WP3. Toxicokinetics (Helmholtz Zentrum München formerly GSF – Wolfgang Kreyling)

We have attempted to systematically analyze the effect of size and ionic ligands of monodisperse gold NP on the biokinetics (1-, 3- and 24-hours biodistribution) after three routes of administration: (1) intratracheal instillation into the lungs (IT) or (2) intravenously injection into the tail vain or (3) intra-oesophageal instillation (gavage) into the gastro-intestinal-tract (GI-tract). NP size ranged from 1.4 to 80 nm (1.4, 2.5, 5, 18, 80 nm) and also a fine gold particle of 200 nm was included; in addition negatively versus positively charged ionic ligands of 2.5 nm gold NP were studied.

We applied our recently developed quantitative approach on biokinetics (Kreyling et al., 2002). Aliquots of 50 μL were either (1) intratracheally instilled into the lungs (IT) or (2) intravenously injected into the tail vain or (3) intra-oesophageal instilled (gavage) into the gastro-intestinal-tract (GI-tract) of shortly anesthetized, healthy, adult WKY rats. At the three time points after application the rats were killed and organs and tissues as well as urine and feces (separated from each other) were collected for Au-198 gamma-spectroscopy. To obtain a complete balance all samples including the remaining carcass of each animal were Au-198 analyzed and added to be 100%. Because of the high sensitivity of the radio-analysis and the high specific radioactivity fractions as low as 10E-5 of the administered dose were detectable. Therefore, gold NP were detectable in almost all samples. Comparing total translocation after NP instillation from the lungs into circulation by calculating the sum of all secondary target organs and the remaining carcass we found a clear inverse relationship of 40-fold and 15-fold to the size of 1.4 and 2.5 nm when compared to 5.0nm. NP with negative ionic surface ligands. Surprisingly for larger particles the 24-hours translocation of  about 0.002 kept constant. The size dependent pattern was predominantly determined by three mechanisms uptake in liver, kidneys and in soft tissue and skeleton; in addition, there is rather high renal clearance into urine of 0.011 and 0.0042 for 1.4 and 2.5 nm NP, respectively, being almost two orders of magnitude higher than those of 5 nm NP and larger NP (Semmler-Behnke et al. 2007b and 2008).

At NP diameter of 2.5 nm total translocation of negatively charged NP (0.031) was significantly larger than of positively charged (0.013). This surface charge dependent pattern was also predominantly determined by two mechanisms uptake in liver and in soft tissue and skeleton; in addition, there is higher renal clearance of negatively charged 2.5 nm compared to positively charged.

Comparing total translocation after instillation versus gavage the total translocated fraction of negatively charged NP across the air-blood-barrier (ABB) is significantly higher than through the gut epithelium. For 1.4 nm NP the difference is a factor of ten while for 18 nm it is only a factor of two. 
Regarding the biokinetics between 1 hour and 24 hours about 90 % of the translocation had taken place even after one hour.

After IV-injection of 1.4nm and 18nm gold NP in pregnant rats (3rd trimenon of pregnancy) we found a rather strong and size-dependent uptake of these NP in placenta and progeny (about 0.05 of  administered 1.4 nm NP dose and about 0.0004 of administered 18 nm NP dose). Most of the 1.4nm gold NP were retained in the placenta but a tenth were located in the amnionic fluid and a hundredth of 1.4 nm NP was found in fetuses. So, the NP mass retained in fetuses corresponded to a number of NP as high as 1010. The retained 18 nm NP fraction in placenta and progeny was two orders of magnitude less (0.0004 of the administered dose) when compared to 14 nm NP but still clearly measurable and in accordance with our hypothesis that NP accumulate in placenta and progeny. Fractions of about 0.00018 in the placenta and the amnionic fluid were about the same but much lower than for 1.4 nm NP; but interestingly the fraction in all fetuses was only a factor of 4 lower than that of the placenta. Hence, the fetal 18 nm NP fraction relative to the NP fraction of the sum of placenta and progeny was an order of magnitude higher than that of 1.4 nm NP. The number of 18 nm NP retained in the fetuses was as high as 2*107.
Comparing translocation after lung instillation and intravenous injection the former is dominated by the large fraction retained in the lungs, e.g. 0.92 and 0.99 of 1.4 nm and 18 nm gold NP, respectively. However, when normalizing the accumulated NP fraction of each organ to the fraction translocated from lungs to blood, then a direct comparison is possible between those NP which crossed the ABB with those directly intravenous injected. Doing so we expected similar fractions for each organ no matter whether the NP had crossed the ABB or whether they were directly injected. Surprisingly the patterns in each organ are different. For example in the liver  the ratio of the fractions of the 18 nm NP after IV injection over instillation is very high (15.8), the ratio for the fractions of the 1.4 nm is still high but much less(6.3). Even more surprising are the ratios for the brain: while the 18 nm NP accumulation after instillation is not lower as for liver but a 100-fold higher than after IV injection, the fractions of 1.4 nm NP after both applications are rather similar as originally expected. The prominent difference of both applications is the first contact of the instilled gold NP with the epithelial lining fluid (ELF) in the lungs and the translocation across the ABB before they enter the blood circulation. Since these NP are very likely to form complexes with proteins of ELF and blood and also with proteins in the ABB we hypothesize that the NP-protein-complexes after crossing the ABB are different from those formed when the NP were injected directly. The different patterns of NP-protein-complexes then lead to different accumulations in the various organs. The validation of this hypothesis will be subject of ongoing and future studies.
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