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Abstract

Background Toxicokinetics of nanomaterials, including studies on the absorption, distribution, metabolism, and
elimination of nanomaterials, are essential in assessing their potential health effects. The fate of nanomaterials after
inhalation exposure to multiple nanomaterials is not clearly understood.

Methods Male Sprague—Dawley rats were exposed to similar sizes of silver nanoparticles (AgNPs, 10.86 nm) and gold
nanoparticles (AuNPs, 10.82 nm) for 28 days (6-h/day, 5-days/week for four weeks) either with separate NP inhala-

tion exposures or with combined co-exposure in a nose-only inhalation system. Mass concentrations sampled from
the breathing zone were AUNP 19.3442.55 ug/m?* and AgNP 17.38 + 1.88 ug/m? for separate exposure and AuNP
8.20 pg/m? and AgNP 8.99 ug/m? for co-exposure. Lung retention and clearance were previously determined on day
1 (6-h) of exposure (E-1) and on post-exposure days 1, 7, and 28 (PEO-1, PEO-7, and PEO-28, respectively). In addition,
the fate of nanoparticles, including translocation and elimination from the lung to the major organs, were determined
during the post-exposure observation period.

Results AuNP was translocated to the extrapulmonary organs, including the liver, kidney, spleen, testis, epididymis,
olfactory bulb, hilar and brachial lymph nodes, and brain after subacute inhalation and showed biopersistence regard-
less of AUNP single exposure or AUNP + AgNP co-exposure, showing similar elimination half-time. In contrast, Ag was
translocated to the tissues and rapidly eliminated from the tissues regardless of AUNP co-exposure. Ag was continu-
ally accumulated in the olfactory bulb and brain and persistent until PEO-28.

Conclusion Our co-exposure study of AUNP and AgNP indicated that soluble AgNP and insoluble AuNP translocated
differently, showing soluble AgNP could be dissolved into Ag ion to translocate to the extrapulmonary organs and
rapidly removed from most organs except the brain and olfactory bulb. Insoluble AuNPs were continually translo-
cated to the extrapulmonary organs, and they were not eliminated rapidly.
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Background

Nanoparticles have been known to be translocated to
other organs after exposure and eliminated from the
organs. Major exposure pathways are through inhalation,
ingestion, or injection. The lung-deposited aerosol state
nanoparticles are readily translocated to extrapulmo-
nary organs and other target organs by different routes
and mechanisms. One is systemic blood circulation or
via lymphatic ducts after crossing the air-liquid barrier
to the respiratory epithelial layer and interstitial tissues.
Another is by sensory nerve endings in the airway epi-
thelia, followed by axonal translocation to ganglionic and
CNS structures [1]. Previously, other groups have dem-
onstrated two different pathways of clearance from the
lung that exist after subacute co-exposing soluble silver
nanoparticles (AgNP) and insoluble gold nanoparticle
(AuNP) and thereafter post-exposure observation (PEO)
period. Insoluble AuNP is mechanically cleared, while
soluble AgNP is cleared initially chemically by dissolu-
tion and by mechanically after the dissolved Ag ions
form insoluble secondary AgNP with biogenic molecules
[2-5]. The clearance mechanisms for inhaled solid par-
ticles in the respiratory tract are physical clearance pro-
cesses (translocation), including mucociliary movement,
macrophage phagocytosis, epithelial endocytosis, lym-
phatic drainage, blood circulation, and sensory neurons,
and chemical clearance processes including dissolution,
leaching, and protein binding [1].

