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Abstract 16 

 Measurement of nanoparticle (NP) concentration and size by single particle ICP-MS (spICP-MS) usually 17 

requires the use of a NP reference material to determine the loss of NPs and/or ions during their transport from the 18 

sample solution to the detection system. The determination of this loss, qualified as nebulization efficiency 19 

(hNebulization) and/or transport efficiency (hTransport), is time-consuming, costly and lacks reliability. Nebulization of 20 

the NPs directly into the plasma (without a spray chamber) results in hNebulization = 100% and is thus a promising 21 

strategy to avoid these calibration steps. In this work, we used the µ-dDIHEN introduction system: a demountable 22 

direct injection high efficiency nebulizer (dDIHEN) hyphenated to a flow-injection valve and a gas displacement 23 

pump. For the first time with a continuous flow nebulizer, complete transport efficiency was reached (i.e. hTransport 24 

= 100%). Operated at very low uptake rate (as low as 8 µL min-1), the µ-dDIHEN accurately and reproducibly 25 

determined average diameters of Au-, Ag- and Pt-NPs, in full agreement with their reference values. It was also 26 

successfully tested for Au-NPs in complex matrices, such as surface waters. spICP-MS analyses with the µ-27 
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dDIHEN sample introduction system only require a dissolved standard calibration to determine NP average 28 

diameter (dNPs in nm) and number concentration (𝑁!"#) from the simplified set of equations: 29 

𝑑!"#$$$$$$ = &$	.		'(!"#)))))))	*	($%&'(+	.		,(	.	-)*+
.	.		/,	.		0	.		1

-
  and  𝑁!"#$$$$$$ = 2!"#))))))))

-)*+	.		2	.		,(
 30 
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 40 

Introduction 41 

 In addition to nanoparticles (NPs) that are naturally present (i.e. volcanic ashes, clays, 42 

magnetotactic bacteria…) and accidentally produced by human activities (i.e. engine exhausts, mining…), NPs 43 

are also increasingly manufactured for targeted applications such as cosmetics and medicine. As a consequence, 44 

increasing NP spread in the environment is becoming a growing health concern and methodologies for 45 

characterizing their origin, tracking their fate and understanding their behaviour in various media (i.e. water, soils, 46 

biological fluids…) need to be developed. Classical NP analysis techniques (i.e. Dynamic Light Scattering, 47 

Transmission Electron Microscopy…) still suffer from matrix effects, slowness, large sample volume consumption 48 

or high detection limits that hamper a reliable characterization and/or quantification of the NPs in complex media 49 

[1, 2]. Since its introduction by Degueldre et al (2005) [3], single-particle inductively coupled plasma mass 50 

spectrometry (spICP-MS) has emerged as a sensitive and robust method to characterize NPs and is becoming a 51 

reference technique for the direct determination of the size and the number of inorganic (i.e. metallic) 52 

nanoparticles. The mono- or multi-elemental composition of NPs (i.e. depending on the ICP-MS used) can be 53 

determined in aqueous solutions at low environmental concentrations (< 106 particles mL-1) with the need of only 54 

limited pre-treatment of the sample (i.e. dilution) [4, 5]. The spICP-MS technique requires that the loss of material 55 

occurring between the sample introduction and the detection system be determined. The so-called “transport 56 

efficiency” (hTransport) [6] accounts for material losses occurring at different places during NP transport in the ICP-57 
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MS, as compared to those from a dissolved standard solution of the targeted element. This transport efficiency is 58 

commonly determined with a gold NP reference material of known particle size and concentration and applied to 59 

the unknown NP sample analyses to determine their NP size and number concentrations, assuming identically 60 

behaviour of all NPs in the spray chamber and ICP-MS. Though, depending on the NP size, composition or media 61 

in which NPs are dispersed, the transport efficiency can also change. All these assumptions can de facto lead to 62 

discrepancies between the certified/true values and experimental results [7]. 63 

 In the literature [8, 9], hTransport between 1 and 10% is usually reported for spICP-MS with conventional 64 

concentric nebulizers at uptake rates ranging from 0.1 to 1 mL min-1: most of the liquid sample flows to waste 65 

from the cyclonic or double-pass spray chambers. Reaching higher hTransport, and ideally 100% (i.e. complete 66 

transport efficiency), would improve the reliability of NP measurements, reduce the analytical costs, and allow the 67 

self-reliance of the method, by removing the hTransport calculation which requires a reference standard. 68 

Improvement in the introduction of the sample is the key to this problem as hTransport is function of the ratio of the 69 

sensitivity on the uptake rate (Equation 1 in the next section). Although decreasing the uptake rate would increase 70 

the ratio, the sensitivity would be negatively affected, as the number of ions reaching the detector is lower, 71 

preventing complete transport efficiency. Higher hTransport is, thus, the result of a low uptake rate applied to a high 72 

sensitivity introduction system. Franze et al. (2012) [10], with a three-stage Peltier cooled desolvation system 73 

(APEX Q) and a low uptake rate (i.e. 0.1 mL min-1), obtained hTransport ≥ 90%, the aerosol being “dried” before its 74 

introduction into the plasma. A miniaturized single-pass spray chamber, such as “total consumption (TC) sample 75 

introduction system” (originally called “Torch Integrated Sample Introduction System” – TISIS [11]), also led to 76 

a significant improvement of the transport efficiency (hTransport ≈ 93%), with sample uptake rates ≤ 10 µL min-1 77 

