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Purpose: Pt-based nanostructures are one of the promising nanomaterials for being used in catalysts, sensors, and therapeutics.
However, their impacts on the health and biological systems are not adequately understood yet.

Methods: In this work, nanorods composed of ultrasmall platinum (Pt) nanoparticles deposited on the surface and gold nanorod as the
core (Au@Pt NRs) were synthesized, and the distribution and toxic effects of Au@Pt NRs were investigated in C57BL/6 mice with
intravenous injection by using atomic absorption spectroscopy (AAS), transmission electron microscope (TEM), hematoxylin-eosin
(HE) staining and blood cell analyzer.

Results: At the time point of Day 1, Day 8 and Day 16 post injection of Au@Pt NRs (6 mg/kg of Pt atom), Au@Pt NRs
were mainly accumulated in the liver and spleen. The energy dispersive spectrometer mapping images showed Au@Pt NRs
experienced quick corrosion and Au released faster than Pt in the physiological environments. The catalase (CAT) activity in
tissues increased slightly in the early stage of the Au@Pt NRs exposure and went down to the normal level. With HE
staining, inflammatory cells infiltration could be seen in the tissues, while no significant influences were detected on the
blood biochemistry and the function of liver and kidney.

Conclusion: In conclusion, intravenously injected Au@Pt NRs mainly distributed in the liver and spleen with comparable levels, and
did not exert any significant toxic effects on the organs’ function within two weeks; meanwhile, Au@Pt NRs were able to degrade,
which indicated acceptable safety to the mice and potentials of biomedical application.
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Introduction

Noble metal nanoparticles have high specific surface area and surface energy, which makes their surface atoms
very active; therefore, they have superior properties in optics, electricity and catalysis." Up to date, noble metal
nanoparticles have been intensively investigated in biomedical fields, such as biosensors, catalysts, detection and
imaging.>> Among various noble metal nanostructures, gold (Au) and platinum (Pt) based nanostructures are the
ones that attract wide research interests. It has been well documented that gold nanorods (Au NRs) have aspect
ratio-associated longitudinal surface plasmon resonance (LSPR), showing great potentials for optical sensing,

imaging, and thermotherapy.®” PtNPs have garnered a steadily growing interest in biomedical applications such
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as antimicrobial agents, anticancer agents, targeted drug delivery, hyperthermia, photoablation therapy, bioima-
ging, and biosensing.®’

Bimetallic nanostructures are combinations of two different single metal nanostructure that might exhibit
combined advantages, which are excellent potential candidates for sensors, catalysts, optical detectors, and
biomedical applications.''> Due to the red-shifted LSPR and higher cell uptake capacity than Au NRs,
Au@Pt NRs have demonstrated stronger photothermal therapeutic effects at a longer wavelength than conven-
tional Au NRs in the breast adenocarcinoma.'* Au@Pt NRs are also highly desirable for catalysis because the
tiny Pt nanodots distributed on the surface of the Au NRs have larger surface area.'”> With synergistic excellent
properties, core-shell bimetallic Au@Pt nanostructure has been investigated in biomedical applications.'®'® For
example, the porous Au@Pt nanostructure was reported to relieve the oxidative stress damage and inhibited the
tumor growth through chemo-photothermal co-therapy because of their high catalytic activity and unique optical
properties.'®

One of the most important issues in the biomedical applications for nanomaterials is the evaluation of toxicity and
biocompatibility in vivo; however, studies of the toxicity of Au@Pt NRs are not sufficient. There were only a few reports
on the toxicity of Au@Pt NRs in the cell lines (mainly on cancer cell line, like human breast adenocarcinoma cell MDA-
MB-231,"* human leukemia cell K562,' human bladder carcinoma cell EJ,* etc.), but no literatures reported the toxicity
of Au@Pt NRs in vivo.

In this work, Au@Pt NRs were synthesized and single dose was intravenously injected to healthy C57BL/6
mice. The biodistribution of Au@Pt NRs was examined by atomic absorption spectroscopy (AAS) and transmis-
sion electron microscope (TEM). Tissues were stained with hematoxylin-eosin (HE) and observed by microscope,
and the antioxidant enzyme activity was measured with catalase (CAT) assay kit. In addition, peripheral blood
analysis and blood biochemical parameters were determined by blood cell analyzer. We showed that the
intravenously injected Au@Pt NRs are mainly distributed in the liver and spleen with comparable levels,
which did not display significant toxic effects on the organs’ function within the tested term; meanwhile,
Au@Pt NRs were able to degrade, indicating an acceptable safety to the mice and application potentials in

biomedical applications.

