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Computational Details

Calculations were performed with Quantum-Espresso !, using the PBE 2 approximation to the xc functional
and ultrasoft pseudopotentials from the GBRV library 3. We used a plane-wave cutoff of 30 Ry and a cutoff
on the density of 300 Ry. The cutoff on plane waves was increased to 35 Ry in variable-cell calculations, to
reduce Pulay stress®.

S1. Surface models

Given the size of the AuFe NPs under study, we model their surfaces using a periodic slab approach and, since
Au NPs typically expose (1 1 1) surfaces, we restrict ourselves to the modeling of such a low-index surface.
Water and hydroxide form a V3 x V/3R30° structure on fcc (1 1 1) metal surfaces, with 2 water molecules
for every 3 surface atoms >, therefore we chose two surface cells able to reproduce such structures, namely
a V3 x v/3R30° surface cell with 3 atoms in the top layer and a v3 X 2+/3R30° having 6 surface atoms. All
slab models contain 5 metal atomic layers, the bottom 2 of which are kept frozen in their bulk positions,
molecules are adsorbed on the top side only and adjacent slabs along the direction normal to the surface
are separated by a vacuum of width larger than 10A. Results are collected in table S1 and selected slab models
are shown in figure S1.

In all cases, Fe is found to be more stable at the 3™ layer rather than at the surface. This is in tune with
previous calculations ® and is also in agreement with the observation that Au has a lower surface energy than
Fe’.

Table S1: relative stability of AuFe slab models for different positions of the Fe atoms. Energy values are
given per /3 x v3R30° cell.

Relative stability (eV)
model surface | subsurface | 3™ layer

V3 X 2V/3R30° 0.24 0.01 0
16.7% Fe in layer

V3 x V3R30° 0.50 0.00 0
33% Fe in layer

V3 x V3R30° 1.23 0.02 0
66.7% Fe in layer

V3 x V3R30° 1.64 0.17 0
100% Fe in layer

The presence of adsorbed water does not change this picture: Fe at the surface is always disfavored (Table
S2). While the adsorption energy of water is larger when it interacts directly with Fe atoms, such a gain in
energy does not compensate for the lower stability of Fe at the surface. The presence of Fe in the subsurface
does not significantly modify the interaction of water with Au surface atoms in comparison to a pure Au slab.
For the latter, the adsorption energy of a single water molecule is -0.17 eV and the adsorption energy of a
full monolayer is -0.50 eV per molecule.
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Figure S1: a) Top and b) side views of the modelled water monolayer adsorbed on the Au (1 1 1) surface. c)
Top and d) side views of a partially dissociated water monolayer, corresponding to * —OH in text. White

solid lines depict the V3 x V/3R30° surface cell, while the /3 x 24/3R30° cell includes also the portion in
dashed lines. Color code: yellow: Au; bright red: Fe; dark red: O; bright cyan: H.
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Table S2: Adsorption energies E.qs of water per H,0 unit and relative stabilities per v3 X v3R30° cell of AuFe

slab. Slab models have a V3 x V3R30° surface cell and contain different amount of Fe atoms located either
at the surface of at the subsurface layer.

Eqas (eV) per H20 Relative stability (eV)
Fe@surface Fe@subsurface Fe@surface Fe@subsurface
Fraction of Fe at 1 H,0 molecule
layer
1/3 -0.50 -0.18 0.15 0
2/3 -0.68 -0.15 0.67 0
3/3 -0.46 -0.20 1.20 0
H20 monolayer
1/3 -0.62 -0.50 0.23 0
2/3 -0.60 -0.47 0.95 0
3/3 -0.56 -0.50 1.33 0

S2. Surface reactivity towards H,O and O,

For dealloying to happen, Fe must be oxidized at the interface with water. Such an oxidation process can be
caused by either water itself or by atmospheric oxygen dissolved therein. To verify whether Fe can be
oxidized even when embedded in an Au matrix, we investigated the following reactions:

1
* —0H, - *—0H + EH2 (1)
*—0H, » *—0+H, (2)
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1
*—0H2+§02—> *—0 + H,0 (3)

