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Abstract Our group has synthesized Gd,O5:Yb**/Er**
nanocomposites as magnetic/fluorescence imaging suc-
cessfully in the previous study, which exhibit good
uniformity and monodispersibility with a mean size of
7.4 nm. However, their systematic risk assessment re-
mains unknown. In this article, the in vitro biocompat-
ibility of the Gd,O5:Yb>*/Er’* was assessed on the basis
of cell viability and apoptosis. In vivo immunotoxicity
was evaluated by monitoring the product of reactive
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oxygen species (ROS), clusters of differentiation (CD)
markers, and superoxide dismutase (SOD) in Balb/c
mice. No significant differences were found in cell
viability, apoptosis, and immunotoxicity between our
Gd,O5:Yb**/Er’* and gadodiamide which are used
commonly in clinical. Few nanoprobes were localized
in the phagosomes of the liver, heart, lung, spleen,
kidney, brain, and tumor under the transmission electron
microscopy (TEM) images. In addition, our products
reveal good T-weighted contrast enhancement of
xenografted murine tumor. Therefore, the above results
may contribute to the effective application of
Gd,05:Yb**/Er’* as molecular imaging contrast agents
and dual-modal nanoprobes for cancer detection.

Keywords Nanocomposites - Biocompatibility -
Immunotoxicity - Magnetic resonance imaging - Tissue
targeted imaging - Health effects

Introduction

Currently, the development of rare earth-based nanopar-
ticles is attracting extensive interest for bioimaging ap-
plications. Among the multifarious imaging techniques,
magnetic resonance imaging (MRI) is one of the most
powerful and noninvasive diagnostic tools which can
offer remarkable anatomical details for soft tissues
(Liang et al. 2000). However, the high potential of
false-positive signal usually brings about low sensitivity,
long imaging time, and poor accuracy in traditional
single modal MRI research (Caravan 2006). Although
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fluorescence (FL) imaging can provide high sensitive,
molecular level, and real-time imaging information, the
low spatial resolution and poor tissue penetration depth
prevent it from deep tissue imaging (Liu et al. 2011;
Robinson et al., 2012; Ruedas-Rama et al. 2012; Liu
et al. 2013). Consequently, as contrast agents, utility
MR/FL nanoprobes are urgently needed to achieve ac-
curate tumor diagnosis. However, due to their different
shapes, small size, high surface-to volume ratios, posi-
tive surface charges and so on, they might do harm to
human health potentially. Therefore, it is particularly
important to evaluate the risk assessment of these
materials.

In our previous research, Gd,O5:Yb**/Er’* nano-
composites have been successfully synthesized as a
potential dual-modality nanoprobe, but have not yet
perform assessments of its toxicity in vitro and in vivo
(Liu et al. 2016). Here, we systematically evaluated the
toxicity of our nanocomposites including cell viability
and apoptosis, serum SOD levels, reactive oxygen spe-
cies (ROS) assays, and the cluster of differentiation
(CD) markers. These studies are necessary to meet the
needs of preclinical application.

Materials and experimental section
Synthesis of the nanomaterials

Laser ablation of Gd,0O5 in liquid has been shown in our
previous work (Liu et al. 2016). The ablated samples
were collected by centrifuge to exclude large materials
prior to further applications in vitro and in vivo.

Cytotoxicity assay

The human nasopharyngeal carcinoma CNE-2 cells and
immortalized nasopharyngeal epithelial NP69 cells were
cultured with PRMI-1640 media (Gibco, Grand Island,
NY, USA) with 10% fetal bovine serum (FBS, Gibco,
Grand Island, NY, USA) and keratinocyte-serum free me-
dium (K-SFM, Gibco, USA) with epidermal growth factor
and bovine pituitary extract in 96 wells plates, respectively.
Cells were incubated with different concentrations of
Gd,05:YB**/Er’** (1 x phosphate-buffered saline (PBS)
pH 7.4, 100 nM, 1 uM, and 10 uM) and gadodiamide
(10 uM) during their logarithmic growth period. Treatment
with culture media and 5% dimethyl sulfoxide (DMSO)
was used as the negative control and the positive control,
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respectively. All groups were cultured in cell incubator
(5% COs,, 37 °C) for 24 h before being measured by Cell
Counting Kit-8 (CCK-8) (Dojindo, Japan) according to the
manufacturer’s instructions. Each well was incubated with
10 uL of CCK-8 solution in incubator for 4 h. Absorbance
at 450 nm was measured using a microplate reader (Bio-
Rad, Japan).

