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Abstract

Gold nanoparticles (AuNP) provide many opportunities in imaging, diagnostics, and therapy in
nanomedicine. For the assessment of AuNP biokinetics, we intratracheally instilled into rats a
suite of 198 Au-radio-labelled monodisperse, well-characterized, negatively-charged AuNP of five
different sizes (1.4, 2.8, 5, 18, 80, 200 nm) and 2.8 nm AuNP with positive surface charges. At 1-
h, 3-h, and 24-h the biodistribution of the AuNP was quantitatively measured by gamma-
spectrometry to be used for comprehensive risk assessment. Our study shows, as AuNP get
smaller, they are more likely to cross the air-blood-barrier (ABB) depending strongly on the
inverse diameter d~! of their gold core; i.e. their specific surface area (SSA). So, 1.4 nm AuNP
(highest SSA) translocated most while 80 nm AuNP (lowest SSA) translocated least, but 200 nm
particles did not follow the d~! relation translocating significantly higher than 80 nm AuNP.
However, relative to the AuNP which had crossed the ABB, their retention in most of the
secondary organs and tissues was SSA-independent. Only renal filtration, retention in blood and
excretion via urine further declined with d~! of AuNP core. Translocation of 5, 18 and 80 nm
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AuNP is virtually complete after 1-h, while 1.4 nm AuNP continue to translocate until 3-h.
Translocation of negatively charged 2.8 nm AuNP was significantly higher than for positively
charged 2.8 nm AuNP. Our study shows that translocation across the ABB and accumulation and
retention in secondary organs and tissues are two distinct processes, both depending specifically
on particle characteristics such as SSA and surface charge.

Keywords

gold nanoparticles; 198 Ay radiolabel; female Whystar-Kyoto rat; translocation; in vivo
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Gold nanoparticles (AuNP) continue to show a vast potential for applications in
nanomedicine, yet much remains to be studied to gain a comprehensive understanding of
how modified and unmodified AuNP interact with biological systems. AuNP show
particular promise in the area of nano-scale drug-delivery systems and medical imaging!- 2
for many reasons which have been recently reviewed.35 As reported previously, AuNP
possess high-tunability (i.e. high control over shape, size, charge, and ligand composition),
high stability (i.e. low aggregation in case of appropriate surface coatings), high cell
permeability, the ability to target the release of drug payloads (i.e. through non-covalent
drug loading using appropriate ligands or light- or glutathione-mediated release) and low
apparent cytotoxicity. As such, AuNP and other metallic nanoparticles (NP) have been
extensively tested in several studies related to drug delivery or tumor-targeting.6- 7

However, little is presently known about the properties of AuNP that determine their
biokinetic fate. A very attractive target for local and systemic drug delivery are the lungs
because of their large surface area and close contact to the blood circulation.? The lungs are
also likely to be a major route of occupational or environmental exposure to many
engineered NP. Therefore, it is crucial to investigate the biokinetics of this uptake pathway
to gain a better understanding of particle-related health risks.

AuNP are generally considered to have low toxicity, including in the pulmonary region.’?
However, toxicity both in vivo and in vitro has been noted under certain conditions. Previous
researchers have shown no toxicity for either agglomerated or well-dispersed AuNP in
rats.!0- 11 Another recent study of different-sized AuNP indicated no genotoxic effects.!2
When using a triple cell co-culture system, no changes in cell viability or cytokine release
were observed, when exposed to AuNP.13 In contrast, a few studies have determined that
AuNP can show toxicity under certain conditions'# such as cationic surface charge!>- 16 or
size considerations; i.e. Chen and co-workers showed that intermediate sizes (8 to 37 nm)
could cause toxic effects in mice after intraperitoneal administration!” - see Alkilany and
Murphy,!8 and Khlebtsov and Dykman,!® for comprehensive reviews. In addition, cellular
toxicity of 1.4 nm Auss nanoclusters has been demonstrated,2%- 2!- 22 which was attributed to
their size (and, therefore, ease of crossing cellular and eventually nuclear membranes) and
their ability to interact with ion channels and with the major groove of B-DNA.2! Clearly,
much still remains to be done in order to understand all of the potential mechanisms that
may determine the toxicity of AuNP in clinical applications.

In terms of biokinetics and translocation, it appears likely that NP can cross the very thin air-
bloodbarrier (ABB) to the circulation.?3 Indeed we and others have previously demonstrated
that AuNP can cross the ABB.Y 24-26 Additionally, Patrick and Stirling have determined the
biokinetic fate (up to 15 months) of radioactively 198 Au labeled citrate-stabilized 10 — 21 nm
AuNP after a single microinjection into subpleural alveoli.2” As in the present study, they
also detected AulNP in several parts of the body 24 h post exposure. Moreover, they
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evaluated the fate of the AuNP in the lungs with transmission electron microscopy and
detected agglomerated AuNP taken up by alveolar macrophages.?” These findings are also
in line with the results of Takenaka and coworkers who showed agglomerated AuNP of 20
nm size taken up by alveolar macrophages in rat lungs 24 h after inhalation.?8 2% In addition,
our recent inhalation study using 20 nm AuNP shows that only a low percentage of the
AuNP could be found in alveolar macrophages in broncho-alveolar lavages from the
exposed mouse lungs 24 h post exposure.3? The translocation of NP across the ABB is not
yet fully understood but there is strong evidence that transcellular routes are mainly
responsible for NP translocation while paracellular transport plays a minor role under
normal circumstances.?! Semmler-Behnke and coworkers32 have shown that along with
initially limited phagocytosis by alveolar-macrophages, a rapid translocation of inhaled 20
nm iridium NP into the lung epithelium and interstitium takes place and persists during the
entire retention time of six months. Nevertheless, long-term clearance seems to be
maintained by alveolar macrophage-mediated transport from the interstitium and the
bronchial-associated-lymph-nodes (BALT) onto the epithelium and via the mucociliary
escalator of the airways to the larynx.3% 33 However, several intracellular entry routes
(endocytosis), transport and exocytosis processes for this behavior seem to depend on the
size and other parameters of AuNP but a detailed picture of these transport processes is still
largely unclear and more work is required in this area.3% 3>

