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Lanthanide-doped upconversion nanoparticles can convert long wavelength excitation radiation to short wavelength emission. They have great potential in biomedical applications, such as bioimaging, biodetection, drug delivery, and theranostics. However, there is little information available on their bioavailability and biological effects after oral administration. In this study, we systematically investigated the bioavailability, biodistribution, and toxicity of silica-coated upconversion nanoparticles administrated by gavage. Our results demonstrate that these nanoparticles can permeate intestinal barrier and enter blood circulation by microstructure observation of Peyer's patch in the intestine. Comparing the bioavailability and the biodistribution of silica-coated upconversion nanoparticles with oral and intravenous administration routes, we found that the bioavailability and biodistribution are particularly dependent on the administration routes. After consecutive gavage for 14 days, the body weight, pathology, Zn and Cu level, serum biochemical analysis, oxidative stress, and inflammatory cytokines were studied to further evaluate the potential toxicity of the silica-coated upconversion nanoparticles. The results suggest that these nanoparticles do not show overt toxicity in mice even at a high dose of 100 mg/kg body weight.
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INTRODUCTION

In the last decade, lanthanide-doped upconversion nanoparticles have attracted increasing attention because of their unique advantages, such as low level of background noise, deep penetration depth, minimal photodamage, and high resistance to photobleaching (Auzel, 2004; Lu et al., 2013; Bettinelli et al., 2015; Li et al., 2015b, 2017; Jalani et al., 2018; Liu et al., 2018; Sun et al., 2018). Surface modification is typically required to make upconversion nanoparticles, UCNPs, suitable for biomedical application, which typically involves coating a hydrophilic ligand (i.e., amphiphilic polymers, proteins) or an extra hydrophilic layer (i.e., SiO2) on their surface (Li et al., 2015a; Liu et al., 2015; Sedlmeiera and Gorris, 2015; Plohl et al., 2017). These features made UCNPs suitable for many biological and medical applications, including multimodal bioimaging, biosensing, drug delivery, photodynamic therapy, and synergetic therapy (Lim et al., 2006; Liu et al., 2012, 2016; Yang et al., 2015; Zhou et al., 2015; Su et al., 2017; Chen et al., 2018; Green et al., 2018; Tsai et al., 2018). Despite the encouraging results that have been obtained, there are many unresolved issues relating to the biological effects of these nanomaterials.

UCNPs acting as drug carriers, contrast agents, or bioprobes have been extensively studied either in mice or in plant models (Peng et al., 2012; Liu et al., 2013; Chen et al., 2014; Wu et al., 2016). In previous studies, the majority of UCNPs toxicity assays were performed on different cell lines in vitro (Gnach et al., 2015; Tian et al., 2015; Wozniak et al., 2016; Wysokinska et al., 2016; Gao et al., 2017), but fewer reports focused on in vivo toxicity studies (Cheng et al., 2011; Wang et al., 2013; Jang et al., 2014; Lucky et al., 2016). The toxicity assays of UCNPs were routinely carried out based on the intravenous injection technique (Abdul and Zhang, 2008; Xiong et al., 2010; Zhou et al., 2011; Ramirez-Garcia et al., 2017). Very recently, Ortgies et al. developed an orally administrated lanthanide-doped UCNP for multiplexed imaging and drug delivery (Ortgies et al., 2018). It is also worth noting that oral administration of substances is a common route in scientific experiments using small animals, such as mice. However, a comprehensive study of the biodistribution and toxicity of UCNPs undergoing oral administration route was not found. Furthermore, since nanoparticles have larger sizes compared to conventional drugs, UCNPs can be poorly absorbed via the oral route. For this reason, it is important to examine whether these nanoparticles can permeate epithelial barriers, in particular the intestinal barrier. There is little information available about the bioavailability of these nanoparticles through oral exposure. Therefore, it is necessary to assess the bioavailability, distribution, and toxicity of UCNPs administrated orally.

