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On Au,At clusters as potential astatine carriers}
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To understand interactions between astatine atoms with gold clusters the Au,At and Au,X clusters, n =12 or

13, X = F, Cl, Br, and |, were calculated at the DFT level using basis sets with a quasi-relativistic
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pseudopotential and the D3 Grimme correction for the dispersion interactions. Among the studied

clusters of various geometries, the interaction energy of At to the clusters is the smallest. Yet,
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Alpha particle emitting isotopes are of considerable interest for
radionuclide therapy because of their high cytotoxicity and short
path length. Due to the relatively high availability, **'At is
actually the most promising o emitter for targeted radiotherapy.
Attaching *''At to biomolecules targeting cancer cells is crucial
for its application in the radionuclide therapy. Although astatine
is generally treated as a halogen (X), it also shows a significant
metallic character in certain conditions." The strength of aryl
carbon-halogen bond for astatine is significantly lower than that
for iodine which precludes the use of standard direct radio-
iodination methods for labelling monoclonal antibodies
(mAbs) with >"'At.> Such methods lead to unstable products
resulting in rapid in vivo loss of *''At. It is well known that iodine
has a high affinity for the noble metal surface and the degree of
specific adsorption of halides on the gold surface increases in
the order F~ < ClI” < Br <1 . In particular, the F~ ion has the
lowest affinity and, specifically, adsorbs on the metal surface
weakly. The C17, Br, and I" ions are able to chemisorb on the
gold surface forming an Au-X bond.* This phenomenon was
applied to elaboration of a new method for iodination of
biomolecules using the gold nanoparticle as a metal bridge
between '*°I and a biomolecule.* Taking into account the
increasing bond strength between Au surface and the halogen
atom in order F~ < Cl~ <Br~ <I, we can assume that astatide,
the heaviest halogen anion, will bind to the Au surface even
stronger than iodide. Our recent experimental studies have
shown that astatine is indeed very strongly adsorbed on the gold
surface and allows to use gold nanoparticles as a bridge between
*"At and a biomolecule.’ Moreover, the >''At bioconjugates were
very stable in human blood serum and cerebrospinal fluid.®
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consideration of the electron detachment from the X~ anion and generation of a H, molecule and OH™
anion from water shows that the formation of the astatine gold clusters is favored.

The aim of this study was to understand interactions
between At and gold clusters using computational methods. To
ensure a compromise between computational costs and stay
close to reality we decided to model At interactions with Au,;
clusters. The Au,; cluster with the central atom surrounded by
a single shell of 12 atoms is the first from the class of full-shell
clusters.® It is known experimentally. Indeed, the crystal struc-
tures of [Au,3(PMe,Ph),oCL,](PFe); and [Au,3(dppmH)e](NO3),
already solved in 1981, contain the centred icosahedral Au
cluster.”® Nowadays synthesis of compounds containing Au;;
cluster is well established.®

So indeed, the Au,; clusters taken into account here, exist in
real world, capture essential chemistry and physics and are
more convenient for calculations than Au clusters of a larger
size. However, the Au clusters applied in our experimental study
on a carrier of the At atoms® were synthesized by Turkevich and
Brust-Schiffrin method yielding nanoparticle diameters from
20 to 200 A. Thus, they displayed diameters at least three- to five-
fold greater than the clusters considered in this study. Since
volume scales as the cube of the radius, the number of the Au
atoms in our experimental clusters was at least 350 rather than
13. On the other hand, the aim of this study was to find
arationale for using gold clusters as At carriers not to reproduce
an exact cluster parameters. Therefore, the size of the studied
clusters is a compromise allowing us estimation of the At
interaction (binding) energy to the cluster at the level of theory
providing a fairly acceptable accuracy.

The initial icosahedral Au,; structure was taken from refer-
ences®’ and optimized at the selected theory level} appeared to
be slightly distorted (Fig. 1), while if constrained to conserve the

} The computations were performed using the LC-wPBE functional***> combined
with the Stuttgart/Cologne Group (SDD) basis sets with quasi-relativistic
pseudopotential®* and the D3 Grimme correction for the dispersion
interactions as implemented in Gaussian 09 suite of programs.'> For open-shell
systems the spin contamination was checked to be small.* For more details see
ESLT
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Fig.1 The DFT optimized} Auj,, Ajz and Auy4 structures.

