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Iron quantification at sub femtogram level in magnetite hybrid 
silica methacrylate core-shell nanocomposite particles by sp-ICP-
MS.    

Antonia Toska,a Dominique Foix, a Antoine Bousquet, a Nang-Htay Yin, a  Christophe Pécheyran, a 
and Joachim Allouche *a 

This study highlights the application of single particle (sp)-ICP-MS 

on the field of hybrid (inorganic/organic) nanocomposites 

characterization as a valuable tool for monitoring the inorganic 

metal nanoparticles (NPs) distribution over the total 

nanocomposite population as well as for synthesis conditions 

adaptation. Two types of magnetic nanocomposites carrying iron 

oxide NPs either on the surface or in the core were synthesized in 

the laboratory and characterized by TEM, XPS and Auger mapping 

for confirmation of iron localization. Analysis of 56Fe by sp-ICP-MS 

provided key information about the mass of iron integrated into 

each nanocomposite,at the sub femtogram level, which was 

directly correlated to their nanostructuration.  

Hybrid metal or metal oxide organic-inorganic nanocomposites 

have been widely studied over the past several decades 

because of their great potential in many applications, from 

catalysis to biomedical ones.1–4 Some of the most important 

efforts in the past 20 years have been devoted to the design and 

development of multifunctional core−shell nanomaterials to 

provide several functions in one single platform.5–8 In this 

context, the design of hybrid nanocomposite particles 

embedding iron oxide colloids has undergone intensive 

investigations due to their potential, notably in 

nanomedicine.9,10 However, the main challenge in their 

elaboration lies in the precise control of several structural, 

morphological, chemical and/or physico-chemical parameters 

to fine-tune the final properties. Indeed, a subtle balance 

between a high iron oxide colloids loading and a good 

dispersion within the encapsulating materials has to be 

optimized to guarantee enhanced properties.11–13 Furthermore, 

achieving the stability of the hybrid nanocomposites and 

ensuring a suitable surface chemistry are essential for enabling 

further functionalization steps.14 Therefore, a precise post-

synthesis quantification of iron oxide nanoparticles (NPs) 

entrapped in hybrid particles may be determinant to optimize 

and to provide a feedback of the elaboration conditions. 

Moreover, obtaining this quantification at the single particle 

level is crucial for establishing a comprehensive understanding 

of the collective magnetic behaviour for a given colloidal 

dispersion. However, this direct quantification is challenging 

since it requires highly sensitive analytical techniques able to 

accurately measure the amount of metal per single 

nanocomposite at the femtogram (fg) or picogram (pg) level for 

a large number of nanocomposites. Until now, such information 

is inaccessible using standard physico-chemical or microscopy 

techniques for the NPs characterization due to the difficulty of 

simultaneously obtaining metal quantification both at the single 

particle level and on a large set of composite particles. In this 

context, single particle Inductively Coupled Plasma Mass 

Spectrometry (sp-ICP-MS), is an emerging  technique developed 

in the fields of environment, medicine or food industry as a 

direct and fast way of measuring NPs number concentration 

and their size distribution in liquid samples.15–18 ICP-MS offers a 

number of advantages, including high sensitivity, excellent 

selectivity, a robust atomisation source for atomising solid NPs 

and rapid detection (≤ 100 µs). As the sp-ICP-MS approach is 

capable of quantifying chemical elements at the single particle 

level, it has been used successfully in the last years to 

characterize numbers of metal or metal oxide colloids including 

silver,19 gold,20 titanium oxide21 and even iron oxides.22 

However, up to now, this technique has never been performed 

for monitoring the influence on iron oxide colloids distribution 

over core-shell hybrid nanocomposites after slight 

modifications on the synthesis conditions.  

In this work, the application of sp-ICP-MS/MS on the 

characterization of magnetic nanocomposites for the iron (Fe) 

quantification per single nanocomposite obtained by different 

synthetic procedures is demonstrated for the first time. Two 

morphologies of synthetic magnetic nanocomposites with 

different loading and localization of iron colloids were obtained 
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by modulating the synthesis conditions. The influence of the 

structuration on the loading and the mass distribution of iron 

(Fe) per nanocomposite is herein discussed.  

