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The addition of Au during scalable synthesis of nanosilver 
drastically minimizes its surface oxidation and leaching of 
toxic Ag+ ions. These biocompatible and inexpensive silver-

gold nanoalloyed particles exhibit superior plasmonic 
performance over that of commonly–used pure Au 
nanoparticles and as such these nanoalloys have great 

potential in theranostic applications. 

The plasmon resonance of metallic nanoparticles makes them 

attractive for biomolecule sensing in disease diagnosis1 and/or 

therapeutic interventions due to their efficient light-into-heat 

photothermal conversion.2 Among plasmonic nanoparticles, most 

research has been focused on gold and silver.3 Both have their 

plasmon resonance frequency in the visible spectrum. Silver, 

however, exhibits intrinsically stronger plasmonic performance than 

gold because of its lower losses in the UV and visible spectrum.4 

On the other hand, the silver surface easily oxidizes at ambient 

conditions5 reducing its plasmonic performance.6 Alloyed silver-

gold nanoparticles, however, resist surface oxidation and may be 

employed in plasmonic applications such as surface-enhanced 

Raman scattering (SERS).7 Furthermore, silver nanoparticles 

(nanosilver) can be toxic8 due to the rapid dissolution of their 

surface oxide layer and release of Ag+ ions.9 This prohibits the use 

of nanosilver in biomedical applications where inert materials are 

sought.10 As a result, research in biomedical applications focuses 

mostly on the plasmonically inferior and rather expensive gold. 

Therefore, there is a need for inexpensive and non-toxic plasmonic 

nanoparticles.  

One way to minimize the toxicity of silver nanoparticles is to 

hermetically encapsulate them with non-toxic amorphous silica.11 

That way both Ag+ ion release, as well as direct nanosilver contact 

with biological systems are reduced. However, often the bare 

metallic surface is needed for the specific attachment of 

biomolecules.1 An alternative approach is surface sulfidation of 

nanosilver that also minimizes the release of Ag+ ions12 and reduces 

its toxicity and environmental impact. Sulfidation, however, 

destroys silver’s plasmonic performance.13 Therefore, the challenge 

still remains to fabricate silver-based plasmonic nanoparticles with 

minimal toxic Ag+ ion release but without any coating.  

Here, we rationally design and form plasmonic silver-gold 

nanoalloys (0-100 at% Au content) and systematically measure their 

plasmonic resonance, release of Ag+ ions and cytotoxicity in vitro. 

We specifically investigate the effect of Au alloying in rather small 

(<10 nm) Ag nanoparticles since in these sizes the in vitro toxicity is 

dominated by the released Ag+ ions.14-15 It has been observed that 

the antibacterial activity and toxicity of Ag-Au alloyed nanoparticles 

decreases nonlinearly with increasing Au content.16-18 To better 

understand this, such nanoalloys with closely controlled 

composition are made here by flame aerosol technology.14 This is a 

scalable process (up to kg/h) for manufacturing of nanomaterials 

with several advantages including no liquid by-product generation 

and facile collection of particles with unique morphology and high 

purity (e.g. optical fibres).19 This last property is especially useful 

for studying biological interactions as it minimizes undesired 

nanoparticle surface contamination.20 So, a liquid precursor solution 

is atomized and in situ pyrolized resulting in Ag-Au nanoparticles 

immobilized on nanosilica (schematic in Figure 1, upper left 

corner).21 The presence of SiO2 prevents metallic particle 

agglomeration and flocculation in both aqueous14 and high salt-

content solution,22 as no nanoparticle surface functionalization is 

used that could compromise or interfere with the metal ion release 

kinetics. Here, all Ag, Au and Si precursors are present in the initial 

flammable precursor solution. Nanostructured SiO2 particles are 

formed first in the flame followed by the metallic nanoparticles due 

to the higher SiO2 boiling point than that of both gold and silver.23 

That way, metallic nanoparticles are attached onto the 

nanostructured SiO2 support with high exposed surface area,9 

similarly to noble metal clusters on ceramics in heterogeneous 

catalysis.24 The metallic particle size and the Ag-Au composition 

can be tuned by the flame aerosol process conditions and precursor 

solution composition.14,21,25 The metallic content (Ag and Au) is set 

here at 50 wt%.  

