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Abstract 1 

To control a nanoparticle’s chemical composition and thus function, researchers require readily-2 

accessible and economical characterization methods that provide quantitative in situ analysis of 3 

individual nanoparticles with high throughput. Here, we established dual analyte single particle 4 

inductively coupled plasma quadrupole mass spectrometry to quantify the chemical composition 5 

and reaction kinetics of individual colloidal nanoparticles. We determined the individual bimetallic 6 

nanoparticle mass and chemical composition changes during two different chemical reactions: (i) 7 

nanoparticle etching, and (ii) element deposition on nanoparticles at a rate of 300+ 8 

nanoparticles/minute. Our results revealed the heterogeneity of chemical reactions at the single 9 

nanoparticle level. This proof-of-concept study serves as a framework to quantitatively understand 10 

the dynamic changes of physicochemical properties that individual nanoparticles undergo during 11 

chemical reactions using a commonly-available mass spectrometer. Such methods will broadly 12 

empower and inform the synthesis and development of safer, more effective, and more efficient 13 

nanotechnologies that use nanoparticles with defined functions.  14 
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Chemical composition governs nanoparticles’ optical, magnetic, catalytic, and 1 

toxicological characteristics.1–4 To develop nanoparticles with controlled chemical composition, 2 

cost-effective characterization techniques are needed that provide high-throughput quantitative 3 

elemental analysis data with single nanoparticle resolution in situ. Single particle inductively 4 

coupled plasma mass spectrometry (SP-ICPMS) offers in situ mass quantification of individual 5 

colloidal nanoparticles.5,6 Due to their affordability and cost-efficiency, most ICPMS instruments 6 

rely on quadrupole mass analyzers.7 In single particle mode, quadrupoles permit the analysis of 7 

only one analyte (or isotope) per nanoparticle.8 While quadrupole SP-ICPMS systems have 8 

obtained qualitative detection of multielement nanoparticle solutions, these approaches cannot 9 

efficiently detect two isotopes simultaneously and lack data on individual nanoparticle mass, 10 

chemical composition, and chemical kinetics.9–11 Other ICPMS systems, like ICP-time-of-flight 11 

MS (ICP-TOF-MS) efficiently analyze 40+ isotopes of both engineered and naturally occuring 12 

nanoparticles.12–14 However, ICP-TOF-MS instruments can be cost-prohibitive and are not as 13 

widely available as quadrupole ICPMS systems.  14 

Other elemental analysis techniques like energy-dispersive X-ray spectroscopy (EDS) 15 

combined with scanning transmission electron microscopy (STEM) provides valuable elemental 16 

mapping of individual nanoparticles.15 However, EDS/STEM analyses require dried samples and 17 

are limited by the number of nanoparticles within a field of view, which restricts sample size.16 18 

Although gaining traction, in situ electron microscopy analysis of nanoparticle composition 19 

remains technically challenging and may expose nanoparticle samples to free radicals, which may 20 

complicate the monitoring of chemical reactions at the single nanoparticle level.17,18 21 

Here, we established in situ dual analyte quadrupole SP-ICPMS as a readily-accessible 22 

analytical tool for quantifying the chemical composition and reaction kinetics of individual 23 
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nanoparticles in situ. We used a commonly-available quadrupole-based ICPMS instrument to 1 

simultaneously quantify the mass of two different isotopes in single colloidal nanoparticles. We 2 

validated the quadrupole mass analyzer’s capabilities with ICP-TOF-MS and EDS/STEM. Our 3 

work demonstrates the feasibility of dual analyte quadrupole SP-ICPMS to quantify chemical 4 

transformations and reaction kinetics at the single nanoparticle level in situ for hundreds of 5 

bimetallic nanoparticles within seconds.  6 

Figure S1 depicts the steps of dual analyte SP-ICPMS. Briefly, a dispersion of individual 7 

intact particles enters an inductively coupled argon plasma where the particles are atomized and 8 

ionized, resulting in a discrete ion cluster for each particle termed the transient ion cloud. 9 