In this study, a systematic investigation of the bioavailability, biodistribution, and toxicity of orally administered silica-coated NaYF4:Yb,Er nanoparticles (NaYF4:Yb,Er@SiO2) with an average diameter of 50 nm was carried out in mice. NaYF4:Yb,Er@SiO2 nanoparticles are chosen because of their good biocompatibility, broad bioapplications, and suppression of lanthanide leakage (Liu et al., 2015). We envision that NaYF4:Yb,Er@SiO2 nanoparticles can be absorbed though Peyer's patch in intestine and then enter the blood circulation of mice. We also compare the biodistribution of orally administrated NaYF4:Yb,Er@SiO2 with that of intravenously administrated NaYF4:Yb,Er@SiO2 by TEM and inductively coupled plasma mass spectrometry (ICP-MS). The toxicity of NaYF4:Yb,Er@SiO2 is determined by several different approaches, including body weight measurement, pathology changes observation, Zn and Cu levels, serum biochemical analyses, oxidative stress, and inflammatory cytokines analysis.

MATERIALS AND METHODS

Materials

Yttrium(III) chloride hexahydrate (99.9%), ytterbium(III) chloride hexahydrate (99.9%), erbium(III) chloride hexahydrate (99.9%), oleic acid (technical grade, 90%), 1-octadecene (technical grade, 90%), Igepal CO-520 and tetraethyl orthosilicate (TEOS, 99.0%) were purchased from Sigma Aldrich. Sodium hydroxide (96%), ammonium fluoride (98%), methanol (99.5%), and ammonia solution (25–28%) were obtained from Aladdin. Nitric acid (CMOS), hydrofluoric acid (guaranteed grade), and perchloric acid (guaranteed grade) were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. All chemicals were used as received without further purification.

Characterization

The size and morphology of the nanoparticles were characterized on a low-to-high resolution transmission electron microscope (JEM-2010F, JEOL, Japan) operated at 120 kV. Powder X-ray diffraction (XRD, Nano 90ZS, Malven, Britain) measurement was performed on a 3 kW D/MAX2200 V PC diffractometer using Cu kα radiation (60 kV, 80 mA) at a step width of 8° min−1. Fourier transform infrared spectroscopy (FT-IR) spectra were obtained in the spectral range from 4,000 to 400 cm−1 on an Avatar 370 (Nicolet, America) instrument using the pressed KBr pellet technique. The microstructure observation of Peyer's patch and liver tissue was conducted on a transmission electron microscopy (JEM-1200EX, JEOL, Japan). All biochemical assays were performed using a Hitachi 7,080 clinical automatic chemistry analyzer (Japan).

Synthesis of NaYF4:Yb,Er Upconversion Nanoparticles

In a typical experiment, YCl3 (1.56 mmol, 78%), YbCl3 (0.4 mmol, 20%), and ErCl3 (0.04 mmol, 2%) dissolved in deionized water were added into a 100 mL flask. The solution was then heated to 110°C to evaporate water until the solution became white powder. Subsequently, 12 mL oleic acid and 30 mL 1-octadecene were added in the mixture. The mixture was then heated to 150°C and kept at this temperature for 1 h before cooling down to 50°C. Twenty milliliters of methanol solution containing NaOH (0.2 g, 1.6 mmol) and NH4F (0.3 g, 8 mmol) was added into the flask and stirred for 30 min at 100°C to evaporate methanol. After that, the mixture was heated to 300°C and kept for 1 h under nitrogen atmosphere. The obtained mixture was precipitated by the addition of acetone, separated by centrifugation, and washed with cyclohexane. The resulting nanoparticles NaYF4:Yb,Er were redispersed in 20 mL cyclohexane.

Synthesis of NaYF4:Yb,Er@SiO2 Nanoparticles

Igepal CO-520 (1 mL) was dispersed in 20 mL of cyclohexane, and then a 1.5 mL NaYF4:Yb,Er nanoparticle in cyclohexane solution was added into the mixture. After stirring for 3 h, 200 μL TEOS was added and the mixture continue stirred 0.5 h. Then, 130 μL ammonia was injected into the mixture and the mixture was sealed and kept stirring for 20 h. The product was precipitated using methanol, collected by centrifugation, and washed with ethanol several times. Finally, the product was dispersed in deionized water.