Translocation or tissue distribution of AgNP after inha-
lation exposure has been studied, exhibiting wide tissue
distribution [6—10]. Several lung retention studies after
AgNP inhalation suggest that AgNP which is soluble
can be existed as AgNP, Ag ion and secondary insolu-
ble AgNP in the lung [2—4]. Extrapulmonary transloca-
tion or tissue distribution of AuNP after inhalation also
showed wide tissue distribution to a less degree than
AgNP [3, 11-14]. Workers in the workplace and consum-
ers using nanomaterial-containing products are not likely
to be exposed to one kind of nanomaterials; rather, they
could be co-exposed to multiple nanoparticles, including
soluble and insoluble nanomaterials. Lung retention and
clearance of co-inhalation exposure of soluble nanoparti-
cles AgNP and insoluble nanoparticles AuNP have been
studied in a previous study by Kim et al. [3]. The study
indicated that the clearance of AgNPs follows a two-
compartment model of fast and slow dissolution rates,
while the clearance of AuNPs could be described by a
one-compartment model with a longer half-time. The co-
exposure of AuNPs+ AgNPs showed that the clearance
of AgNPs was altered by the presence of AuNPs, perhaps
due to some interaction between AgNP and AuNP affect-
ing dissolution and/or mechanical clearance of AgNP
in vivo [3].
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Extrapulmonary translocation of AgNP and AuNP after
co-inhalation exposure of AgNP and AuNP has not been
studied; furthermore, the elimination of AgNP and AuNP
from the organs after co-inhalation exposure also has not
been studied. Understanding the translocation and clear-
ance of insoluble nanoparticles such as AuNP and soluble
nanoparticles such as AgNP after co-inhalation expo-
sure will enhance our knowledge of the toxicokinetics
of nanomaterials. Thus, the aim of this paper is to show
that insoluble AuNPs and soluble AgNPs after inhalation
alone or in combination is their translocation to extrapul-
monary organs and thereafter their elimination. Also,
the effect of one particle type on the other on these pro-
cesses upon co-exposure. In this report, we have inves-
tigated the fate of translocated AgNP and AuNP after
co-exposure.

Results

Characterization of AgNP and AuNP aerosols in inhalation
chambers

The total number concentrations, count median diam-
eter (CMD), geometric standard deviation (GSD), and
surface area of the AgNPs, AuNPs, and AuNPs+ AgNPs
measured by the DMAS during the exposure period are
published and presented in Additional file 1: Table S1
[3]. FE-TEM revealed non-agglomerated particles, and
TEM-EDS identified AgNP and AuNP particles in each
chamber (Additional file 1: Figure S1) [3]. The mass
concentrations analyzed by AAS via filter sampling
were 17.38+1.88 ug/m> for AgNPs, 19.34+2.55 ug/
m® for AuNPs for single exposure, and 8.99+1.77
AgNPs+8.20+1.05 AuNPs for AuNP+ AgNP for co-
exposure, while the mass concentrations estimated
by DMAS were 10.12+0.71 pg/m® for AgNPs and
17.68 4 1.1.69 pg/m? for AgNPs, respectively. TEM indi-
cated that the AgNPs, AuNPs, and AuNPs + AgNPs were
the particle diameters log-normally distributed between
6 and 30 nm. The CMD and GSD measurements were
10.40 nm and 1.36, respectively, for the AuNPs, 9.48 nm
and 1.49, respectively, for the AgNPs, and 9.00 nm and
1.19, respectively, for the AuNP+ AgNP coexposure
(Additional file 1: Table S1, Fig. S2).

Organ retention after AUNP exposure and AuNP + AgNP
co-exposure

Our previous study [2] investigated the lung burden of
rats that were exposed to biosoluble silver nanoparticles
(AgNPs, 10.86 nm) and to biopersistent gold nanoparti-
cles (AuNPs, 10.82 nm) for 28 days (6-h/day, 5-days/week
for 4 weeks) either with separate NP inhalation exposures
or with combined co-exposure. After 28-day of AuNP or
AuNP + AgNP coexposure, a 97.9 and 97.1% of Au were
retained, respectively (Additional file 1: Table S2). For
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Single AuNP exposure, an elimination half-time (T,)
was 81.5 days, while coexposure with AgNP reduced the
AuNP T, to 54.2 days (Table 1).

