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ABSTRACT

The increasing application of engineered nanoparticles such as silver nanoparticles (nAg) and zinc oxide
nanoparticles (nZn0), results in their accumulation in environmental media. The environmental natural
organic matter (NOM) adsorbed by these nanoparticles may have great effects on the aggregation and
dissolution of metall ions, which are interesting and important for the assessment of the inhalation risks
of these airborne suspended NOM-coated nanoparticles to humans. Therefore, the aggregation and
dissolution of nAg and nZnO pretreated with citric acid (CA), tartaric acid (TA) and fulvic acid (FA) in
simulated lung biological fluids (artificial lysosomal fluid (ALF) and Gamble Solution) were investigated.
The surface properties, morphology and size of the NOM-treated ENPs changed, but the crystalline phase
was relatively stable when observed using surface-enhanced Raman scattering, transmission electron
microscope, and X-ray diffraction. NOM treatment had no significant influence on the particle size of
NOM-treated nAg and nZnO except for a decrease in the size of CA-treated nAg, and it could not promote
the aggregation of NOM-treated nAg and nZnO except for the aggregation of TA-treated nAg in Gamble
Solution or TA-treated nZnO in ALF. CA- and FA-treatments promoted the release of Zn?* and Ag™,
respectively, while no promotion was observed after TA-treatment. Therefore, NOM affects the release of
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Zn** and Ag* from NOM-treated nAg and nZnO but does not promote the aggregation of NOM-treated
nAg and nZnO, which influences the inhalation risk-based assessment.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Engineered nanoparticles (ENPs) used in consumer products,
industrial applications, and healthcare technology will inevitably
enter the environment (Mumper et al., 2013; Son et al., 2015; Zhang
et al., 2017), which may result in potential ecological and health
risks to ecosystems and humans. For example, silver nanoparticles
(nAg) and zinc oxide nanoparticles (nZnO) are the fastest growing
and most commonly employed ENPs (Yang and Xing, 2009). nAg,
with unique electrical, optical and catalytic properties have been
widely applied in catalysis, sensing and antibacterial fields, while
nZnO, a which serve as semiconductor materials with good
morphology control, high electron mobility, and good chemical
stability, are widely used in the fields of sewage treatment, sensors,
battery research, photocatalysis and antibacterials (Zang and Tang,
2015; Li et al., 2017a, 2017b). The literature shows that these
nanoparticles, when suspended in the air, are delivered easily into
the lungs via inhalation exposure due to their small size (Yang et al.,
2004; Tripathy et al., 2013; Filippi et al., 2015) and can cause po-
tential damage to the liver, kidneys and so on (Ahamed et al., 2010;
Quadros and Marr, 2010).

Previous studies have focused on exposure to pristine ENPs to
assess the risk to workers in plants and the effects of these ENPs on
cells cultured in the laboratory (Yang et al., 2004; Filippi et al., 2015;
Zhong et al., 2017). Pristine ENPs can adsorb natural organic matter
(NOM) when placed in environmental media due to their large
specific surface areas (Yang and Xing, 2009). It has been reported
that NOM is ubiquitous in the environment and plays a dominant
role in the transport, fate, and bioavailability of toxic chemicals in
the environment (Yang and Xing, 2009). In recent years, analyses of
the stability, bioavailability, and cytotoxicity of pristine ENPs
coexisting with NOM have been carried out (Li et al., 2010; Liu and
Hurt, 2010; Domingos et al., 2013; Furman et al., 2013; He et al,,
2013; Gunsolus et al., 2015). For example, the aggregation and
dissolution of NOM-coated nAg and nZnO in aqueous solution are
summarized in Table S1. Table S1 shows that NOM influences the
environmental fate of NOM-coated nAg and nZnO, and environ-
mental NOM-coated nAg and nZnO may be suspended in the
ambient atmosphere. These airborne suspended NOM-coated ENPs
can easily enter in the bronchi and alveoli via inhalation, which may
result in health risks to humans. For example, when the airborne
suspended NOM-coated ENPs enter the lungs, they will first react
with pulmonary physiologic solution, which contains various
organic and inorganic components (Julien et al., 2011; Cruz et al,,
2015). Thus, agglomeration and/or dissolution of those ENPs will
occur. However, few investigations have been carried out on the
sedimentation, aggregation and dissolution of NOM-coated ENPs in
lung biological fluids, although such studies would be important for
assessing the potential health risks of airborne suspended ENPs to
humans via inhalation exposure.

To assess the health risks posed by inhalation exposure to toxic
elements in environmental media, various in vitro methods that use
simulated lung biological fluids have been developed and applied
to suspended fine soil particles, dusts and airborne particles (Juhasz
etal., 2009). For example, artificial lysosomal fluid (ALF, to simulate
the environment of alveolar macrophages) and Gamble Solution (to
simulate alveolar interstitial fluid) have been developed and widely

used to investigate the bioaccessibility of airborne particle-bound
toxic metals (Julien et al., 2011; Cruz et al,, 2015). In the present
study, the sedimentation, aggregation and dissolution of ENPs
(nZnO and nAg) treated with citric acid (CA), tartaric acid (TA) and
fulvic acid (FA, extracted from the sediments of Xuanwu Lake at
Nanjing, China), in simulated lung biological fluids (ALF and
Gamble Solution) were investigated. The objective of this work was
therefore to investigate the change in size and the release of metal
ions due to aggregation and dissolution in simulated lung biological
fluids of NOM-coated ENPs to clarify the potential health risks to
humans via inhalation exposure.

