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Recently, with the advancement of nanotechnology, various nanoparticles have been developed and used in fields
such as electronics, cosmetics, and foods. However, the toxicity of nanoparticles has yet to be fully investigated.
In particular, the interactions between nanoparticles and therapeutic drugs require further study. We previously
reported that unmodified polystyrene nanoparticles with a particle size of 50 nm (NPP50) co-administered with
paraquat (PQ) or cisplatin (CDDP) induce hepatic and kidney injury. Here, we determined if NPP50 modified
with the amino group (NPP50-NH,), carboxyl group (NPP50-COOH), or palladium (Pd-NPP50) caused liver
or kidney injury when co-administered with PQ or CDDP. The results showed that when NPP50-NH,, NPP50-
COOH, or Pd-NPP50 was administered alone via the mouse tail vein, serum levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and blood urea nitrogen (BUN) did not increase or cause injury. When
NPP50, NPP50-NH,, NPP50-COOH, or Pd-NPP50 was co-administered with PQ, serum levels of ALT and AST
increased in the NPP50 group but did not increase in the NPP50-NH,, NPP50-COOH, or Pd-NPP50 groups.
When NPP50-NH,, NPP50-COOH, or Pd-NPP50 was co-administered with CDDP, ALT, AST, and BUN values
did not increase. These data suggest that injury due to the interaction of polystyrene nanoparticles with CDDP

or PQ can be suppressed by changes in the surface charge of nanoparticles or by Pd modification.

1. Introduction

Recent developments in nanotechnology have led to a tremen-
dous increase in the use of nanomaterials in industry, including
pharmaceutical and technology companies. Nanomaterials are
often used for information communication, microelectronics,
cosmetics, and sunscreen and their potential use in drug delivery
systems has also been studied (Chakraborty et al. 2011; McIntyre
2012). Although the importance of nanomaterials has become
increasingly recognized with an increasing numbers of studies
being conducted into their practical applications, their effects on
organisms remain a concern (Kettiger et al. 2013; Oberdorster et
al. 2005). Nanomaterials have unique physicochemical properties
compared to micromaterials in terms of size, surface structure,
reactivity, and mechanical strength. Therefore, reducing particle
size from microscale to nanoscale is beneficial for many industrial
and scientific applications. However, it is essential to understand
the biological activity and potential toxicity of nanomaterials, as
they have potential toxicities not found in micromaterials.

The physical properties of nanomaterials are changed by modifi-
cation of their surface charge, which extends their possible appli-
cations. For example, charge-modified dendrimers are expected to
have applications in drug-delivery systems. The physical proper-
ties and toxicity of carbon nanotubes change based on the surface

Abbreviations: NPP50, 50 nm polystyrene particles;
NPP50-NH,, 50 nm polystyrene particles with NH,; NPP50-
COOH, 50 nm polystyrene particles with COOH; Pd-NPP50,
50 nm polystyrene particles with palladium; CDDP, cisplatin;
PQ, paraquat; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen
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charge (Simon-Deckers et al. 2009; Smith et al. 2009), as do the
pharmacokinetics of liposomes (Wang et al. 2005). Thus, future
research studies will undoubtedly lead to expanded applications of
surface-modified nanomaterials (Bharali et al. 2009; Svenson and
Tomalia 2005); however, little has been reported on their toxicity.

Polystyrene is a material that is used to make a number of consumer
products such as food transport containers or food trays, as it does
not have an odor or impart a taste to food, and it is resistant to
damage by external shocks (Peralta-Videa et al. 2011). Polystyrene
nanoparticles have been used in diagnostic products, cosmetics,
and as materials for the electronic industry. The intravenous
administration of polystyrene nanoparticles results in the biodistri-
bution of nanoparticles to diverse organs such as the liver, spleen,
and lungs (Sarlo et al. 2009). We previously reported that hepato-
toxicity results from the synergistic effects of 50 nm polystyrene
nanoparticles (NPP50) with two chemicals: cisplatin (CDDP) and
paraquat (PQ) (Shimizu et al. 2012). These nanoparticles induce
hepatic injury by interacting with pharmaceuticals and chemicals.

Injuries from nanoparticles are reportedly due to the charge and
shape of the particle surface. In a previous study, we reported
that silica nanoparticle-induced hepatic injury was reduced by
changing the surface charge (Isoda et al. 2011). Here, we deter-
mined if the interaction between CDDP or PQ with NPP50-COOH
or NPP50-NH,, respectively, also reduced injury. In addition,
because palladium (Pd) is widely used as a medicinal product, we
examined the interaction between Pd-NPP50 and CDDP or PQ.