Organ concentrations of Au and Ag after subacute
exposure and post-exposure observation (PEOs) periods
were presented in Table 2 and 3, respectively. AuNP was
continually accumulated in the lung with very low elimi-
nation during the subacute exposure period of either
AuNP alone or AuNP + AgNP coexposure. Liver, kidney,
and hilar lymph nodes showed a considerable amount of
extrapulmonary translocation of AuNP (Table 2). Other
organs, including the spleen, testis epididymis, thymus,
olfactory bulb, brachial lymph node, brain, eye, and
blood, showed very low translocation with sub-nano-
gram ranges (Fig. 1). Comparing the hilar lymph node to
the brachial lymph node, the lymphatic translocation of
AuNP showed increased translocation of AuNP proximal
to the lung compared with distal to the lung. As seen in
Fig. 1, AuNPs exposed either AuNP alone (AuNP E-1,
closed triangle) or together with AgNP (AuNP + AgNP
El, open triangle) were continually accumulated in the
extrapulmonary organs from the exposure 1-day (E-1) to
post-exposure 1-day (PEO-1). AuNPs were either elimi-
nated slowly from the tissues or accumulated in the most
examined organs, including the liver (T;;, 192.6 days for
AuNP exposure; 221.4 days coexposure), kidney, Spleen
(Tyj, 177 days), testis, epididymis, and brain, either
after 28-days of AuNP single exposure (closed circle) or
AuNP + AgNP coexposure (open circle) (Table 1, Fig. 1,
Table 2). The kidney, spleen testis, and epididymis showed
accumulation of Au with AuNP alone and AuNP + AgNP

Table 1 Elimination half-times (T, ,) of Au and Ag in organs (days)
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coexposure. The eyes, brachial lymph node, hilar lymph
node, and olfactory bulb showed a persistent tissue con-
centration of Au after AuNP or AuNP + AgNP coexpo-
sure. The accumulated AuNPs were not easily cleared
from most organs, including the liver, kidney, spleen tes-
tis, epididymis, hilar lymph nodes, and brain (Table 1,
Fig. 1, Table 2). The kidney, spleen, testis, and epididymis
showed accumulation of Au alone or with AgNP. The
olfactory bulb, eyes, brachial lymph nodes, and thymus
showed some level of clearance with AuNP exposure but
not with AgNP coexposure, even after PEO-28. These
organs showing somewhat faster elimination compared
with slower elimination organs could be due to the small
number of samples, the lower concentration (<ng), and
the resulting deviation. When the AuNP elimination was
plotted with organ elimination kinetics, Au elimination
in the liver, kidney, spleen, epididymis, olfactory bulb,
eye, and brachial lymph node showed similar elimination
regardless of AuNP exposure alone or AuNP + AgNP
coexposure (Table 2, Additional file 1: Fig. S3). Other
organs, such as the hilar lymph node, testis, thymus, and
brain, showed different retention between AuNP alone
and AuNP + AgNP coexposure. Interestingly, the brain
exposed to AuNP alone showed V-shaped elimination
kinetics showing reduced retention at PEO-7, but the
retention increased again at PEO-28 (Additional file 1:
Fig. S3). The hilar lymph node, the first organ of trans-
location from the lung except blood, showed a different
pattern showing increased retention of PEO-7 and PEO-
28 when comparing AuNP alone with AuNP -+ AgNP
coexposure, indicating continuous translocation of AuNP

Exposure AuNP (days) AuNP + AgNP (days) AgNP (days) AuNP + AgNP
(days)

Measured Au Ag
Lung* 815 542 3.1 (fast) 2.2 (fast)

48.5 (slow) 284 (slow)
Liver 192.60 2214 14 25
Kidneys Accumulation Accumulation Accumulation Accumulation
Spleen 177.0 Accumulation Accumulation NE
Testes NE Accumulation Accumulation Accumulation
Epididymis Accumulation Accumulation 29.9 days Accumulation
Olfactory bulb 204 NE 751 17.8
Eyes 25.8 NE 68.7 1286
Brain NE NE Accumulation 108.9
Hilar lymph nodes 65.3 25.2 1.4 2.8
Brachial lymph nodes 10.8 11.1 59.7 535
Thymus 17.7 NE 89.5 Accumulation
Blood 22 NE NE NE

NE, not eliminated; Accumulated, Au or Ag concentration is increased during PEO
*Kim et al. [3]
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Fig. 1 Tissue Au concentration after 28-day inhalation exposure and post exposure period. E1, exposure 1 day. °P < 0.05, compared with PEO-1 and
PEO-28; “P<0.05, compared with PEO-7 and PEO-28; bbp <001, compared with PEO-1 and PEO-28; Where (t-test) *P < 0.05, and **P<0.01
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from the lung tissue to the lymph node even after termi-
nation of inhalation exposure (Fig. 1).