Depending on particle mass, transient ion clouds last hundreds of microseconds.19 For quadrupole 10 

ICPMS, microsecond duration times of transient ion clouds impede efficient quantification of more 11 

than one isotope (or analyte) per particle. To enable simultaneous dual isotope quantification on 12 

single nanoparticles using quadrupole ICPMS, we optimized three ICPMS parameters: 1) collision 13 

cell parameters, 2) quadrupole mass analyzer settling time, and 3) detector dwell time. The detailed 14 

optimization procedure is described in Supporting Information. 15 

To validate quadrupole ICPMS’s dual analyte capabilities at the single particle level, we 16 

used ICP-TOF-MS, i.e., CyTOF (Helios, Fluidigm) and commercially available lanthanide-doped 17 

polymer beads. We compared the simultaneous detection of two isotopes per bead for three 18 

different isotope pairs: (i) 175Lu and 140Ce; (ii) 175Lu and 153Eu; and (iii) 175Lu and 165Ho. Using 19 

optimized dual analyte SP-ICPMS conditions, ~97% of detected beads were positive for each 20 

isotope for all three pairs of isotopes (Figure S5, Table S4). Similarly, CyTOF determined ~99% 21 

of detected beads were positive for each isotope for the same three isotope pairs (Figure S6). 22 

Notably, both techniques provided nearly equivalent results, validating our newly established and 23 
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economical SP-ICPMS approach for the simultaneous detection of two different isotopes within 1 

single particles. 2 

Upon validating quadrupole SP-ICPMS with CyTOF, we then quantified paired isotope 3 

events originating from single nanoparticles consisting of two different isotopes (Figure 1A). As 4 

model nanoparticles, we used in-house synthesized 100-nm silver nanoparticles (AgNPs) which 5 

naturally contain nearly equal amounts of 107Ag and 109Ag.20 Table S5 and Figure S7 summarize 6 

the physicochemical characterization of 100-nm AgNPs. We observed that >95% of detected 7 

events were positive for both silver isotopes at nanoparticle concentrations of 1x105 AgNPs/mL 8 

(Figure 1C). Figure S8 shows the real-time signal of both silver isotopes for the corresponding 9 

transient AgNP ion clouds. We observed a decrease in paired isotope events with increasing AgNP 10 

concentration. This could be due to an increase in the ion background signal at high nanoparticle 11 

concentrations (i.e. >3x105 nanoparticles/mL). As suggested by the Poisson model, the ion clouds 12 

from multiple individual nanoparticles may overlap at such concentrations resulting in an overall 13 

increased ion background.21 The increased ion background may then impede the event pairing 14 

within the SyngistixTM software, which requires three consecutive pulse signals from each isotope 15 

to be 3σ above the background.22 Consequently, nanoparticle concentrations of ~1x105 16 

nanoparticles/mL are optimal for quantifying two isotopes from the same nanoparticle (Figure 1C). 17 

We then quantified the number of paired events from a 1:1 mixture of 100-nm gold 18 

nanoparticles (AuNPs) and AgNPs, i.e., events positive for 197Au and 107Ag. We hypothesized that 19 

since these isotopes originated from different nanoparticles, the detected events would remain 20 

unpaired (Figure 1B). In Table S5, Figures S7, and S9, we provide characterization of the 100-nm 21 

AuNPs. The real-time SP-ICPMS signals in Figure S10 show non-overlapping transient ion clouds 22 

for both AuNPs and AgNPs. Our dual analyte SP-ICPMS results confirmed that the nanoparticle 23 
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mixture was indeed 1:1 for all nanoparticle concentrations (Figure 1D). We observed an increase 1 

in paired 107Ag and 197Au events with increasing nanoparticle concentrations indicating that ion 2 

signals from overlapping AgNPs and AuNPs were 3σ above the background signal and therefore 3 

automatically paired by the SyngistixTM software (Figure 1E). Collectively, our data suggest that 4 

concentrations of ≤1x105 nanoparticles/mL are optimal for accurate dual analyte SP-ICPMS, thus 5 

enabling an analysis rate of ~300 individual nanoparticles/minute.  6 

We then applied our dual analyte SP-ICPMS method to quantify AgNP mass. We first 7 

synthesized and characterized four differently sized AgNPs (30-, 50-, 70-, and 100-nm AgNPs) 8 

