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Einleitung

1 Einleitung

1.1 Nanopartikel

Die Vorsilbe ,Nano” (nanos = Zwerg) stammt aus dem Griechischen und impliziert bereits, dass es
sich bei Nanopartikeln um sehr kleine Materialien handelt. DefinitionsgemaB sind Nanopartikel in
mindestens einer Raumdimension kleiner als 100 nm. Die Nanotechnologie gilt als eine der
Schliisseldisziplinen des 21. Jahrhunderts und wird, wie auch die Biotechnologie, als sogenannte
Querschnittstechnologie angesehen, die in unterschiedlichen Anwendungsgebieten Verwendung
finden kann. So werden verschiedenste Nanomaterialien z. B. in der Automobilindustrie, Energie-
technik, Optik, Kosmetik, aber auch in der Medizin und Pharmaindustrie eingesetzt. Durch ihre
geringen AusmaBe ist die Gesamtoberflaiche von Nanopartikeln im Verhaltnis zu ihrem Gesamt-

volumen sehr viel groBer als die der entsprechenden Ausgangsmaterialien (Abb. 1).
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Abb. 1: Nanopartikel besitzen durch ein sehr viel gréBeres Oberflachen/Volumen-Verhaltnis andere
Eigenschaften als ihre Ausgangsmaterialien *.

Daher ist auch die reaktive Oberflache, mit welcher Nanopartikel mit ihrer Umgebung in Kontakt
treten, weitaus gréBer. Zudem ergeben sich aus der geringen GroBe veranderte physikalisch-
chemische Eigenschaften wie beispielsweise eine bessere Leitfédhigkeit, eine hohere Stabilitdt sowie
eine herabgesetzte Schmelztemperatur.

Neben erwiinschten Eigenschaften wie z. B. einem verbessertem UV-Schutz in Sonnencremes oder
auch einer langeren Haltbarkeit von Lebensmitteln kénnten diese neuen Materialien mdglicher-
weise auch unerwiinschte Eigenschaften wie z. B. eine kanzerogene oder auch DNA-schadigende
Wirkung aufweisen und somit potentiell eine Gefahrdung fir Mensch und Umwelt darstellen.

Entsprechende Ubersichten (ber die Chancen und Risiken der Nanotechnologie kénnen
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beispielsweise den jeweiligen Internetauftritten des Bundesministeriums fir Bildung und Forschung
und des Bundes flr Umwelt und Naturschutz auf  ihren Homepages
(www.bmbf.de/de/nanotechnologie.php; www.bund.net/themen_und_projekte/nanotechnologie/)
entnommen werden.

Ein sehr vielversprechendes Feld der Nanotechnologie ist die Nanomedizin. Diese Disziplin umfasst
sowohl die Erforschung neuer Methoden in der Diagnostik als auch die Entwicklung neuer
Therapiemdglichkeiten. Gold-Nanopartikel scheinen hierfiir besonders geeignet zu sein 2, worauf im

folgenden Kapitel genauer eingegangen wird.

1.2 Gold-Nanopartikel

Gold-Nanopartikel wurden bereits 2.500 Jahre vor Chr. in Agypten und China als Heilmittel oder fiir
kosmetische Zwecke verwendet 3. Im Mittelalter wurden beim Glasfirben unwissentlich Gold-
Nanopartikel eingesetzt, wodurch Kirchenfenster ihre purpurrote Farbe erhielten. Aufgrund des
Auftretens von Oberflachenplasmonenresonanz (SPR) variiert die Farbe von Gold-Nanopartikeln mit
deren GroBe (Abb. 2, links) und Form *.

Hierbei fiihrt die groBenabhdngige Resonanzschwingung der Elektronen zu einer gréBen-
spezifischen Lichtabsorption und somit erscheinen die betrachteten Gold-Nanopartikel je nach
GroBe in unterschiedlichen Farben. So zeigt sich auch ein Farbumschlag einer Gold-Nanopartikel-

Suspension von Rot nach Blau, wenn eine Aggregatbildung stattfindet (Abb. 2, rechts).

2nm 5nm 50nm 100nm 200nm

Abb. 2: links: Die Farbe von Gold-Nanopartikel-Suspensionen ist abhéngig von der PartikelgréBe >;
rechts: Farbumschlag von Rot nach Blau bei Aggregatbildung der Gold-Nanopartikel
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1.2.1 Gold-Nanopartikel in der Nanomedizin

Fir die medizinische Anwendung attraktiv sind Gold-Nanopartikel besonders wegen der
Mdglichkeit, durch relativ einfache Syntheseprozesse Liganden an ihre Oberflache zu binden.

Dadurch kann u. a. eine zielgerichtete Aufnahme oder auch eine verldngerte Zirkulationszeit, die
beispielsweise flir eine passive Tumorakkumulation wichtig ist, bewirkt werden. Da Gold-
Nanopartikel im Vergleich zu anderen metallischen Nanopartikeln nur eine geringe bzw. keine

Toxizitit zeigen ’

, werden sie als vielsprechende Kandidaten fir medizinische Anwendungen
gesehen.

Gold-Nanopartikel werden z. B. flir die Friherkennung von Infektionskrankheiten entwickelt. So
versuchen Forscher Gold-Nanopartikel zur Detektion des Hepatitis-C-Virus als einfache und im
Vergleich zu der herkémmlichen Methode kostengiinstigere und schnellere Lésung zu nutzen 8.
Hierbei machen sich Azzazy et al. ° den bereits in Kapitel 1.2 beschriebenen Farbumschlag bei der
Aggregation von Gold-Nanopartikeln zu Nutze, indem eine stabile Gold-Nanopartikelsuspension aus
dem Gleichgewicht gerat, wenn der zu testendende Erreger anwesend ist °. Eine weitere

Detektionsméglichkeit, wie sie z.B. bei Schwangerschaftstests °

angewandt wird, ist die
Anheftung bestimmter Antikérper an die Gold-Nanopartikel, die bei Anwesenheit des zu
detektierenden Stoffes ihre typische rote bzw. blaue Farbung in einem Ergebnisfenster zeigen.
Auch bakterielle Infektionen, wie z.B. die Salmonellose !!, kdnnen mit einem einfachen
kolorimetrischen Test erkannt werden. Hierbei binden pink erscheinende Gold-Nanopartikel, die
einen spezifischen Antikdrper gebunden haben, an die Bakterien und @ndern dadurch ihre Farbe
nach Blau.

AuBerdem werden Gold-Nanopartikel wegen ihrer photo-physikalischen Eigenschaften in Hinblick
auf die Krebsfrilherkennung und auch zur (photothermalen) Therapie untersucht. Es gibt
verschiedene Visualisierungsmdglichkeiten fiir die Darstellung von Gold-Nanopartikeln, die durch
spezifische Marker an Tumorzellen binden; Ublicherweise werden hierfiir Oberflachen-Streuung,
Zwei-Photonen-Fluoreszenz und oberflichenverstarkte Raman-Streuung genutzt %13,

Weiterhin gibt es bereits vielversprechende Forschungsergebnisse bezliglich des Einsatzes von
Gold-Nanopartikeln als Rontgenkontrastmittel. So hat eine Studie zur Darstellung des vaskuldren
Systems in Mausen gezeigt, dass die Visualisierung der applizierten Gold-Nanopartikel mit
Rdntgenmammographie um ein vielfaches besser ist als mit einem herkémmlich verwendeten
iodinisierten Kontrastmittel **.

Auch bei der Kombination von Ultraschall mit einer optischen Technik der sog. photoakustischen-
photothermalen Bildgebung, zeigt sich mit Gold-Nanopartikeln eine verbesserte Visualisierung im
Vergleich zu den ansonsten verwendeten organischen Farbstoffen *°.

In der photothermalen Therapie werden Agenzien benutzt, welche die Lichtenergie eines Lasers
absorbieren und diese dann als Warmestrahlung wieder abgeben. Dadurch kommt es im
umliegenden Krebsgewebe zu einer Hyperthermie, welche die hitzeempfindlichen Tumorzellen

zerstort 6. Wie bereits in zahlreichen Studien untersucht wurde, besitzen auch Gold-Nanopartikel
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diese Eigenschaft der Energieumwandlung '’. Daher gibt es einige Untersuchungen, die sich mit
dem Potential von Gold-Nanopartikeln fiir die photothermale Therapie beschaftigen. Hierbei
akkumulierten die meist intravends injizierten Gold-Nanopartikel im Tumor entweder durch
passives oder aktives Tumortargeting und reduzierten bzw. stoppten dort ein weiteres
Tumorwachstum 822, Dabei scheint v. a. die Form der Nanopartikel eine entscheidende Rolle fiir
den photothermalen Effekt zu spielen. So gibt es Untersuchungen zu langlich geformten

2 eher rundlichen Nanoshells 2* oder hohlen Nanocages . Hierbei zeigen die Nanorods

Nanorods
einen starkeren photothermalen Effekt als die anders geformten Gold-Nanopartikel. Sogenannte
Nanostars weisen sogar eine noch héhere Energieumwandlung auf %°. In der Zukunft wird die
photothermale Therapie mit Gold-Nanopartikeln vermutlich in Kombination mit anderen
Krebstherapien wie der Chemotherapie 2’ oder der Strahlentherapie 2* zum Einsatz kommen.

Auch zur Strahlentherapie werden Gold-Nanopartikel verwendet, um die Zerstérung von
Tumorzellen zu verstérken 23, So zeigten Studien mit tumortragenden M3usen bzw. Ratten, dass
bei Verwendung von Gold-Nanopartikeln in Verbindung mit Strahlentherapie die Uberlebensrate
der Tiere durch die Reduzierung des Tumorgewebes stark anstieg, verglichen mit Tieren, die nur

eine Bestrahlung ohne vorherige Gold-Nanopartikel-Gabe erhielten 333

. Haufig werden ober-
flachenmodifizierte Gold-Nanopartikel verwendet, um eine verbesserte Tumor-Akkumulation zu
erzielen **,

Bei der zielgerichteten Medikamentenapplikation (targeted drug delivery) unterscheidet man
passive und aktive Formen. Im Tumorgewebe tritt der passive EPR- (erhéhter Permeabilitats- und
Retentions-) Effekt auf, der durch die gesteigerte Vaskularisierung und die erhdhte Durchlassigkeit
der BlutgefaBe * zu einer erhdhten Aufnahme von Nanopartikeln fiihren kann 8. Allerdings ist der
EPR-Effekt abhéngig von der Dosis und auch von der Form der Nanopartikel >°.

Weiterhin kann ein aktives Tumortargeting durch die Bindung von tumorspezifischen Antikdrpern
an die Gold-Nanopartikel erreicht werden. Dadurch wird eine hoéhere Tumorakkumulation

ermdglicht %8,

1.2.2 Toxizitat von Gold-Nanopartikeln

Essentiell fiir die Verwendung von Gold-Nanopartikeln in der Nanomedizin ist die Einschatzung
ihrer Toxizitdt. Einige Reviews fassen bereits die zahlreichen /n vitro und /n vivo Studien
zusammen, bei denen entweder kein oder nur ein geringes toxisches Potential von Gold-
Nanopartikeln nachgewiesen wurde %***2, In einigen Studien gibt es jedoch Hinweise auf einen
geringfligigen Effekt, was die Hypothese nahelegt, dass die Toxizitdt nicht alleine von den
Materialeigenschaften, sondern darliber hinaus von verschiedenen zusatzlichen Faktoren abhangig

ist. So konnte in vitro nicht nur eine zelllinienabhingige Aufnahme *

, sondern auch eine zell-
spezifische Toxizitdt * gefunden werden. Aber auch die GréBe der Nanopartikel scheint eine
wichtige Rolle zu spielen, da Gold-Nanopartikel < 20 nm im Vergleich zu nicht-toxischen gréBeren

Partikeln /n vivo einen gering toxischen Effekt zeigten *. Sehr kleine Gold-Nanopartikel mit einer

4
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GroBe von 1,4 nm im Durchmesser fiihrten in vitro, vermutlich durch ihre gréBenbedingte Pass-
genauigkeit in die groBe Furche der DNA, zu zytotoxischen Effekten “*%, Des Weiteren zeigten
Studien mit Gold-Nanopartikeln verschiedener GroBen zwar eine Aufnahme in Zellen (K562 bzw.
RAW 264.7) *>° bzw. ins Tumorgewebe ** aber keine Toxizitét.

Eine weitere wichtige Rolle spielt die Oberflachenmodifizierung der Gold-Nanopartikel. Daher
wurde in Studien der Einfluss einer Oberflachenverdnderung auf die Toxizitdt von Gold-
Nanopartikeln untersucht. So zeigte sich in vitro trotz Aufnahme der oberflachenmodifizierten
Partikel (mit Asparaginsdaure, bovinem Serumalbumin oder Trinatriumcitrat-Dihydrat) kein

zytotoxischer Effekt 92

, wohingegen /n vivo (Mausmodell) hepatotoxische und/oder nephro-
toxische histologische Veranderungen gefunden wurden 2.

Als weiterer Faktor fir die Toxizitdt von Nanopartikeln wird deren Morphologie diskutiert. So
werden sphérische Gold-Nanopartikel von Zellen hiufiger aufgenommen als Nanorods **. Allerdings
konnte bisher noch kein Zusammenhang von Form und Toxizitdt von Gold-Nanopartikeln mit
gleicher Oberflachenmodifikation und vergleichbarer GroBe gefunden werden **.

Eine Toxizitdtsabschatzung von Nanopartikeln gestaltet sich oft schwierig, da teilweise nicht die
Partikel selbst, sondern die zur Stabilisierung verwendete Hiille einen toxischen Effekt hervorrufen

kann 39,55,56

1.3 Pharmakokinetik

Die Pharmakokinetik oder auch Biokinetik befasst sich mit der Aufnahme, Verteilung,
Metabolisierung und schlieBlich der Exkretion von Stoffen.