Figure 1 shows high resolution high-angle annular dark field 

scanning transmission electron microscopy (HAADF-STEM or Z 

contrast STEM) images (a,b) of Au-Ag (50 at% Au content) 

nanoparticles that appear as bright spots because of their high proton 

(Z) number. The diffuse gray areas correspond to the amorphous 

SiO2 support.26 Figure 1c shows an image using a small bright field 

detector for phase-contrast27 of the same nanoparticles where Ag 

and Au appear darker showing their crystal lattices and verifying the 

presence of nanocrystals. The focused electron beam can be set on 

the center of a single nanoparticle (red spot in Figure 1a). The 
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Fig. 1 Schematic diagram of the flame spray pyrolysis process (upper left corner). High resolution high-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) images (a,b) and an image using a small bright field phase-contrast detector (c) of Au-

Ag (50 at% Au content) nanoparticles. (d) Energy dispersive X-ray (EDX) spectrum of spot in (a). (e) HAADF-STEM image of the same 

sample, and its elemental mapping for Ag (f), Au (g) and both elements merged (h). (i) The optical absorption of aqueous suspensions 

containing the Ag-Au nanoalloy particles (10 mg/L of metal) for increasing Au content (solid lines) as well as one mechanically-mixed 

sample (broken line, equivalent to 50 at% Au). (j) The peak position of each spectrum from (i) is plotted as a function of Au at%. 
 

energy dispersive X-ray (EDX) spectrum of that spot reveals the 

local elemental composition (Figure 1d) that consists of Ag, Au and 

Si. The simultaneous presence of Ag and Au in a single nanoparticle 

indicates nanoalloy formation.26 The Cu and C peaks (Figure 1d) 

originate from the carbon-coated copper grid. Figure 1 further shows 

a HAADF-STEM image (e) of the same sample, and its elemental 

mapping for Ag (f), Au (g) and both elements merged (h). Both Ag 

and Au are interspaced within each particle indicating their co-

existence and alloyed form there and there is some fluctuation in the 

Ag-Au ratio in each nanoparticle. 

To further verify Ag-Au nanoalloy formation, the optical 

absorption of aqueous suspensions containing these nanoparticles 

(10 mg/L of metal) is shown in Figure 1i for increasing Au content 

(solid lines) along with a mechanically-mixed sample (broken line, 

equivalent to 50 at% Au). All flame-made samples exhibit a single 

band with their peak position ranging from 400 nm (for pure Ag) to 

525 nm (for pure Au)28-29 and the color of the aqueous suspensions 

shifts respectively from bright yellow to red (inset), while their 

absorbance width corresponds well to their narrow particle size 

distributions (SI, Figure S1).28-30 The intensity decreases for 

increasing Au content because of the different extinction coefficients 

of each metal.28 In contrast, the absorption spectrum of the 

mechanically-mixed sample exhibits two distinct peaks at the 

corresponding positions for each metal. This proves the nanoalloy 

formation at all Au contents.3,28-29 In fact, if the peak position of each 

spectrum is plotted as a function of Au at% (Figure 1j), the data 

follow a linear dependency consistent with literature,3,28-29 indicating 

the formation of overall homogeneous Ag-Au nanoparticles at all 

compositions.28-29 

The average size as determined by electron microscopy for pure 

Ag and Au nanoparticles is 8 and 14 nm, respectively (Supporting 

Information-SI, Figure S1). Such metallic nanoparticle sizes can be 

made by various wet- or gas-phase techniques.18,26,28-29,31 

Interestingly, increasing the Au content during particle synthesis 

slightly decreases the average metallic size to 4-6 nm up to 50 at% 

of Au. This indicates that the presence of Au during Ag nanoparticle 

synthesis inhibits the resulting alloy nanoparticle growth similar to 

the formation of solid solutions in ceramics.32 This is also shown by 

the X-ray diffraction patterns of those nanoparticles (SI, Figure S2a) 

in which the XRD peaks of nanoalloys broaden upon Au addition 

indicating a smaller crystal size.  

