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Abstract 14 

Surface enhanced Raman scattering (SERS) is a widely used vibrational spectroscopic 15 

technique employing metallic nanostructures to enhance an inherent Raman signal. This study 16 

aimed to develop a method for the characterization of SERS substrates in a single analysis by 17 

inductively coupled plasma mass spectrometry (ICP-MS) equipped with the single particle 18 

module (spICP-MS). For this development, the well-known Lee-Meisel protocol was selected 19 

as starting point to synthesize gold nanoparticles (AuNps) and silver nanoparticles (AgNps). A 20 

spICP-MS method was successfully developed and gave the mean size, size distribution and 21 

concentration of nanoparticles in only one single analysis. Reference techniques were used to 22 

confirm these results namely dynamic light scattering, transmission electron microscopy and 23 

UV-Visible spectroscopy. Thanks to the ICP-MS characterization, it was observed that AgNps 24 

synthesized by chemical reduction presented more variability than the AuNps. The dissolved 25 

elements concentration in the suspension was investigated. It appeared that reaction yields were 26 

close to 100% for the six syntheses. This analysis may be repeated over time to evaluate the 27 

suspension stability and monitor any potential degradation of Nps. To conclude, ICP-MS is a 28 

powerful technique to characterize SERS substrates and could be an interesting alternative to 29 

other characterization techniques. 30 

 31 

Keywords: single particle inductively coupled plasma mass spectrometry (spICP-MS) – 32 

metallic nanoparticles (Nps) – SERS substrates – Size characterization  33 
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1. Introduction 34 

Surface-enhanced Raman scattering (SERS) is known worldwide as a vibrational technique 35 

offering qualitative and quantitative information[1–3]. This technique employs metallic 36 

nanoparticles (Nps) which are generally composed of gold (AuNps) or silver (AgNps)[4]. These 37 

Nps also called SERS substrates, can enhance the Raman signal of an analyte through the close 38 

surface interaction of Nps and the analyte itself[5]. Commercial substrates are still not widely 39 

employed for SERS analyses because of their elevated price, their weak Nps concentration and 40 

the presence of inadequate additives (often undisclosed) that may generate poor or unreliable 41 

signal. That is one of the main reasons why an important number of researchers prefer to 42 

synthesize their own substrates, generally in a suspension form[6–8]. However, given that Nps 43 

properties directly influence SERS signal intensity, their characterization turns out 44 

indispensable[9]. Different analytical techniques are currently available to obtain multiple 45 

information about shape, size, and size distribution of nanoparticles such as electronic 46 

microscopy, dynamic light scattering (DLS) or UV-Visible spectroscopy to cite a few[10,11]. 47 

However, as none of them can provide information on all properties, a combination of these 48 

techniques is required to achieve a comprehensive characterization. 49 

This innovative study presents an interesting tool to rapidly characterize SERS substrates using 50 

a single technique: the inductively coupled plasma mass spectrometry (ICP-MS). This 51 

technique was initially developed to quantify most of the elements of the periodic table with a 52 

very high sensitivity, within the ppt range[12]. Analyses are very promptly conducted, and the 53 

specificity of the method is guaranteed through the mass spectrometry detector. Briefly, the 54 

principle of the ICP-MS comprises the injection of a noble gas (argon) into a nebulizer to 55 

transform the liquid sample into an aerosol[12,13]. The aerosol is simultaneously vaporized, 56 

atomized and ionized in a plasma of approximately 8000° C[14]. A succession of two cones and 57 

four lenses will select the ions of interest and redirect the beam to the quadrupole. The latter 58 
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will extract the ions of desired mass to charge (m/z) ratio to finally quantify it by an electron 59 

multiplier[12].  60 

ICP-MS has been recently enhanced with an integrated single particle analysis mode (spICP-61 

MS) enabling comprehensive characterization of Nps[15]. Size, size distribution and 62 

concentration of Nps can be simultaneously determined in a single analysis. Additionally, ICP-63 