In this present study, we continue to study the in vivo biokinetics of AuNP by evaluating the
biodistribution of monodisperse, spherical AuNP of different core sizes with well-defined
surface ligands of different surface charges, at various time points up to 24 h following
intratracheal instillation. Admittedly, the AuNP suspension instillation is less physiological
and delivers the AuNP at a rather high dose rate compared to an inhalation exposure. Yet, it
is a currently well accepted methodology in nanotoxicology which allows for rather precise
dosing and confers the ability to study a large number of rodents, in numerous treatment
groups, using six different AuNP, at three different time points. The current work completes
a series of experimental studies to determine the 24 h biokinetics of the same set of AuNP
after different routes of administration: 1) systemic administration via intravenous injection
for examination of the direct accumulation and retention from blood circulation into organs
and tissues.30 2) oral ingestion via intra-esophageal instillation for investigating the
absorption through the intestinal wall3” and now in this study 3) lung exposure via
intratracheal instillation for the measurement of the passage through the ABB with the
intention to ascertain which NP characteristics are the primary determinants of AuNP
translocation through the ABB into the blood circulation. The main aim of this study is to
determine the translocation of AuNP as a function of particle size. We measure the amount
of gold (expressed in radioactivity, i.e. proportional to the mass of gold (Au) which has been
accumulated and retained in various organs and tissues of the body after a specific time.
Furthermore, our study suggests to find a predictive parameter which is general, and which
can in principle be applied to any shape of nanoparticles, €.g. to anisotropic particles such as
rods or wires, were particle size is not a predictive parameter. This, however, needs to be
demonstrated in future studies. Hence, by looking for descriptive parameters of AuNP cores,
we observed that translocation across the ABB is inversely proportional to the AuNP core
diameter between 1.4nm and 80nm but not for 200nm AuNP. This parameter d~! happens to
be proportional to the ratio of surface area over volume of these spheres, i.e. their specific
surface area SSA. This linear relation is only valid for the entire translocation across the
ABB. This relation proportional to the inverse diameter d~! also holds when considering
translocation from the lungs relative to the administered AuNP dose, including uptake in
most of the secondary organs and tissues. However, when relating the accumulated AuNP in
organs and tissues to the percentage of AuNP which had crossed the ABB this trend was
largely lost as no size dependency of AuNP could be seen. Both findings are novel and have
not been reported in the open literature yet. This linear proportionality is biologically
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plausible since smaller NP have a higher probability to cross the ABB compared to larger
NP. Note, the linear relation is a novel observation and it is a rather simple relation when
considering the complexity of the transport of the AuNP which we will discuss later. In
addition, we emphasize that we distinguish AuNP translocation across the ABB versus
AuNP accumulation and retention from blood to the various organs and tissues as separate
steps which may not both follow the same AuNP dependencies.

RESULTS & DISCUSSION

AUNP characterization

Negatively charged AuNP of 1.4, 5, 18, 80, 200nm Au core diameter were obtained after
surface modification using sulfonated triphenylphosphine (S-TPP, SO3™).38: 39 Negatively
charged 2.8 nm AuNP were generated by substituting the original ligand triphenylphosphine
by thioglycolic acid (TGA, terminal group COO™), whereas positively charged 2.8 nm
AuNP wer generated by substituting the original ligand TPP by cysteamine equipped with
positively charged NH3* groups. Physico-chemical parameters of all AuNP including core
and hydrodynamic diameters are given in Table 1; more details about the measurements are
given in the Supplementary Information (SI) and have been assessed previously.3¢- 37 In this
work the experimental results of AuNP retention and translocation are given in percent (wt)
of the initial AuNP dose delivered to the peripheral lungs (% ID); as described in detail in
the Methods section. Note, all the stated AuNP percentages represent exclusive AuNP
retention in the organs/tissues without the AuNP fraction in the blood volume of these
organs/tissues (see Methods). Furthermore, the AuNP fraction being cleared by mucociliary
transport into the gastro-intestinal-tract (GIT) and feces was excluded from balanced
calculations to obtain the percentage of the retained AuNP in the lungs as the primary organ
or being translocated to secondary organs and tissues (see Methods). For correlation analysis
between particle size and biokinetics we focused on the diameter of the AuNP core which
was determined by TEM. The Au core diameter proved to be more suitable for our
correlation estimates compared to the hydrodynamic diameter of the administered AuNP,
which may only be valid at the time of administration, but may be rapidly modified by
protein absorption in the lung lining fluid.# In the latter review, the difference between the
Au core diameter and the more variable hydrodynamic diameter are discussed. Yet, we are
aware that molecular interactions with cells and body fluids occur on the surface of the
AuNP and their protein corona.3”- 41- 42 Therefore, we used only negative ionic S-TPP
surface ligands as an initial step of standardization. When using positive Versus negative
ionic ligands we found significant differences in the biokinetics of same-sized 2.8nm AuNP,
underlining the importance of initial surface modification on the subsequent formation of the
protein corona in Vivo.