(Figure S7 and Table S5). Using SP-IPCMS, we observed increased transient nanoparticle ion 9 

cloud duration times and intensities for both silver isotopes as AgNP mass (i.e. size) increased 10 

(Figure S11). Interestingly, 30-nm AgNPs had 75% paired events for 107Ag and 109Ag indicating 11 

that ~25% of both silver isotopes from 30-nm AgNPs fell below the 3σ pairing criterion of the 12 

SyngistixTM software (Figure S12). The observed loss in these paired events could be due to the 13 

fast microsecond detector dwell time, which may not allow sufficient time for simultaneous ion 14 

sampling per event causing both isotopes from ≤30-nm nanoparticles to become undetectable.8 15 

These results imply a nanoparticle mass limit of ~30 nm for dual analyte SP-ICPMS. In single 16 

analyte SP-ICPMS, however, we and others have found that ~15-nm nanoparticles can be 17 

efficiently quantified.23,24  18 

For 50-, 70-, and 100-nm AgNPs, our dual analyte SP-ICPMS results in Figure 2 show that 19 

95% of the detected events were positive for both 107Ag and 109Ag. To obtain nanoparticle size 20 

distributions based on the measured masses, we assumed AgNPs exhibited a spherical geometry 21 

and used Equation 1 to calculate the corresponding diameters. 22 

𝑑[𝑛𝑚] = 	 (!∙#$%&''
(∙)

!        Equation 1 23 
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Where NPmass is the reported SP-ICPMS mass in [g] unit of a single AgNP for one 1 

isotope, and ⍴ is the density of silver (10.49 g/cm3). 2 

Using Equation 1 and the AgNP mass distributions, we obtained size distributions for the 3 

three differently sized AgNPs (Figures 2D-F). Table S6 reports the median masses and calculated 4 

sizes for all differently sized AgNPs. To confirm these results, we analyzed the same nanoparticles 5 

using transmission electron microscopy (TEM) (Figures 2G-I) and found that the nanoparticle size 6 

distributions obtained with TEM corroborated the dual analyte SP-ICPMS findings. We also 7 

determined that surface modifications such as the addition of polyethylene glycol on the surfaces 8 

of AgNPs did not affect dual analyte SP-ICPMS measurements (Figure S13). In summary, our 9 

dual analyte SP-ICPMS method accurately quantified two isotopes per nanoparticle in situ at a rate 10 

of over 300 particles/minute. 11 

After simultaneously quantifying two different isotopes of the same element within single 12 

nanoparticles, we used dual analyte SP-ICPMS to quantify masses of different elements within the 13 

same nanoparticle. To accomplish this, we used in-house synthesized bimetallic gold/silver alloy 14 

nanoparticles. EDS/STEM confirmed that the alloy nanoparticles were composed of both gold and 15 

silver (Figures 3A-D) with a composition of ~60 % atomic gold and ~40% atomic silver (Table 16 

S7). TEM analysis of the alloy nanoparticles revealed the average nanoparticle diameter was 17 

77.1±10.2 nm (Figure 3E). Conventional ensemble measurements (i.e., dynamic light scattering 18 

and UV-Vis) were in line with previous reports and confirmed the successful synthesis of quasi 19 

monodisperse gold/silver alloy nanoparticles (Table S5) (Figure S7).25,26 20 

We then performed dual analyte SP-ICPMS on these gold/silver alloy nanoparticles (Figure 21 