Materials and Methods

Materials

Sodium borohydride (NaBHy), chlorauric acid (HAuCly), cetyltrimethylammonium bromide (CTAB), silver
nitrate (AgNO;3) L-ascorbic acid (AA), potassium tetrachloroplatinate (II) (K,PtCly), poly (sodium-p-styrenesul-
fonate) (PSS) and sodium chloride (NaCl) were purchased from Alfa Aesar (Waltham, MA, USA).
Paraformaldehyde and sulfuric acid (H,SO,) were obtained from Beijing Chemical Reagent Company (Beijing,
China). Glutaraldehyde was purchased from Honeywell (Charlotte, NC, USA). All the chemicals above were of
analytical reagent grade. Nitric acid and hydrochloric acid were guaranteed reagent grade and purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Mouse fibroblast cell line (NIH3T3) was
obtained from the Cell Center of Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences &
Peking Union Medical College (Beijing, China). Human umbilical vein endothelial cells (HUVEC), human
hepatic sinusoidal endothelial cells (HHSEC) and endothelial cell medium (ECM) were purchased from
ScienCell Research Laboratories (San Diego, CA, USA). Modified RPMI medium, high-glucose basal
Dulbecco’s modified Eagle’s medium (DMEM) and PierceTM BCA protein assay kit were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). CAT assay kit was obtained from Nanjing Jiancheng Biology
Engineering Institute (Nanjing, Jiangsu, China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc (Kumamoto, Kyushu, Japan). Five percent glucose was purchased from China
Otsuka Pharmaceutical Co., Ltd (Tianjin, China), and saline was purchased from Guaranteed Pharmaceutical
Co., Ltd (Shandong, China). Milli-Q water (ddH,O, 18 MQ cm) was used for all solution preparation.
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Preparation of Au@Pt NRs

Au NRs were synthesized using a seed-mediated growth procedure as reported in previous literature (see the
methods in the Supplementary Material).?! The obtained Au NRs were purified by centrifuging twice

(12,000 rpm, 5 min). Au NR suspension (1 mL) was mixed with 75 pL of 2 mM PtCl,* aqueous solution.
Then, 15 pL 0.1 M of AA was added and the total solution volume was diluted to 2 mL. The mixture was
incubated in a 30 °C water bath for 1 h and centrifuged once (12,000 rpm, 10 min) after adding 1 mL of 0.1
M CTAB. The precipitate was dispersed in 0.5 mL PSS aqueous solution (2 mg/mL containing 6 mM NaCl), and
the solution was incubated overnight. Finally, it was centrifuged once (12,000 rpm, 10 min) and redispersed in
ddH,O0.

Characterization of Au@Pt NRs

The morphology of Au@Pt NRs was characterized using a transmission electron microscope (TEM-1400 plus,
JEOL Ltd., Tokyo, Japan). Dynamic light scattering (DLS) was conducted to measure the hydrodynamic diameter
and zeta-potential of Au@Pt NRs in ddH,0, 5% glucose, saline and modified RPMI medium using NanoBrook
Omni (Brookhaven Instruments, NY, USA). The absorption spectra of the Au@Pt NRs were detected by
ultraviolet-visible-near-infrared (UV-vis-NIR) spectrophotometer (Lambda 950, Perkin Elmer, MA, USA).