Since we detected the organ-retained AuNP fractions only by their radioactive properties,
we cannot discriminate between particle, atomic zero-valent Au® and ionic (dissolved) Au as
a result of AuNP degradation and dissociation. As discussed in a recent review by Brown
and co-workers such degradation and dissociation cannot be excluded in biological
systems.” Yet, this always leads to the formation of both atomic Au® and ionic Au3* in
parallel. In order to study the biodistribution of ionic Au3*, we intratracheally instilled
soluble Au3* ions in HAuCly solution radioactively labeled with ' Au, and determined the
24-hour biodistribution (see methods). The results are shown in Table S2 and discussed in
SI. These data show the entire Au ion biodistribution is completely different from that of the
AuNP. As determined in the SI, conservative estimates show that potentially-dissolved Au
remains to be negligibly low in the lungs and below a few percent of the Au retention in
secondary organs and in the carcass. Hence, we cannot completely exclude the dissolution of
AuNP. But according to the additional biodistribution study using soluble Au ions and our
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estimates on potentially-dissolved Au retentions, dissolution only modestly modifies AuNP
retention in all organs and tissues. Hence, these additional data confirm our findings on
translocation across the ABB and subsequent accumulation and retention of AuNP in
secondary organs and tissues.

AuUNP retention in the peripheral lungs

The mucociliary-cleared AuNP fraction at 24 h was between 20 % and 50 % of the initially
delivered AuNP dose and showed a rather large variation between individual animals as well
as for different sizes of AuNP (Table S1, SI). There was no significant trend of MCC with
particle size, which is similar to the findings of Patrick and Stirling.3 This variability is
intrinsic to intratracheal instillation and it is well known. We tried to reduce this variability
by (a) applying the instillation during the inspiration of the spontaneously breathing rat and
(b) the instillation procedure was performed by only one experienced person of our team.

After correcting for the rapidly cleared NP fraction from the airways by mucociliary action
(MCC) the 24 hour AuNP retention in the peripheral lungs was least for the smallest AuNP
(1.4 nm) (Figure 1; see also?). The retention increased for the 2.8 nm COO~ AuNP and was
even higher for the 5 nm AuNP (as previously shownZ®). For the larger AuNP, 24 hour lung-
retention increased further, and ranged between 99.8 and 99.9 % (Figure 1).

Size and time-dependent translocation of AuNP across the ABB

Our study shows, as AuNP get smaller they are more likely to cross the ABB. This is shown
in Figure 2A, where the total 24 hour translocation across the ABB of the AuNP increases
with decreasing Au core diameter between 1.4 nm and 80 nm. This increase follows a trend
proportional to the inverse diameter d~! of the Au core. According to the following
equation, the proportionality to d—! corresponds to the specific surface area (SSA) of these
spherical AuNP:

. 2
s5a=SA_ SAY:?F 4" _
1M p.1 ,Odj ,Dd

d = AuNP diameter, m = p-V = AuNP mass, p = AuNP density
SA = 1-d? = AuNP surface area, V = 7/6-d3 = AuNP volume

In Figure 2A, the trend proportional to the inverse diameter d~! or according to SSA is
shown together with data from each individual rat. Note, to our knowledge such an AuNP -
SSA dependent in vivo translocation over the full nano size range of 1.4 nm to 80 nm NP has
not yet been described and requires further research on the mechanistic side. Note, the d~!
dependence is an unexpected and, at the same time, a remarkably simple relation when
considering the complexity of AuNP transport across biological barriers, involving several
steps: (1) predominantly through and/or possibly in between epithelial cells, (2) through the
interstitial space and (3) across the vascular endothelium to finally reach the blood
circulation.

Since particle diffusion also increases with the inverse diameter d~!, passive particle
diffusion would be the simplest explanation for our results from a pure physical point of
view. Particle diffusion is a passive, thermodynamic process only driven by thermal energy
kT, which does not involve any active transport, including receptor mediated uptake and
release, as illustrated above. Although we believe that passive diffusion will be a too
simplistic picture to explain the observed translocation regarding the complexity of
translocation processes across the ABB, it may serve suitable for simulations. Since our data
follow the inverse-diameter-dependent-law, this may represent a general expression
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incorporating all the above mentioned active processes, and may also be useful for testing
new hypotheses of particle translocation across the ABB.*4.

Surprisingly, the 200 nm AuNP did not follow this trend and in comparison to the 80 nm
AuNP a much higher percentage of translocated particles was found. Actually, the
translocation of the 200 nm gold particles was similar to that of the 5 nm AulNP. Yet,
disintegration of these solid gold spheres can be excluded. Extrapolating the trend
proportional to the SSA towards 200 nm gold particles, and including the statistical
confidence interval, the extrapolated data are significantly lower than those observed for the
200 nm AuNP (Figure 2A). Hence, the 200 nm AuNP do not follow the translocation of
nanoscale particles according to their SSA suggesting that different translocation
mechanisms may underlie 200 nm AuNP translocation across the ABB, compared to nano-
sized AuNP. For instance, Rejman and coworkers* have reported caveolae-mediated
endocytosis of particles >200 nm versus clathrin-mediated endocytosis of <200 nm particles.
The increased in vivo translocation of 200 nm gold particles across the ABB compared to the
AuNP -SSA dependent translocation may result from different endocytotic and/or exocytotic
processes or, less likely, from passive diffusion-type processes; this requires more
mechanistic studies.

