaged from three measurements.
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Figure 3: Cell viability of HeLa and H9C2 cells after the culture with (a)
NaGdF,: 16% Eu, (b) NaGdF,: 13% Tb, and (c) NaGdF,: 4% Dy NCs at a
series of concentrations for 24 h.
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Figure 4: Room-temperature emission spectra of (a) NaGdF,: x% Eu (x =
13,16,19,22), (b) NaGdF,: x% Tb (x = 10,13,16,19), and (c) NaGdF,: x% Dy
(x = 1,4,7,10) NCs under the excitation of 273 nm.

doped NaGdF, NCs.

Cytotoxicity assay in vitro

Biocompatibility is the main issue for any biomaterial.
Therefore, the cell cytotoxicityof NaGdF ,:16% Eu, NaGdF +13% Tb,
and NaGdF:4%Dy NCs were quantitatively measured by WST-
1 assays (Figure 3). The HeLa and H9C, cells were selected as the
tumour and normal cell models, respectively. These two types
of cells were incubated in DMEM supplemented with 10% FBS
containing NaGdF,:16%Eu, NaGdF:13%Tb, and NaGdF;:4% Dy
NCs at different concentrations for 24 h. With the increase in NC
concentrations, the cell viability of HeLa and HOC, cells was slightly
reduced. However, the cell viability was higher than 71% under all the
experimental conditions. Therefore, the as-obtained NaGdF :16%Eu,
NaGdF:13%Tb, and NaGdF:4%Dy NCs have biologically low
cytotoxicity in WST-1 analysis in a wide concentration range from
0to 100 pg mL' and exhibit potential for biomedical applications.
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Figure 6: (a) In vitro CT images of NaGdF,:16% Eu, NaGdF,:13% Tb, and
NaGdF,:4% Dy NCs at different concentrations (0,1.25,2.5,5,10,20 mg/mL).
Deionised water (0 mg/mL) was used as the reference. (b) Relaxation rate
HU vs. various NP concentrations at room temperature.
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PL characterization

To optimize the dopant concentrations of Eu®, Tb*, and
Dy** ions for efficient PL, the fluorescence spectra of crystals were
measured at different doping concentrations under the excitation of
273 nm in water (Figure 4). The optimal concentrations of Eu**, Tb*,
and Dy** for efficient PL under 254 nm excitation were 16%, 13%, and
4%, respectively. Below the optimal Ln**-doped concentration, the
relatively low PL intensity can be attributed to the low concentration
of PL active sites. When the Ln**-doped concentration was above the
optimal concentration, the PL intensity decreased gradually. In fact,
the PL quenching with increasing doped Ln** ion concentration is a
typical property of Ln**-doped systems, where the distance between
the neighbouring doped Ln** ions decreases with the increase in the
dopant Ln*" ion concentration. This decrease in the distance between
the doped Ln** ions results in the cross-relaxation among them,
thereby increasing the probability of reduced radiative transition [17].

The PL colours of NaGdF +Eu, NaGdF 4:Tb, and NaGdF Dy
NCs were red, green, and blue-green under the excitation of 273
nm in water, respectively. Based on energy-matching conditions,
the possible energy transfer mechanisms of these NCs are shown in
Figure 5. Three emission bands were clearly observed at 580-595 nm,
~615 nm, and 685-700 nm for NaGdF,: x% Eu (x = 13,16,19,22) NCs
(Figure 4a), corresponding to the transitions from the 5 state to the
7Fj (j = 1,2,4) states of Eu** ion. Among them, the emission band at
~615 nm was the strongest [36,37]. NaGquzx% Tb (x = 10,13,16,19)
NCs had four emission peaks centred at ~490, ~540, ~590, and ~620
nm, respectively, as shown in Figure 4b; they can be attributed to the
characteristic transitions from the 5, state to the 7Fj (J = 6,5,4,3) states
of Tb* ion, respectively [15]. Figure 4c shows the corresponding PL
spectra of NaGdF:x% Dy (x = 1,4,7,10) NCs. The emission peak at

