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Abstract The solubility of nano-sized metal oxides
(nZnO, nCuO, nTiO2, nCeO2, and nFe3O4, 17–42 nm)
and some non-nano-mineral powders (ZnO, ZnSiO3,
ZnS, and CuO) were evaluated by using gastrointestinal
solubility bioavailability research consortium (SBRC),
in vitro gastrointestinal (IVG) method, pulmonary artifi-
cial lysosomal fluid (ALF), andGamble solutionmethod,
respectively. It is found that these nano-sized metal ox-
ides aggregated more or less when suspending in the
simulated biological fluids analyzed by dynamic light
scattering (2 mg L−1) and UV-Vis spectrometry
(100 mg L−1). The aggregation and sedimentation of
nano-metal oxides in a simulated biofluid are influenced
by its surface property and the ingredient of the liquid.
The dissolution in fluids may decrease the aggregating
radius of a nano-metal oxide. In return, the aggregative
effect can influence the solubility of metal elements and
result in their weakened bioaccessibility. The suspending
stability was consistent in the order of nFe3O4 < nCuO <
nTiO2 < nCeO2 < nZnO in all the simulated biological

fluids. Nano-ZnO and nCuO showed higher gastrointes-
tinal and pulmonary bioaccessibility than nFe3O4, nTiO2,
and nCeO2. The further comparisons on the bioaccessi-
bility for nCuO and nZnO with non-nano-powder CuO
and ZnO indicated that the aggregating size in suspension
could play more important role in influencing the bioac-
cessibility than single particle size does. The present
study reveals that aggregation of all studied nano-sized
metal oxides occurred in body physiologic fluids and that
nZnO and nCuO were easily dissolved in simulated
physiologic fluids, suggesting more potential health risks
from nZnO and nCuO’s exposure.
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Introduction

Nano-sized metal oxides such as nano-sized zinc oxide
(ZnO), copper oxide (CuO), titanium dioxide (TiO2),
cerium dioxide (CeO2), and Fe(II, III) oxide have been
widely used in industrial catalysis, industrial additives,
wastewater treatment, care products, paints, and other
related areas (Kurlanda-Witek et al. 2014; Sun et al.
2015; Van Koetsem et al. 2015). The nano-sized metal
oxides are potentially released to the environment dur-
ing their application (Garaud et al. 2016). Their fate and
eco-risks have received more and more attention
(Dwivedi et al. 2015; Sharma et al. 2015). Generally,
the dermal contact to these nano-sized metal oxides is
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considered of reasonable low risk. However, once they
get into the body via the inhalation and oral ingestion,
they may pose potential risks to human health (Chauhan
et al. 2013; Lee et al. 2016; Pandurangan and Kim 2015;
Sambale et al. 2015). On the one hand, their ultrafine
size may make them easily entering into human’s blood
circulation, and then these ultrafine particulates deposit
in tissues or cells which damage the normal physiolog-
ical functions (Prow et al. 2008; Yang et al. 2004). On
the other hand, the metals associated with these ultrafine
particulates may be released during immersing in human
body physiological fluids. These released metals can
cause adverse effects even though the zinc, copper,
and iron are essential elements for all living organisms
unless present in excessive amounts (Evangelou et al.
2007; Twining et al. 2005).