Magnetite iron oxide (Fe3O4) NPs were first synthesized by a 

classical Massart method.23 TEM observation (Fig. 1a) of Fe3O4 

NPs shows diameters of particles close to 8 ± 3 nm. X-ray 

photoelectron spectroscopy (XPS) analyses have been 

performed to identify the chemical environment and 

localization of Fe (experimental section ESI‡). Two different 

morphologies of synthetic magnetic nanocomposites, were 

then obtained depending on the elaboration conditions (ESI‡), 

for which the iron colloids have been either encapsulated in the 

core or adsorbed on the surface of the nanocomposites, namely 

Fe@HySi and HySi@Fe, respectively, where “HySi” stands for 

“hybrid silica polymer” and “Fe” for Fe3O4 NPs, the two 

materials composing both nanocomposites. For HySi@Fe, the 

structuration is governed by the initial formation of Pickering 

emulsion of (trimethoxysilyl)propyl methacrylate (TPM) 

droplets stabilized by Fe3O4 NPs. The final total nanocomposite 

diameter size can be tuned depending on the TPM/Fe3O4 weight 

ratio.24,25 Like this, three different diameter sizes of HySi@Fe 

nanocomposites were obtained by modifying the TPM/Fe3O4 

weight ratio from 0.03 to 0.16. The elaboration of Fe@HySi is 

lacking diameter size control and therefore only one TPM/Fe3O4 

weight ratio of 0.16 was prepared for comparing the differences 

of Fe3O4 NPs distribution as a result of the different 

nanocomposites formation protocol.    

The Fe@HySi and HySi@Fe nanocomposites prepared at the 

same TPM/Fe3O4 = 0.16 are displayed on the TEM images in 

Figures 1b and 1c, respectively. A difference of size and 

morphology between the two materials can be noticed. The 

median diameters calculated for the two materials are 480 nm 

and 146 nm for Fe@HySi and HySi@Fe respectively (see Fig. S1 

and Table S1 ESI‡ for the complete nanocomposite size data 

obtained from the TEM images). For Fe@HySi (Fig. 1b), the 

images clearly exhibit iron colloids entrapped in the 

nanocomposite core highlighted by the high magnification 

picture (inset). In contrast, for HySi@Fe (Fig. 1c), the iron 

colloids are deposited on the surface of the nanocomposite 

sphere. XPS analyses of the nanocomposites provide additional 

information confirming the localization of the iron colloids for 

the two materials. Indeed, the XPS survey spectra in Fig. 1d 

show that Fe is only detected for HySi@Fe and is missing for 

Fe@HySi. Keeping in mind that the analysis depth of XPS is 

around 5-10 nm, this result is consistent with the surface 

deposition of iron colloids on the HySi@Fe composite spheres, 

the Fe being located in the core for Fe@HySi. (see the detail XPS 

characterization in ESI‡). To confirm the encapsulation of Fe3O4 

NPs for Fe@HySi, Scanning Auger Mapping (SAM) analyses were 

also performed on cross-cut nanocomposites (Fig. S4 ESI‡). The 

elemental maps of Fe, Si and O from the analysis on one single 

composite particle allows to confirm the in-depth location of Fe 

in the hybrid composite sphere since Fe is only detected within 

the core.According to these results, the localization of  Fe3O4 

NPs depends on the structuration process of the 

nanocomposites elaborated. Such structuration is strongly 

influenced by the synthesis conditions which is considered to 

also affect the amount and the distribution of the Fe3O4 NPs in 

the whole set of the composite particles.  

Consequently, to monitor the Fe3O4 NPs distribution per single 

nanocomposite, sp-ICP-MS/MS analyses have been performed 

by monitoring 56Fe. An Agilent 8900 ICP-MS/MS instrument 

(semiconductor version) was used in tandem MS mode and H2 

as a reaction gas to unravel ArO interferences on 56Fe. The 

natural abundance ratio of 56Fe to 57Fe (43.3) was systematically 

controlled before each analysis to confirm the effective ArO 

interferences elimination through the chosen instrumental 

conditions. For ensuring the measurement of single 

nanocomposites per reading time, while minimizing the 

probability of counting two particles at the same time, highly 

diluted nanocomposites samples were analysed with the fastest 

acquisition time of 0.1 ms and signal intensities were recorded 

as a function of time in a Time Resolved Analysis (TRA). The 

dilution level of each sample in Milli-Q water was adjusted so 

that the detected particle events per minute to be in the range 

of 600-1200. Sonication for few minutes was performed 

between each dilution and before the start of the analysis. Size 

certified gold NPs (BioPure Gold Nanospheres – bare, citrate 

stabilized, 50 nm, Nanocomposix, Clinisciences, France) were 

used for the calculation of the nebulization efficiency (ηn) 

through the detection of 197Au under the same sample 

introduction conditions, based on the size reference material 

approach described by Pace et al.26 Then the Fe mass 

distribution was calculated from the response factor calibration 

measured by analyzing Fe ionic solution at 1 ppb in nitric acid 

(HNO3) 1 %. The operating conditions of ICP-MS/MS are 

provided in Table 1. For each sample, three replicate dilutions 

were prepared and used for the calculation of an average 

median Fe mass embedded per single nanocomposite. The 

combined uncertainties of the iron average median mass values 

for each mass distribution were calculated from the 

measurements of the replicates. To assess the possible 

agglomeration over time, the 3 replicate measurements were 

not performed successively to each other, but repeating the 

sample list with the same order. 