2. Materials and methods
2.1. Natural organic matters and engineered nanoparticles

The NOM used in this study consisted of citric acid (CA), tartaric
acid (TA) and fulvic acid (FA). FA was extracted from the sediments
of Xuanwu Lake at Nanjing, China, in November 2016 according to
the protocol of the International Humic Substances Society. The
extracted FA was characterized by Fourier transform infrared
spectroscopy (FTIR, NEXUS870, Thermo Nicolet Corporation). The
FTIR spectrum of FA is presented in Figure S1 and the element
composition of FA is presented in Table S2. CA and TA were pur-
chased from Sinopharm Chemical Reagent Co., LTD. The Raman
spectra of these NOMs are presented in Figure S1. The widely used
nAg and nZnO were selected as typical ENPs in this study. nZnO
(zincite, Lot Number: J1725090) and nAg (face centered cubic, Lot
Number: 1606019) were purchased from Shanghai Aladdin
Biochemical Technology Co. LTD.

2.2. ENPs treated with NOM

Briefly, 0.5 g pristine nZnO or nAg was mixed with 200 ml so-
lution with or without NOM, in a conical flask with magnetic stir-
ring for 2 days in the dark, and then the suspensions were
centrifuged at 8960xg for 10 min. The precipitated materials were
freeze-dried, ground, and stored for future experiments. NOM so-
lutions were obtained by dissolving solid FA, CA or TA in a 30 mM
NaCl solution (NaNOs solution for nAg) and adjusting to pH 7. The
FA concentrations in the solution were set as 3, 10, 30, 100, and
300 mg 1L The concentrations of both CA and TA in solution were
set as 10 mM. CA-, FA-, and TA-treated nZnO and nAg were labelled
as CA-nZnO, FA-nZnO, TA-nZnO, CA-nAg, FA-nAg, and TA-nAg,
respectively, in this study. The ultrapure water in this study was
prepared by a Milli-Q ultrapure water purification system.

2.3. Characterization of NOMs-treated ENPs

The carbon contents of these samples were determined using an
element analyzer (EA, CHN—O-Rapid, Germany Heraeus Corpora-
tion). The sizes of the treated ENPs were confirmed by transmission
electron microscopy (TEM, JEM-2100 (HR), Japanese JEOL Corpo-
ration). The treated ENPs were characterized by X-ray diffraction
(XRD, XTRA, Thermo Fisher Scientific Corporation) to determine
the crystalline phases. Surface-enhanced Raman scattering (SERS)
with a laser confocal Raman spectrometer (inVia-Reflex, British)
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was used to characterize the NOM on the surface of nAg. The spe-
cific surface area of the treated ENPs was analyzed by a nitrogen
adsorption isothermometer (ASAP 2020, American Micromeritics
Corporation).

2.4. Aggregation and sedimentation in ultrapure water and
simulated lung biological fluids

The pristine and NOM-treated nZnO and nAg were suspended in
ALF, Gamble Solution and ultrapure water (as the control). Modified
ALF and modified Gamble Solution without chlorine were used for
nAg (the ingredients of ALF, Gamble Solution, and their modified
versions are listed in Table S3). The absorbance values of the sus-
pensions were measured by a UV—Vis spectrophotometer (Nanjing
Feile Instrument Co., Ltd, T-6) at a wavelength of 500 nm within 2 h
to investigate the sedimentation. The suspension state was also
recorded with a camera within 7 days without daylight.

Dynamic light scattering (DLS, 90 Plus, Brookhaven Instruments
Corporation) was used to characterize the aggregation state and
zeta-potential. Generally, 0.05 g pristine or NOMs-treated nZnO or
nAg was put in 50 ml ultrapure water, ALF, or Gamble Solution. The
solutions were diluted to approximately 1 ug ml~" before detection.
Considering the influence of CI~ on nAg, the suspensions of nAg
were also measured under chlorine free conditions where NaNO3
was taken place of inorganic parts with the equal ion strength in
ALF and Gamble Solution.

2.5. Dissolution in simulated lung biological fluids

A 0.03 g aliquot of pristine or NOM-treated nZnO and nAg was
added to 50 ml polyethene tubes with a set volume (30 ml) of
simulated lung biological fluids and kept in an end-over-end shaker
(250 rpm, 37 °C in water bath) for a set time, and then 5 ml of the
suspension solution was sampled and centrifuged at 8960xg for
10 min, as in our previous report (Zhong et al., 2017) The super-
natant (1 ml) was carefully removed and stored at 4 °C. The pH was
maintained using 0.1 M HCI (0.1 M HNOs for chlorine-free simu-
lated lung biological fluids) and 0.1 M NaOH during extraction.
Triplicate samples were prepared. Duplicate blanks were also pre-
pared to allow for background subtraction of elemental concen-
trations in the extraction solution.