In order to assess the potential health risks posed by
these metals in the environmental medium, many
in vitro and in vivo methods have been developed and
validated (Juhasz et al. 2007; Li et al. 2016). The time-
and cost-consuming and ethical constraints limit the
wide application of in vivo methods (Denys et al.
2012). Therefore, in vitro methods to simulate the bio-
logical fluids (gastrointestinal phase or pulmonary alve-
oli area fluids) have been used in all kinds of environ-
mental matrixes such as soil, sediments, dusts, and
airborne particles. For example, Juhasz et al. used the
solubility bioavailability research consortium (SBRC)
in vitro assay to predict the lead/arsenic bioavailability
in contaminated soils (Juhasz et al. 2014; Juhasz et al.
2009; Li et al. 2015). In vitro gastrointestinal (IVG)
method is another widely used method for the assess-
ment of these metals’ bioaccessibility in those environ-
ment media (Szczeszak et al. 2015; Tao et al. 2009). The
artificial lysosomal fluid (ALF) solution is analogous to
the fluid with which inhaled particles would come into
contact after phagocytosis by alveolar and interstitial
macrophages in the lung (Cruz et al. 2015; Zereini
et al. 2012). Gamble solution represents the interstitial
fluid deep within the lung (Drysdale et al. 2012). ALF
and Gamble solution methods are widely used to inves-
tigate the risk associated with the inhalation exposure to
the airborne particulate matters (Julien et al. 2011).

Considering their potential health risks to human,
more researches should be carried out on the bioacces-
sible fractions of metals in nano-sized metal oxides and
the aggregating size in suspension. Thus, in this present
work, the oral ingestion and inhalation bioaccessibility
of nano-sized metal oxides (nZnO, nCuO, nTiO2,

nCeO2, and nFe3O4) were investigated by the simulated
gastrointestinal fluids (SBRC and IVG method) and
simulated pulmonary fluids (ALF and Gamble solution
method) mentioned above, respectively. Some non-
nano-mineral powders (ZnO, ZnSiO3, ZnS, and CuO)
were investigated as the control. The aggregative effect
in the simulated biological fluids of these nano-metal
oxides was also studied by the dynamic light scattering
(DLS) experiment and UV-Vis spectrometry (Schaudien
et al. 2012). This study may provide a better estimate of
the potential health risks from nano-sized metal oxides
to human.

Material and methods

Reagents

Nano-ZnO, nCuO, nTiO2, and nCeO2 were bought from
Sigma-Aldrich Corporation (for more information, see
Table S1 in Supplementary Information). Nano-Fe3O4

was bought from Sinopharm Chemical Reagent Co.,
Ltd. Their average sizes were measured by X-ray dif-
fraction (XRD) with Scherrer formula (The results are
listed in Fig. S1 of the Supplementary Information) and
ranged from 17 to 42 nm, matching the data provided by
the manufacturers. The non-nano-mineral powders
(ZnO, ZnSiO3, ZnS, and CuO) were bought from
Sinopharm Chemical Reagent Co., Ltd.

Physiologically based in vitro procedures

Oral ingestion and inhalation are the main exposure
routes of nano-sized metal oxides to human (Twining
et al. 2005). Therefore, the gastrointestinal bioaccessible
metal fractions in nano-sized metal oxides were evalu-
ated by using the SBRC and IVG method. The pulmo-
nary bioaccessibility was evaluated by using the ALF
and the Gamble solution. The components of these
simulated biological fluids are listed in Tables S2–S4,
and the operational parameters were cited from these
literatures with minor modification (Denys et al. 2012;
Drysdale et al. 2012; Juhasz et al. 2009; Julien et al.
2011; Schroder et al. 2004).

Briefly, 0.050 g sample at the solid state was added to
50-mL polyethene tubes with the set volume (50 mL) of
simulated biological fluids and kept in end-over-end
shaker (250 rpm, 37 °C) for the set time (2, 4, or
24 h); then, 5 mL suspending solution was shifted and
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centrifuged at 10000 rpm for 10 min. The supernatant
(1 mL) was taken out carefully, diluted to 2 mL with
0.1 M HNO3, and then stored at 4 °C. The conditions of
centrifugation are discussed in Supplementary Informa-
tion Formula S1 with Table S5. Sample (0.050 g) was
extracted in gastric phase for 2 h, and the residue was
then extracted by intestinal phase for 2 and 4 h
(Table S4) (Denys et al. 2012). Considering the much
longer resident period (generally for weeks or months)
in the lung for particles (Twining et al. 2005), the
exposure time in the simulated lung biological fluids
was set as 4 and 24 h. And the kinetic model of disso-
lution was investigated with the typical particles: nZnO,
ZnO, nCuO, and CuO within 5 days. The pH was
measured and kept stable with 0.1 M HCl and 0.1 M
NaOH in extraction processing. Triplicate samples were
carried out. Duplicate blanks were also carried out to
allow for background subtraction of elemental concen-
trations in the extraction solution.

