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Abstract

Many nanoparticles are used in food for increasing the bioavailability of nutrients. Nano defatted soybean parti-
cles (nDSPs) were promising as nanoparticles of a traditional food, but its safety remains pending. In this work, 
the possible toxicity of nDSP was tested on cell and mouse models. Cell proliferation and the viability of defatted 
soybean particles (DSPs), DSP tracking in gastrointestinal, and tissue histopathological examination were per-
formed. The Zeta potential of nDSP was as low as −16 ± 3 mV and had no cytotoxicity on Caco-2 cells or ani-
mal models. In the gastrointestinal tract, the nDSP showed similar absorption patterns with DSP of 500 nm or 
1 μm. In acute toxicity assessment, no abnormal behavior was observed in mice after DSP administration, and no 
noticeable tissue damage and inflammatory lesion were found either. Here, we show that DSPs, including nDSP, 
are safe at a single dose of 10 g/kg body weight, regardless of the particle size. The food property and aggregation 
behavior both help to make the nanoparticle safe.

Keywords: acute toxicity; cytotoxicity assay; gastrointestinal distribution; histopathological examination; nano defatted 
soybean particles; safety evaluation

Introduction

Nanomaterials are defined as materials sized between 
1 and 100 nm, generated by natural or engineering pro-
cesses (Jeevanandam et al. 2018). In recent years, nano-
technology has progressed significantly, and it is being 
broadly used in textiles, electronics, cosmetics, and foods 
(Lanone and Boczkowski 2006). Nanoparticles (NPs) can 
be prepared in a specific manner, by modifying their size 
or other properties (Vance et al. 2015). The toxicity of 
NPs can be determined by their physicochemical prop-
erties and interaction with biological systems (Brenner 
et al. 2015; Leung et al. 2015). NPs are absorbed at higher 
levels than bulk chemicals through various routes, and 

they exhibit different toxicological profiles in vivo, com-
pared to larger particles  (Abudayyak et al. 2017; Boyles 
et al. 2016; Maurer et al. 2016). Given the popularity of 
NPs, the health risks and environmental effects they pose 
have attracted increasing attention (Graham et al. 2017; 
Pakrashi et al. 2017; van Pomeren et al. 2017).

Many NPs are used in food, drugs, skincare, and other 
consumer products (Bitencourt et al. 2016; Nohynek 
et al. 2008; Zhao and Castranova 2011). Similar to their 
medical application (Parhi and Suresh 2012), NPs are 
used in food to increase the bioavailability of nutri-
ents (Zhao et al. 2010). For example, ergocalciferol is 
encapsulated in tripalmitin solid lipid NPs (Patel and 
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(ordinary DSP). These particles were then subjected 
to a PULVERISETTE 6 high-energy planetary ball mill 
(FRITSCH, Idar-Oberstein, Germany) at a rotation speed 
of 450 rpm, with the ratio of stainless steel ball:mass at 
10:1 in a stainless steel bowl. During different milling 
times, DSPs of 100 and 500 nm in dimeter were prepared 
in 8 h and 4 h, respectively.

Characterization of  DSP
For particle characterization, the DSPs were diluted in 
distilled water at 0.5 mg/mL as stock solution. These 
solutions were sonicated in a 650-92 Ultrasonic homog-
enizer (Biosafer, Hong Kong, China) before characteriza-
tion. A laser particle size analyzer (Nano ZS90, Malvern, 
UK) was used to determine the hydrodynamic sizes and 
the surface zeta potential (ζ potential) of DSPs at 25°C. A 
JSM 6701F scanning electron microscope (SEM) (JEOL, 
Japan) was used to observe the size and morphology of 
DSPs. A drop of DSP solution was placed on a slide and 
dried at room temperature. Subsequently, the samples 
were coated with gold–palladium, observed, and pho-
tographed. The Feret diameter (intended as the larger 
diameter of the NP projection) was used to characterize 
the size of DSPs (Recordati et al. 2016).

Caco-2 cell viability
Caco-2 cells were maintained in DMEM at 37°C under 
an atmosphere containing 5% CO2. The growth medium 
was changed daily in the first a few weeks, followed by 
replacement of the medium thrice a week. The cells were 
subcultured weekly by trypsin-EDTA treatment (Lacroix 
et al. 2017; Ma et al. 2013).