Dabei bestimmt bereits die Applikationsart entscheidend die nachfolgende Verteilung des Stoffes.
Die intravasale Injektion bietet den Vorteil einer sehr schnellen Wirkung, da die Substanz sofort
systemisch verfiigbar ist. Die anwenderfreundliche orale Verabreichung eines Wirkstoffes kann
einen First-Pass-Effekt nach sich ziehen. Dabei ist es méglich, dass der durch die Magen- bzw.
Darmschleimhaut resorbierte Stoff mit dem Pfortaderblut als erstes in die Leber gelangt und dort
zu einem GrofBteil metabolisiert und anschlieBend ausgeschieden wird. Diesem Effekt kann bis zu
einem gewissen Grad mit einer erhdhten Dosierung entgegengewirkt werden, jedoch nicht
unendlich, da aus manchen Pharmaka toxische Stoffwechselprodukte gebildet werden. Eine
weitere wichtige Applikationsart stellt - insbesondere fiir die Therapie von Lungenerkrankungen -
die Moglichkeit der Inhalation dar, wodurch das Medikament lokal zur Wirkung kommen kann. Da
durch die Permeation eines Stoffes durch die Blut-Luft-Schranke die Substanz auch systemisch
verfligbar wird, kann es im Anschluss zu einer Akkumulation in Sekundarorganen kommen
(Abb. 3). Die physikalisch-chemischen Eigenschaften eines Stoffes sind von groBer Bedeutung, da
sie ent-scheidende Parameter fiir Aufnahme- oder Translokationsprozesse durch Membranen sind.
So spielt einerseits die Polaritat eine Rolle, aber auch die MolekiilgréBe ist relevant. Nur sehr kleine
hydrophile Substanzen kdnnen transzellular durch eine Membran treten, wobei gréBere Molekiile

(>0,4 nm) eher parazellular permeieren. Eine sehr dichte Barriere stellt die Blut-Hirn-Schranke dar,

5
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da hier die Endothelzellen der Kapillaren Gber tight junctions verbunden und zusatzlich von einer
enganliegenden Gliazellschicht ummantelt sind. Im Gegensatz dazu sind Lebersinusoide mit einer
diskontinuierlicher Membran (0,1 — 0,5 um) ausgekleidet, die einen einfacheren Fliissigkeits- bzw.
Stoffdurchtritt erlaubt. Interessanterweise gibt es einige Studien, die feststellen, dass Nanopartikel
auch relativ undurchldssige Membranen liberwinden kénnen >’

Weiterhin spielt in der Pharmakokinetik die Exkretion eines Stoffes eine entscheidende Rolle. Man
unterscheidet zwischen der renalen und bilidren Ausscheidung. Letztere bezeichnet den Stoff-
transport (iber Gallengénge in den Diinndarm. Allerdings hdngen die Exkretionswege von
Substanzen stark von deren physikalisch-chemischen Eigenschaften ab.

Im Folgenden wird auf die Biokinetik mit Fokus auf die Biodistribution von Gold-Nanopartikeln

naher eingegangen.
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Abb. 3: Biodistribution von Nanopartikeln im Kérper nach Inhalation >
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1.4 Biokinetik von Gold-Nanopartikeln

Mit Hinblick auf die medizinische Anwendbarkeit von Nanopartikeln sind Studien zur Biokinetik
essentiell.

In biokinetischen Studien werden verschiedene Messmethoden verwendet, die unterschiedliche
Vor- und Nachteile aufweisen. Eine sehr haufig angewandte Methode ist die Massenspektrometrie
mit induktiv gekoppeltem Plasma (ICP-MS). Hierbei wird die fliissige Probe mittels Argon-Plasma
bei Temperaturen von 5.000 — 10.000°C ionisiert und anschlieBend in einem Massenspektrometer
analysiert. Die spezifischen Elementmassen ermdglichen eine qualitative und quantitative Differen-
zierung mit einer Genauigkeit von 0,001 — 0,1 ug/l. Somit findet die Messtechnik der ICP-MS auch
Anwendung zur Quantifizierung von Gold-Nanopartikeln in Geweben, Blut oder Urin **®!, Daneben
stellen die Atomemissions-Spektroskopie (AES) % und die Atomabsorptions-Spektrometrie (AAS)
verwandte Formen der Massenspektrometrie dar, wobei beide Methoden auf der Lichtabsorption
der Probe beruhen. Allerdings werden bei diesen Methoden nur geringe Mengen einer Organprobe
analysiert. AnschlieBend werden die Messergebnisse auf das gesamte Organvolumen extrapoliert.
Dies kann bei einer heterogenen Nanopartikeldeposition im Organ zu einer Uber- bzw.
Unterbewertung der tatsachlichen Nanopartikelakkumulation fiihren.

Prazisere Messergebnisse kdnnen mit dem Einsatz von Radioaktivitdt erreicht werden, da durch die
Bestrahlung und somit Aktivierung von (Gold-)Nanopartikeln die Nachweisgrenze (ca. 0,1 Bq ®%)
herabgesetzt werden kann und eine Messung kompletter Organe moglich ist. Anstatt der
Neutronen- bzw. Protonenaktivierung der Gold-Nanopartikel ist auch eine Anheftung von radio-
aktiven Markern an die Partikeloberfliche mdglich ®. Dieses Verfahren birgt jedoch die Gefahr
einer Ablésung des radioaktiven Isotops, was zu einer Fehlinterpretation der Ergebnisse flihren
kann und somit zusatzliche Untersuchungen erfordert.

Bei der Verwendung von radioaktiven (Gold-)Partikeln werden quantitative und qualitative
bildgebende Verfahren unterschieden. Radioaktive Gold-Nanopartikel kénnen mittels Gamma-

66

kamera, Computertomographie (CT) bzw. Einzelphotonen-Emissionscomputertomographie

(SPECT) % oder Positronen-Emissions-Tomographie (PET) ® dargestellt werden. Fiir quantitative
Messungen gibt es die Méglichkeit der Gammaspektroskopie °°, bei der radioaktive Gold-
Nanopartikel appliziert werden und anschlieBend die Gammaemission der zu untersuchenden
Organe gemessen wird. Hierbei kénnen auch nicht-radioaktive Gold-Nanopartikel verwendet
werden. Bei dieser Methode wird die zu untersuchende Probe erst im Nachhinein bestrahlt.
AnschlieBend kann der Goldgehalt der Probe mit Hilfe von Neutronenaktivierungsanalyse
(INAA) %7 bestimmt werden.

Diese eben beschriebenen Methoden werden fiir Untersuchungen zur Biodistribution von Gold-
Nanopartikeln eingesetzt. Bisher gibt es bereits einige Studien, in denen die /n vivo Biodistribution
nach intravendser Injektion von Gold-Nanopartikeln unterschiedlicher physikalischer Eigenschaften
untersucht wurde. Hierbei wurde hauptsdchlich der Einfluss von GréBe, Form und

Oberflachenmodifikation analysiert. So zeigt sich nach intravendser Gabe eine gréBenabhangige
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Ausscheidungsrate (iber den Urin, wobei kleinere Gold-Nanopartikel den Kérper schneller ver-
lassen *°! als gréBere. AuBerdem ist die Akkumulation von Gold-Nanopartikeln in der Leber mit
einer GroBe Uber 5 nm hoher als die von kleineren Partikeln >°97%72, Aber auch die Ladung von
(Gold-)Nanopartikeln scheint deren Verteilungsmuster zu beeinflussen. So zeigten Untersuchungen
mit Dendrimeren, die 2 nm Gold-Nanopartikeln beinhalten, je nach Ladung eine unterschiedliche
Verteilung. Hierbei war die Akkumulation von positiv geladenen Dendrimeren in der Niere am
hdéchsten, wohingegen die negativ geladenen und neutralen Dendrimere am haufigsten in der
Leber gefunden wurden ”°.

Weiterhin spielt die Form der Gold-Nanopartikel eine wichtige Rolle fiir die Verteilung im Kérper. In
einer Studie zeigten langliche Gold-Nanorods im Vergleich zu spharischen Gold-Nanopartikeln eine
langere Blut-Halbwertszeit und eine héhere Leberakkumulation >*.

73, eine Biomolekiilhiille, die sich um

Allerdings scheint vor allem die sogenannte Proteinkorona
Nanopartikel bildet (Abb. 4), sobald ein Partikel mit einer biologischen Flissigkeit in Kontakt tritt,
fir die Verteilungsmuster verantwortlich zu sein. Die Proteinkorona wird als instabile Anlagerung
von Biomolekiilen vermutet, die dynamischen Prozessen unterworfen ist und sich somit je nach

Milieu veradndern kann 74.

Abb. 4: Proteine (griin-blau), die an der Zellmembran z. B. an Rezeptoren (blau) binden, umgeben
Nanopartikel (griin), was zur Interaktion der Nanopartikel mit der Zellmembran fiihrt 7.

Dieser Aspekt kann auch fiir die biomedizinische Anwendungen von Vorteil sein. So wird die Ober-

7677 modifiziert, um eine lange Blut-

flache von Nanopartikeln h&ufig mit Polyethylenglycol (PEG)
zirkulation und verminderte Aufnahme der (Gold-)Nanopartikel durch das MPS (Mononukledre
Phagozytensystem) zu erreichen "8, Des Weiteren konnte auch durch eine Oberflichenmodifikation
mit Glutathion ”° die Zirkulationszeit der Gold-Nanopartikel verlangert werden.

In Jjn vitro Studien wurde bereits gezeigt, dass die GroBe von Gold-Nanopartikel einen Einfluss auf
die Anheftung von Proteinen an deren Oberflache hat, was dann wiederum zu unterschiedlich

starker zelluldrer Aufnahme dieser Partikel fiihrte *.
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Allgemein ist allerdings zu erwahnen, dass die meisten Biodistributionsstudien nicht die gesamte
biokinetische Verteilung untersuchen und Ublicherweise nur einen Fokus auf ausgewahlte Organe
legen. Weiterhin werden meistens nur die Verteilungen der Gold-Nanopartikel nach intravendser
oder intraperitonealer Injektion betrachtet, andere Applikationsrouten wie z. B. Inhalation oder
orale Medikamentenapplikation bleiben aber weitgehend unbeachtet. Daher war das Ziel der
vorliegenden Arbeiten eine zu 100% quantitative Biodistribution von Gold-Nanopartikeln in

Abhangigkeit von GréBe, Oberflachenladung und Applikationsart wiederzugeben.



Zusammenfassung

2 Zusammenfassung

Gold-Nanopartikel besitzen vielfdltige und vielversprechende Mdglichkeiten in der Nanomedizin in
Bezug auf Imaging, Diagnostik und Therapie. Da bisher nur ein begrenztes Wissen tber das /n vivo
Verhalten von Gold-Nanopartikeln existiert, ist es notwendig, deren Biokinetik grundlegend zu
betrachten. Bisher gibt es noch keine Untersuchung, welche die gesamte Bioverteilung von Gold-
Nanopartikeln betrachtet. So wurde in den beiden vorliegenden Studien jeweils eine zu hundert
Prozent quantitativ ausbalancierte Biodistribution von Gold-Nanopartikeln erhoben, um ein
unverzerrtes Verteilungsbild zu erhalten. Dabei wurde der Einfluss der GroBe und der
Oberflachenladung auf die Biodistribution von Gold-Nanopartikeln nach Applikation mittels
intravendser Injektion oder oraler Gabe untersucht. Die intravendse Injektion dient in der Medizin
als einer der Hauptapplikationswege, da das Medikament auf diese Weise direkt in die
Blutzirkulation gelangt und im ganzen Korper verteilt wird. Demgegentiiber steht die orale Gabe,
die sich vor allem durch ihre Anwenderfreundlichkeit auszeichnet.

Um einen moglichen Zusammenhang zwischen der Biodistribution von Gold-Nanopartikeln und
deren GréBe bzw. Oberflachenladung zu bestimmen, wurden radioaktive Gold-Nanopartikel in
sechs verschiedenen GréBen (1,4 nm, 2,8 nm, 5 nm, 18 nm, 80 nm, 200 nm; die 2,8 nm Gold-
Nanopartikel hatten entweder eine positive oder negative Oberflachenladung) weiblichen Ratten
entweder intravends oder intra-oesophageal unter Narkose verabreicht. AnschlieBend wurden die
Tiere 24 h nach Applikation euthanasiert und die Verteilung der Gold-Nanopartikel im gesamten
Koérper sowie bereits ausgeschiedene Gold-Nanopartikel zu 100% mit Hilfe von gamma-
spektrometrischen Messungen bestimmt.

Nach intravendser Injektion retinierte der Hauptanteil der Gold-Nanopartikel aller untersuchten
GroBen und Ladungen in der Leber (51,3 —96,9%). Weiterhin war die Leberakkumulation von
Gold-Nanopartikeln < 5 nm linear abhdngig von der volumenspezifischen Oberflache (VSSA; 1/nm)
(Abb. 5, links). Auch fiir die anderen Organe (Niere, Herz, Gehirn, Uterus) sowie den Restkorper,
Blut und Urin war die Gold-Nanopartikel-Akkumulation linear abhangig von der VSSA fir Gold-
Nanopartikel-GréBen von 1,4 nm bis 5 nm. In anderen Worten, die kleinsten Gold-Nanopartikel
akkumulierten in Niere, Herz, Gehirn, Uterus sowie in Restkérper, Blut und Urin hadufiger als die
gréBeren Partikel. Ab einer GroBe von 18 nm zeigten die Gold-Nanopartikel weder eine gréBen-
abhangige Verteilung noch eine gréBenabhdngige renale Exkretion. Interessanterweise verlief die
hepatobilidgre Exkretion der Gold-Nanopartikel > 2,8 nm linear zu ihrem Durchmesser - umso
kleiner die Partikel, umso grdBer deren biliare Exkretion.