Aggregation research

Five-milligram nano-sized metal oxide was added in
50 mL the simulated biological fluids (gastric SBRC,
intestinal SBRC, gastric IVG, intestinal IVG, ALF, and
Gamble solution, respectively, 100 mg L−1). After 1 h
ultrasonic processing (100W), the real-time absorbance
of the suspended liquid was monitored as the previous
reports (Guo et al. 2007; Wang et al. 2010) with UV-Vis
spectrometer (Nanjing Feile Instrument Co., Ltd., T-6)
at 10, 20, 40, 60, 90 and 120 min, respectively. The Zeta
potent ia l was col lected once at the end of
ultrasonication, and the hydrodynamic radius was mea-
sured after diluted by 50-fold with DLS experiment at 0,
0.5, 1, and 2 h (additionally 4 h for ALF and Gamble
solution) (Aerts et al. 2010; Follens et al. 2008) using
particle sizer and Zeta potential analyzer (BIC,
NanoBrook 90 Plus PALS). The suspended liquid was
kept in a standing position without stirring until the
measurement was ending.

Elemental determination and data analysis

Metal concentrations were measured using an inductively
coupled plasma optical emission spectrometer (ICP-OES,
PerkinElmer SCIEX, Optima 5300) (The instrumental
conditions are listed in Table S6). The solutions of gastric
SBRC, intestinal SBRC, gastric IVG, intestinal IVG,
ALF, and Gamble solution were used as the calibration

blanks, respectively. The calibration standard solutions
were obtained by the dilution of the standard stock solu-
tions (Custom Assurance Standard) purchased from
SPEX CertiPreP (Zn, Fe, Cu 1000 mg L−1, Lot number:
28-232CR; Ti 1000 mg L−1, Lot number: 10-90CR; Ce
10 mg L−1, Lot number: CL11-60YPY) with these sim-
ulated biological fluids. The relative percentage differ-
ence of parallel samples was within 20% (Relative per-
centage = |Conc. − Average|/Average × 100%, Average:
the average concentration in parallel samples), or the
experiments were repeated.

Statistical analysis

Statistical analysis was carried out using SPSS software.
Statistically significant differences in nano-ZnO and
CuO/non-nano-ZnO and CuO bioaccessibility in differ-
ent simulated biofluids were analyzed using analysis of
variance (Independent-sample T test, *0.01 < p < 0.05;
**p < 0.01).

Results and discussion

Aggregative effect of nano-sized metal oxides
in the simulated gastrointestinal and pulmonary
physiological fluids

The aggregative effect of five nano-sized metal oxides
suspending in the simulated biological fluids are sum-
marized in Fig. S2 in the Supplementary Information.
The overall hydrodynamic radii for these nano-sized
metal oxides suspending in the physiological fluids at
2 mg L−1 ranged from 200 to 10,000 nm. The hydrody-
namic radius of nZnO in gastric IVG was missing after
0.5 h because it dissolved greatly to lower concentra-
tions, which was hard to be measured. The dissolution
phenomenon also happened in intestinal SBRC of nZnO
in that the hydrodynamic radius was decreased with
time. The aggregative effect was obvious according to
Fig. S2 except nZnO and nCeO2 in intestinal SBRC and
intestinal IVG. nFe3O4 aggregated most seriously espe-
cially in the simulated pulmonary biological fluids in
which other nano-metal oxides were aggregating more
gravely than those in the simulated gastrointestinal bio-
logical fluids (Fig. S2).