2.6. Elemental determination

Elemental concentrations in solution were measured with an
inductively coupled plasma optical emission spectrometer (ICP-
OES, Optima 5300, Perkin-Elmer SCIEX) and inductively coupled
plasma mass spectrometer (ICP-MS, Elan 9000, Perkin-Elmer
SCIEX). The solutions of ALF and Gamble Solution were used as
the calibration blanks. The calibration standard solutions were
diluted from the standard stock solutions (Custom Assurance
Standard) purchased from SPEX CertiPreP (Zn: 1000 mgl~!, Lot
number: 28-232CR) and NACIS (Ag: 1000mgl~!, Lot number:
08051455) with these simulated lung biological fluids. The relative
percentage differences of parallel samples were not within 20%, the
experiments were repeated.

2.7. Data analysis

Statistical analyses were carried out using SPSS software. Anal-
ysis of variance (Independent-sample T test) was used to test the
statistically significant differences.

3. Results and discussion
3.1. Characterization of NOM-treated nZnO and nAg

TEM micrographs (Figure S2a-d) show that the pristine and
NOM-treated nAg had irregular spheroidicity with sizes of
30—200 nm. Figure S2b shows that many small cores of nAg
(3—7 nm) were observed in CA-nAg because dissolved Ag ions were
reduced to Ag® by citrate, which is usually used as a chemical
reducing agent to prepare Ag nanoparticles (Canamares et al.,
2005). Figure S2e shows that the pristine nZnO were regular
spheres with diameters of 20—35 nm. Figure S2f shows that the
nZnO treated with CA still maintained the same shape and size as
pristine nZnO. Some particles seem to have a slice like structure
with a diameter of 30—35 nm in Figure S2f, consistent with a pre-
vious reports that CA could decrease the aspect ratio of the hex-
agonal prismatic crystals of nZnO on the (0001) face (Das et al.,
2013). Figure S2g shows that FA-treated nZnO had a similar size
and morphology to the pristine nZnO. Figure S2h shows a few rod-
like particles with lengths of 40—70 nm and widths of 11—15 nm in
TA-treated nZnO, consistent with the previous reports that TA
could promote the growth of hexagonal prismatic crystals of nZnO
along the (0001) face to form a flower-like nanostructure (Liu et al.,
2015).

The SERS spectra of CA-, TA- and FA-nAg are shown in Figure S4.
The bands at 807—1000, 1070, 1415, 1532 and 2932 cm~! were
assigned to the 3(0CO), v(C—CO0O0), vs (0CO), vas (OCO) and v(CH)
modes, respectively, as stated in previous reports (Castro et al.,
2005). Compared with the frequencies of vs (OCO) and v,s (OCO)
vibrations of CA and TA, a significant downshift from 1673 to
1754cm~! was observed (Figure S1). This may be due to the
complexion of the carboxylate groups of the acids with Ag® and
metal ions on the nAg surface (Castro et al., 2005). The SERS spectra
of FA-nAg present two broad peaks at 1584 and 1332 cm™!, which
are assigned to the G and D bands of disordered carbon that prove
the Xuanwu FA contains a graphite-like carbons structure (Liang
et al, 1996). The G and D bands were not significant in the
Raman spectra of FA (Figure S1). The enhanced G and D bands
implied that the surface of nAg interacted tightly with the aromatic
group of Xuanwu FA (Yang and Wang, 1997).

The signals of NOM absorbed on the nZnO surface are too weak
to observe in Raman spectra or FTIR spectra. However, the carbon
contents of the absorbed CA, FA and TA on nZnO were 0.10%, 2.00%
and 0.65%, respectively, as seen in the element analysis reports
presented in Table 1. The carbon content of FA absorbed on nAg was
0.32%, while the carbon contents of absorbed CA or TA on nAg were
so small (below 0.1%) that the elemental analyzer could not detect
them.

The results of BET (Table 1) show that the specific surface area of
CA-nAg (749 m? g~ 1) was much larger than that of pristine nAg and
other nAg (1.84—2.69 m? g~ !). This might be due to the formation of
small-core nAg after treatment with CA. The specific surface areas
of CA-nZnO and TA-nZnO changed little compared to that of the
pristine nZnO (22.44—22.70 m? g~1) (Table 1), even though the
morphology of some particles changed. In contrast, the specific
surface area of FA-nZnO (45.45m? g~ ') was approximately two-
fold that of pristine nZnO, although there was little change in the
size or morphology. This might be due to the absorption of a mass
of FA on FA-nZnO which could enhance the capacity of loading N3
on the particle surface.