Animals and Au@Pt NRs Treatment

All animal experiments were approved by and performed in accordance with the guidelines for ethical review of
animal welfare by the Animal Care and Use Committee of Institute of Basic Medical Sciences, Chinese Academy
of Medical Sciences/Peking Union Medical College. Six-week-old female C57BL/6 mice were maintained in the
Center for Experimental Animal Research under specific pathogen-free conditions. The mice were acclimated for
one week in the animal center, then randomly grouped into four groups with the group of control, day 1, day 8
and day 16 (4 mice per group) according to the body weight. By mixing equal volume of Au@Pt NRs in ddH,
O and 10% glucose solution, Au@Pt NRs in 5% glucose was prepared. Then, each mouse in the experimental
group was injected with 100 pL Au@Pt NRs suspension (consisted 6 mg/kg of Pt atom) intravenously, while the
control group was injected with 5% glucose solution of the same volume. Mice were killed at day 1, day 8,
and day 16 after injection of Au@Pt NRs, while the mice in control group were killed at day 1. Tissues used for
elemental content determination and enzyme activity were frozen at —80 °C. Tissues used for transmission
electron microscope and histochemical staining were preserved in 2.5% glutaraldehyde and 4% paraformalde-
hyde, respectively.

Determination of Gold and Platinum Contents in Tissues by Atomic Absorption

Spectrophotometer

Organs including heart, liver, spleen, lung, kidney, brain, and bone marrow were frozen dried and weighed. The
organs were digested on a hot plate with aqua regia (hydrochloric acid: nitric acid = 3:1, both electronic grades).
The final sample solutions were diluted to 4 mL of 3% dilute acid. The Au and Pt contents in the organs were
measured by a graphite furnace mode of atomic absorption spectrophotometer (ZA3000, HITACHI, Tokyo,
Japan). The concentrations for the standard curves of Pt and Au were between 1 ~ 100 ppb and 1 ~ 50 ppb,
respectively, with a good linear relationship (R* > 0.99). The results were expressed as the element content per
dry weight.

TEM Observation of Nanoparticle in Tissues

The liver, spleen and kidney were quickly extracted and immediately fixed into 2.5% glutaraldehyde at 4 °C. The
whole process took place on ice. The samples were successively dehydrated in ethanol and embedded into Epon.
Ultrathin sections of tissues were cut, double-stained with uranyl acetate and lead citrate, and collected on
copper mesh. Section was observed on TEM (TEM-1400 plus, JEOL Ltd., Tokyo, Japan). The energy-dispersive
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X-ray spectroscopy (EDS) mapping of Au@Pt NRs was acquired by using a high-resolution TEM (Tecnai G*
F20 U-TWIN, FEI, OR, USA) at an acceleration voltage of 200 kV.

Histopathological Examination

Mice were sacrificed at Day 1, Day 8, and Day 16 after injection. The liver, spleen, kidney and lung were
isolated and fixed in 4% paraformaldehyde immediately. After that, tissues were embedded in paraffin, sliced,
stained with HE, and the slices were observed with an optical microscope (Olympus, Tokyo, Japan).

Biochemical Serum Parameters and Hematology Measurements

Blood was collected by eyeball extraction, and 10 pL of whole blood was placed in an EDTA-coated tube. The
red blood cells (RBC), platelets (PLT), and white blood cells (WBC) were counted using a whole blood cell
analyzer (Mindray, BC-5120, Shenzhen, China). The remaining blood (without anticoagulant) was kept at 4 °C
for 2 h. After centrifugation (3000 rpm for 15 min), the upper serum was taken and measured by a biochemical
automatic analyzer (Beckman Coulter, Au5800, USA). Serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), total bilirubin (TBIL), total protein (TB), and albumin (ALB) are
used to assess liver function. Renal toxicity was determined by urea nitrogen (BUN), creatinine (Cr), uric acid
(UA) and cystatin C (CysC).

Measurement of Oxidative Stress Makers
The levels of CAT in tissues were determined using CAT assay kit. The protein contents were determined using
PierceTM BCA protein assay kit. All groups had three replicate wells.

Cell Viability Assay

NIH3T3 was cultured in DMEM medium. HUVEC and HHSEC were all cultured in ECM medium. The cells were
seeded into 96-well cell culture plates at a density of 4 x 10* cells/well and incubated with different concentrations of
Au@Pt NRs at 37 °C for 24 h. Then, the cells were incubated with fresh medium containing 10 pL of Cell Counting Kit-
8 for 2 h. The absorbance of the medium was measured at 450/630 nm using the Epoch Multimode Reader (BioTek,
VT, USA).

Statistical Analysis
All the quantitative data were expressed as mean + standard deviation (mean + SD). One way ANOVA was used to assess

the statistical significance of experimental results. Statistical analysis was performed using the SPSS software
(SPSS 20.0).