Here, * represents a Fe surface site and in all cases the starting point is the hydrated surface.
For each process the reaction free energy is computed as
A.G = AU + A(PV) —TAS

where AU is the difference in total energy between products and reactants computed at the DFT level
A, Eppr, plus the change in Zero-Point Energy (ZPE)

AU = A Eppr + AZPE

ZPE values are taken from literature data ®° referring to adsorbates on Cu and Pt surfaces. Similarly with what
has been done in other works 8, we assume that the major contribution to ZPE changes would be independent
on the actual nature of metal under investigation. The A(PV) term is evaluated within the ideal gas
approximation and standard entropies are taken from thermodynamic tables®.

The reference state of molecules was chosen to fit as much as possible experimental conditions: the water
reference state is the gas phase at P = 0.035 bar and T = 298.15 K, because at that pressure water vapor is in
equilibrium with its liquid phase; oxygen reference state is again the gas phase at the partial pressure of 0.21
bar, its typical partial pressure in the atmosphere which is in equilibrium with the water medium; for the
same reason, hydrogen reference state is the gas phase at the partial pressure of 5.6 X 10~7 bar. Absolute
entropies of the molecular species were therefore calculated as S = S° — kgln (P;), where S°is the standard
entropy, kg is the Boltzmann constant and P; is the partial pressure. Roto-translational motion of adsorbed
species is frozen and their entropy is small compared to either gas phase or liquids, then the entropy of
adsorbed species was neglected.

Surfaces were built using four different alloy models, namely a v3 x v/3R30° surface model with either 2 or
3 (out of 3) Fe at the surface and a v/3 x 2v/3R30° having either 1 or 2 (out of 6) Fe atoms in the top layer.
All models are covered with a water monolayer similar to the one shown in figure S1a-b and reactions involve
one H,0 unit directly bonded to a surface Fe. Results are collected in table S3.

Oxidation of Fe by water with formation of surface hydroxide is always favored, whereas the formation of
surface oxide is possible only when the amount of Fe is large enough. Conversely, formation of oxide through
reaction with molecular oxygen is always favored.

Table S3: Reaction energies A, Eprr, Zero-Point energy change AZPE, —TAS and free Gibbs energies A,.G
of three oxidation processes, as a function of the atomic fraction of Fe at the surface.

Fe —TAS (eV)
Process: Fractionat A,Eppr (eV. AZPE (eV) T=298.15 A,G (eV)
surface K
1/6 0.14 -0.28
1 2/6 0.17 -0.25
* —0H, » *—0H + EHZ 2/3 -0.49 -0.23 -0.20 0.91
3/3 -0.43 -0.84
1/6 1.40 0.32
2/6 1.02 -0.05
*—0H, - *—-0+ H, 2/3 0.62 -0.32 -0.77 0.45
3/3 0.27 -0.81
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1/6 -1.10 -1.42

1
_ 1 2 1.4 1.7
*—O0H, +30, /6 8 0.83 0.33 0
_ 2/3 -1.88 2.19
- *—0+ H,0
3/3 2.23 2.55

S3. Bulk diffusion

The diffusion of Fe and Au atoms in the bulk alloy is relevant for understanding the aging of NPs and for
identifying a possible corrosion mechanism. We investigated this process by means of Nudged Elastic Band
(NEB)! calculations on 2x2x2 fcc conventional supercells containing 32 sites. We considered two distinct
mechanisms for the diffusion of metal atoms: a collective movement of 3 atoms in the perfect fcc lattice, and
a diffusion through vacancies. Results are collected in table S4. Unsurprisingly, the diffusion through
vacancies is favored over the ring mechanism in both the case of Au self-diffusing in an Au matrix and of Fe
diffusing in the Au lattice *2. Duhl et al. 3 provide an experimental reference for the activation energy barriers,
namely 1.83 eV for Au self-diffusion and 1.80 eV for Fe diffusion in Au bulk. These values can be compared
to the sum of the Gibbs free energy of formation of an Au vacancy plus the free Gibbs energy barrier, which
we estimated as the sum of proper DFT energies, thus assuming that changes in zero-point energy (ZPE) and
entropy are negligible. In both cases the computed values underestimate experimental ones. Indeed more
sophisticated elaboration would be needed to quantitatively predict these values **, which is however
beyond the scope of the present work. Still, we can infer that diffusion of either Fe or Au is frozen at room
temperature.