AgNP exposure and AgNP and AuNP co-exposure

In contrast to AuNP exposure, between 34 and 49% of
deposited Ag in the lung was estimated to be solubilized
and removed from the lung within 5 days after 28-days
of AgNP exposure and AuNP-AgNP co-exposure. Esti-
mated insoluble AgNPs were retained at 66.1% and 51.2%
after 28-days of AgNP and AgNP + AuNP co-exposure,
respectively (Additional file 1: Table S2). The elimina-
tion of single AgNP exposure and AuNP-+AgNP co-
exposure showed two phases for Ag elimination; fast and
slow. The fast-elimination T, after single exposure was
3.1 days, and the slow-elimination T;,, single exposure
was 48.5 days. AuNP + AgNP co-exposure also showed 2
phases of Ag elimination in the lung; fast and slow, where
the fast-elimination T, was 2.2 days, and the slow-elimi-
nation T, was 28.4 days (Table 1).

Compared with AuNP exposure, in which AuNPs were
continually accumulated in the organ during 28-days of
inhalation exposure and eliminated AuNP very slowly
thereafter or accumulated in some tissues, AgNP expo-
sure showed a somewhat different pattern from AuNP.
The liver showed a noticeable amount of Ag that was
translocated from the lung but eliminated very fast,
showing T,,, 1.4 days for AgNP exposure and 2.5 days
for AuNP co-exposure (Table 1). The olfactory bulb and
brain also showed a significant amount of translocation
compared with other organs (Table 3). As shown in Fig. 2,
the similar levels of Ag in the organs at E-1 comparing
the levels of Ag at PEO-1 indicated that Ag in the organs
was rapidly cleared from the organs. Liver (T, 1.4 days
for AgNP and 2.5 days for co-exposure) (Table 1), kidney,
spleen, testis, epididymis, eye, hilar and brachial lymph
nodes, and thymus showed rapid elimination of Ag from
the tissue. Although the kidney, spleen, epididymis, hilar
and brachial lymph nodes, and thymus showed somewhat
long elimination, the levels of tissue concentration of Ag
at E-1 are lower and similar to levels of PEO-1. Despite
the fact that elimination half-time (T,,,) was estimated
in these organs, the tissue concentration of these tissues
was so small (<ng) to make any conclusions. Therefore,
a small amount of Ag was translocated, and Ag may not
be accumulated in those tissues. In contrast, the olfac-
tory bulb and brain showed an accumulation of Ag in
the organs during the post-observation period (Table 3,
Additional file 1: Fig. S4). Testis and brain showed a trend
of accumulation of Ag during the PEOs. The retention of
Ag in most organs was not affected by the co-exposure of
AuNP, except for some statistical differences in the spleen
at PEO-1 and olfactory bulb at PEO-7 and 28 (Fig. 2,
Table 3, Additional file 1: Fig. S4).
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Discussion

In the present work, we have studied extrapulmonary
translocation and retention of Au and Ag after subacute
inhalation exposure to AuNP or AgNP single exposure
or AuNP + AgNP co-exposure and thereafter post-expo-
sure observation (PEO) period. Earlier studies have
shown that the inhaled AgNP was cleared from the lung
by a two-phase mode, fast and slow, while AuNPs were
cleared by a one-phase mode [2, 3]. The inhaled AuNP
and AgNP were detected in the extrapulmonary organs
were analyzed by ICP-MS. Since AuNP is insoluble,
AuNP will be in the form of AuNP form. Ag translocated
to the extrapulmonary organs could be either Ag ions,
AgNP, or secondary AgNP, produced by silver ions react-
ing with biomolecules [2, 3, 5]. Whichever form AgNPs
are translocated from the lung, and Ag measured in the
extrapulmonary tissue were rapidly cleared from the tis-
sues except for the olfactory bulb and brain, evidenced by
similar concentration levels with under nanogram ranges
between Ag levels in the E-1 and Ag levels in the PEOs.
Therefore, Ag showed increased retention in the olfac-
tory bulb and brain.