The effect of DSP on cell proliferation and the viability of 
Caco-2 cells were measured via CCK-8 assay (Lacroix et al. 
2017; Qu et al. 2017). Caco-2 cells were seeded in 96-well 
culture plates at a density of 5000 cells per well in volume of 
100 μL and allowed to adhere overnight. The cells were then 
treated with different concentrations (50, 100, 200, 400, and 
800 μg/mL) of DSP (100 nm, 500 nm, and 1 μm). After 
incubation for 24 h, the medium with samples was replaced 
by 100 μL of new DMEM medium and 10 μL of CCK-8 
solution. Following 4 h of incubation, the optical density 
(OD) value of each well was measured using the Model 
1860 absorbance microplate reader (Bio-Rad, CA, USA) at 
a wavelength of 450 nm. Inhibition of cell growth was cal-
culated by the percentage of viable cells compared with the 
untreated control. Cell viability (%) = (OD of experimental 
sample/OD of positive control sample) × 100%.

In vivo experiments
Animals. Female and male Balb-c mice were acclimated 
to the environment for 2 weeks prior to the initiation of 

San Martin-Gonzalez 2012). However, the safety of NPs, 
especially of those that can be uptaken directly, is a topic 
of great concern (Park et al. 2017; Wassef and Quadro 
2011).

Food NPs are potentially a new kind of nanoparticulate 
carriers for drugs or nutrients, but their safety as a new 
NP remains uncertain. Nano defatted soybean particles 
(nDSPs) are defatted soybean particles (DSPs) with a 
diameter of <100 nm (Wu et al. 2011), and they are milled 
from defatted soybean flour (DSF). As a traditional food, 
DSF is commercially available all over the world and is 
used extensively in food products (Lusas and Riaz 1995). 
Tracing an NP in tissues or organs is necessary to address 
the potential health and safety implications of nanomate-
rials used in nanomedicine (Zhao and Castranova 2011) 
As nDSP is composed of organic macromolecules with-
out any traceable marker, either morphology or label, 
tracing nanofood particles in vivo is difficult. Fortunately, 
the digestion-resistant allergen in food offers a possibility 
for tracing the food particle.

In this work, the toxicity of nDSP with regard to its nano-
fabrication was tested in mouse and cell models. Using 
protein contained in soybean, especially β-conglycinin, 
the distribution of nDSP in the gastrointestinal tract of 
mice was localized and quantified.

Materials and Methods

Materials

The DSF was brought in from a local Agricultural Mar-
ket. The Caco-2 cells were purchased from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China), 
and Balb-c mice aged 4–5 weeks were purchased from 
the Institute of Occupational Medicine of Jiangxi Prov-
ince (Nanchang, China, permission number “SCXK 
[Gan] 2014-0005”). Dulbecco’s modified Eagle medium 
(DMEM) and rabbit monoclonal anti-soy protein anti-
body were from Sigma-Aldrich (PA, USA). The tryp-
sin-EDTA, the CCK-8 kit, and mouse β-conglycinin 
ELISA kits were brought from Sbjbio (Nanjing, China). 
The 20 nm gold conjugated polyclonal goat anti-rabbit 
IgG (H+L) was brought from Biodragon-Immunotech 
Co., Beijing, China.

Method

Preparation of  DSP
The defatted soybean particles (DSPs) were prepared fol-
lowing the method described by Wu et al. (2011). In brief, 
DSF was dried and milled by FDV-SS ultra-fine crusher 
(Youqi Co., Taiwan, China) to about 1 μm in diameter 
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the study and fed with soybean-free food. The environ-
mental conditions were set at 22°C ± 2°C, relative humid-
ity of 55% ± 10%, and a 12 h light/dark cycle.