Moreover, the results of XRD show that the diffraction peaks of
NOM-treated ENPs were similar to those of pristine ENPs
(Figure S3). This reveals that NOM-treated nZnO and nAg main-
tained their original crystal phase, which implied that the in-
teractions with NOM took place on the surface of the pristine ENPs.
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Table 1
Carbon content (%), specific surface area (m? g~!), hydrodynamic diameter (nm) and Zeta-potential (mV) in water of pristine and NOMs-treated nZnO and nAg.
nZnO CA-nZnO FA-nZnO TA-nZnO nAg CA-nAg FA-nAg TA-nAg
cC N/A 0.10 2.00 0.65 N/A N/A 0.32 N/A
SA 22.7 224 45.5 22.6 231 749 1.84 2.69
HD 177 +9 234+34 119+10.0 784 +192 172+9 923 +4.8 13711 98.9+103
YA 257+7.1 314+22 —-259+1.7 -9.8+20 -19.0+04 —-222+08 —-347+14 -202+1.0

CC: Carbon content (%); SA: Specific surface area (m? g—'); HD: Hydrodynamic Diameter in water (nm); ZP: Zeta-potential in water (mV) at pH 7; N/A: not available.

3.2. Aggregation of NOM-treated nAg and nZnO in simulated lung
biological fluids

Aggregation of the pristine and NOM-treated nZnO and nAg in
simulated lung biological fluids and ultrapure water and their zeta-
potential values are presented in Fig. 1. The absolute zeta potentials
of nZnO and nAg were below 15 mV in ALF and Gamble Solution, as
shown in Fig. 1a, b, and the values for all of the samples in ALF were
higher than those in Gamble Solution. The zeta potentials of all of
these nZnO and nAg in water were above 20 mV except for TA-
nZnO (—9.8 £+ 2.0 mV). For nZnO (Fig. 1a), the zeta potentials of
FA-nZnO in water was —25.9 + 1.7 mV, which was opposite to that
of pristine nZnO (25.7 + 7.1 mV). The zeta potentials value of CA-
nZnO in water was 31.4 + 2.2 mV, which is similar to that of pris-
tine nZnO. However, the zeta potentials of treated nZnO had no
significant differences in ALF and Gamble Solution compared to
pristine nZnO. For nAg (Fig. 1b), the zeta potential of the pristine
nAg was —19.0 + 0.4 mV in water. The values for CA-nAg and FA-
nAg in water decreased to —22.2+0.8mV and —34.7 +1.4mV,
respectively. The value for TA-nAg in water was —20.2 + 1.0 mV,

which was similar to that of the pristine nAg. The value for FA-nAg
were less than those for pristine nAg in ALF or Gamble Solution. CA-
nAg has a higher zeta potential than pristine nAg in ALF. TA-nAg has
a similar zeta potential to the pristine nAg in ALF or Gamble Solu-
tion. Obviously, NOM would almost change the surface charge
properties of nZnO or nAg in solution especially in water, although
the changes would be weakened or even eliminated in ALF and
Gamble Solution.

Fig. 1c, d shows the hydrodynamic diameters for the pristine and
NOM-treated nZnO and nAg in water, ALF and Gamble Solution, as
characterized by DLS. The aggregation happened according to the
effective diameters in these solutions, and their sizes were larger
than those measured by TEM (Figure S2). The aggregation size of
TA-nZnO (784.1 + 191.6 nm) in water was significantly larger than
them of CA-, FA- and pristine nZnO. The aggregation size of CA-
nZnO was 234.4 +33.5nm, larger than that of the pristine nZnO
(177.6 +8.9nm). The aggregation size of FA-nZnO was
118.6 + 10.0 nm, which is less than that of pristine nZnO in water.
The aggregation sizes of CA-nZnO and FA-nZnO were 583.0 + 70.5
and 619.8 + 30.0 nm, respectively, which are less than those of the

:| Pristine nZnO

Zetapotential (mV)

10

-10

=20

I:] Pristine nAg
N\ CA-nAg

1200

600

20 -0 A-nAg
301 - (a) 40+ " TA-nAg (b)
water ALF Gamble Solution water ALF  Gamble Solution
- [ ]Pristine nZnO (C) 500} [ |Pristine nAg (d) .
N CA-nAg

400

300

200

100

Gamble lution

600
500 -
400 -
300+
200+

100+

b |

Effective Diameter (nm)  Effective Diameter (nm)

s L s s

Zetapotential (mV)

)
[

'
w
[y

ES
=)

0 3 10 30 100 300
Concentration of FA (mg1™)

0 3 10 30 100 300
Concentration of FA (mg1™)

Fig. 1. Zeta-potential of nZnO (a) and nAg (b), aggregation size of nZnO (c) and nAg (d) in water and simulated lung biological fluids (*: 0.01 < p < 0.05, **: p < 0.01), and the plots of
aggregation size and zeta-potential value of nZnO (e) and nAg (f) treated with different FA concentrations in water (statistical significant difference noted with different alphabet).