MS can be used to determine the concentration of metallic element in the suspension which 64 

provides valuable insight into the completeness of the synthesis or potential degradation of 65 

Nps[16–18]. Like many characterization techniques that assess size, spICP-MS assumes that the 66 

nanoparticles are spherical which makes this tool particularly suitable for spherical substrates 67 

[19,20]. However, ICP-MS can still be used to determine dissolved salts for any type of SERS 68 

amplifier. Size determination involves the injection of Nps with the appropriate dilution to get 69 

only one particle at a time into the plasma[21–23]. If multiple Nps enter the torch at the same 70 

analysis time interval (also called dwell time), they may be detected as a single larger Np 71 

leading to biased results. Dwell time is thus a critical parameter for spICP-MS analyses directly 72 

influencing the results quality[24,25]. This period of time is generally comprised between 3 and 73 

10 ms[14,24]. However, reducing the dwell time to 0.1 ms can significantly mitigate the impact 74 

of the dissolved ions on the obtained results[26]. Such brief dwell times are achievable with the 75 

fast data acquisition hardware of ICP-MS. High dissolved ion concentrations can influence the 76 

measured size and leads to an overestimation of this latter[27]. On the other hand, Nps that are 77 

to small cannot be distinguished from the background noise of dissolved ions[28]. Thus, to obtain 78 

accurate spICP-MS results, the sample preparation with the appropriate dilution is crucial. 79 

Another aspect to keep in mind is the fact that the nebulization efficiency (Nebeff) of the 80 

calibration material, which was determined in the beginning of the analysis, is considered as 81 

identical for the analyzed Nps[29]. In fact, Nebeff represents the amount of sample arriving to the 82 

plasma and is generally comprised between 2 and 10 % when using a traditional glass 83 
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concentric nebulizer[20]. This value depends on multiple parameters such as the nebulizer gas 84 

nature, the gas flow rate and the sample viscosity and has a critical impact on the results[20]. 85 

Nebeff may be estimated using a reference material (RM) of a well-known size or 86 

concentration[30]. The calculation based on the size is generally recommended because the 87 

acquired value is more stable and reliable than the value obtained through the concentration. 88 

In practice, each Np generates a peak while the blank baseline is the direct reflection of the 89 

ionic content for a specific element[20]. To be considered, each nanoparticle needs to induce a 90 

spike with an intensity significantly different from the background[24]. The peak frequency 91 

illustrates the Nps concentration while the size is correlated to their intensity[21,25,28].  92 

The objective of this study was to develop an analytical method to characterize SERS substrates 93 

in a single analysis with a simple and rapid sample preparation. By means of spICP-MS, 94 

average size, size distribution and concentration of Nps will be determined. Therefore, 95 

conventional ICP-MS mode was also used to determine the dissolved ions concentration in 96 

complement to the size determination by spICP-MS mode. The developed procedure is applied 97 

on freshly synthetized homemade Lee-Meisel SERS substrates of gold and silver[31]. However, 98 

this methodology can be extended to substrates obtained through alternative synthesis route as 99 

well as to other types of nanoparticles such as copper nanoparticles or silica cores coated with 100 

a metallic layer. Transmission electronic microscopy (TEM), DLS and UV-Visible 101 

spectroscopy were used as reference techniques and compared to ICP-MS results. 102 

 103 

2. Materials and Methods 104 

2.1 Chemicals and reagents 105 

Silver nitrate (analytical grade), potassium chloride (analysis grade) silver solution 1000 µg/mL 106 

and gold solution 1000 µg/mL (ICP-MS grade) were purchased from VWR (Pennsylvania, 107 

USA) while trisodium citrate (analytical grade) was obtained from Acros Organics (Geel, 108 
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Belgium). Crystal violet (analysis grade) was purchased from TCI Europe N.V. (Zwijndrecht, 109 

Belgium). Chlorauric acid (analytical grade), gold nanoparticles of 60 nm and silver 110 

nanoparticles of 60 and 80 nm were provided from Sigma-Aldrich (Saint-Louis, Missouri, 111 