Stability Assay

To determine the stability of NaYF4:Yb,Er@SiO2 in physiological solutions, the dissolutions of NaYF4:Yb,Er@SiO2 nanoparticles were monitored in fetal bovine serum (FBS) and simulated body fluid (SBF). SBF was prepared following the recipe in Table S1 (Tadashi and Hiroaki, 2006). NaYF4:Yb/Er@SiO2 (0.1 mL) at a concentration of 20 mg/mL was mixed with 0.9 mL of FBS or SBF in a glass bottle. The mixture was incubated in a thermostatic shaker (150 rpm) at 37°C. After incubation for predetermined period of time, the resulting solution was centrifuged at 12,000 rpm for 15 min. The supernatant was collected and digested with 1 mL 70% HNO3 and 0.5 mL 30% H2O2 at 90°C. When the solution became clear and colorless, the solution was adjusted to 8 mL by using 2% HNO3. The content of yttrium (Y) in the solution was measured by inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, PerkinElmer Co., Ltd., USA).

In vivo Experiment

All animal experiments were carried out in accordance with the guide for the animal care and use program guidelines of Shanghai University with the approval by Shanghai University. In this study, 60 mice were divided into gavage (36 mice) and intravenous administration (24 mice) groups. Six-week-old healthy male ICR mice (22–26 g) were supplied by the Experimental Animal Center, Second Military Medical University (Shanghai, China). The mice were housed in clean polypropylene cages (6 mice/cage) with the commercial pellet diet and water ad libitum at 22 ± 2°C and kept on a 12 h light/dark cycle. After acclimation for 1 week, four groups of mice were treated with NaYF4:Yb/Er@SiO2 (treatment group, n = 6) daily by gavage for 7 and 14 consecutive days with doses of 20 mg/kg bodyweight (b.w.) and 100 mg/kg (b.w.). The two corresponding control groups (n = 6) were treated with water daily by gavage for 7 and 14 consecutive days. In addition, four groups of mice were intravenously injected with NaYF4:Yb/Er@SiO2 (treatment group, 20 mg/kg b.w, n = 6) and saline (control group, n = 6) through mouse tail veins and sacrificed at 1 and 7 days after injection. All mice were weighed daily during the experimental period. And all experiments were repeated twice.

Biodistribution of Yttrium, Zinc, and Copper in Mice

At predetermined time points, mice were sacrificed and the contents of Y, Zn, and Cu in main organs were measured after consecutive gavage administration of NaYF4:Yb/Er@SiO2. Liver, kidneys, spleen, lungs, heart, bone, stomach, large intestine, and small intestine were collected and about 0.1–0.3 g of these organs and were digested with 70% nitric acid and hydrofluoric acid by microwave digestion system (MARS, USA). In addition, the blood samples were digested by the same method as organs. Then, perchloric acid was added into the digested solution and the mixture was heated at 200°C to remove the remaining nitric acid and hydrofluoric acid. When water was evaporated, ultrapure water was added twice. The resulting solution was adjusted to 8 mL with 2% nitric acid solution and the metal content in solution was determined by ICP-MS.

Microstructure Observation of Peyer's Patch and Liver Tissue

Peyer's patch and liver tissue (1 mm cubes) were collected from small intestine and liver, respectively. They were subsequently fixed in 2.5% glutaraldehyde in phosphate buffer for 2 h and rinsed by 0.1 M phosphate rinsing fluid for three times. After that, the samples were post-fixed with 1% osmium tetraoxide at 4°C for 2 h and then dehydrated with ethanol and acetone as follows, 50% ethanol−15 min, 70% ethanol−15 min, 80% ethanol−15 min, 90% ethanol−15 min, 100% ethanol−20 min, and 100% acetone−20 min. Then the tissue blocks were infiltrated with embedding medium in acetone (v:v = 1:1) for 3 h, and infiltrated with embedding medium overnight. The embedded tissue blocks in embedding medium were polymerized in a dry centrifuge tube at 70°C overnight. The blocks were then cut in 50–70 nm thickness using an ultramicrotome (LKB-I, Sweden), and then counterstained with 3% uranyl acetate and lead citrate prior to TEM measurements.

Organ Index

Organ indices were calculated for major organs using the following formula: (organ weight)/(total body weight) × 100.

Histopathological Investigation

The organs including liver, kidney, lung, spleen, and small intestine were collected at each time point and fixed with formalin. The fixed organs were embedded in paraffin, sliced at a thickness of 5 μm and then placed onto glass slides. After hematoxylin–eosin (H&E) staining, the slides were investigated and photographed on an optical microscope (DM750, Leica, Germany).