Tissue sampling. To determine the time dependence of 
the gastrointestinal absorption of nDSP in different sizes, 
the mice (N = 80) were orally administered with nDSP of 
different sizes (100 nm, 500 nm, and ordinary DSP), at a 
single dose of 100 mg, and with fluorescent microspheres 
(positive control) at a single dose of 10 μg. The control 
group was treated with distilled water by oral gavage. Fol-
lowing the above treatments, each group of mice was sac-
rificed at various time intervals (0.5, 1, 2, and 4 h; four mice 
per time period). The body weight (BW) of each mouse 
was measured immediately after they were sacrificed. The 
stomach, duodenum, jejunum, ileum, colon, and rectum 
were collected for DSP quantification, and the duodenum, 
jejunum, and ileum were used to investigate DSP distri-
bution and location. All collected tissues were rinsed with 
ice-cold phosphate buffer saline (PBS, 0.01 M, pH 7.4) to 
remove excess blood and chyme thoroughly, and the tis-
sues were weighed. For DSP quantification, the collected 
tissues were stored at −80°C for subsequent analysis. A 
portion of collected tissues was fixed in 4% paraformalde-
hyde for histological examination and location of DSP.

Determination of DSP content. The DSP concentration in 
the gastrointestinal tract was quantified by ELISA, accord-
ing to the instructions of the manufacturer. Before ELISA 
analysis, gastrointestinal tract samples were homogenized 
in 0.01 M (pH 8.0) Tris-HCl (1:10, m/v). The homogenates 
were mixed in a shaker for 1 h. The homogenates were 
centrifuged for 10 min at 3000 r/min to obtain the super-
natant for analysis. In particular, the concentration (ρ1) of 
β-conglycinin, mass fraction (w) of β-conglycinin in nDSP 
(L’Hocine and Boye 2007; Wang et al. 2014), total weight 
of each organ (M) of each mouse, and total extract volume 
(V1) of each part of the gastrointestinal tract were mea-
sured. The concentration (C1) of DSP was then calculated 
using the following equation:

1 1
1

( w) VC / ( g / mg)
M

ρ × ×
µ =

In addition, the concentration of fluorescent micro-
spheres in the gastrointestinal tract was quantified by 
Varioskan® Flash Spectral Scanning Multimode Reader 
(Thermo Fisher, MA, USA). The concentration (ρ2) of 
fluorescent microspheres, total weight of each organ (M), 
and total extract volume of each part of the gastrointes-
tinal tract (V2) were measured. The concentration (C2) of 
fluorescent microspheres was then calculated by the fol-
lowing equation:

2 2
2

VC / ( g / mg)
M

ρ ×
µ =

Tracking of  DSP
Immunohistochemistry
To analyze the distribution and location of DSP in the 
gastrointestinal tract of each mouse, immunogold sil-
ver staining (IGSS) was performed on frozen sections 
(Frey et al. 1996; Jani et al. 1992; Tang et al. 2005). For 
IGSS, gastrointestinal frozen sections were immunos-
tained with rabbit monoclonal anti-soy protein antibody. 
Secondary antibody, namely, 20 nm gold conjugated 
polyclonal goat anti-rabbit IgG, was then added. After 
immuno-colloidal gold labeling, the DSP was observed 
in frozen sections under a light Axio vert A1 microscope 
(Carl Zeiss, Jena, Germany) for the identification of its 
location in the small intestine. The cellular location of 
DSP was visible as black granular pigments.

DSPs in the gastrointestinal tissue were quantified by 
measuring the integrated optical density (IOD) of immu-
noreactive staining. Specific black staining was selected. 
The IODs at the site of the mucosa, villus, and crypt from 
different gastrointestinal tissues were estimated using 
Image-Pro Plus 5.0 software. The image analysis condi-
tions were corrected using the IODs of corresponding 
negative control for each experimental group.

Immunoelectron microscopy
Immunoelectron microscopy was conducted to fur-
ther investigate the location and pathway of DSP uptake 
across the gastrointestinal tract. Representative portions 
of the duodenum, jejunum, and ileum were fixed in 2% 
glutaraldehyde and 2% formaldehyde in 0.1 M PBS for 
4 h at 4°C. Samples were then rinsed with buffer, dehy-
drated through a graded ethanol series, and embedded 
in LR White. Ultrathin sections of 50 nm were cut and 
mounted on copper grids. Sections were blocked with 
1% bovine serum albumin (BSA) for 20 min at room 
temperature and then incubated overnight at 4°C with 
anti-soybean protein primary antibody. Following the 
addition of primary antibody, the samples were rinsed 
thrice in 0.01 M PBS (pH 7.4). Following treatment with 
1% BSA, sections were incubated with 10 nm colloidal 
gold-labeled goat anti-rabbit IgG (Sigma-Aldrich, PA, 
USA) and washed with 0.01 M PBS. Finally, sections were 
stained sequentially with uranyl acetate for 30 min and 
lead nitrate for 6 min. The ultrastructural distribution of 
nDSP was observed with Tecnai 12 Transmission Elec-
tron Microscope (TEM, FEI Co., Hillsboro, USA). Image-
Pro Plus 6.0 software (Media Cybernetics, UK) was used 
to calculate the number of positive signals (Jia et al. 2012; 
Li et al. 2017).