672 L. Zhong et al. / Chemosphere 225 (2019) 668—677

pristine nZnO (934.0 + 57.6 nm) and TA-nZnO (1169.3 + 167.7 nm)
in ALF. The aggregation size of NOM-treated nZnO was similar to
that of pristine nZnO in Gamble Solution (approximately 380 nm).
For nAg (Fig. 1d), the aggregation sizes of CA- and TA-nAg
(approximately 95 nm) in water were less than that of pristine
nAg (171.7 £ 8.7 nm). The aggregation size of pristine nAg was
larger than that of FA-nAg (137.3 + 10.9 nm) in water. NOM-treated
nAg had similar aggregation sizes to pristine nAg in ALF (approxi-
mately 248.7—307.9 nm). CA-nAg and FA-nAg had similar aggre-
gation sizes to pristine nAg in Gamble Solution (approximately
270.2—378.3nm) while they were less than that of TA-nAg
(415.9 + 60.3 nm). These results suggest that CA and FA have no
influence on the aggregation of nZnO and nAg in ALF and Gamble
Solution, except CA and FA decrease the aggregation of nZnO in ALF,
and TA increases the aggregation of nZnO in ALF and increases the
aggregation of nAg in Gamble Solution.

In better understand the effects of the NOM’ levels on the ag-
gregation of the pristine and NOM-treated nZnO and nAg, the sizes
of nZnO and nAg pretreated with different levels of FA in water are
shown in Fig. 1e, f. The zeta potentials and aggregation sizes varied
greatly as the concentrations of FA increased. The zeta potentials
trended to decrease with increasing concentrations of FA, which
implied that the mass of FA absorbed on the surface of nZnO and
nAg was increased. For nZnO (Fig. 1e), the aggregation sizes of FA-
treated nZnO reached a maximum value (550 + 30 nm) at 30 mg !
FA, where the absolute value of the zeta potential was below 10 mV.
The aggregation sizes of FA-treated nZnO with a negative zeta
potential (FA: 100, 300 mg1~!) were smaller than those of FA-
treated nZnO with a positive zeta potential (FA: 0, 3, 10mgl~1)
even though these samples had a similar absolute value of the zeta
potential. This result implied that sufficient FA on the surface of
nZnO improved the stability of nZnO. For nAg (Fig. 1f), the aggre-
gation size of nAg decreased significantly, similar to the zeta po-
tential, as the concentration of FA increased to 10mgl~' and
reached a minimum value (94.4 + 5.0 nm) at 10 mg 1~ L At concen-
trations above 10 mg1~1, the aggregation size increased to 140 nm
and remained steady at approximately 140 nm when the concen-
tration of FA exceeded to 30 mg 1~ because of the slowly decreased
zeta potential. This result also implied that the excessive FA on nAg
surface impaired the enhancement of stability.

3.3. Sedimentation of NOM-treated nAg and nZnO in simulated
lung biological fluids

To further assess the aggregation phenomenon of NOM-treated
nZnO and nAg in ultrapure water and simulated lung biological
fluids, their settling kinetics in ultrapure water and simulated lung
biological fluids were evaluated by a UV—vis spectrometer (Figs. 2
and 3) and the settling progress was recorded with digital images
(Figure S6). The residual concentrations of NOM-treated nZnO and
nAg in the simulated lung biological fluids decreased drastically
with increasing contact time, as did the sedimentation of TA-nZnO
in ultrapure water. All of the NOM-treated nAg and nZnO precipi-
tated thoroughly within 4 h in ALF and Gamble Solution, but they
could exist in stable suspension in ultrapure water for up to 7 days
without agitation, except for CA-nZnO and TA-nZnO (Figure S5).
The Langmuir kinetics model (Furman et al., 2013; Quik et al., 2014)
with a slight modifications could fit well with the experimental
data of nZnO and nAg. For nZnO, a slight modification was made
due to a few minutes of delay in precipitation in the settling ve-
locity graph of nZnO (Fig. 2). The modified Langmuir kinetics model
and fitting factors are shown in Table S(3, 4).

As shown in Table S(3, 4), the diffusion-limited Langmuir ki-
netics fitted well with the experimental data. TA-nZnO suspended
in water obeyed the same kinetic process (Furman et al., 2013). To

better understand the level of instability of NOM-treated nZnO or
nAg in the simulated lung biological fluids, the time to achieve 50%
residue concentration (tsp) of the Langmuir kinetics model was
calculated and is shown in Table S(3, 4). In ALF, the t5g values of FA-
nAg and TA-nAg were approximately 10 min longer than those for
the pristine nAg and CA-nAg. This indicated that suspended FA-nAg
and TA-nAg were more stable in ALF than pristine nAg or CA-nAg.
In contrast, the tso of TA-nZnO was 14 min in ALF, approximately
7 min less than those of other nZnOs. In Gamble solution, tsg values
of CA-nZnO and TA-nZnO was 22 min and 19 min, respectively,
longer than pristine nZnO and FA-nZnO (12 min and 10 min,
respectively). These implied the suspended CA-nZnO and TA-nZnO
were more stable than pristine nZnO and FA-nZnO in Gamble So-
lution. The tsp values of NOM-treated nAg were approximately
30—33 min, the same as the values of pristine nAg in Gamble
Solution.