The fcc lattice can be seen as composed by tetrahedral and octahedral voids, with each octahedron sharing
its faces with tetrahedrons and vice versa. Oxygen was found to prefer tetrahedral voids in most cases. In
pure Au the tetrahedral interstice is 0.48 eV more stable than the octahedral one, whereas this difference
drops to 0.24 eV when one vertex is Fe.

O atoms shows a fair mobility in Au bulk (E, = 0.58eV), which decreases rapidly as Fe is introduced in the
lattice. Due to the larger affinity of oxygen towards Fe, O atoms easily attach to Fe impurities and can move
around the Fe atoms easily, indeed the diffusion of oxygen from an octahedral void sharing a Fe vertex is
almost barrierless, while the movement in the opposite direction is only 0.24 eV. The breaking of the FeO
bond shows a barrier of 1.54eV, meaning that the strong bonding with Fe will prevent the diffusion of oxygen
through pure Au regions and then the presence of an Au shield will passivate the alloy against passivation.
As the number of Fe atoms increases, the diffusion of O along the Fe pattern increases, showing that O
diffusion will be very slow at room temperature.

Table S4: Energy changes (4JE) and activation energies E, (in eV) for the diffusion of relevant species in pure
Au and in dilute AuFe alloy. In case of vacancy diffusion, formation energies of vacancies (E.. ) are also
reported. Blue diamonds and orange triangles represent octahedral and tetrahedral voids, respectively.

Process Model Energies
Au self vew JE=0eV
- i o\¥ ¥
diffusion in tlklllreoclilg:;\}:lir;nmg - (o
" e Eq=4.73 eV
v o v
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AE=0eV
-® @ 4
through vacancy ‘s " ®® E.=058eV
' ‘ s * Evac = 0.44 eV
L ‘ ~ s AE =0eV
through ring - (. \‘ N
mechanism w &
”‘ v E;=3.04eV
Iron diffusion v ®O e
in bulk Au XXX JE=0eV
®-0 & ¢
through vacancy ©6 66 E.=0.71eV
L ‘ ‘ - Evac=0.49 eV
L v JE =-0.48 eV
Oxygen octahedral to : ‘
diffusion in tetrahedral site Eq-=010eV
bulk Au ®60 69
L > ‘ > Eqs- =0.58 eV
b JE =-024¢eV
around Fe atom in L
Au bulk, | Eo>=0.00(4) eV
octahedral to
tetrahedral site E,..=024 eV
) AE =-1.13 eV
towards Fe in Au
bulk, Ess=041eV
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diffusion in
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path in Au bulk, Eqs>=0.53eV
tetrahedral to b s Q
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t s s * Ea<-—1.37eV
® e
along a Fe 3-atoms v 4 dE=0eV
path in Au bulk, Q‘Q
tetrahedral to ~ ~ ‘
tetrahedral site Eq.>=1.68¢eV
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S4. Bulk models
The AuFe alloy shows a fcc crystal structure over a broad range of compositions, with Au and Fe atoms

randomly distributed among the lattice sites. Therefore, we use special models of the alloy (Figure S2), known
as Quasi-Random Structures (SQS), having the special property of reproducing its long-range correlation
function. These models contain 32 atoms, i.e. 8 fcc conventional cells, and are taken from ref *°, where they
have been successfully used to describe the elastic properties of binary alloys with fcc structure.

