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Abstract The in vitro cytotoxicity of nano silver nano-
particles (nAg, 99 + 75 nm) and nano zinc oxide nano-
particles (nZnO, 27+ 7 nm) pretreated with citric acid
(CA), tartaric acid (TA), and fulvic acid (FA) to human
pulmonary adenocarcinoma cells (A549 cells), a com-
mon model cell strain, was investigated. The LCs,
values of CA-, FA-, and TA-nZnO (19-22 ng ml_l)
were higher than those of the pristine nZnO
(15 ug ml™"), and CA, FA, and TA depressed ROS
levels and inhibited the apoptosis process induced by
nZnO since they decreased Zn”* release from nZnO in
culture medium. The LCs, values of CA-, FA-, and TA-
nAg (111-120 pg ml™") were lower than that of the
pristine nAg (185 ug ml_l), and CA, FA, and TA
significantly improved the ROS levels induced by nAg
by increasing the cellular uptake of nAg. Therefore, CA,
FA, and TA decrease the cytotoxicity of nZnO while
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increasing the cytotoxicity of nAg.
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Introduction

Widely used engineering nanoparticles (ENPs) will inevi-
tably enter into environment and may result in potential
ecological and health risks (Pandurangan and Kim 2015;
Sirelkhatim et al. 2016). For example, silver nanoparticles
(nAg) can inhibit embryo growth (Austin et al. 2016),
induce gene mutation (Huk et al. 2015), inhibit cell prolif-
eration (Kermanizadeh et al. 2017), and promote autoph-
agy (Zhu et al. 2017) and apoptosis (Kermanizadeh et al.
2017). Zinc oxide nanoparticles (nZnO) can cause the
lactate dehydrogenase (LDH) leakage (Jeng and
Swanson 2006), sharply reduce cell viability (Zhang
et al. 2018) and even damage DNA (Hackenberg et al.
2011), and cause inflammation (Pandurangan and Kim
2015; Prach et al. 2013; Sirelkhatim et al. 2016). There-
fore, their environmental and health risks have received
wide attention. The physical and chemical behaviors of
ENPs in the environment have been investigated intensely
in recent years, and an increasing number of investigations
have focused on their biological effects at the cellular level
and/or individual level (Elsharkawy et al. 2019; Miiller
et al. 2017; Zhong et al. 2019; Zhong et al. 2017). Expo-
sure assessment at the cellular level can explore the toxic
mechanism of ENPs quickly and simply (Wu et al. 2019).
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Therefore, a number of studies have focused on the effects
of pristine ENPs exposure on laboratory cultured cells to
assess the potential cytotoxicity (Gliga et al. 2014;
Hackenberg et al. 2011; Prach et al. 2013; Zhang et al.
2018). However, the pristine ENPs released into the envi-
ronment will inevitably interact with organics compounds
in environmental media (Baalousha et al. 2018; Zhong
et al. 2019). For example, the pristine ENPs can load
amounts of natural organic matter (NOM) on their surface
due to large specific surface areas of ENPs (Zhong et al.
2019). NOMs are ubiquitous in the environment and
widely accepted to play a predominant role in the transport,
fate, and bioavailability of toxic chemicals in the environ-
ment (Baalousha et al. 2018). The residual materials on
ENPs could produce different outcomes of ENPs cytotox-
icity (Amini 2019; Amini and Akbari 2019). Therefore,
the cytotoxicity of environmental NOM-coated ENPs
should be further studied instead of studies of the pristine
ENPs.

We have investigated dissolution and agglomeration
behaviors of NOM-coated ENPs, including nZnO and
nAg in simulated lung and gastrointestinal fluids via
in vitro experiments (Zhang et al. 2018; Zhong et al.
2019). In the present study, the cytotoxicity of pristine/
NOM-coated nZnO and nAg was investigated. Accord-
ing to the literature, human pulmonary adenocarcinoma
cells (A549 cells) are a common model cell line and
were used in the present study (Martin and Sarkar 2017,
Wu et al. 2019; Zhao et al. 2014, 2015). Citric acid
(CA), tartaric acid (TA), and fulvic acid (FA) are the
common NOMs and were used to treat nZnO and nAg.
The solubility of nZnO and nAg with/without CA, TA,
or FA treatment in culture medium (CM) and the cellu-
lar uptake of nZnO and nAg with/without CA, TA, or
FA treatment were also investigated. CCK-8 cell viabil-
ity assays, DCFH-DA ROS assays, and A549 cell apo-
ptosis assays with an Annexin V-FITC kit were carried
out. These results may improve the evaluation of the
environment and health risks of exposure to ENPs.