Histopathological examination. For histological examina-
tion, representative portions of the stomach and the small 
intestine were fixed in 10% neutral buffered formalin for 
at least 24 h at room temperature. The fixed samples were 
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routinely processed for paraffin embedding, sectioned 
at 8–10 μm thickness, stained with hematoxylin-eosin 
(H&E), and observed under a light Axio vert A1 micro-
scope (Carl Zeiss, Jena, Germany).

Signs and symptoms, relative organ body weight. After 
acclimation, the mice were randomly divided into four 
groups (10 mice in each group). Three groups of mice 
were orally administered with DSP of different sizes 
(100 nm, 500 nm, and 1 μm), at a single dose of 10 g/
kg BW. The control group was treated with distilled 
water. Immediately after treatment, the general health 
and behavior of mice were monitored. The BW of each 
mouse was measured at sacrifice. The mice were eutha-
nized 24 h after the treatment and subjected to exsangui-
nation by heart perfusion. After drawing blood from the 
heart, the mice underwent complete necropsy (Recordati 
et al. 2016). The organ weight was measured, and relative 
organ weights (%) were calculated as wet organ weight/
total BW .

Statistical analysis. All data were reported as the mean 
with standard deviation (SD) for at least three replicates 
of each group. All statistical analyses were conducted 
using one-way analysis of variance (ANOVA) followed by 

post-hoc comparisons using Tukey’s or Dunnett’s multi-
ple comparisons test. P-values less than 0.05 were con-
sidered significant.

Results

Characterization of DSP

The size distribution of DSP in water is shown in 
Figure 1d. Ordinary DSP (1 μm) showed a bimodal size 
distribution and broad peaks. Monomodal distributions 
were observed for 500 and 100 nm DSP. Scanning elec-
tron microscope (SEM) results showed that 1 µm DSP 
samples exhibited irregular clusters, 500 nm samples 
were composed of nanosheets, and 100 nm DSP samples 
became spherical geometry (Figure 1a–1c). The hydrody-
namic diameters of these particles in solvent were consis-
tent with the particle sizes observed in the SEM images.

The hydrodynamic diameter and ζ-potential of each DSP 
in deionized water (DI H2O) were characterized by a 
laser particle size analyzer (Table 1). It was found that all 
tested DSPs exhibited a negative ζ potential in DI H2O. 
The ζ potential of 1 µm DSP was −33 ± 2 mV, but the ζ 
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Figure 1.  Representative scanning electron micrographs of defatted soybean particle (DSP)—1 μm (a), 500 nm (b), and 
100 nm (c); laser particle size analyzer data (d) showing the hydrodynamic size of DSP.
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potential of 100 and 500 nm DSPs was −16 ± 3 and −19 ± 
1 mV, respectively. Previous studies have demonstrated 
that electrostatic stabilization of NPs typically require a 
ζ potential above 30 mV or below −30 mV (Bihari et al. 
2008). This result suggested that 100 and 500 nm DSPs 
were of low stability in aqueous solution.

Cell viability

The effect of each DSP on the viability of the undiffer-
entiated Caco-2 cells was determined using the CCK-8 
assay. As shown in Figure 2, the data illustrated that all 
tested DSPs had no cytotoxicity on the Caco-2 cells at 
the concentration used. Upon exposure to DSPs, the cell 
viability slightly increased when the addition level (50–
800 μg/mL) gradually increased.

Gastrointestinal tract distribution

The distribution and localization of DSP in the gastro-
intestinal tract within different time periods (0.5, 1, 2, 

and 4 h) after intragastric gavage were evaluated by sand-
wich ELISA and IGSS.

