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Abstract Gold nanoparticles (AuNPs) have been exten-
sively explored in biomedical applications, for example as
drug carriers, contrast agents, or therapeutics. However,
AuNP can exhibit cytotoxic profile, when the size is below
2 nm (ultrasmall AuNP; usAuNP) and when the stabilizing
ligands allow for access to the gold surface either for the
direct interaction with biomolecules or for catalytic activ-
ity of the unshielded gold surface. Furthermore, usAuNP
exhibits significantly different biodistribution and enhanced
circulation times compared to larger AuNP. This review
gives an overview about the synthesis and the physico-
chemical properties of usAuNP and, thereby, focusses on
1.4 nm sized AuNP, which are derived from the compound
Auss(PPhs),,Clg and which are the most intensively studied
usAuNP in the field. This part is followed by a summary of
the toxic properties of usAuNP, which include in vitro cyto-
toxicity tests on different cell lines, electrophysiological
tests following FDA guidelines as well as studies on anti-
bacterial effects. Finally, the biodistribution and pharma-
cokinetics of ultrasmall AuNP are discussed and compared
to the properties of more biocompatible, larger AuNP.
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Introduction

Gold in its macroscopic (bulk) state is known to be highly
unreactive and is thus considered the noblest of all the
metals (Hammer and Norskov 1995). It is, therefore, the
material of choice in various medical procedures, includ-
ing reconstructive surgery, drug delivery microchips, end-
ovascular stents, or as dental prostheses (Demann et al.
2005) and is applied as a food additive labeled by the E
number 175 (EFSA 2016). In its ionic state, as constitu-
ent of gold salts or molecular complexes, gold is a reactive
metal, which, in turn, can also be utilized for therapeutic
purposes, e.g., for the treatment of rheumatoid arthritis,
where gold(I) thiolates are the principal compounds (Shaw
1999). Between the bulk and the molecular state, a new
avenue is opened by nanometer sized gold particles (gold
nanoparticles; AuNPs), which exhibit physico-chemical
properties, which may differ drastically from the bulk and
molecular state and that are characterized by properties,
that are determined by size as an independent parameter
(Broda et al. 2014; Daniel and Astruc 2004; Schmid and
Simon 2005). AuNPs are likewise easy to synthesize, they
are tunable in size (they typically span a size range from
1-100 nm in diameter) and shape, including spheres, rods,
hollows spheres, cubes etc. (Grzelczak et al. 2008). Besides
the most striking feature, namely the increasing rate of sur-
face atoms compared to bulk atoms with decreasing size
as a general feature of nanoparticles, other properties are
determined by the particles size, such as the melting point
(Schmid and Corain 2003) or the electronic structure (Hak-
kinen 2008), which are invariant with size in the bulk state.

An optical property that appears on the nanoscale is
the so-called surface plasmon resonance (SPR) (El-Sayed
2003), which will be explained briefly below. The spectral
position of the SPR can be adjusted via size and shape of
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the AuNP, which has led to several new biomedical appli-
cations in diagnostics, such as bimolecular sensing (Schmid
and Corain 2003). Meanwhile, therapeutic applications are
being discussed in the literature as well, which utilize the
SPR, e.g., for photoacoustic imaging (Li and Chen 2015) or
NIR-responsive controlled release (Yavuz et al. 2009).

The perspective to explore applications in vivo as well
as the fact, that AuNP are increasingly applied in techni-
cal environments, for examples as catalysts (Tyo and Vajda
2015) or as building blocks in nanoelectronic devices
(Homberger and Simon 2010), concerns arise with respect
to potential toxicities, as this may lead to unintended (and
thereby uncontrolled) instead of intended (controlled)
exposure. This has prompted numerous studies on the size-
dependent cytotoxicity of AuNP in vitro and in vivo (e.g.,
Alkilany and Murphy 2010; Jia et al. 2017; Lewinski et al.
2008; Soenen et al. 2012) that covered the above-men-
tioned size range below 100 nm and that included differ-
ent surface ligands, that need to be applied to stabilize the
particles in solution and to prevent them from agglomera-
tion in biological media. Most of the toxicity studies con-
sidered AuNPs, which are stabilized by organic molecules
carrying thiol moieties, which allow for strong anchor-
ing of the ligand to the AuNP’s surface. Furthermore, the
increasing use of AuNP in medical and technical fields
leads to increasing exposure in many occupations but also
of consumers and, therefore, the public at large and patients
being exposed with novel AuNP containing medication for
diagnostics and therapy (Stone et al. 2016). Exposures of
consumers are dominated mainly via ingestion but also via
inhalation, whereas exposure of patients occurs via injec-
tions mostly intravenously and also via ingestions, depend-
ing on the prescribed medications. Dermal exposures may
occur; however, the existing evidence suggests that intake
through the skin is usually not detectable.

As a result of possible exposures, the organs of intake
are the respiratory tract, the digestive tract and blood circu-
lation. In recent years, it became evident that not only the
organs of intake will be exposed but also secondary organs
like liver, spleen, kidneys, heart, brain, the reproductive
system, and also tissues like those of the skeleton, the cen-
tral nervous system and the immune-competent system.
Twenty years ago, particularly, the exposure of secondary
organs and tissues was believed to be negligible, since the
masses of nanoparticles, including AuNP, were so minute
that any mass concentration-based adverse health effects in
secondary organs were dismissed. Meanwhile, nanotoxico-
logical research demonstrated that nanoparticles can pose
risks according to their unique physico-chemical properties
such as their specific surface area, their very large number
of individual particles, and their increased reactivity with
biological fluids and tissues. In addition, cardio-vascular
effects observed in epidemiological studies triggered the
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discussion on enhanced translocation of ultrafine particles
from the respiratory epithelium towards the circulation and
subsequent organs, such as heart, liver, spleen and brain,
eventually causing adverse effects on cardiac function and
blood coagulation, as well as on functions of the central
nervous system. There is clear evidence that NP can cross
body membranes and reach the above-mentioned second-
ary organs and accumulate there, as most recently demon-
strated by Miller et al., who showed that inhaled AuNP may
accumulate at sites of vascular disease (Miller et al. 2017).

However, to this date, the understanding of the bioac-
tivity and biodistribution of AulNP, taking in account the
particles size as a dominant parameter together with the
composition (charge, polarity, thickness, etc.) of the ligand
shell and its binding characteristics between gold surface
and ligand molecule, still requires well-designed and inter-
disciplinary research and, eventually, re-evaluation of the
existing data. Thereby, apparent inconsistencies in toxico-
logical evaluation, which arise from different experimental
conditions (cell lines, animal models, etc.), exposure times,
doses and different experimental methods to determine the
distribution and fate of the applied AuNP, need to be clari-
fied. Hence, the present state of knowledge is sometimes
characterized by conflicting conclusions, so that toxicity
issues either resulting from intended or unintended expo-
sure are still under debate (Khlebtsov and Dykman 2011).

Irrespective of the lack of a systematic toxicological and
pharmacokinetic classification of the continuously increas-
ing group and diversity of AuNP synthesized, it became
evident that in particular usAuNP in the size range below
2 nm can develop a toxic profile (Leifert et al. 2013b). In
this context, the size-dependent cytotoxicity of AuNP sta-
bilized by sodium 3-(diphenylphosphino)benzene sulfonate
(TPPMS) ligands was reported, whereby the highest tox-
icity was observed for usAuNP, having a core diameter of
1.4 nm (Aul.4MS). Smaller and larger TPPMS capped and
glutathione (GSH) or thioglucose (e.g., used as ligand in
the commercial product Aurovist) capped AuNP of simi-
lar size were much less toxic. In addition, in patch clamp
experiments, particularly Aul.4MS showed irrevers-
ible blocking of potassium ion channels (hERG channels),
whereas thiol-stabilized AuNP of similar size did not.

A key to understand these unexpected findings is two-
fold: (1) the extraordinary stability of the 1.4 nm-sized gold
core, which is obtained as a water-soluble derivative of the
gold cluster Auss(PPh;);,Clg (Auss). Auss is a so-called
full-shell cluster, with a gold core consisting of 55 gold
atoms, and exhibiting size-specific physico-chemical prop-
erties, including high catalytic activity in oxidation reac-
tions with dioxygen (Turner et al. 2008) and a discrete elec-
tronic structure that places the cluster in the intermediate
state between a metal and a molecule (Schmid 2008). (2)
The specific binding situation between AuNP and ligands.
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In general, AuNPs need to be stabilized by ligands which
have to be electron donors (Lewis base) binding coordi-
natively and via van der Waals forces to surface atoms of
the NPs (Lewis acid) (Reimers et al. 2017). The ligands
may be carboxylic acids, amines, phosphines and thiols,
whereas the ligand-to-metal binding strength follows the
order O < N < P < §, according to the Pearson’s Hard
and Soft Acids and Bases (HSAB) concept. The toxicity
effect of the 1.4 nm-sized AuNP were abolished when the
phosphine ligands were replaced AuNP by thiols having a
stronger binding affinity to the gold surface and providing a
more stable shielding of the gold core towards the biologi-
cal environment.