Apoptosis assay

CNE-2 cells and NP69 cells were incubated with PBS
(negative control), lipopolysaccharides (LPS; positive
control), gadodiamide (10 uM), and the Gd,05:YH**/
Er** (10 uM) in 6-well plates for 24 h. Cells were
collected and washed twice with cold PBS by gentle
shaking. Then, we measured with Annexin v — FITC
Apoptosis Analysis Kit (Tianjin Sungene Biotech Co.,
Ltd) according to the provided instructions. Finally, the
samples were analyzed on a FACScan (USA).

In vivo immunotoxicity of the Gd,O5:Yb**/Er**

All animal experiments in this paper were purchased from
the Animal Experiment Centre of the Medical College,
Sun Yat-Sen University (People’s Republic of China).
Twenty male Balb/c mice, 5—6 weeks old, were housed
in temperature-controlled, light-cycle room in animal fa-
cilities, with unlimited food and water. Balb/c nude mice
(4-5 weeks old, weight of 16 = 2 g) were maintained in a
pathogen-free animal facility. The study protocol was ap-
proved by the Care and Use of Laboratory Animals of Sun
Yat-sen University (Permit Numbers: SCXK (Guangdong)
2011-0029). We followed the guidelines of the Care and
Use of Laboratory Animals of Sun Yat-sen University
during the study.

Twenty male Balb/c mice, 5-6 weeks old, were divid-
ed into four groups at random and injected via tail vein:
(a) PBS (100 pL; negative control), (b) LPS (5 mg/kg),
(c) gadodiamide (15 umol/kg), and (d) Gd,O5:Yb**/Er**
(15 umol/kg). Samples were gained after 7 days post-
injection and measured by flow cytometry.

Expression levels of superoxide dismutase (SOD)
in serum

Peripheral blood from the ophthalmic vein was added to
1.5 mL Eppendorf tubes and kept for 45 min. Samples
were centrifuged at 3000 g for 10 min at 4 °C. The
supernatant was transferred into new tubes and SOD levels
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were measured with ELISA kits (RayBiotech, Inc.,
Guangzhou, China) according to the provided instructions.

ROS assay on peripheral blood neutrophils

Peripheral blood from the tail vein (20 uL) was added to
the tube with heparin sodium (4 uL). Erythrocytes were
lysed by red blood cell lysis buffer (pH 7.4) in the dark
for 2 min. Then, we added PBS (2 mL) and centrifuged
the samples at 1200 g for 5 min at 4 °C. 2', 7'-
Dichlorodihydrofluorescein diacetate (H2ZDCFDA)
was added to the samples at a final concentration of
5 uM. Cells were mixed thoroughly in the dark for
20 min and PBS (400 uL) was added.

Expression of representative CD markers in peripheral
blood

Peripheral blood (20 uL) from the vena ophthalmica
was collected into the tube containing heparin sodium
(4 uL). The erythrocytes were lysed in the dark for
2 min. Then, we added 2 mL PBS and centrifuged at
1200 g for 5 min. Cells were stained in the dark for
30 min with anti-mouse CD69-FITC, anti-mouse CD3-
PE, anti-mouse CD206-PE, anti-mouse CD11b-PE,
anti-mouse CD25-FITC, anti-mouse CD71-FITC, and
anti-mouse F4/80 antigen APC.

MRI in vivo

Balb/c nude mice (45 weeks old, weight of 16 +2 g) were
subcutaneously injected with CNE-2 cells (5 x 10° in
100 uL PBS). Ten days after CNE-2 cell inoculation, mice
with xenografted tumors of 6 mm® were induced with
anesthesia by intraperitoneal injection of 1%
mebumalnatrium (10 puL per gram bodyweight), then
injected with Gd,O5:Yb**/Er** (15 pumol/kg) via the tail
vein and scanned with a 3.0-T MRI system (Siemens
Medical Solutions, Erlangen, Germany) using a 3-in. di-
ameter surface coil constructed specifically for small ani-
mals. T1-weighted images were obtained at 0, 10, 20, 30,
60, and 100 min after intravenous administration of the
Gd,O5:YB>*/Er’" in the axial orientations.