Figure 3 summarizes the concentrations of DSP found 
in the digestive tract. For each DSP, regardless of parti-
cle size, the contents of DSP in the small intestine were 
consistently high (Figure 3a–3c). The small intestine 
consistently had the highest concentrations of all DSPs. 
After 4  h of intragastric gavage administration, no sig-
nificant differences were found among the contents of 
all DSPs (Figure 3a–3c). In the large intestine, after 4 h 
of intragastric gavage administration, the total contents 
of 1 μm DSP, 500 nm DSP, and 100 nm DSP were 0.82 ± 
0.16, 0.48 ± 0.06, and 0.45 ± 0.06 μg/mg, respectively 
(Figure  3a–3c). The total content of 100 and 500 nm 
DSPs in the large intestine were very significantly lower 
than that of 1 μm DSP (P < 0.01).

In this study, the maximum contents of 100 nm DSP, 
500 nm DSP, and 1 μm DSP were reached at 1, 2, and 2 h, 
respectively (Figure 3d), indicating that small particles 
reached the gastrointestinal tract rapidly. The maximum 
total content of 100 nm DSP, 500 nm DSP, and ordinary 
DSP in the gastrointestinal tract was 2.43 ± 0.01, 2.86 ± 
0.04, and 2.05 ± 0.14 μg/mg, respectively.

Before localization of each DSP, the gastrointestinal tract 
was evaluated histologically. As shown in Figure 4, no 
noticeable tissue damage or inflammatory lesion were 
found in the gastrointestinal tracts of all DSP-treated mice.

The distribution of each DSP in the small intestine was 
analyzed by IGSS. In DSP-treated mice, regardless of the 
particle size, IGSS revealed the presence of DSP in the 
intestinal villi, epithelial cells, and mucosa of the small 
intestine (Figure 5 and Supplementary Figures S1–S3). 
Sections of the positive control group-exposed mice 
showed the same distribution of FM in the small intes-
tine (Supplementary Figure S4). Tissue from the con-
trol animals showed no staining, which proved that no 
unspecific staining occurred.

The subcellular localization of nDSP in the small intes-
tine of mice was investigated by IEM. For all tested 

Table 1.  Main physicochemical properties of nDSP and ordinary DSP.

Zetasizer Nano ZS TEM Zetasizer Nano ZS Mass concentration 
(mg/mL)

Solvent

Hydrodynamic Diameter 
(mean ± SD) (nm)

Diameter  
(mean ± SD) (nm)

Zeta potential (mV)

100 nm DSP 95 ± 9 79 ± 21 −16 ± 3 0.5 Distilled water

500 nm DSP 433 ± 65 415 ± 82 −19 ± 1 0.5 Distilled water

Ordinary DSP 1134 ± 224 1138 ± 139 −33 ± 2 0.5 Distilled water

ZS. Nano ZS is type name of  Zetasizer, or particle size analyzer.

160

140

120

100

C
el

l v
ia

bi
lit

y(
%

)

80

60

40

20

0

500nm nDSP
100nm nDSP

50 100 200 400 800
Concentration(μg/mL)

1 μm DSP

Figure 2.  Cell viability (%) of Caco-2 cells after exposure to 
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Figure 4.  Hematoxylin-eosin staining of gastrointestinal 
tract. (a) stomach; (b) jejunum. No noticeable tissue damage 
or inflammatory lesion were found in the gastrointestinal 
tracts of all DSP-treated mice.

DSP-treated mice, mostly spherical, electron-dense gran-
ules were found within the cytoplasm of epithelial cells. 
Rarely, small numbers of DSP are found within the tight 
junction (Supplementary Figure S5). The semiquantita-
tive analysis of different sizes of DSP-positive staining in 
the small intestine was performed through the number 
of positive signals using Image-Pro® Plus software. As 
shown in Figure 6, regardless of the particle size of DSP, 
semiquantitative analysis revealed significantly more 
DSP-positive signals in transcellular transport, compared 

to paracellular transport (P < 0.01). In terms of DSP-
positive signals in transcellular transport, no significant 
differences were found among 100 nm DSP, 500 nm DSP, 
and 1 μm DSP. By contrast, in paracellular transport, the 
number of 100 nm DSP-positive signals was significantly 
higher than that of 500 nm DSP and 1 μm DSP (P < 0.05).