Figure S2: Special Quasi-Random Structures of the fcc binary alloy *>. Red atoms are Fe and yellow atoms are
Au. Atomic positions are optimized, while the cell is kept fixed as described in text.
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To better understand trends in the mixing enthalpy and crystal structure of the alloy, we ran two series of
calculations: (i) geometry optimizations where the cell parameter is kept frozen at the proper value up to a
concentration of atomic Fe of 20%, while for larger concentration the cell parameter is fixed at the one
obtained for AusoxFeao%, and (ii) variable cell optimizations of the alloy models. Results are shown in table S5.

Formation energies of the alloy were computed as

Eform = Etor — (Mau X Egupuik + Nre X Ere puik)

As expected, the mixture of Fe and Au is energetically disfavored. Moreover, formation energies increase
monotonically with the amount of Fe even for very large amount of Fe, because the cell parameter is fixed
to the value of AusexFezo%, and Fe is constrained in an unphysical fcc lattice. When the cell parameter is free
to relax (i.e. the cell is allowed to shrink also for Fe concentration beyond 20%), the formation energy shows
a maximum at ~60% Fe, and our computed values compare well with formation enthalpies of the Au-Fe solid
solution obtained from thermodynamic data'® (see Figure S3 and Figure 1 in main text).

Table S5: Outcomes of total energy calculations of SQS alloy models. Both Variable-Cell Relaxation (VCR) and
Fixed-Cell Relaxation (FCR) results are reported. Formation energies are calculated as described in text. The
last column shows the cell c/a ratio, which maps the transition from a fcc to a bec lattice.

Formation cell parameter Formation cell parameter c/a
Fe% energy / eV /A energy / eV /A VCR
FCR FCR VCR VCR

0.00% 0.00 8.313 0.00 8.313 | (fcc) 1.000
6.25% 1.17 8.270 1.17 8.286 0.993
12.50% 1.63 8.228 1.61 8.233 0.993
18.75% 2.17 8.186 2.13 8.167 0.999
25.00% 2.94 8.178 2.76 8.146 0.986
31.25% 3.77 8.178 3.24 8.100 0.983
37.50% 4.67 8.178 4.65 7.997 0.992
43.75% 5.64 8.178 4.01 7.961 0.986
50.00% 6.45 8.178 4.48 7.821 0.993
56.25% 8.36 8.178 4.65 7.821 0.986
62.50% 9.66 8.178 4.52 7.885 0.942
68.75% 11.06 8.178 4.27 8.157 0.822
75.00% 12.71 8.178 3.87 8.266 0.764
81.25% 14.60 8.178 2.93 8.283 0.734
87.50% 16.68 8.178 2.05 8.231 0.724
93.75% 19.61 8.178 2.37 7.916 0.764
100.00% 0.00 8.015 0.00 8.015 | (bcc) 0.707
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Figure S3: mixing enthalpy per atom as function of the Fe atomic percentage. Orange squares: calculated,
blue circles: from thermodynamic data °, green triangles: parameterized (see Section “Topological model of
dealloying”)
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S5. Topological model of dealloying:

The observation that Fe embedded in an Au matrix can be oxidized effectively under experimental conditions
raises the question of whether or not the oxidation can propagate beneath the surface and lead to extended
corrosion.

From an atomistic point of view, corrosion can happen through different mechanisms: (i) propagation of the
oxidation by means of oxygen migration through the alloy lattice, (ii) Fe migration towards the surface to
sustain superficial oxidation, or (iii) pitting of the surface and consequent exposure of surface Fe to the
agueous environment.