AuBerdem wurde eine ladungsabhangige Verteilung der 2,8 nm Gold-Nanopartikel festgestellt. Die
negativ geladenen Partikel retinierten starker in der Leber, wohingegen in allen anderen Organen

die positiv geladenen Partikel haufiger akkumulierten.
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Abb. 5: links: Abhdngigkeit der Leberakkumulation von der volumenspezifischen Oberflache
(VSSA) & rechts: Gesamttranslokation der Gold-Nanopartikel durch die Darmschranke in die
Zirkulation &

Nach oraler Applikation retinierte, wie zu erwarten, die Mehrzahl der Gold-Nanopartikel,
unabhangig von Ladung und GroéBe im Gastro-Intestinal-Trakt bzw. war bereits mit dem Kot aus-
geschieden worden. Allerdings durchquerte auch ein kleiner Prozentsatz der applizierten Partikel
(Abb. 5, rechts) in Abhdngigkeit von ihrer GréBe die Darmschranke, wobei die kleinsten Gold-
Nanopartikel (1,4 nm) mit Abstand am starksten translozierten. Erstaunlicherweise nehmen die
18 nm kleinen Partikel eine Sonderrolle ein, da sie mit 0,12% um einen Faktor 2 haufiger die Blut-
zirkulation erreichten als die kleineren 5 nm Gold-Nanopartikel. Weiterhin zeigten die 18 nm Gold-
Nanopartikel auch im Blut, im Restkérper, im Herz und auch im Gehirn eine starkere Akkumulation
als die kleineren 5 nm Partikel, fiir die letzten beiden Organe sogar einen héheren Anteil als fir die
kleinsten, 1,4 nm Gold-Nanopartikel.

Weiterhin konnte auch fiir die 2,8 nm Partikel eine Abhangigkeit der Akkumulation von der Ober-
flachenladung festgestellt werden. Der Anteil der durch die Darmschranke in die Blutzirkulation
Ubergetretenen Gold-Nanopartikel war fiir die negativ geladenen 2,8 nm Gold-Nanopartikel
signifikant hoher als fiir die positiv geladenen. So wurden die negativ geladenen Partikel in der
Leber, dem Restkdrper und auch im Urin signifikant mehr retiniert bzw. ausgeschieden. AuBerdem
akkumulierten nur die positiv geladenen, nicht aber die negativ geladenen Partikel, zu einem
geringen Anteil im Gehirn.

Der groBe Vorteil der beiden vorliegenden Studien liegt in der Gesamtheit der Datenerhebung. So
sind hierbei nicht nur einzelne Organe eines Organismus auf ihren Gold-Nanopartikel-Gehalt
untersucht worden, sondern es wurden alle Organe, Korperbestandteile und zusatzlich alle
Ausscheidungen berticksichtigt. Es zeigte sich nicht nur eine starke Akkumulation der Gold-
Nanopartikel in der Leber, sondern auch eine vergleichsweise hohe Gold-Nanopartikel-
Akkumulation im Restkérper, bestehend aus Skelett, Muskulatur, Fettgewebe und Haut (Fell), die
in anderen Studien zur Biodistribution vernachldssigt werden. Weiterhin konnte durch die

Verwendung von radioaktiven Gold-Nanopartikeln eine hohe Detektionsrate erreicht werden. Dies
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Zusammenfassung

ermdglichte die Verwendung einer kleinen Applikationsmenge, die keine toxischen Effekte erwarten
lasst, aber trotzdem den Nachweis von sehr geringen Mengen (z. B. im Gehirn) erlaubt.
Zusammenfassend zeigen diese Studien eine groBen- und oberflachenladungsabhangige
Biodistribution von Gold-Nanopartikeln. Betrachtet man die beiden Studienergebnisse, zeigt sich
weiterhin, dass der Aufnahmeweg einen entscheidenden Einfluss auf die Biodistribution von Gold-
Nanopartikeln hat.
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Summary

3 Summary

Gold nanoparticles are auspicious candidates in nanomedicine for imaging, diagnostics, and
therapy. At present, only a limited understanding of the /n vivo properties of gold nanoparticles
exists, however. Therefore, it is mandatory to study the biodistribution of gold nanoparticles.
Currently, there are no published studies which have considered the complete mass-balance for
the biodistribution of gold nanoparticles. Consequently, in the two present studies a one hundred
percent balanced quantitative biodistribution of gold nanoparticles was measured, in order to
provide an unbiased assessment of the distribution pattern. The influence of size and surface
modification on the biodistribution of gold nanoparticles following intravenous injection or oral
application was measured. In medicine, intravenous injection is one of the most common
application routes, allowing the administered drug to directly enter the systemic circulation and to
distribute throughout the whole body. In contrast, the oral route is characterized by a more user-
friendly and less invasive application.

Therefore, in order to observe a possible correlation between biodistribution and size or surface-
charge of gold nanoparticles, we have administered radioactive gold nanoparticles of six different
sizes (1.4 nm, 2.8 nm, 5 nm, 18 nm, 80 nm, 200 nm; the 2.8 nm gold nanoparticles having either
a positive or a negative surface charge) to anesthetized female rats intravenously or intra-
esophageally. The animals were sacrificed 24 h post exposure. Then, a 100% biodistribution of the
applied gold nanoparticles was quantitatively measured by gamma-spectrometry.

After intravenous injection, the majority of gold nanoparticles of all sizes and charges accumulated
in the liver (51.3 — 96.9%). Furthermore, the retention of gold nanoparticles < 5 nm in the liver
was linearly dependent on the volumetric specific surface area (VSSA; 1/nm). Hence, the
accumulation of gold nanoparticles increased with decreasing VSSA (Abb. 6, left). Also in all the
other organs (kidneys, heart, brain, and uterus) as well as in the remaining carcass (consisting of
skin, skeleton, and soft tissue), blood, and urine, the accumulation of gold nanoparticle sizes
between 1.4 and 5 nm was linearly dependent on the VSSA. In other words, the smallest gold
nanoparticles accumulated in kidneys, heart, brain, and uterus as well as in the remaining carcass,
blood, and urine to a higher extent than the bigger particles. Gold nanoparticles > 18 nm displayed
neither a size-dependent biodistribution nor a size-dependent renal excretion pattern. Interestingly,
the hepato-biliary clearance of gold nanoparticles > 2.8 nm was linearly dependent on their
particle diameter; the smaller the particles, the higher the hepato-biliary excretion.

Moreover, a charge-dependent distribution of the 2.8 nm gold nanoparticles occurred. There was a
higher retention in liver of the negatively charged particles, while in all other organs the negatively

charged particles accumulated less than the positively charged particles.
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right: Total gold nanoparticle translocation through the intestinal barrier into the circulation &

As expected after oral application, the majority of gold nanoparticles, independent of size and
surface charge, remained in the gastro-intestinal tract or were excreted within feces. However, a
small percentage of the administered particles (Abb. 6, right) also crossed the intestinal barrier,
the smallest gold nanoparticles (1.4 nm) showing by far the highest translocation. Surprisingly, the
18 nm gold nanoparticles showed an anomalous response, as they reached the blood circulation
with 0.12% efficiency, about ten times higher than the smaller 5 nm particles. Furthermore, the
18 nm gold nanoparticles accumulated to a greater extent than the smaller 5 nm particles in the
blood, in the remaining body, in heart, and also in brain. Additionally, the smallest 1.4 nm particles
were retained to a lesser extent than the 18 nm gold nanoparticles in the heart and brain.
Moreover, a surface charge-dependent accumulation of the 2.8 nm gold nanoparticles was also
determined. Negatively charged 2.8 nm particles crossed through the intestinal barrier into the
blood circulation in significantly higher amounts than positively charged 2.8 nm particles. As a
result, more negatively charged particles were detected in the liver, remaining body, and urine. In
the brain however, only the positively charged particles but not the negatively charged gold
nanoparticles accumulated to a small extent.

The great advantage of the two present studies lies in the completeness of data acquisition. In this
regard, not only single organs have been chosen for examination, but all organs, the remaining
body, and additionally all excretions from the animal were considered. Hence, there was not only a
high accumulation of gold nanoparticles in the liver, but also a comparatively high gold
nanoparticle retention in the remaining body, consisting of skeleton, muscles, skin (fur), and
adipose tissue. This information has been neglected in most other studies. Furthermore, through
the use of radioactive gold nanoparticles, a high detection rate was achieved. This allowed the
usage of low administration doses with no acute toxicity to any of the organs. Nonetheless, it was

possible to measure small amounts of gold nanoparticles (e.g. in brain).
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Summary
Taken together, these two studies indicate a size- and surface charge-dependent biodistribution of

gold nanoparticles. Furthermore, the route of administration appears to be crucial for the resultant

biodistribution of gold nanoparticles.
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Gold nanoparticles (GNP) provide many opportunities in imaging, diagnostics, and therapies of nanomed-
icine. Hence, their biokinetics in the body are prerequisites for specific tailoring of nanomedicinal appli-
cations and for a comprehensive risk assessment.

We administered '*®Au-radio-labelled monodisperse, negatively charged GNP of five different sizes
(1.4, 5, 18, 80, and 200 nm) and 2.8 nm GNP with opposite surface charges by intravenous injection into
rats. After 24 h, the biodistribution of the GNP was quantitatively measured by gamma-spectrometry.

The size and surface charge of GNP strongly determine the biodistribution. Most GNP accumulated in
the liver increased from 50% of 1.4 nm GNP to >99% of 200 nm GNP. In contrast, there was little size-
dependent accumulation of 18-200 nm GNP in most other organs. However, for GNP between 1.4 nm
and 5 nm, the accumulation increased sharply with decreasing size; i.e. a linear increase with the volu-
metric specific surface area. The differently charged 2.8 nm GNP led to significantly different accumula-
tions in several organs.

We conclude that the alterations of accumulation in the various organs and tissues, depending on GNP
size and surface charge, are mediated by dynamic protein binding and exchange. A better understanding

of these mechanisms will improve drug delivery and dose estimates used in risk assessment.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The use of engineered nanoparticles (NP) offers a huge potential
in the field of nanomedicine and nanotechnologies in the future.
Especially, gold nanoparticles (GNP) provide several opportunities
in imaging, diagnostics, and therapies [1-3]. Their widespread use,
their relatively simple generation and surface modification, and
their special physico-chemical characteristics make GNP attractive
candidates for the detection of cancerous cells as well as in tumor
targeting [4-6]. There are, therefore, numerous studies concerning
the properties of GNP as drug carriers [1,2,7]. Moreover, different
administration routes such as inhalation, ingestion, or intravenous
(i.v.) injection are possible. The advantage of this latter administra-
tion route is the direct access to the blood circulation and thereby a
rapid distribution throughout the entire body.

* Corresponding author. Comprehensive Pneumology Center, Helmholtz Zentrum
Miinchen, Institute of Lung Biology and Disease, Focus Network Nanoparticles and
Health, Ingolstadter Landstrae 1, 85764 Neuherberg, Germany. Tel.: +49 (0)89
3187 2309; fax: +49 (0)89 3187 3397.

E-mail address: kreyling@helmholtz-muenchen.de (W.G. Kreyling).

0939-6411/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2010.12.029

Nevertheless, the investigation of cytotoxic effects is crucial.
Based upon in vivo studies, no toxic effects of 12.5 nm GNP are
found in the liver, lungs, kidneys, spleen or brain [8,9]. Also, toxic-
ity assessments of GNP of different sizes (3 nm, 10 nm, 50 nm, and
100 nm) in zebrafish embryos showed only minimal sub-lethal
toxic effects [10]. A size-dependent toxic impact of GNP was inves-
tigated in vitro, which occurred for 1.4 nm GNP, but not for 15 nm,
or 0.8 nm GNP [11]. The findings of the extraordinary cytotoxicity
of the 1.4 nm GNP were explained by the perfect fitting of these
GNP in the major grooves of the DNA causing its immobility [9].
In addition, the cellular uptake of GNP varies with size and shape
causing effects, which need to be considered in determining the
design of the nanomaterial [12].

Moreover, an important focus in order to achieve safe and well-
characterized tools for nanomedicine is the in vivo biodistribution
of candidate NP as this will allow for determining the GNP dose to
secondary organs, which may eventually cause adverse health
effects. Interestingly, commercially available 1.9 nm GNP used as
X-ray contrast agents, were surface modified “with a highly water
soluble organic shell” (but not explicitly disclosed) such that they
were excreted almost quantitatively via urine [13] making them

charge-dependent
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ideal diagnostic tools without long-lasting residence time in the
body. Similarly, 4 h after iv. injection the renal clearance of
99MTc_Jabeled, cysteine-surface-modified quantum dots (QD) with
hydrodynamic diameters of <5.5 nm was shown by a strong QD in-
crease of up to 80% in the urine. While for QD, with a hydrody-
namic diameter of 8.65 nm, the uptake in the liver reached 26.5%
of injected dose (ID) and it was 6.3% ID [14] for the spleen.

Also, surface charge affects the biodistribution of GNP so that
positively charged particles accumulate more in the kidneys while
negative and non-charged particles showed a higher accumulation
in the liver [15].

Once retained in the liver, the hepato-biliary pathway allows for
clearance through the biliary duct into the duodenum. The daily
excretion of 20 nm low-density lipoprotein-GNP through the bili-
ary duct was almost 5% from 4 to 12 days after i.v. administration
[16]. For 50-100 nm sized mesoporous silica nanoparticles, a rapid
hepato-biliary transport (within <30 min was shown for highly
charged particles) while less charged NP remained in the liver
[17] for up to over 90 days.