3F). Real-time SP-ICPMS signals of the transient ion clouds (Figure S14) and the high positivity 22 

rate (>95%) for both 197Au and 107Ag confirmed the bimetallic nature of these alloy nanoparticles. 23 
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The mass distribution results in Figure 3F represent ~300 individual gold/silver alloy nanoparticles 1 

with absolute amounts of 197Au and 107Ag indicating a heterogeneous composition for individual 2 

gold/silver alloy nanoparticles.  3 

We determined the median 197Au and 107Ag masses to be 3,261 ag and 1,925 ag, 4 

respectively. Based on these single nanoparticle mass distributions, we quantified the distribution 5 

of 197Au and 107Ag for each gold/silver alloy nanoparticle. Figure 3G shows the distribution of 6 

compositions using equations S2 and S3. At the single nanoparticle level, the average gold and 7 

silver element composition was 60% and 40%, respectively, (Figure 3G), which was previously 8 

confirmed by our quantitative EDS/STEM results.  9 

To further explore the capabilities of our dual analyte SP-ICPMS method, we analyzed 10 

alloy nanoparticles of similar size made with two different compositions: (i) 70% Au / 30% Ag, 11 

and (ii) 30% Au / 70% Ag (Figure S15). Our dual analyte SP-ICPMS measurements revealed that 12 

these alloy nanoparticles had average compositions of 69% Au / 31% Ag and 25% Au / 75% Ag, 13 

respectively, which was also corroborated with quantitative EDS/STEM analysis (Table S7). Dual 14 

analyte SP-ICPMS provided accurate and robust mass and elemental distribution data for hundreds 15 

of individual bimetallic nanoparticles with varying compositions in situ within seconds.  16 

Inspired by our dual analyte SP-ICPMS results, we sought to quantify compositional 17 

transformations in individual nanoparticles. As a model system, we exposed 80-nm gold/silver 18 

alloy nanoparticles to KI/I2 solution, which efficiently dissolves AuNPs.2,27,28 We started by 19 

evaluating the gold/silver alloy nanoparticle composition upon exposure to different KI/I2 etchant 20 

concentrations with EDS/STEM (Figures 4A-D). EDS/STEM results showed a gradual decrease 21 

in gold signal (red) and a more pronounced silver signal (cyan) on the outer edges of the 22 

nanoparticles with increasing KI/I2 etchant concentrations (Figure S16). Quantitative analysis of 23 



 11 

the EDS/STEM images revealed that the atomic percentage of gold decreased by ~3%, ~15%, and 1 

~33%, when we exposed the gold/silver alloy nanoparticles to 68-µM, 102-µM, and 136-µM KI/I2 2 

etchant, respectively (Figures 4A-D, Table S7). These results demonstrated the concentration-3 

dependent KI/I2 etching of gold from the gold/silver alloy nanoparticles.  4 

We then used dual analyte SP-ICPMS to obtain the mass distributions for 197Au and 107Ag 5 

isotopes from hundreds of individual colloidally dispersed gold/silver alloy nanoparticles exposed 6 

to different KI/I2 etchant concentrations in situ (Figures 4E-H). Figures 4E-H showcase 7 

heterogenous removal of gold from individual alloy nanoparticles with increasing etchant 8 

concentration. We observed that gold was not completely removed from all of the alloy 9 

nanoparticles upon etchant exposure, which could indicate nanoparticle surface passivation.29 At 10 

the highest etchant concentration, 107Ag and 197Au paired events decreased to ~68% (Figure 4H). 11 

The decrease in paired events may be due to an increased dissolved gold background at the highest 12 

etchant concentration. As both 107Ag and 197Au signals need to have consecutive pulses that are 3σ 13 

above the background to be automatically paired by the SyngistixTM software, an increased gold 14 

ion background could interfere with the pairing process. Notably, the increased gold ion 15 

background did not appear to affect the detection of single 197Au events.  16 

Based on the mass distributions in Figures 4E-H, we provide the average 107Ag and 197Au 17 

masses of five independent dual analyte SP-ICPMS measurements of alloy nanoparticles exposed 18 

to KI/I2 etchant in Figure 4I. Since the average mass of silver per alloy nanoparticle remained 19 

relatively constant, these results suggest a predominant etching of gold. To validate these results, 20 

we performed control experiments with a 1:1 mixture of similarly sized AuNPs and AgNPs 21 

exposed to etchant solution. We observed the near-complete dissolution of AuNPs and a slight 22 
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decrease in AgNPs mass upon KI/I2 etchant exposure (Figure S17) validating that the etching 1 

reaction was predominantly toward gold. 2 

To compare our dual analyte SP-ICPMS and EDS/STEM results, we calculated the 3 

composition of individual gold/silver alloy nanoparticles based on Figures 4E-H. The average 4 