The first two mechanisms are frozen at room temperature owing to the large energy barrier towards diffusion
(table S4). For pitting to happen, the presence of Fe percolation paths is required, whose appearance in the
alloy clearly depends on the amount of Fe. In fact, binary alloys can undergo extended dealloying of the less
noble metal only if the amount of such a component is large enough to avoid surface passivation by the more
noble metal. Artymowicz et al. 7 developed a topological model to identify the parting limit for dealloying of
an AuAg alloy. Their idea was that dealloying requires the presence of percolation paths that span through
the bulk material. To identify whether these structures are present for a certain alloy composition, they
generated ensembles of random alloy slab models and performed a topological analysis to identify
percolation paths that span the slab from side to side. Such paths are composed by Ag atoms, i.e. the less
noble component in the alloy, surrounded by m or more Ag sites. The best results were obtained for m equal
to 8 or 9. The percentage of models that presents at least one percolation path ramps sharply from 0% to
100% around the percolation threshold, which makes it easy to identify.
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Since Au and Ag are completely miscible at any ratio, the topological analysis of Ref.}” was performed on
ensembles of purely random alloy models. In contrast, Au and Fe form non-equilibrium alloys and tend to
segregate. We take the tendency of forming elementally-pure clusters into account by considering the mixing
enthalpy for the formation of the alloy. We use a simple parametric model of mixing enthalpy where each Fe
nearest-neighbour to an Au atom contributes an energy of 0.043 eV, a value based on DFT calculations using
SQS models (Fig. S3). The probability of substitution of an Au with Fe is then given by a Boltzmann factor

AH i

e :mx, where 7 is a parameter that measures the “thermal” disorder of the alloy. With this choice, the
substitution of Au with Fe is always accepted if energetically favoured, thatis when AH,,;,, < 0. If the mixing
enthalpy is positive, the substitution is accepted or not accordingly to the computed probability. The T
parameter controls the degree of mixing of Au and Fe in the alloy: for T — oo the alloy tends to a solid
solution, while by lowering the T parameter the mixing of Au and Fe is disfavoured and at the same time the
presence of nearest neighbors of the same kind is promoted. In other words, the Boltzmann factor can be
seen as a term controlling the population of the alloy states: the Au-Fe mixing has a higher enthalpy than the
sum of pure Au and pure Fe, then it requires energy to be populated. By increasing the value of T the mixing
of Au and Fe is progressively promoted.

Slab model were generated multiplying the fcc primitive cell by the same integer along each direction and
then applying periodic boundary conditions in any two directions. We performed the topological analysis on
slabs with atomic thickness 64 (~15nm), 96 (~22nm), or 128 (~30nm) by varying the amount of Fe in the alloy.
In agreement with previous calculations'’ the percolation threshold of the solid solution is 53% (59%) of the
less noble component for m=8 (m=9). The amount of Fe needed to produce percolation paths drops to lower
values when the presence of Fe-Fe nearest-neighbors (Figure 1E, reported below in an extended version as
Figure S4).

Figure S4: percentage of alloy models with percolation paths as a function of the atomic percentage of Fe
and the thermal disorder parameter t. Percolation path is defined for the case m=8 (see text).
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Table S6: Computed percolation threshold vs 71 (size: 64)

T (eV) Threshold (Fe at%)
0.08617 25
0.17235 37
0.25852 43
0.34469 46
0.68939 50
oo 53
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Experimental data

S6. Additional structural characterization data

Table S7. Composition of the Au-Fe nanoparticles as evaluated by ICP-MS on a set of > 3 independent

batches.

Sample Au Fe
P at% ts.d. at% ts.d.
Au(79)Fe(21) 79+1 21+1
Au(70)Fe(30) 704 30+4
Au(50)Fe(50) 50+6 50+6

Table S8. Lattice parameters estimated by Le Bail refinement of the XRD patterns and average crystallite size
obtained by the Scherrer formula. Where a component due to a disordered phase is present, the cell
parameter is referred only to the crystalline components. Where more than one crystalline component is
present, the cell parameters are reported in order of relative intensity.

Sample Lattice parameter a (A) Average crystallite size (nm)
After the synthetic procedure

Au 4.079 14
Au(79)Fe(21) 4.005 18
Au(70)Fe(30) 3.986 16
Au(50)Fe(50) 3.984 9

Post 2 months in PBS (pH 7.4)

Au 4.078 11
Au(79)Fe(21) 4.005 — 4.042 20-6
Au(70)Fe(30) 4.075 - 3.985 7-8
Au(50)Fe(50) 4.076 - 3.986 7-6

Post 2 months in citrate buffer (pH 4.7)