Both AuNP or AgNP can also be translocated to the
extrapulmonary organs by ingestion through the gas-
trointestinal (GI) tract by mucociliary escalation, blood
or lymphatic circulation, or through the olfactory bulb.
Most organs having the reticuloendothelial system (RES),
such as the liver, spleen, kidney, and lymph node, retain
AuNP longer time, and they may not be eliminated fast.
Furthermore, organs having a biological barrier, such as
the testis and brain, also retain insoluble AuNPs or insol-
uble AgNP. Our subacute study indicated that the trans-
located AuNP might not be cleared at all in most organs.

Our previous subacute inhalation study on AuNP and
AgNP single exposure and AuNP+ AgNP co-exposure
indicated that insoluble AuNPs were eliminated slowly
from the lung, showing T,, 81.5 days, while soluble
AgNP showed two modes of fast (T, 3.1 days) and
slow (T, 48.5 days) [3]. We do not know which forms
of AgNP (e.g. AgNP, Ag ion, and secondary AgNP) are
translocated to extrapulmonary organs, yet a particular
form of AgNP could be translocated with a low level, as
seen from AuNP translocation. Our previous study on
the lung retention toxicokinetic study suggested that
the ionic silver form, which is eliminated rapidly from
the lung, could be easily translocated to extrapulmo-
nary organs [3]. The organs with the reticuloendothe-
lial system, such as the liver, kidney, spleen, and lymph
node, did not show long-term retention of AgNP, as
seen in AuNP. Therefore, major forms of AgNP translo-
cated to the extrapulmonary organs are silver ions which
are rapidly eliminated from the organs, as seen in the
liver. The most secondary AgNP generated from Ag ion
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reacting with biomolecules in the lung could be cleared
slowly from the lung with a long half-life. On the other
hand, organs having biological barriers, such as the testis
and brain, may transform Ag ions to insoluble second-
ary AgNPs and retain insoluble AgNPs long-term. Or
insoluble AgNPs may be translocated to these organs.
The olfactory system also acts as a direct portal for AgNP
to the brain. Previous our 12-week AgNP inhalation and
4-week and 12-week recovery study at a concentration of
49, 117, and 381 pg/m? also showed rapid clearance of Ag
from the liver, kidneys, and spleen and long-term reten-
tion of Ag in the brain [8].

Our other study on tissue distribution and clearance
of AuNP (12.8 nm) and AgNP (10 nm) single exposure
and co-exposure after subacute intravenous (IV) injec-
tion and thereafter PEO-28 recovery [15] showed similar
features as well as quite different features compared with
the current inhalation study. Au concentration in the tis-
sues did not clear, as seen in Ag after 4-weeks of recov-
ery, showing biopersistency or accumulation in the liver,
kidneys, spleen, and brain after PEO-28. Co-administra-
tion of AgNP + AuNP resulted in a mutual reduction of
their tissue distribution with possible competitive inhibi-
tion, and these nanoparticles could be distributed to the
organs in particulate forms instead of ionic forms. These
IV co-administration study results showed some similar-
ity in the biopersistency in the tissues for AuNPs with the
co-inhalation exposure study but a difference in compe-
tition in the tissue distribution, while the co-inhalation
study showed independent distribution and clearance
from the tissues. The absorption process in the portal of
exposure may likely influence this difference. Nanopar-
ticles are deposited in the lungs and dissolved into ions
and formed into secondary nanoparticles in the case of
AgNP before being distributed to extrapulmonary organs
through systemic circulation or lymphatic duct. Or some
AgNPs inhaled were delivered to the GI tract by muco-
ciliary escalator absorbing to the liver by the portal vein.
Rapid elimination of Ag in the liver could be due to the
elimination of Ag ionic form. Moreover, AuNPs or sec-
ondary AgNPs should be able to cross the air-blood bar-
rier and the basal lamina to reach systemic circulation. In
the case of IV injection, nanoparticles can be distributed
to tissues without processing and crossing these barri-
ers. Although it is not an AuNP + AgNP co-administra-
tion study, our previous study on AgNP (10 nm) 28-day
oral administration study with 100 mg/kg and 500 mg/
kg body weight and thereafter 4-month recovery showed
gradual clearance from the liver, kidneys, and spleen due
to high dose comparing with inhalation, but biopersis-
tency to the testis and brain [16]. Therefore, the route of
administration and amount of dosing can influence tissue
distribution and clearance of nanoparticles.
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Conclusions