The delay time of nZnO precipitation in the simulated lung
biological fluids was calculated by modified Langmuir kinetics and
defined as “ty,o” in Table S5. The nZnO would be more stable with a
larger value of tyg (Table S5). Fig. 2d, e shows that aggregation size
and contact time were linearly dependent within 20 min. The ag-
gregation sizes ranged from 1000 to 1300nm in ALF and
800—1200 nm in Gamble Solution at tyo (Fig. 2d and e). When the
aggregation sizes increased continuously, the mass of the aggre-
gated particles would increase which might result in sedimentation
of the aggregated particles. Sedimentation of nAg was easier than
that of nZnO (Fig. 2).

As described above, the aggregation and sedimentation were
serious in these simulated lung biological fluids, for which the
absolute values of the zeta potential were much less than those in
water. These results implied that the surface charges of nAg and
nZnO had been neutralized by some organic components in ALF
and Gamble Solution. The few surface charges were considered the
primary cause of the instability in the simulated lung biological
fluids which was similar to TA-nZnO in water. The different sta-
bilities of CA-nZnO and TA-nZnO relative to pristine nZnO were
considered to result from the morphology of the particles, as some
studies have described (Zhou and Keller, 2010; Patel et al., 2015).

In addition, suspended nAg was more stable in chlorine-free
modified simulated lung biological fluids than in the original
simulated lung biological fluids. The average tso values were
approximately 15 and 26 min longer for nAg in modified ALF and
modified Gamble Solution than for nAg them in ALF and Gamble
Solution, respectively. CI™ in the simulated lung biological fluids
may react with nAg, which will influence the stability of nAg. For
example, Ag>0 shells on the surface of nAg formed via oxidization
of 05 in the air-saturated system can react with CI~ to form AgClo(s)
at a low Cl/Ag molar ratio (ALF: 62; Gamble Solution: 90) (Cai et al.,
1998; Levard et al., 2013), which will bridge between nAg and even
encapsulate the aggregation of nAg. These reactions may seriously
affect the morphology of nAg and enhance the aggregation and
precipitation (Li et al., 2010; Chambers et al., 2014). That is the
reason that suspended nAg were more stable in chlorine-free
simulated lung biological fluids, as described above. NOM absor-
bed on the surface of nAg, to some extent, could prevent the gen-
eration of AgClO(s), which explained why FA-nAg and TA-nAg were
more stable than pristine nAg in ALF. Nevertheless, the larger sur-
face area of CA-nAg increased the chance of interaction between
Ag>0 and Cl~ and led CA-nAg to precipitate faster than FA-nAg and
TA-nAg.

3.4. Dissolution of nZnO in simulated lung biological fluids

The concentrations of Zn®* in ALF or Gamble Solution due to the
dissolution of nZnO increased rapidly first and then reached an
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equilibrium within 1 h (Fig. 4a and b). For ALF, dissolved Zn** was
approximately 35% for FA-nZnO and 12% for CA-nZnO, higher than
that for TA-nZnO which was similar to the pristine nZnO. The dis-
solved Zn?* from FA-nZnO increased as the amount of FA absorbed
on nZnO increased (Fig. 5a). For Gamble Solution, the dissolved
Zn** from FA-nZnO was approximately 47% lower than that from
the pristine nZnO (Fig. 4b). This decrease was related to the
absorbed mass of FA on the FA-nZnO (Fig. 5b). Dissolved Zn®* from
CA-nZnO was approximately 10% higher than that from the pristine
nZnO. However, dissolved Zn?* from TA-nZnO was similar to that
from the pristine nZnO. Generally, dissolved Zn** from nZnO in ALF
was 2—6-fold higher than that in Gamble Solution which was far
higher than that from the pristine nZnO in ultrapure water
([Zn**]1=0.78 mg1~1).

Solution H" may play an important role in the dissolution of
Zn**. A higher concentration of H* can lead to a higher dissolution
of Zn?* from nZnO in ALF than in Gamble Solution. FA-nZnO
(45.5m?g~1) has approximately 2 times the specific surface area
as other nZnO (average 22.4 m? g 1), which could provide a larger
surface area for contact with H* for dissolution of Zn?*, as sug-
gested in previous reports (Elzey and Grassian, 2010; Zhang et al.,
2010; Lanzl et al., 2012; Ma et al., 2012; Zhong et al., 2017). More-
over, FA contains abundant carboxyl groups, which can bridge so-
lution protons (Liang et al., 1996; Yang and Wang, 1997). FA
absorbed on the surface of nZnO could capture protons from so-
lution to maintain a higher and more homogeneous proton layer

surrounding nZnO, which decreases the thickness of the diffusion
layer for protons and enhances the dissolution of Zn?*. Therefore,
the concentration of surrounding protons depends on the density
of FA absorbed on the nZnO surface. The potential mechanisms are
suggested in the supporting information (Figure S6). As a result, the
increase in dissolution was related to the mass of absorbed FA.