197Au isotope mass decreases were 3%, 10%, and 26% for gold/silver alloy nanoparticles exposed 5 

to 68-µM, 102-µM, and 136-µM etchant, respectively, which we corroborated by EDS/STEM 6 

analysis (Table S7). Figure 4J summarizes the obtained 197Au mass distributions for hundreds of 7 

individual gold/silver alloy nanoparticles upon exposure to different KI/I2 etchant concentrations. 8 

As shown by our dual analyte SP-ICPMS data in Figure 4, individual gold/silver alloy 9 

nanoparticles underwent chemical etching reactions with various levels of efficiency. 10 

We then sought to quantify the kinetics of metal deposition on individual colloidally 11 

dispersed nanoparticles with dual analyte SP-ICPMS in situ. As a model nanoparticle system, we 12 

selected gold/silver alloy nanoparticles and quantified the simultaneous deposition of gold and 13 

silver on these nanoparticles over time. Figure 5A, shows the process of adding Au(III) and Ag(I) 14 

ions to gold/silver alloy nanoparticles resulting in growth and thus a mass increase of individual 15 

nanoparticles over time.  16 

We used 55-nm gold/silver alloy nanoparticles as the starting material for the seed-17 

mediated nanoparticle growth (Figure 5A-B). TEM analysis confirmed that these gold/silver alloy 18 

nanoparticle seeds exhibited an average diameter of 56.3±5.2 nm (Figures 5B and S18). Dual 19 

analyte SP-ICPMS reported that the average masses of 197Au and 107Ag in individual 55-nm 20 

gold/silver alloy nanoparticles were 1,882 ag and 1,070 ag, respectively, with an initial gold and 21 

silver composition of 61% and 39%, respectively (Figures S19 and S20).  22 
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To increase the size of gold/silver alloy nanoparticles from 55 nm to 70 nm, we 1 

simultaneously added equal molar amounts of Au(III) and Ag(I) ions to a boiling aqueous 2 

dispersion containing 55-nm gold/silver alloy nanoparticles with the reducing agent sodium citrate 3 

(Figure 5A).30 At specified time points during the chemical reaction, we analyzed the nanoparticle 4 

reaction mixture with dual analyte SP-ICPMS to simultaneously quantify the deposition of both 5 

gold and silver onto the 55-nm alloy nanoparticle seeds. Figure S20 shows the mass distribution 6 

plots for 197Au and 107Ag. In Figures 5C-D, we summarized our dual analyte SP-ICPMS results by 7 

showing 197Au (Figure 5C) and 107Ag (Figure 5D) mass distributions for individual nanoparticles 8 

over time. These data demonstrate the heterogeneity of gold and silver deposition at the single 9 

nanoparticle level over time. 10 

Based on Figures 5C-D, we obtained the average alloy nanoparticle composition at 11 

specified time points. One minute after adding Au(III) and Ag(I) ions, the nanoparticle 12 

composition changed by 5% resulting in an average composition consisting of 66% gold and 34% 13 

silver (Figure 5E). We corroborated the relatively fast deposition of gold by UV-Vis 14 

spectrophotometry of the colloidal nanoparticle dispersion. The absorption maximum shifted from 15 

480 nm at tzero to 512 nm one minute after the addition of Au(III) and Au(I) ions to the nanoparticle 16 

seeds, indicating gold deposition (Figure S21).  17 

At t2min, the average alloy nanoparticle composition decreased to ~30% for silver, whereas 18 

the average nanoparticle composition for gold increased to ~70% (Figure 5E). Five minutes into 19 

the reaction, an average composition of 65% gold and 35% silver (Figure 5E) was observed. The 20 

element compositions obtained from the isotope mass distributions showed that after 10 minutes 21 

the average gold composition remained at ~64%, whereas the average silver composition remained 22 

at ~36% (Figure 5E). These results were corroborated by the UV-Vis spectrophotometry 23 
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measurements, which stabilized at an absorption maximum of 500 nm after 15 minutes (Figure 1 

