
OPTOELECTRONICS AND ADVANCED MATERIALS – RAPID COMMUNICATIONS      Vol. 10, No. 9-10, September-October 2016, p. 685 - 688 

 

Simultaneous multimodality molecular imaging with 

neodymium-doped Y3Al5O12 nanoparticles 
 

 

YONGHUA ZHAN
a,#

, 
 
XU CAO

a,#
, XIN CAO

a
, 

 
FEI KANG

c
,
 
JING WANG

c
,
 
JIMIN LINAG

a
, ZHIMIN LI

b,*
,  

XUELI CHEN
a,*

 
a
Engineering Research Center of Molecular and Neuro Imaging of the Ministry of Education & School of Life 

Science and Technology, Xidian University, Xi’an, Shaanxi 710071, China 
b
School of Advanced Materials and Nanotechnology, Xidian University, Xi’an, Shaanxi710071, China 

c
Department of Nuclear Medicine, Xijing Hospital, Fourth Military Medical University, Xi’an, Shaanxi 710032, 

China 
#
These authors contributed equally to this work 

 

 

 

Capturing simultaneously multimodality information using one imaging agent is a new direction of molecular imaging 

technology. In this work, we report a proof-of-concept study that uses trimodality imaging consisting of fluorescence 

imaging (FI), X-ray excited luminescence imaging (XEL), and radionuclide excited luminescence imaging (REL), with the 

injection of only one kind of Nd
3+

:Y3Al5O12 nanoparticles. The spectrum measurements and the results of in vivo pseudo-

tumor based experiments validated the capability of Nd
3+

:Y3Al5O12 nanoparticles as agents for trimodality imaging. This 

proof-of-concept study may open the door for the rapid development of multimodality imaging technology that facilitates the 

acquisition of a large novel information to be simultaneously obtained using one imaging agent and one imaging system. 
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1. Introduction 

 

Neodymium-doped yttrium aluminium garnet 

(Nd
3+

:Y3Al5O12), a vital laser material, has been widely 

used for its good optical properties ever since garnet 

crystals, doped with trivalent rare Nd
3+

 ions, were first 

discovered by Guesic in 1964 [1]. In recent years, 

Nd
3+

:Y3Al5O12 lasers have been applied with remarkable 

success in various industrial fields such as metal 

processing, single crystal synthesis, and medical 

operations, especially in clinical practice [2]. It is worth 

nothing that Nd
3+

:Y3Al5O12 laser has gained a great 

importance in the field of medicine for the excision, 

vaporization, and irradiation of tumors [3]. In addition, it 

also has an impressive ability of stanching the alimentary 

canal and destroy of the gallstones, which proves that the 

Nd
3+

:Y3Al5O12 laser has many advantages and will be a 

very useful tool for surgeons, too [4]. Although it has been 

used widely in the medical field, little is known whether or 

not Nd
3+

:Y3Al5O12 particles can be used for medical 

imaging. 

In this study, we report a proof-of-concept study of 

simultaneously utilizing three types of imaging, 

including fluorescence imaging (FI), X-ray-excited 

luminescence imaging (XEL), and radionuclide-excited 

luminescence imaging (REL), with a single injection of 

Nd
3+

:Y3Al5O12 nanoparticles. First, the Nd
3+

:Y3Al5O12 

nanoparticles were synthesized, and then characterized 

with a scanning electron microscope (SEM) and an X-

ray diffractometer (XRD). Subsequently, the utility of 

Nd
3+

:Y3Al5O12 nanoparticles in the trimodality imaging 

(FI, XEL, and REL) was demonstrated by spectrum 

measurements of the three types of imaging. Finally, the 

feasibility and potential of the Nd
3+

:Y3Al5O12 

nanoparticles-based trimodality imaging were evaluated 

in vivo with a group of pseudo-tumor-based experiments. 

Our findings offer an alternative route for simultaneously 

providing molecular and functional information by FI, 

XEL, and REL signals using an optical imaging device. 

 

 

2. Experimental 

 

2.1. Synthesis of Nd
3+

:Y3Al5O12 

 

The Nd
3+

:Y3Al5O12 nanoparticles were prepared by a 

co-precipitation method [5, 6]. Ammonium aluminum 

sulfate (NH4Al(SO4)2•12H2O, 99.99 %) and yttrium nitrate 

(Y(NO3)3•6H2O, 99.99 %) were dissolved in distilled 

water. Neodymium oxide (Nd2O3, 99.99 %) was dissolved 

in dilute nitric acid. The above solutions were mixed in a 

molar ratio of Y
3+

:Al
3+

:Nd
3+

 = 2.99:5:0.01. Ammonium 

hydrogen carbonate (NH4HCO3) was used as a precipitant 

and dissolved in distilled water. The Y
3+

:Al
3+

:Nd
3+

 starting 
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solution was then dropped into the NH4HCO3 solution at a 

speed of about 2 drops per sec and stirred at 70 ºC. The 

precipitate obtained after filtration was washed with 

distilled water and alcohol. After drying the 

precipitate at 80 ºC for 24 hours in a vacuum dryer, a loose 

precursor was obtained and then calcined at 1000 ºC for 2 

hours. 