AgNPs, (10.86 nm) and AuNPs, (10.82 nm) were exposed
to male rats for 28 days (6-h/day, 5-days/week for four
weeks) either with separate NP inhalation exposures or
with combined co-exposure in a nose-only inhalation
system. Extrapulmonary translocation from the lung and
elimination from the major extrapulmonary organs were
determined on day one and on post-exposure days 1, 7,
and 28 (PEO-1, PEO-7, and PEO-28). AuNP was translo-
cated to the extrapulmonary organs, including the liver,
kidney, spleen, testis, epididymis, olfactory bulb, hilar
and brachial lymph nodes, and brain after subacute inha-
lation and showed biopersistence regardless of AuNP
single exposure or AuNP + AgNP co-exposure, showing
similar elimination half-time. Ag was translocated to the
extrapulmonary tissues and rapidly eliminated from the
tissues regardless of AuNP co-exposure. Ag was continu-
ally accumulated in the olfactory bulb and brain and per-
sistent until PEO-28. The co-exposure study of AuNP and
AgNP indicated that soluble AgNP and insoluble AuNP
translocated differently, showing soluble AgNP could
be dissolved into Ag ion to translocate to the extrapul-
monary organs and rapidly removed from most organs
except the brain and olfactory bulb. Insoluble AuNPs
were continually translocated to the extrapulmonary
organs, and they were not eliminated rapidly.

Materials and methods

AuNP and AgNP aerosol generation

The method of co-inhalation exposure of AuNP and
AgNP has been published [3]. The nano-aerosol genera-
tor consisted of a small ceramic heater connected to an
AC power supply that was housed within a quartz tube
furnace. The heater dimensions were 50 x 5 x 1.5 mm,
and a surface temperature of about 1500 °C within a local
heating area of 5x 10 mm? was achieved within about
10 s. For long-term testing, the source materials (about
160 mg), silver wire (100 mg, 99.99% purity, 0.5 mm
diameter, Higgslab Co., Ltd, Korea), and gold wire
(70 mg, 99.99% purity, 0.5 mm diameter, Higgslab Co.,
Ltd, Korea), were positioned in a separate ceramic heater
at the highest temperature point. The quartz tube was
70 mm in diameter and 140 mm in length. Clean (dry and
filtered) air was used as the carrier gas, and the gas flow
was maintained at 25.0 L/min (Re=572, laminar flow
regime) using a mass flow controller (MFC, AERA, FC-
7810CD-4 V, Japan) [6-8, 17]. In the current study, the
exposure system consisted of four nose-only chambers;
fresh air control, AgNP exposure, AuNP exposure, and
AuNP+ AgNP co-exposure (Additional file 1: Fig. S5).
Each generator used 4-5 Lpm (liters per minute), and the
remaining air flows of AgNP, AuNP, and AuNP + AgNP
were 25.1£0.10 Lpm, 24.8+0.15, and 24.24+0.1 Lpm
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(AgNP 11.940.12 Lpm / AuNP 12.34+0.11 Lpm), respec-
tively. The total airflow in each chamber was 35 Lpm,
controlled by the mass flow controller. The airflow from
the generators was divided by a valve controller into the
AgNP, AuNP, and AuNP+ AgNP exposure chambers
(NITC, HCT, Icheon, Korea). The target nanoparticle
diameter was 10 nm for each nanoparticle exposure, and
the target mass concentrations for the AgNP, AuNP, and
AuNP + AgNP exposures were 20 pg/m3, 20 pg/m?, and
10 pg/m® AgNP + 10 pg/m® AuNP, respectively [3].