Results

Characteristics of Au@Pt NRs

The core-shell Au@Pt NRs were prepared based on AuNRs, and the structural diagram of Au@Pt NRs is shown
in Figure 1A. The aqueous solutions with different concentrations of Au@Pt NRs showed homogeneous black
(Figure 1B). There were numerous small Pt nanoparticles distributing on the surface of the AuNRs (Figure 1C),
and the Au@Pt NRs displayed characteristic UV-vis-NIR spectra, in which the LSPR of Au@Pt NRs was located
at 767 nm (Figure 1D).

The particle size and zeta potential of Au@Pt NRs in ddH,O, 5% of glucose, saline, and cell culture medium
were measured by DLS (Figure 1E and Figure S1). Results showed that the particle size in saline and cell culture
medium changed largely, while the size in ddH,O and 5% glucose changed slightly after co-incubated for up to
48 h. We would suggest that the ionic strength of the solutions could affect the measurement of particle size,*
and as for the nanoparticles encountered with the cell culture medium, the proteins in the medium could adsorb
to the surface of Au@Pt NRs,>*?* which would lead to the apparent difference in the particle size. Because
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Figure | Characterizations of Au@Pt NRs. (A) Structural diagram of Au@Pt NRs. (B) Photos of aqueous suspension solution with different concentrations. (C) TEM
image of Au@Pt NRs. (D) UV-vis-NIR spectra of Au@Pt NRs in ddH,O. (E) Particle size dispersion of Au@Pt NRs in ddH,O and 5% glucose within 48 h.

CTAB used in the syntheses of Au NRs is of toxicity, PSS was assembled on the CTAB layer by electrostatic
adsorption to increase the biocompatibility, which made Au@Pt NRs negatively charged. The zeta potentials of
Au@Pt NRs in ddH,0 and 5% glucose were —(39.27 + 2.91) mV and —(36.60 £ 2.11) mV, and that after kept in
the medium for 48 h, they changed to —(38.11 + 0.26) mV and —(57.72 £ 0.46) mV, respectively (Figure S1).

Biodistribution of Au and Pt in vivo

To investigate the distribution of Au@Pt NRs in vivo, 6-week healthy C57BL/6 mice were employed and
injected with Au@Pt NRs (6 mg/kg of Pt atom) in 5% glucose intravenously. As shown in Figure S2, no
decrease on the weight of the mice was observed at each testing point in reference to that of pre-dosing. In
addition, we did not observe any changes on the hydration state, locomotor activity, and behavior of mice in the
process of experiment. The mice were sacrificed at Day 1, Day 8 and Day 16 post injection, and the levels of Au
and Pt in tissue were determined by AAS. The control group was given an equal volume of 5% glucose and
sacrificed at Day 1. It could also be noted that the sums of Au and Pt in all the organs decreased within the
observation period (Figure S3), Figure 2 summarizes the content of Pt and Au in the organs. It was shown that
one day after injection, the levels of Pt and Au in different organs varied. Ranking from high to low: spleen,
liver, lung, kidney, heart, bone marrow, and brain for Pt, and spleen, liver, lung, heart, kidney, bone marrow, and
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Figure 3 The distribution of (A) Pt and (B) Au in different tissue after one injection (ng). Each data represents the mean * SD (n = 4). *Represents the significant difference
compared with the control. *: 0.01<p<0.05, **: 0.001<p<0.01, ***: p<0.001.

brain for Au. The highest amounts were detected in the spleen and liver, with 207.62 pg/g and 23.97 pg/g of Pt
and 179.59 pg/g and 9.14 pg/g of Au, respectively. Nevertheless, on the Day 16, the concentration of Pt in the
spleen and liver was decreased 84.4% and 43.8% compared with that of Day 1, at the same time, the
accumulation of Pt in the lung, heart, kidney, bone marrow and brain were significantly increased 34.6%,
87.2%, 88.7%, 141.4% and 327.7%, indicating that Au@Pt NRs were redistributed over time. Considering the
size of the organs, we calculated the absolute element content of Pt or Au in the tissue based on the organs’
weight and analyzed the distribution of the element content in each organ after one injection. It was shown that
the level of Pt and Au was almost similar in the spleen and liver (Figure 3), though the weight of the liver and
spleen varies greatly.