Method and materials

Preparation and characterization of NOM-treated nZnO
and nAg

CA and TA were purchased from Sinopharm Chemical
Reagent Co., Ltd. FA was extracted from the sediments

collected at Xuanwu Lake in Nanjing, China, and the
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properties were described in our previous report (Zhong
etal. 2019). The FTIR spectra and Raman spectra of FA,
CA, and TA are presented in Fig. S1. NOM-coated
nZnO and nAg were prepared according to our previous
study (Zhong et al. 2019) (the details are provided in the
supporting information, SI). Briefly, 0.5 g of pristine
nZnO or nAg was added to 200 ml of NOM solutions
which were obtained by dissolving solid FA, CA, or TA
in 30 mM NacCl solution (NaNOj solution for nAg) and
adjusting the pH to 7. The FA concentrations in the
solution were set to 300 mg 1"'. The concentrations of
both CA and TA in solution were set at 10 mM. nZnO
and nAg treated with a solution without any NOMs
were used as the control group (pristine nZnO and
pristine nAg). In this study, CA-, FA-, or TA-treated
nZnO were named CA-ZnO, FA-nZnO, and TA-nZnO,
and CA-, FA-, or TA-treated nAg were named CA-nAg,
FA-nAg, and TA-nAg, respectively, in this study. The
TEM micrograph and surface enhanced Raman spec-
troscopy (SERS) of NOM-treated nZnO and nAg refer-
ring to our previous report are presented in Figs. S2 and
S3.

Preparation of nZnO and nAg suspensions in culture
medium

A certain mass of nZnO and nAg was added to 10 ml of
10% fetal bovine serum (FBS, Hyclone) supported cul-
ture medium (1 x Ham’s F-12 K Medium, Gibco) and
mixed with ultrasonication for 10 min. Pristine and
NOM-treated nZnO and nAg suspensions were diluted
to 1 ug ml™' (pH 7.2-7.5). The hydrodynamic diameter
(Dy) and zeta potential values (mV) of these suspen-
sions were monitored over 10 min at 37 °C by a nano-
particle size analyzer with 10 measurements, each last-
ing 60 s (90Plus, Brookhaven Instruments Corporation).

CCK-8 cell viability assay

A549 cells were seeded in 96 well-plates (10* cells per
well) and incubated for 24 h. On the following day, the
CM was removed, and the cells were exposed to 100 ul
of pristine or NOM-treated nZnO or nAg suspension for
24 h. To each well, 10 pl of CCK-8 reagent (Shanghai,
Beyotime) was added, and then, the plates were incu-
bated for 20 min. The absorbance was measured by an
UV-Vis spectrophotometry at 450 nm. The concentra-
tions were 0-30 pug ml~!' for nZnO and 0-200 pg ml™’
for nAg.
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ROS analysis and apoptosis

The cells were seeded in 12-well plates (5 x 10° per
well, in triplicate) and incubated for 24 h. On the fol-
lowing day, the CM was removed, and the cells were
exposed to pristine or NOM-treated nZnO (20 pg ml ™)
or nAg (75 ug ml™") suspensions for 24 h, respectively.
Then, the plates were rinsed with PBS for twice and
loaded with 10 pM DCFH-DA (Shanghai, Beyotime) in
CM for 20 min in incubator. Thereafter, the cells were
suspended and collected with PBS, and the fluorescence
was recorded with a flow cytometer (MoFlo XDP,
Beckman Coulter). For the apoptosis assay, exposed
cells were detached using trypsin and resuspended in
195 ul of binding buffer and stained with 10 pl of
propidium iodide (PI) and 5 ul of Annexin V-FITC
(Shanghai, Beyotime). Following a 15-min incubation
at room temperature in the dark, the cells were analyzed
using a flow cytometer.

A549 cell uptake of nZnO and nAg

The cells were seeded in 12-well plates (5 x 10° per
well, in sextuplicate) and incubated for 24 h. On the
following day, the CM was removed, and the cells were
exposed to the pristine or NOM-treated nZnO
(10 ug ml™") ornAg (30 pug mI™") for 24 h, respectively.
The cells were harvested after rinsing with PBS for three
times and collected. The collected cells (1.4 x 107 per
well) were digested with concentrated HNO3;—H,O,
(v/v=1:1), and the digested solution was diluted with
2% HNOj; (v/v) and stored at 4 °C.