This illustrates that AuNP can exhibit cytotoxic pro-
file, when the size is below 2 nm and when the stabiliz-
ing ligands allow for direct access to the gold surface either
for the direct interaction with biomolecules or for catalytic
activity of the unshielded gold surface. As an additional
size-dependent feature, Aul.4MS showed in in vivo experi-
ments significantly different biodistribution, and enhanced
circulation times compared to larger AuNP (Semmler-
Behnke et al. 2008). While the larger particles accumu-
lated in the liver, 1.4 nm AuNPs were detected in other
organs as well, which is considered essential for any kind
of therapeutic application of usAuNPs (Hirn et al. 2011).

By focusing on these findings, this article gives an over-
view about the synthesis, the physico-chemical properties,
the cytotoxicity studies as well as of the biodistribution and
pharmacokinetics of usAuNP, in particular of Aul.4MS as
the key compound.

Synthesis of ultrasmall gold nanoparticles,
in particular Augs(PPh;),,Clg

Syntheses

The synthesis of Aus;(PPh;);,Clg, in the following called
1.4 nm AuNP, has been published the first time in 1981
(Schmid 1994, 2004). The transition from bulk gold to nan-
oparticles (earlier called colloids) is not only the reduction
in size, but numerous other things change, for instance the
melting point and the color. As Fig. 1 impressively shows,
the transition from bulk gold to colloids is accompanied
by the change of the well-known golden color to ruby red.
This effect, known since ancient years, is often used to
color glasses.

The original synthesis of the 1.4 nm AuNP is depicted
in Fig. 2. It is performed from (PPh;)AuCl and B,Hy in
toluene (Schmid et al. 1981). Other substituents on the
surface, necessary for protection and preventing coales-
cence, are monosulfonated phosphines, making the clus-
ter water soluble, alternatively the SH-functionalized

Fig. 1 The color of metallic gold and gold nanoparticles in ruby
glass. Reprinted from ref. Corain et al. (2008) with permission from
Elsevier Science

(cyclopentyl),;SigO,,(CH,);SH (Tg-OSS-SH), or the dou-
bly charged [B,,H,,SH]*~ can be used to substitute PPh,
and are shown in Fig. 3 (Schmid 2008).

The reason for the phenomenon of color change is best
explained by the Mie theory (Mie 1908). It is based on
the appearance of a plasmon resonance. This is strictly
related to a distinct size of the corresponding metal. On
the other hand, this phenomenon is based on the presence
of a confined electron gas interacting with light. A sim-
plified explanation is shown in Fig. 4.

Synthesis of the ruby red AuNPs, which are larger
than the 1.4 nm Auss cluster, is available by chemical
reduction of metal salts including electrochemical path-
ways (Fu et al. 2002; Ohde et al. 2002; Henglein 2000; Li
et al. 2000; Narayanan and El-Sayed 2004; Crooks et al.
2001) or thermolysis (Tano et al. 1989; Esumi et al. 1989,
1990, 1991, 1992a, b).

On the contrary to the larger, in solution red colored
AuNPs, Ausgs(PPhs);,Clg appears brown to yellowish in
solution, dependent on the concentration. This is due to
its molecular character. The Mie theory is no longer valid
in this case.

The 1.4 nm AuNP belongs to the so-called full-shell
clusters of the general formula 10n> + 2, whereas n is
the shell number. They consist either of cuboctahedral
or icosahedral structure. Figure 5 shows the formation of
cuboctahedrally structured full-shell clusters.

The first metal atom can be coordinated by 12 equiva-
lent atoms leading to a one-shell cluster consisting of 13
atoms. 13 atoms as a nucleus plus 42 additional Au atoms
result in a two-shell cluster of 55 atoms. These clusters
should be monodisperse; of course, it cannot be differen-
tiated if there are 55, 54 or 56 atoms, but the monodis-
persity can be followed from TEM investigations. Fig-
ure 5a shows a TEM image of a single Auss cluster and
Fig. 6b shows a monolayer of Auss clusters with magni-
fied cutouts.
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Fig. 2 Synthesis of Auss(PPhs),,Cl¢ from (PPh;)AuCl and B,H¢

Electronic properties

Why is the 1.4 nm Au cluster so special? The reason for its
special behavior is to be seen in the electronic behavior. It
can be described as the transition between bulk and mol-
ecule. The stability of the two-shell cluster Auss(PPhs);,Clg
results from an impressive experiment. Surface deposited
Auss clusters, separated from each other, and compared
with smaller and larger Au clusters, are treated with an
oxygen plasma to remove the ligand shell. X-ray photoelec-
tron spectroscopy (XPS) shows changes of all other parti-
cles, but not of Auss (Boyen et al. 2002). Figure 7 shows
the results. Auss only shows a weak oxidic shoulder of a
few clusters that are not exactly of full-shell type. All other
species show well-expressed signals for oxidic species.
This method can, therefore, be used to check the purity of a
sample of Aus5(PPh;),,Clg.

Whereas in a bulk metal, the electrons are distributed
in so-called electronic bands. In small molecules like
Fe;(CO),, or Coy(CO),, the electrons are located in the
so-called molecular orbitals. The important question is:
Where is the transition from bulk to molecule? Obviously,
Auss5(PPhs),,Clg performs all necessary conditions at room
temperature. At low temperatures, larger particles also
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Example: ligand stabilized
Auss-Cluster

fulfill all the conditions to serve as intermediates between
bulk and molecule. Figures 8 and 9 show current (/)-volt-
age (U) results that clearly show the situation.

Figure 8 shows the I-U behavior of a 17 nm Pd parti-
cle at 295 K and at 4.2 K. At 295, it shows linear metallic
behavior, following Ohm’s law, whereas at 4.2 K there is a
step, called Coulomb blockade (Bezryadin et al. 1997).

Figure 9 proves that Auss(PPh;),,Clg already shows a
Coulomb blockade at room temperature (Chi et al. 1998).

The experimental setup to investigate such /-U charac-
teristics is shown in Fig. 10. It consists of a scanning tun-
neling microscopy (STM) tip and a conductive surface. In
between, there is a single cluster molecule.

An STM image of Auss(PPh;),,Clg is shown in Fig. 11
together with a model of the nanoparticle (Zhang et al.
2003).

Due to the low temperature, the Coulomb blockade is
larger than at room temperature (see Fig. 9). In Fig. 12,
the I-U characteristic is changed: the first ablation d//dU
is used instead of / and Coulomb blockade is indicated as
a minimum. As can be seen from Fig. 12, this minimum
is characterized by a series of energy levels with average
spacings of 170 mV. In contrast to the bulk state, the energy
bands have disappeared.
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Fig. 4 Tllustration of the interaction of visible light and the confined
electron gas of a metal nanoparticle, leading to a plasmon resonance,
ruby red in case of gold. Reprinted from ref. Corain et al. (2008) with
permission from Elsevier

Another method, characterizing the Auss core in
Auss(PPh;),Clg, is to study the relaxation behavior of
excited electrons and to compare it with other AuNPs
(Smith et al. 1997). Femtosecond laser spectroscopy is the
corresponding technique. The relaxation time depends on
the electron—phonon coupling and on the electron surface
collision of electrons. The experimental results concerning

the femtosecond laser spectroscopy of AuNPs of differ-
ent sizes are shown in Fig. 13 (Smith et al. 1997). Weak-
ening of the electron—phonon coupling dominates in large
particles slowing down electronic relaxation (see Fig. 13,
15 nm particle). The 1.4 nm Auss nucleus is characterized
by strong surface collisions, making relaxation faster. In
the case of the 0.7 nm AuNP (Au,;), the extremely slow
relaxation behavior arises from the fact that the electrons
are strictly located in the Au—Au bonds.

These results prove impressively that Auss is just one
step before the molecular state and differs characteristically
from the 15 nm AuNPs and especially from the bulk.

The last experimental study to prove the extraordinary
position of the 1.4 nm Auss(PPh;),,Cl, cluster consists of
EXAFS studies at 80 K. The results show that the bond
lengths in the cluster are significantly shorter than that in
bulk gold, indicating a cuboctrahedral packing of the Au
atoms. Comparable results were obtained for the water-
soluble cluster Auss(Ph,PC,H,SO;Na);,Clg, i.e., Aul.4MS
(Cluskey et al. 1993).

The conclusion of these experimental results finally
is that Auss(PPh;),,Cls and its derivatives occupy a very
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Fig. S Stepwise formation of
full-shell clusters 13 (1 + 12),
55 (13 +42) 147 (55 + 92) and
309 (147 + 162). Reprinted
from ref. Schmid (2008) with
permission from the Royal Soci-

ety of Chemistry

Fig. 6 TEM Image and sphere model of a Auss core (a) and a mon-
olayer of Auss cores with magnified cutouts showing the monodisper-
sity of the cluster (b). a Reprinted with permission from ref. Schmid
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Fig. 7 Au-4f photoelectron spectra of different Au nanoparticles,
treated in an oxygen plasma. All except Auss show oxide signals.
Reprinted from ref. Boyen et al. (2002) with permission from The
American Association for the Advancement of Science

special position in gold cluster chemistry which will be
supported by many other results, especially in the field of
cytotoxicity (see the following chapters).

Cytotoxicity and cellular uptake

The first study on cytotoxic effects of Aul.4MS in a series
of human cancer cell lines was reported in 2005 (Tsoli
et al. 2005). Eleven different cells lines were tested in
comparison to Cisplatin (generic name for the trade name
drug Platinol® and Platinol®-AQ), which is an established
anticancer (“‘antineoplastic” or “cytotoxic”) chemotherapy
drug. These results are summarized in Table 1, which
informs on the ICs, values of Cisplatin and Aul.4MS (here
described an Auss). In each case, Aul.4MS turned out to
be comparable or even more toxic than Cisplatin, especially
considering the difference in time to reach the respective
ICs, values, i.e., 24 h for Aul.4MS and 72 h for Cisplatin.