USA). The suspension of gold nanoparticles of 30 nm came from LGC (Teddington, UK). 112 

These suspensions were purchased based on the suspension media, namely suspended in a 113 

citrate buffer to avoid variations of Nebeff between the samples and the calibration. Iridium 114 

solution 1000 µg/mL and rhodium solution 1000 µg/mL (ICP-MS grade) were acquired from 115 

Merck (Darmstadt, Germany). A tuning solution was used to calibrate the ICP-MS system, 116 

containing several elements (Li, Co, Mg, Y, Ce, Tl) at the concentration of 1 ng/mL (Agilent 117 

Technologies, Santa Clara, California, USA). All solutions and dilutions (except for ICP-MS 118 

measurements) were made using MilliQ water (18.2 MΩ.cm, Milli-Q Plus 185, Millipore, 119 

Burlington, USA). For ICP-MS analyses, dilutions were made using a solution of diluted nitric 120 

acid. The nitric acid 67-69 % (trace metal grade) was bought from Fischer Scientific (Hampton, 121 

New Hampshire, USA). 122 

2.2 Nanoparticles synthesis 123 

Gold and silver nanoparticles were prepared by chemical reduction according to the Lee and 124 

Meisel protocol[31]. Synthesis parameters for each protocol of Nps are reported in the Table 1. 125 

Briefly, a metallic solution was introduced into a tripleneck round-bottom flask and was 126 

magnetically homogenized and heated by a Drysyn oil heating bath (Asynt, England). 127 

Trisodium citrate (0.04 M) was added to the boiling solution through a free neck of the flask by 128 

a dosing device (Dosimat, Metrohm AG, Switzerland). After one hour of reaction, the heating 129 

was stopped, and the suspension was left to cool down at ambient temperature. All the syntheses 130 

were protected from light to avoid potential degradation and the resulting suspension was stored 131 

at a temperature of 4° C, in the dark. Three independent syntheses of AuNps and AgNps were 132 

prepared following this procedure.  133 
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Table 1. Synthesis conditions for silver (AgNps) and gold nanoparticles (AuNps) 

 AgNps AuNps 

Reactant AgNO3 HAuCl4 

Reactant weight/ mg 45 48 

Volume of reactant solution/ mL 250.0 100.0 

Reaction temperature/ °C 180 150 

Citrate solution volume added/ mL 5 10 

Citrate addition rate/ mL/min 5 5 

 134 

2.3 SERS analyses 135 

SERS spectra were recorded using a handled Raman analyzer (TruScan™ RM with the 136 

TruTools™ package, Thermo Fisher Scientific, Waltham, MA, USA). The laser wavelength 137 

was 785 nm with a spectral resolution comprised between 8 and 10.5 cm-1 and a spectral range 138 

from 250 to 2875 cm-1. For analyses, 3 accumulations of 500 ms were taken at a laser power of 139 

75 mW. Samples were prepared by mixing with a vortex (Reax top, Heidolph, Schwabach, 140 

Germany), 400 µL of nanoparticles suspension with 400 µL of crystal violet 1 x 10-6 M. Finally, 141 

100 µL of aggregating agent (potassium chloride 0.1 M) were added to the suspension and 142 

mixed 10 s before the acquisition. Three replicates were prepared for each kind of substrate. 143 

SERS spectra were preprocessed with MatLab® R2020b (The MathWorks, Natick, MA, USA) 144 

and the PLS_Toolbox 8.9.2 (Eigenvector Research, Inc., Wenatchee, WA, USA). The 145 

preprocessing was a correction of the baseline (Whittaker filter with λ: 30 000 and p: 0.01). 146 

2.4 Characterization methods & instrumentation 147 

2.4.1 ICP-MS analyses for dissolved element determination 148 

ICP-MS analyses were acquired by an ICP-MS 7800 (Agilent Technologies, Santa Clara, 149 