Solubility of nZnO and nAg in CM

The suspensions of pristine or NOM-treated nZnO
(10 ng ml ") or nAg (30 ug ml™") in CM were incubated
in an incubator for 24 h, respectively. Then, the residue
was separated from the suspension at 5 x 10% rpm for
30 min and the supernatants were collected. The col-
lected supernatants were digested with concentrated
HNOs-H,0, (v/v=1:1), and the digested solution was
diluted with 2% HNOj (v/v) and stored at 4 °C.

Elemental analysis
Elemental concentrations were measured by using an

inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Optima 5300, Perkin-Elmer Sciex).

Note that the detected cell uptake mass of nZnO/nAg
was the sum of [Zn]/[Ag] in the ion state and in the
particle state that associated with A549 cells.

Data analysis

Data were processed and graphs were prepared with
Origin 9.1. Significant differences were analyzed by
independent sample ¢ tests with SPSS Statistics 17.0.

Results and discussion

The aggregation of pristine and NOM-treated nZnO
and nAg in CM

Dr, diameter confirmed by TEM (Fig. S2, counting at
least 100 particles) (nm); Dy, hydrodynamic diameter
(nm); ZP, zeta potential (mV); Y in ultrapure water
solution referring to our previous report (Zhong et al.
2019); CM, in culture medium. (Different letters show
the significant difference at p <0.05)

Table 1 presents the basic characteristics of the pris-
tine and NOM-treated nZnO and nAg in CM (additional
details on their characterization were reported in our
previous study (Zhong et al. 2019)). According to the
TEM micrograph in Fig. S2, the size of CA-, FA-, and
TA-nZnO was not markedly different from that of the
pristine nZnO. The size of FA- and TA-nAg changed
rarely compared with the pristine nAg. Some cores of 3—
7 nm were found for CA-nAg that was mainly 30—
200 nm. Our previous report showed that the carbon
content of absorbed CA, FA, and TA on nZnO was
0.10%, 2.00%, and 0.65%, respectively, according to
element analyzer reports (Zhong et al. 2019). The car-
bon content of FA absorbed on nAg was 0.32%. The
carbon content of absorbed CA or TA on nAg was lower
than the limit of detection, while the SERS results
showed significant signals of CA and TA absorbed on
the surface of nAg, as shown in Fig. S3 (Zhong et al.
2019). These results suggested that certain amounts of
CA, FA, and TA were absorbed on the surface of NOM-
treated nZnO or nAg.

Our previous report showed that the pristine nZnO
and nAg could be stably suspended in ultrapure water,
and NOMs had little influence on this stability, except
TA-nZnO, in a water suspension, 50% of TA-nZnO
settled after 6 min according to the results of UV-Vis
spectrometer (Zhong et al. 2019). The Dy results of
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pristine and NOMs-treated nZnO in ultrapure water
showed the same pattern, as shown in Table 1. The
aggregation of the four nZnO in CM was marked given
their Dy (647—1077 nm) far larger than their real size.
The aggregation sizes of CA-nZnO (1077 £160 nm)
and TA-nZnO (884 + 108 nm) were in the same level
with Dy values of the pristine nZnO (963 + 182 nm)
except that Dy of FA-nZnO (647 + 66 nm) was signif-
icantly lower than that of the pristine nZnO in CM. The
Dy values of the four nAg in CM were similar (224—
270 nm). The ZP values of the four nZnO and the four
nAg in CM were coincidently near to 0 mV, which
implied that the electrostatic interaction between the
agglomerations of these nanoparticles in CM was weak.

A549 cell viability influenced by pristine
and NOM-treated nZnO and nAg

Figure 1 shows A549 cell viability after incubation with
different concentrations of pristine and NOM-treated
nZnO and nAg for 24 h. As shown in Fig. la, A549
cell viability was 82% after exposure to 10 pug ml ™!
pristine nZnO and 46% after exposure to 20 pug ml ™'
and 9.7% after exposure to 30 ug ml~'. The situation of
FA-nZnO was similar to that of pristine nZnO. The cell
viability of A549 cells exposed to CA-nZnO was sig-
nificantly higher than that of those exposed to pristine
nZnO, since A549 cell viability was 91% and 17% after
exposed to 20 pg ml™" and 30 ug ml™' CA-nZnO,
respectively. The overall cell viability of TA-nZnO
was higher than that of pristine nZnO at the tested
concentration, and the difference was significant when
the exposure concentration was 10 and 30 pg ml ™'
(104% and 15%, respectively).