Monitoring of inhalation chambers and analysis of AgNPs
and AuNPs

In each chamber, the nanoparticle size distribution,
including the count median diameter (CMD), geomet-
ric standard deviation (GSD), particle number, volume,
and predicted surface area, were recorded using a dif-
ferential mobility analyzer system (DMAS) comprised
of a differential mobility analyzer (DMA-20, 4220, range
6-225 nm, HCT Co., Ltd. Korea) and condensation parti-
cle counter (CPC, 3775, size range 4 nm—1 pum, TSI INC,,
Shoreview, MN). Nanoparticles from 6 to 225 nm were
measured using sheath air at 15 L/min and polydispersed
aerosol air at 1.5 L/min for the DMAS with a density of
10.49 g/cm?® for Ag and 19.32 g/cm? for Au, respectively.
In addition, the mass concentrations of AgNP and AuNP
were determined chemically by using an atomic absorp-
tion spectrophotometer (AAS, Perkin-Elmer 900 T,
Waltham, MA, USA) after sampling on a mixed cellulose
ester (MCE) filter (size: 37 mm and pore size 0.45 pm,
SKC, UK) at a flow rate of 1.0 L/min and digesting the
samples on a hot plate (PerkinElmer, Concord, ON, Can-
ada) using nitric acid (Fluka, Lot; BCBM5181V). Two
samples collected daily from each chamber were ana-
lyzed during the 28-day exposure period.

Transmission electron microscopy (TEM)

The AgNPs, AuNPs, and AuNPs+ AgNPs were collected
on a TEM grid (electron microscope, 200 mesh, Form-
var/Carbon, TEDpella, CA) and imaged for morphology
using a field emission transmission electron microscope
(FE-TEM, JEM2100F, 200 kV, JEOL, Tokyo, Japan). Their
chemical composition was analyzed using an energy-
dispersive X-ray analyzer (EDX, TM200, Oxford Instru-
ments PLC, Oxfordshire, UK), while the CMD and GSD
were obtained after measuring 200 particles for each.

Animal care and housing conditions

Seventy-six male 6-week-old specific-pathogen-free
Sprague—Dawley rats (average body weight 178.53+£0.63 g)
were purchased from OrientBio (Seongnam, Korea) and
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acclimated for one week before commencing the experi-
ments. Three to four rats were housed in polycarbonate
cages during the acclimation and experimental period.
The animal room temperature, humidity, and light/dark
cycle were 21.40£0.55 °C, 48.67 +5.56%, and 12 h, respec-
tively. Filtered water and a rodent diet (BSC, Republic of
Korea) were supplied ad libitum. The rats were adapted to
the nose-only tubes for a week with daily tube placement
for 2 h. The 7-week-old rats weighing 273.63 +2.83 g were
divided into four groups: fresh air control, AgNP, AuNP,
and AuNP + AgNP exposure groups, and exposed 6-h/day,
5 days/week for four weeks. Each exposure group included
19 animals (4 rats for day-1 (6-h) exposure and five rats
for 1-day, 7-days, and 28-days post-exposure sacrifices,
respectively). The animals were examined daily on week-
days for any evidence of exposure-related effects, includ-
ing respiratory, dermal, behavioral, nasal, or genitourinary
changes suggestive of irritation. The body weights were
evaluated at the time of purchase, at the time of group-
ing, once a week during the inhalation exposure and post-
exposure period, and before necropsy (results are not
shown). The rat experiments were approved by the Han-
yang University Institutional Animal Care and Use Com-
mittee in South Korea (HY-IACUC-2017-0143A).
Immediately after the 6-h exposure on days 1 and 1, 7,
and 28 days after the 28-day exposure period, rats were sac-
rificed by anesthetizing via an intraperitoneal injection of
pentobarbital (EntobarVR, Hanlim Pharm Co. Ltd., Seoul,
Korea) at a dose of 150 mg/kg body weight. The animals in
the control group were sacrificed first, and all the dissec-
tion instruments were thoroughly washed with 70% ethyl
alcohol in between the dissections to avoid NP contami-
nation from one organ to another. Blood was drawn from
the abdominal aorta for exsanguination. Lungs, liver, kid-
neys, spleen, testis, epididymis, thymus, hilar lymph node,
bronchial lymph node, olfactory bulb, brain, and eyes were
selected. After measuring the organ weights, the organs
were fixed with 10% neutral buffer formalin for further pro-
cessing. An aliquot of the fixed organs was then digested as
described in NIOSH 7302 [18] using a microwave (MARS
230/60, CEM, Matthews, NC) with the following three
steps: (1) increase the temperature to 110 °C for 15 min;
(2) maintain this temperature for 60 min (1600 w); and (3)
cool for 15 min. The digestion solution for lung tissue con-
sisted of 2 mL of nitric acid (purity of 69.0%; CAS. No of
7697-37-2, Fluka, Germany), and 3 mL of 1% nitric acid to
make a final volume of 5 ml. The samples were then ana-
lyzed using an inductively coupled plasma mass spectrom-
eter (ICP-MS, PerkinElmer NEXION 300S, Concord, ON,
Canada). The ICP-MS analysis was conducted according
to NIOSH 8200 [19]. The concentrations of Ag and Au in
the organs were determined by ICP-MS based on standard
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Fig. 3 Spiked standard curve and recovery for gold and silver in liver. A, Spiked standard curve ranges were analyzed gold of 0.2-100 ng/g and
silver of 0.2-50 ng/g. B, this measured gold recovery of 91-110% and silver recovery of 93-111%