California, USA) with a torch of 2.5 mm of internal diameter, nickel cones and 1.0 L/min for 150 

the nebulizer gas flow rate. The software is MassHunter 5.2 (Agilent Technologies, Santa Clara, 151 

California, USA). At the startup of the plasma and before the analysis, an autotune is realized 152 

to optimize the system parameters and minimize the potential interferences (oxide ratios and 153 
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doubly charged ions) with the tuning solution. During this autotune, the pulse/analogue factor 154 

is also optimized. The general chapter of European Pharmacopeia (Ph. Eur.) for ICP-MS was 155 

respected considering a limit test for all the analyses[32]. These were conducted in general 156 

purpose plasma mode, the acquisition mode was set on spectrum with 1 point of peak pattern, 157 

with 5 replicates and 100 sweeps per replicate. The acquisition time was fixed at 0.1 s for 158 

internal standards and 1.0 s for gold and silver. Rinse and diluent solutions were composed of 159 

nitric acid at a concentration of 1.92% (w/v). Calibration curve contained a blank and multiple 160 

solutions from 5 to 40 ng/mL for silver and from 5 to 30 ng/mL for gold. A quality control (QC) 161 

was prepared at 15 ng/mL. Internal standard was a 25 ng/mL solution composed of iridium (Ir) 162 

and rhodium (Rh) was injected all along the analysis through its own tubing. Three independent 163 

replicates were prepared and analyzed for each Nps suspensions synthesis. Gold and silver were 164 

analyzed separately for practical reasons. Nps were removed from the samples by 3 consecutive 165 

centrifugations (11 000 rpm during 15 min). Indeed, to ensure that only dissolved metallic ions 166 

are analyzed, Nps need to be physically eliminated to avoid their dissolution by nitric acid. The 167 

final supernatant was injected into the ICP-MS system. 168 

2.4.2 spICP-MS analyses 169 

The employed equipment was an ICP-MS 7800 (Agilent Technologies, Santa Clara, California, 170 

USA) coupled to the MassHunter 5.2 software (Agilent Technologies, Santa Clara, California, 171 

USA). The nebulizer gas flow rate was set on 0.80 L/min while the sample inlet flow was 0.346 172 

mL/min depending on the internal diameter of the torch (1.5 mm) and the diameter of the 173 

sample tubing, respectively. Thanks to the fast data acquisition hardware, dwell time was fixed 174 

on 0.1 ms with an acquisition time of 60 s per injection. Given that Nps are composed of only 175 

one constituent, the mass fraction was set on 1 for all the suspensions. Gold density was fixed 176 

on 19.32 g/cm³ and the 197 isotope was monitored. For silver, the density was set on 10.50 177 

g/cm³ with the 107 isotope. Rinse solution as well as the blank solution were composed of 178 
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MilliQ water. Ionic solutions of silver and gold were prepared at 1 ng/mL. Suspensions were 179 

sonicated 2 minutes before being diluted with water to avoid a Nps aggregation. Each synthesis 180 

was injected in a separate sequence with three independent replicates. Commercial AgNps of 181 

60 nm and AuNps of 32.7 nm (based on the analysis certificate) were used as reference material 182 

(RM) and the quality control (QC) consisted of commercial AgNps of 80 nm and AuNps of 60 183 

nm for silver and gold analyses respectively. Dilution factors for all suspensions are presented 184 

in Table 2. 185 

Table 2. Dilution factors for all suspensions analyzed by spICP-MS 

 AgNps AuNps 

Reference material (RM) 1 000 000 1 250 000 

Samples 1 000 000 13 333 333 

Quality control (QC) 200 000 1 000 000 

 186 

2.4.3 Reference methods for Nps characterization 187 

To confirm the accuracy of spICP-MS results, they were compared with those obtained with 188 

reference methods. First, transmission electron microscopy (TEM) images were generated with 189 

a Jeol JEM-1400 TEM (Jeol, Tokyo, Japan) at 80 kV with a maximum magnification set on 190 