Figure 1 b shows that A549 cell viability was 103%
after exposure to 50 ug ml™' pristine nAg and 72% after
exposure to 100 pug ml™' and 47% after exposure to
200 pug ml'. The overall cell viability induced by CA-,
FA-, and TA-nAg treatment was lower than that induced
by pristine nAg at the tested concentrations. The differ-
ence was significant at the exposure concentrations of
50 and 100 ug ml™", except for 100 pg ml™' of FA-nAg
(CA-nAg: 70% and 49%, FA-nAg: 82%, TA-nAg: 76%
and 46%, respectively).

Table 2 presents the fitted parameters of the LC,, and
LCs values of the pristine and NOM-treated nZnO and
nAg according to Fig. 1. The LC,q and LCs, of the
pristine nZnO were 9 and 15 pg ml ', respectively,
which were lower than the value of CA-, FA-, and
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TA-nZnO (LCs = 14-16 pg mlI™" and LCsy = 19—
22 pg ml™"). The results of cell viability reflect the
cytotoxicity of these nanoparticles. Therefore, CA and
TA generally decreased the cytotoxicity of nZnO. FA
also depressed the cytotoxicity of nZnO to a lesser
degree as shown in Fig. la. LC,y and LCs, of the
pristine nAg were 87 and 185 ug ml™', respectively,
which were much higher than those of CA-, FA-, and
TA-nAg (LCyy = 3642 g ml ' and LCsy = 111-
120 png ml_l). This result implied that CA, FA, and
TA would improve the cytotoxicity of nAg.

ROS production in A549 cells was induced by pristine
and NOM-treated nZnO and nAg

Figure 2 presents the ROS levels of A549 cells after
incubation with the pristine and NOM-treated nZnO
(25 pg ml™") and nAg (75 ug ml™") for 24 h. As shown
in Fig. S4, ROS levels of A549 cells increased were
related to the exposure concentrations of the pristine
nZnO (0-30 pug ml™") or nAg (0-100 ug mi™"). Figure 2
a and b show that when the exposure concentration of
the pristine nZnO reached to 25 ug ml, the ROS level
of A549 cells increased to 15.6-fold higher than the
normal level. At the concentration of 25 ug ml ™, CA-,
FA-, and TA-nZnO aroused the ROS levels of A549 cell
to 7.8-, 13.8-, and 4.3-fold, respectively, which were
significantly lower levels than the ROS levels induced
by the pristine nZnO. It is worth to noting that
25 pg ml™" of FA-nZnO aroused ROS level of A549
cells to a relatively high level (13.8-fold). Coincident
with the results of the cell viability assay, these results
proved that CA and TA depressed largely the cytotox-
icity of nZnO, while FA depressed the cytotoxicity of
nZnO to a lesser degree.

Figure 2 ¢ and d show that when the exposure
concentrations of the pristine nAg reached to
75 ug ml ™!, the ROS level of A549 cells increased
to 1.32-fold higher than the normal level. At the
concentration of 75 pg ml™!, CA-, FA-, and TA-
nZnO aroused the ROS levels of A549 cell to 3.5-,
2.4-, and 2-fold, which were significantly higher
than these aroused by the pristine nAg. Coincident
with the results of the cell viability assay, the results
proved that CA, FA, and TA would improve the
cytotoxicity of nAg, especially for CA-nAg, as a
significantly higher ROS level was observed in
A549 cells aroused by CA-nAg than by others.
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Table 1 Characterization of pristine and NOM-treated nZnO and nAg

Pristine nZnO  CA-nZnO FA-nZnO TA-nZnO Pristine nAg  CA-nAg FA-nAg TA-nAg
Dr 27+7 278 28+ 7 28+ 8 99 + 75 95 + 74 101 + 77 99 + 75
Dy 177 + 9 234 + 34 119 £10.0 784 + 192 172 £9 923+ 48 137 + 11 99 + 10
zPV 257+ 71 314422 —259+17 —98+20 -190+04 -222+08 -347+14 -202+10
Dy™ 963 +182% 1077 + 160° 647 + 66° 884 + 108 224 + 15 226 + 19 254 + 16 270 + 20
ZP™M  —15+21 -14+05 04+11 —-02x29 -0.5+3.1 0715 —-03+21 —04=17