curves established with un-exposed clean livers spiked with
test NPs sampled from the respective inhalation chambers,
where the results from digestion, extraction, and dilution
were all performed in duplicates. The quantitative analyses
for Ag and Au in the liver were corrected using the spiked
standard curve. The recovery yields of AgNPs and AuNPs
were 81 — 113% and 84 — 105%, respectively, as shown in
Fig. 3. The spiked standard curves ranged from 0.2 — 5 ng/g
of liver tissue for AgNPs and 2-100 ng/g of lung tissue
for AuNPs. When analyzing the samples, the dilution fac-
tor was 100 times. The digestion recovery of AgNPs and
AuNPs in the liver tissue was calculated using Eq. 1

Recovery (%) =measured concentration (ng/g)
/spiked concentration (ng/g) x 100

(1)
The mass content of nanoparticles in the organ was
calibrated using the weight of the organ. The samples
were all analyzed using a standard calibration curve that
ranged from 0.05 — 0.5 ppb for Ag and 1-10 ppb for Au.
After analyzing standard blanks 40 times, the measured
LOD and LOQ were 0.086 pg /L and 0.260 pg /L, respec-
tively, for Ag and 0.027 pg /L and 0.082 pg/L, respectively,
for Au.
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Organ retention, translocation, and elimination kinetics

The organ elimination kinetics for the AgNPs, AuNPs, and
AuNP+ AgNP co-exposure were determined based on lung
burdens measured on 1-day (6-h) of exposure (E-1) and on
post-exposure observation days 1 (PEO-1), 7 (PEO-7), and
28 (PEO-28). The fraction of organ concentration per initial
organ concentration at PEO-1 was used for estimating reten-
tion, translocation, and clearance kinetics for PEO-7 and
PEO-28, applying an appropriate-order clearance model. The
fractions of organ concentration at PEO-1 (i.e. PEO-1/PEO-
1, PEO-7/PEO-1 and PEO-28/PEO-1) were plotted as Y-axis,
and PEO periods were plotted as the X-axis. The -order
model is described by Eq. 2. The retention half-time () was
derived using 1, 2, and natural log (2), as shown in Eq. (3).

M(t) = P exp(—A¢) 2)

where

« M(t); lung burden at time (t)

+ P; fraction of lung burden cleared (1.0 for one-com-
partment model)

« 1; clearance rate per day for one-compartment
model

In(2) _ 0.693

P ®)

Tip =

Statistical analysis

An analysis of variance (ANOVA) test and Dunnett T3
multi-range tests were used with up to two points, where
one point compared the single and co-exposure groups,
while two points compared each group from PEO-1 to
PEO-28. The level of significance was set at P<0.05.
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