Figure 1. TEM images of (a) as synthesized iron oxide nanoparticles, (b) Fe@HySi, (c) 

HySi@Fe and (d) XPS survey spectra of Fe@HySi and HySi@Fe nanocomposites. 
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Due to the very small diameter of the Fe3O4 nanoparticles 

(around 8 nm, see TEM observation Fig. 1a), it was not possible 

to measure their mass distribution using the sp-ICP-MS 

approach under the specific operating conditions.Indeed, the 

presence of an ionic Fe background in the solution hindered the 

discrimination of very small single particles against the 

background. In addition, note that a single 8 nm Fe3O4 NPs 

contains only about 0.98 attograms of iron, making its detection 

difficult even with the high sensitivity of ICP-MS/MS 

instruments.  

The Figure 2 highlights the Fe mass distribution per 

nanocomposite obtained for Fe@HySi (Fig. 2a, TPM/Fe3O4 = 

0.16) and HySi@Fe at TPM/Fe3O4 = 0.16 (Fig. 2b), 0.07 (Fig. 2c) 

and 0.03 (Fig. 2d), as well as the respective average median 

masses of the three replicate dilutions. At the same time, for 1 

of the 3 replicate mass distributions, complete statistical 

analysis was performed using the 56Fe peak integrated signal 

intensities recorded during 1 minute of acquisition time. All 

intensities above the particle threshold (calculated by the 

MassHunter software and presented in Table S3 ESI‡) were 

used for the statistical calculation of the median, mean and 

standard deviation of the Fe mass distribution. Finally, the Fe 

mass polydispersity index (PDI) was calculated as the square of 

the standard mass deviation divided by the square of the mean 

mass of the distribution. The PDI values calculated for each 

mass distribution are also displayed in Figure 2, while all 

statistical results are summed up on Table S3 (ESI‡). It is worth 

mentioning that the Fe particle threshold in the case of 

Fe@HySi nanocomposites is much higher compared to that of 

HySi@Fe. The latter observation was attributed to incomplete 

Fe3O4 NPs encapsulation in the core of the Fe@HySi 

nanocomposites, resulting in free Fe3O4 NPs whose signal is 

recorded as ionic Fe background, due to their small size. On the 

other hand, thanks to the formation of the Pickering emulsion 

all Fe3O4 NPs are stabilised on the surface of TPM droplets, 

while TPM excess is expelled by the system. As a result, in this 

case the particle threshold is only affected by the ionic Fe 

naturally present in Milli-Q or/and dissolved from the NPs 

during sonication. Due to the high Fe mass polydispersity in 

some samples, the mass distributions are not represented on 

the full abscissa axis. However, the box plots data are added to 

provide all the Fe masses detected and to better illustrate the 

Table 1: ICP-MS/MS operation conditions 

RF Power 1500 
RF Matching (V) 1.3 
Sample Depth (mm) 7.0 
Nebulizer Gas (L/min) 0.7 
Cell focus (V) -2.0 
Cell Entrance (V) -50 
H2 flow (ml/min) in the 
collision/reaction cell 

5.0 

Isotope monitored during the Sp-
ICPMS analysis and quadrupoles 
settings 

56Fe 
Q1 @ m/z= 56, Q2@ m/z=56 

Dwell time (msec) 0,1 
Nebulizer  Micromist DC 0.4 mL/ min  

Spray chamber Scott double pass cooled at 
2°C 

56Fe / 57Fe (1ppb solution as Fe) 43.2 (theoretical value : 43.3) 

Figure 2.  Iron mass distributions measured by sp-ICP-MS/MS, box plot data with the corresponding median masses and mass polydispersity index (PDI) for (a) 

Fe@HySi at TPM/Fe3O4 = 0.16, (b) HySi@Fe at TPM/Fe3O4 = 0.16, (c) HySi@Fe at TPM/Fe3O4 = 0.07 and (d) HySi@Fe at TPM/Fe3O4 = 0.03. 

PDI = 0.8

median mass = 0.090  0.004 fg

median mass = 0.487  0.034  fg

PDI = 4.6PDI = 1.5

median mass = 9.312  0.473 fg

PDI = 6.7

median mass = 0.048  0.003 fg

a b

c d
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mass polydispersity for each sample. For TPM/Fe3O4 = 0.16, it is 

worth noting that the Fe amount entrapped in the composites 

is close to 20 times higher for Fe@HySi than for HySi@Fe with 

median masses of 9.31 ± 0.47 fg and 0.49 ± 0.03 fg respectively. 