Au 4.079 8
Au(79)Fe(21) 4.008 - 4.038 22-6
Au(70)Fe(30) 3.994 - 4.064 8-4
Au(50)Fe(50) 4.078 4
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Figure S5. XRD spectra (30 — 130 20 range) of the four samples as obtained after the synthetic procedure (A),
and after 2 months incubation in PBS (B) or citrate buffer (C) at 37 °C. The fits according to the Le Bail model
are reported in green. Peaks denoted with * are due to buffer salts and included in the refinement fitting to
improve the accuracy wherever their intensity was comparable to the main reflections of the metal phase.
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Figure S6. HRTEM images of Au(50)Fe(50) NPs, showing a polycrystalline structure with high defect density.
Inhomogeneous electronic contrast is appreciable in the NPs, suggesting the presence of non-homogeneous
element distribution, as expected from enthalpy-weighted alloy models.

Figure S7. STEM-HAADF-DF images (top) and STEM-EDS maps of Au M-line (middle) and Fe K-line (bottom)
of Au(50)Fe(50) NPs. The DF images agrees with the HRTEM analysis of Figure S6, showing the presence of a
non-homogeneous contrast (i.e. a non-homogeneous distribution of elements with different atomic number)
inside the NPs. Nonetheless, the bidimensional element maps confirm the coexistence of Au and Fe inside
the alloy NPs, that was already pointed out by the XRD analysis.

10 0m 10 nm

20 nm 10 nm 10 nm 10 nm
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Figure S8. Size distributions obtained by fitting of the SAXS curves collected before (black lines) and after (red

lines) incubation of the four samples in distilled water at 37 °C for 2 months (1440 h).
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Figure S9. Size histograms of the Au(50)Fe(50) NPs incubated in FCS at ph 7.4 or 4.7. The plot of the average
size is reported in Fig. 3A.
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Figure S10. Quantification of Fe and Au in liquid solution of Au(50)Fe(50) NPs incubated at 37 °Cin FCS at pH
7.4 (red squares) or pH 4.7 (blue circles) for different time-points. After each timepoint, the solution was
dialysed with a 3 kDa concentration membrane and analysed with ICP-MS. The results confirm that
degradation of NPs is faster at lysosomal pH than in physiological conditions, explaining the faster increase
of dissolved Fe in the samples. Instead, a negligible fraction of Au is found, meaning that this metal is not
released as free ions or any other chemical substance smaller than the dialysis threshold of 3 kDa.
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Figure S11. Hydrodynamic diameter of Au(50)Fe(50) NPs after 1 h (black line) and 24 h (red line) in FCS.
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Figure S12. Powder FTIR spectra of physical mixtures of PEG and BSA with various proportions. All spectra
were normalized to the PEG C—O—C stretching at 1100 cm™ and shifted for clarity.
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S7. Additional in vivo biodistribution data

Figure S13. CT images of bladder region in mice before and 78 days after administration of Au(50)Fe(50) NPs
or Au NPs.

Au(50)Fe(50) NPs Au NPs

Post 78 d Post 78 d

Figure S14. T,-weighted MRI images of bladder region in mice before and 30 days after administration of
Au(50)Fe(50) NPs or Endorem.
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Figure S15. Histopathological analysis on liver, spleen and kidneys of mice treated with Au(50)Fe(50) and Au
NPs for 78 days (in vivo CT experiment). The upper panel refers to the tissues treated with the iron-stain kit,
where accumulation of ionic iron is detectable as blue spots. The lower panel refers to the tissues treated
with the hematoxylin-eosin (HE) stain kit. Dark spots are due to clusters of metal nanoparticles and are
especially evident in spleen, partly evident in liver and rare or not detected in kidneys. Spleen and liver of the
Au NPs treated mice show higher density of nanoparticles clusters compared to the Au(50)Fe(50) NPs treated
mice.
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Figure S16. ESEM evaluation of liver, spleen and kidney tissues (same of the histopathological analysis, iron
staining treated) in the Au(50)Fe(50) NPs and Au NPs treated mice.
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