 

2.2. Characterization of Nd
3+

:Y3Al5O12 

 

The characterization of Nd
3+

:Y3Al5O12 was measured 

with an X-ray diffractometer (DX-1000, Dandong 

Fangyuan Instrument Co. Ltd., Dandong, China) that was 

used to obtain the crystalline phase of the as-prepared 

powder. The size and morphology of the Nd
3+

:Y3Al5O12 

particles were observed with a scanning electronic 

microscope (SEM; JSM-6360LV, JEOL, Tokyo, Japan). 

 

 

3. Results and discussion 

 

The size and morphology of the Nd
3+

:Y3Al5O12 

particles were observed with SEM and one of the 

representative images is shown in Fig. 1 (a). It can be seen 

that the average size of the particles is about 100 nm, 

presenting a spherical appearance with slight 

agglomeration. Meanwhile, the prepared particles were 

well crystallized. The XRD patterns, describing the 

crystallite phase of Nd
3+

:Y3Al5O12, are presented in Fig. 1 

(b). As can be seen, in the generated powder, there is only 

the Nd
3+

:Y3Al5O12 phase without other impurities. 

 

 
Fig. 1. Characterization of Nd3+:Y3Al5O12. (a) SEM image; (b) XRD patterns 

 

 

To reveal the ability of the Nd
3+

:Y3Al5O12 

nanoparticles to serve as a trimodality imaging agent, the 

spectra of the three types of imaging were recorded when 

excited by near-infrared light, X-rays, and γ-rays, 

respectively. The absorption spectrum of Nd
3+

:Y3Al5O12 

was measured at 850 nm with a UV-VIS-NIR absorption 

spectrophotometer (UV-2450, Shimadzu Corporation, 

Kyoto, Japan). Based on the measured absorption 

spectrum, the fluorescence spectrum of Nd
3+

:Y3Al5O12 

was recorded with a fiber spectrometer (Maya 2000, 

Ocean Optics, Inc., FL, USA), as shown in Fig. 2 (a). The 

XEL spectrum was detected with a homemade dual-

modality imaging system of optical and X-ray computed 

tomography [7], using an X-ray source (Apogee, Oxford 

Instruments, Oxfordshire, UK) to excite Nd
3+

:Y3Al5O12, 

and an EMCCD camera (iXon Ultra 888, Andor 

Technology Ltd., Belfast, UK) coupled with a focus lens 

(Xenon 25 mm f/0.95, Schneider Optics, Inc., CA, USA) 

to acquire the XEL signals. An epoxy epoxide (EP) tube 

containing 1 mg Nd
3+

:Y3Al5O12 was placed within the 

scope of the X-ray beam generated from the X-ray source 

with a voltage of 50 kV and a current of 1 mA, and XEL at 

different spectra were captured using a set of narrow band-

pass filters (spectra range of 500-850 nm with an interval 

of 20 nm and a bandwidth of 10±2 nm, Rayan, China) 

with an EM gain of 1,000 and an exposure time of 10 s. 

The resultant spectrum is shown in Fig. 2 (b). 

To measure the REL spectrum of Nd
3+

:Y3Al5O12 

excited by γ-rays, an EP tube containing 7.4 MBq (200 

µCi) 18F-FDG, with a volume of 200 µL, was used as an 

excitation source. When the other EP tube containing 1 mg 

of Nd
3+

:Y3Al5O12 was placed near the former one, the 

radionuclide-excited luminescence signal at different 

spectra was captured using the same system measuring the 

XEL spectrum, which is demonstrated in Fig. 2 (c). 

Fluorescence spectrum, under the excitation light of 850 

nm, exhibits two apparent peaks around the wavelengths 

of 945 nm and 1,064 nm. Although the emission light 

around these peaks are out of the so-called ideal “optical 

window” [8, 9], they can play a role in some applications. 

Fluorescence spectra can be used for biomedical imaging 

because of the acceptable absorption of water and the low 

absorption of oxyhemoglobin and hemoglobin, which 

facilitates a better penetration depth into tissues. On the 

other hand, Fluorescence spectra may also be used for 

photothermal therapy, especially at wavelengths beyond 
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1,000 nm [10-12]. In addition, the produced thermal 

signals may generate an acoustic wave that can be used for 

photoacoustic imaging [13-15]. Luminescence spectra 

emitted under the bombardment of X-rays and γ-rays 

differ from each other, with the peak wavelength located at 

600 nm for X-ray-excited luminescence imaging and 560 

nm for REL (as shown in Fig. 2 (b) and  (c)), which 

exhibits different characteristics as compared with other 

rare-earth nanoparticles, such as Gd2O2S:Tb [16-17]. This 

feature may provide a perfect alternative to simultaneous 

imaging of positron emission tomography (PET) and 

computed tomography (CT), because the XEL and REL 

may be regarded as providing equivalent information of 

CT and PET images, respectively. In the traditional dual-

modality PET-CT imaging, simultaneous imaging can 

hardly be achieved because the PET detector is most likely 

damaged by X-ray bombardment. Thus, using the multi-

channel signal detection instrument in which narrow band-

pass filters with different central wavelengths are equipped, 

the XEL and REL can be acquired simultaneously and 

separately. 