Gamble Solution contains abundant chelating agents such as
DTPA (Table S3). The chelating effects of DTPA in Gamble Solution
may be another important factor for the dissolution of nZnO.
However, in neutral Gamble Solution, the amount of Zn?* dissolved
from nZnO was far higher than that in ultrapure water (Fig. 4b).
DTPA increases the solubility of nZnO, as noted in our previous
report (Zhong et al., 2017). In addition, DTPA has a larger volume. FA
absorbed on surface of nZnO may act as a barrier between the
single particle and DTPA. As a result, FA-nZnO presented approxi-
mately 47% decrease in dissolution compared to pristine nZnO and
TA-nZnO. The more FA that is absorbed, the more obvious the
barrier effects are. Consequently, the decrease in dissolution was
related to the absorbed FA on nZnO.

3.5. Dissolution of nAg in the simulated lung biological fluids

Fig. 4c-f shows the dissolution kinetics of nAg in ALF and Gamble
Solution. In ALF, the amount of dissolved Ag* from FA-nAg was less
than that dissolved from pristine nAg at the initial 12 h, but after
12 h the FA-nAg was approximately 28% higher than that dissolved
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from pristine nAg. The amount of dissolved Ag* from CA-nAg was
approximately 26% lower than that dissolved form pristine nAg and
reached the same level as that dissolved from pristine nAg after
72 h. The amount of dissolved Ag™ from TA-nAg was 26% lower than
that from pristine nAg. For Gamble Solution, the amount of dis-
solved Ag' from FA-nAg was approximately 32% higher than that
from pristine nAg. The amount of dissolved Ag™ from CA-nAg and
TA-nAg was similar to that from pristine nAg. For the modified ALF,
there was no significant difference in the amount of dissolved Ag™
between CA- and TA-nAg and pristine nAg. The amount of dissolved
Agt of FA-nAg was approximately 34% lower than that from pris-
tine nAg. The dissolved Ag" from FA-nAg was about 36% higher
than them from the pristine nAg in modified Gamble Solution.
Moreover, the concentration of Ag™ in Gamble Solution was
approximately 60-, 2- and 4-fold to the values in ALF, modified ALF,
and modified Gamble Solution, respectively.

The increasing solubility of nAg is related to particle size (Ma
et al,, 2012). CA-nAg presented higher solubility than TA-nAg in
ALF, which may be due to many reconstructed small size of nAg
(Fig. 4b). However, both of samples presented weaker solubility
than the pristine nAg in ALF. This finding is attributed to the
structure of AgClO(S) formed on the surface of nAg. Levard reported
that “the surfaces of nAg are known to exhibit structural defects
that might be favourable sites for nucleation of AgCl%s) particles
than can expand laterally to form more or less continuous AgClO(S)
films at the surface of the particles, slowing their dissolution rate”

(Levard et al., 2013). This finding was proved by Ha and Payer, who
found that AgCl particles nucleated on scratches present on the
surface of Ag wires (0.5 mm in diameter) (Ha and Payer, 2011). We
considered that CA and TA could increase the degree of structural
defects on the nAg surface when nAg were incubated in CA or TA
solutions, which led to the formation of continuous AgCI’s) films on
the nAg surface in ALF and deceased the dissolution rate of Ag™.

Previous studies suggest that FA-nAg could suppress oxidation
progress, including blocking the oxidation sites, the reversible
reduction of Ag* to Ag® and dismutation of the superoxide anion to
0O, and Hy0; (Goldstone and Voelker, 2000; Wang et al., 2001;
Sal'nikov et al., 2009). That is why FA-nAg presented lower disso-
lution of Ag* than pristine nAg in modified ALF. However, FA-nAg
presented higher dissolution of Ag" than pristine nAg in ALF,
Gamble Solution and modified Gamble Solution. This reversal may
be a result of the complex matrix of these simulated lung biological
fluids.

In ALF, CI~ may react with Ag™ to form AgClO(S) with the release
of Ag* from the pristine and NOM-treated nAg, which decreased
the concentrations of Ag™ in the bulk liquid. Consequently, the
dissolved Ag™ from nAg in ALF was far below that in the modified
ALF. However, in ALF, H* could combine with the —NH; functional
group in FA to form —NH3, which could decrease the effective
concentration of H" and result in the lower dissolution rate of Ag*
during the initial 12 h in ALF. Simultaneously, —NH3 could react
with CI™ in solution and decrease the concentration of Cl™. In this
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way, FA-nAg could release more Ag"' than pristine nAg in ALF after
12 h. As a result, with the increased mass of FA absorbed, the
amount of released Ag" was increased (Fig. 5a).

Gamble Solution and modified Gamble Solution contain DTPA
and t-cysteine which enrich the solution with nitrogen donors.
First, the nitrogen compounds have significant effects on Ag™
release (Erxleben, 2002; Jimenez et al., 2017). A nitrogen donor to
Ag* could prevent the formation of AgClO(s) and even promote the
release of Ag™. As a result, the Ag™ concentration in neutral Gamble
Solution was far higher than those in ALF and modified ALF, even
though the last two solutions are acid matrices. In addition, the
nitrogen donors in Gamble Solution include NHZ in addition to
DTPA and i-cysteine compared to modified Gamble Solution
(Table S3). This resulted in a greater Ag" concentration in Gamble
Solution than in modified Gamble Solution. Second, nitrogen
donation to Ag* would prevent the release of Ag™ upon reduction
by FA. In a nitrogen-donor matrix without other oxidants or re-
ductants, the oxidation process could be described as the global
reaction stoichiometry (1), which could be divided into two simple
steps: oxidation (2) (Liu and Hurt, 2010) and chelation (3):