We have also investigated the time-dependent biokinetics for the five different sized S-TPP
coated AuNP between 1 h and 24 h, with additional 3 h data for 1.4 nm and 18 nm AuNP.
The total translocated AuNP percentage is shown in Figure 2B for all five AuNP sizes
indicating that the translocation of 5 nm, 18 nm and 80 nm AuNP is virtually complete after
1 h and there is even a non-significant decreasing trend after 24 h. However, for 1.4 nm
AuNP translocation continues to increase until 3 h after instillation with no further change
thereafter. The underlying mechanisms remain unclear although it appears plausible that the
very small 1.4 nm may remain more mobile for a longer time interval while crossing the
ABB with its different cell types when compared to the larger-sized AuNP. Interestingly,
after 1h the translocation of 200 nm AuNP is lower than those of all nanoscaled AuNP and
follows the same decreasing trend with increasing AuNP diameter. However, the 24 hour
translocation of 200 nm AuNP is strongly increased compared to the 1 h translocation,
indicating prolonged translocation across the ABB which occurs only for 200 nm AuNP but
not for the smaller nanoscale AuNP. The mechanisms for prolonged translocation remain
unclear since no other kinetic data on the various steps of translocation across the ABB are
available for different sizes of AuNP. Yet, we have observed prolonged translocation across
the rat ABB during the first week after inhalation of 20 nm iridium NP as well.*® This may
indicate that physico-chemical properties of the NP are important determinants. The
occurrence of prolonged translocation after inhalation of iridium NP supports our current
findings on AuNP.

AuNP organ and tissue biodistribution and retention during the first 24 h (Equ.1)

First, we show the AuNP biodistribution in secondary organs, tissues and body fluids using
conventional data normalization to the initial AuNP dose in the peripheral lungs (ID). In a
second more interesting step, the same data are shown relative to the AuNP amount which
had crossed the ABB and was circulating in blood, for subsequent accumulation and
retention in secondary organs and tissues.

Our results show a strong size-dependency of the accumulation and retention of AuNP in all
organs, tissues and urine after 24 hours relative to the initial AuNP dose delivered to the
peripheral lungs (Figure 3). AuNP percentages per weight (in gram) of organ/tissue are
given in Table S3, SI. Similar to total translocation, as shown in Figure 2, organ and tissue
retention of the smallest AuNP is highest and declining until 80 nm AuNP. Regarding the
biodistribution, AuNP retention in the remaining carcass (consisting of skeleton, soft tissue
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and fat) was higher than in all secondary organs and body fluids for all AuNP sizes used
(Figure 3G). This high retention in the carcass is an important new observation grossly
neglected in the current literature. Even more important is the fact that between 10-20% of
the carcass retention was found in the skeleton as we showed previously for two different
inhaled iridium NP (20nm and 80nm) and elemental carbon NP (25nm).#” Since the NP
must have entered the skeleton via blood circulation it is most likely that the NP are retained
in the bone marrow directly in the vicinity of pluripotent stem cells which are considered to
be most sensitive to exogenous material. Comparing AuNP retention in secondary organs,
1.4 nm S-TPP AuNP and 2.8 nm COO~ AuNP retention in kidneys was highest - even
significantly higher than for liver, where the highest retention was expected. For the larger
AuNP, liver retention was higher than for kidneys (Figure 3A+C). Also the 1.4 nm S-TPP
AuNP and 2.8 nm COO~ AuNP retention in blood and urine ranked similarly to retention in
kidneys and was higher than for all other organs (Figure 3).

In the following, we consider the biokinetics during 24 hours in individual organs and
tissues for the five different-sized, S-TPP coated AuNP from 1 h to 24 h with additional 3 h
data for 1.4 nm and 18 nm AuNP. Similar to totally translocated percentages of AuNP
already mentioned above, there is an increase in the retention of 1.4 nm AuNP in several
organs and tissues from 1 h to 24 h (Figure S1, SI). For 5 nm AuNP, the retention increases
from 1 h to 24 h in liver, spleen, heart and kidneys is largely compensated by the decrease in
the remaining carcass. For 18 nm and 80 nm AuNP 1 h and 24 h retention of most organs
and the remaining carcass are similar, already indicating complete translocation already 1 h
after intratracheal instillation. Hence, not only is translocation across the ABB higher for 1.4
nm and 5 nm AulNP but their translocation, accumulation and retention in secondary organs
also last longer than for the larger AuNP. Note, translocation and retention of 200 nm AuNP
are also prolonged over 24 h in liver and spleen, which leads to higher total translocation
than those of 18 nm and 80 nm AuNP.