Serum Biochemistry Analysis

Blood samples were collected from mice at predetermined time point and centrifuged at 3,000 rpm for 15 min. The obtained serum samples were stored at −20°C before analysis. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN), and creatinine (CREA) were measured using the commercial kits (The Seno Clinical Diagnostic Products Co., Japan).

Oxidative Stress Assay

The organs including liver, lung, kidney and spleen were rinsed with saline solution at 4°C and then wiped with dry filter papers. Ten or Five percent (w/v) homogenates were prepared by homogenization of tissue in saline solution at 10,000 rpm for 3 min using a homogenizer. The supernatants were collected after centrifuging the homogenates at 3,500 rpm for 10 min. The contents of protein in the supernatants were examined by bicinchoninic acid assay (BCA protein assay kit, Nanjing Jiancheng bioengineering institute, Nanjing, China). The reduced GSH levels of the supernatants were determined by Ellman's reagent 5,5'dithiobis-(2-nitrobenzoic acid) (DTNB, Nanjing Jiancheng Biotechnology Institute, China). The lipid peroxidation indicator malondialdehyde (MDA) was estimated by the method of thiobarbituric acid reactive species (TBA, Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

TNF-α, IL-6, and IL-1β Levels in Liver

The contents of TNF-α, IL-6, and IL-1β in supernatants of liver homogenates were quantified by a double-antibody sandwich ELISA commercial kit (BD Biosciences, USA). Manufacturer's protocol was followed. The absorbance was measured on a microplate reader at 450 nm (Varioskan Flash, Thermo, USA) and the contents of TNF-α, IL-6, and IL-1β were calculated based on the corresponding standard curves. The protein contents in supernatants were also determined by bicinchoninic acid assay (BCA protein assay kit, Nanjing Jiancheng bioengineering institute, Nanjing, China). The levels of TNF-α, IL-6, and IL-1β were expressed as ng/mg protein.

Statistical Analysis

All data were expressed as the mean ± standard deviation (mean ± SD) of more than three individual observations. Significance was calculated using Student's t-test. The difference was considered significant if p < 0.05. In addition, standard deviation and p-value were calculated by:
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X represents the data value, M refers to the average value between the data, S represents the pooled estimate of the standard deviation, n represents the number of data (Gardner and Altman, 1986).

RESULTS AND DISCUSSION

Characterization of NaYF4:Yb,Er@SiO2

We first characterized the morphology and size of NaYF4:Yb,Er nanoparticles using a transmission electron microscope (TEM). As shown in Figure 1A and Figure S1A, uniform nanoparticles with an average diameter of around 32 nm were obtained. The obtained nanoparticles were confirmed to be single crystals with a hexagonal phase by high-resolution transmission electron microscopy (HRTEM) and X-ray powder diffraction (XRD) study (Figure 1B and Figure S2). The lattice distance of 0.517 nm corresponds to the d spacing for (100) plane of hexagonal NaYF4. After coating with a silica layer on the surface of NaYF4:Yb,Er nanoparticles, the size of the nanoparticles reached 49 nm (Figure 1C and Figure S1B). The results of dynamic light scattering (DLS) measurement show that the hydrodiameter of NaYF4:Yb,Er@SiO2 nanoparticles was around 60 nm (PDI = 0.23), confirming their mono-dispersion in aqueous solution (Figure 1D). The XRD pattern of NaYF4:Yb/Er samples can also be indexed as a hexagonal phases of NaYF4 (JCPDS file number 16-0334) (Figure S1). After silica coating, a broad diffraction peak at 2θ = 22° appeared, which can be ascribed to the peak of amorphous silica. In addition, the presence of the elements (Si, O, F, Y, Yb, Er) in the energy dispersive X-ray (EDX) spectrum also confirmed that silica shell was successfully coated onto the surface of NaYF4:Yb/Er nanoparticles (Figure S3).
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FIGURE 1. (A,B) TEM and HRTEM images of NaYF4:Yb,Er nanoparticles in cyclohexane. (C) TEM image of NaYF4:Yb,Er@SiO2 nanoparticles in water. (D) Dynamic light scattering (DLS) of NaYF4:Yb,Er@SiO2 nanoparticles in water.