Acute toxicity

Mice were administered with DSP (100 nm, 500 nm, 
and 1 μm) via intragastric gavage at a single dose of 10 
g/kg BW, whereas the control group was treated with 
DI H20. Mice were euthanized 24 h after the treatment. 
The BW of each mouse was measured before treatment 
and at sacrifice. Organs were collected for histological 
examination.

After administration of each DSP (100 nm, 500 nm, and 
1 μm) and during the following hours, all mice appeared 
healthy and no abnormal behavior was observed. At sac-
rifice, no significant differences in BW gain and relative 
organ weight were recorded among those DSPs groups. 
Moreover, no significant differences were observed in 
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BW gain and relative organ weights between treated and 
control mice (Table 2).

To study whether each DSP causes in vivo acute tox-
icity, the organs of mice in each treatment group were 

excised and sectioned for H&E staining at 24 h. No 
noticeable tissue damage or inflammatory lesion were 
found in the organs from all the treatment groups of 
female/male mice, except for a mild lesion in the spleen 
of male mice treated with 100 nm DSP (Supplementary 
Figure S6).

Discussion

Being used as food and feed for hundreds of years, defat-
ted soybean is obviously a safe food. The aim of this 
research was to evaluate the safety of DSP, especially in 
nano size, namely, safety of its nanofabrication. DSPs of 
different sizes were prepared in this study. Following Wu 
et al. (2011), the particle size could reach as small as 100 
nm, namely, nDSP. Three sizes of DSP were prepared to 
detect the toxicity of DSP, and no toxicity was found for 
any of them.

No toxicity of nDSP was found in either the cell model or 
the animal model. This study revealed the absence of neg-
ative effects on cell viability via the CCK-8 assay. The cell 
viability of 100 nm DSP increased with the concentration, 
and it was higher than those of 500 nm and 1 μm DSPs. The 
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an NP with a size of about 100 nm in DLS and EM, the 
particles aggregate to microclusters in PBS. As the parti-
cle size of DSP decreases, the ζ-potential decreases, while 
the aggregation potential increases (Wu et al. 2008). By 
using the laser particle size analyzer, it was found that 
the ζ-potential of 100 and 500 nm DSPs was higher than 
−30 mV, which made the particles to tend to aggregation. 
Fortunately, the aggregates with large diameters elimi-
nated the possibility of toxicity induced by low particle 
size. Meanwhile, the toxicity of NPs is the result of either 
extracellular or intracellular NP dissolution (Singh and 
Ramarao 2012; Wang et al. 2014). DSP is hydrophilic, and 
it can dissolve in water even after aggregating into clus-
ters. Thus, in the gastrointestinal tract stained by H&E, 
no harm was found on the gastrointestinal tract.

The absorbance of DSP is dependent on the particle size, 
and the absorption path of nDSP might include inter-
cellular absorption. As reported, small particles have 
a higher cell transport rate (Zhang et al. 2017), and the 
Papp coefficient of DSP increased with decreasing size. 
Although 100 nm DSP had the highest cell transport rate, 
its accumulation in the gastrointestinal tract was higher 
than 1 μm DSP but less than 500 nm DSP. The agglom-
eration behavior and effective particle size within the 
gastrointestinal tract may play a major role in the oral 
bioavailability of nanomaterials (Hinkley et al. 2015). 
In immunoelectron microscopy, DSPs of 100 nm were 
localized paracellularly, and their intestinal absorption 
may occur paracellularly by persorption through gaps 
created by extruding enterocytes (Hillyer and Albrecht 
2001). However, the difference was not significant, and 
further studies are needed to verify these findings.

Conclusions

DSPs are safe at a single dose of 10 g/kg BW, regardless 
of the particle size. The nDSPs could be absorbed more 

concentration of DSP used here reached their highest con-
centration, which is tens time of that previously reported 
(Ma et al. 2013), no cell toxicity was found. Caco-2 cells 
were frequently chosen in biosafety studies (Zhang et al. 
2017), but simple toxicity data from cell lines are not enough 
to understand the full impact of NPs (Lopes et al. 2016).