AUNP biodistribution relative to the amount of translocated AuNP

When normalizing the accumulated AuNP percentages in each secondary organ or tissue to
the percentage of total translocated AuNP across the ABB, the retention of AuNP appears to
be size-independent for the remainder, liver, spleen, brain, and uterus (Figure 4). The uptake
by resident macrophages plays an especially important role for liver and spleen. The data
suggest that these AuNP are obviously taken up in these organs independently of size or
SSA which is likely due to the slow blood flow through the rather small, “leaky” sinusoidal
capillaries with macrophages residing on their walls, as we and others showed earlier.3¢- 48

Comparing these results with those obtained from a previous study of intravenous injection
of the same suite of AuNP as used in the present study, it is most striking that the pattern in
liver is completely different between intravenously injected AuNP and those translocated
through the ABB into circulation after intratracheal instillation.® Following intravenous
injection the AuNP retention in the liver was almost 100% for all large AuNP >18nm; for
smaller AuNP it was declining and for the smallest AuNP (1.4 nm) it was about 50% of the
ID to the peripheral lungs. In our present study, it is completely opposite: liver retention is
AuNP-size-independent varying slightly below 10% of the translocated AuNP fraction
(Figure 4). Similarly, the size-dependent patterns found in all other secondary organs
(except kidneys - see below) and the remainder, after intravenous injection, were not
observed in the present study. This significant difference in the AuNP biodistribution
obtained after two different routes of AuNP administration to circulation indicates major
differences in the pathways of AuNP processing in the organism. This issue will be
discussed more closely in a future manuscript. The rapid accumulation of AuNP in the liver
after IV injection may well be triggered by a predominant albumin corona while the protein
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corona of the AuNP which translocated first through the ABB may be more complex and
may contain more proteins of less abundance but higher affinity. Similarly, the lower
accumulation and retention in the liver gives rise to more accumulation in other secondary
organs and tissues. It is also remarkable that AuNP content in blood 24-h after IV injection
is much greater (Fig. 1H in our previous paper>®) than that of AuNP which had crossed the
ABB.

The possible role of major AuNP agglomeration in circulation can grossly be excluded,
since we observe SSA-dependent biodistribution in both in vivo AuNP studies, either after
intratracheal instillation or intravenous injection. Hence, we hypothesize the major
differences in biodistribution are predominantly caused by surface modification and protein
binding after deposition in the lungs. AuNP surface modification during the prolonged and
complex process of ABB translocation may differ strongly from serum protein interaction of
intravenously injected AulNP in the circulation. As highlighted above and in the SI, possible
particle dissolution cannot completely be excluded, but may play only a minor role in our
AuNP biodistribution studies.

Interestingly, both, the AuNP retention in blood and the retention in kidneys (relative to the
total translocated AuNP) are size-dependent. As indicated in Figure 5 this trend is also close
to the inverse diameter d~! (which represents the SSA dependency of AuNP, see Eq. 1). Yet,
the trend found for urinary excretion was closer to d-0->. Note, the d~! dependency of the
retention in kidneys relative to the translocated AuNP is an independent observation from
the kidney retention shown in Fig 3C, in which the kidney percentage is given relative to the
administered ID. However, after intravenous injection of the same AuNP, the retention in
kidneys was not SSA-dependent but showed an inverse size-dependency only for small
AuNP ( <18nm) and no size-dependency for larger AuNP.30

It has been described recently, that molecular structures smaller than 50 kDa (including NP
below a hydrodynamic diameter of 5.5 nm) are almost quantitatively cleared by the kidneys
into the urine. This was shown for 1.9 nm AuNP of undisclosed surface modification being
used as an X-ray contrast agent? and for quantum dots (QD) with a zwitterionic surface
coating.*? The surface modifications of both NP were described to prevent protein binding.
In fact, serum protein binding was shown to lead to a substantial growth of NP size when the
QD were coated with charged molecules.*® Since we did not find such a high urinary
excretion rate as those of QD < 5.5 nm and AuNP of 1.9 nm,? 4° we hypothesize that
protein binding may be an important factor for our AuNP, being responsible for both the
increased retention of the 1.4, 2.8 and 5 nm AuNP in the body, and for lower urinary
excretion. There is evidence that S-TPP coating of the AuNP (same as we used in this study)
can be substituted or detached in biological media.2? Therefore, we hypothesize that S-TPP
coating may be replaced by proteins of the various body fluids. These proteins which are
bound to the surface of the AuNP are likely to increase their overall size as we showed in an
in-vitro study using same-sized AuNP.3? Since, the glomerular filtration threshold in
kidneys is believed to be 7 — 9 nm,*3 it appears plausible that about 15% of the AuNP-
protein-conjugates of the originally 1.4 and 2.8 nm AuNP, are small enough to be able to
pass through the very thin basal membrane to be excreted via urine. It needs to be noted that
proteins seem to have a high impact on the biodistribution of NP and also influence
glomerular filtration in kidneys.!

Yet, we found SSA-dependent renal filtration of AuNP from blood into urine as
demonstrated by the decreasing retention with increasing size of AuNP (1.4 nm to 80 nm)
(Figure 5). The blood pressure forces fluid from the capillaries of the glomerulus through the
epithelial layer of the Bowman capsula into the lumina of the proximal tubulus. The exact
structure is still under debate but Rodewald and coworkers2 have already suggested that the
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glomerular barrier is built by three layers, which a molecule or NP needs to cross: a) the
fenestrated capillary endothelium (diameter: 50-100 nm), b) the basement membrane, and c)
the slit diaphragm built by epithelial podocytes (diameter: 7 — 14 nm). The glomerular
barrier may likely play a predominant role in the size-dependent clearance pattern we
observed.’3 Furthermore, our data suggest that even AuNP larger than 5 nm are excreted via
urine even though those urinary AuNP fractions are rapidly declining with size.