[12]. At such low uptake rates the evaporation process is boosted and the probability of droplet-droplet collisions 78 

is reduced [7]. Despite these important improvements, the gap to complete transport efficiency is still not filled, 79 

as droplets are still sprayed into a chamber with inevitable losses, and the hTransport calculation cannot be fully 80 

avoided. Lately, Lin et al. (2019) [13], combining APEX and the TC introduction system, both with a high-81 

performance concentric nebulizer, claimed to reach complete transport efficiency for platinum NPs. However, in 82 

their study, the calibration was not performed using dissolved standard solutions but with nanoparticle reference 83 

materials of known size, distorting the calculated hTransport. Although it is an improvement, such a calibration 84 

requires reference materials of known sizes, and of composition identical to the NPs dispersed in the samples (i.e. 85 

surface water, saliva, food…), that are often not available. Another way to increase hTransport could be to use direct 86 
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injection systems, for which, by construction, the nebulization efficiency is 100%, as the sample containing NPs 87 

is directly nebulized in the plasma (i.e. without a spray chamber). 88 

 The micro Droplet Generator (µDG) [10, 14] is one such direct injection techniques. It consists of a piezo-89 

electric head dispensing fine droplets containing the NPs in a flux of helium toward the plasma. Each droplet is 90 

subjected to the same fate in the plasma as the aerosol produced with a conventional introduction system. The 91 

mentioned main advantages are that it does not require a reference material to determine the transport efficiency 92 

and that it consumes very small amounts of sample (e.g. droplet volume ca. 0.1 nL) [15]. However, the analysis 93 

throughput is limited, as the system is not connected to an autosampler [10]. To circumvent this drawback, Mehrabi 94 

et al. (2019) [16] recently coupled the µDG to a spray chamber. Differences between the nebulized aerosols and 95 

NP containing µ-droplets were nonetheless still observed and hampered the reliability of the measurements. This 96 

is a good example that direct and total nebulization is not a guarantee of complete transport efficiency. 97 

 Direct injection nebulizers (DIN) also allow a complete nebulization of the sample into the plasma as 98 

they are directly fitted into the torch in place of the injector [17]. Such pneumatic concentric nebulizers were 99 

previously developed for low uptake rate analysis of complex matrices (i.e. biological or petroleum samples) [18, 100 

19]. At the Institut de physique du globe de Paris (IPGP), the demountable Direct Injection High Efficiency 101 

Nebulizer (dDIHEN) [20] is commonly used for high-throughput Multi-Collection (MC)-ICP-MS measurements 102 

of boron isotope ratios in geological samples [21, 22]. Compared to other DINs, the dDIHEN presents several 103 

advantages such as smaller void volume leading to lower detection limits, but, more importantly, higher sensitivity 104 

and enhanced signal stability [23]. This is because the dDIHEN can be tuned to obtain a fine droplet distribution 105 

[20], leading to improved transport and ionization of the sample in the plasma. Moreover, when a DIN is clogged 106 

or melted, the entire nebulizer has to be replaced, whereas the capillary or needle of the dDIHEN can be 107 

dismounted and replaced at low cost. Our newly developed direct injection system, the “µ-dDIHEN” [24], 108 

combines the automated dDIHEN [22] to a gas displacement pump and allows spICP-MS micro-analysis at stable 109 

micro-uptake rates down to 8 µL min-1, without a spray chamber. By design, DINs have a nebulization efficiency 110 

of 100%, since the whole aerosol is nebulized directly in the plasma. However, in preliminary tests [24], despite 111 

complete nebulization, the transport efficiency only reached about 85% for 40 nm Au-NPs in ultrapure water. This 112 

again demonstrates that direct nebulization does not ensure complete transport efficiency. Consequently, the 113 

question of whether or not complete transport efficiency can be achieved with a direct introduction system remains 114 

open. In the present paper we used the µ-dDIHEN, a fully automatized low-uptake rate direct injection system, on 115 

a sector field inductively coupled plasma mass spectrometer (SF-ICP-MS) at different uptake rates. We first 116 
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investigate transport efficiencies at variable uptake rate with a 40nm Au-NPs reference solution. Then we 117 

demonstrate the unique analytical capacities of the µ-dDIHEN, and the effectiveness of the optimized analytical 118 

method to NPs of different sizes (i.e. 10 to 80 nm) and compositions (i.e. Au-, Ag- and Pt-NPs) in various complex 119 

matrices (i.e. synthetic environmental samples and a river water). 120 

 121 

Experimental section 122 

 Chemicals 123 

 Ultrapure water (resistivity ≈ 18.2 MW cm-1) from a Millipore Integral 5 (Millipore, USA) was used 124 

throughout the work for dilutions. Single-element standards (Au, Ag and Pt) at 1000 mg L-1 were obtained from 125 

SCP Science (Canada). Normapure nitric and hydrochloric acid (VWR, USA) were purified in a sub-boiler DST 126 

1000 (Savillex, USA). Au-NP reference materials with a nominal diameter of ca. 10, 15, 20, 40, 60 and 80 nm 127 

were obtained from British Biocell International (UK). Ag-NP reference materials with a nominal diameter of ca. 128 

20, 30 and 40 nm as well as ca. 50 nm Pt-NP reference material were obtained from nanoComposix (USA). All 129 

NPs are spherical and citrate capped. Average diameters and particle number concentrations provided by suppliers 130 

on the certificate of analysis (CofA) are listed in Table 1. The different NP solutions were sonicated in a bath (60 131 

seconds at 42 kHz) and freshly diluted prior to spICP-MS analysis. Concentrations were adapted for each flow-132 

rate to avoid coincidences of NP occurrence at millisecond dwell-time. 133 

Table	1	Reference	and	experimental	average	diameters	(nm)	and	associated	standard	deviation	(n	=	5)	of	Au,	Ag	and	134 
Pt-NPs.	Experimental	determination	was	done	with	the	µ-dDIHEN	at	8	µL	min-1	135 

 
Ref. diameter (nm) Ref. SD (nm) Exp. diameter (nm) Exp. SD (nm) 