10

uv) 03

Fig. 8 Current (/)-voltage (U) characteristics of a 17 nm Pd particle
at 295 and 4.2 K. Reprinted from Bezryadin et al. (1997) with the
permission of AIP Publishing
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Fig.9 [-U characteristic of Augs(PPh;);,Cls at room temperature
indicating a well-expressed Coulomb blockade. With kind permission
from Springer Science + Business Media: Chi et al. (1998)

These studies had been triggered by the previous find-
ings that Aul.4MS strongly interacts with B-DNA,
whereby it was observed that the ligand molecules, i.e., the
weakly binding TPPMS ligands, are substituted by DNA
sections comprising the major grooves. This was explained
by the specific size conditions: the diameter of the cluster
core is 1.4 nm and the height of the major groove in B-DNA
is 1.3-1.5 nm. Supported by molecular calculations, it
was concluded that there are strong chemical interactions
between the Auss core and the DNA due to the polydentate
character of the major grooves (Liu et al. 2003). Therefore,
some of the phosphine ligands need to be removed from
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Fig. 10 Experimental setup to
image and to investigate ligand
protected nanoparticles by STM
and Scanning Electron Spec-
troscopy (STS), respectively.
The conditions to observe single
electron transitions are that
€*/2C > kyT where C = ee Ald
is the capacity of the tunnel
contact (g, electric field con-
stant, A surface of the electrode,
d distance of the electrodes).
Adapted from ref. Schmid
(2008) with permission from
the Royal Society of Chemistry

©

Fig. 11 a STM image of a
single Auss(PPhs),,Clg cluster.
The light green areas represent
the electron rich phenyl rings
of PPh;. The positions a and b
have been used to measure STS
spectra (Zhang et al. 2003) (see
Fig. 12). b Model of the cluster
in the corresponding position.
Reprinted from ref. Zhang et al.
(2003) with permission from
American Chemical Society

the original Aul.4MS, so that Auss fits into the groove
and, thereby, allows for interactions with electron-rich
DNA components, i.e., the phosphate groups of the DNA
backbone. The coverage of B-DNA with Auss clusters has
been visualized ex vivo by means of atomic force micros-
copy (AFM), after B-DNA was incubated with Aul.4MS in
aqueous solution. Cross sections of the AFM image show
the expected difference in height between unloaded and
cluster-containing DNA sections. The observed 1.8 nm sec-
tions correspond with the sum of the DNA plus about half
of the cluster, possibly still having some ligand molecules
outside. Figure 14a shows the AFM image and the cross
section indicating the difference between DNA with and
without the 1.4 nm-sized AuNP, while Fig. 14b depicts the
result of molecular modeling calculations that propose the
binding of the cluster into the major groove.

These unexpected findings triggered a systematic study
on the size-dependent cytotoxicity ranging from 0.8 to
15 nm with the cell lines HelLa, SK-Mel-28, 1.929, and
J774A1 (Pan et al. 2007). Tauredon, a commercially avail-
able sodium aurothiomalate complex, being used for anti
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rheumatic treatment, has been applied as a reference. The
results are illustrated in Fig. 15.

In accordance with the previous findings, for the 1.4 nm
AuNP ICj values ranging from 30 to 46 uM were obtained.
Hence, this is the most toxic particle, as the ICy, values of
the particles with 0.8 nm (Au, cluster, Gutrath et al. 2013),
1.2 and 1.8 nm were 250, 140, and 230 puM, respectively.
These experiments also included reference measurements
on pure ligands, as well as on a 1.4 nm sized AuNP with
sodium 3,3',3"-triphenylphosphine sulfonate (TPPTS) as
ligand, which is the threefold sulfonated derivative of tri-
phenylphosphine, thus being higher negatively charged,
as compared to the monosulfonated TPPMS. These parti-
cles (labeled as Aul 4TPPTS in Fig. 16) showed similar
ICs, values as Aul.4MS. In contrast, the 15 nm AuNPs
were found to be non-toxic even at concentrations above
6300 uM than the smaller particles, indicating a clear trend
of decreasing cytotoxicity with increasing particle size.
Another interesting outcome of this study was that also the
cellular response is size dependent, in that 1.4-nm particles
cause predominantly rapid cell death by necrosis within
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Fig. 12 a I-U characteristic of a single Aus5(PPh;),,Cls, measured
at 7 K at two different positions. b dI/dV characteristic of the curves
a and b indicating discrete energy levels with spacing of 170 mV. a
Reprinted from ref. Schmid (2008) with permission from the Royal
Society of Chemistry. b Reprinted from ref. Zhang et al. (2003) with
permission from American Chemical Society

12 h, while closely related AuNP with 1.2 nm in diameter
affects predominantly programmed cell death by apoptosis.

These data were complemented in a very recent study,
which analyzed the cytotoxicity of AuNP in the size range
between 1.4 and 15 nm, and thus fill the size gap between
these two cornerstones of the highest and lowest cytotox-
icity (Broda et al. 2016b). Besides Aul.4MS, AuNPs with
4.7, 10, 12, and 15 nm, all stabilized with either TPPMS
or TPPTS, respectively, were tested regarding their cyto-
toxicity towards HeLa cells. Again, Aul.4MS was found to
be the most cytotoxic species (ICs, value of 43 pM), while
all other particles showed decreasing toxicity with increas-
ing size up to 15 nm, which corroborates the clear trend of
size-dependent cytotoxicity. Furthermore, these studies dis-
closed that all TPPTS-stabilized AuNPs were found to be
less toxic than TPPMS-stabilized ones.

Pan et al. pointed out that for Aul.4MS and Aul5MS,
the major cell-death pathway is oxidative stress (Pan et al.
2009). All indicators of oxidative stress, reactive oxygen

Change in Absorbance (x100)
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f ¢) 0.7

“»/
ATV
L B
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Fig. 13 The relaxation behavior of excited electrons of three AuNPs
of different size. Reprinted from Smith et al. (1997) Copyright
(1997), with permission from Elsevier

species (ROS), mitochondrial potential and integrity, and
mitochondrial substrate reduction are compromised. In
addition, they performed mRNA expression analysis using
Affymetrix gene chips. The results are illustrated in Fig. 17.
In a so-called heat map presentation, it is illustrated that a
group of growth-related genes (PTGER4, EDN1, NR4Al,
C5orf13, NR4A3, EGR3, FOS, EMP1, CALDI1, SER-
PINEI1, EGR1, DUSPS, ATF3, DUSP2) were upregulated
in HeLa cells treated with both Aul.4MS (the signature of
these particles is “s”: small) and Aul5SMS (the signature of
these particles is “b”: big) at 1 h after the onset of treat-
ment (slh_1, slh_2, blh_1, blh_2). This reflected an ini-
tial growth response triggered by addition of fresh media
along with the Aul.4MS and Aul5MS, which illustrates
a well-known short-term phenomenon of cell culture and
confirms the validity of the gene chip expression study.
A separate clustering of the gene expression changes fol-
lowing treatment with the non-toxic Aul5MS confirmed
an overlapping, almost identical group of genes (EGRI,
NR4A1, DUSP5, PPP1R3B, EDNI1, FOS, EGR1, EDNI,
ADAMTS1, ATF3, PTGER4, CYR61) as upregulated
at 1 h after medium exchange irrespective of toxicity.
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Table 1 ICs, values of 11 human cancer cell lines treated with Cispl-
atin for 72 h and with Aul.4MS (Aus;s) for 24 h. Table adapted from
Tsoli et al. (2005) with kind permission of John Wiley and Son

Following the initial growth response, heat shock and
stress-related genes were upregulated after 6 h and strongly
upregulated after 12 h in Aul.4MS-treated but not in
Aul5MS-treated or untreated HeLa cells. This group of
genes (HSPA1A, DNAJA4, CHACI, HSPA1A, DDIT3,
GEM, LOC387763, PGF, HSPA6, SESN2, LOC284561,
PPP1R15A, HMOX1, Cl6orf81, LOC344887, NGF,
OSGIN1, FOSL1, CXCL2, IL8) suggested that a robust
stress response had occurred in the Aul.4MS-treated cells.
Highly elevated expression of heat shock proteins has been
demonstrated to inhibit apoptosis at several stages includ-
ing blocking of cytochrome c release from mitochondria,
thus preventing the formation of an apoptosome and the
activation of caspase-3, ultimately forcing cells into necro-
sis instead of apoptosis.