A549 cells apoptosis in response to pristine
and NOM-treated nZnO and nAg

Figure 3 presents the apoptosis of A549 cells after
incubation with the pristine and NOM-treated nZnO
25 ng ml™") and nAg (75 ug ml ™) for 24 h. As shown
in Fig. 3a, b, the pristine nZnO provoked obviously the
process of apoptosis in A549 cells, but CA-nZnO pro-
voked the process of apoptosis of A549 cells to a sig-
nificantly lesser extent. Figure 3 ¢ presents the statistical
analysis of the A549 cell apoptosis provoked by
25 ug ml™' of nZnO. At a concentration of
25 pg ml™', the pristine nZnO provoked 34.3% of the
apoptotic and dead cells. The amount of the apoptotic
and dead cells provoked by 25 ng ml™' CA-, FA-, and
TA-nZnO was significantly lower than that of the pris-
tine nZnO. Among the tested nanoparticles, CA- and
TA-nZnO provoked few apoptotic and dead cells (11.7
and 13.0%, respectively) since there was no significant
differences with the negative control (8.5%). FA-nZnO
provoked 18.7% of the apoptotic and dead cell. Those
results were similar to cell viability assay and ROS
assay. Figure 3 d presents the statistic description of
apoptotic A549 cell provoked by 75 pg ml" of nAg.

N
T

(a) |:] Pristine nZnO
CA-nZnO

ETA-nZnO

*
*

S
T

=}
T

0.6 -

Cell Viability (%)

Control 5 10 20 30
Concentration (ug ml™)

Cell Viability (%)

Accordingly, there were no significant differences of the
apoptotic and dead cell provoked by 75 ug ml™" of the
pristine, CA-, FA-, and TA-nAg (4.3, 4.7, 4.4, and
6.4%, respectively) compared with the negative control
(5.3%). The detailed results of the apoptosis of A549
cells are shown in the SI (Fig. S5).

Cytotoxicity triggered by released ions or intracellular
nanoparticles

Surface-coated materials such as residue material during
the preparation of nanoparticles (e.g., phenolic acid,
citric acid) or functionalized material (e.g., amination,
carboxylation, or peptide) were proven to influence the
cytotoxicity of nanoparticles (Amini 2019; Amini and
Akbari 2019; Figueiredo et al. 2019; Mosquera et al.
2018). In this study, CA, FA, and TA were proven to
play an important role in the cytotoxicity of nZnO or
nAg. The mechanisms of these influences warrant fur-
ther study. The cytotoxicity of nanoparticles was mainly
caused by two mechanisms, as reported in the literature
(Jeng and Swanson 2006; Sabella et al. 2014; Zhang and
Wang 2019; Zhang et al. 2018). The first is the released
ions from the dissolved nanoparticles in CM, which are

S
T

(b) [Jpristine nAg
CA-nAg

8
T

o
T

0.6

“Control 50 100
Concentration (pg ml™)

Fig. 1 AS549 cell viability after incubated with different concentrations of the pristine and NOM-treated nZnO (a) and nAg (b) for 24 h.
(Control represented the untreated cells. The significant difference were signed with * at p <0.05 and ** at p < 0.01, n=6)
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Table 2 The fitted parameters of LC, and LCsq (1g mlfl) for the
pristine and NOM-treated nZnO and nAg

Pristine CA- FA- TA-

nZnO LCy 9 16 14 14
LCsg 15 22 19 20

nAg LCy 87 36 42 40
LCsg 185 113 120 111

proven to be the “crime culprit” of cytotoxicity by
arousing ROS and provoking apoptosis process once
transported into cells (Jeng and Swanson 2006; Wang
et al. 2013; Wang et al. 2016; Zhang and Wang 2019;
Zhang et al. 2018; Zhao et al. 2014; Zhao et al. 2015).
The second mechanism is ions released by intracellular
nanoparticles, which are the so-called “Trojan-horse