The aim of the present study was to evaluate the biodistribution
of monodisperse, spherical GNP of different sizes with well-defined
surface ligands of different surface charges. Therefore, a large size
range of five different sizes (1.4 nm, 5nm, 18 nm, 80 nm and
200 nm) of mono-sulfonated triphenylphosphine (TPPMS) stabi-
lized GNP, as well as opposite surface charge, with either positive
cysteamine (CA) charge or negative thioglycolic acid (TGA) charge
of equal size (2.8 nm) were intravenously injected into healthy
adult female rats. All GNP were radioactively labeled with '®Au
allowing for a 100% balanced quantitative determination of the
GNP biodistribution after 24 h. Our study aims to serve as a
proof-of-principle for the validity of a systematic investigation of
size and surface charge of GNP. Therefore, in this study, we present
the 24 h body distribution after i.v. injection of GNP. These initial
studies need to be followed up by a complete kinetic study with
more time points which are, however, currently under scrutiny.

2. Methods
2.1. Animals

Healthy, female Wistar-Kyoto rats (WKY/Kyo@Rj rats, Janvier,
Le Genest Saint Isle, France), 8-10 weeks old (approximately
250 g body weight) were housed in pairs in humidity- and temper-
ature-controlled ventilated cages on a 12-h day/night cycle.

A rodent diet and water were provided ad libitum. All experi-
ments were conducted under German Federal guidelines for the
use and care of laboratory animals and were approved by the Reg-
ierung 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.

2.2. Nanoparticle preparation and characterization

Mono-sulfonated triphenylphosphine (TPPMS) stabilized GNP
(Table 1) (1.4 nm and 18 nm) were synthesized following previ-
ously published procedures [11]. Citrate stabilized, spherical GNP
(5 nm, 80 nm, 200 nm) were purchased from Plano (Wetzlar, Ger-
many). Ligand exchange (citrate to TPPMS) was accomplished as
previously described [11].

The fabrication of the 2.8 nm GNP followed the same procedure
as described in [11] by performing ligand exchange of initially
1.4 nm GNP stabilized with triphenylphosphine (TPP). Via phase
transfer from a dichloromethane phase to an aqueous phase TPP
is replaced by thioglycolic acid (TGA) for carboxylated, negatively
charged GNP and by cysteamine (CA) for aminated, positively

charged particles, respectively. The driving force for this exchange
reaction is the higher binding affinity of thiol groups to gold com-
pared to phosphine groups accompanied with the change in polar-
ity, since the GNP pass from the dichloromethane phase into the
aqueous phase, when TPP is replaced by TGA or CA, respectively.
Hence, the solubility/dispersion of the GNP in water gives immedi-
ate evidence that the ligand exchange was successful.

As has already been observed by others, the replacement of TPP
by thiol ligands is associated with a growth of the gold core
[18,19]. This also holds for our ligand exchange procedure, where
the introduction of thiol ligands TGA and CA resulted in an increase
in the mean core particle size, which was determined by TEM anal-
yses to be 2.8 + 0.4 nm for both ligands.

All GNP were activated by neutron irradiation (*°’Au (n, y)
198Au). For this, the GNP were activated at a neutron flux of
10" cm~2 s ! at the research reactor of the Helmholtz Center Ber-
lin (formerly Hahn-Meitner Institute, Berlin), Germany. Gold
amounts and irradiation times were adjusted to provide sufficient
198Au radioactivity for the subsequent in vivo studies. Specific
198A1 radioactivity and the isotope ratio of '®Au to stable °’Au
are given in Table 1. Note that this ratio is extremely low so that
statistically, only one '°®Au isotope can be found in all GNP from
1.4nm to 18 nm and most of the GNP do not contain any '*%Au
atom at all; but in the 80 nm and 200 nm GNP an average number
of 20 and 300 '°®Au atoms, respectively, are contained in the NP
matrix, Table 1.

After the neutron irradiation immediately prior to rat applica-
tion, the 1.4nm and the 2.8 nm '®Au-NP solution was filtered
through a 10 cm column of Celite to remove agglomerates; losses
determined by '°®Au radioactivity accounted for about 10%. All
other '®®Au-NP suspensions from 5nm to 200 nm were visually
controlled for precipitates and their correct pink translucent colour
of the colloidal suspension immediately prior to the application in
rats; no changes were found when compared to the suspension
prior to irradiation.

The hydrodynamic diameters (HD) and the polydispersity index
(PdI) of the all NP from 5 nm to 200 nm were measured in dupli-
cate by photon correlation spectroscopy (PCS; Malvern HPPS5001
or Nano Zetasizer ZS, Herrenberg, Germany). The HD were slightly
increased compared to the core GNP diameters according to the
surface modifications, and a minute fraction of agglomerates was
sometimes observed (however, when NP volume and not the
intensity was plotted, the fraction of agglomerates disappeared;
data not shown). The aqueous GNP solutions of 1.4-18 nm NP sus-
pension remained stable during at least two weeks without any
detectable precipitation or change of color. Due to gravitational
sedimentation, 80 nm and 200 nm GNP settled during the two
weeks but could, by vortexing, be dispersed into the same pink
suspension as before.

Zeta-potential measurements were made in duplicate using
appropriate working dilutions in a Zetapalssystem (Brookhaven
Instruments Corporation, Holtsville and later using Nano Zetasizer,
Malvern, Herrenberg). The NP suspensions were diluted with puri-
fied water to adjust the concentration level (ratio 1:1). Measure-
ments were made in duplicates (10 cycles each run).

2.3. Nanoparticle administration and animal maintenance in
metabolic cages

Nanoparticle suspensions were administered to the animals via
i.v. injection. The rats were anesthetized by inhalation of 5% isoflu-
rane until muscular tonus relaxed. The rats were kept under isoflu-
rane anesthesia and a flexible i.v. catheter (24 G, % in) was placed
into the tail vein. Subsequently, 120 pl of the suspension was
slowly injected using a 1-ml insulin syringe (dead space of syringe
connector and catheter was determined to vary between 50 and
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Physico-chemical parameters and dose metrics of administered '“*Au-NP and their radioactive labels; additionally does metrics of '°*Au-NP mass, surface area, number, and

doses delivered to each rat by i.v. injection.

Gold NP, core diameter (nm) 14 5 18 80 200 2.8 2.8
Surface modification, ligand TPPMS TPPMS TPPMS TPPMS TPPMS TGA (CO0™) CA (NH;)
Hydrodynamic diameter (nm) 2.9 12.1¢ 21¢ 85> 205" ND¢ ND¢
Polydispersity index (PdI) ND 0.19 0.10 0.12 0.05 ND¢ ND¢

PH Value of suspension 5.6 5.8 6.4 5.4 5.5 ND ND
Zeta-potential (mV) -20.6+0.5 -21.1+14 —-22.8+3.1 —-223+16 —41.3+45 Negative Positive
Specific '**Au radioactivity (GBq/g) 72 6.7 31 149 115 15.8 5.5
Isotope ratio of '*®Au to stable '’Au 8.0x10°¢ 7.4 %1077 34x10°° 1.7x1°° 13x10°¢ 1.7 x10°¢ 6.1 %1077
Ratio of '98Au per NP 6.6x10* 28x1073 0.60 26 307 12x10°3 41x10*
Admin. '%®Au radioactivity (kBq) per rat  0.22 +0.05 02103 0.09 +0.05 0.28 +0.03 0.23 +0.02 0.025+0.003  0.16 +0.02
Admin. mass of gold NP (ug) per rat 3.1+0.6 437+53 29+15 185+23 19.8+1.7 1.6+0.2 29.0+34
Admin. number of gold NP per rat 1.1£02x 10" 35£04x10% 51£26x10"" 3.6+05x10° 39+03x10° 73+09x10'2 1.3+0.2 x 10"
Admin. Surface Area (cm?) 7014 276+34 0.56+0.27 0.73 £0.09 0.78 £0.07 14+02 26.0£3.0

TPPMS, Triphenylphosphine mono-sulfonate; TGA (COO™), thioglycolic acid (mercaptoacetic acid); CA (NH3 ), cysteamine (2-aminoethanethiol).

ND not determined.
¢ As determined earlier [47].

b DLS measurement using Malvern HPPS5001, Herrenberg, Germany; in addition, TEM and UV/vis analyses confirmed the core size of the gold NP [21].

¢ DLS measurement using Malvern Zetasizer Nano ZS, Herrenberg, Germany.

4 Hydrodynamic diameter and Pdl were not determined but the mean core size + STD of both batches of GNP already surface modified with either the carboxyl or the amino

groups used were determined to be 2.8 + 0.4 nm.

70 ul) resulting in an effectively injected GNP suspension volume
of 70-50 pl.

2.4. Retention and excretion

After the i.v. injection and recovery from anesthesia, each rat
was kept isolated in metabolic cages for the next 24 h and the urine
and feces were collected separately and quantitatively.

2.5. Sample preparation

Twenty-four hours after administration, the rats were anesthe-
tized (5% isoflurane inhalation) and euthanized by exsanguination
via the abdominal aorta. Approximately 70% of the total blood vol-
ume was withdrawn based on an estimation of the total blood vol-
ume of the body weight [20]. For radio-analysis, organs - each in
toto - and tissues listed below, as well as total excretion and the
entire remaining carcass, were collected as previously described
[21].

e Organs: lungs, liver, spleen, kidneys, brain, heart, uterus, gastro-
intestinal tract (GIT): esophagus, stomach, small and large
intestine;

o Tissues: the injected site of the tail was separated;

e Remainder: total remaining carcass (skin, skeleton, soft tissue)
beyond the listed organs and tissues;

e Excretion: total urine and feces, collected separately

o Total exsanguinated blood

During dissection, no organs were cut and all fluids were cann-
ulated where necessary in order to avoid cross-contaminations.

The hepato-biliary GNP clearance was calculated summing up
the GNP percentages determined by the small intestine, colon
and total fecal excretion; it describes the biliary pathway from
the liver into the small intestine and subsequently into fecal
excretion.

2.6. Radio-analysis

The '®®Au radioactivity of all samples was measured without
any further physico-chemical preparation by y-spectroscopy in
either a lead-shielded 10 ml or a lead-shielded 1 | well type Nal(Tl)
scintillation detector. The count rates were adjusted for physical

decay and background radiation. Additionally, count rates were
calibrated to a '9®Au reference source at a reference date in order
to correlate '®®Au radioactivities to the numbers, surface areas,
and masses of the GNP. Samples yielding net counts (i.e. back-
ground-corrected counts) in the photo-peak region-of-interest of
the '9®Au gamma spectrum less than three standard deviations of
the totally measured counts were defined to be below the detec-
tion limit. For a complete balance of the administered '*®Au radio-
activity within each rat, '®®Au radioactivities of all samples were
summed for each rat and used as a denominator for the calculation
of the '"8Au percentage of each sample.

2.7. Blood correction adjustment

Blood contents of organs and the remaining body were calcu-
lated according to the findings of Oeff et al. [20]. The NP content
of the remaining blood volume of each sample was estimated
and subtracted from the measured '®®Au radioactivity to obtain
the absolute '®®Au activity of the tissue or organ. In the case of
the carcass, the difference between the total blood volume of the
animal (6.7% of the body weight [20]), the sum of all organ blood
contents, and the collected blood sample was calculated to be
the blood volume of the carcass.

2.8. Calculations and statistical analysis

All calculated values are given as a percentage of the relevant
integral radioactivity of all samples in each animal with the stan-
dard deviation (SD).

All calculated significances are based on a one-way analysis of
variance (ANOVA) followed by a post hoc Tukey test. In the case
of an individual two group comparison, the unpaired t-test was
used. The criterion for statistical significance was p < 0.05 if not
otherwise stated. Outliers were identified by the Grubbs test and
excluded.

3. Results
3.1. Particle characterization and administration
Physico-chemical parameters of all GNP are given in Table 1,

indicating that the GNP were single and showing a narrow size
distribution prior to in vivo injection; in addition, the mean
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administered GNP mass, surface, and number doses per rat are
listed in Table 1. Note that in the following, all GNP percentages
of the administered GNP dose provided for organs and tissues rep-
resent exclusive GNP retention in the tissue without GNP of the
blood volume in these organs and tissues - see Section 2.

3.2. Effect of TPPMS surface modified GNP size from 1.4 nm to 200 nm

Our studies showed a strong size dependency of the distribu-
tion and accumulation of GNP in all organs, tissues and excretions.
GNP percentages per organ or tissue are given in Figs. 1A-] and 2A;
GNP percentages of the ID per gram of organ or tissue are given in
Table 2.

3.2.1. GNP retention in blood

Surprisingly, we found small but detectable percentages >0.1%
of the administered GNP of all sizes in the blood, which were still
circulating 24 h after administration, Fig. 1H. These percentages
had a minimum at 5-18 nm and increased slightly to 200 nm.
However, they increased even more sharply from 5 nm to 2.8 nm
and 1.4nm up to about 8%. This increasing percentage with
decreasing GNP in the size ranged between 1.4 nm and 5 nm was
proportional to the volumetric specific surface area (VSSA) [22]
which corresponds to the inverse diameter 1/d of the GNP.

By distinguishing GNP retention in serum versus blood cells by
means of centrifugation there was a 10-fold higher retention of
18 nm GNP in the cell fraction compared to the serum, indicating
their binding, in part, to blood cells (since 18 nm GNP did not settle

3.40
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in an aqueous suspension under the same centrifugation condi-
tion). The same was also found for the 80 nm and 200 nm GNP.
However, while 18 nm GNP did not settle in an aqueous suspen-
sion, detectable fractions of 80 nm and 200 nm GNP were spun
down under the same centrifugation conditions indicating that
the GNP may also have settled as free GNP. Fractions of 5nm
GNP were equally found in the serum and blood cells. The
1.4 nm GNP percentage in the serum was as high as 75% compared
to 25% in blood cells.