FT-IR spectra of oleic acid coated NaYF4:Yb,Er and NaYF4:Yb,Er@SiO2 nanoparticles were shown in Figure S4. In the spectrum of oleic acid coated NaYF4:Yb,Er, the peaks at 2,927 and 2,857 cm−1 are attributed to the asymmetric and symmetric stretching vibration of methylene (CH2) in the long alkyl chain of oleic acid, and the 1,557 and 1,460 cm−1 bands are assigned to the asymmetric and symmetric stretching vibration of the carboxylic group (–COOH) in oleic acid. In the spectrum of NaYF4:Yb,Er@SiO2, the bands of Si–O–Si are located at 1,091 and 799 cm−1, and the peaks at 953, 1,637, and 3,428 cm−1 are assigned to Si–OH, H2O, and –OH.

Stability Assay of NaYF4:Yb,Er@SiO2 in Physiological Solution

In order to study the stability of NaYF4:Yb,Er@SiO2 under physiological conditions, the dissolved yttrium ions (Y3+) of NaYF4:Yb,Er@SiO2 in FBS and SBF was monitored by ICP-MS. As shown in Figure S5, while the percentage of dissolved Y3+ in SBF was only around 0.1%, in FBS it quickly increased to around 1.2%. This result was consistent with the dissolution of Ag2Se quantum dots, which was about 4–5% in FBS and <1% in SBF (Tang et al., 2016). Compared with naked UCNPs, these results imply that silica coating can suppress the leakage of lanthanide from nanoparticles, offering an excellent stability of NaYF4:Yb,Er@SiO2 under physiological conditions (Wang et al., 2012; Tian et al., 2015).

Stability of NaYF4:Yb,Er@SiO2 After in vivo Gastrointestinal Digestion

To examine the stability of NaYF4:Yb,Er@SiO2 after in vivo gastrointestinal digestion, we investigated the morphology and size of NaYF4:Yb,Er@SiO2 collected in feces excreted by mice orally administrated NaYF4:Yb,Er@SiO2 (100 mg/kg b.w.) by using TEM image. As shown in Figure S6, the morphology and size of NaYF4:Yb,Er@SiO2 was essentially not changed. This result suggest that SiO2 coated UCNPs are also stable in the low gastric pH, which is consistent with the previous results of silica coated quantum dots (Loginova et al., 2012). This result also indicates that UCNPs with silica coating can be used to visualize the gastrointestinal tract in vivo.

Biodistribution of NaYF4:Yb,Er@SiO2

For the oral administration group, a relatively high concentration of Y3+ was detected in the gastrointestinal tract after 7 and 14 days consecutive oral exposure (Figure 2). In contrast, relatively low Y3+ concentrations were detected in several other major organs including liver, kidney, spleen, lung, heart, and bone. The concentration of yttrium in all organs increased to a relatively higher level at a high dose of 100 mg/kg compared with the dose of 20 mg/kg. Note that very little amount of Y3+ was released from NaYF4:Yb,Er@SiO2 as mentioned above, thus, it is reasonable to deduce that the Y3+ ion in the organs did not come from released ions of NaYF4:Yb,Er@SiO2. This may be attributed to the fact that after passing through the mouth and stomach, a small amount of NaYF4:Yb,Er@SiO2 are absorbed by the epithelium of the digestive tract and enter the blood, subsequently resulting in the accumulation of these particles in the organs.
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FIGURE 2. Yttrium content in tissues of the mice after consecutive gavage administration of NaYF4:Yb,Er@SiO2 for 7 days (A) and 14 days (B). *Significant difference between the two experimental groups (P < 0.05, n = 3).



Unlike oral administration, a very high concentration of Y3+ was mainly accumulated in the liver of mice after intravenous injection of these nanoparticles. With the lapse of time, the concentration of Y3+ decreased in liver and increased in spleen, indicating these nanoparticles follow a hepatic metabolic pathway (Figure S7). This result is also consistent with previous reports (Yu et al., 2017). In addition, we also examined the content of ytterbium ion (Yb3+) in organs (Figure S8). We found that the change of Yb3+ content was the same as that of Y3+, further indicating the good stability of those silica-coated upconversion nanoparticles in vivo.