Herein, the Balb-c mice model was applied for advance 
study. In general, when animals are exposed to harm-
ful toxins, noticeable changes in weight gain (Meggs and 
Brewer 2007), liver coefficients, and feed efficiency (Cui 
et al. 2011) occur. In toxicity studies, BW gain or relative 
organs’ weights indicated the toxic effect and target organ 
injury (Michael et al. 2007; Ugwah-Oguejiofor et al. 2019). 
For the target organs, a weight/size increase suggests the 
occurrence of hypertrophy, whereas a decrease suggests 
necrosis (Teo et al. 2002). The results found no statisti-
cally significant differences for all those weights and sizes 
in DSP-treated groups, compared with the control group. 
Balb-c mice models were commonly used in biological 
studies (Hillyer and Albrecht 2001), while other mice like 
C57BL and KM mice were also helpful in biosafety and 
toxicity studies, as they might offer information on diverse 
biosafety aspects (Smith et al. 2018; Zhang et al. 2017).

The large intestine receives liquid residue after digestion 
and absorption; this residue consists mostly of water and 
materials that were not digested or absorbed (Liao et al. 
2010). In this study, low DSP levels in the large intestine 
were found in 100 and 500 nm DSPs, indicating that the 
percentage of unabsorbed DSP was lower in 100 and 500 
nm DSPs than that in 1 μm DSPs. Thus, the amount of 
DSP absorbed increased when the particle size was small.

Small particles induce high cytotoxicity due to their high 
surface area and other physicochemical properties (Cai 
et al. 2011; Gandamalla et al. 2019; Lopes et al. 2016), but 
the same cytotoxicity was not observed in 100 nm DSPs. 
Similar to silicon (Zhang et al. 2017), although nDSP is 

Table 2.  Relative organ weight (%) after oral administration of defatted soybean particles of different sizes.

N Liver (%) Spleen(%) Lung (%) Kidney (%) Small intestine (%)

Females

Control 3 5.6 ± 0.48 0.44 ± 0.1 0.72 ± 0.09 1.31 ± 0.13 5.6 ± 0.77

100 nm DSP 3 5.8 ± 0.87 0.41 ± 0.08 0.79 ± 0.22 1.5 ± 0.09 4.9 ± 0.44

500 nm DSP 3 5.3 ± 0.19 0.49 ± 0.11 0.91 ± 0.38 1.35 ± 0.17 6.4 ± 0.2

Ordinary DSP 3 5.4 ± 0.14 0.47 ± 0.02 0.68 ± 0.08 1.26 ± 0.07 5.8 ± 0.97

Males

Control 3 5.8 ± 0.28 0.35 ± 0.09 0.57 ± 0.17 1.9 ± 0.06 10.9 ± 1.4

100 nm DSP 3 6.8 ± 0.85 0.48 ± 0.03 0.64 ± 0.08 2.0 ± 0.21 9.1 ± 1.7

500 nm DSP 3 5.9 ± 0.8 0.36 ± 0.04 0.52 ± 0.03 1.8 ± 0.06 9.7 ± 1.0

Ordinary DSP 3 6.0 ± 0.33 0.42 ± 0.08 0.65 ± 0.05 1.8 ± 0.18 9.6 ± 2.5 

DSP, defatted soybean particle.
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induces dose- and size-dependent cytotoxicity on human epi-
thelial lung and colon cells. Drug Chem Toxicol. 2019;42(1):24–
34. http://dx.doi.org/10.1080/01480545.2018.1452930

Graham UM, Jacobs G, Yokel RA, Davis BH, Dozier AK, Birch ME, 
et al. From dose to response: In vivo nanoparticle processing and 
potential toxicity. Adv Exp Med Biol. 2017;947:71–100. http://
dx.doi.org/10.1007/978-3-319-47754-1_4

Hillyer JF, Albrecht RM. Gastrointestinal persorption and tis-
sue distribution of differently sized colloidal gold nanoparti-
cles. J Pharm Sci. 2001;90:1927–36. http://dx.doi.org/10.1002/
jps.1143

Hinkley GK, Carpinone P, Munson JW, Powers KW, Roberts  SM. 
Oral absorption of PEG-coated versus uncoated gold nano-
spheres: Does agglomeration matter? Part Fibre Toxicol. 
2015;12:9. http://dx.doi.org/10.1186/s12989-015-0085-5