3.2.2. GNP accumulation in the liver

After the i.v. injection, most GNP were rapidly eliminated from
circulation and accumulated predominantly in the liver, Fig. 2A.
However, while GNP accumulation was in the range from 91.9%
to 96.9% for 5, 18, 80 and 200 nm GNP, the distribution of 1.4 nm
and carboxylated 2.8 nm GNP showed significantly lower percent-
ages of 51.3% and 81.6%, respectively. Hence, for 5, 18, 80 and
200 nm GNP accumulation in any other organ or tissue was only
a few percent and even lower than 4% for 200 nm GNP, Fig. 1A-L.
In contrast, almost 50% of the 1.4 nm GNP escaped being trapped
in the liver and thus accumulated in the other organs and tissues
as well as excretion. Interestingly, the negatively charged 2.8 nm
GNP with a carboxyl surface coating fits very well into this size
dependency pattern with 81.6 in the liver and hence almost 20%
in the other organs and tissues as well as excretion, (Figs. 1A-I
and 2A). When plotting liver accumulation ACj;, between 1.4 nm
and 5 nm over the volume specific surface area (VSSA), it declined
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Fig. 1. Twenty-four hours retention/accumulation of intravenously injected, negatively charged, spherical GNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 mm coated with TPPMS;
2.8 nm carboxyl-coated); GNP percentages of initial dose are given for whole organs, the entire remaining carcass and total blood and urine; in each panel the respective
organ, tissue or body fluid is indicated. Data are mean + SD, n =4 rats. Note log scale of x-axis.
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n = 4 rats. Note log scale of x-axis. Significant changes of accumulation of given GNP
sizes versus those of all other GNP sizes are indicated as determined by the ANOVA
test. ("p < 0.05; *p <0.01; *p <0.001).

linearly with increasing VSSA (in 1/nm) of the GNP. This can be de-
scribed with a linear equation:

ACji, = —80+ VSSA+109 (R* = 0.99)

i.e. with increasing specific surface area fewer GNP are trapped in
the liver, Fig. 2B.

For morphologic GNP identification in the liver we localized
18 nm GNP using transmission electron microscopy (TEM)
(Fig. 3). These GNP were predominantly found in Kupffer cells, (pa-
nel A) but also, to a smaller extent, in endothelial cells (panel B)
and in hepatocytes (panel C). In the endothelial cells and hepato-
cytes, the 18 nm GNP appeared mostly isolated while in Kupffer
cells we found both small and large agglomerates of GNP.

3.2.3. GNP accumulation in spleen

The spleen, which exhibits macrophages in its vasculature like
the liver, does not show a GNP size-dependent pattern, but the
accumulated GNP percentages of around 2% were quite constant
for all TPPMS-coated GNP ranging from 1.4nm to 200 nm,
Fig. 1A. However, the carboxyl-coated 2.8 nm GNP showed a signif-
icantly higher accumulation of 8.6% compared to all TPPMS-coated
GNP. A significantly higher accumulation of 11.4% than those of all
TPPMS-coated GNP was observed for the positively charged amino-
coated 2.8 nm GNP, see Fig. 5A.

3.2.4. GNP accumulation in other organs and tissues

Regarding GNP size dependency, the liver is the only organ
which showed increased accumulation with increasing GNP size.
In contrast, most of the other organs, tissues, and blood showed
quite a low and similar size-independent accumulation of GNP

Table 2

GNP concentrations per gram of organ, tissue or blood: 24 h retention/accumulation of intravenously injected GNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 mm coated with TPPMS; 2.8 nm carboxyl- and amino-coated); GNP concentrations

are given as percentages of initial dose. Data are mean + SD, n

4 rats.

2.8 nm NHj

2.8 nm COO~

5nm 18 nm 80 nm 200 nm

1.4nm

19%Au-GNP

7.9x10°+48 x 107"

9.2x10°42.7 x 107"
8.9 x 10°+ 1.9 x 10°

1.0 x 10" £1.1 x 10° 1.1 x 10" £1.3 x 10° 12 x 10" £1.3 x 10°
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Fig. 3. Transmission electron micrographs of TPPMS-coated 18 nm GNP in a Kupffer
cell (GNP agglomerate) (panel A), an endothelial cell (panel B) and a hepatocyte
(panel C); arrows point towards GNP.

ranging from 18 nm to 200 nm size: the kidneys, heart, brain,
uterus, remainder (Fig. 1C-G). Yet, this size-independent accumu-
lation of 18 nm, 80 nm, and 200 nm GNP varies considerably
among these organs and tissues. In contrast, from 5 nm to 2.8 nm
and 1.4 nm GNP the accumulation rose sharply with decreasing
GNP size (Fig. 1C-G). Interestingly, the accumulated percentages
of the small GNP were proportional to the volumetric specific sur-
face area (VSSA), which is inversely related to the diameter 1/d.
Slopes of the linear equation were determined by data fitting for
each organ, remaining carcass, and blood, (see Table 3).

This described pattern was found for all TPPMS-coated GNP
accumulated in the lungs, Fig. 1B; i.e. a constant percentage from

Table 3

Slope m of organ accumulation AC over VSSA for GNP of 1.4 nm to 2.8 nm to 5 nm
diameter; slopes were determined by data fitting obtained from each organ, or
remaining carcass or blood by the linear equation ACsg=m + VSSA+b; R? is
coefficient of determination.

Organ, tissue or body fluid Slope m, (%/d~") R?

Kidneys 8.8 0.98
Heart 0.39 0.96
Brain 0.024 0.99
Uterus 0.67 0.96
Remainder 44 0.90
Blood 13 0.99
Urine 9.5 0.97

18 nm to 200 nm of about 0.06% and a significant increase from
0.07% for 5 nm GNP to 0.43% of 1.4 nm was observed. However,
the carboxyl-coated 2.8 nm GNP showed a much higher accumula-
tion than all TPPMS-coated GNP. This pattern corresponded to the
pattern in spleen, Fig. 1A.

Interestingly, the remaining carcass, consisting of the skeleton
and soft tissue (muscle, fat, skin), showed significantly higher per-
centages of the ID compared to all organs except the liver, Fig. 1F.
These high percentages relate to the high mass of the remaining
carcass since the GNP percentages per gram of carcass are quite
low, Table 2. GNP retention in the carcass followed the same size
dependency pattern as the blood and other organs, Fig. 1F.

Additionally, the collected urine during the 24 h after GNP
application also showed a two-phase pattern with size-indepen-
dent percentages of about 0.004% for 18-200 nm GNP, and a
size-dependent VSSA proportional increase with the significantly
highest percentage of 4.7% for the 1.4 nm GNP.

3.2.5. Hepato-biliary GNP clearance

The hepato-biliary GNP clearance describes the biliary path-
ways from the liver into the small intestine and subsequently into
fecal excretion. Hepato-biliary clearance of the TPPMS-coated GNP
showed an inverse linear relationship to the GNP diameter over the
size range of 5-200 nm. The linear equation is given in Fig. 4. The
clearance of the carboxylated 2.8 nm GNP also fit into this equa-
tion. Only the smallest GNP of 1.4 nm did not follow this size rela-
tionship and were cleared with the highest percentage of
4.6 + 0.4%, which was significantly higher than for all other GNP.

3.2.6. GNP dose dependency
In order to check for GNP dose-dependent biodistribution we
performed an additional study using a 20-fold mass dose of
6
hepato-biliary clearance

5+

44 ===“ACypc=82"d-15

24-h clearance [% ID]

14 28 5 18
diameter d [nm]

Fig. 4. Hepato-biliary clearance of GNP from the liver to the small intestine and
fecal excretion; percentages of initial GNP dose of intravenously injected, negatively
charged GNP (1.4 nm, 5 nm, 18 nm, 80 nm, 200 mm coated with TPPMS; 2.8 nm
carboxyl-coated). Data are mean + SD, n = 4 rats. Linear equation is fitted for data
from 2.8 nm to 200 nm GNP. Note the log scale of x-axis bends the linear line.
Significant change of accumulation of 1.4 nm GNP versus those of all other GNP
sizes is indicated as determined by the ANOVA test. (*p < 0.05).
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Fig. 5. Percentages of 24 h retention/accumulation of intravenously injected,
2.8 nm GNP (coated either with thioglycolic acid or with cysteamine); panel A:
data obtained from liver, spleen, lungs, blood, remaining carcass; panel B: data
obtained from heart, brain, uterus, kidneys urine and hepato-biliary clearance are
given. Data are mean + SD, n = 4 rats. Significant changes of accumulation of given
GNP sizes versus those of the other GNP sizes are indicated as determined by the
ANOVA test. (*p <0.05; *p <0.01; *p <0.001).

1.4 nm GNP. The entire biodistribution 24 h later did not signifi-
cantly differ for each organ, tissue, and body fluid from the data re-
ported here (data of the 20-fold mass dose are not shown).

3.3. Effect of Surface charge of 2.8 nm carboxylated versus aminated
GNP

After 24 h, most of the applied GNP, either negatively or posi-
tively charged, were found in the liver. These were significantly
higher for negative 2.8 nm GNP (81%) than for positive 2.8 nm
GNP (72%) (Fig. 5A). In contrast, in the spleen the positively
charged GNP showed a significantly higher accumulation of
11.4% than the negative GNP of 8.6%, Fig. 5A. Both are factors of
6 and 5, respectively, and higher than for the TPPMS-coated GNP,
Fig. 1A. For the lungs, an increased accumulation of carboxyl-
and amino-coated GNP by a factor of 10 was observed compared
to the TPPMS-coated GNP.

For the heart, kidneys, and remaining carcass, the negative GNP
accumulated significantly less than the positive GNP (Fig. 5B). But
in the urine, a significantly higher amount of negative GNP (0.71%)
than positive GNP (0.51%) was detected.

Significantly more positively than negatively charged GNP were
cleared through the hepato-biliary pathway (Fig. 5B).

4. Discussion
4.1. Physiological GNP dose

This study aims to determine quantitative, but macroscopic NP
distribution at a GNP dose of no acute toxicity to any of the organs
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and tissues of the rats. The usage of precisely determined doses for
measuring the biodistribution of GNP is challenging. In fact, we ob-
served variable GNP retentions in the syringe and cannula with
which the GNP suspensions were injected intravenously into the
tail vein. This attributed systematically to the dead space of the
syringe and cannula of about 50-70 pl, but also to additional inci-
dental wall losses, which we carefully determined by radio-analy-
sis at each application and was used for the proper correction of
GNP dose delivery to the rat. In our recent study, we intentionally
aimed for low GNP doses and did not apply more than 0.17 mg/kg
body weight. Whereas in other studies found in open literature,
doses between 0.1 and 2700 mg/kg body weight were adminis-
tered (see Table 1 in [18]), our low GNP dose assures that it is very
unlikely to expect any acute toxic effects or responses of the GNP
surrounding tissues. These low mass doses became possible,
including their detection, in the various organs, tissues, and excreta
over a dynamic range of five orders of magnitude by using a stable-
confined, radioactive '°®Au label of the GNP. The independence of
GNP dose at this low end was demonstrated by an additional
24 h biodistribution study using a 20-fold higher mass dose of
1.4 nm GNP; the entire biodistribution in each organ, tissue, and
the blood did not significantly differ from the lower dose data re-
ported here.

Furthermore, we radio-labelled the GNP by neutron activation
only to the extent required to detect the GNP in the various sam-
ples. As a result, the delivered radio-dose was far below the level
required to cause any acute radio-toxic effect — even on a nano-
scopic level, with the small GNP from 1.4 nm to 18 nm consisting
of maximally one radio-isotope per GNP and the 80nm and
200 nm GNP consisting, on average, 20 and 300 radio-isotopes
per GNP. Such low numbers of radio-atoms clearly excludes any
radio-dose effect in the direct vicinity of these NP and, at the same
time, also warrants no instabilities of the gold core lattice. Using
198Au as a radio-isotope of the same chemical element as the
GNP provides the same chemistry of both radio-isotope and core
NP matrix, thereby, preventing leaching of the radio-isotope out
of the insoluble matrix of the gold NP. Yet, the selection of such ri-
gid experimental parameters has some implications on experimen-
tal outcomes. Admittedly, these are the morphologic localisations
within the tissues, which are impossible to detect for neither the
very small nor the very large GNP. In fact, the localization of
1.4nm and 2.8 nm GNP in biological tissue matrix are currently
impossible with any electron microscopy technology (high resolu-
tion TEM imaging of these small NP requires a very clean substrate
surface). Additionally, the silver enhancement method does not
work for such small gold NP below 3 nm either, because of the lack
of silver binding [23]. On the other hand, for 80 nm and 200 nm
GNP, the number of GNP and the required magnification of
the micrographs requires complete screening of thousands of
2-5 pm x 2.5 um grid fields for electron microscopic examination,
making it virtually impossible to detect these GNP in organs and
tissues which have accumulated from less than 1% of the adminis-
tered dose. Here, we show 18 nm GNP in Kupffer cells, as well as
endothelial cells, and hepatocytes. Particularly, the single 18 nm
GNP found in hepatocytes and endothelial cells indicate little
agglomeration in the blood Fig. 3A-C. Increasing agglomeration
of GNP in Kupffer cells over retention time has recently been
reported [24] and may indicate agglomeration within the Kupffer
cell as a result of endosomal fusion.