60 000. A drop of 11 µL of Nps suspension was deposited and left to dry on a 200 mesh copper 191 

coated carbon grid (Jeol, Tokyo, Japan) prior to the TEM analyses. EMSIS iTEM Software 192 

(Münster, Germany) was then used to measure the average size of AgNps and AuNps based on 193 

the measurement of the diameter of 100 individual Nps. 194 

Second, dynamic light scattering (Malvern Panalytical ZetaSizer Nano ZS DLS, Malvern 195 

Panalytical, Malvern, United Kingdom) was used with a 632.8 nm wavelength laser to measure 196 

the mean size and the size dispersion of synthesized Nps. The zeta potential, reflecting the 197 

suspension stability, was also determined by an electrophoretic light scattering (ELS) 198 

equipment (Malvern Panalytical, Malvern, United Kingdom). For these analyses, suspensions 199 
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were diluted 10 times and sonicated before being added into a specific cuvette (Malvern 200 

Panalytical, Malvern, United Kingdom). Size dispersion was estimated by the width of the 201 

deconvoluted peak according to a logistic shape using the ipf function (version 12)[33] running 202 

in MATLAB® R2020b (The MathWorks, Natick, MA, USA). 203 

Finally, UV-Visible spectra (Lambda 40, PerkinElmer, Waltham, Massachusetts, USA) were 204 

recorded from 300 to 800 nm. Ten-times diluted suspensions were sonicated prior to the UV-205 

Visible measurement. 206 

 207 

3. Results and discussion 208 

3.1 SERS acquisitions 209 

SERS measurements were conducted to confirm the suitability of the synthesized AgNps and 210 

AuNps as SERS substrates and to demonstrate that the characterization method developed in 211 

this study is appropriate for the analysis of SERS substrates. Figure 1a presents a SERS 212 

spectrum of crystal violet obtained using gold nanoparticles while Figure 1b shows the SERS 213 

spectrum acquired with silver nanoparticles. As expected, the synthesized AuNps and AgNps 214 

generated an intense SERS response validating their use in the development of the spICP-MS 215 

characterization method. 216 

 217 

Figure 1. SERS spectra of crystal violet (1 x 10-6 M) obtained with gold nanoparticles (a) or silver nanoparticles (b) which 218 
were homemade synthesized.  219 
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 220 

3.2 ICP-MS analyses for dissolved element determination 221 

While single particle mode is capable to quantify dissolved element, its ability to distinguish 222 

Nps from ionic content is not perfectly achieved through that module[28]. Moreover, the sample 223 

dilution applied for spICP-MS analyses leading to very low element concentrations is not 224 

compatible with the single particle accuracy. Conventional ICP-MS was then used to determine 225 

the concentration of dissolved metallic ions present in the suspensions. The determination of 226 

this concentration brings relevant information since it indicates the reaction yield and can also 227 

serve to monitor the Nps stability over time. For instance, an increase in the dissolved metal 228 

ions concentration may suggest Nps degradation[18]. Despite its significance, this point is often 229 

overlooked in nanoparticle characterization studies. 230 

According to the ICP-MS principle, a calibration curve was plotted for both gold and silver 231 

elements. The correlation coefficients are higher than 0.99 (Ph. Eur. guideline) with values of 232 

1.00 for both elements. Detection limit was also estimated during each analysis taking into 233 

account that several factors such as the equipment status, the sample matrix or the diluent can 234 

influence this limit[34]. Detection limit was evaluated at 11 and 7 ppt for gold and silver, 235 

respectively. For the quality control and the internal standard, a recovery range from 80 to 120% 236 

was required and all these criteria are conform. Furthermore, relative standard deviation (RSD) 237 

for all the injections (except for blanks) did not exceed the tolerated 5% according to the Ph. 238 

Eur. guidelines. Concerning the samples, as illustrated in Table 3, yields of reaction are very 239 

close to 100%, implying that all silver nitrate and chlorauric acid in the suspensions were 240 

consumed by the trisodium citrate to form Nps. These results were expected given that 241 

trisodium citrate was added in excess to the reaction. Indeed, citrate is commonly used to reduce 242 

metallic salt but also to stabilize the suspension. Dilutions and weightings were considered to 243 

calculate the reaction yields based on the ICP-MS concentration.  244 
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Fig. S1 resumes the sequential steps for conducting an ICP-MS analysis. 245 