2. Investigations, results and discussion

We previously investigated the acute toxicity of polystyrene parti-
cles with diameters of 50, 200, or 1000 nm at a maximal dose
of 100 mg/kg, and found that when administered alone to mice,
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Fig. 1: Effects of NPP50-NH, and NPP50-COOH on PQ-induced toxicity. Mice
were injected intraperitoneally with 0 (open column) or 50 mg/kg (solid
column) PQ together with a polystyrene nanoparticle (NPP50, NPP50-NH,,
or NPP50-COOH) injected intravenously at a dose of 100 mg/kg. At 24 h
post-injection, the serum was recovered. ALT (A) and AST (B) levels were
assayed as described in the Materials and Methods. Data are representative
of three independent experiments. Data are the mean + SEM (n = 4). *Sig-
nificant difference between NPP-50 and NPP50-NH, or NPP50-COOH in
PQ-treated groups (*p < 0.05, **p < 0.01). )

they did not cause acute toxicity (Shimizu et al. 2012). However,
administration of NPP50 with PQ or CDDP induced liver damage
(Shimizu et al. 2012). In this study, we determined if polystyrene
nanoparticles with a modified surface co-administered with PQ or
CDDP also induced liver damage.

First, we injected 100 mg/kg NPP50-NH, or NPP50-COOH into
mice via the tail vein. As shown in Fig. 1, NPP50-NH, and NPP50-
COOH did not cause liver injury like NPP50. In addition, there was
no increase in BUN values, indicating a lack of kidney injury (data
not shown). However, upon co-administration of NPP50 and PQ,
ALT and AST levels were significantly increased compared with
vehicle, and hepatic injury was observed (Fig. 1). Co-administra-
tion of NPP50-NH, and PQ resulted in ALT of 102 (K.U.) and AST
of 213.7 (K.U.), liver injury decreased by 50% compared with the
NPP50 group. Furthermore, co-administration of NPP50-COOH
and PQ resulted in ALT of 45.7 (K.U.), AST of 101.7 (K.U.), and
almost no liver injury was observed.
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Fig 2:  Effects of NPP50-NH, and NPP50-COOH on CDDP-induced toxicity. Mice

were injected intraperitoneally with O (open column) or 100 mM/kg (solid
column) CDDP together with a polystyrene nanoparticle (NPP50, NPP50-
NH,, or NPP50-COOH) injected intravenously at a dose of 100 mg/kg. ALT
(A), AST (B) and BUN (C) levels were assayed as described in the Materials
and Methods. Data are the mean + SEM (n = 4). *Significant difference be-
tween NPP-50 and NPP50-NH, or NPP50-COOH in CDDP-treated groups
(*¥p < 0.05, *¥p < 0.01). :
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Fig. 3: Effects of Pd-NPP50 on PQ-induced toxicity. Mice were injected intraperi-
toneally with O (open column) or 50 mg/kg (solid column) PQ together with Fig. 4: Effects of Pd-NPP50 on CDDP-induced toxicity. Mice were injected intraper-
a polystyrene nanoparticle (NPP50 or Pd-NPP50) injected intravenously at a itoneally with O (open column) or 100 mM/kg (solid column) CDDP together
dose of 100 mg/kg. At 24 h post-injection, the serum was recovered. ALT (A) with a polystyrene nanoparticle (NPP50 or Pd-NPP50) injected intravenously
and AST (B) levels were assayed as described in the Materials and Methods. at a dose of 100 mg/kg. ALT (A), AST (B) and BUN (C) levels were assayed
Data are representative of three independent experiments. Data are the mean as described in the Materials and Methods. Data are the mean + SEM (n = 4).
+ SEM (n = 4). **Significant difference between NPP-50 and Pd-NPP50 in **Significant difference between NPP-50 and Pd-NPP50 in CDDP-treated

PQ-treated groups (**p < 0.01). groups (p < 0.01)

Pharmazie 73 (2018) 167



ORIGINAL ARTICLES

AST levels were similar to those in the vehicle group, and hepatic
injury was not induced. Similarly, co-administration of Pd-NPP50
with CDDP also did not lead to a change in serum levels of ALT,
AST and BUN compared to the NPP50 group, and hepatic injury
was not induced (Fig. 4). These data suggest that the interaction
with PQ or CDDP was mostly inhibited by coating the surface of
the polystyrene nanoparticles with Pd.