Statistical analysis

All data are expressed as mean + standard deviation (SD).
Statistical analysis was performed by one-way ANOVA

and one-sample 7 test by using the Origin 8.0 software.
Data were considered significant when p < 0.05.

Results and discussion

Biocompatibility of Gd,05:Yb>*/Er’* nanocomposites
in vitro

The viability of the human nasopharyngeal carcinoma
CNE-2 cells and immortalized nasopharyngeal epithelial
NP69 cells were evaluated by cytotoxicity assay. Fifty
percent inhibitory concentration of NP69 cells and CNE-
2 cells are 13 mM and 194 pM, respectively. The
Gd,05:Yb*/Er’* nanocomposites did not significantly
affect the viability of two kinds of cells after incubation
for 24 h (Fig.1a). In addition, apoptosis of cells relates to
risk assessment in vitro (Tamura et al. 1995). Hence, we
studied the apoptosis of CNE-2 and NP69 cells after co-
incubation with Gd,05:Yb>*/Er** nanocomposites for
24 h. There is no significant difference between
gadodiamide and the Gd,O5:Yb™/Er’* (Fig.1b). There-
fore, the results of the in vitro biocompatibility showed
our nanocomposites are suitable for in vivo study.

Immunotoxicity of Gd,O5:Yb>*/Er** nanocomposites
in vivo

Although the Gd»O5:Yb**/Er** nanocomposites displayed
promising biocompatibility in vitro, it is also vital to inves-
tigate the immune response in vivo. Superoxide dismutase
(SOD) is a factor of primary importance in enabling or-
ganisms to survive the challenge presented by the reactive
intermediate species resulting from the univalent resulting
from the univalent reduction of molecular oxygen
(McCord JM et al. 2014). As shown in Fig.2a, the SOD
level of the Gd,O5:Yb**/Er** group was slightly increased
comparing to the gadodiamide group. However, no signif-
icant difference was seen between the negative control
group and the Gd,O5:Yb**/Er** group. Then, we evaluat-
ed the ROS of neutrophil in the peripheral blood since
ROS takes part in immune conductive and triggers either
immunosuppression or the eradication of pathogens during
tissue restoration (Yang et al.2013). After 7 days injection,
the ROS levels of the Gd,O5:Yb**/Er** group were de-
creased compared to the gadodiamide group (Fig.2b). As
an immune mediator, ROS is relative to adaptive and the
host innate immune response (Gaddis et al.2009; Kim
et al.2012). Thus, we further studied the expression levels
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Fig. 1 In vitro biocompatibility of the Gd,05:Yb**/Er** nano-
composites. a Cell viability of CNE-2 and NP69 cells incubated
with different concentrations of Gd,05:Yb**/Er** (100 nM, 1 uM,
and 10 uM) at 24 h. b Apoptosis rates of CNE-2 and NP69 cells

of CD markers in peripheral blood. CD69 is an early
antigen of T lymphocyte activation (Sancho et al.2005).
CD71 and CD25 are surface markers in activated T cells
(Samarasinghe et al. 2010). CD11b is expressed on imma-
ture macrophages and blood monocytes (Roca et al. 2009);
CD206 is mainly present on tissue macrophages
(Akbarshahi et al.2012). Consequently, their expression
levels are an important parameter in assessing lymphocyte,
activated T cells, and monocytes/macrophages. The results
showed no obvious difference between the Gd,O5: Yb**/
Er’* group and the gadodiamide group (Fig.2c). In general,
our nanocomposites may have few effects on the immune
system and indicate a satisfactory immunotoxicity.