Ultramicrostructure Observation of Peyer's Patch and Liver Tissue

To identify the potential uptake mechanism, we carefully examined the samples of small intestine after 14-day consecutive gavage of NaYF4:Yb,Er@SiO2 at a dose of 100 mg/kg by TEM image. It was reported that large size particles are probably absorbed by Peyer's patches through microfold (M) cells (Lundquist and Artursson, 2016). Peyer's patches are located in the mucous membrane lining of the intestine. They play a role in immunologic response (Figure 3A). Several studies have tested the translocation of nanoparticles in cell models (Yoshida et al., 2014; Walczak et al., 2015; Yao et al., 2015; Chen et al., 2016). However, there is no report to demonstrate this assumption in vivo. Here, we utilized TEM to visualize the location of the nanoparticles. As shown in Figure 3B, it can be clearly observed that nanoparticles are located in Peyer's patches in small intestine of mice. The size and shape of these nanoparticles were the same as those we synthetized. This result confirms that the nanoparticles can cross small intestine through the uptake by Peyer's patches. However, due to the limited number of M cells in Peyer's patches, who compose <1 percent of the small intestine epithelial cell layer, we speculate that the bioavailability of these nanoparticles is low.
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FIGURE 3. (A) Schematic illustration of Peyer's patches in small intestine. (B) TEM image demonstrated that NaYF4:Yb,Er@SiO2 nanoparticles were located in Peyer's patch in small intestine of mice after 14 days' consecutive gavage administration of these nanoparticles. UCNP@SiO2 denotes NaYF4:Yb,Er@SiO2.



For intravenous administration, nanoparticles show a tendency to accumulate in the liver after entry into the bloodstream. As shown in Figure 4, a large amount of NaYF4:Yb,Er@SiO2 was observed in liver tissue at day 1 and 7 after mice were intravenously injected with these nanoparticles with dose of 20 mg/kg. This result suggests that the nanoparticles were internalized by hepatocytes.
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FIGURE 4. (A) TEM image of 20 mg/kg NaYF4:Yb,Er@SiO2 intravenously treated mouse showing aggregations of these nanoparticles (red arrow) located outside of hepatocytes. (B) TEM image shows aggregations of NaYF4:Yb,Er@SiO2 nanoparticles (red arrow) in the cytoplasm. UCNP@SiO2 denotes NaYF4:Yb,Er@SiO2.



In order to further evaluate the bioavailability of NaYF4:Yb,Er@SiO2 nanoparticles, we measured the contents of Y3+ in blood. For the oral administration group, the contents of Y3+ cannot be detected in blood after 7 and 14 days consecutive oral exposure (Figure S9). By comparison, relatively high concentration of Y3+ has been observed in blood after intravenous injection of these nanoparticles. This can be ascribed to the low bioavailability of NaYF4:Yb/Er@SiO2 nanoparticles via gavage administration route, which is consistent with the results of ultramicrostructure observation of Peyer's patch.

Body Weight and Organ Index of Mice

To evaluate the toxic effects of NaYF4:Yb,Er@SiO2 in mice, the body weights of mice were recorded every day during consecutive gavage administration. As shown in Figure 5A, death, obvious body weight decrease, and other signs of significant weakness were not observed in mice treated with NaYF4:Yb,Er@SiO2 over the 14-day period. The body weights of the NaYF4:Yb,Er@SiO2 treated groups increased in a pattern similar to that of the control group. Organ index is a key parameter in toxicity evaluation. Our results showed that there was no difference between the treatment group and the control group after gavage administration of NaYF4:Yb,Er@SiO2 either at a dose of 20 or 100 mg/kg (Figures 5B,C). These results demonstrate that NaYF4:Yb,Er@SiO2 nanoparticles have no effect on the body weight and organ index of mice.
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FIGURE 5. (A) Weight changes in animals after continued administration for 14 days (n = 6). (B,C) Organ index changes in animals after consecutive administration for 7 (B) and 14 (C) days (n = 6).