Au-NPs 10.0 1.0 9.7 0.3 

15.0 1.5 17.5 0.4 

20.3 1.6 21.0 0.1 

40.8 3.3 40.7 0.3 

60.8 4.9 53.5 0.2 

79.8 6.4 59.5 0.1 

Ag-NPs 19.7 3.6 23.1 0.4 

31.0 3.0 29.0 0.3 

41.0 5.0 40.0 0.2 

Pt-NPs 46.0 5.0 47.6 0.4 

 136 
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 Analytical procedure 137 

 Measurements were performed on a SF-ICP-MS (Element II, ThermoScientific, Bremen, Germany) daily 138 

tuned to ensure maximum sensitivity and stability, and low uranium oxide formation (UO/U ≤ 7 %). Also, 139 

trapezium-like peak shape was verified at each flow-rate using a 1000 ng L-1 dissolved gold solution. Table 2 gives 140 

representative operating conditions and spICP-MS parameters. Note that the minimum/default settling time usable 141 

for spICP-MS using the SF-ICP-MS is 1 ms since the magnet needs to stabilize between two measurements. 142 

Table	2	Operating	parameters	of	the	SF-ICP-MS	143 

 µ-dDIHEN system Conventional spray chamber 

Cones Ni: « H » skimmer and sampler 

Uptake rate 8 to 38 µL min-1 180 µL min-1 

RF power 1360 W 1285 W 

Ar Cool gas 16 L.min-1 

Ar auxiliary gas 1.46 to 1.58 L min-1 1.00 L min-1 

Ar nebulization gas 0.390 to 0.395 L min-1 0.975 L min-1 

Monitored isotopes 197Au, 107Ag & 195Pt in low resolution 197Au in low resolution 

NPs measurement 20000 runs of 1 pass with a 1 ms dwell-time + 1 ms settling-time 

Oxides UO/U ≤ 7% 

 Most of the measurements were achieved using the µ-dDIHEN system developed by Louvat et al. (2019). 144 

It is assembled as i) a dual-loop gas displacement pump (GDP) (8-port valve, Elemental Scientific, USA) fed by 145 

an argon (Ar) micro-Mass-Flow Controller (17 ≤ qAr-MCF ≤ 75 µL min-1, El-flow, Bronkhorst, Netherlands) 146 

delivering a stable low velocity flow of carrier solution (2% HNO3 or HCl) to ii) a Flow-Injection Analysis valve 147 

(6-port FAST valve, Elemental Scientific, USA) connected to an autosampler (SC-DX, Elemental Scientific, USA) 148 

and equipped with a micro-volume loop (of 50 µL) linked to iii) a demountable high efficiency direct injection 149 

nebulizer (dDIHEN, Analab, France) plugged in the torch, nebulizing the sample directly into the plasma. The 150 

GDP valve is toggled every 30 seconds, which is long enough to have the GDP loops filled with the carrier solution 151 

and quick enough to avoid Ar being pushed towards the nebulizer since any disruption of the liquid flow rate (Ar 152 

or air bubbles) induces the extinction of the ICP-MS plasma [21, 22]. Another program (Elemental Scientific, 153 

USA) controls the filling of the sample loop from the auto-sampler on the FIA valve and synchronizes MS 154 

measurements and sample injections. All these parameters were optimized in a previous study [24]. Note that 17 155 

µL min-1 is the lowest possible stable gas rate dispensed by the mass-flow controller of the GDP. 156 

 Environmental matrices 157 
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In order to evaluate potential matrix effects on µ-dDIHEN measurements, 40 nm Au-NPs were added to 158 

four different media, of increasing complexity: i) ultra-pure water; ii) 5 mg L-1 fulvic acid (IHSS Pahokee Peat) 159 

solution; iii) solution ii with 100 mg L-1 CaCO3 and iv) an ultra-filtered (1 kDa membrane pore size) Seine river 160 

water (SRW) ([Ca]= 123 mg L-1; [Na] = 80 mg L-1; [K] = [Mg] = 16 mg L-1; DOC = 2.5 mg L-1; pH = 161 

7.2: s = 195 µS cm-1).  162 

 Additional measurements with a conventional spray chamber were performed using a µflow-PFA 163 

nebulizer connected to a Peltier cooling PC3 system (Elemental Scientific, USA) at 20°C. Operating parameters 164 

are listed in Table 2. 165 

 Data processing 166 

 The following steps were programmed in MATLAB (R2018b) using the raw data exported from the SF-167 

ICP-MS sequence. Size distributions were calculated using the dissolved Au, Ag and Pt standards calibration 168 

curves to calculate a mass per particle from the signal intensities of particle events, which were then converted to 169 

a size, assuming a spherical shape for the NPs.  170 

  • Calculation of the transport efficiency (hTransport) using 40 nm Au-NPs 171 

 The dissolved Au standard calibration is used here, but an accurately diluted solution of standard Au-NPs 172 

is also needed, as hTransport compares the signal effectively measured for this solution to the signal that can be 173 

calculated with the dissolved Au calibration only. As the signal produced by Au-NPs is very distinct from the 174 

dissolved threshold, with and without dissolved gold, the method of the 3s cut-off (Dmin, calculated as [25]) is 175 

applied for the definition of the threshold between dissolved and NP signals. Using the established spICP-MS 176 

theory (the size method from [6]) and the full demonstration given in the Supplementary Information section, 177 

hTransport is calculated as: 178 

𝜂3456#784, =	
9./!"#-	.		.	.	/,	.		0	.		1

$	.		'(!"#	*	($%&'(+	.		,(	.		-)*+
  Equation 1 179 

where dAu-NPs is the Au-NP average diameter (in nm, here 40.8 nm), S is the slope of the external dissolved 180 

calibration (in cps ng-1 L), fa is the mass fraction of gold in the Au-NPs (here fAu-NPs = 1, pure Au-NPs), r is the 181 