Interestingly, nZnO aggregating obviously in ALF,
Gamble solution, and gastric IVG was less precipitated
as indicated Fig. S3. This implied that aggregative
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effects do not always bring in sediment. Similarly, it
happened to nCeO2 in Gamble solution. In fact, if the
gravity of aggregates were not so strong that could
overcome the applied forces from the fluid, the sediment
would not form. The applied forces are related with the
surface properties of nano-metal oxide and the compo-
nents of the liquid (Gambinossi et al. 2015; Raza et al.
2016). On the contrary, the aggregating radius of nCuO
in intestinal SBRC and intestinal IVG was relatively
small but so much precipitation was generated as shown
in Figs. S2 and S3, more likely owing to the weak
applied forces to nCuO. Nevertheless, the other nano-
metal oxides were aggregated obviously followed by
lots of sedimentation. Accordingly, the suspending sta-
bility was in the order of nFe3O4 < nCuO < nTiO2 <
nCeO2 < nZnO in all the simulated biological fluids as
Fig. S3 reported.

The values of Zeta potential for suspended nano-
sized metal oxides in Fig. S4 ranged from − 20 to
10 mV, implying the instability of nano-particles in the
simulated biological fluids. The absolute values of Zeta
potential for nTiO2 in all of the simulated fluids were
relatively large than others, resulting in its enhancement
of suspending stability. However, nZnO was suspended
stably with low Zeta potential in all these different
simulated biological fluids similar as nCeO2 in intestinal
SBRC. This implied that the interactions between the
fluid components with nano-particles in these suspen-
sions made the difference.

In a word, the aggregation and sedimentation of
nano-metal oxides in a simulated biofluid are influ-
enced by their surface properties and the ingredient of
the liquid. The dissolution of a nano-metal oxide in
fluids may decrease the aggregating radius in a way.
In return, the aggregative effect can influence the
solubility of metal elements and result in their weak-
ened bioaccessibility. Actually, the aggregative effect
of nano-sized metal oxides in the lung phase is bene-
ficial to the clearance procedure such as discharge
function due to movement of respiratory tract cilia
and phagocytosis by macrophage cells (Kendall
et al. 2004; Kendall et al. 2002). For example, larger
particles were easily blocked at the inner surface of
the respiratory tract; movement of respiratory tract
cilia make these particles move backward and even-
tually expelled from the body with the sputum. How-
ever, the overloaded undissolved nano-metal oxides
may cause a series of damages to pulmonary alveoli
area (Kendall 2007; Wright 2005).

Gastrointestinal bioaccessibility of nano-sized metal
oxides analyzed by using SBRC method and IVG
method

Bioaccessibility (%) is defined as the soluble fraction of
an element in nano-sized metal oxides that is dissolved in
the simulated gastrointestinal/pulmonary physiological
fluids in the present study and calculated Formula S2
(Huang et al. 2016). The gastrointestinal bioaccessibility
and standard deviation (SD) of the metals for the five
nano-sized metal oxides are given in Fig. 1. Nano-ZnO
showed the highest bioaccessibility (79.9 ± 4.6%) in the
gastric SBRCwhile its bioaccessibility in the gastric IVG
was lower (9.1 ± 0.3%). The similar phenomena were
observed in the intestinal phase in that the bioaccessibility
for nZnO in intestinal SBRC solution (15.4 ± 0.9%) was
higher than that in intestinal IVG solution (2.6 ± 0.1%).

The bioaccessibility for nCuO in the gastric phase
(24.4 ± 0.6%) and intestinal phase (13.8 ± 0.2%) of
SBRC was higher than that in the gastric phase
(1.1 ± 0.1%) and intestinal phase (~ 0.2%) of IVG.
Cerium ions were comparatively difficult to be released
from nCeO2, which is partially dissolved in the gastric
SBRC solution with a value of 5.5 ± 0.1%, and nCeO2

was less dissolved in gastric IVG and intestinal IVG
(~ 0.2%). It is worth to be mentioned that the nFe3O4

and nTiO2 were all rarely dissolved in these simulated
physiological fluids (< 0.03%) except nTiO2 in SBRC
intestinal phase (~ 0.9%).