Histological Analysis

Histological analysis of vital organs is important to evaluate whether NaYF4:Yb,Er@SiO2 could cause tissue damage, inflammation, or lesions. The analysis was performed on the liver, kidney, lung, spleen, and small intestine to investigate signs of the potential toxicity of NaYF4:Yb,Er@SiO2 at doses of 20 and 100 mg/kg for 7 and 14 days. As shown in Figure 6, hepatocytes were arranged in rows that radiate out from the central vein, and no inflammatory infiltrates of hepatocytes was observed in the liver samples (the first column). There was no change in the morphology of the renal corpuscles and renal tubules in the experimental and control groups (the second column). The glomerular structure was easy to distinguish and there was no sign of inflammatory infiltrates and necrosis. In addition, no pulmonary fibrosis or other abnormal phenomena was observed in the lung tissues for experimental groups (the third column). The white pulp and red pulp have normal appearance in spleen tissues (the forth column). The experimental and control mice showed normal intestine villi (the fifth column). Furthermore, the shape of the small intestine was normal, the tissue was intact, no inflammatory cells were infiltrated, and no bleeding was observed. In addition, we also conducted histological analysis on major organs (liver, kidney, lung, and spleen) after intravenous injection of NaYF4:Yb,Er@SiO2 nanoparticles into mice for 1 day. As shown in Figure S10, there was no obvious sign of abnormality in these major organs. Our results are also consistent with the previous study involving polyethyleneimine modified NaYF4:Yb,Er nanoparticles (Yu et al., 2017). In all, these results indicate that there are no obvious difference of these organs between the experimental group and control group, and the organs of experimental group exhibited healthy structural features.
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FIGURE 6. Histopathological observation of liver, kidney, lung, spleen and small intestine of mice after 7 and 14 days' consecutive gavage administration of NaYF4:Yb,Er@SiO2 at different doses.



Effect of Gavage Exposure to NaYF4:Yb,Er@SiO2 on the Distribution of Zinc and Copper in Mice

The absorption of certain metal element may affect levels of essential metal elements in animals. Zinc plays a critical role in many biological functions including antioxidant defense, cell signaling, and gene expression. Copper is vital and essential to the proper functioning of organs and metabolic processes. Like all essential elements and nutrients, copper excess, or deficiency has adverse health effects.

To evaluate the influence of NaYF4:Yb,Er@SiO2 exposure, the contents of trace essential elements Zn and Cu in tissues in NaYF4:Yb,Er@SiO2-treated mice were measured by ICP-MS. Zinc levels in different organs of mice were shown in Figures 7A,B. After 7 days post-administration, we found that Zn concentrations significantly increase in spleen at doses of 20 mg/kg of NaYF4:Yb,Er@SiO2, and they significantly changed in liver, kidney at both doses of 20 and 100 mg/kg. However, the Zn level went back to the control level after 14-day consecutive oral exposure. In addition, copper contents in liver significantly increased at the dose of 100 mg/kg of NaYF4:Yb,Er@SiO2, while they significantly increased in kidneys, spleen and heart at both doses of 20 and 100 mg/kg NaYF4:Yb,Er@SiO2 (Figure 7C). Although the Cu level in spleen didn't go back to the control level, they reduced to the control level in liver, and kidney (Figure 7D). In addition, Zn level only significantly decreased in bone at day 1 after intravenously administration of NaYF4:Yb,Er@SiO2 at the dose of 20 mg/kg (Figure S11A). By contrast, Cu levels significantly increased in bone at day 1, and they significantly increased in liver, spleen, lung, heart, and stomach at day 7 (Figure S11B). We didn't observe the recovery in Cu level, maybe because the Cu level in mice need to take longer time to recover (i.e., 28 days) as selenium did in a previous report (Tang et al., 2016). Taken together, these results suggest that NaYF4:Yb,Er@SiO2 could slightly change the zinc and copper level of certain organs in mice. However, these changes can be recovered after a period of time.
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FIGURE 7. Zinc (A,B) and copper (C,D) content in tissues of the mice after 7 (A,C) and 14 days' (B,D) consecutive gavage administration of NaYF4:Yb,Er@SiO2, respectively. *Significant difference vs. the corresponding control (P < 0.05, n = 3).