The gene expression profile in Aul.4MS is fully com-
patible with an oxidative stress response leading to necro-
sis. The previous studies of AuNP interaction with DNA
suggested that the toxicity of Aul.4MS might be due to
interference with DNA transcription. However, the strongly
enhanced expression of 35 genes after exposure of HelLa
cells to Aul.4MS and the continued expression of GAPDH
both argued against direct transcriptional inhibition by
Aul.4MS. This indicates that binding of the metal core of
the Aul.4MS cannot be the sole or predominant reason for
cytotoxicity. Nevertheless, a partial loss of the ligand shell
being essential for the DNA binding is still considered as a
precondition to unfold high AuNP cytotoxicity. This is con-
firmed by different experimental approaches:

Cell line ICs, cisplatin, 1Csy Auss, 24 h
72'h (4M) (HM)
MC3T3-El
Bone cells 26.10 + 1.27 1.65 +0.14
U-20S8
Osteosarcoma 11.17 £ 2.02 0.64 + 0.04
SK-ES-1
Osteosarcoma 0.79 + 0.17 1.03 +£0.18
MOR/P
Lung cancer cells 3.30 +0.30 2.10+0.10
MOR/CPR
Lung cancer cells 710+ 1.2 2.50 +0.10
CCD-919Sk
Fibroblast cells 0.45 +£0.10 0.62 + 0.07
BLM
Metastatic melanoma 54.70 + 7.60 0.30 + 0.10
M V3
Metastatic melanoma >50 0.24 + 0.02
SMel-28
Melanoma 15.60 + 2.26 1.12 +0.16
HeLa
Cervical cancer cells 7.93 +0.95 2.29 +0.10
Hek-12
Kidney cancer cells® 20.13 +£6.0 0.63 +0.02
#Kidney cancer cells transformed with adenovirus
(b)
g ™
L
2
Yo w0 w0 w0 4
- o

Fig. 14 a AFM image of DNA sections partially linked with Auss
clusters. b Height profile of unloaded and loaded parts, respectively.
¢ Energy-minimized structure of B-DNA with Auss clusters along the
phosphate backbone of the major grooves. b Figure reprinted from
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Liu et al. (2003) with kind permission from John Wiley and Sons. ¢
Figure reprinted from Tsoli et al. (2005) with kind permission from
John Wiley and Sons
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Fig. 15 Cytotoxicity of AuNP during the logarithmic growth phase
of four cell lines. a HeLa cells were seeded at 2000 cells/well and
grown for 3 days into the logarithmic growth phase. AuNPs were
added for 48 h and MTT tests were performed. The logarithmic
curve fits of tabulated MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) readings are shown. Each data point repre-
sents the mean =+ standard error (SE) of sample triplicates. b Note
that the IC, values of Aul. 4MS were lowest across all cell lines and

The first one analyzes the effect of different reducing
agents (RA) or antioxidants, i.e., N-acetylcysteine (NAC),
glutathione (GSH), ascorbic acid (ASC) and TPPMS, com-
prising different binding affinities to the gold surface. The
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Fig. 16 ICs, values of different sized TPPMS- and TPPTS-stabi-
lized AuNPs achieved from citrate-stabilized AuNPs. ICs, values
are drawn in a logarithmic scale in given in pM Au. Therefore, a
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-
5-carboxanilide) vitality assay was applied by testing the cells dur-
ing the logarithmic growth phase and determined the respective ICs,
values. Reprinted from Broda et al. (2016b) Copyright (2016), with
permission from Elsevier
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that Au compounds of smaller or larger size were progressively less
cytotoxic, which suggests a stringent size dependency of cytotoxicity.
All concentrations relate to the amount of gold detected by atomic-
absorption spectroscopy (AAS) in the authentic samples after per-
forming the cytotoxicity test. This procedure ruled out the possibility
that cluster synthesis contaminants or dilution errors may have caused
erroneous results. Figure reprinted from Pan et al. (2007) with kind
permission from John Wiley and Sons

results are illustrated in Fig. 18. If the cells are pre-treated
for 3 h with the respective RA, washed and post-treated
with Aul.4MS, the cytotoxicity is unaffected. If either
Aul.4MS was pre-treated with RA for 3 h and the mixture
was added to the cells for 48 h, the cells were pre-treated
with RA for 3 h, followed by the addition Aul.4MS and
incubated for 48 h, or the RA was mixed with Aul.4MS and
the mixture was immediately added to cells and incubated
for 48 h; toxicity of Aul.4MS was significantly reduced,
except for ascorbic acid. This led to the conclusion that
the thiol-bearing molecules NAC and GSH as well as an
excess of TPPMS stabilize the particles in solution, so that
the unshielding of the bare gold core due to a partial loss of
the ligand shell, which was anticipated as the precondition
to unfold cytotoxicity, is prevented by the replacement of
TPPMS with NAC or GSH or is effectively reduced by an
excess of free TPPMS via the chemical equilibrium. This
hypothesis was further confirmed by analyzing AuNPs of
similar size (1.1 nm) that were directly capped with glu-
tathione (Aul.1GSH) (Pan et al. 2009). These particles do
not induce oxidative stress and, thus, are almost non-toxic.
The second approach utilized patch clamp measurements
as a Food and Drug Administration (FDA)-established drug
safety test (FDA 2005). Depending on the ligand composi-
tion, the 1.4 nm-diameter AuNP failed electrophysiology-
based safety testing using human embryonic kidney cell line
293 cells expressing human ether-a4-go—go-Related gene
(hERG) (Leifert et al. 2013a). While the TPPMS-stabilized
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Fig. 17 Hierarchical cluster analysis and heat map representation of
differentially regulated genes in AuNP-treated HeLa cells. All gene
chip analyses were performed in duplicate (_1, _2). HeLa cells were
left untreated (c) or were treated for 1, 6, and 12 h with Aul.4MS
(s1 h—s12 h for small AuNPs) or with Aul5SMS (bl h-b12 h for big
AuNPs). Gene expression levels determined by Affymetrix gene
chips were subjected to hierarchical cluster analysis. Upon treatment
with Aul.4MS, 35 genes were significantly upregulated. Each gene is

AuNP irreversibly blocked hERG channels, GSH-stabilized
AuNPs of similar size had no effect in vitro, and neither
particle blocked the channel in vivo, which also holds the
addition of excess TPPMS (see Fig. 19). The blockade of
the hERG channel by Aul.4MS was irreversible and con-
trol experiments confirmed that it is not caused by the
ligand TPPMS, which exhibited a reversible blockade,
and only at very high concentrations. This confirms that
the binding modality between metal and ligand is a rele-
vant parameter; hence, the shielding of the AuNP surface
plays a crucial role in the cytotoxicity of Aul.4MS. These
findings were supported by docking simulation of AuNPs,
carrying a varying number of ligands in contact with the
hERG channel, suggesting a differential interaction facili-
tated by the complementarity in size and shape.

Cellular uptake and distribution

As pointed out before, the physico-chemical properties of
inorganic nanoparticles, in general, depend on the intrinsic
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depicted by a single row of colored boxes. The color of the respective
box in one row represents the expression value of the gene transcript
in one sample compared with the median expression level of the
gene’s transcript for all samples shown. Blue transcript levels below
median, white transcript levels equal to median, red transcript levels
higher than median. Figure reprinted from Pan et al. (2009) with kind
permission from John Wiley and Sons

properties of the particle core as well as on the composi-
tion of the ligand shell (Dreaden et al. 2012). These ligands
have several functions. Most important, they increase the
colloidal stability of the particles in biological environ-
ments by steric or electrostatic means. Furthermore, they
are thought to enhance the biocompatibility of the inor-
ganic NPs. Hence, the short- and long-term stability of the
ligand shell is of vital importance for the evaluation of the
bioactivity and fate of the particles in vivo. This does not
only hold for weakly binding ligands, such as phosphines
on gold. A recent study has demonstrated that even firmly
grafted polymer shells around 5 nm AuNPs, bound to the
gold core via thiol terminated, strongly binding anchor
groups, may degrade within 24 h when injected into rats
(Kreyling et al. 2015). The findings discussed above indi-
cate the need of detailed investigations on the intracellular
integrity of the cytotoxic 1.4 nm-sized AuNP. Although it
is most likely that nanoparticle toxicity follows endocyto-
sis, it is entirely possible that the toxicity may stem from
interactions at the cell membrane, even though the particles
are also endocytosed (Broda et al. 2016a). However, the
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Fig. 18 Bar chart and the cor-
responding molecular structures
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Aul.4MS for 48 h. D Aul.4MS
pre-treated with reducing agent
for 3 h, and mixture added to
cells for 48 h. E Cells pre-
treated with reducing agent for
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specific binding situation of the ligand shell in Aul.4MS
may also promote direct penetration of the cell membrane,
which is consistent with recent studies on the interaction of
Aul.4MS with model membranes (Broda et al. 2016b).
The localization of inorganic NP in cells can be ana-
lyzed by means of transmission electron microscopy.
However, imaging of inorganic NP, in particular in the
sub-2 nm range, is still a big technical challenge due to
resolution limitations on biological media, caused, e.g.,
by inelastic scattering or high electron beam sensitivity
of the biological material (He et al. 2007; Marquis et al.

2009; Sousa et al. 2012). Alternatively, AuNP in this size
range can be traced in biological samples using either
nuclear radiation detection or fluorescence detection (for
the ligand shell, if equipped with a fluorescence marker).