The comparisons in intestinal bioaccessibility of nano-
metal oxides, as well as other non-nano-metal com-
pounds as controls, between 2 and 4 h are shown in
Fig. 2. According to the assumption that the dissolving
dynamic of nano-sized metal oxides in intestinal phase is
a first order reaction (Wragg and Klinck 2007), the Cu
compounds and less dissolved nCeO2, nFe3O4, and
nTiO2 should have almost reached the dynamic equilib-
rium before 4 h, based on their bioaccessibility at 2 h
close to that at 4 h, while Zn compounds except ZnSmay
not reach the equilibrium because the bioaccessibility at
2 h was far less than that at 4 h. Considering the short
food gastrointestinal emptying time, 4 h is enough to
estimate the bioaccessibility in the present study.

Pulmonary bioaccessibility of nano-sized metal oxides
analyzed by using ALF and Gamble solution

Pulmonary bioaccessibility for the five nano-sized metal
oxides is also listed in Fig. 1. Compared with the
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digestion tract, nano-sized metal oxides showed a dif-
ferent behavior with the low level of bioaccessibility in
the lung phase. Generally, the values were below to

4.0% (the maximum value was 4.0 ± 0.3% of Zn in
Gamble solution; Fig. 1). In the respiratory tract, Zn and
Cu showed the obvious difference in bioaccessibility

Fig. 1 The bioaccessibility (%) of metals for nano-sized metal oxides. Values are measured at 2 h for gastric phase, 4 h for intestinal phase,
and 24 h for ALF and Gamble solution (n = 3). For detailed information, see Table S7

Fig. 2 The bioaccessibility in
intestinal phase at different
contact times
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between the ALF method (Zn, 4.0 ± 0.3%; Cu, ~ 0.4%)
and Gamble solution method (Zn, ~ 0.5%; Cu,
1.6 ± 0.1%). Nano-CeO2 was less dissolved in both
the ALF and Gamble solution (< 0.074%). Nano-
Fe3O4 and nTiO2 could be ignored with a little
bioaccessibility.

Figure 3 shows the apparent difference on the bioac-
cessibility of Zn and Cu at different contact times. There
were no significant differences on Cu bioaccessibility
between 4 and 24 h exposure to ALF solution and
Gamble solution, while Zn bioaccessibility increased
significantly from 4 to 24 h in ALF solution (Fig. 3).
According to the kinetic model of bioaccessibility
shown in Fig. S5, these nano-particles reached the
highest bioaccessibility within 8 h. Interestingly, nZnO
in ALF solution dissolved very slowly within 4 h and
then a rapid dissolution. This phenomenon was not
observed for nCuO with its rapid dissolution within 1 h.

Gastrointestinal and pulmonary bioaccessibility
of non-nano-sized Zn compounds and CuO

Considering the higher bioaccessibility of nZnO and
nCuO, a further study was carried out on the non-
nano-ZnO, non-nano-CuO, and the other species of
Zn. The comparisons on the bioaccessibility of non-
nano-ZnO and CuO with nZnO and nCuO are shown
in Fig. 4. The nano-size particles showed a superior
bioaccessibility in some extractions, like the bioaccessi-
bility of nCuO that was significantly higher than non-
nano-CuO in gastric SBRC and intestinal SBRC. Nota-
bly, the normal size particles might show a higher