density of the NPs (rAu-NPs = 19.32 x 10-12 ng nm-3), INPs is the average measured signal produced by Au-NPs (in 182 

cps), Ibckgd is the average background signal of gold (in cps), td is the dwell-time (in min) and qliq is the liquid flow-183 

rate (in L min-1). Note that the y-intercept of the calibration curve does not appear in Equation 1 as it is included 184 

into Ibckgd that contains both instrumental and dissolved ion backgrounds.  185 
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  • Determination of the particle size distribution (PSD), average diameter (dNPs) and particle 186 

number concentration (PNC) 187 

 We distinguish below the transport and nebulization efficiencies (respectively noted hTransport and 188 

hNebulization) for the calculation of the particle size and number concentration. Details about the difference between 189 

these efficiencies are provided in the “Result and discussion” section and in Supplementary Information (which 190 

includes also a demonstration of the equations). 191 

By inverting Equation 1, PSD is calculated from the signal distribution of each NP suspension solution. For a 192 

known chemical composition and assuming a spherical shape, the diameter of the ith bin (with Ii-NPs the intensity 193 

of the ith bin) is given by: 194 

𝑑:*!"# = &$	.		'(*1!"#	*	($%&'(+	.		,(	.		-)*+	.		;23,4#5637
.	.	/,	.		0	.		1

-
  Equation 2 195 

 Then, the average diameter can be calculated as: 196 

𝑑!"#$$$$$$ = &$	.		'(!"#	)))))))*	($%&'(+	.		,(	.		-)*+	.		;23,4#5637
.	.		/,	.		0	.		1

-
   Equation 3 197 

 The number concentration for each ith bin is : 198 

𝑁:*!"# =
2*1!"#

;!8$/)*9,7*64	.		-)*+	.		2	.		,(
    Equation 4 199 

where Di-NPs is the ith bin number of NP events, D the total number of data point (i.e. 20000 in this study) and 200 

hNebulization, the nebulization efficiency, taken equal to 1 as 100% of the solution is directly nebulized into the 201 

plasma. 202 

 And the total number concentration is: 203 

𝑁!"#$$$$$$ = 2!"#))))))))

;!8$/)*9,7*64	.		-)*+	.		2	.		,(
    Equation 5 204 

where DNPs the total number of NP events. 205 

 206 

Results and discussion 207 

 Nebulizer liquid uptake rate versus displacement pump gas flow rate 208 

Fig.	 1	µ-dDIHEN	 liquid	uptake	 rate	 (qµ-dDIHEN)	 as	 a	 function	of	 µ-dDIHEN	gas	 flow-rate	 (qAr-MFC)	 from	 the	massflow	209 
controler	(MFC).	The	dashed	red	line	represents	the	linear	fit	determined	using	the	least	square	method	210 
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 211 
 To guarantee a stable and reproducible signal, at microliters/minute uptake rates (≤ 30-50 µL min-1), the 212 

µ-dDIHEN system uses a gas displacement pump (GDP) with a micro-mass-flow controller (MFC), which was 213 

tested between 17 and 75 µL min-1 of Ar. The corresponding liquid uptake rates for the µ-dDIHEN were calculated 214 

by dividing the known sample loop volume (here 50 µL) by the peak duration (between the beginning of the signal 215 

increase and the beginning of its decrease as defined in [24]). For the system used in this study, liquid uptake rates 216 

are always half the gas flow rates (i.e. 8 to 38 µL min-1, respectively, Fig. 1). This difference between gas flow 217 

rates and liquid uptake rates is due to the small inner diameter of the capillaries used (i.e. few hundreds of µm) 218 

and, more importantly, to the strong counter-pressure at the tip of the nebulizer generated by the large difference 219 

of surface area between the entrance and the outlet of the nebulizer [26] (the nebulizer needle inner diameter goes 220 

from 5 mm to 0.3 mm). Moreover, the compressible gas partly absorbs the liquid pressure after the mass flow 221 

controller, reducing its volume, thus slowing the flow. The µ-dDIHEN system needs about one hour at the 222 

beginning of the session (i.e. after plasma ignition) to stabilize pressure and flow [24]. 223 

 Influence of the uptake rate on gold dissolved signal 224 

Fig.	2	µ-dDIHEN	liquid	uptake	(qµ-dDIHEN)	influence	on	a)	dissolved	197Au	sensitivity	(S197Au),	b)	Au-NPs	intensity	(IAuNPs)	225 
and	c)	transport	efficiency	(ηTransport).	197Au	sensitivity	is	the	slope	of	the	dissolved	Au	calibration	at	each	liquid	uptake.	226 
Dashed	red	lines	represent	a)	linear	fit	from	the	least	square	method,	b)	constant	intensity	and	c)	complete	nebulization	227 
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efficiency.	Dashed	black	arrows	represent	sensitivity	decrease	factor	b	for	a)	dissolved	Au	and	b)	Au-NP.	Green	stars	228 
are	data	previously	published	in	[24]	229 

 230 
 Within the gas flow range 17-75 µL min-1 the signal sensitivity for dissolved gold was measured at six 231 

different rates (17, 20, 30, 40, 50 and 75 µL min-1), sensitivity being the slope of an external calibration curve with 232 

6 solutions of known [Au] between 10 and 10000 ng L-1. At each flow rate, the coefficient of determination – R2 233 