In this study, it was shown that NPP50-NH , NPP50-COOH, or
Pd-NPP50 reduced liver and kidney injury caused by PQ or CDDP.
A single administration to mice (100 mg/kg) of NPP50-NH,,
NPP50-COOH, or Pd-NPP50 did not cause injury (Figs. 1, 3).
Injuries caused by CDDP and the toxicity of PQ are reportedly
due to involvement of reactive oxygen species (ROS) and intra-
cellular signaling factors (Gao et al. 2017; Jaiman et al. 2013;
Nagano 1991). It is thought that NPP50-NH,, NPP50-COOH, and
Pd-NPP50 reduce injuries caused by PQ or CDDP by inhibiting
the generation of active oxygen. Future studies should measure
ROS upon co-administration of NPP50-NH,, NPP50-COOH, or
Pd-NPP50 with CDDP or PQ.

Nanomaterials are used in many products, and their use will
continue to increase, as the development of nanomaterials with
new functions is anticipated (Devalapally et al. 2007; Rakesh et
al. 2008). Protein adsorption and cell adsorption base materials,
which allow functional groups to fix to the surface of materials,
have been developed (Bacakova et al. 2004; Wilson et al. 2005).
The absorbance of materials is changed by surface treatment. We
previously reported that liver injury by silica nanoparticles was
reduced by changing the charge on their surface (Isoda et al. 2011),
and protein adsorptivity was changed by changing the nanoparticle
surface charge, preventing silica nanoparticles from entering the
cell.

Pd inhibited the interaction of PQ and CDDP with the polystyrene
nanoparticles (Figs. 3, 4). It was previously shown that modifying
Pd on the surface of nanoparticles increases the dispersibility
and affinity of nanoparticles (Zhong et al. 2016). In addition, Pd
is a strong antioxidant, has high adsorptivity, and removes active
oxygen (Shibuya et al. 2014). Together, these results indicate that
Pd increases the safety of nanoparticles.

This is the first study to show that injury caused by the interaction
of polystyrene nanoparticles with PQ or CDDP can be suppressed
by a change in the surface charge or by Pd modification. It has been
shown that the safety of polystyrene nanoparticles is improved
with respect to the living body by modifying the surface. In this
study, it was shown that not only the surface charge, but also Pd is
important for enhancing safety.

3. Experimental
3.1. Materials

The polystyrene particles used in this study were obtained from Micromod Partike-
Itechnologie GmnH (Rostock, Germany). They included unmodified polystyrene
particles with a diameter of 50 nm (NPP50), and those modified with the amino
group (NPP50-NH,), carboxyl group (NPP50-COOH), or Pd (Pd-NPP50). The size
distribution of the modified particles was analyzed with the Zetasizer (Sysmex Co.,
Kobe, Japan); the mean diameters were 50.2, 61.8, and 56.3 nm for NPP50-NH,
NPP50-COOH, and Pd-NPP50, respectively. The electric charge of the particles,
also measured with the Zetasizer, was -16.7, -50.4, and -31.3mV respectively. The
particles were spherical and nonporous, and stored as 10 mg/mL aqueous suspen-
sions; they were thoroughly dispersed by sonication before use and diluted with water.
An equal volume of the suspension was injected for each treatment. PQ and CDDP
were dissolved in saline and stored at -20 °C until use. All of the reagents used were
research grade.

3.2. Animals

Eight-week-old BALB/c male mice were purchased from Funabashi Farm Co., Ltd.
(Chiba, Japan). They were maintained in a controlled environment (temperature:
23+1.5 °C; light: 12 h light/dark cycle) with free access to standard rodent chow and
water. The mice were given 1 week to adapt before commencing the experiments. The
experimental protocols conformed to the ethical guidelines of the Graduate School of
Pharmaceutical Sciences, Teikyo Heisei University (Tokyo, Japan).
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3.3. Biochemical analysis

Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST)
and blood urea nitrogen (BUN) were measured using commercially available kits
according to the manufacturer’s protocols (WAKO Pure Chemical, Osaka, Japan).

3.4. Statistical analysis

Statistical analyses were performed with Microsoft Excel and the Statcel add-in
software (EMS Publication Co., Ltd., Saitama, Japan). All data are presented as the
meanzstandard deviation of the mean. The significance of difference between the
control and experimental groups was assessed using the Dunnett’s test. A P value less
than 0.05 was considered statistically significant.
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