S21) suggesting the growth reaction was completed within ~15 minutes. 2 

To obtain the reaction kinetics, we plotted the total detected mass of 197Au and 107Ag of the 3 

gold/silver alloy nanoparticles from Figures 5C-D as a function of time in Figure 5F. With these 4 

data, we calculated the rate constants for gold and silver depositing onto the alloy nanoparticles 5 

using Equation 2, which accounts for an exponential growth phase followed by a plateau in mass. 6 

𝑀𝑎𝑠𝑠*+ = 𝑀𝑎𝑠𝑠*!, − (𝑀𝑎𝑠𝑠*!, −𝑀𝑎𝑠𝑠*,) ∗ 𝑒-.∗*"  Equation 2 7 

Where MassTn is the total isotope mass of all detected nanoparticles at a specific time point; 8 

MassT60 is the total isotope mass of all detected nanoparticles at 60 minutes; MassT0 is the total 9 

isotope mass of all detected nanoparticles before the reaction; K is the rate constant for a specific 10 

isotope; Tn is time in units of minutes. 11 

Using Equation 2, we calculated that the deposition of gold was ~2 times faster than the 12 

deposition of silver with rate constants of 0.08 and 0.13 min-1, respectively. The observed faster 13 

deposition of gold onto the alloy nanoparticles is likely due to the differences in reduction 14 

potentials of Au3+/Au and Ag+/Ag.31 Our single particle analysis suggests that gold deposition was 15 

50% complete within 5 minutes, whereas silver deposition was 50% complete within 9 minutes 16 

indicating that the reaction would be virtually complete near the 15 minute mark as previously 17 

observed with our UV-Vis spectrophotometry characterization (Figure S21). Collectively, these 18 

results showcase the feasibility for simultaneously quantifying chemical reaction kinetics of two 19 

different metals on individual nanoparticles in a high-throughput manner with easily accessible 20 

quadrupole ICPMS technology. 21 

In summary, we established dual analyte SP-ICPMS as a quantitative high-throughput 22 

analytical technique that enables the simultaneous quantification of two analytes (or isotopes) per 23 
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nanoparticle in situ. Our dual analyte SP-ICPMS results were obtained using a commonly available 1 

quadrupole-based ICPMS system. The results were corroborated by time-of-flight mass 2 

spectrometry and EDS/STEM. With our SP-ICPMS approach, we quantified the masses of 3 

individual AgNPs and the heterogeneity of bimetallic nanoparticles undergoing chemical reactions 4 

with high throughput (300+ nanoparticles/minute) in situ. Our economical elemental analysis 5 

method has the potential to transform the understanding of nanoparticle compositional evolution 6 

and transformation in environmental and biological milieus to inform the design of safer, more 7 