For nuclear radiation detection, the isotope 197 Au, which
is both a mononucleidic and monoisotopic element, is trans-
ferred into the radioactive isotope '*Au by means of neutron
activation ("*’Au (n, ) 198 Au), which allows for quantitative
detection of Au in the biological samples. This analytical
method is called neutron activation analysis, NAA. How-
ever, NAA is rather limited in spatial resolution so that
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Fig. 19 Patch-clamp measurement of hERG tail current peak ampli-
tudes in HEK 293 cells stably expressing the hERG ion channel. a
Concentration-dependent inhibition of hERG current by Aul.4MS
(3.1, 6.5, and 16.25 pM gold atom concentrations), sequentially
applied to the same cell. The shaded areas indicate the intervals of
different compound concentrations [Au] and [TPPMS], respectively.
After a latency time of typically 2-3 min, an increase in the slope of
current decay with increasing Aul.4MS concentration is observed.
Arrows indicate start (S), change (C), and end (E) of perfusion with
the differently concentrated AuNP solutions. b Inhibition of hERG
current by 65 pM Aul.4MS shows no recovery upon washout.

ligand release
upon cellular uptake

-0+ >

quenching

9 +-O4
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Fig. 20 Cytotoxic 1.4 nm-sized AuNPs are functionalized with a
fluorophore Cascade Blue Ethylenediamine®. In this state the fluo-
rescence emission of the CBE is quenched. By ligand release upon
cellular uptake, fluorescence reappears and gets visible in the fluo-
rescence images of HepG2 cells (see Fig. 21). Figure reprinted from
Broda et al. (2016a) with kind permission from John Wiley and Sons

quantification of gold is not feasible on a single cell level but
requires integration over a larger number of cells. In contrast,
ligand shell of AuNPs may directly be traced on the cellular
level by utilizing fluorescence quenching (Ke et al. 2014)
and/or enhancing effects (Chowdhury et al. 2006). To inves-
tigate the hypothesized ligand loss of Aul.4MS upon cellu-
lar uptake, new phosphine-stabilized cytotoxic Aul.4MS has
been synthesized bearing a fluorophore, so that fluorescence
dequenching can be utilized to visualize the fate of the ligand.

Broda et al. introduced a new type of cytotoxic 1.4 nm-
sized AuNP, where the gold core is functionalized with
a fluorophore Cascade Blue Ethylenediamine® (CBE),
described as Aul.4MS/CBE (Broda et al. 2016a). Upon
binding of the fluorophore covalently to the AuNP-surface,
the fluorescence emission of the CBE is quenched. How-
ever, fluorescence reappears as soon as it is released from
the AuNP’s surface (cf. Fig. 20).

To investigate the subcellular distribution of CBE,
HepG2 cells, we treated with 100 uM of Aul.4MS/CBE.

@ Springer

Arrows indicate start (S) and end (E) of perfusion with AuNP solu-
tion. The blocking of the hERG channel by Aul.4MS is irreversible
and additive. ¢ Application of 300 pM Aul.1GSH did not affect the
hERG current. The shaded areas indicate the intervals of different
compound concentrations of [Au] in Aul.lIGSH. d Pre-incubation
of Aul.4MS with different concentrations of TPPMS abolished
the hERG blocking potency of 20 pM Aul.4MS when TPPMS was
present in excess. The cell was perfused with a mixture of 20 pM
Aul.4MS + 50 pM TPPMS, 20 pM Aul.4MS + 25 pM TPPMS,
and 20 pM Aul.4MS + 10 pM TPPMS. Reprinted from Leifert et al.
(2013a, b) with kind permission of PNAS

Although cytotoxic effects have been observed, in cells
with overall healthy morphology CBE molecules were
found to be homogenously distributed over the cyto-
plasm and concentrated to some extent at the cell mem-
brane (Fig. 21a). Moreover, fluorescence was found inside
the nucleus, however, with lower intensity compared to
the cytosol. The results led to the conclusion that at least
a fraction of CBE is no longer covalently attached to the
AuNP’s surface (Broda et al. 2016a). The released CBE
was furthermore able to enter the cell as well as the nucleus
and could be found in various subcellular compartments
including cytosol, nucleus and plasma membrane. How-
ever, from the localization of released fluorophores alone, it
could neither be concluded where the detachment occurred
nor could be deduced that Aul.4MS/CBE has been taken
up by the cells. To prove the uptake Aul.4MS, irrespective
of whether still bound to CBE or not, NAA on cell frac-
tionations was carried out after exposure of HepG2 cells to
AuNPs.

In cells which were incubated with 75 uM AulNP
solutions of Aul.4MS and Aul.4MS/CBE, respec-
tively, (339 =+ 20) ng Au stemming from Aul.4MS and
(569 + 113) ng Au stemming from Aul.4MS/CBE were
found in the cytosolic fractions (Fig. 21b). In contrast
to previous studies (Verma and Stellacci 2010), only
low amounts of gold were found in the nuclear fractions.
The distribution of the incorporated AuNPs in the cyto-
solic and nuclear fraction is 96.6-3.4 and 95.2-4.8% for
Aul.4MS and Aul.4MS/CBE, respectively. The differen-
tiation between membrane-bound and incorporated AuNPs
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Fig. 21 a CLSM images of HepG2 cells incubated for 20 h with
100 uM Aul.4MS/CBE or 100 uM Aul.4MS as indicated. Fluores-
cence (left) and bright-field images (right) are shown. Arrows point
to increased fluorescence at the cell membrane. Nuclei appear with
lower fluorescence as exemplified with dotted circles. Scale bars

Table 2 Internalized AuNPs per cell and cellular uptake efficien-
cies of HepG2 cells incubated 24 h with 1 and 75 uM Aul.4MS or
Aul.4MS/CBE determined by referring the applied gold concentra-
tion to the sum of the gold amount found in the soluble and the mem-
brane fractions. Table reprinted from Broda et al. (2016a) with kind
permission from John Wiley and Sons

Sample Applied Au con- Internalized Cellular
centration (uM)  AuNPs per cell uptake effi-
ciency/%
Aul.4MS 1 1.9 x 10° 2.5
Aul.4MS 75 9.5 x 10° 1.7
Aul4MS/CBE 1 1.9x 10° 2.7
Aul.4MS/CBE 75 1.5 x 10’ 2.7

revealed membrane association of a substantial portion
of both Aul.4MS and Aul.4MS/CBE (Fig. 21c). This is
a priori surprising, as the particles are negatively charged
and are thus not expected to be attached to the negatively
charge cell membrane. However, membrane-bound nega-
tively charge AuNPs may be bound non-specifically to
cationic patches on the otherwise negatively charged mem-
brane (Schaeublin et al. 2011). The difference in overall
lower gold amount detected is attributed to different proce-
dure in cell fractionation.

The cellular uptake efficiency was derived from the
sum of the detected gold amount in the soluble and the
membrane fractions related to the applied gold amount.
In accordance with the previously reported data (Soenen
et al. 2012; Alkilany and Murphy 2010), the cellular uptake
efficiency is 2-3%, which corresponds to approx. 105-107
particles per cell (see Table 2). A generally higher uptake is
reported for positively charged AuNPs (Alkilany and Mur-
phy 2010; Bogart et al. 2014).

The data show that Aul.4MS/CBE was more efficiently
taken up than Aul.4MS, although they exhibit a higher
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represent 10 um. b, ¢ Gold amounts determined via NAA for b cyto-
solic and nuclear fractions and ¢ for membrane and soluble fractions.
HepG2 cells were incubated for 24 h with 1 uM and 75 uM Aul.4MS
or Aul.4MS/CBE. Figure reprinted from Broda et al. (2016a) with
kind permission from John Wiley and Sons

negative surface charge due to the three sulfonate groups
per CBE group. The authors point out that this is in line
with the previously reported increased internalization
of 1.5 nm-sized negatively charged AuNPs into HaCaT
cells compared to cationic and neutral ones (Soenen et al.
2012). This is attributed to the adsorption of serum pro-
teins from the cell culture media, which could induce the
entry of AuNPs into cells by receptor-mediated endocytosis
(Rivera-Gil et al. 2013; Rosi et al. 2006). However, even if
serum proteins are adsorbed onto the AuNPs’ surface the
effect on the cytotoxic properties is negligible as both par-
ticle species exhibit similar ICs, values. This confirms the
hypothesis that the partial or complete loss of the TPPMS
ligand shell, to which serum proteins will bind, is a prereq-
uisite to unfold the cytotoxicity of these usAuNP.

In vivo toxicity tested in zebrafish embryo essays

As pointed out in many works, the zebrafish embryo tests
(FET) are considered suited as a complex vertebrate test to
study the toxicity of nanoparticles (Scholz et al. 2008; Kos-
mehl et al. 2012). 25% of the zebrafish genes are known
to be essential for early development and 99% of these
genes are homologous to human genes (Amsterdam et al.
2004). This suggests that results obtained in zebrafish may
be transferable to humans. Anyway, they are highly useful
for ‘intermediate’ toxicity testing, after completing initial
experiments in cells, and before turning to in vivo experi-
ments in rodents (Rizzo et al. 2013).

Jahnen-Dechent and coworkers recently showed that
FET reproduced all important findings of a previous study
in HeLa cells concerning the toxicity effects of Aul.4MS,
as discussed above, and added new important informa-
tion on teratogenicity and hepatotoxicity that could not
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be gained from studying cultured cells (Pan et al. 2013).
They compared Aul.4MS and equally sized Aul.4GSH,
where GSH stands for glutathione. In their study, Aul.4MS
caused embryo coagulation at the lethal dose of 400 mM.
At a sub-lethal dose of 50 mM, Aul.4MS caused hypopig-
mentation and pericardial edema. The malformations were
absent in embryos exposed to Aul.4GSH at an even higher
dose (1 mM) and, in accordance with the cytotoxicity test
in HeLa cells, the toxicity of Aul.4MS was drastically
reduced, when GSH was added.