Correspondingly, EDS mapping in organs showed that the shape of some AuNRs had changed to irregular and
fractured nanoparticles (yellow arrow) from cylindrical before the injection (Figure 4), suggesting that Au@Pt
NRs had experienced corrosion and Pt had been released from the nanorods in vivo. The original ratio of Pt to
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Figure 4 EDS mapping images. (A) Au@Pt NRs for injection. Scale bar is 20 nm. (B) Au@Pt NRs in spleen and liver at Day 16 after a single i.v. injection. The yellow arrow
pointed to AuNRs that had been irregularly broken. Scale bar is 50 nm.
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Figure 5 Histopathological sections of liver, kidney, spleen and lung with HE staining. The samples were collected at different time (Day |, Day 8 and Day 16) after the
Au@Pt NRs injection. The blue and green arrows showed the infiltrating inflammatory cells in liver and kidney.

Au in Au@Pt NRs was 0.3 that was changed over time in organs, and the ratio increased significantly in all the
organs on Day 16 (Figure S4A), showing the Pt was easier than Au to accumulate in the organs. The changes of
Pt/Au ratio in the organs at Day 16 were different that might result from the difference of releasing and

accumulation behaviors of Pt in various organs (Figure S4B).
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Histopathological Analysis

The toxic effects of single exposure of Au@Pt NRs on the liver, kidney, spleen and lung tissues were
investigated by HE staining (Figure 5). In the liver of mice treated with Au@Pt NRs, it was seen that
inflammatory cell infiltration (blue arrow) increased significantly, most of which were concentrated around the
hepatic vein at Day 1 post injection. Without obvious pathological changes, the glomerulus in the kidney was
infiltrated by neutrophils (green arrow), and the infiltrating inflammatory cells gradually decreased over time. In
the spleen and lung tissues, there were no significant pathological changes observed after the treatment of
Au@Pt NRs.

Localization of Au@Pt NRs Observed with Transmission Electron Microscopy

The localization of Au@Pt NRs was examined by TEM at Day 1, Day 8 and Day 16 after treatment. Au@Pt
NRs were observed in phagocytic cells of the liver (Kupffer cells) and spleen (macrophages) and not detected in
other cells such as hepatocytes, lymphocytes, and spleen red blood cells (Figure 6). Furthermore, Au@Pt NRs
are mainly scattered in the lysosomes of the cells in the liver and spleen while hardly observed in the kidney.
Compared with the control group, a large amount of protein-like substances (shown with blue dotted lines in
Figure 6) appeared in the glomerular capillary lumen of kidney on Day 1 after injection, suggesting an acute
inflammatory reaction in the kidney, which was consistent with the results obtained from HE staining.
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Figure 6 TEM images of tissues (liver, spleen, and kidney) treated with 6 mg/kg Au@Pt NRs or 5% glucose (control group) after intravenous injections. Columns 2, 4 and 6
were local magnified images of green rectangle in Columns |, 3 and 5, respectively. The blue dotted circle showed the protein-like substances.
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Effects of Au@Pt NRs on Oxidative Stress

The effects of Au@Pt NRs on the oxidative stress in the liver, spleen and kidney of mice were studied by
assessing the activity of endogenous antioxidant enzyme CAT. It was shown that Au@Pt NRs significantly
decreased the CAT activity in the liver, spleen and kidney after one day of intravenous injection (Figure 7),
while there were no statistical differences both at Day 8 and Day 16 groups compared with the control group.
These results indicated that intravenously injected Au@Pt NRs could interrupt the redox balance in the liver,
spleen and kidney in a short term, and then return to normal.