bioaccessibility than the nano-size ones, such as non-
nano-ZnO in intestinal SBRC and ALF and non-nano-
CuO in gastric IVG. The other cases that are shown in
Fig. 4 said that the bioaccessibility of non-nano-sized
ZnO/CuOwas about the same as the nano-sized one. As
well known, nano-size particles possess a lot of unique
properties (Inerbaev et al. 2009). The great ratio of
surface area to volume of nano-particles enhances the
opportunity to contact with liquid which means more
opportunity of the effect with contributing molecules or
ions. Furthermore, the lower coordination number of
nano-particle surface atoms leads to the rich defect
where the metals escape easier (Weaver and Waddill
1991). Thus, the nano-sized metal oxides should show
a higher bioaccessibility and a faster speed in dissolution
than those with bigger size (Meunier et al. 2011). On the
one hand, the aggregative effects of nano-particles also
influence the surface effects, which result in the decrease
of the bioaccessibility. On the other hand, considering
the stability of nZnO in ALF, its induction period within
4 h may cause the reversal. Therefore, the simulated
physiologic fluids may have greater influence on the
bioaccessibility of metal oxides than the size of
particles.

Due to the higher bioaccessibility of ZnO, three
common Zn compounds (ZnO, ZnSiO3, and ZnS pow-
ders) were further studied in in vitro tests. The different
bioaccessibilities of these three compounds are shown in
Fig. 5. Gastric bioaccessibility of these non-nano-Zn
miners was significantly higher than those in intestinal
phase and pulmonary phase (Fig. 5). Powder ZnSiO3

and ZnO showed highest bioaccessibility in gastric

Fig. 3 The bioaccessibility in
lung phase at different contact
times
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phase for SBRC, about 2–3-fold higher than that in
gastric phase for IVG (Fig. 5). This is consistent with
the results of nZnO. The bioaccessibility of powder ZnS
was very low in all gastrointestinal and pulmonary
phases (< 0.03%) (Fig. 5), which might be due to its
acid tolerance and water insolubility. Figure 5 also
shows that the bioaccessibility for the powder ZnO
was lower than that for the powder ZnSiO3 in intestinal
SBRC (21.4% for powder ZnO and 31.0% for powder

ZnSiO3). In general, ZnSiO3 is easy to acidolyse in HCl
solution to produce a water insoluble silicic acid. The
silicic acid swelled in the simulated biological fluids
with end-over-end shaking and incorporated with some
Zn ions, leading to the 64.8% ZnSiO3 versus 78.2%
ZnO in gastric SBRC. While the silicic acid was treated
with the intestinal SBRC, the incorporated Zn ions
rereleased to the fluid and resulted in the higher
bioaccessibility.

Fig. 4 The comparisons on
in vitro bioaccessibility of nano-
and non-nano-ZnO and CuO
(*0.01 < p < 0.05; **p < 0.01)

Fig. 5 The comparisons on
in vitro bioaccessibility of non-
nano-powders of Zn minerals
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Environmental implication of the gastrointestinal
and pulmonary bioaccessibility of nano-metal oxides

The components and pH of a simulated biological fluid
are the important factors for the great differences on the
gastrointestinal and pulmonary bioaccessibility of nano-
metal oxides (Smith et al. 2014). For example, the main
components of the gastric phase were 30.03 g L−1 gly-
cine (adjusted to pH 1.5 with concentrated HCl) for
SBRC and 0.15 M NaCl and 1% porcine pepsin
(pH 1.8 adjusted with concentrated HCl) for IVG. The
gastric phase of SBRC solution could provide sufficient
HCl with the buffering effect of glycine for dissolving
nZnO and nCuO, while the gastric phase of IVG solu-
tion without buffer was difficult to control solution pH.
To maintain a stable solution, pH is the key to obtain an
over-estimation of bioaccessibility and thus a precau-
tionary methodology for risk assessment purpose
(Oomen et al. 2002). Therefore, the SBRC method
should be superior to the IVG method for the research
of HCl consuming particles.