120
(a) Control
100 |- Pristine nZnO 25 pg ml”
—— CA-nZnO 25 pg ml"
@a %r —— FA-nZnO 25 pg m!”
= 6ol —— TA-nZnO 25 pg ml’'
g Zn®" 20 pg ml”
O 4
20
0
10’ 10' 10° 10°
FITC
60 - Control
50 (C) Pristine nAg 75 pg ml’"
i —— CA-nAg 75 pg ml’
& ol ——FA-nAg 75 pg ml"
= —— TA-nAg 75 pg ml”*
g 30 ——Ag' 2 pgml?
O 20
10
0
10° 10' 10° 10° 10*
FITC

Fig. 2 Increase of ROS levels of A549 cell after incubated with
the pristine and NOM-treated nZnO and nAg for 24 h. a Fluores-
cence intensity of DCF with 25 pg ml ™' nZnO. b Statistic of ROS
levels with nZnO. ¢ Fluorescence intensity of DCF with
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mechanism” (Hsiao et al. 2015; Ortega et al. 2014;
Sabella et al. 2014). Nanoparticles may release addition-
al ions once they are trapped in the lysosome, an acidic
environment that degrades these nanoparticles, and this
is the so-called “lysosomal enhanced Trojan-horse
mechanism” (Sabella et al. 2014).

Figure 4 a presents the solubility of the pristine and
NOM-treated nZnO (10 pg ml") and nAg (30 ug mlh
in CM after 24 h. Accordingly, 73.3% pristine nZnO
was dissolved in CM after 24 h. The solubility of CA-,
FA-, and TA-nZnO in the CM was 45.7, 51.1 and
57.3%, respectively, which was significantly lower than
that of the pristine nZnO. A total of 2.2% of the pristine
nAg was dissolved in the CM after 24 h. The solubility
of CA-, FA-, and TA-nAg was 1.4, 1.6, and 1.6% in the
CM, respectively, which was not significantly different
from that of the pristine nAg.
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75 ug ml' nAg. d Statistic of ROS levels with nAg. (The
significant difference were signed with * at p <0.05 and ** at
»=<001,n=3)
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Fig. 3 Apoptosis of A549 cell after incubated with the pristine
and NOM-treated nZnO and nAg. a—b Apoptosis of A549 cell
after incubated with 25 pg ml™" of the pristine nZnO and CA-
nZnO, respectively. e¢—d Statistic description of A549 cell

Table 1 shows that the Dy; of FA-nZnO was signif-
icantly lower than the Dy of pristine nZnO. Even though
a smaller aggregation size may increase the solubility
because lager surface area results in more opportunities
for nZnO to react with the solution, the FA on the
surface of nZnO could play a more important role in
solubility by shielding nZnO from exposure to the so-
lution that would depress the solubility of nZnO in CM,
as shown in Fig. 4a.

Figure 4 b presents the A549 cell uptake of the
pristine and NOM-treated nZnO (10 ug ml™") and nAg
(30 ug ml™") exposed for 24 h. Accordingly, 0.23 x
1077 ug per cell of the pristine nZnO was associated
with A549 cells after 24 h. The uptake mass of CA- and
FA-nZnO was 0.59 x 10”7 and 0.96 x 10”7 ug per cell,
respectively, which were significantly higher than that
of the pristine nZnO. The uptake mass of TA-nZnO was
0.63 x 1077 pg per cell, which was also higher than that

apoptosis related to 25 pg mI™' of nZnO and 75 ug ml™" of nAg,
respectively (20 g ml ™' Zn** was set as the positive control). (The
significant difference were signed with * at p <0.05 and ** at p <
0.01,n=3)

of the pristine nZnO, but the difference was not signif-
icant. The uptake mass of the pristine nAg was 9.2 x
1077 ug per cell. The uptake mass of FA- and TA-nAg
was 10.6 x 107" and 10.5 x 10~ ug per cell, respective-
ly, which was significantly higher than that of the pris-
tine nAg. The uptake mass of CA-nAg was 9.6 X
1077 ug per cell, which was also higher than that of
the pristine nAg, but the difference was not significant.
This study showed that nZnO dissolved at much high
level in CM while nAg dissolved at a very low level in
the CM as shown in Fig. 4a. Our study found that the
cytotoxicity of nZnO was much higher than that of nAg
to A549 cells as shown in Fig. 1. Thus, the mechanism
of the cytotoxicity of nZnO to A549 cells tended to
mainly be due to “ion releases from extracellular nano-
particles”. In contrast, mass of intracellular nAg was
much higher than that of intracellular nZnO, as shown
in Fig. 4b. The mechanism of the cytotoxicity of nAg to

@ Springer
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Fig. 4 lons released from nZnO and nAg in CM and cell uptake
of nZnO and nAg by A549 cell influenced by NOMs. a Solubility
of the pristine and NOM-treated nZnO (10 pg ml ') and nAg
(30 ug ml™") suspended in CM for 24 h. b A549 cell uptake of the

Pristine

A549 cells tended to mainly by the “Trojan-horse
mechanism.”