Effects of Au@Pt NRs on the Blood Cell Count and Blood Biochemical Parameters
To quantitatively evaluate the blood toxicity of Au@Pt NRs, peripheral blood cell counts were measured. It was shown that
Au@Pt NRs could promote erythrocytosis, and that the number of RBC on Day 8 and Day 16 significantly increased compared
with that of control group (Figure 8). The WBC increased significantly on Day 1 after injection and gradually returned to normal
level. There were no obvious effects on the PLT. Taken together, there was no major hematological variation induced by the
intravenously injected Au@Pt NRs, except for the increase of WBC at the initial exposure. In addition, all hematological
parameters were found to be within normal range for female C57BL/6 mice, denoted by the highlighted (light grey) region of each
graph.”®

Blood biochemical analysis was an important indicator of impaired organ function. To investigate the effects of
Au@Pt NRs on the liver and kidney, the function parameters of liver (ALT, AST, ALP, TBIL, TP, and ALB) and kidney
(Urea, Cr, UA and CysC) were examined. Among the parameters for liver function, only ALT on Day 16 had small
differences compared with control (Table 1), which was still within the normal reference range.>>*® There were no
significant changes in all the test parameters for kidney function (Table 2).
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Figure 7 The activity of CAT at different time after intravenous injection of Au@Pt NRs. (A) Liver. (B) Spleen. (C) Kidney. The value represents the mean = SD (n = 4).
*Represents the significant difference compared with control. *: 0.01<p<0.05.
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Figure 8 Blood count measurements at Day |, Day 8 and Day |6 upon intravenous injection. (A) RBC. (B) WBC. (C) PLT. The data represents the mean * SD (n = 4);
*Represents the significant difference compared with control. *: 0.01<p<0.05, **: 0.001<p<0.01.
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Table 1 Changes of Biochemical Parameters in Liver Function

Parameters Control Day | Day 8 Day 16
ALT (U/L) 37.00+5.03 36.00+5.89 32.50%1.91 28.00+4.32%
AST (U/L) 168.00+£26.28 164.00+£36.04 187.00£27.35 143.00+£24.79
ALP (U/L) 235.50+85.06 245.00+10.65 230.00+22.39 191.50+9.00
TBIL (umol/L) 2.70+0.50 2.95+0.62 2.30+0.35 2.35+0.41
TP (g/L) 62.15+2.56 63.00+2.41 61.25+1.31 60.40%2.92
ALB (g/L) 26.95%1.06 27.00+1.14 26.55+0.75 26.10%1.52

Note: Results given as mean + SD (n = 4). The data with statistical differences compared to the control
group were underlined. *: 0.01<p<0.05.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase;
TBIL, total bilirubin; TP, total protein; ALB, albumin.

Table 2 Changes of Biochemical Parameters in Kidney Function

Parameters Control Day | Day 8 Day 16
Urea (mmol/L) 11.00+3.22 7.20£0.91 9.00+1.24 8.90+1.15
Cr (umol/L) 9.00+2.58 10.00+2.83 9.50+4.43 7.50+3.42
UA (pmol/L) 239.00£69.71 205.00+24.25 171.50+38.56 198.50+27.05
CysC (mg/L) 0.60+0.05 0.65+0.02 0.61+0.04 0.59+0.03

Note: Results given as mean * SD (n = 4).
Abbreviations: Urea, blood urea; Cr, creatinine; UA, uric acid; CysC, cystatin c.

Cytotoxicity of Au@Pt NRs in vitro

The cell viability of HUVEC, HHSEC and NIH3T3 were investigated with various concentrations of Au@Pt NRs
ranging from 0 to 6 pg/mL (Pt element concentration). As shown in Figure 9, the viability of the cells after
treated with Au@Pt NRs for 24 h was no less than 80%. NIH3T3 is an immortalized mouse embryonic fibroblast
cell line,”” while HUVEC and HHSEC are human primary endothelial cells. It could be noticed that the cell
viabilities of HUVEC and HHSEC were significantly decreased in a dose-dependent manner, while the viability
of the NIH3T3 was not affected significantly by Au@Pt NRs, this is possibly due to the different sensitivities of

the two cells.?®?°

HUVEC HHSEC NIH3T3
120+ 120 140
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Pt concentration of Au@Pt NRs (pg/mL)

Figure 9 Cell viability of HUVEC, HHSEC and NIH3T3 co-incubated with Au@Pt NRs for 24 h. The data represents the mean + SD (n = 4); *Represents the significant
difference compared with control. *: 0.01<p<0.05, **: 0.001<p<0.01, ***p<0.001.
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Discussion

Pt-based nanoparticles are widely investigated in biomedical fields due to their excellent catalytic and multiply-enzyme
properties. However, the toxicity and biodistribution are not adequately understood yet. In this study, Au@Pt NRs were
synthesized and investigated in mice for 16 days after a single dose intravenous exposure.