Jani PU, Florence AT, Mccarthy DE. Further histological evidence 
of the gastrointestinal absorption of polystyrene nanospheres 
in the rat. Int J Pharmaceut. 1992;84:245–52. http://dx.doi.
org/10.1016/0378-5173(92)90162-U

Jeevanandam J, Barhoum A, Chan YS, Dufresne A, Danquah MK. 
Review on nanoparticles and nanostructured materials: History, 
sources, toxicity and regulations. Beilstein J Nanotechnol. 
2018;9:1050–74. http://dx.doi.org/10.3762/bjnano.9.98

Jia XL, Li SY, Dang SS, Cheng YA, Zhang X, Wang WJ, et al. 
Increased expression of chondroitin sulphate proteoglycans in 
rat hepatocellular carcinoma tissues. World J Gastroenterol. 
2012;18:3962–76. http://dx.doi.org/10.3748/wjg.v18.i30.3962

Lacroix IME, Chen XM, Kitts DD, Li-Chan ECY. Investigation into the 
bioavailability of milk protein-derived peptides with dipeptidyl-
peptidase IV inhibitory activity using Caco-2 cell monolayers. Food 
Funct. 2017;8:701–9. http://dx.doi.org/10.1039/C6FO01411A

Lanone S, Boczkowski J. Biomedical applications and potential health 
risks of nanomaterials: Molecular mechanisms. Curr Mol Med. 
2006;6:651–63. http://dx.doi.org/10.2174/156652406778195026

Leung YH, Yung MM, Ng AM, Ma AP, Wong SW, Chan CM, et al. 
Toxicity of CeO2 nanoparticles – The effect of nanoparticle 
properties. J Photochem Photobiol B. 2015;145:48–59. http://
dx.doi.org/10.1016/j.jphotobiol.2015.01.017

L’Hocine L, Boye JI. Allergenicity of soybean: New developments 
in identification of allergenic proteins, cross-reactivities and 
hypoallergenization technologies. Crit Rev Food Sci Nutr. 
2007;47:127–43. http://dx.doi.org/10.1080/10408390600626487

Li JQ, Zou XW, Li CL, Zhong JH, Chen Y, Zhang XY, et al. Expression 
of novel cancer/testis antigen TMEM31 increases during met-
astatic melanoma progression. Oncol Lett. 2017;13:2269–73. 
http://dx.doi.org/10.3892/ol.2017.5728

Liao CD, Hung WL, Lu WC, Jan KC, Shih DYC, Yeh AI, et al. 
Differential tissue distribution of sesaminol triglucoside and 
its metabolites in rats fed with lignan glycosides from sesame 
meal with or without nano/submicrosizing. J Agric Food Chem. 
2010;58:563–9. http://dx.doi.org/10.1021/jf9028046

quickly than large DSPs, but both had similar distribu-
tion patterns. The agglomeration behavior, as well as 
food property, might make the NPs safe and affect their 
absorption.
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Figure S1.  Location of fluorescent microspheres in the small intestine of mice after uptake; The bright green is the fluorescent 
microsphere signal.
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Figure S2.  Localization of ordinary DSP in the intestinal tract of mice after uptake. Representative images of duodenum,  
jejunum, ileum, from control, ordinary DSP-treated mice at different time period. Red arrows indicate positive signals.
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Figure S3.  Localization of 500nm DSP in the intestinal tract of mice after uptake. Representative images of duodenum,  
jejunum, ileum, from control, 500 nm DSP-treated mice at different time period. Red arrows indicate positive signals.
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Figure S4.  Localization of 100nm DSP in the intestinal tract of mice after uptake. Representative images of duodenum,  
jejunum, ileum, from control, 100 nm DSP-treated mice at different time period. Red arrows indicate positive signals.
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Figure S5.  Localization of 100nm, 500nm, 1 μm DSP in the intestinal tract by immunoelectron microscopy. Most of DSP  
(yellow arrows) are found within the cytoplasm of epithelial cells. Rarely, small numbers of DSP are found within tight junction 
(white arrows).

Figure S6.  Histological evaluation of adverse effects after intragastrical administration of nano defatted soybean particles in 
female mice.