Antibacterial effects

To explore the potential therapeutic activity of cytotoxic
usAuNP, Boda et al. investigated treatment option against
staphylococcal infections (Boda et al. 2015). The emer-
gence of multidrug resistant bacteria, especially biofilm-
associated Staphylococci, requires novel antimicrobial
agents. The authors tested antibacterial activity of AuNPs
in a size range between 0.8 and 10 nm against planktonic
Gram-positive and Gram-negative pathogenic bacteria.
Among the Gram-positive strains, Staphylococcus aureus
and S. epidermidis were tested, while Escherichia coli and
Pseudomonas aeruginosa comprised the Gram-negative
strains. In concentration-dependent toxicity assessment, the
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) were evaluated. The
results are summarized in Table 3.

They found that usAuNPs with core diameters of 0.8
and 1.4 nm, i.e., Au0.8MS and Aul.4MS, both being stabi-
lized with TPPMS, both have minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration of
25 x 107® M [Au]. However, in contrast to the previously

discussed cytotoxicity data, the bactericidal activity of
Au0.8MS was found to be higher than for Aul.4MS. In
accordance with all previous findings, thiol-stabilized
AuNP [in this study, AuNP with diameter of 1.9 nm
(AuroVist) were used] did not cause significant toxicity in
any of the bacterial strains.

In kill kinetics studies, where Au0.8MS and Aul.4MS
were studied at their MIC in staphylococci, both particles
caused acute toxicity in S. aureus and S. epidermidis,
respectively. Thereby, an up to 5 log ,, reduction in via-
ble bacteria was measured within 5 h of exposure. As can
be seen in Fig. 22, between 5 and 21 h, bacterial growth
resumed due to the growth of resistant bacteria with the
exception of Au0.8MS-treated S. aureus. This specific
test did not show signs of recovery even after 24 h of
culture.

Although, no explanation of the superior antibacterial
properties of Au0.8MS is explained, yet the results docu-
ment antibacterial effects of TPPMS-stabilized usAuNP
below the ICs, concentrations reported for eukaryotic
cells. This suggests a therapeutic window for such particles
below host toxic concentrations.

Biodistribution and pharmacokinetics

To determine accumulated fractions in secondary organs
and tissues, the ultimate aim is to quantitatively balance
the fractions of NP in all relevant organs and tissues of the
body and include the remaining body and total excretion
collected between application and analysis as a function of
retention time, i.e., quantitatively balanced biokinetics of
the incorporated AuNP as described earlier (Kreyling et al.
2013; Geiser and Kreyling 2010). Note that the selective

Table 3 Summary of (A)

E. coli S. aureus S. epidermidis P. aerugi-
MIC and (B) MBC of TPPMS- nosa
stabilized AuNP against
different bacterial strains (A) Minimum inhibitory concentration (MIC) in x 10~ m
Au0.8MS No inhibition 25 25 No inhibition
Aul.4MS No inhibition 25 25 >400
Au5.1IMS >400 >400 >400 >400
Au8.7MS >400 >400 >400 No inhibition
Aul0.4MS >400 >400 >400 No inhibition
AuroVist No inhibition No inhibition No inhibition >400
(B) Minimum bactericidal concentration (MBC) in x107° m
Au0.8MS ND 25 25 ND
Aul.4MS ND 25 25 ND

The MIC and MBC values denoted above correspond to a minimum of four concordant experimental val-

ues obtained among 4—6 replicates

ND not determined
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Fig. 22 Growth kinetics of a S. aureus and b S. epidermidis exposed
to Au0.8MS and Aul.4MS at MIC (25 x 107° M Au) for 0-24 h, pre-
sented by the number of colony forming units per mL (cfu/mL). Fig-
ure reprinted from Boda et al. (2015) with kind permission from John
Wiley and Sons

analyses of selected organs may cause substantial uncer-
tainty of the fate of incorporated AuNP.

Size-dependent biokinetics after three routes
of application

For a systematic attempt of the effect of the AuNP size,
we used a suite of monodisperse AuNP ranging from 1.4
via 5, 18, and 80 to 200 nm all surface-modified with
TPPMS resulting in a negative zeta-potential and, addi-
tionally, 2.8 nm AuNP either coated with thioglycolic acid
(TGA) exhibiting a terminal carboxyl group (-COO™) or
with cysteamine group exhibiting a terminal amino group
(-NH;*) achieving either a negative or a positive zeta-poten-
tial. These AuNPs were applied to healthy, adult female rats
via three routes [intratracheal (IT) instillation, oral ingestion
by gavage and intravenous tail-vein (IV) injection] to directly
compare the effect caused by different organs of intake—
lungs versus gastrointestinal-tract (GIT) versus systemic cir-
culation in blood (Kreyling et al. 2014; Schleh et al. 2012;
Hirn et al. 2011; Semmler-Behnke et al. 2008).

T-instillation

All AuNPs were radioactively labeled by neutron irra-
diation in a nuclear research reactor (!’Au (n, 7) 198 Ay)
prior to use as described previously (Kreyling et al. 2014;
Schleh et al. 2012; Hirn et al. 2011; Semmler-Behnke et al.
2008). Physicochemical parameters of the AuNP including
specific 1®Au radioactivity and the isotope ratio of *®*Au
to stable ’Au are given in the previous reports. Due to
the short radioactive half-life of '*®Au (2.7 days), biodis-
tributions were quantitatively determined up to three times
within the first 24 h after application.

Figure 23 shows that IT-instilled AuNPs were retained
predominantly in the lungs including small but size-
dependent AuNP translocations towards blood circula-
tion and subsequent accumulation in all secondary organs
and tissues (left panel); in contrast, more than 95% of the
gavaged AuNPs were passing through the GIT for fecal
excretion including even smaller but also size-dependent
fractions of absorbed AuNP through the GIT-epithelia
towards blood circulation and subsequent accumulation
in secondary organs and tissues (middle panel). In further
contrast, after IV-injection AuNPs were rapidly cleared
from circulation within 1 h in a size-dependent manner
and predominantly accumulated in liver (right panel) fol-
lowed by spleen and other secondary organs as well as
tissues (Fig. 24).

Figure 24 compares the accumulation of 18 nm
AuNP between 1 and 24 h in secondary organs and tis-
sues after all three applications—IT-instillation, Gavage
and IV-injection. To compare accumulation in second-
ary organs and tissues directly between the three appli-
cation routes, fractions of the initially applied dose after
IV-injection are compared with fractions relative to the
amount of AuNP which had entered blood circulation for
subsequent accumulation after crossing the ABB or the
GIT-epithelium, respectively. It is remarkable how rapid
accumulation had occurred already 1 h after applica-
tion; further accumulation until 24 h is rather modest in
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Fig. 23 Size dependent 24 h retentions AuNP in organs of intake
(i.e., lungs, GIT, blood) as percentage of initially applied dose (ID)
after all three AuNP applications. In addition, total translocation
across the air-blood-barrier (ABB) and absorption across the GIT epi-
thelium are shown after IT-instillation and gavage, respectively; and

AulP core diameter [nm]

Au core diameter d [nm]

the dominant liver accumulation after IV-injection (Kreyling et al.
2014; Schleh et al. 2012; Hirn et al. 2011; Semmler-Behnke et al.
2008). Mean data + SEM of n = 4 rats for each AuNP size. Note that
the AuNPs tested are TPPMS stabilized except the 2.8 nm AuNP,
which are stabilized with TGA exhibiting a terminal carboxyl group
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Fig. 24 Biokinetics patterns of Aul8MS between one and 24 h after
IT-instillation, gavage or IV-injection in liver, spleen, kidneys (upper
panels) and in brain, remaining carcass and blood (lower panels).
IV-injection fractions are relative to ID; fractions of IT-instillation or
gavage are normalized to the AuNP fraction which had crossed the

all secondary organs and the remaining carcass after IT-
instillation or IV-injection, respectively. However, after
gavage AuNP accumulation increases more than tenfold
in spleen, kidneys, brain and carcass while in liver the
AuNP content declines an order of magnitude after 1 h.
In blood, freshly IV-injected AuNP decreased a 1000-fold
within 1 h and stayed constant at this low level during the
next 24 h. None of the clearance mechanisms are fully
understood but it appears that liver macrophages (Kupfter
cells) effectively and rapidly catch more than 90% of the
circulating AuNP after I'V-injection while only about 1%
AuNP is retained in both spleen and carcass and even
lower fractions are found in other organs. In contrast, of
those AuNPs which had crossed the ABB after IT-instil-
lation, the blood fraction is higher than 10% at 1 h and
declines gradually. AuNP fractions of about 10% in the
liver are as high as in blood and increase slightly over
time. A similar gradual increase is seen in the other sec-
ondary organs although on a lower level. Note that the
highest content of translocated AuNP (>80%) is found in
the carcass comprising the skeleton, muscles, fat, skin,
etc.

After gavage AuNP patterns are again different to
those after [V-injection or IT-instillation; of those AuNPs
which had crossed the GIT-epithelium, the AuNP fraction
in blood is only 0.1% but increases drastically a 100-fold
during the next 24 h. Since in most organs and the carcass
AuNP contents increase between tenfold and 100-fold, it

@ Springer

ABB or GIT-epithelium, respectively, into circulation for subsequent
accumulation. Note, in all organs and the carcass the AuNP content
in the residual blood volume of each organ was estimated and sub-
tracted; therefore, the data present AuNP retained in the tissues of
each organ. Mean + SEM, n = 4 rats for each time point

appears plausible that the passage across the GIT-epithe-
lium into blood occurs in a prolonged fashion compared to
ABB translocation. 10% of the circulating AuNPs is rapidly
removed by the liver but a tenth of those AuNPs escape the
liver and become again redistributed in the organism.