Effect of surface charge of carboxylated versus aminated 2.8nm AuNP

After 24 h, most of the applied AuNP (either negatively or positively charged) were found in
the lungs; they were significantly higher for 2.8 nm NH3* AuNP than for 2.8 nm COO~
AuNP, 98.8% and 96.6%, respectively. Accordingly, the translocated AuNP percentage,
relative to initial dose of the peripheral lungs, is higher for the negative AuNP than for the
positive AuNP (Figure 6A). Recent studies showed that the surface-charge played an
important role for the uptake efficiency in cells.>* Our data suggest that the surface-charge
of AuNP also modulates translocation and accumulation and retention in secondary organs;
i.e. negatively-charged AuNP translocated significantly more to blood than positively-
charged AuNP and accumulated more in secondary organs and tissues than positively-
charged 2.8 nm AuNP (Figure 6B).!¢ Translocation into blood implies crossing membranes,
which can be either para-cellular or trans-cellular. The last of both mechanisms covers
uptake and release (exocytosis) of particles and because previous studies have shown higher
uptake of positively compared to negatively charged particles,” less efficient release may
be one simple explanation for reduced translocation of the positively charged particles.
Accounting only the amount of AuNP which crossed the ABB, the AuNP accumulation and
retention was the same for both charges in each secondary organ (Figure 6C). Interestingly,
there are major differences when compared to the intravenously-injected AuNP of our
previous study.3® For correct comparison, we need to compare the retained AuNP
percentages relative to the AuNP amount which had crossed the ABB. In contrast to our
present data where we found dominant retention in the kidneys (~20%), carcass (~40%),
blood (~20%) and also in urinary excretion (~14%) and only about 5% in liver of both
charged 2.8 nm AuNP after IV injection, more than 70% were retained in the liver followed
by about 10% in spleen and carcass and very low percentages in all other secondary organs.
In addition, in the previous intravenous study, there were significant retention differences
between the differently charged 2.8 nm AuNP, not only in kidneys but also in liver, spleen,
heart and the remaining carcass. These findings strongly suggest that the protein corona of
AuNP formed in blood differed strongly after the different application pathways of
intravenous injection and intratracheal instillation and subsequent translocation across the
ABB.

In addition, this finding may be related to the fact that positively and negatively charged NP
may bind different proteins maintaining their different biokinetic fate and uptake in kidneys.
As the glomerular basement membrane is negatively charged there might be a different
filtration rate for differently-charged molecules but this issue is still under debate.”

CONCLUSION

The present study describes the influence of physico-chemical properties of intratracheally
instilled AuNP on their biokinetics. AuNP properties such as, the size and SSA of the
spherical Au core and surface charge, affect their translocation across the ABB, their organ
retention, and also their renal clearance rate. Importantly, essential AuNP properties seem to
be changed after crossing the ABB, since the biokinetics depended on the SSA of the AuNP,
while the retention of most secondary organs (except kidneys) was independent of SSA. The
latter size dependency was different in comparison to the AuNP retention after a direct
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intravenous administration. The underlying mechanisms are still unclear but an impact of a
modified protein binding is very likely.

METHODS

Animals

A total of 60 healthy, female Wistar-Kyoto rats (WKY/KyoR] rats, Janvier, Le Genest Saint
Isle, France), 8 to 10 weeks old (approx. 250 g body weight) were housed in pairs in
humidity- and temperature-controlled ventilated cages on a 12 h day/night cycle prior to the
experiments (4 rats per treatment group). A rodent diet and water were provided ad libitum.
All experiments were conducted under German Federal guidelines for the use and care of
laboratory animals and were approved by the Regierung von Oberbayern (Government of
District of Upper Bavaria Approval No. 211-2531-94/04) and by the Institutional Animal
Care and Use Committee of the Helmholtz Center Munich.

AuNP preparation and characterization

We used the same panel of AuNP as were already used for biokinetic studies following
intravenous injection3® and gavage.3” As previously described, AuNP surfaces were
modified yielding negative or positive surface charges using sulfonated triphenylphosphine
(S-TPP, SO3") — see also the preparation in the Supporting Information.38: 39 In addition,
negatively-charged 2.8 nm AuNP were generated by substituting the original ligand S-TPP
by thioglycolic acid (TGA, terminal group COO™), whereas positively charged 2.8 nm
AuNP were generated by substituting the original ligand S-TPP by cysteamine (CA,
terminal group NH3*). All AuNP were radioactively labeled by neutron irradiation (1°7Au
(n, ) 198Au) as thoroughly described previously.>> 26- 36:37 Physico-chemical parameters of
the AuNP including specific 1?8Au radioactivity and the isotope ratio of 1%8Au to

stable 197 Au are given in Table 1.

AuUuNP administration and animal maintenance in metabolic cages

The entire administration has been described previously.>> 26 Briefly, the rats were
anesthetized by inhalation of 5% isoflurane until muscular tonus relaxed. Each anesthetized
rat was fixed with its incisors to a rubber band on a board at an angle of 60° to the lab bench.
A flexible cannula (16 G, 2 in) was placed under visual control into the upper third of the
trachea. For control of misplacement into the oesophagus, exspiration through the cannula
was controlled with a pneumotachograph connected to the cannula. The suspension (50 pl)
was gently instilled followed by 300-400 pl of air using an 1-ml-insulin-syringe.
Intratracheal instillation was aligned with the rat’s inspiration. After administration of the
AuNP suspensions, rats were monitored for regular breathing before they were placed
individually in metabolic cages for separate collection of urine and feces until dissected at 1-
h, 3-h or 24-h dissection post-instillation.