The release of Ag+ ions from nanoalloys (0-100 at% Au content) 

in air-saturated water after equilibrium9 is shown in Figure 2a (open 

circles) as a function of the Au content (at%) for a total metal (Ag & 

Au) concentration of 100 mg/L. Pure nanosilver releases 18 mg/L 

Ag+ ions which is equal to 18% of its total mass, in agreement with 

literature for flame-made nanosilver of 8 nm crystal size.14 For 

increasing Au content, however, the Ag+ ion release becomes 

minimal and above 30 at% Au, the release of Ag+ ions becomes 

identical to that from the control sample (100 at% Au content). 

The mechanically-mixed Ag-Au samples (filled circles) exhibit 

much higher Ag+ ion release than that of the nanoalloys (open 

circles) for equivalent Au content and similar to that of pure 

nanosilver for that size.14 Therefore, the reduced Ag+ ion release 

from nanoalloys is attributed to the presence of Au that minimizes 

Ag oxidation. In fact, the metallic particle size in the nanoalloys is 

smaller than that of pure Ag (SI, Figure S2b), therefore, the Ag+ ion 

release should have been even higher (e.g. ~70 wt% for 4 nm flame-

mage Ag crystals on SiO2).
14 It should be emphasized that the 

minimal Ag+ ion release from the Ag-Au nanoparticles is not 

attributed to the progressively lower amount of Ag that is present in 

the nanoalloys. The Ag+ ion release % (Ag as Ag+ ions, normalized 

to the total Ag content) for all Ag-Au nanoalloys (0-75 at% Au) also 

decreases for increasing Au content (SI, Figure S3). If the alloying 

with Au would have no effect on the Ag+ ion release, all nanoalloys 

should exhibit similar values. In contrast, the mechanically-mixed 

Ag-Au samples retain their high Ag+ ion release % that corresponds 

to pure nanosilver particles as stated just above. 

Figure 2b shows the plasmon peak position difference ∆λ of all 

nanoalloys in ethanol and water as a function of Au content. The ∆λ  

drastically decreases for increasing Au content. In the insets, the 
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Fig. 2 (a) The Ag+ ion release of nanoalloys (0-100 at% Au content) 

in water (open circles) as a function of the Au content (at%) (total 

noble metal concentration of 100 mg/L). (b) The plasmon peak 

position difference ∆λ of all nanoalloys in ethanol and water as a 

function of Au content. In insets, the absorption spectra of pure Ag 

and Au in water (solid lines) and ethanol (broken lines) are shown. 

 

absorption spectra of pure Ag and Au in water (solid lines) and 

ethanol (broken lines) are shown. The nanosilver metallic surface is 

in direct contact with water in aqueous solutions because any silver 

oxide surface layer present during flame synthesis of Ag-Au 

nanoparticles on SiO2 has been dissolved rapidly.9 However, in 

alcoholic solutions such silver oxide layers do not dissolve33 and 

thus the Ag metallic surface is still covered by an oxide layer. The 

plasmon absorption band of metallic nanosilver is sensitive to its 

environment exhibiting a red-shift for a surrounding material with an 

increased refractive index.34 Silver oxide has a higher refractive 

index than water and thus, this silver oxide surface layer can be 

detected by monitoring the shift of the optical absorption spectra in 

alcohol and in water (with and without the oxide surface layer, 

respectively): for increased silver oxide fraction the shift 

∆λ increases.35 Therefore, the Au nanoalloying in nanosilver reduces 

the surface Ag2O layer formation, as has been seen also for other 

Ag-Au nanoalloys.7,36 Extended X-ray absorption fine structure 

(EXAFS) analysis of identical flame-made Ag-Au nanoalloys (50 

at% Au) has further highlighted that Ag is less oxidized in this 

bimetallic rather than its monometallic form.26 The charge transfer 

between Au and Ag in the nanoalloys is also investigated here by X-

ray photoelectron spectroscopy (SI, Figure S4), further verifying the 

nanoalloy formation.  

The cytotoxicity of nanosilver at these sizes (~10 nm) originates 

mostly from the released Ag+ ions from its oxidized surface.21 

Therefore, it is anticipated that the cytotoxicity of the nanoalloys 

should progressively decrease for an increasing Au content. This is 

examined here against murine macrophages that serve as a model 

cell line since these cells will be likely the most exposed to 

nanoparticles following systemic exposure in mammals. 