4.2. Protein coating

Changes in protein coatings of GNP are likely to cause a differ-
ent biokinetic behavior of these GNP. It is well known, and it was
recently confirmed, that PEGylation of 5nm GNP induced pro-
longed blood circulation times; so different bioaccumulations
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occur for PEGylated versus phosphinated GNP [25]. There is grow-
ing evidence that numerous serum proteins bind to negatively and
positively charged NP [26,27]; for example, binding patterns were
reported for quantum dots, gold, silica, polystyrene-latex, and
copolymeric NP [14,15,28-32]. Additionally, in a recent study
(ACS Nano 2009), the biochemistry of the binding of several impor-
tant serum proteins to gold nanoparticles between 5 and 100 nm
was thoroughly investigated in a size-dependent manner. Thereby
the hydrodynamic diameter can increase by as much as a factor of
two [31]. It was shown that the phosphor binding site of TPPMS-
coated GNP can be substituted or detached in biologic systems
while a disulfide bridge remains stable [33]. In our experiment,
we used phosphinated GNP and therefore hypothesize that TPPMS
coating is rapidly being replaced by proteins. In the case of the car-
boxylated or aminated GNP-protein, binding may occur to the sur-
face molecules and/or after replacement of them. In any case, the
GNP-protein-conjugate grows considerably in its hydrodynamic
size and the original charge may change, and even alternate,
according to the protein pattern on the GNP surface.

4.3. Charge dependency of 2.8 nm sized GNP

The distribution of GNP with the same 2.8 nm size depends on
their charge. The significantly lower accumulation of positively
charged 2.8 nm GNP in the liver may explain the mostly signifi-
cantly higher accumulation in the other organs and in the remain-
der than for the negatively charged GNP. Yet, the binding of
different serum proteins as a result of the different GNP charges
and surface molecules is another option for the different accumu-
lation pattern (Fig. 5A and B), which requires further investigation.

It was shown that the surface charge influences the toxicity of
GNP. While anionic GNP appear non-toxic the cationic GNP were
found to be moderately toxic, which resulted from their interaction
with the cell membrane [34]. Moreover, a microscopic evaluation
demonstrated the uptake of neutral and negative GNP by red blood
cells while the positively charged GNP were attached to the cell
surface [35]. This could also have influenced the biodistribution
of the differently charged GNP.

In this study, we also used GNP smaller than 10 nm, and to our
knowledge, there are almost no other papers available on the bio-
distribution so far. There is one study, which focuses on the biodis-
tribution of differently charged gold-dendrimers with a gold core
diameter of 5 nm, but these NP are not comparable to our GNP
since they exhibit a large dendrimeric shell and contain several
5nm GNP in one dendrimer NP [15].

4.4. Dispersion in blood and kidney clearance towards urine

In physiology it is well described 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 is shown for 1.9 nm Gold NP of undisclosed surface
modification to be used as an X-ray contrast agent [13], and for
quantum dots with zwitterionic surface coating [14,30]. Pan et al.
[33] just recently suggested that the TPPMS coating is rapidly re-
moved in an in vitro cell culture system so that the naked GNP sur-
face is likely to bind proteins. If this change in surface modification
occurs in the blood it is likely that the most abundant protein,
albumin, will be the first to bind to these GNP which we have
shown in our ongoing work (data not shown). Roecker and co-
workers [36] showed that iron-platinum NP of 11 nm original size,
with a negatively charged carboxyl surface coating, show a dense
package of albumin binding to these NP which gain size of up to
17 nm. Since both the 1.4 nm GNP and the 2.8 nm GNP are smaller
than a 3.5 nm sized albumin molecule, they may bind to one or a
few albumin molecules according to their negative surface charge.

Hence, the GNP may be hidden within the conjugate and its diam-
eter is likely to increase >5.5 nm. At this size a reduced clearance of
the kidneys is expected [30], which is consistent with our observa-
tion. The fact that our TPPMS-coated 1.4 nm GNP and 2.8 nm GNP
of both positive and negative charges were not quantitatively
cleared into the urine, but only percentages of up to 5%, clearly
indicated that protein binding depends on the surface modification
and GNP size. This is supported by the decreased renal clearance of
those anionically or cationically coated QD, which bound serum
proteins in vivo resulting in an increased QD-conjugate size [14].
The NP retention in the blood rose with an increase in the VSSA
from 5nm to 1.4 nm GNP; it ran in parallel with GNP retention
in the kidneys, Fig. 1G and H; i.e. a higher GNP concentration in
the blood led to a higher accumulation in the tissue of the kidneys.
At the same time, the higher GNP concentration in the blood led to
more clearance into the urine, Fig. 11. As a result, the GNP percent-
age in the urine also ran in parallel with GNP percentage in the
blood and kidneys and increased with VSSA, as indicated in
Fig. 1G-I and the slope of the linear fit of the blood, kidneys, and
urine in Table 3. All slopes were in a rather small range compared
to the other organs and tissues. In comparison with another study,
our findings of 5 nm GNP in urine were much lower [15].

The high fraction of 18 nm GNP associated with blood cells and,
likewise, those of the 80 nm and 200 nm GNP are a plausible mech-
anism for explaining the prolonged 24 h circulation time in the
blood. Further studies are needed in order to resolve these kinds
of mechanisms including endocytosis by monocytes, as well as
the incorporation in red blood cells as demonstrated recently
[35,37]. In contrast, the high GNP percentages in blood serum of
1.4-5 nm GNP points towards different mechanisms such as conju-
gation with serum proteins [28,29], which are able to increase GNP
hydrophilicity and dispersion in blood. In fact, Pan and co-workers
[11] just recently reported rapid replacement of the TPPMS surface
coating in an in vitro study allowing for avid binding of serum pro-
teins to the highly negatively charged naked GNP surface area.

4.5. Accumulation in organs and tissues

Our findings of the highest percentages found in the liver for all
sizes, and surface modifications agree with studies of other groups
[18,38,39]. Especially, the early distribution study by Siterborg
[40] shows comparable data; they also used radio-labelled GNP
(25 nm) which are comparable to the 18 nm GNP used in our study.
Their results are confirmation of our investigations as the highest
accumulation is detected in the liver [40]. Another study investi-
gated the biodistribution of GNP of different sizes [41]; however, it
is difficult to compare it with our results because it is not clear where
the injected GNP ended up. In fact, less than 1% of the given dose is
detected for all examined organs together and it is unclear where
the remaining 99% is retained. Also, their application of a non-phys-
iological dose of 1 g/kg is much too high [41]. The size-dependent
GNP accumulation appears to be biphasic with almost no size
dependency of the 18-200 nm GNP, but with a linear relation to
VSSA of the 1.4-5 nm GNP. This is surprising as the increasing GNP
surface area per volume was expected to lead to an increased recep-
tor mediated GNP binding and endocytosis by the Kupffer cells in the
liver. In fact, the contrary is the case. It appears that GNP < 5 nm are
too small to be trapped by membrane receptors of Kupffer cells. In-
deed, we expect that GNP uptake in the liver is known to start imme-
diately after GNP injection (first path kinetics). At this early stage,
only abundantly available proteins, such as albumin, may have
bound to GNP, but the entire dynamics of in vivo protein binding
and exchange on the surface of NP is not yet understood. Regarding
increasing Brownian motion of GNP-protein-conjugates, which are
decreasing in size appears to be plausible to counteract the binding
process to membrane receptors of Kupffer cells. The diffusion
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coefficiency of 5nm GNP-protein-conjugates in water is
1.3 x 107'°m? s, respectively, while the diffusion coefficiency of
a 50 nm conjugate is 1.3 x 10~'" m? s~". The equation for the diffu-
sional displacement distance s is:

s =2Dt; with time t and the diffusion coefficient

D ~ 1/d'; with d'the diameter of the GNP — protein conjugate

According to this equation, the displacement distance is 0.51
and 0.16 pum, respectively, within 1 ms. The displacement distance
of 510 nm/ms of a 5 nm NP is 100-fold of the NP diameter and ap-
pears to be sufficiently fast enough to hinder receptor binding of
the Kupffer cells, while the rather low movement of 160 nm/ms
of a 50 nm NP is just threefold of the NP diameter and may there-
fore less affect the receptor binding on the membrane.

However, in other organs, there is comparably little binding of
18 nm to 200 GNP and from 5 nm down to 1.4 nm binding and
accumulation increases with increasing VSSA. This surface area
proportional increase was expected in general, but the microscopic
mechanisms leading to this increase are still not understood. How-
ever, an important determinant is the GNP concentration in blood,
which also increased with increasing VSSA. The increasing pres-
ence of GNP is merely likely to increase the probability of reten-
tion. It is noteworthy that this biphasic size-dependent pattern
applies to organs as diverse as the brain, uterus, heart and kidneys.
The relatively high levels and the same pattern of size dependency
in the remaining carcass underlines the role of blood circulation
leading to a wide GNP distribution and accumulation throughout
the entire body. Note that these considerations apply to the GNP
retained in the organs and tissues, but not to the GNP amount sus-
pended in the blood volume of each organ or tissue; the latter was
estimated and subtracted from the measured GNP - see Section 2.

At later time points, abundant proteins are likely to be replaced
by higher affinity proteins in the blood, which will change the
accumulation patterns, not only in the liver, but also in other or-
gans. The fact that we still find GNP in the blood 24 h after the
i.v. injection sheds light on the dynamics of interactions of GNP
with serum proteins and blood cells, as well as macrophages in
the liver and spleen, and additionally with endothelial cells. The
larger percentages of GNP with >18 nm diameter found in blood
cells may be one mechanism, among others, in preserving GNP
retention in blood. Additionally, clearance processes within 24 h
of the previously accumulated GNP in various organs and tissues
cannot be excluded either.

Although GNP percentages in the brain are low, we consistently
found accumulation of all GNP and this accumulation pattern fits
into those of the blood, and several other organs being size inde-
pendent of between 18 nm and 200 nm while accumulation in-
creased with increasing VSSA from 5nm to 1.4nm. This
emphasizes once more that the blood-brain barrier is not com-
pletely tight sealed for NP circulating in blood as we have previ-
ously shown for iridium NP and elemental carbon NP [42-44].
This may be a concern in the case of chronic exposure of biopersis-
tent NP reaching blood circulation.

Interestingly enough, no size-dependent accumulation of about
2% of TPPMS-coated GNP of the initial GNP dose was observed in
the spleen over the entire size range. This was unexpected since
the spleen belongs to the reticulo-endothelial-system (RES) well
known for its size-dependent particle accumulation; for instance,
submicron-sized polystyrene particles ranging from 60 to 250 nm
were accumulated in the spleen of rats from 0.3% to 6.5% of the
ID [45]. However, the carboxylated, as well as the aminated
2.8 nm GNP, were accumulated by factors of 4 and 5, respectively,
when compared to all TPPMS-coated GNP. The different behaviour
between our GNP of different coatings and the submicron-sized
polystyrene particles suggests different protein binding patterns.
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It is quite surprising that the much higher blood concentration of
the 1.4 nm and 5 nm GNP compared to the >18 nm GNP did not
lead to an increased uptake in the spleen as was seen in several
other organs - see above.

4.6. Hepato-biliary clearance

In the liver, NP - not immediately trapped by Kupffer cells - are
translocated through the fenestrated vascular endothelium into
the Dissé spaces to be taken up by hepatocytes and processed into
biliary canaliculi [46]. From there, they are drained via the biliary
duct to the beginning of the small intestine where they become in-
cluded in the fecal excretion. Concordantly, we found the 18 nm
GNP, not only in Kupffer cells, but also in endothelial cells and
hepatocytes, highlighting the hepato-biliary pathway. Hepato-bili-
ary clearance of the TPPMS-coated GNP showed an inverse linear
relationship to the GNP diameter over the entire size range of
2.8-200 nm; i.e. the smaller the GNP the higher the penetration
through the various physiological structures of the liver into the
intestine as outlined earlier. The clearance of the carboxylated
2.8 nm GNP fitted very well into this trend of size dependency.
The hepato-biliary clearance of the carboxylated 2.8 nm GNP oc-
curred to be about half for negatively charged GNP compared to
positively charged GNP which is in line with another study using
quantum dots of opposite charges [15]. Only the smallest GNP of
1.4 nm did not follow this linear size relationship, but were cleared
with an even higher percentage of 4.6 + 0.4%. According to this
complex pathway, the rate-determining processes are yet to be
identified.

5. Conclusion

Size and surface charges of GNP are strong determinants of the
biokinetic fate in the organism. The most GNP accumulation was in
the liver and the amount increased with the size of GNP. In con-
trast, there was little size dependency of accumulation of 18 nm
to 200 nm GNP in most other organs and in the carcass as well
as the blood. But for GNP between 1.4 nm and 5 nm the accumula-
tion increased sharply with decreasing size; the increase was line-
arly proportional to the volumetric specific surface area of the GNP,
i.e. proportional to the inverse of the GNP diameter. The different
charges of the 2.8 nm GNP led to significantly different accumula-
tions in most organs, tissues, and body fluids.

From the different accumulation patterns observed as a result of
different sized and surface-charged GNP, we conclude that the
alterations of the GNP surface area, due to dynamic protein binding
and exchange, are major mechanisms determining GNP accumula-
tion in the various organs and tissues. A better understanding of
this complex GNP biokinetics is essential for the development of
improved drug delivery, as well as for dose estimates of secondary
organs and tissues used in risk assessment.
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Abstract

It is of urgent need to identify the exact physico-chemical characteristics which allow maximum uptake and accumulation in
secondary target organs of nanoparticulate drug delivery systems after oral ingestion. We administered radiolabelled gold
nanoparticles in different sizes (1.4-200 nm) with negative surface charge and 2.8 nm nanoparticles with opposite surface
charges by intra-oesophageal instillation into healthy adult female rats. The quantitative amount of the particles in organs,
tissues and excrements was measured after 24 h by gamma-spectroscopy. The highest accumulation in secondary organs was
mostly found for 1.4 nm particles; the negatively charged particles were accumulated mostly more than positively charged
particles. Importantly, 18 nm particles show a higher accumulation in brain and heart compared to other sized particles. No
general rule accumulation can be made so far. Therefore, specialized drug delivery systems via the oral route have to be
individually designed, depending on the respective target organ.