Sample preparation for radio analysis

At different time points post exposure (1 h, 3 h, 24 h), rats were anesthetized (5% isoflurane
inhalation) and euthanized by exsanguination via the abdominal aorta. Approximately 70%
of the total blood volume was withdrawn. Radio analysis was performed according to the
previous description.S’ 26,36,37 Briefly, organs in toto, tissues, body fluids, the remaining
carcass and total excretion were sampled and gamma-spectrometrically analyzed as
previously described. While dissecting, no organs were cut and all fluids were cannulated as
well regular change of dissection equipment in order to avoid any cross contamination were
performed, when necessary.
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The 198 Au radioactivity of all samples was measured without any further physico-chemical
preparation of the samples by gamma-spectroscopy. Small organ and tissue samples were
analyzed in a lead-shielded, 10 ml well type Nal(T1) scintillation detector while a lead-
shielded, 1 1 well type Nal(T1) scintillation detector was used for large samples like the
remaining carcass. The count rates were adjusted for physical decay and background
radiation. Additionally, count rates were calibrated to a 1?8 Au reference source at a
reference date in order to correlate 98 Au radioactivity to the numbers, surface areas, and
masses of the AuNP. Samples yielding net counts (i.e. background-corrected counts) in the
photo-peak region-of-interest of the °8Au gamma spectrum were defined to be below the
detection limit when they were less than three standard deviations of the background counts
of this region-of-interest. By this approach, we quantitatively determined the entire AuNP
dose in the entire animal by analyzing each organ and tissue and total excretion in a 100%
balance of the biodistribution of the initially applied AuNP dose to the peripheral lungs. The
peripheral lung dose (= initial dose, ID) was determined by correcting the instilled dose by
the fractions in trachea, gastro-intestinal-tract (GIT) and fecally excreted doses during 24 h,
because these rely on mucociliary clearance as discussed in the Results section.

Blood correction in organs and adjustment for mucociliary clearance

Blood contents of organs and the remaining body were calculated according to the findings
of Oeff et al.%° as described previously.>- 26-36:37 The mucociliary clearance (MCC) of
AuNP from the thoracic airways towards larynx was considered to contribute negligibly to
the ABB translocation. Therefore, the radioactivity measurements of the trachea, gastro-
intestinal-tract (GIT), and head were performed but not included into the complete
balance.2® As previously shown, the fraction of absorbed AuNP through the intestinal
barrier is very low and would be only 0.1% for the 18 nm AuNP showing the highest
mucociliary cleared AuNP percentage of 57%.37 Therefore, we did not correct for possible
intestinal absorption of maximally 5.7% absorbed AuNP resulting from mucociliary cleared
AuNP.

Auxiliary 24-hour biodistribution studies after administration of a soluble 198Au ion

solution

As described in detail in the SI, auxiliary 24-hour biodistribution studies, after intratracheal
instillation of a soluble 198 Au ion solution, were performed in order to estimate the possible
extent of AuNP dissolution in vivo. The 1?8 Au radio-isotope was obtained from neutron
irradiation of a HAuCly solution in a nuclear research reactor and subsequently diluted, such
that 1 ug of soluble Au radio-labeled with 10 kBq !°8Au in the 50 uL dose was administered
to each animal by intratracheal instillation.

Calculations and statistical analysis

All calculated data are given as a percentage of the relevant integral radioactivity of all
samples in each animal with the standard error of the mean (SEM). All calculated
significances are based on a one-way analysis of variance (ANOVA) followed by a post hoc
Tukey test. In case of an individual two498 group comparison, the unpaired t-test was used.
The criterion for statistical significance was p <0.05, if not otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lung retention 24 h after intratracheal instillation of negatively charged, spherical,
monodisperse AuNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 nm Au core diameter coated with S-
TPP and 2.8 nm Au core diameter carboxyl-coated); AuNP percentages of the initial dose
delivered to the peripheral lungs (ID). Note, scale is in log for x-axis. Data are mean £ SEM,
n = 4 rats. Significant changes in retention of given AuNP sizes versus those of the next
smallest size are indicated, as determined by the ANOVA with posthoc Tukey test. (***
p<0.001)
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Figure 2.

(A) Percentages of 24 h translocation of intratracheally instilled AuNP versusthe Au core
diameter d. Note, data are normalized to the initial dose delivered to the peripheral lungs
(ID). Data are from individual rats (n = 4) on a double-log scale. Negatively charged,
spherical AuNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 nm Au core diameter coated with S-TPP;
2.8 nm carboxyl-coated) were used. Significant changes of translocation of the mean of
given AuNP sizes versus those of next smallest size are indicated, as determined by the
ANOVA with posthoc Tukey test (*** p<0.001). The power law-trend ~ d~!(exponent was
—1.16; 95 % confidence interval (-0.86, —1.47), p < 0.001, coefficient of correlation R2
=0.78) is the best fit of the data from 1.4 nm to 80 nm AuNP and is equivalent to the SSA of
AuNP. The dashed lines of the confidence interval were calculated for 1.4 nm to 80 nm
AuNP and extrapolated to 200 nm AuNP. The measured translocation for the 200 nm AuNP
is significantly larger than the estimated extrapolation data, indicating a different behavior of

the 200 nm AuNP compared to all smaller AuNP.