Table 3. ICP-MS results for AgNps and AuNps suspensions 

AgNps 

ICP-MS 

concentration/ 

ng/mL 

Reaction 

yield/ % 
AuNps 

ICP-MS 

concentration/ 

ng/mL 

Reaction 

yield/ % 

Synthesis 1 

Replicate 1 18.28 99.98 

Synthesis 1 

Replicate 1 9.90 99.99 

Replicate 2 12.13 99.99 Replicate 2 8.97 99.99 

Replicate 3 29.45 99.97 Replicate 3 8.84 99.99 

Synthesis 2 

Replicate 1 15.89 99.99 

Synthesis 2 

Replicate 1 27.70 99.99 

Replicate 2 19.86 99.98 Replicate 2 28.41 99.99 

Replicate 3 23.39 99.98 Replicate 3 24.05 99.99 

Synthesis 3 

Replicate 1 38.37 99.97 

Synthesis 3 

Replicate 1 11.23 99.99 

Replicate 2 40.44 99.97 Replicate 2 12.03 99.99 

Replicate 3 41.08 99.97 Replicate 3 11.87 99.99 

 246 

3.3 spICP-MS analyses 247 

During spICP-MS analyses, several parameters were checked to validate the sequence and to 248 

ensure the reliability of the obtained results. Among them, the most significant one is the 249 

nebulization efficiency (Nebeff) that must be comprised between 2 and 10 %. This percentage 250 

represents the fraction reaching the plasma for the measurements and is determined by the 251 

equipment, based on the RM size. The second focus point is the number of detected Nps 252 

indicating the possible presence of aggregates or an inappropriate dilution of the samples. It is 253 

recommended to measure from 500 to 2000 Nps per injection on average[35]. Although the RM 254 

nature used for the calibration can be different from the nature of the analyzed Nps, the single 255 

particle mode required the same element for all the samples consideration. Consequently, each 256 

synthesis was analyzed in a separate sequence. In practice, a specific sequence for each 257 

synthesis was created with three replicates per synthesis. Samples containing Nps were 258 

prepared daily to avoid aggregation or dissolution[20,30]. RM should be analyzed rapidly after 259 

opening because Nps will gradually dissolve, enhancing the ionic content and decreasing the 260 

measured size[19]. Fig. S2 summarizes the sequential steps for conducting a spICP-MS analysis. 261 
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The Tables 4 and 5 show the Nebeff, the number of particles and the results for each injection 262 

for the AuNps and AgNps syntheses. Given that Nebeff falls within the recommended range and 263 

that Nps size for RM and QC are consistent with the values stated in the analysis certificates, 264 

the results obtained for samples are considered valid. 265 

Table 4. spICP-MS results for AuNps syntheses 266 

AuNps 
Nebeff/ 

% 

Particle 

number 

Particle 

concentration/  

x107 particles/L 

Mean 

equivalent 

diameter/ 

nm 

Synthesis 1 

RM (32.7 nm) 

5.7 

1814 9.2 32 

Replicate 1 1324 6.7 26 

Replicate 2 1284 6.5 25 

Replicate 3 1473 7.5 26 

QC (60 nm) 300 1.5 56 

Synthesis 2 

RM (32.7 nm) 

6.0 

1975 9.5 32 

Replicate 1 1813 8.7 24 

Replicate 2 1748 8.4 24 

Replicate 3 1805 8.7 24 

QC (60 nm) 289 1.4 58 

Synthesis 3 

RM (32.7 nm) 

5.7 

1866 9.4 32 

Replicate 1 1748 8.8 24 

Replicate 2 1593 8.0 24 

Replicate 3 1545 8.1 24 

QC (60 nm) 301 1.5 58 

Nebeff = nebulization efficiency, RM = reference material, QC= quality control 267 