 

 

 

Fig. 2. Emission spectrum of the Nd3+:Y3Al5O12. (a) Fluorescence spectrum excited by 850 nm light; (b) X-ray-excited 

luminescence spectrum; (c) Radionuclide-excited luminescence spectrum 

 

 

To verify the in vivo imaging capacity of 

Nd
3+

:Y3Al5O12 nanoparticles as trimodality imaging agents, 

a subcutaneous pseudo tumor model-based animal 

experiment was conducted, which was accomplished 

according to previous studies [18]. The pseudo tumor was 

formed in the back of mouse by subcutaneously injecting 

the mixture of 1 mg Nd
3+

:Y3Al5O12 and 20 µL of liquid 

agarose. First, we used a near infrared light beam of 850 

nm wavelength to illuminate the mouse. A band-pass filter 

with a central wavelength of 1,064 nm and a bandwidth of 

10 ± 2 nm was used to smooth the emitted fluorescent 

signals and the fluorescence image was acquired. The 

CCD camera worked with the electron multiplying (EM) 

gain of 1 and exposure time of 2 s. Secondly, the X-ray 

was used as the excitation source, and the CCD camera 

coupled with a focus lens was used to capture the XEL 

signals with an EM gain of 1,000 and exposure time of 1 s. 

Considering that the X-rays have little influence on the 

XEL image, no filter was adopted in this imaging 

experiment. Finally, the REL image was also captured half 

an hour following the injection of 100 µL of 3.7 MBq (100 

µCi) 18F-FDG into the tail vein. For the same reason, 

there was no filter used when the CCD camera collected 

the REL signals. The EM gain and exposure time were set 

as 1,000 and 60 s, respectively for the CCD camera. The 

acquired images for FI, XEL, and REL imaging are shown 

in Fig. 3 (a), 3 (b), and 3 (c), respectively. 
 

 

Fig. 3. Imaging results of the subcutaneous pseudo 

tumor model-based living animal experiment. (a) 

Image of fluorescence imaging (FI), (b) Image of X-

ray-excited   luminescence   imaging,   (c)    Image    of  

            radionuclide-excited luminescence imaging. 

 

 

The results of the pseudo tumor-based animal 

experiment demonstrate the potential application of 

Nd
3+

:Y3Al5O12 nanoparticles as imaging agents in 

trimodality imaging in vivo. In the acquired images, the 

fluorescence image exhibits the highest intensity of 

signals, while the XEL image displays the second 

highest intensity, and the REL image has the lowest 

intensity. This reveals that the greatest luminescence 

yield of Nd
3+

:Y3Al5O12 nanoparticles is obtained with the 

excitation of infrared light, and the worst yield is for 

REL imaging. Fortunately, the signals can be captured 

app:ds:mixture
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by an optical imaging instrument, even for low-intensity 

signals of REL. The lowest intensity of the REL may be 

due to the insufficient excitation source of γ-rays. For a 

pseudo tumor that was used for imaging in this proof-of-

concept study, the 
18

F-FDG could not converge 

spontaneously around the pseudo tumor. As a result, the 

nanoparticles inside the pseudo tumor can only be further 

excited by the γ-rays emitted from some distant 

radionuclides. The further the distance of the 

nanoparticles from the radionuclides, the lower the 

intensity of radionuclide-excited luminescence is 

obtained. If the nanoparticles and radionuclides are 

bound in one probe, the intensity of emitted 

radionuclide-excited luminescence would be greatly 

improved. Thus, we observed that the pseudo tumor-

based animal experiment validated the availability of 

Nd
3+

:Y3Al5O12 nanoparticles as agents for in vivo 

trimodality imaging. 

 

 

4. Conclusions 

 

To summarize, a proof-of-concept study utilizing 

three types of imaging to be performed with a single agent, 

has been reported using the neodymium-doped yttrium 

aluminium garnet (Nd
3+

:Y3Al5O12). The trimodality 

imaging includes fluorescence imaging (FI), X-ray-excited 

luminescence imaging (XEL), and radionuclide-excited 

luminescence imaging (REL). The spectrum 

measurements and a pseudo-tumor-based in vivo 

experiment demonstrated the feasibility of this proof-of-

concept study. Since XEL and REL compliment the 

processes of CT and PET, they can be regarded as an 

equivalent form of technology to obtain similar 

information. As a result, this study promotes three types of 

imaging that provide five kinds of information 

(fluorescence, XEL, REL, equivalent PET, and equivalent 

CT information) with a single injection of an imaging 

agent. The Nd
3+

:Y3Al5O12 nanoparticles may open the 

door for multimodality imaging technology and promote 

the development of a multimodality imaging system that 

allows new information to be obtained using 

simultaneously one imaging agent and one imaging 

system, [19]. Our future work will focus on the functional 

specificity of nanoparticles by synthesizing the targeted 

probes and the extension of these nanoparticles for in vivo 

applications. 
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