~475 nm can be attributed to the transition from 4, state to 6, .,

Gd (mM) 0
(b) 4

= NaGdF4:16% Eu
* NaGdF4:13% Thb
4 NaGdF4:4% Dy

Y3=1.24X3+1.10

Y =0.88X,+0.95

Yy=1.07X,+0.87

0.0 0.5 1.0 1.5 2.0
Gd3* Concentration (mM)

Figure 7: (a) T,-weighted MR images of NaGdF,;16% Eu (A),
NaGdF,:13% Tb (B), and NaGdF,:4% Dy (C) at various Gd concentrations
(0.125,0.25,0.5,1,2 mM). Deionised water (0 mM) was used as the reference.
(b) Relaxation rate R1 (1/T,) vs. various Gd concentrations of NaGdF,:16%
Eu, NaGdF,:13% Tb, and NaGdF,:4%Dy.
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state, and the relatively most intense emission band at ~575 nm may

have originated from the 4, , > 6, . = transition of Dy** ion [32].

CT imaging experiments in vitro

CT imaging is frequently used as a clinical diagnosis tool, and
Ln’* elements have intrinsic advantages for CT imaging owing to the
higher X-ray absorption efficiency [23]. To assess the CT contrast
efficacy of the obtained NaGdF:16% Eu, NaGdF;:13% Tb, and
NaGdF 4% Dy NCs, in vitro CT imaging was investigated (Figure
6). The signals increased with increasing concentration of NCs, and
NaGdF,:16% Eu NCs had relatively obvious changes in light and
shade (Figure 6a). Subsequently, different concentrations of NCs
were monitored by X-ray CT to determine the value of Hounsfield
unit (HU). A good linear correlation between the HU value and the
concentration of NCs was observed (Figure 6b). The slope of each line
indicates the contrast effect of each sample. The slopes of NaGdF,:16%
Eu, NaGdF4:13% Tb, and NaGdF4:4% Dy were 23.599, 17.175, and
11.156, respectively, consistent with those shown in Figure 6a. At
equivalent concentrations, the slopes were higher than that of clinical
contrast agent iopromide (7.446) [4]. These results show that the as-
prepared NCs are superior to iopromide as CT imaging agents.

MR Imaging experiments in vitro

The contrast capacities of the obtained NaGdF4:16%Eu,
NaGdF 4:13%Tb, and NaGdF 4%Dy NCs were studied at different
Gd* concentrations (0.125-2.0 mM), using deionised water as
the control (Figure 7). The signals gradually turned brighter with
increasing Gd** concentration from 0 to 2 mM (Figure 7a), indicating
that the NCs acted as T -weighted MR imaging contrast agents.
From the linear regression fits of the slope of Gd** concentration-
dependent relaxation rate 1/T), the relaxivity parameters (r,) values
for NaGdF:16% Eu, NaGdF;:13% Tb, and NaGdF;:4% Dy NCs
were calculated to be 0.88 mM'S”, 1.07 mM'S", and 1.24 mM'S’,
respectively (Figure 7b). These results are consistent with the T -
weighted MR image measurements. These NCs with relatively good
MR contrast capacities have great potentials as MR contrast agents
[21,38].

Conclusion

In summary, monodisperse and water-dispersible NaGdF,:Ln (Ln
=Eu, Tb, Dy) NCs with 30-40 nm sizes were successfully prepared in a
facile manner by one-pot microwave-assisted solvothermal reactions
in EG with EDTA-2Na as the capping ligand. These NCs exhibited a
low cytotoxicity for Hela and C/H, cells. The doping concentrations
of Eu**, Tb**, and Dy’* ions were optimised for efficient PL, achieving
strong PL emissions of NaGdF4:16% Eu, NaGdF4:13% Tb, and
NaGdF 4% Dy under the excitation of 273 nm in water. Moreover,
the in vitro MR and CT imaging studies confirm that the as-obtained
NCs exhibited excellent contrast capacities for MR and CT imaging.
Therefore, these small, monodisperse, water dispersible, and less toxic
NaGdF;:Ln (Ln = Eu, Tb, Dy) NCs have simultaneous PL/CT/MR
imaging properties. Thus, they have a great potential for multimodal
diagnosis in biological applications.
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