The large differences in the biokinetics patterns of the
identical AuNP after the three routes of application clearly
indicate that after each application the AuNPs interact dif-
ferently with the constituents of the circulating blood and
the vascular membranes of the secondary organs and tis-
sues although each AuNP size of this set of monodisperse
of AuNP was dispersed in the same suspension. Note how-
ever, two major differences between I'V-injection versus IT-
instillation or gavage are the AuNP dose and dose rate in
blood circulation, although the applied AuNP doses were
the same at all three applications. But during I'V-injection,
the AuNP suspension is injected as a bolus into the tail vein
within 20-30 s while after IT-instillation and after gavage
the crossing of the ABB or GIT-epithelium, respectively,
is prolonged over the first few hours and the amount of
AuNP which crossed either membrane is 2-3 orders of
magnitude lower than after [V-injection. Even the contribu-
tions of pathways across either membrane are unclear: after
IT-instillation, AuNPs were found in endothelial cells of
alveolar vascular vesicles (Geiser and Kreyling 2010) but
AuNP may well enter lymphatic drainage before entering
circulation which will likely take more time than just cross-
ing through vascular endothelial cells. There are doubts
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Fig. 25 24 h translocation across the ABB (upper left panel) or
absorption across the gut epithelium (upper right panel) respectively,
given as percentage of initially applied dose (ID) of a suite on mono-
disperse AuNP ranging from 1.4 to 200 nm after either IT-instillation
or after gavage (Kreyling et al. 2014; Hirn et al. 2011). A regression
line and corresponding equation estimated for 1.4-80 nm AuNP are

within the scientific GIT-physiology community that there
is a direct entry across the GIT epithelium into blood ves-
sels (Powell et al. 2010) and lymphatic pathways prior to
the entry into circulation are considered to be more realis-
tic. The latter would be congruent with the delayed AuNP
arrival in blood causing a steep increase in blood and most
organs and tissues between 1 and 24 h (Fig. 24).

The role of rapidly binding serum biomolecules and/or
proteins to the AuNP surface, particularly, that of opsonin
molecules are intensely discussed in the community but no
quantitative data on the trapping contribution of individ-
ual molecules are yet determined based on in vivo studies
(Monopoli et al. 2013; Zarschler et al. 2016; Docter et al.
2015). Furthermore, what is the role of cellular blood con-
stituents like monocytes, leucocytes, thrombocytes, eryth-
rocytes, etc. interacting with the floating AuNP? Why do
cells of the mononuclear phagocytic system (MPS) interact
at so different rates of interactions in different organs, like
liver versus spleen, kidneys, etc.? The lack of knowledge
hampers strongly nanomedicinal drug applications in diag-
nostics and therapy.

The physicochemical NP properties play a pivotal role
in the biokinetics fate: In Fig. 25, the AuNP size-dependent
total translocation into blood is shown by integration over
all accumulated AuNP in secondary organs and tissues

AuNP core diameter [nm]

Au core diameter d [nm]

added. The lower panels confirm that this inverse size dependency
results from liver, spleen and carcass as indicated by their parallel
gradient to the trend line taken from their respective upper panels.
Mean + SEM data of n = 4 rats for each AuNP size. Note that the
AuNPs tested are TPPMS stabilized except the 2.8 nm AuNP, which
are stabilized with TGA exhibiting a terminal carboxyl group

after IT-instillation and gavage. After both applications,
there is a linear size-dependent decline from the smallest
1.4 nm particle (Aul.4MS) to 80 nm particle (AuS8OMS).
After IT-instillation translocation declines over almost two
orders of magnitude and the decline is proportional to the
inverse of the AuNP diameter as indicated by the close to
unity slope of the regression line in Fig. 25. This param-
eter represents the specific AuNP surface area [surface
area (pmz) per volume (pm3)]; in other words, the trans-
location across the ABB declines with declining specific
surface area (SSA). However, this SSA pattern does no
longer apply for 200 nm AuNP after IT-instillation since it
is significantly above the regression line. Whether this dis-
tinction supports the current upper size limit of 100 nm of
nanoparticles versus larger sized particles may be an inter-
esting hint but needs certainly more specific analyses. After
gavage, AuNP absorption declines 50-fold with increasing
AuNP diameter; but in contrast to IT-instillation the slope
of the regression line of absorption across the gut epithe-
lium is no longer unity (i.e., SSA proportional) but about
half of it (SSA™"%). Here, the 200 nm AuNPs are fitting to
the regression of the AuNP size decline. A physiological
explanation of these observations is lacking, but it appears
plausible that interactions of AuNP with molecular and
cellular constituents of blood as well as with MPS cells of
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the various organs and tissues are surface-area dependent,
i.e., the larger the surface area per NP volume or mass is
the more molecular binding reactions between the AuNP
surface and the receptor molecules of cell membranes can
take place. Since AuNPs in the circulation are likely not
“naked” but coated by serum molecules within seconds to
minutes, these binding reactions are modulated by the coat-
ing molecules rather than the simple gold surface of AuNP.
This increases the possible options of reactions tremen-
dously—which complicates disentangling the role of indi-
vidual molecule types—but the rate and the capacity by the
large number of reactions accelerate largely leading to an
effective defense line of the organism.

The lower panels of Fig. 25 show that the size-depend-
ent total accumulation is maintained by liver, spleen and
the remaining carcass (comprising the skeleton and soft tis-
sues (like muscle, skin, fat, etc.) since after IT-instillation
and gavage the size-dependent translocation/absorption
runs parallel to the trend lines taken from Fig. 25. Both size
dependencies are very different from that after IV-injection
(panel C). In this plot showing a linear y-axis, it becomes
clear that the smaller the AuNP become the lower their
retention in liver which is quite the opposite of SSA propor-
tionality suggesting either the limits of the trapping capac-
ity of Kupffer cells for the huge number of 1.4 or 2.8 nm
AuNP or a different physiological trapping mechanism.

When normalizing translocation/absorption in liver,
spleen and carcass not as a fraction of ID of IT-instillation
or gavage but of the amount of AuNP which had actually
entered the circulation followed by accumulation, then the
AuNP size dependency between 1.4 and 80 nm disappears
grossly in liver and spleen (Fig. 26); this indicates that the
larger the AuNPs are the less they translocate/absorb across
the ABB/GIT epithelium, respectively, as already shown
in Fig. 22. The AuNP size independency holds also for
the AuNP accumulation after I'V-injection on a logarith-
mic y-axis. Note, however, that both liver and spleen frac-
tions after IT-instillation or gavage are tenfold lower than

¢ remainder

after IV-injection. More than 50% of the AuNPs which had
crossed either ABB or the GIT-epithelium accumulate in
the remaining carcass also grossly AuNP size independent;
while after IV-injection, the AuNP size-dependent accu-
mulation in the carcass decreases almost 100-fold from 1.4
to 80 nm suggesting that the latter application triggers dif-
ferent mechanisms of accumulation and/or retention when
compared to IT-instillation or gavage.

Biokinetics fate depends on pre-engineered
AuNP-protein-conjugates (albumin versus Apo-E)

To challenge the role of selected proteins tightly bound on
the AuNP surface, we crafted conjugates of either 15 nm
or 80 nm monodisperse, 198 A u-radiolabeled AuNP with
either albumin or apo-lipoprotein E (ApoE) prior to intra-
venous injection into the tail-vein of adult healthy female
C57B1/6 mice and followed the biokinetics from 30 min
to 19 and 48 h (Schiffler et al. 2014). Citrate-stabilized
AuNP served as particle controls. For tight protein bind-
ing, a double-layer methodology was applied using two
polyelectrolyte molecules [polystyrene sulfonate (PSS)
and poly-allylamine hydrochloride (PAH)] in between the
AuNP surface and the protein (Sousa et al. 2010).

In Fig. 27, accumulation of 15 nm core diameter
AuNP in liver, spleen, lungs, brain and the remaining car-
cass is shown during 48 h. The citrate-stabilized AuNP
showed the same biokinetics patterns in mice as those of
the sulfonated triphenylphosphine-coated 18 nm AuNP
in rats (Figs. 22, 23); i.e., liver retention dominated by
far retention in all other organs and the carcass. However,
for both HSA-conjugated AuNP (Alb-AuNP) and ApoE-
conjugated AuNP (ApoE-AuNP) only about 50 or 70%,
respectively, were retained in the liver. About 20% of
both conjugates were retained in the spleen and another
20% of Alb-AuNP were found in the lungs; i.e., reten-
tions increased at least tenfold compared to the control-
AuNP. In the remaining carcass (comprising skeleton,
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Fig. 26 Size-dependent 24 h retentions in liver, spleen and car-
cass as percentage of those AuNP which had entered the circulation
after crossing the ABB or GIT-epithelium (panels A + B) in order to
directly compare with the retentions after IV-injection given as per-
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cent of ID (panel C) (Kreyling et al. 2014; Schleh et al. 2012; Hirn
et al. 2011). Data of 200 nm AuNP are not shown. Note that the
AuNP tested are TPPMS stabilized except the 2.8 nm AuNP, which
are stabilized with TGA exhibiting a terminal carboxyl group
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Fig. 27 Retention kinetics and of alb-AuNP, apoE-AuNP, and cit-
AuNP (15 nm core diameter) in murine liver, spleen, lungs, brain and
carcass are determined at 30 min, 19 h and 48 h after IV-injection