  268 
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  Table 5. spICP-MS results for AgNps syntheses 269 

AgNps 
Nebeff / 

% 

Particle 

number 

Particle 

concentration/ 

x107 particles/L 

Mean 

equivalent 

diameter/ 

nm 

Synthesis 1 

RM (60 nm) 

2.8 

282 2.9 58 

Replicate 1 1014 11 63 

Replicate 2 972 10 63 

Replicate 3 1067 11 56 

QC (80 nm) 655 6.8 71 

Synthesis 2 

RM (60 nm) 

2.8 

307 3.2 58 

Replicate 1 708 7.4 65 

Replicate 2 730 7.6 65 

Replicate 3 718 7.5 63 

QC(80 nm) 680 7.1 69 

Synthesis 3 

RM (60 nm) 

2.2 

295 3.8 58 

Replicate 1 1219 16 48 

Replicate 2 1342 17 47 

Replicate 3 1460 19 46 

QC (80 nm) 600 7.7 67 

Nebeff = nebulization efficiency, RM = reference material, QC= quality control 270 

 271 

As shown in Tables 4 and 5, the replicates exhibit comparable values to each other in terms of 272 

both concentration and Nps sizes. The relative standard deviations (RSD) for the measured sizes 273 

of replicates are less than 6.7 % per synthesis. In contrast, batch-to-batch comparison indicates 274 

that AuNps tend to be more uniform in size and concentration than AgNps which exhibit more 275 

variability between the batches. This observation is coherent with the heterogeneous character 276 

of AgNps reported in the literature[36]. 277 

Figure 2 displays the size distributions obtained by spICP-MS. The histograms represent the 278 

normalized frequency which is correlated to the Nps concentration in function of the calculated 279 

size. It is evident that AuNps’ sizes are more uniform compared to AgNps which exhibit a 280 

bimodal size distribution. Replicates from the same synthesis show similar histograms 281 

indicating consistent size profiles for AuNps across three different syntheses while the size 282 

distributions of AgNps vary more from one synthesis to another, particularly for the ratio of the 283 

two size populations. This underscores the fact that AuNps synthesis is more repeatable 284 

compared to AgNps synthesis[37,38].  285 
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 286 

Figure 2. Size dispersion measured by spICP-MS for AuNps (a, b, c for syntheses 1, 2 and 3 respectively) and for AgNps (d, 287 
e, f for syntheses 1, 2 and 3 respectively). 288 

 289 

3.4 Reference methods for Nps characterization 290 

To confirm spICP-MS results and validate the method, measurements were also performed 291 

using techniques commonly used for the SERS substrates characterization which will serve as 292 

references[39,40]. Average particle sizes and size distributions were determined by dynamic light 293 

scattering (DLS) as well as transmission electron microscopy (TEM). These data combined 294 

with the zeta potential are presented in Table 6. 295 

 296 

Table 6. Reference techniques results for the characterization of AuNps and AgNps syntheses 

 Average size/ nm 
Size dispersity 

(FWHM)  
Zeta potential/ mV 

TEM estimated 

size/ nm (n=100) 

AuNps S1 38.8 0.53 -43.8 19.8 ± 5 

AuNps S2 20.7 0.42 -43.7 - 

AuNps S3 17.1 0.36 -42.3 - 

AgNps S1 55.6 0.49 -47.1 - 

AgNps S2 66.7 0.49 -46.7 62.6 ± 15 

AgNps S3 68.2 0.57 -50.6 - 

FWHM: full width at half maximum 

 297 

The characterization data obtained from the reference techniques fall within a similar range 298 

although the synthesis variability is more pronounced for AgNps. Since the DLS technique is 299 

based on the measurement of hydrodynamic diameter, a smaller size was expected from the 300 

spICP-MS measurements. Additionally, the size dispersity considering the full width at half 301 



   

 