(B) Percentages of translocation of intratracheally instilled, negatively-charged, spherical
AuNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 nm Au core diameter coated with S-TPP) after 1 h,
3 h, and 24 h. Data are normalized to the initial dose delivered to the peripheral lungs (ID).
Data are mean + SEM, n = 4 rats. Significant changes of translocation between the different
time points for each AuNP size are indicated as determined by the ANOVA with posthoc

Tukey test (* p<0.05).
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retention in spleen [% ID]

retention in brain [% I1D]

excretion via urine [% 1D]

0.19
(B) spleen
L2
x
0.014
w1 g
0.0001 =y T T T T
14 28 § 18 80 200
Au core diameter d [nm]
0.01+
(E) brain
0.0014 {'f f
00001 Ly =<BL <DL
14 28 5 18 B0 200
Au core diameter d [nm]
L I
‘a (1) urine
0.1+
0.014 o
. P
0.0014 -
0.0001=— L T T T
14 28 5§ 18 B0 200

Au core diameter d [nm]

retention in uterus [% ID] retention in kidneys [% 1D]

blood retention [% 1D]

Page 18
101
(C) kidneys
1 l—.
0.14
0.014 -
“u.,
0.001+
gt -8
0.0001 by T T T T
14 28 § 18 80 200
Au core diameter d [nm]
0.1
5. (F) uterus
-
0.014 b
0.0014 i
n'mu1 r L) T <DII- -li: T
14 28 5§ 18 80 200
Au core diameter d [nm]
104
(H) blood
14 = '.
0.14 )
0-01- .'_uu
m
<DL L]
0'001 L L] T L] L T
14 28 5 18 80 200

Au core diameter d [nm]

AuNP retention 24 h after intratracheal instillation of negatively-charged, spherical,
monodisperse AuNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 nm Au core diameter coated with S-
TPP; 2.8 nm carboxyl-coated). AuNP percentages of initial dose delivered to the peripheral
lungs (ID) are given for each of whole secondary organs in separate panels, as well as the
entire remaining carcass (remainder, panel G) and total blood and urine; in each panel the
respective organ, tissue or body fluid is indicated. Data are mean + SEM, n = 4 rats. Note,
scale is double-log. Significant changes of retention of given AuNP sizes versus those of
next smaller size are indicated, as determined by the ANOVA with posthoc Tukey test (*

p<0.05, ** p<0.01, *** p<0.001). (< DL — lower than detection limit)
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Figure 4.

Percentages of translocated AuNP in remainder, liver, and spleen 24 h after intratracheal
instillation. Note, AuNP retention was not normalized to initial lung dose but to the total of
translocated AuNP; note, the scale is double-log. Data are mean + SEM, n = 4 rats.
Negatively-charged, spherical AuNP (1.4 nm, 5 nm, 18 nm, 80 nm Au core diameter, coated
with S-TPP; 2.8 nm carboxyl-coated); grey lines are linear trend lines and indicate no
significant dependence on AuNP diameter.
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Figure 5.

Percentages of translocated negatively-charged, spherical AuNP (1.4 nm, 5 nm, 18 nm, 80
nm Au core diameter coated with S-TPP; 2.8 nm carboxylcoated) in blood, kidneys, and
urine 24 h after intratracheal instillation. Note, AuNP retention was not normalized to initial
lung dose but the total translocated fraction; note, the scale is double-log. Data are mean +
SEM, n =4 rats. Grey lines illustrate particle size-dependent linear trends proportional to
d®*P which is particularly close to d~! in kidneys and blood, i.€. proportional to AuNP
specific surface area (SSA); regression coefficients: R%yj0q = 0.57, Rzkidneys =091, R2ine
=0.79.
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Figure 6.

(A) Percentages of negatively- and positively-charged 2.8nm AuNP translocated across the
ABB during 24 h post exposure, relative to ID. Translocation is given in log scale. Data are
mean + SEM, n =4 rats. Significant changes between the 2.8 nm COO™~ and 2.8 nm NH3*
AuNP are indicated, as determined by the student’s t-test (** p<0.01,).

(B) Percentages of translocated AuNP (2.8 nm Au core diameter, carboxyl- or amino-
coated) in secondary organs, tissue, remainder, blood, and urine 24 h after intratracheal
instillation, relative to ID. Percentages are given in log-scale. Data are mean + SEM, n =4
rats. Significant changes between the 2.8 nm COO™~ and 2.8 nm NH3* AuNP are indicated as
determined by the student’s t-test (* p<0.05, ** p<0.01, *** p<0.001).

(C) Percentages of translocated AuNP (2.8 nm Au core diameter, carboxyl- or amino-
coated) in secondary organs, tissue, remainder, blood, and urine 24 h after intratracheal
instillation, relative to the amount of AuNP which had translocated the ABB. Percentages
are given in log-scale. Data are mean + SEM, n = 4 rats. Significant changes between the 2.8
nm COO~ and 2.8 nm NH3" AuNP are indicated, as determined by the student’s t-test (*
p<0.05).
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