– was calculated to verify the linearity of the external calibration and no significant variation was observed with 234 

flow rate (i.e. R2 = 0.9989 +/- 0.0005). However, as previously observed for 11B or 238U [24], the 197Au sensitivity 235 
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linearly increases with the uptake rate between 8 and 25 µL min-1, as more atoms are introduced per unit of time, 236 

until 25 µL min-1 (Fig. 2a) and then it plateaus beyond 25 µL min-1. This is because too high of a liquid to gas ratio 237 

lowers the quality of the aerosol by spreading larger and polydisperse droplets, with heterogeneous velocities, 238 

leading to extra-wet conditions that hamper a correct ionisation of the sample [27]. Increasing the nebulization gas 239 

flow-rate would allow smaller droplets to be produced, even at high liquid uptake rates, but would reduce the 240 

droplet residence time within the plasma, and thus the sensitivity. Ideally, the generated aerosol should be 241 

composed of small and monodisperse droplets with uniform (and not too high) velocities to improve their 242 

ionization. Note that in this study, for each liquid uptake rate, the nebulization gas flow-rate was carefully 243 

optimized for highest sensitivity and best stability of the ICP-MS signal. The variation in nebulization gas flow-244 

rate was however negligible (0.390 to 0.395 µL min-1, Table 2). Because of the good correlation between 245 

sensitivities and uptake rates between 8 and 25 µL min-1 (Fig. 2a), we can state that the size and velocity 246 

distributions of the µ-dDIHEN aerosol are stable over this range of uptake rates. 247 

 Influence of the uptake rate on gold nanoparticle signal compared to dissolved 248 

 For 40 nm Au-NPs, the sensitivity drops for uptake rates exceeding 25 µL min-1 (Fig. 2b), because the 249 

water content is too high and droplet velocity is heterogeneous, preventing a full ionization of the NPs, as was 250 

observed for dissolved gold. Compared to dissolved gold, varying the uptake rate between 8 and 25 µL min-1 251 

should not affect the sensitivity for the Au-NPs: the number of Au atoms (and thus ions) being constant for a given 252 

NP size, the average intensity produced by the NP spikes should be constant. Contrary to this, we observe a 253 

decrease in the NP Au signal when the uptake rate decreases. This is due to longer residence times of the NPs in 254 

the plasma at lower uptake rates [28]. The sampling of the ion beam by the cones occurs further from the point 255 

where a single NP is completely vaporized/ionized. Due to the diffusion of the ions produced by a single NP as 256 

they travel through the plasma, the ion beam width (in time) is larger when the uptake rate decreases, and its signal, 257 

sampled by the cones, is smaller (in intensity). Increasing the nebulization gas flow-rate would probably shorten 258 

the ion beam residence time in the plasma and increase the NP signal. However, Bings et al. (2014) [26] mentioned 259 

that increasing the nebulization gas affects the stability of the signal, as it conflicts with the plasma channel gas. 260 

To further investigate these competing effects, it would be interesting to operate spICP-MS at microsecond dwell-261 

times in order to decompose the signal of a single NP spike and calculate its peak area and duration. The produced 262 

ion cloud should last longer at smaller uptake rates [28]. However, it is technically difficult to run microsecond 263 

dwell-times with the SF-ICP-MS Element II, since it was not designed for fast-spICP-MS.  264 
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 Interestingly, the difference in sensitivity between dissolved ions and NPs increases with decreasing 265 

uptake rates (i.e. from 38 to 8 µL min-1): the dissolved gold signal drops by a factor 3.5 (bdiss-Au, Fig. 2a), when the 266 

AuNP signal only decreases by a factor 1.2 (bAu-NP, Fig. 2b). Ultimately, this allows for better discrimination of 267 

the NP signal from the dissolved signal at lower uptake rates, which can be very valuable for the characterisation 268 

of NPs in matrices with high dissolved background (i.e. geological, biological, environmental samples) since the 269 

detection level of NPs (Dmin) is lowered.  270 

 Complete transport efficiency with the µ-dDIHEN at < 10 µL min-1 uptake rate 271 

 As shown in the introduction and in the Supplementary Information, the transport efficiency (hTransport) 272 

designates the efficiency with which an atom coming from a NP is transported from the solution to the detection 273 

system relative to an atom coming from a dissolved sample. hTransport calculated for the 40 nm Au-NP solution at 274 

the different uptake rates, based on Equation 1, increases from 87 ± 1 % to 101 ± 2 % (n = 5) for uptake rate 275 

decreasing from 38 to 8 µL min-1 (Fig. 2c). Thus, as previously shown in a preliminary study [24], despite a 276 

nebulization efficiency of 100% using a direct injection system, hTransport can be incomplete. As shown in the 277 

Supplementary Information and in Equation 6, the transport efficiency covers the material losses in the 278 

introduction system (hNebulization) and the losses in the ICP-MS for NPs relative to dissolved sample (αTransmission): 279 

𝜂3456#784, = 𝜂!<=>?:@5,:86	.		𝛼3456#A:##:86  Equation 6 280 

αTransmission is here the ratio of the “transmission efficiencies” for a dissolved standard (hTransmission-diss) and for a NP 281 

(hTransmission-NP). The cases where hTransport ¹ hNebulization (i.e. ¹ 100%) show that ions coming from a solute or from 282 

a NP do not behave identically in the ICP-MS and that during the transport of NPs towards the detection system 283 

downstream to the nebulization, other phenomena occur. Particularly, the density of ions coming from solute or 284 

from NPs might be different, creating different ion transit bias effects. Also, the ion flux to the detection system 285 

is continuous for solute while it is discrete for NPs. Altogether, this allows us to affirm that transport and 286 

nebulization efficiencies must be considered independently for the calculation of the NP size/mass and of the 287 

particle number concentration, respectively. 288 

We demonstrate here that αTransmission = 1 can be achieved using a direct injection nebulizer with continuous 289 

liquid uptake rate at < 10 µL min-1. Indeed, with the µ-dDIHEN operated at µL min-1 uptake rates for the 290 

measurement of 40 nm Au-NPs, we reached, for the first time, both hNebulization = 100% and hTransport = 100%. 291 