muscles, connective tissue, fat, skin, etc.) Alb-AuNP
retention was 10% and that of ApoE-AuNP was 5% which
accounted for a tenfold or fivefold increase compared to
the control AuNP. Although AuNP conjugate retentions
in the brain were below 0.1%, they were 100-fold higher
(Alb-AuNP) or tenfold (ApoE-AuNP), respectively, than
that of the 15 nm control AuNP. The 80 nm AuNP con-
jugates showed less pronounced but trend-wise simi-
lar differences compared to the 80 nm control AuNP. In
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(Schiffler et al. 2014). Mean + SD of AuNP fractions per injected
dose; n = 4 for each time point

summary, these results strongly suggest a pivotal role
of tightly bound HSA or ApoE on the biokinetics fate
of AuNP. However, we cannot exclude that either of the
double-layer fixed proteins stayed on the AuNP surface or
may have been exchanged to unknown extends by serum
proteins. Therefore, even this rigid study design does
not provide a clear-cut answer which fraction of purely
coated Alb-AuNP or ApoE-AuNP is retained in which
organ or tissue.
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Fig. 28 Ratios of '''In shell to '* AuNP radiolabel in each organ and
tissue 1 h and 24 h after I'V-injection (Kreyling et al. 2015). AuNP
(core diameter 5 nm) with a '®®Au core radiolabel grafted with a pol-
ymeric, '"'In radiolabeled shell were intravenously injected into the
tail vein of Wistar—Kyoto rats and their radioactivities were deter-
mined in different organs and tissues. The ratios of retentions, given
as mean data (+SEM), are denoted as percent of the total radioac-
tivity for the respective radioisotope (n = 4 animals per data point).
‘Remainder’ represents radiolabels found in the rest of the carcass
after sampling of organs (e.g., muscles, connective tissue, fat, skin

In vivo stability of crafted surface modifications
on AuNP demonstrated by biokinetics analyses

To show that even firmly grafted polymer shells around
AuNP may degrade when injected into rats, synthesized
monodisperse, radioactively labeled gold nanoparti-
cles (*®*Au) and engineered with an '!'In-labeled poly-
mer shell around them were IV-injected (Kreyling et al.
2015). Equal biokinetics of both radiolabels would indi-
cate in vivo stability of the nanoparticles, whereas differ-
ent biodistributions would indicate partial degradation.
A shell of the amphiphilic polymer poly(isobutylene-alt-
maleic anhydride)-graft-dodecyl was wrapped around the
Au core. The chelator 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) was integrated into the
polymer shell and was loaded with In (enriched with the
radioactive isotope " n, which acted as the shell label).
By calculating the '''In to ®Au ratio for each organ and
tissue and each time point, major differences between
the retentions of the two radioisotopes became evident
(Fig. 28). This differential behavior particularly in blood
and excretion indicated dissociation and removal of the
""In label from the shell of the initial AuNP which is
more pronounced after 24 h than after 1 h. Further in vitro
studies suggest that degradation of the polymer shell is
caused by proteolytic enzymes in the liver (Kreyling et al.
2015). These results show that even nanoparticles with
high colloidal stability can change their physicochemical
properties in vivo.
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and skeleton). ‘GIT + feces’ represents the radiolabels found in the
gastrointestinal tract and in feces (note that after 1 h no radiolabels
were found in feces). ‘Blood’ represents the total content of radiola-
bels, as calculated from the measured content in the blood sample and
the estimate of the total blood volume. The data show that more '''In
shell labels than '*8Au core labels were detected in blood, urine, and
GIT and feces at any time point. Reprinted by permission from Mac-
millan Publishers Ltd: Nature Nanotechnology Kreyling et al. (2015)
copyright (2015)

Size-dependent AuNP crossing of the placenta
into fetuses of pregnant rats

Since we have shown above that AuNP can cross various cel-
lular and organ membranes, the question arose whether AuNP
can cross the placental membrane entering fetuses during preg-
nancy. Therefore, we IV injected a subset (1.4, 18, 80 nm) of
the suite of different sized AuNP discussed above into the tail
vein of pregnant rats in their third trimester (Semmler-Behnke
et al. 2014). The biodistribution after 24 h only marginally dif-
fered from the non-pregnant control rats; therefore, they corre-
spond grossly to the data given in the Figs. 22, 23, 24, 25 and
26 above. Figure 27 shows that the applied AuNPs accumu-
late in the uterine wall, the placenta, umbilical cords and the
amniotic fluid after IV injection, and eventually they can reach
fetuses in a size-dependent manner. However, even with our
highly sensitive radio-analytical methodology we were not able
to find 80 nm AuNP in the fetuses. A schematic sketch illus-
trates our observations showing that all three sizes of AuNP
can cross the amniotic membrane which is surrounded by the
uterine fluid being in exchange with maternal blood; this amni-
otic membrane crossing occurs by diffusion and/or active cel-
lular transport mechanisms. But only 1.4 and 18 nm AuNP can
also cross the placental barrier entering fetal blood circulation
and hence the organism of the fetus. Interestingly, the trophop-
lastic canalicular structure of the placenta prohibits the penetra-
tion of 80 nm AuNP into the fetal blood circulation. Further-
more, only the very small 1.4 nm AuNP in the amniotic fluid
can cross the fetal skin but not the larger AuNP.
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Fig. 29 Retained fractions of I'V-injected 1.4, 18 or 80 nm monodis-
perse AuNP found after 24 h in blood, uterus, placenta and fetuses
of pregnant rats (Semmler-Behnke et al. 2014). Data are mean frac-

Disagglomeration-dependent biokinetics of inhaled
40 nm AuNP consisting either of 7 or 20 nm primary
AuNP

In many nanomedicinal or nanotechnological AuNP
applications not primary AuNP but agglomerates of pri-
mary AuNP are likely to be used. When those agglomer-
ates will enter the body the question arises whether these
agglomerates stay intact or disagglomerate in the organ-
ism (Note any disaggregation of more firmly bound aggre-
gates by chemical bonds is less likely.). This is important
since smaller AuNPs distribute differently than larger
AuNP as shown above in Figs. 22, 25 and 29. This was
demonstrated in comparative inhalation exposures of rats
which either inhaled Au-agglomerates of 7 nm primary
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tions + SEM, n = 4 rats per AuNP size. At the left side a sketch illus-
trating AuNP pathways from the maternal blood towards the fetus.
Figure reprinted from Semmler-Behnke et al. (2014)

AuNP or 20 nm primary AuNP (Balasubramanian et al.
2013). Suspensions of either primary AuNP were nebu-
lized yielding airborne Au-agglomerates of about the
same size, 46 and 42 nm, respectively, such that the dep-
osition of the inhaled Au-agglomerates was identical in
the lungs. As a result, the Au-agglomerates comprising
7 nm primary AuNP [Au-Agg(7 nm)] contained 23-fold
more AuNPs than those [Au-Agg(20 nm)] comprising
20 nm AuNP. Inhalation exposures were performed dur-
ing 15 days (for 6 h/day, 5 days/week for 3 weeks) and
the rats were analyzed 2 days after last exposure day by
Inductive-Coupled Plasma-Mass Spectroscopy (ICP-MS)
analyses of the dissected organs and tissues. After both
exposures about 90% Au-mass remained in the lungs and
7.6 versus 8.4%, respectively, were observed in the GIT

Au-masses in lungs, secondary
organs and a muscle sample
after inhalation exposure to

Au-Agg (7 nm) versus Au-Agg
(20 nm). Au-masses were
determined by ICP-MS. Data

are ratios of mean Au-masses of
n =7 rats per exposure (Balasu-
bramanian et al. 2013)
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and feces as a result of fast mucociliary clearance from
the conducting airways; while 2% of the [Au-Agg(7 nm)]
versus 0.3% of the [Au-Agg(20 nm)] were translocated
across the ABB into blood and accumulated subsequently
in secondary organs and tissues. Figure 30 shows that all
secondary organs and a muscle sample contain about four
times up to eight times more Au-mass after the inhala-
tion of [Au-Agg(7 nm)] when compared to that of [Au-
Agg(20 nm)]. In contrast, the ratio of Au-mass in the
lungs is about unity. These data demonstrate clearly that
the [Au-Agg(7 nm)] disagglomerate to a greater extent
and the disagglomerated primary 7 nm AuNP or small
clusters of those cross the air-blood barrier of the lungs
more readily leading to higher accumulations than pri-
mary 20 nm AuNP in all organs and tissues studied. Mus-
cular tissue like heart and the muscle sample accumulate
as much as the brain being double that of the other sec-
ondary organs studied.

Summary

This review has illustrated that usAuNP can exhibit
cytotoxic profile, when the stabilizing ligands allow for
direct access to the gold surface either for the direct inter-
action with biomolecules or for catalytic activity of the
unshielded gold surface. Furthermore, it showed that
usAuNP exhibits significantly different biodistribution,
and enhanced circulation times compared to larger AuNP.
In contrast to larger particles, which relatively fast accu-
mulated in the liver, usAuNPs distribute over all other
organs as well. The summary of these finding may stimu-
late the discussion among different disciplines related to
(nano)toxicology about possible therapeutic applications
of usAuNP that may be anticipated in the future.
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