It has been documented that Au@Pt NRs are a kind of stable nanostructure. A research group reported that no
obvious Pt release was detected from the Au@Pt NRs surface determined by inductively coupled plasma mass spectro-
metry (ICP-MS).'* Our results showed that Au@Pt NRs in 5% glucose were stable as that in the ddH,0, and another
research group reported no obvious change detected with the dynamic diameter, zeta potential, and specific spectrum in
various pHs and temperature for Au@Pt NRs in ddH,0.?° These features allow Au@Pt NRs to be applied as a whole
nanostructure. Therefore, Au@Pt NRs in 5% glucose was employed in the present work, not only to maintain the osmotic
pressure but also to keep the dispersion stable for the intravenous injection.

Our results indicated that the liver and spleen were the primary site for Au@Pt NRs accumulation possibly due to the
rich phagocytes (eg, Kupffer cells in the liver and macrophages in the spleen), which were responsible for non-specific
clearance of nanoparticles.’' On Day 16, the levels of Au@Pt NRs in the liver and spleen were decreased and
redistributed to other organs over time. It could be noticed that Au@Pt NRs largely accumulated in the spleen, the
level was comparable to that in the liver, and this feature might be valuable for developing therapeutics targeting spleen.
Other researchers’ work also reported that notable metal nanoparticles prefer to accumulate in the spleen of mice.**>*

Notably, Pt could be detected in the brain though the concentration was low, which was higher than Au element,
suggesting that Pt-based drug was easier to accumulate in brain than Au element. This could provide a hint for Pt-based
drug in treating central system diseases.

The sums of Au and Pt in all the organs decreased within the observation period, which were mainly attributed to
the significant decrease of the two metals in the spleen and liver. The decrease in the liver implied the excretion from
faeces, while the decrease in the spleen meant that Au and Pt were able to enter the blood circulation and distribute in
the kidney, lung, and heart, and even in the brain. Although the level of Au was reduced in all the organs, there was an
increase of Pt in the kidney, bone marrow, lung, brain, and heart on the day 16, which suggested the excretion of Pt
from kidney might be slower than that of Au, and the accumulation of Pt in the lungs may be attributed to the uptake of
alveolar macrophages in the pulmonary circulation, and it might be cleared from the lungs to the gut and excreted by
airway cilia.>> As additional data on fecal versus urinary excretion were not obtained in this work, it could not directly
show the fate of the rest of the Au@Pt NRs in the body and out of the body, which was a limitation of this
investigation.

After being ingested, nanomaterials can directly interact with biological systems to induce oxidative stress. Oxidative
stress was the result of an imbalance between the body’s antioxidant defense system and reactive oxygen species (ROS),
which was thought to be harmful to cell membranes and DNA.*° The production of ROS was an attractive mechanism for
NP-induced adverse reactions.®” The change of antioxidant enzymes was associated with the production of oxygen-free
radicals.®® As shown in our results, the CAT activity decreased at Day 1. Owing to the extremely small particle size,
nanoparticles might be retained in organs and induced further toxicity.>*** However, in our study, only the aggregation of
nanoparticles was observed to lead to slight infiltration of inflammatory cells, which had no effect on the structure and
function of the main organs, indicating that Au@Pt NRs have good biocompatibility.

Although this study revealed important information on the in vivo distribution and toxic effects of the promising
nanomaterial Au@Pt NRs, detailed pharmacokinetic studies can be further carried out in subsequent studies to examine
the fate of Au@Pt NRs in biological systems for a comprehensive risk assessment of Au@Pt NRs.

Conclusion

In conclusion, the biodistribution and toxicological effects of Au@Pt NRs in mice with intravenous injection were
studied. Au@Pt NRs could be largely distributed in the liver and spleen, while located in the lung and brain at the lower
levels. In the physiological environments, Au@Pt NRs experienced corrosion and Au released faster than Pt. Au@Pt
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NRs did not show long-term toxic effects in vivo though induced mild short-term inflammatory responses. These results
suggested that Au@Pt NRs could be a safe candidate for uses of diagnosis and therapeutics.
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