   
16 

 

maximum (FWHM) of the deconvoluted peaks is higher for AgNps than AuNps. For silver, a 302 

small fraction of the sample was estimated at approximately 15 nm of average size but was not 303 

considered for the measure of peak FWHM. This exclusion leads to an undervaluation of the 304 

size dispersion for AgNps. Figure 3 illustrates the deconvolution of distribution peaks for the 305 

synthesis 2 of AgNps. For all AgNps syntheses, the fitted peaks match very closely to the 306 

measured size distributions (R² > 0.999 and average percent errors in position of 0.82% 307 

maximum). 308 

 309 

Figure 3. Deconvoluted peaks for the AgNps synthesis 2 considering DLS measurements. The blue dots represent the 310 
measured size in log scale, the red line represents the combined model for the two peaks (ideally overlapping the blue dots) 311 

and the green lines represents the model components (peakfit.m, version 9.61 and no baseline correction). 312 

Size dispersity can also be observed by TEM, as illustrated in Figure 4. These TEM images 313 

confirm the earlier observations, indicating a larger average size and a higher size variability 314 

for AgNps. In addition, AgNps exhibit few nanorods in addition to the nanospheres whereas 315 

AuNps shapes are notably more uniform.  316 
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 317 

Figure 4. Transmission electron microscopy for AuNps (a: 15 000 magnification, b: 30 000 magnification) or for AgNps (c: 318 
20 000 magnification, d: 30 000 magnification). 319 

Finally, UV-Visible spectroscopy was used to estimate size dispersion and to compare Nps 320 

concentration across different syntheses. Figure 5 shows UV-Visible spectra for AuNps and 321 

AgNps syntheses. The results align with those obtained from other techniques, reinforcing the 322 

observation of higher variability of AgNps’ syntheses. Specifically, AuNps spectra for each 323 

synthesis show more consistency with one another compared to those of AgNps. The Nps 324 

concentrations, indicated by the maximal absorbance, are more homogeneous for AuNps 325 

syntheses than for AgNps, as calculated by the spICP-MS. Moreover, the peak width, reflecting 326 

the size variability, is notably broader for AgNps indicating less uniformity between syntheses. 327 
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 328 

Figure 5. UV-Visible spectra for a) AuNps and b) AgNps. 329 

 330 

 331 

4. Conclusion 332 

In conclusion, spICP-MS is a powerful tool to characterize SERS substrates made of gold or 333 

silver. Indeed, in just one analysis, several information can be obtained namely the mean size, 334 

size dispersity and the concentration of Nps. However, this technique assumes a spherical shape 335 

of Nps and requires commercial standards for calibration which can be costly. Sample 336 

preparation can also be a limiting step as it requires the determination of an appropriate dilution 337 

factor for each individual suspension. The obtained results are comparable to those from DLS, 338 

TEM or UV-Visible spectroscopy. AuNps and AgNps synthesized by the well-known Lee-339 

Meisel protocol were used to evaluate this method given their widespread use. The comparison 340 

of both Nps type confirmed that AuNps have more homogeneous and reproducible properties 341 

compared to silver ones. The latter exhibited greater variability in size and shape within the 342 

same batch of suspension leading to a significant variability between syntheses which can in 343 

turn lead to poor repeatability in SERS intensities. 344 

Although the single particle mode can determine the ionic content, these results are not reliable 345 

due to a high dilution of the samples required to ensure that particles reach the plasma 346 

individually. Therefore, the conventional ICP-MS mode is more suitable for the determination 347 
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of dissolved element concentration. Accordingly, the yield of each reaction was calculated with 348 

values close to 100% for both AuNps and AgNps.  349 

Data generated from ICP-MS and spICP-MS analyses could be invaluable to evaluate the 350 

synthesis stability over time and to characterize and determine the batch-to-batch repeatability. 351 

This information is crucial for the development of reliable SERS substrates for quantitative 352 

analyses given that the nature, shape and size of SERS substrates directly impact the signal 353 

intensity. In perspectives, methods for the characterization of bimetallic nanoparticles could be 354 

developed.  355 
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