Although, as described in the introduction, other studies have shown potential improvements towards complete 292 

transport efficiency, introduction systems are still nebulizing through a spray chamber into the plasma leading to 293 

unavoidable losses, or the calibration method is not adapted to the analysis of NPs with a complex composition 294 
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(i.e. multiple elements within the same NP). For example, concerning the most recent µDG methodology [16], the 295 

vaporization/ionization differences observed between the aerosol nebulized from a spray chamber and the µ-296 

droplets from the µDG system are, basically, similar to the incomplete transport efficiency we witnessed here for 297 

uptake rates exceeding 10 µL min-1. Consequently, in all above studies the calculation of the transport efficiency 298 

is still mandatory for spICP-MS analysis. The use of the µ-dDIHEN at its lowest uptake rate (i.e. 8 µL min-1) does 299 

not require calculation of the nebulization or the transport efficiency, as hNebulization and hTransport are equal to 100%. 300 

Thereby, the µ-dDIHEN system, operated below 10 µL min-1 makes spICP-MS analysis much more 301 

straightforward. Note that the increase of hTransport also leads to a noticeable decrease of the minimum detectable 302 

NP diameter Dmin from 8 nm at 38 µL min-1 to 6.5 nm at 8 µL min-1. This is mainly due to the fact that the signal 303 

from the blank, and consequently its 3s used for the calculation [25], is decreasing with the flow-rate. 304 

To further validate the µ-dDIHEN measurement method, we tested if complete transport was achieved 305 

independently of the NP size or composition, and if measurements were reproducible over 12 hours and between 306 

measurement sessions months apart. 307 

 Measurement of Au-NP, Ag-NP and Pt-NP reference materials under optimal µ-dDIHEN conditions 308 

Fig.	 3	 Analysis	 of	 Au-NP	 reference	 materials	 with	 sizes	 between	 10	 and	 80	 nm	 using	 the	 µ-dDIHEN	 system.	 a)	309 
Nanoparticle	size	distributions	b)	experimental	average	sizes	against	reference	sizes	in	black	diamonds	(left	y-axis)	and	310 
ratio	of	“µ-dDIHEN	sizes”	and	“conventional	spray	chamber	sizes”	(right	y-axis).	Horizontal	and	vertical	error	bars	on	311 
the	 black	diamonds	 represent	 the	 standard	deviation	 of	 the	 reference	material	 and	of	 the	 triplicate	measurement,	312 
respectively.	Dashed	red	and	blue	lines	represent	the	1:1	linear	fit	and	the	average	size	ratio	(i.e.	1.01),	respectively.	313 
The	blue	area	represents	the	standard	deviation	of	the	size	ratio	(i.e.	0.04)	314 

 315 
 Reference Au-NPs of known sizes (ca. 10, 15, 20, 40, 60 and 80 nm) were analysed and their size 316 

distributions were established using Equations 2 and 4 with hTransport fixed at 100% (sensitivity for 197Au that day 317 

equal to 993 ± 16 cps ng-1 L, R2 = 0.9992). If hTransport is indeed 100%, the measured size should be identical to the 318 

reference size. The Gaussian-like shape of the measured particle size distributions (PSD) for Au-NPs between 10 319 

and 80 nm (Fig. 3a) shows that neither the µ-dDIHEN system nor the spICP-MS parameters (i.e. settling time and 320 
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dwell-time) alter the size distributions (p ≤ 10-15 in the Kolmogorov-Smirnov test) [29]. Moreover, the measured 321 

and reference average diameters are in good agreement (Table 1) for Au-NPs of 10, 15, 20 and 40 nm diameters. 322 

For larger Au-NPs (60 and 80 nm), the measured average diameters are underestimated by our method (Fig. 3b). 323 

The same trend was however observed with a conventional spray chamber (i.e. sizeµ-dDIHEN/sizespray-chamber = 1.01 324 

± 0.04, n = 6, for Au-NPs of diameters between 10 and 80 nm). This underestimation arises from the non-linear 325 

response of the MS detector above a given number of counts sec-1 in counting mode [30] when too large a number 326 

of ions issued from a relatively large NP reaches the detector. It was clearly observed in this study since the 327 

instrument analysis report displayed intensities of 60 and 80 nm Au-NPs with a “S” for “skipped” meaning that 328 

the secondary electron multiplier (SEM) jumped from pulse counting to analog mode, due to a saturation in 329 

counting mode. As a consequence, the high sensitivity of SF-ICP-MS, compared to quadrupole or time-of-flight 330 

ICP-MS [31], can be a drawback for NP measurements, because the saturation point of the SEM in counting mode 331 

can be quickly reached. It is particularly the case with elements that have isotopes with high abundance (i.e. Au 332 

with A197Au = 100%) and/or low first ionisation energy. 333 

Fig.	4	Nanoparticle	size	distributions	independently	determined	(n=3),	for	20,	30	and	40	nm	Ag-NPs	and	50	nm	Pt-NPs.	334 
All	distributions	are	displayed	as	boxplots	where	the	red	horizontal	mark	indicates	the	median,	and	the	bottom	and	top	335 
edges	of	the	blue	box	indicate	the	25th	and	75th	percentiles,	respectively.	The	black	whiskers	extend	to	the	most	extreme	336 
data	points	not	considered	outliers.	Outliers,	plotted	 individually	using	 the	red-cross,	are	values	outside	 the	99.3%	337 
confidence	interval	(+/-	2.7SD).	Note	that	the	number	of	outliers	is	negligible	for	each	distribution	(<	1%).	The	black	338 
dot	and	the	error	bar	represent	the	reference	material	value	and	its	standard	deviation,	respectively	339 