I, symmetry, it exhibited imaginary frequencies. Therefore,
except the slightly distorted icosahedron (Au;s-3, Fig. 1), we
took several other high-symmetry geometries considered before
for both Au;, and Au,; clusters (Fig. 1).'7>*

Notice, that the non-planar Au,,-1, Au;3-1 and Auy3-2, and
Au,,-1 are the most stable in the cluster of the same size (Table
1). It may seem surprising that the slightly distorted icosahedral
Au, ;-3 structure is less stable than the most stable Au,; clusters
by 17.5 kecal mol~'. However, in general, the high-symmetry (1,
O, Dsp, Dsp) Auy; clusters tend to be less stable than those of
lower symmetry."” It is possible that this is a result of lack of
external stabilisation forces in vacuum, while in crystals the
most packed form of cluster is favorized.”**'® As expected,*® the
planar Au;,-3, Auy;-4 and Auy,-2 clusters are definitely the least
stable (Table 1). Energetics of the quartet spin state considered
for the Auy; systems indicated doublets to be always signifi-
cantly more stable than quartets (see ESIY).

To model halogen-Au cluster interaction, first, we assumed
that the halogen atom interacts with the cluster surface rather
than is placed as one of the inner cluster atoms. In the case of

Table 1 The total energy E (hartree) and energy differences AE (kcal
mol ™) between different Auy,, Augz and Auy, clusters (Fig. 1).1 Ener-
getics for the doublet spin state of the Auyz and the singlet spin state of
Aug, and Auy4 systems are presented. For Auss quartets see ESI

Cluster E AE Gaog AG,og keal mol ™!
Auq,-1 —1629.405910 0.0 —1629.474373 0.0
Auq,-2 —1629.393431 7.8 —1629.462010 7.8
Auy,-3 —1629.357086 30.7 —1629.429677 28.1
Au,;3-1 —1765.181138 0.0 —1765.254652 0.3
Auy3-2 —1765.181041 0.1 —1765.255102 0.0
Au,y3-3 —1765.153717 17.2 —1765.227080 17.6
Au,3-4 —1765.129280 32.6 —1765.206241 30.7
Auq,4-1 —1901.021432 0.0 —1901.094858 0.0
Auq,-2 —1900.902310 74.8 —1900.980926 71.5
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planar clusters, introductory calculations indicated that the
position in plane is more stable that any of the out of plane
ones. Only a few, out of a multitude combinatorially possible,
positions of the halogen atom on each Au cluster could be taken
into account. For each halogen, the structures of those few
positions were optimized. The structures fall into a few types,
which however, locally are quite different. This is because in
series of halogens, their electronegativities, volumes, ionization
potentials, electron affinities, etc. differ a lot. The finding for all
halogens were generalized, remembering that the objective of
this study was to find a tendency for all halogens rather than
a strict rule for a given type of cluster.

For all Au, clusters, series of similar neutral Au, X structures
were optimized (Fig. 2). It appeared that the heavier the halogen
the less stable the cluster (Table 2). This is not unexpected
because the halogen electronegativity decreases with its mass
from 3.98 for fluorine to ca. 2.2 for astatine.”” Indeed, already for
the AuX molecules the interaction energies decrease mono-
tonically from ca. —110 kecal mol~" for fluorine to —90 keal
mol ™! for astatine. For most of the Au;,X and Au,sX clusters
such a trend is preserved, although it is not always monotonic.

Remark, that the Au,,X-3 structure is the most whereas the
Auy,X-4 one is the least stable. They are derived from the Au;,-1
and Auy,-3 clusters, respectively, which are the most and the
least stable as well. However, the Au;,X-1 structures are ob-
tained from the most stable Auy,-1 cluster, yet, the halogen
stabilization energies in this very cluster are similar to the
weakest Au;,X-4 ones.