Nanoparticles are generally cleared from the systemic circulation by 

the mononuclear phagocyte system.37 

The nanoparticle in vitro cytotoxicity is determined by 

monitoring the mitochondrial activity of these cells (SI, Materials 

and Methods). We deliberately chose serum-free cell medium here to 

avoid any interference on the cytotoxicity mechanism by the 

presence of proteins.21 Figure 3a shows the cell viability as a 

function of Au content in the presence of different nanoalloy 

concentrations (3.1-25 mg/L of metal). The control range (dotted 

lines) corresponds to the negative control experiment and its error 

bar. The nanoparticle cytotoxicity decreases with increasing Au 

content for all employed nanoparticle concentrations reaching values 

within the negative control range (dotted lines) for Au content >50 

at%. In fact, for the highest nanoparticle concentration (25 mg/L of 

metal, black squares), the cell viability shifts from 10% (very toxic) 

for pure Ag (0 at% Au content) to >95% (benign) for 50 at% Au 

content. The cytotoxicity of pure Ag nanoparticles and their released 

Ag+ ions are in agreement with the literature.21 At higher 

concentrations all nanoparticle components induce cytotoxicity 

including pure SiO2 (e.g. 40% cell viability at 100 mg/L and 100% 

cell viability at the 3-25 mg/L of Figure 3a).21 Furthermore, when 

the same cell viability data are plotted as a function of Ag mass 

concentration for all Ag-Au nanoalloys (SI, Figure S5), the same 

effect is observed. At similar Ag mass concentrations, the nanoalloys 

exhibit higher cell viability than that of pure Ag. This highlights that 

nanosilver cytotoxicity can be drastically tuned by Au alloying that 

minimizes Ag surface oxide formation and subsequent Ag+ ion 

release. This result essentially clarifies the non-linear dependency 

between Ag+ ion release and cytotoxicity from Ag-Au alloys.16-17,38 

The biomedical potential of such nanoalloys is demonstrated 

with their photothermal performance. Nanocomposite pellets 

containing 2.5 wt% of each nanoalloy are irradiated with a near-IR 

laser (λ = 785 nm, 15 W/cm2 flux, spot size 5 mm) and their 

temperature is monitored over time. The metallic particles are 

brought in close proximity inside the pressed pellet simulating the 

controlled plasmonic coupling in nanoaggregates39 that broadens 

their optical absorption to the near-IR range converting that 

irradiation to heat. Figure 3b shows the ∆Tmax achieved after 3 min 

  

 
Fig. 3 (a) The cell viability of murine macrophages as a function of 

Au content in the presence of different nanoalloy concentrations 

(3.1-25 mg/L of metal). (b) The ∆Tmax achieved after 3 min of 

continuous laser irradiation (λ =785 nm, 15 W/cm2 flux, spot size 5 

mm) of nanocomposite pellets containing the nanoalloy particles. 
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of laser irradiation as a function of Au content in the nanoalloy 

particles. The absorption cross-section of pure Ag is higher than that 

of pure Au and their alloys,28 therefore, it is expected to outperform 

all of them here. However, the ∆Tmax of nanoalloys with Au content 

30-50% that exhibit minimal cytotoxicity (Figure 3a) achieve 2-3 

times higher performance than pure Au nanoparticles. This indicates 

that Ag-Au nanoalloys are advantageous over commonly used Au 

particles at similar architectures or morphologies in such biomedical 

applications. 

In summary, we demonstrate how the fundamental 

understanding of the Ag+ ion release mechanism can be exploited to 

engineer safer and inexpensive, nanosilver-based, plasmonic 

nanoparticles. By adding Au during nanoparticle synthesis, 

homogeneous Ag-Au nanoalloys are formed that finely control the 

metal surface oxidation and any Ag+ ion release in aqueous 

solutions. This alloying renders such nanoparticles less cytotoxic so 

their superior plasmonic properties could be investigated when 

arranged in suitable architectures (e.g. nanoaggregates, nanoshells, 

nanocubes) for biomedical applications prompting for further 

investigations regarding their in vivo stability at various pH.40 
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