 340 
 The applicability of the method to other types of nanoparticles was also tested for Ag-NP and Pt-NP 341 

reference materials with the µ-dDIHEN at 8 µL min-1 (Fig. 4). Individual particle size distributions are displayed 342 

as boxplots and were calculated using dissolved calibrations with Ag and Pt standards between 10 and 10000 ng 343 

L-1 (nstandard = 6) that gave a sensitivity of 596 ± 2 cps ng-1 L (R2 = 0.9999) and 393 ± 3 cps ng-1 L (R2 = 0.9998) 344 

for 107Ag and 195Pt, respectively that day. As for Au-NP measurements, hTransport was fixed at 100%. The average 345 
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sizes that were obtained from these measurements are in close agreement with the reference sizes (Table 1 and 346 

black dots in Fig. 4). 347 

With these measurements of reference material solutions of Au-NPs at different sizes and of Ag-NPs and Pt-NPs, 348 

we demonstrate that at 8 µL min-1 the µ-dDIHEN system used does achieve complete transport (hTranport = 100%) 349 

and provides accurate size measurement for various metallic nanoparticles, using only a sensitivity calibration 350 

with dissolved standards of Au, Ag and Pt. 351 

 Long-term stability under µ-dDIHEN optimal conditions 352 

Fig.	5	Long-term	stability	of	NPs	analysis	with	the	µ-dDIHEN	over	12	hours	and	for	measurement	sessions	6	months	353 
apart.	a)	Nanoparticle	size	distributions	for	40	nm	Au-NPs	displayed	as	boxplots.	The	red	area	represents	the	reference	354 
size	range.	b)	Normalized	particle	number	concentration	(αt	=	[PNC]µdDIHEN-t/[PNC]spray-chamber,	where	[PNC]spray-chamber	is	355 
the	particle	number	concentration	determined	using	a	conventional	 introduction	system).	The	red	horizontal	mark	356 
indicates	the	median,	and	the	bottom	and	top	edges	of	the	blue	box	indicate	the	25th	and	75th	percentiles,	respectively.	357 
The	black	whiskers	extend	to	the	most	extreme	data	points	not	considered	outliers.	Outliers,	plotted	individually	using	358 
the	red-cross,	are	values	outside	the	99.3%	confidence	interval	(+/-	2.7SD).	Note	that	the	number	of	outliers	is	negligible	359 
for	each	distribution	(<	1%).	The	dashed	red	line	and	the	red	area	represent	the	averaged	value,	αAuNPs-12hours	=	0.93	and	360 
its	associated	standard	deviation	sd	=	0.06.	Other	displayed	data	(i.e.	right	side	of	each	graphs)	are	from	the	same	40	361 
nm	Au-NPs	solution,	analysed	6	months	earlier	362 

 363 
 Besides the accuracy, we verified the repeatability of the µ-dDIHEN spICP-MS measurements by 364 

analysing a 40 nm Au-NP solution overnight (i.e. ≈ 12 hours, with one measurement every 15 minutes). Boxplots 365 

of individual calculated size distributions (Fig. 5a) show that the average diameter over this relatively extended 366 
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period of time does not vary (dAu-NPs-12hours = 40.7 ± 0.3 nm (n = 48)). Furthermore, the Gaussian-like shape of the 367 

distribution remains identical during the analytical sequence (unchanged form of the boxes and whiskers and no 368 

increase of the number of outliers (< 1%)). The PNC, using Equation 5 with hNebulization = 100% (i.e. all NPs 369 

nebulized are introduced into the plasma), was also determined over this 12-hour measurement of the Au-NP 370 

solution, and then compared to the PNC determined using a conventional introduction system (i.e. αt = 371 

[PNC]µdDIHEN-t/[PNC]spray-chamber). Fig. 5b shows that the overnight reproducibility is excellent (αAuNPs-12hours = 0.93 372 

± 0.06 (n = 48)). However, after 9 hours, a decrease of the αAuNPs by ca. 13% is observed, which is linked to an 373 

instrumental drift, also regularly observed when using ICP-MS with conventional introduction system over hours. 374 

As with conventional ICP-MS, the periodic measurement of a quality control (i.e. certified solution), a repeated 375 

dissolved external calibration or the use of an internal standard well suited to spICP-MS [31] can rectify this drift. 376 

Thereby, we can state that the prolonged use of the µ-dDIHEN does not alter the measurement of the particle 377 

number concentration or the average size distribution. We also measured the same Au-NP standards 6 months 378 

apart and these data of spICP-MS analysis are also displayed in both Fig. 5a and 5b. Although the PSDs appear 379 

narrower 6 months earlier, due to differences in the performance of the day (i.e. decrease of the stability), as there 380 

are no changes in the dAu-NPs and the αAuNPs between the two-measurement series, we can claim that the system is 381 

robust for spICP-MS measurement even at lower NP concentration.  382 

 µ-dDIHEN measurement of Au-NPs in synthetic and natural matrices 383 

Fig.	6	Matrix	testing	for	Au-NPs	measurement	with	the	µ-dDIHEN.	Nanoparticle	size	distributions	for	40	nm	Au-NPs	384 
displayed	 as	 boxplots	 in	 i)	 ultra-pure	water,	 then	 spiked	with	 ii)	 5	mg	 L-1	 fulvic	 acid	 (IHSS	 Pahokee	 Peat),	 finally	385 
additionally	spiked	with	iii)	100	mg	L-1	CaCO3	and	iv)	in	an	ultra-filtered	(i.e.	1	kDa	membrane	pore	size)	Seine	river	386 
water	(SRW).	The	red	horizontal	mark	indicates	the	median,	and	the	bottom	and	top	edges	of	the	blue	box	indicate	the	387 
25th	 and	75th	 percentiles,	 respectively.	The	black	whiskers	 extend	 to	 the	most	 extreme	data	points	not	 considered	388 
outliers.	Outliers,	plotted	individually	using	the	red-cross,	are	values	outside	the	99.3%	confidence	interval	(+/-	2.7SD).	389 
Note	that	the	number	of	outliers	is	negligible	for	each	distribution	(<	1%).	The	red	area	represents	the	reference	size	390 
range	391 