effective, and more efficient nanotechnologies.   8 
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 1 
Figure 1: Quantifying paired and unpaired isotope events in dual analyte quadrupole SP-2 
ICPMS mode for individual nanoparticles. A. Schematic representation of paired events for two 3 
different isotopes (blue and green) in the same nanoparticle, where TD is the detector dwell time 4 
and Ts is the quadrupole mass filter settling time. Gaussian fits were applied by the SyngistixTM 5 
software to account for the missed sample points as the quadrupole mass analyzer alternated 6 
between the two isotopes. B. Schematic representation of unpaired events for two different 7 
isotopes (blue and red) in different nanoparticles (blue and red). C. Detection of paired isotope 8 
events (107Ag and 109Ag) using 100-nm silver nanoparticles (AgNPs) as a function of nanoparticle 9 
concentration; mean +/- StD, n=5. D. Detected particles of a 1:1 mixture of 100-nm AgNPs and 10 
100-nm gold nanoparticles (AuNPs) as a function of nanoparticle concentration; mean +/- StD, 11 
n=5. E. Detected paired isotope events from the 1:1 mixture of 100-nm AgNPs and AuNPs as a 12 
function of nanoparticle concentration; mean +/- StD, n=5. For all measurements, the scan time 13 
was 30 seconds.  14 
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 1 
 2 
Figure 2: Single particle analysis of 50-nm, 70-nm, and 100-nm silver nanoparticles (AgNPs) 3 
using dual analyte SP-ICPMS mode. A-C. Mass distributions of differently sized AgNPs based 4 
on both silver isotopes (107Ag and 109Ag). D-F. Size distribution histograms of differently sized 5 
AgNPs for both silver isotopes based on dual analyte SP-ICPMS mass distributions values 6 
represent averages and standard deviations. G-I. Nanoparticle size distribution histograms based 7 
on TEM with representative micrographs values represent averages and standard deviations. Scale 8 
bars represent 50 nm, 70 nm, and 100 nm, respectively. Gaussian curves were fitted to frequency 9 
distributions in GraphPad Prism.   10 
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 1 
 2 
Figure 3: Compositional analysis of individual 80-nm gold/silver alloy nanoparticles 3 
(Au/AgNPs). A-D. EDS/STEM of 80-nm Au/AgNPs, where A. represents the EDS/STEM signal 4 
from silver in cyan; B. represents the EDS/STEM signal from gold in red; C. represents the overlay 5 
of gold and silver EDS/STEM signals. D. STEM image of 80-nm Au/AgNPs. Scale bar represents 6 
100 nm. E. Size distribution histogram of 80-nm Au/AgNPs obtained from TEM imaging values 7 
represent averages and standard deviation. F. Mass distribution of individual 80-nm Au/AgNPs 8 
obtained with dual analyte SP-ICPMS mode. G. Mass % distribution of silver and gold isotopes 9 
for individual 80-nm Au/AgNPs obtained with dual analyte SP-ICPMS.   10 
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 1 
 2 
Figure 4: Quantifying gold etching using KI/I2 in individual gold/silver alloy nanoparticles 3 
(Au/AgNPs) in situ. Gold/silver alloy nanoparticles with an average diameter of 80 nm were 4 
exposed to various concentrations of KI/I2. A-D. STEM/EDS of Au/Ag alloy nanoparticles 5 
exposed to 0-µM, 68-µM, 102-µM, and 136-µM KI/I2, respectively. Scale bars represent 100 nm. 6 
E-H. Mass distributions of individual 80-nm Au/Ag alloy nanoparticles exposed to 0-µM, 68-µM, 7 
102-µM, and 136-µM KI/I2, respectively, as obtained using dual analyte SP-ICPMS mode. I. 8 
Average masses of individual Au/Ag alloy nanoparticles particles. Bars represent the mean values 9 
and standard deviations of five measurements. J. Mass % distribution of 197Au remaining in 10 
individual Au/Ag alloy nanoparticles based on dual analyte SP-ICPMS mass distributions from 11 
panels (E-H).   12 
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 1 
Figure 5: Quantifying metal deposition kinetics on individual gold-silver alloy nanoparticles 2 
in situ. A. Schematic representation of seed-mediated nanoparticle growth using 55-nm gold-silver 3 
alloy nanoparticles as seeds. B. TEM micrographs of (left) 55-nm gold-silver alloy nanoparticles 4 
(scale bar represents 55 nm), and (right) 70-nm gold/silver alloy nanoparticles (scale bar represents 5 
70 nm). C,D. Mass distributions of 197Au (C) and 107Ag (D) deposition on individual alloy 6 
nanoparticles as a function of time obtained with SP-ICPMS. E. Elemental composition of 7 
individual gold/silver alloy nanoparticles as a function of time during seed-mediated growth 8 
calculated from mass distributions in panels C and D where values represent averages and standard 9 
deviations (n=254-360, error bars were partially removed for clarity). F. Data points represent the 10 
sum of detected nanoparticle masses from panels C and D. 197Au (red; r2 = 0.92) and 107Ag (blue; 11 
r2 = 0.99). 12 
  13 
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