1
2Ag(5) + *02 + 2H " + 4NR3(aq) HZAg(NR3)§(aq) + H20<1)

2 (aq)
(1)
1
2Ag(5) + 502 + ZH(ZQ) <—>2Ag@q> + H2O(l) (2)
Agz;q)+2NR3(aq) “’Ag(NRs)f(aq) (3)

where the AGC values of (2) and (3) are —91.3k/mol~' and
-42.24 k] mol~ ! respectively, as the group R is hydrogen at 298 K
(Smith et al., 1937; Liu and Hurt, 2010). Accordingly, in the oxida-
tion process in a nitrogen-donor matrix, such as ammonia water
the AGP value of (1) is equal to —173.8 k] mol~. Consequently, ni-
trogen donation to Ag* would prevent Ag* from being reduced by
FA. In addition, Fig. 4e, f shows that the concentrations of released
Ag* from FA-nAg were above to those from pristine nAg in Gamble
Solution and modified Gamble Solution. Similar to ALF, with the
increased mass of FA absorbed, release of Ag* was promoted. We
suggest that the nitrogen in FA molecules contributes to the in-
crease in Ag" release in these fluids.

In this study, the dissolution of nAg was only recorded within 5
days. We found a step-like stage in the dissolution kinetic curves
(Fig. 4). Many studies have observed an increase in the long-term
release of Ag' in the water system (Liu and Hurt, 2010; Levard
et al., 2013). However, the pseudo-equilibrium provided enough
evidence to state the effects of NOM on dissolution of nAg. In
addition, considering the metabolism in organisms after exposure
in the true biological fluids, the long-term status of static simula-
tion is less meaningful.

3.6. Implication for exposure risk

ENPs can adsorb NOM when such matter enters the environ-
ment, and the composites of NOM-coated ENPs may be suspended
in the ambient atmosphere. Therefore, airborne NOM-coated ENPs
may enter the bronchi and alveoli via inhalation exposure, which
may result in health risks to humans. Studies have proved that
nanoparticles can penetrate the alveolar blood-air barrier and enter
the blood, which will bring potential risks to human beings (Yang
et al., 2004; Tripathy et al., 2013; Filippi et al., 2015) and NOM
may influence the aggregation and dissolution of nanoparticles
such as nAg and nZnO (Table S1). However, few studies have been

carried out to investigate the human health risk of environmental
NOM-treated ENPs via inhalation exposure. In fact, the aggregation/
sedimentation of nanoparticles in lung biological fluids may in-
fluence the potential of these materials to cross the alveolar blood-
air barrier (Albanese and Chan, 2011; Park et al, 2013;
Abdelmonem et al., 2015), while the release of metal ions from the
nanoparticles may increase the toxicity observed due to NOM-
treated nAg and nZnO. In the present study, CA increased the ag-
gregation of nZnO in water but hindered the aggregation/sedi-
mentation of nZnO in Gamble Solution through modified of
morphology to slice-like structure. CA also generated many ultra-
fine nAg during the incubation period and decreased their aggre-
gation in water but had no significant influence on the aggregation/
sedimentation in ALF or Gamble Solution. FA had no influence on
the suspension stability of nZnO in simulated lung biological fluids,
even though it decreased the aggregation size of nZnO in water. TA
could increase the aggregation/sedimentation of nZnO in water and
ALF but decreased it in Gamble Solution. FA and TA decreased the
aggregation of nAg in water. They also decreased the aggregation/
sedimentation in ALF to prevent the formation of AgCl%s) on the
surface of nAg. TA increased the aggregation of nAg in Gamble
Solution. In conclusion, to some extent, CA and FA could increase
the particle toxicity of nAg upon inhalation exposure, and only CA
could increase it for nZnO.

The dissolved ions in lung biological fluids can exchange into
blood easily, so they may pose serious potential risks to human
health (Ahamed et al., 2010; Quadros and Marr, 2010; Cruz et al.,
2015). CA promoted the release of Zn** from nZnO in ALF or
Gamble Solution to form the slice-like structure of CA-nZnO. FA
increased the release of Zn** by bridging between solution H* and
nZnO in ALF, and the increase was related to the mass of FA coated
on nZnO surface. However, the coated FA became a shield for nZnO
in Gamble Solution and prevented the release of Zn**. TA had no
influence on the release of Zn>*. CA and TA decreased the release of
Ag" in ALF for increasing the structural defects of the nAg surface
when nAg was incubated in CA or TA solutions, leading to the
formation of continuous AgCl%s) films on the nAg surface in ALF. FA
increased the dissolution of Ag" in both ALF and Gamble Solution,
which resulted from two reasons. Briefly, NOM would change the
ion toxicity of nZnO or nAg to influence the dissolution in ALF or
Gamble Solution in a different way.
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