Serum Biochemical Analyses

Serum biochemical analysis is usually used to determine whether the function of vital organs is damaged. Liver function parameters including alanine aminotransferase (ALT, IU/L), aspartate aminotransferase (AST, IU/L), alkaline phosphatase (ALP, IU/L) and kidney index blood urea nitrogen (BUN, mmol/L), and creatine (Crea mmol/L) were measured. Results showed that ALT, AST and ALP remain unchanged after consecutive administration for 7 and 14 days (Table S2). The BUN levels in nanoparticles treatment groups were significantly elevated at day 7, while they came back to the normal level at day 14. The Crea level in the 100 mg/kg NaYF4:Yb,Er@SiO2 group significantly declined compared with the control at day 14. In brief, NaYF4:Yb,Er@SiO2 nanoparticles induce slight fluctuations in BUN and Crea levels after oral administration, but the levels remain in a normal range (Lu et al., 2010).

The oxidative stress is an important cause of injury or inflammation for certain organs. Therefore, we further measured the levels of glutathione (GSH) and malondialdehyde (MDA) in liver, kidneys, spleen, and small intestine. As shown in Figure 8, The GSH level was the highest in small intestine, reaching a value of 6 μmol/g protein, while the level in liver, kidneys, and spleen was about 2 μmol/g protein. The GSH levels in kidney (day 7), spleen and small intestine (day 14) of the 100 and 20 mg/kg NaYF4:Yb,Er@SiO2-treated group were significantly different from that of corresponding control, respectively. The MDA level in NaYF4:Yb,Er@SiO2-treated group did not show any difference with the control at day 7 after gavage administration. However, the MDA level exhibit significant difference in small intestine at day 14 with control after gavage administration of nanoparticles. In brief, it can be concluded that NaYF4:Yb,Er@SiO2 just induce slight fluctuations of GSH and MDA levels in certain organs.


[image: image]

FIGURE 8. GSH (A,B) and MDA (C,D) levels in main organs of mice after consecutive gavage administration of NaYF4:Yb,Er@SiO2 (n = 4). (A,C): 7 days; (B,D): 14 days. *Significant difference vs. the corresponding control (P < 0.05).



Cytokines are secreted by inflammatory cells, which are involved in the immune response of the organism to foreign nanoparticles. This is the pathological basis of the occurrence and development of tissue injury. Particularly, tumor necrosis factor-alpha (TNF-alpha) is involved in inflammation and immune response. Interleukin-6 (IL-6) is involved in the pathophysiological processes of various inflammatory diseases. Interleukin-1 beta (IL-1beta) can stimulate other cytokines or inflammatory mediators, inducing the expression of immune molecules. Therefore, we detected the expression of TNF-alpha, IL-6, and IL-1beta in the liver to observe whether orally administrated NaYF4:Yb,Er@SiO2 could induce inflammation in the liver of mice. As shown in Figure 9, we found TNF-alpha and IL-6 are elevated in the NaYF4:Yb,Er@SiO2 (100 mg/kg) treated group compared with the control at day 14 after gavage administration, and significant difference of TNF-alpha only is observed in the 20 mg/kg treatment group at day 7. In addition, there was no difference of IL-1beta between the nanoparticles treated group and the control. Therefore, NaYF4:Yb,Er@SiO2 nanoparticles change the level of TNF-α and IL-6, while there is no influence to IL-1β after consecutive administration.


[image: image]

FIGURE 9. TNF-α (A), IL-6 (B), and IL-1β (C) level in liver of mice after 7 and 14 days consecutive gavage administration of NaYF4:Yb,Er@SiO2 (n = 5). *Significant difference vs. the corresponding control (P < 0.05).



CONCLUSIONS

In this study, we systematically investigate the bioavailability, biodistribution, and toxicity of orally administered NaYF4:Yb,Er@SiO2 nanoparticles with an average diameter of 50 nm. Our results show that these nanoparticles can be absorbed by mice with oral administration and the intestinal absorption through Peyer's patch was confirmed by TEM measurement. In addition, we demonstrate that the nanoparticles with intravenous injection are trapped in hepatocytes. The biodistribution of NaYF4:Yb,Er@SiO2 is particularly dependent on the administration routes. Specifically, NaYF4:Yb,Er@SiO2 nanoparticles mainly accumulate in bone, stomach, and intestine by oral administration, while these nanoparticles mainly accumulate in liver and spleen by intravenous administration. Furthermore, our results suggest that there is no overt toxicity of NaYF4:Yb,Er@SiO2 in mice even after consecutive oral exposure for 14 days at a high dose of 100 mg/kg. Collectively, these results provide an important reference for the future medical and clinical applications of inorganic nanoparticles.
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