On the other hand, the most stable Au;;X-3 structures are
obtained from the Auy3-2 clusters which are (one of two) the
most stable and the least stable Au;;X-5 structures are obtained
from the least stable planar Au,s-4 clusters. Notice however,
that the Au;3X-1 and Au,3X-2 systems were also obtained from
the most stable the Au,;-1 and Au,3-2 clusters but yield Auy3X
systems which are ca. 15 kcal mol™" less stable than Au,;X-3
ones. Comparison of the geometries of the clusters shows that
within the given type of the Au,X clusters its structure does not
vary much with the halogen. In contrast, the site the halogen is
attached to the Au, cluster significantly changes the interaction
energy whether the parent gold cluster was very stable or not.
Nevertheless, regardless the given Au,X cluster type the
halogen-gold cluster interaction energy decreases from F to At
atom. Finally notice, that as for the Au,; clusters, the Au,,X ones
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Fig. 2 The DFT optimized} Auj,At and AujzAt structures.
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Table2 The interaction energy (AE, kcal mol™?) of the halogen atom X
=F, Cl, Br, I, and At with the Au;, and Au, s clusters.t Energetics for the
doublet spin state of the Au;»X and the singlet spin state of Au;X are
presented. For Au,X quartets see ESI

AE F cl Br I At
AuX —108.77  —101.57 —98.53 —96.23  —92.74
Auy,X-1 —56.1 —49.4 —45.2 —46.0 —39.0
Auy,X-2 —57.7 —52.2 —49.8 —52.2 —45.7
Auy,X-3 —83.8 —75.9 —771 —-76.3 —68.0
Auy,X-4 —55.8 —47.7 —43.1 —42.7 —34.8
AuysX-1 —96.8 —88.0 —83.8 —83.3 —80.1
Auy;X-2 —93.7 —86.7 —82.4 —82.3 —-79.6
AuX-3  —111.6 —104.6 —100.2 —100.1 —96.1
AuysX-4 —86.8 —80.1 —75.7 —75.8 —731
Auy,X-5 —40.4 —31.4 —25.2 —23.0 —~19.0

in the quartet spin state are always significantly less stable than
doublets (see ESIY).

The decreasing interaction energy between halogen and gold
cluster in Au,X systems as the atomic number of halogen is
increased would suggest that the same tendency could obey the
gold clusters as a halogen carriers in water environment. In fact,
in most cases the opposite is true. For example, in aqueous
solutions the degree of specific adsorption on a gold surface
increases in the order F~ <Cl™ <Br~ <I . Especially, F~ has the
lowest affinity and only nonspecifically or weakly specifically
adsorbs on gold surface. Such an effect was observed in the case
of adsorption of halides on gold electrode surfaces* and
aggregation of gold nanoparticles induced by halides adsorp-
tion.*® Indeed, to form an Au,X cluster, the X~ halide anion
must be oxidized to the X° free halogen form. As a result, the
released electron is attached to water molecule and the H,
molecule and OH™ anion are formed:

X~ + Ay, + H,O — Au,X + iH, + OH™ (1)

The energy balance of the above reaction demonstrates that
the stabilization energy of the halogen atom at the Au;, and

Table 3 The standard reduction potentials for halogens?*?* X = F, C|,
Br, I, and At (kcal mol™1) and the stabilization energy of the halogen
atom at the Au;, and Auis clusters in water environment. E° for 2H,0 +
2e — H, + 20H™ is assumed to be equal to —19.08721 kcal mol™*

X

System F Cl Br 1 At

X, +2e — 2X° —66.09 —33.90 —26.75 —16.60 —6.00
AuX —66.18 —75.08 —75.61 —78.38 —80.20
Aug,X-1 —13.51 —22.91 —22.28 —28.15 —26.46
Auq,X-2 —-15.11 —25.71 —26.88 —34.35 —-33.16
Auy,X-3 —41.21 —49.41 —54.18 —58.45 —55.46
Auq,X-4 —-13.21 —-21.21 —20.18 —24.85 —22.26
Auy;3X-1 —54.21 —61.51 —60.88 —65.45 —67.56
Au,3X-2 —51.11 —60.21 —59.48 —64.45 —67.06
Au,;3X-3 —69.01 —78.11 —77.28 —82.25 —83.56
Au,3X-4 —44.21 —53.61 —52.78 —57.95 —60.56
Au3X-5 2.19 —4.91 —2.28 —=5.15 —6.46
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Au,; clusters in water environment tend to increase from F to At
(Table 3).

In conclusion, we have computationally confirmed the
higher stability of the Au;,At and Au,;At clusters in water
environment than stability of the analogous clusters with
lighter halogens. Our experimental studies already signalized
a high therapeutic potential of >*'At labelled gold nanoparticles
functionalized with substance P and trastuzumab towards
glioma cells and HER2 positive breast and ovarian cancers.
These two findings open new perspectives for optimization
novel >''At labelled gold nanoparticles functionalized with
different biomolecules for cancer targeting therapy.
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