The bioaccessibility of nZnO and nCuO extracted by
using ALF and Gamble solution was obviously lower
than that in the intestinal phase (SBRC and IVG), al-
though pH of the simulated intestinal solution of SBRC
and IVG was similar to that for ALF and Gamble
solution. This might be due to the sequential extraction
with the gastric phase and then the intestinal phase of
SBRC and IVG. Therefore, the acid activation of nZnO
and nCuO in gastric phase may influence the surface
properties of nZnO and nCuO, and the soluble Zn and
Cu in gastric phase solution were also combined into
intestinal phase solution. Accordingly, the gastrointesti-
nal phase would lead to the same bioaccessibility of Pb
from soils at pH > 5 (Juhasz et al. 2009). It implied that a
weak acid condition produces indistinctive bioaccessi-
bility with a neutral condition about certain particles.
Considerably, different bile concentrations may also
induce the different bioaccessibilities of the different
intestinal methods (Oomen et al. 2002).

pH of ALF (pH 4.5) has less of a predicted influence
on measured bioaccessibility of Cu. The present study
showed that Gamble solution (pH 7.3) produced a
higher value of bioaccessibility than ALF. The similar
result has been observed by Zereini et al. that the aver-
age values for Pt bioaccessibility in PM10 samples were
23% for ALF and 24% for Gamble solution after 24 h
extraction (Zereini et al. 2012). There are two possible
reasons. On the one hand, the influence of the weak acid

condition should be ignored according to the analysis
above. On the other hand, DTPA, one of the constituents
of Gamble solution that make the difference, is a good
chelating agent that can chelate Cu ions well (Pastor
et al. 2007). It may help Cu to be released from nCuO. In
a word, this suggested that the strong chelating effect
contributes more release of elements from nano-sized
metal oxides than the weak acid effect does.

The properties of nano-metal oxides are other im-
portant factors for the great differences on their gas-
trointestinal and pulmonary bioaccessibility. Com-
pared with the inhalation tract, the oral tract should
be considered to the main contributor of the bioacces-
sibility of nZnO and nCuO owning to their acid sol-
ubility. But there is no distinction in different phases
with nFe3O4, nTiO2, and nCeO2 which were coinci-
dent at a low value of bioaccessibility for their acid
tolerance. However, the low value of bioaccessibility
should not be ignored and misread to be a safe level to
health. As a matter of fact, the over-take and long
period exposure may lead to a warning level of re-
leased concentration (refer to Table S8).

Conclusions

Solubility and aggregation of nano-sizedmetal oxides in
physiological body fluids are the key factors influencing
their toxic effects. Firstly, the aggregation of nano-sized
metal oxides was confirmed in the in vitro simulated
lung fluids (ALF and Gamble solution) and gastrointes-
tinal fluids (SBRC and IVG) at 2 mg L−1 of nano-sized
metal oxides. The aggregation in pulmonary phase was
more serious than that in gastrointestinal phase. The
aggregation may decrease the toxic effects caused by
the size effects of nano-sized metal oxides. Although the
aggregating level was rather complicated among the
different suspensions, the suspending stability was gen-
erally in the order of Fe3O4 < CuO < TiO2 < CeO2 <
ZnO. Secondly, nZnO showed the highest gastrointesti-
nal bioaccessibility (79.9 ± 4.6% in gastric SBRC), and
then nCuO (24.4 ± 0.6% in gastric SBRC), and nFe3O4,
nTiO2 and nCeO2 have the lowest bioaccessibility,
while nZnO showed the highest pulmonary bioaccessi-
bility (4.0 ± 0.3% in Gamble solution), and then nCuO
(1.6 ± 0.1% in ALF), and nFe3O4, nTiO2, and nCeO2

have the lowest bioaccessibility. It is found that low
bioaccessibility of nFe3O4, nTiO2, and nCeO2 means
low toxic effects from the released metal ions. Thirdly,
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the comparisons on the bioaccessibility of nano- and
non-nano-CuO and ZnO indicated that the aggregating
size in suspension could play more important role in
influencing the bioaccessibility than single particle size
does. In summary, our investigations on solubility and
aggregation of nano-sized metal oxides are helpful not
only to explain the toxic components of the nano-sized
metal oxides but also to in vitro evaluate the health risks
of nano-sized metal oxides via oral ingestion and inha-
lation exposure.
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