The PDI value for Fe@HySi is 1.5 which is significantly lower 

than that of HySi@Fe (PDI = 4.6) indicating an increase in the 

heterogeneity of the Fe3O4 NPs distribution over the composite 

particles for HySi@Fe. Since the TPM/Fe3O4 is identical for those 

materials, the amount of iron oxide colloids per nanocomposite 

and their distribution over the composites are governed by the 

mechanisms of structuration of the materials. Indeed, for 

HySi@Fe, the structuration is directed by a thermodynamic 

process for which a Pickering emulsion is initially spontaneously 

formed.25 The TPM/water interface generated by the small 

droplets is stabilized by the iron oxide colloids before silica 

condensation and acrylate polymerization. Due to the low 

surface area of each droplet, this leads to the deposition of sub 

femtogram amount of Fe on each nanocomposite. On the 

contrary, the structuration of Fe@HySi is mainly guided by a sol-

gel process leading to the growth of a hybrid silica shell around 

Fe3O4 NPs aggregates core. Higher amount of iron oxide colloids 

encapsulated within the core of composite particles are 

detected in this case. However, the number of nanocomposites 

formed is 4 times less important in the case of Fe@HySi (Table 

S3, ESI‡).    

The influence of the TPM/Fe3O4 ratio on the Fe3O4 NPs 

distribution in HySi@Fe was then investigated. The TPM/Fe3O4 

ratio was modified by changing the amount of TPM while 

keeping the mass of Fe3O4 NPs constant. Consequently, the 

nanocomposite sizes are correlated to the evolution of the TPM 

amount since the number of iron colloids available for the 

stabilization of the interface generated by the Pickering 

emulsion is constant. The sp-ICP-MS/MS analyses performed on 

these samples provide Fe mass distributions showing a 

decrease of the global amount of Fe per nanocomposite with 

median masses of 0.49 ± 0.03 fg, 0.090 ± 0.004 fg and 0.048 ± 

0.003 fg for TPM/Fe3O4 = 0.16, 0.07 and 0.03, respectively (Fig. 

2b to 2d). This evolution is correlated to the reduction of the 

surface area of the Pickering droplets stabilized by the magnetic 

colloids. Indeed, as shown on the Fig. S1 and Table S1 (ESI‡), the 

median diameter of the nanocomposites decreases from 146 

nm to 66 nm when the TPM/Fe3O4 drops. Concomitantly, the Fe 

mass PDI curve plotted as a function of the TPM/Fe3O4 ratio in 

Figure 3 reaches a minimum at 0.8 for TPM/Fe3O4 = 0.07 (Fig. 

2c). The nanocomposite number concentration was also 

extracted from the sp-ICP-MS/MS data and represented on the 

same figure (Fig. 3) as a function of the TPM/Fe3O4 ratio (see 

Table S3 ESI‡, for the resume of the sp-ICP-MS/MS data). At 

TPM/Fe3O4 = 0.03, a low amount of nanocomposites number 

was detected by sp-ICP-MS/MS. This was attributed to the 

particle aggregation, as confirmed in the Figure 2d TEM picture 

inset, leading to double particle events during the sp-ICP-MS 

analysis. When the TPM volume increases, the nanocomposite 

number concentration detected follows an opposite trend of 

the PDI with a maximum of 2.77.1014 particles/L obtained for 

TPM/Fe3O4 = 0.07. At this TPM/Fe3O4 value, a best compromise 

is obtained between the Fe3O4 NPs concentration and the TPM 

volume leading to a good stabilization of the TPM/water 

interface and a good homogenous Fe3O4 NPs distribution over 

the nanocomposites during the Pickering emulsion formation.    

Finally, this work demonstrates the great potential of sp-ICP-MS  

on the synthesis of inorganic/organic nanocomposites  field, as 

a powerful tool able not only to elucidate the distribution of 

metal NPs over hybrid nanocomposites, but also to provide 

information valuable for the tuning of the synthesis conditions. 

In the specific case, Fe quantification per magnetic 

nanocomposite at femtogram level  has been used to correlate 

the Fe mass distributions to the nanocomposite morphologies. 

In the case of the particles generated by Pickering emulsion, an 

accurate TPM/Fe3O4 ratio has been identified offering the best 

conditions and compromise in terms of nanocomposite size, 

stability and Fe3O4 NPs distribution. The characterization of the 

nanocomposite magnetic features is currently in progress to 

establish the full picture of the relationship between the Fe3O4 

NPs distribution and the final material properties. Such sp-ICP-

MS approach may be applied to a wide range of multifunctional 

hybrid colloid material for which the post-synthesis 

quantification of functional entities at the single particle level is 

crucial for the complete characterization of the final material.  
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