Moreover, our study proved that CA, FA, and TA
depressed the cytotoxicity of nZnO. Figure 5 summa-
rizes the influence of CA, TA, and FA on nZnO and
nAg in solubility, cell uptake and the related cytotoxic-
ity. CA, FA, and TA depressed the solubility of nZnO in
CM just as their depressing the cytotoxicity of nZnO, as
shown in Fig. 5. This result implied that CA, FA, and
TA mainly influenced the cytotoxicity of nZnO by
depressing the Zn>* released from nZnO in the CM.
Additionally, the cell uptake mass of FA-nZnO was
significantly higher than that of the pristine nZnO,
which implied that FA-nZnO would cause more cyto-
toxicity via the “Trojan-horse mechanism” than to pris-
tine nZnO.

This study also proved that CA, FA, and TA pro-
moted the cytotoxicity of nAg. However, CA, FA, and
TA had few effects on the solubility of nAg in CM, as
shown in Fig. 5. There was additional evidence to
prove that the mechanism of the cytotoxicity of nAg
to A549 cells tended to be the “Trojan-horse mecha-
nism.” In addition, this study proved that FA and TA
would significantly improve the intracellular mass of
nAgin A549 cells, as shown in Fig. 4b. Consequently,
FA- and TA-nAg would present the higher cytotoxic-
ity via the “Trojan-horse mechanism” than the pristine
nAg, which explained the results of the cell viability
assay and ROS assay. Our previous study proved that
the solubility of FA-nAg in artificial lysosomal fluid
(ALF) was significantly higher than that of the pristine
nAgin ALF (Zhong et al. 2019). This implied that FA-
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Pristine

pristine and NOM-treated nZnO (10 pg ml™') and nAg
30 g ml ") after incubated for 24 h. (The significant differences
were signed with * at p <0.05 and ** at p <0.01, n=6)

nAg had higher cytotoxicity due to a “lysosomal en-
hanced Trojan-horse mechanism.” The intracellular
mass of CA-nAg was also larger than that of the
pristine nAg, but there was no significant difference
between them. However, the cytotoxicity of CA-nAg
was significantly higher than that of the pristine nAg.
In particular, the results of the ROS assay showed that
CA-nAg aroused the highest ROS levels. It was pre-
sumed that the parts of tiny cores of CA-nAg played
an important role (as shown in Table 1), which was the
main part of CA-nAg transported into A549 cells.
Consequently, the amounts of intracellular CA-nAg
was much higher than the amounts of other nAg in
cells and resulted to higher cytotoxicity of CA-nAg
than that of others. This finding is consistent with
previous reports that the cytotoxicity of nAg was size
dependent (smaller nAg in size showed higher cyto-
toxicity) (Gliga et al. 2014).

Conclusions

This study proved that the cytotoxicity of nZnO and
nAg to A549 cells is affected by NOMs, such as CA,
FA, and TA, according to the results of the cell viability
assay, ROS test, and apoptosis test. The mechanisms of
the cytotoxicity of nZnO and nAg were different. Thus,
CA, FA, and TA influenced the cytotoxicity of nZnO
and nAg in two different ways. CA, FA, and TA de-
pressed the cytotoxicity of nZnO mainly by depressing
the solubility of nZnO in the CM. Therefore, FA also
increased the volume of intracellular nZnO and
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Fig. 5 Summary of CA, FA, and
TA influence size, solubility, cell
uptake, and cytotoxicity of nZnO
and nAg to A549 cell

Size distribution
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TA-

High cyt0t0X|Clty T

Pristine nZnO i Bhne | nZn0
10 nm 100 nm

FA-nZnO

CA-nZnO p .
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eliminated the difference in cytotoxicity between FA-
nZnO and pristine nZnO. FA and TA promoted the
cytotoxicity of nAg mainly by increasing the volume
of intracellular nAg. CA also promoted the cytotoxicity
of nAg, which was likely caused by the tiny cores of
nAg that produced during nAg treatment with CA.
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