Pathological biopsy assay of the Gd,03:Yb>*/Er’*
nanocomposites

The pathological analysis was conducted on major or-
gans containing lung, brain, liver, spleen, kidney, heart,
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were analyzed by flow cytometry 24 h after incubation of PBS,
LPS, gadodiamide (10 uM), and the Gd,O5:Yb*/Er* (10 pM).
Samples were stained by Annexin v and PI

and CNE-2 xenograft tumor 24 h after Gd,O5:Yb**/Er**
injection (15 umol/kg) (Fig.3). Samples were fixed with
4% paraformaldehyde, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. As shown in
Fig.3, there were no abnormal changes in any histological
sections, which demonstrated that the cellular integrity
and tissue morphology were not affected by the nanocom-
posites. Hence, it is significant for in vivo immunotoxity
studies to assess the possible health hazard.

Biodistribution of the Gd,05:Yb**/Er’*
nanocomposites at the subcellular level

Evaluating the biocompatibility of nano-based biomed-
icine includes the assessment of its biodistribution
(Dobrovolskaia et al. 2008). Here, we used TEM to
further visualize the nanopartical biodistribution at the
subcellar level. Sections of the brain, kidney, liver, heart,
lung, spleen, and CNE-2 xenograft tumor were observed
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Fig. 2 Toxicity on immunity was measured by flow cytometry at
7 days after injection in Balb/c mice (15uml/kg, mean + SD,
n=15). a Concentrations of SOD in the serum. b Expression levels
of CD69 in the lymphocyte cells of peripheral blood and ROS of
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neutrophils in peripheral blood, respectively. ¢ The expression
levels of CD71, CD25, CDI11b, and CD206 in monocytes/
macrophages of peripheral blood, respectively
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Fig. 3 Pathological biopsy assay of the Gd,03:Yb**/Er** nanocomposites. Tissues were collected 24 h after Gd,O5:Yb**/Er** nanocom-
posites injection (15 umol/kg) and stained with hematoxylin and eosin
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Fig.4 TEM imaging of the Gd,O5:Yb**/Er’* nanocomposites. Tissues were collected 4 h after Gd,05:Yb>*/Er** nanocomposites injection
(black arrow; 15 umol/kg)
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Fig. 5 Representative dynamic contrast-enhanced T1-weightd
MR images of CNE-2 xenograft tumor after intravenous adminis-
tration of the Gd,O5:Yb>*/Er** nanocomposites (15 pmol/kg). a
Subcutaneous xenograft tumor (white arrow) in mice at 0, 10, 20,

4 h after injection with the Gd,O5:Yb>*/Er’* nanocom-
posites (Fig. 4). A few nanocomposites were distributed
in the cytoplasm of epithelial cells in the lung, heart,
tumor tissue, and in the lysosomes of macrophages in
the kidney, spleen, and liver. Meanwhile, a small
amount of nanocomposites were found in the brain by
infiltrating through the blood-brain barrier. These sug-
gest that our nanocomposites were decentralized inside
the phagosomes of the main organs and exhibited ag-
gregation except the liver. Hence, the nanocomposites
did slightly damage the microstructure or ultrastructure
of the cells, which may induce the toxic effects in vivo
including the oxidative stress and immunotoxicity.

In vivo MRI

After injection with Gd,O5:Yb**/Er’* nanocomposites
via the tail vein, we obtained T;-weighted images in the
axial orientations at 0, 10, 20, 30, 60, and 100 min
(Fig. 5). The xenografted tumor could be successfully
imaged in a short time and showed a high contrast
enhancement at 30 min post-injection, which indicated
that our nanocomposites might be a good MRI contrast
agent for biomedical applications.
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Conclusion

In summary, our nanocomposites have minimal cyto-
toxicity, satisfactory biocompatibility in vitro, and weak
immunotoxicity in vivo. In addition, few nanoprobes
were localized in the phagosomes of main organs under
the TEM images, which shows the nanoparticles did
slightly damage the microstructure or ultrastructure of
the cells. Furthermore, Gd,O5:Yb>*/Er’* nanoparticles
showed contrast enhancement for MR imaging and
hence could be considered as an ideal diagnostic probe
for potential application in clinical research procedures
and disease diagnosis. Thus, it can be seen that evaluat-
ing the biocompatibility of rare earth-based
nanomaterials is very important.
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