Keywords: Gold NP, gavage, absorption, gastro-intestinal tract, in vivo biodistribution

Introduction grooves of DNA-molecules (Schmid 2008), induce
oxidative stress (Pan et al. 2009), and thereby

Nanoparticulate drug delivery systems are very prom- cause cytotoxic effects. Nowadays, several gold

ising. An ideal nanodelivery system would allow high
drug load, maximum absorption and specific target-
ing of the drug combined with minimal side-effects.
Besides biodegradable nanoparticles (NPs) like solid
lipid NPs (Nassimi et al. 2009, 2010) or polymer-
based NPs (Bhardwaj et al. 2009), gold (Au) NPs are
also discussed. They can be easily and precisely syn-
thesized and exactly detected by transmission electron
microscopy (TEM) due to their high electron density.
In addition, several target molecules can get attached
to them (Sperling et al. 2008). Importantly, gold NPs
seem to exhibit a low cytotoxicity (Connor et al.
2005). However, it is important to note that cytotox-
icity is strongly dependent on the exact nature of the
gold NPs. Very small Au-cluster, e.g., fit into the

NP-based drugs are investigated and clinical trials
are under development.

Drugs can be administered via several pathways.
Thereby the intravenous injection, the inhalation as
well as the ingestion are the most prominent. From
these, the oral route is the most convenient route since
it is non-invasive and widely accepted by most of the
patients.

However, little is known about the uptake of NPs
across the gastro-intestinal membranes and the fol-
lowing accumulation in secondary target organs. In
particular it is known that general uptake of particles
into single cells may be dependent on size (Geiser
et al. 2005) and surface charge (He et al. 2010) of the
particles. It is generally believed that absorption
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across the intestinal membrane to the circulation is
somehow dependent on size (Florence et al. 1995;
Powell et al. 2010; Ruenraroengsak et al. 2010).
Although several studies exist describing the uptake
of NPs in i vitro systems, only a small number of
papers focus on the guidance of nanosystems to
biological targets which is an urgent need in pharma-
ceutical research (Florence 2007). As far as we know,
no 100% quantitative biodistribution study compar-
ing NPs with different sizes and surface charge after
oral ingestion exists.

Thereby, the aim of the present study was to
consider the physico-chemical characteristics which
determine the absorption across intestinal mem-
branes as well as the accumulation in secondary target
organs. Therefore, gold NPs as model particles for
drug delivery, in five different sizes (1.4, 5, 15, 80 and
200 nm) as well as opposite surface charges (positive
and negative) at equal size (2.8 nm) were applied by
intra-oesophageal instillation in healthy adult female
rats. A 100% biodistribution of the applied NPs was
investigated after 24 h. As far as we know, this is the
first study describing the precise quantitative absorp-
tion and accumulation of NPs in secondary target
organs after oral ingestion.

Materials and methods
Awimal housing

Healthy, female Wistar-Kyoto rats (WKY/Kyo@Rj
rats, Janvier, Le Genest Saint Isle, France), 8-10
weeks of age (approx. 250 g body weight) were
housed in pairs in humidity and temperature-
controlled ventilated cages (VentiRack Bioscreen
TM, Biozone, Margate, UK) on a 12-h day/night
cycle. Rodent diet and water were provided ad libi-
tum. 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
Helmholtz Center Munich.

NP preparation and characterization

Mono-sulfonated triphenylphosphine (TPPMS) sta-
bilized Gold NP (Table I) (1.4 and 18 nm) were
synthesized following known procedures (Pan et al.
2007). Citrate stabilized gold NPs (5, 80 and 200 nm)
were provided from Plano (Wetzlar, Germany).
Ligand exchange (citrate to TPPMS) was accom-
plished as described previously (Pan et al. 2007).

Table I. Characteristics of the applied '*®Au NP suspensions.
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The fabrication of the 2.8 nm gold particles fol-
lowed the same procedure as described in Pan et al.
(2007) by performing ligand exchange of initially
1.4 nm Au particles stabilized with triphenylpho-
sphine (TPP). Via phase transfer from a dichloro-
methane phase to an aqueous phase TPP is replaced
by thioglycolic acid (TGA) for negatively charged
particles and by cysteamine (CA) for positively
charged particles, respectively. The driving force for
this exchange reaction is the higher binding affinity of
thiol groups to gold compared to phosphine groups
accompanied with the change in polarity, since the
particles pass from the dichloromethane phase into
the aqueous phase, when TPP is replaced by TGA or
CA, respectively. Hence, the solubility of the particles
in water gives immediate evidence that the ligand
exchange was successful.

As already been observed by others, the replace-
ment of TPP by thiol ligands is associated with a
growth of the gold core (Balasubramanian et al. 2005;
Kuo et al. 2010). This holds for our ligand exchange
procedure as well, where the introduction of thiol
ligands TGA and CA resulted in an increase of the
mean core particle size, which was determined by
TEM analyses to be 2.8 = 0.4 nm for both ligands.

All Au NP were activated by neutron irradiation
(**"Au (n, ) *®Au). For this, the NPs were activated
at a neutron flux of 10'* cm™? s at the research
reactor of the Helmholtz Center Berlin (formerly
Hahn-Meitner Institute), Berlin, Germany. Gold
amounts and irradiation times were adjusted to pro-
vide sufficient '*®Au radioactivity for the subsequent
in vivo studies.

After neutron irradiation immediately prior to rat
application, the 1.4 nm and the 2.8 nm '*®Au-NP
solution was filtered through a 10 cm column of
Celite to remove agglomerates; losses determined
by °®Au radioactivity accounted for about 10%.
All other '*®Au-NP suspensions from 5-200 nm

Table II. Characteristics of the applied gold NPs.
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were visually controlled for precipitates and their
correct pink translucent color of the colloidal suspen-
sion immediately prior to the application in rats; no
changes were found compared to the suspension prior
to irradiation.

Zeta-potential measurements were performed in
triplicate using appropriate working dilutions in a
Zetapalssystem (Brookhaven Instruments Corpora-
tion, Holtsville). Hydrodynamic diameters were mea-
sured in triplicate using appropriate working dilutions
in a Malvern HPPS5001 or a Malvern Zetasizer
(Malvern, Herrenberg, Germany).

NP administration and animal maintenance in
metabolic cages

NP suspensions were applied to non-fasted animals
by intra-oesophageal instillation. We applied low
concentrations of NP (1-27 ug) to avoid toxic reac-
tions in the gastro-intestinal tract (GIT) in order to
maintain a healthy intestinal barrier capacity. For
this purpose rats were anesthetized by inhalation of
5% isoflurane until muscular tonus relaxed. The
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 (2.7 x 50 mm,
B. Braun, Melsungen, Germany) was placed into the
upper third of the oesophagus and the suspension
(50 ul) which contained NP (Table II) was gently
instilled. After administration of the NP suspen-
sions, rats were kept individually in metabolism
cages (Tecniplast, Hohenpreissenberg, Germany)
for separate collection of urine and feces.

Sample preparation

Twenty-four hours after administration, rats
were anesthetized (5% isoflurane inhalation) and

Polydispersity

Core diameter [nm] Hydrodynamic diameter [nm]

Index (PdI)

Ligand (Charged surface group) {-potential [mV]

1.4 2.9% ND
5 12.1% 0.19
18 21% 0.10
80 85% 0.12
200 205% 0.05
2.8 ND ND
2.8 ND ND

TPPMS (SO5) —20.6 + 0.5
TPPMS (SO5) —21.1+ 1.4
TPPMS (SO5) —22.8 +3.1
TPPMS (SO5) —-223+ 1.6
TPPMS (SO5) —41.3 + 4.5
TGA (CO0O) Negative

CA (NH;") Positive

*As determined earlier (Tominaga et al. 1996); *DLS measurement using Malvern HPPS5001, Herrenberg, Germany; *DLS measurement
using Malvern Zetasizer, Herrenberg, Germany. TPPMS, triphenylphosphine m-monosulfonate; TGA, thioglycolic acid (mercaptoacetic
acid); CA, cysteamine (2-aminoethanethiol); ND, Not determined.
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euthanized by exsanguination via the abdominal
aorta. Approximately 70% of the total blood volume
was withdrawn. For radioanalysis, organs and tissues
listed below as well as total excretion and the entire
remaining carcass were collected.

e Organs: Lungs, liver, spleen, kidneys, brain, heart,
exsanguinated blood; gastro-intestinal tract:
oesophagus, stomach, small and large intestine;
Remainder: total remaining carcass beyond the
listed organs;

o Excretion: Total urine and feces, collected
separately.

e While dissecting, no organs were cut and all fluids
were cannulated where necessary in order to avoid
any cross contamination.

Radioanalysis

The '°8Au radioactivity of all samples were mea-
sured by y-spectroscopy without any further
physico-chemical preparation in either a lead-
shielded 10 ml or a lead-shielded 1 1 well type
Nal (TIl) scintillation detector. The count rates
were corrected for physical decay and background
radiation. Additionally, count rates were calibrated
to a '?®Au reference source in order to correlate
198Au radioactivities to the numbers and masses of
the Au NDPs. Samples yielding net counts (i.e., back-
ground-corrected counts) less than three standard
deviations of the totally measured counts in the
photo-peak region-of-interest of the '°®Au gamma
spectrum were defined as below the detection limit.
For a complete balance of the administered *®Au
radioactivity within each rat '*®Au radioactivities of
all samples were summed up for each rat and used as
a denominator for the calculation of the '*®Au
percentage of each sample.

Table III. NP content in the gastro-intestinal tract (GIT).
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Blood correction

Blood contents of organs and tissues were calculated
according to the findings of Oeff and Konig (1955).
The NP content of the remaining blood volume of
each sample was estimated and subtracted from the
measured '°®Au radioactivity to maintain the absolute
198 Ay activity of the tissue or organ. In the case of the
carcass, the difference between the estimated total
blood volume of the animal and the sum of all organ
blood contents and the collected blood sample was
calculated to be the blood volume of the carcass.

Calculations and statistical analysis

Four animals per group were used. Calculated values
are given as a percentage of the relevant integral 1°®Au
radioactivity (calculated for a reference date) of all
samples in each animal with the standard error of the
mean (SEM). All radioactivities were correlated with
the corresponding mass of gold NPs in each animal.
All calculated significances are based on a one-
way ANOVA test and a post hoc Tukey test. In the
case of an individual two group comparison, the
unpaired -test was used; p < 0.05 was accounted
for significance.

Results
Effect of surface charge of 2.8 nm gold NP

Absorption to the circulation. After 24 h, most of the
applied 2.8 nm gold NPs were found in the GIT as
well as in feces (Table III), indicating that intestinal
passage and excretion was not complete within 24 h.
For most of the particles, no absorption to the
circulation took place. However, surface charge is

Particle retention [%]

Particle type GIT with internal feces Excreted feces GIT+feces
1.4 nm 17.2 £ 4.0 82.4 + 4.0 99.63 + 0.10
5 nm 74.1 = 14.0 25.9 + 14.0 99.95 + 0.01
18 nm 29.7 + 6.7 70.3 £ 6.7 99.88 £ 0.02
80 nm 223+17.3 77.7+17.3 99.97 £ 0.01
200 nm 349+ 7.1 65.1 £ 7.1 99.99 + 0.00
2.8 nm COO” 54.2 + 4.5 454+ 45 99.63 + 0.02
2.8 nm NH;" 64.8 + 11.8 35.0 +11.8 99.86 + 0.02

NP content in the gastro-intestinal tract (including internal feces) and excreted feces after intra-oesophageal application in % of administered

particle-amount.
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important for the absorption across intestinal mem-
branes (Figure 1). Significantly more negatively
charged 2.8 nm (TGA ligand with carboxyl-groups)
NPs absorbed compared to positive 2.8 nm particles
(CA ligands with amine-groups). Therefore values of
0.37 £+ 0.02% and 0.14 + 0.02%, respectively, were
detected.

Distribution in the body and accumulation in secondary
target organs. 2.8 nm gold NPs were found in nearly
all organs, tissues, blood and urine. Most importantly,
in the liver, the urine, as well as the remainder, the
negatively charged particles accumulated to a higher
amount compared to the positively charged particles
(p < 0.05). The highest accumulation of particles was
found in the remaining carcass, where 0.21 + 0.01%
of the applied negative particles and 0.06 = 0.02%
of the applied positive particles were detected
(Figure 2A). Interestingly, no negative charged
2.8 nm particles could be found in the brain (detec-
tion limit 10~ of administered dose). In contrast, a
low but detectable amount of 2.0 + 0.7 x 107™* % of the
applied positively charged particles were detected in
the brain (Figure 2B).

Effect of particle size between 1.4 and 200 nm of
TPPMS-coated gold NP

Absorption to the circulation. The highest absorption
across intestinal membranes was found for the
smallest particles (Figure 3). Thereby after 24 h,
0.37 +£0.10% of the applied 1.4 nm particles reached
the circulation. Importantly, a larger size of the
particles led to a lower amount of absorbed particles.
Therefore, 0.05 = 0.01% of the 5 nm particles,
0.03 £ 0.01% of the 80 nm particles, as well as
0.01 £+ 0.00% of the 200 nm particles reached the

0.5

0.4 < =1 2.8nm COO"
E=E 28nmNH,*

0.3 4

0.2 <

0.1 4

Translocation to circulation [%]

0.0

Figure 1. NP content which reached the circulation after
intra-oesophageal application in % of administered particle-
amount. Given is the mean + standard error of the mean of four
animals.

***p < 0.001.
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circulation after 24 h. To our surprise, 0.12 =+
0.02% of the 18 nm particles reached the
circulation and hence more than the lower sized
5 nm particles.

Distribution in the body and accumulation in secondary
target organs. As for the absorption across the intes-
tinal membranes, the accumulation in blood, kid-
neys, parts of the reticulo-endothelial-system (liver
and spleen; RES), as well as the urine was mostly
dependent on the size of the particles. In blood
0.07 + 0.02% of the applied 1.4 nm particles were
found 24 h after application (Figure 4A) which is a
significantly higher amount than for all larger sized
particles. Again, the 18 nm particles showed the
second highest retention with 0.02 + 0.01% of the
applied NPs. The highest amount of accumulated
particles in the RES, the kidneys, as well as the urine
was detected for the 1.4 nm particles, too
(Figure 4B, C, D); i.e., 0.02 + 0.01%, 0.05 +
0.01%, as well as 0.06 = 0.02% of the applied
particles, respectivelyly. Again, significantly lower
amounts of the larger sized particles were detected.
Surprisingly, the highest amount of accumulated
particles in the heart and the brain was measured
for the 18 nm particles — even more than for the
1.4 nm particles. In detail, 1.5 + 0.4 x 10 % and
1.6 £ 0.4 x 10 % of the applied 18 nm particles
were detected in these organs (Figure 5). In the
brain, only 3.1 + 1.9 x 10™* % of the 1.4 nm
particles, 8.3 + 8.3 x 10 % of the 5 nm particles,
and 1.3 + 0.7 x 10* % of the 80 nm particles
accumulated (Figure 4B). These are significantly
lower amounts compared to the amount of accumu-
lated 18 nm particles. No 200 nm particles were
detected. The highest amount of the applied parti-
cles was detected in the remaining carcass, which
incorporates adipose tissue, bones, muscles and skin
(Figure 6). 0.17 £ 0.04% of the 1.4 nm particles,
0.02 + 0.00% of the 5 nm particles, 0.08 + 0.01% of
the 18 nm particles, 0.02 + 0.01% of the 80 nm
particles, and 0.01 + 0.00% of the 200 nm particles
were detected.

Effect of different NP-doses. To clarify, whether differ-
ent doses of administered NPs have any effect on
the absorption as well as accumulation in secondary
target organs, we administered in an additional
experiment beside the 1.0 ug of the 1.4 nm NPs
also 22.3 ug of the 1.4 nm NPs. Importantly, there
was no statistically significant difference in absorp-
tion or accumulation in single organs after compar-
ing the two different doses with z-test (data not
shown).
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administered particle-amount. Given is the mean + standard error of the mean of four animals. *p < 0.05; ***p < 0.001; nd, not detected.

Discussion

In the present manuscript we investigated the absorp-
tion of NP across intestinal barriers as well as the
subsequent accumulation in secondary target organs.
Importantly, by using gamma-spectroscopy we were
able to measure all NPs in the entire organism and
total excretion of each rat as well as in each syringe
and cannula we used for the application. We detected
little but variable losses during the procedure of
application of the prepared NP suspensions and hence
we were able to accurately determine the adminis-
tered NP dose which really reached the animal. Fur-
thermore, we quantitatively determined the entire NP
dose in the entire animal by analyzing each organ and
tissue and total excretion in a 100% balance of the
biodistribution of the applied NP. Importantly, the
198Au sum of all samples after 24 h (corrected for
radioactive decay) was counterchecked to be the same
as the '°®Au value of the initially prepared NP suspen-
sions minus the losses during application.
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Figure 3. NP content which reached the circulation after intra-
oesophageal application in % of administered particle-amount.
Given is the mean + standard error of the mean of four animals.
*p<0.05vs 1.4 nm; **p < 0.01 vs. 1.4 nm; ***p < 0.001 vs 1.4 nm.

We showed that absorption of NPs across intestinal
membranes and the consequent accumulation in sec-
ondary organs is to a large part dependent on the size
and surface charge of the particles. Thereby, a smaller
size and a negative charge generally led to a higher
absorption and further accumulation. Importantly,
18 nm particles were absorbed across intestinal bar-
riers and accumulated in specific secondary organs to
a higher amount than smaller particles.

Absorption to the circulation

Several pathways are possible for absorption of par-
ticles across intestinal barriers and the most relevant
are the paracellular transport and the transcellular
transport. Paracellular transport is mainly limited
by tight junctions, which seal the cell-cell contacts.
However, it is known that small molecules can pass
the tight junctions and the pore-diameter which
allows penetration is variously quoted around
0.6-5 nm (Ruenraroengsak et al. 2010). In addition,
dendritic cells are able to open tight junctions and to
send processes to the lumen where they may take up
NPs (Rimoldi and Rescigno 2005). Transcytosis may
appear across enterocytes or M-cells. However, since
the endocytic activity of enterocytes is limited com-
pared to M-cells (des Rieux et al. 2006) we conclude,
that enterocytes probably do not play a big role in
absorption of NPs in particular, since it is also known
that NP diffusion across enterocytes only happens to a
small extent, too (Cartiera et al. 2009). Therefore, the
most prominent cells, which exhibit a high transcy-
totic activity, are the M-cells located in the Peyer’s
patches (Sass et al. 1990; Seifert and Sass 1990;
Gebert et al. 1996; Seifert et al. 1996). A third addi-
tional mechanism, which is between paracellular and
transcellular transport, is the transport of the particles
across degrading enterocytes. Hillyer and Albrecht
(2001) investigated a high occurence of gold NPs
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in degrading enterocytes — the lower the size of the
particles was, the higher was the occurrence of par-
ticles inside the cells. Since it is known, that approx-
imately 2 x 10® (mice) — 10'! (men) enterocytes are
shed per day in the small intestine (Potten and
Loeffler 1990), this is a reasonable pathway for our
gold NPs. However, since the aim of this study was
the investigation of the 100% quantitative biodistri-
bution in all secondary target organs and not the
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detailed identification of potential uptake mechan-
isms, we have not proven this by electron microscopy.
We speculate that the 1.4 nm particles enter the
circulation by both mechanisms, transcelluar as well
as paracellular across tight junctions. Furthermore,
we hypothesize that the bigger sized particles (5—
200 nm) are too large for paracelluar mechanisms,
which may explain that the amount of transcloated
1.4 nm particles is at least three-fold higher than for
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Figure 5. NP content which accumulated the heart (A), and brain (B) after intra-oesophageal application in % of administered
particle-amount. Given is the mean + standard error of the mean of four animals.

#p < 0.05 vs. 18 nm; ##p < 0.01 vs. 18 nm; nd, not detected.
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the other sizes. The larger sized particles are probably
absorbed exclusively by transcytosis across M-cells.
Consistently, since it is generally believed that smaller
particles are absorbed to a higher degree than larger
particles (Jani et al. 1990; Hillyer and Albrecht 2001;
Sonavane et al. 2008; Ruenraroengsak et al. 2010),
this agrees with a large part of our results.

It is important to note that the different applied
mass doses are most probably not responsible for any
absorption or accumulation effect as described in this
manuscript. In addition to the 1.0 ug mass dose for
the 1.4 nm NPs, we administered an approximately
20 times higher dose of these particles. Thereby we
wanted to prove if this difference in mass has any
effect regarding the absorption and biodistribution of
the NPs. There was no statistically significant differ-
ence in absorption or accumulation in single organs
after comparing the two different doses with z-test.
Thereby we conclude that the different doses used in
this study are not responsible for any of the significant
differences as described in the present manuscript.

It is important to note that we used a short 2 min
isoflurane anesthesia during the gavage and it is known
that this may lead to a little decrease in gastrointestinal
function (Torjman et al. 2005). However, this report
described that after an approximately 6-min isoflurane
anesthesia, a significant impact is given after 120 min.
Since we used just a very short 2 min anesthesia and
since we investigated the biodistribution after a much
longer time point than 120 min, we do not think that this
very short anesthesia has any big input on our results. In
addition, we used the same isoflurane anesthesia for
each group which would lead to a little intestinal
disturbance in each of the groups which thereby leads
to a comparability among the different NP-sizes and
charges.
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To try to explain the higher absorption and accu-
mulation of the 18 nm gold particles compared to
even smaller particles, one has to consider possible
protein coatings. In the stomach, the acidic environ-
ment as well as the gastrointestinal enzymes are likely
to degrade the surface coatings of the NPs. In par-
ticular it is known that the triphenylphosphine layer
on the surface of the gold NPs used is easily degraded
in biological systems, a process, which is less likely
for the stronger binding thiols, such as TGA or GA
(Pan et al. 2009). Thereby, protein coating of the
blank surface of the NPs may occur (Lundqvist et al.
2008; Aggarwal et al. 2009; Dobrovolskaia et al.
2009; Lacerda et al. 2010), which would most prob-
ably happen in the less acidic small bowel lumen.
This so-called protein corona would hide the particle
inside and is thereby mostly responsible for interac-
tion with the intestinal barriers (Walczyk et al. 2010).
Transport of the protein across the intestinal epithe-
lium could thereby lead to incidental absorption of
the NPs inside, sufficient circulation time in blood
and accumulation in secondary organs resulting for
instance, in the enhanced accumulation of 18 nm
NPs in the brain (Trojan horse effect). Importantly,
protein adsorption on NPs is able to change the
structure and function of the protein or may prefer-
entially select some proteins over others, which is in
detail dependent on the curvature of the particle
surface (Lundqvist et al. 2004; Vertegel et al.
2004; Asuri et al. 2006; Shang et al. 2009). There-
fore we hypothesize that the specific curvature and
surface structure of the 18 nm particles alters the
stucture and function of single adsorbed proteins
or selects proteins with an increased epithelial
penetration probability compared to the other NPs
used. Thereby, a specific increased absorption
across intestinal membranes occurs. Importantly, a
study from our laboratory with exactly the same NPs,
injected into the tail vein of rats (Hirn et al. 2010),
showed no special modulation of organ accumula-
tions of the 18 nm NDPs as seen in the present
manuscript. This supports our interpretation that
special intestinal incidents are responsible for these
results. This has to be further investigated in the
future.

Importantly, after protein binding, the physico-
chemical characteristics of the NP surface may
change. Therefore, due to the adsorbed proteins,
a positively-charged particle could obtain a negative
surface charge and vice versa. We hypothesize that
in our experiments the surface charge was altered
due to adsorbed proteins. Since it is known that
positively-charged particles exhibit a higher absorp-
tion in the gastro-intestinal-tract (GIT) (Jani et al.
1989; des Rieux et al. 2005; Hariharan et al. 2006),
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this would explain why initially negative-charged
particles absorb to a higher amount across the intes-
tinal membranes than initially positive-charged
particles.

A comparison of our investigated amount of
translocated NPs to the circulation with the litera-
ture is difficult. Several studies focused on the
uptake of particles in specific cells or regions of
the GIT (Hillery et al. 1994; Doyle-McCullough
et al. 2007; Smyth et al. 2008). However, only few
studies investigated the absorption beyond the intes-
tinal barriers iz vivo and a comparable quantitative
100% biodistribution study of absorbed NPs is
missing at all. Hussain and Florence (1998) have
shown, for instance, that more than 10% of admin-
istered 500 nm latex particles could be found in the
circulaton of rats 24 h later. Even though no 100%
biodistribution analysis was conducted in a study
of Florence et al. (2000), less than 1% absorption
after 24 h can be estimated for 1.8 nm dendrimers,
since most of the important organs were investi-
gated. It is important to note that in our study the
amount of NPs taken up across the intestinal barriers
after 24 h could be even higher than investigated.
It is known that NPs may leave the circulation by
biliary clearance (Jani et al. 1996; Cho et al. 2009).
These particles would therefore re-enter the GIT
and thereby add to the amount of particles in
the GIT which did not translocate — although they
already entered the circulation. However, since the
biliary clearance of NPs is rather low (Semmler-
Behnke et al. 2008; Hirn et al. 2010), this should
not significantly alter the results of the present study.

In the present study, we found that the total absorp-
tion of NPs to the circulation is rather low during
24 h. Thereby, the application of these gold NPs as
carriers for drug delivery appears not immediately
promising as a significant amount of drugs would
hardly reach the circulation or special secondary
organs. However, besides designing the optimal par-
ticles with regard to size and surface charge, the
uptake of the drug-loaded particles can be further
modulated. One example is the co-administration of
other molecules or substances. These substances
could enhance absorption of the NPs. For example,
it is known that bile salts are able to enhance the oral
delivery of PLGA NDPs (Samstein et al. 2008). How-
ever, it has to be tested if co-administration of sub-
stances influences the accumulation in secondary
organs, t0o.

In summary, we have shown that the highest
absorption across intestinal barriers were found for
1.4 nm gold particles, whereas for the 2.8 nm particles
the negative charge is favoured over positive charge.
However, size and surface charge are not responsible
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alone, since 18 nm particles are absorbed more than
5 nm particles and they have the highest accumulation
in the brain which is probably due to selected protein
binding. Thereby we conclude that particulate drug
delivery systems have to be designed individually —
depending on the respective target organ.
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6.3 Beitrag als Co-Autorin

Der Beitrag als Co-Autorin flr die Publikation ,Size and surface charge of gold nanoparticles
determine absorption across intestinal barriers and accumulation in secondary target organs after
oral administration” bestand hauptsachlich in der experimentellen Durchfiihrung und weiterhin in
der Auswertung der erhobenen Daten. Fiir jedes Tier wurde die gemessene Radioaktivitat mit der
korrespondierenden Gold-Nanopartikel-Masse korreliert. Somit konnte der prozentuale Anteil der zu
Beginn applizierten Gold-Nanopartikel fir das jeweilige Organ/Gewebe berechnet werden, woraus
sich das Verteilungsmuster der Gold-Nanopartikel im Korper ergab. AnschlieBend wurde eine

statistische Analyse (Oneway ANOVA mit post hoc Tukey bzw. Student’s t-Test) durchgefiihrt.
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