 392 
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 Like any ICP-based technique, spICP-MS can be subject to matrix effects [32]. In a complex matrix (i.e. 393 

higher level of total dissolved solid, total organic carbon, etc), ionization of the analytes can be increased or 394 

decreased as compared to ultrapure water or dilute acid, changing the sensitivity. These potential matrix effects 395 

were tested for 40 nm Au-NPs in three different matrices (fulvic acid, fulvic acid + calcium carbonate, and ultra-396 

filtered water from the Seine River in Paris) and compared to analysis in ultra-pure water. Individual calculated 397 

size distributions of the triplicate measurements are represented as boxplots (Fig. 6). Spiking Au-NP solution with 398 

fulvic acid and calcium carbonate has no effect on the average size and distribution spread. For the ultra-filtered 399 

Seine River water, the calculated Au-NP average size is smaller by 7.5% but with the same full width at half 400 

maximum (FWHM). This underestimation of NP size by matrix effect is not specific to the use of the µ-dDIHEN, 401 

as it was reported for other introduction systems (i.e. µDG) [14]. Matrix-matching the dissolved sensitivity 402 

calibration appears to successfully correct this underestimation [16, 33], as the change in sensitivity due to the 403 

matrix is then taken into account. In our case, based on Equation 3 and the cubic-root relationship between diameter 404 

and sensitivity, the sensitivity (from dissolved calibration) should be 4.2% lower (i.e. 953 cps ng-1 L) to obtain the 405 

reference Au-NP average size. Although matrix-matching calibration should be further studied to increase the 406 

accuracy of our µ-dDIHEN method, the average size that was experimentally determined in the ultra-filtered Seine 407 

River water is still in reasonable agreement with the reference material value (Table 1). 408 

 409 

Conclusion 410 

 The direct injection sample introduction system µ-dDIHEN was used to directly spray solutions 411 

containing NPs into the plasma at very low uptake rate (≤ 10 µL min-1) and reach complete transport. The analytical 412 

performance of our system was evaluated for uptake rates between 8 and 38 µL min-1. We first demonstrated that, 413 

for 40 nm gold nanoparticles, very high transport efficiencies were always reached, and increased from 85% at 38 414 

µL min-1 to 100% at 8 µL min-1. At this lowest uptake rate, solutions spiked with NP reference materials of different 415 

size (10 to 80 nm) and composition (Au-, Ag- and Pt-NPs) all showed excellent agreement between the calculated 416 

and NP average sizes of the reference materials, validating the performances of our µ-dDIHEN system for spICP-417 

MS measurements. As complete transport efficiency was reached (100%), these results were obtained without the 418 

need of a calibration with Au-NPs reference material of calibrated size; only a calibration of the sensitivity with 419 

solutions of the dissolved analyte is necessary. Environmental-like matrices (fulvic acids and calcium carbonate) 420 

did not alter these performances. In water from the Seine River , although calculated size distributions were slightly 421 

smaller compared to diluted acid, these effects were not specific to the use of the µ-dDIHEN and could easily be 422 
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corrected by matrix-matching the dissolved standards used for the sensitivity calibration. Long-term repeatability 423 

over 12 hours and between measurement series 6-months apart was also achieved, showing that long series of 424 

automated analyses are possible with the µ-dDIHEN. Moreover, a very high analysis throughput (i.e. 1 sample 425 

every 40 seconds in this study; total amount depending on the autosampler capacity) with very low sample 426 

consumption (the sample injection loop volume was 50 µL) is possible since the µ-dDIHEN system is fully 427 

automated.  428 

Direct nebulization, and the resulting complete transport efficiency, was thus achieved for the first time 429 

for continuous nebulization in spICP-MS, using the µ-dDIHEN at µL min-1 uptake rate. In addition, we have 430 

shown that in most cases, the transmission efficiency differs between ions from solute and ions from NPs. Thus, 431 

we establish an updated calculation methodology, which distinguishes transport efficiency from nebulization 432 

efficiency during the transfer of NPs from the solution to the ICP-MS detection and can be reliably used to 433 

calculate sizes and particle number concentrations. Future work will focus on the reliability of the µ-dDIHEN for 434 

the determination of PNC, as this is a very important parameter. However, few Certified Reference Material with 435 

certified PNC and uncertainty are available. A step forward would also be to monitor the uptake rate on-line using 436 

a dedicated device, which would allow to more accurately determine size and PNC as well as their uncertainties 437 

using uncertainty propagation. Another way to remove the uptake rate measurement would be to use the 438 

methodology developed by Lamsal et al. (2016 - 2020) [34-35] for flow-injection analysis, which is well adapted 439 

to the µ-dDIHEN system. 440 

Additionally, a cell suspension can be nebulized into the ICP-MS for the measurement of metal content 441 

in individual cells by single-cell ICP-MS (scICP-MS). However, these cells are usually dispersed in complex 442 

biological media, very fragile and/or contained in small sample volume. Nebulization through a spray chamber 443 

can lead to inaccuracy in the results because of matrix effects or cell degradation. All the benefits of the µ-dDIHEN 444 

system indicate that it is well adapted to: i) monitor the metal content within individual cells for either dissolved 445 

or nanoparticulate form, ii) deal with lower cell concentration compared to conventional introduction system, and 446 

iii) minimize sample volume and preparation. 447 

 Furthermore, the use of very low µ-uptake rate is also a major asset for the hyphenation of separation 448 

techniques such as asymmetrical-flow field-flow-fractionation (AF4), which could directly control the uptake rate 449 

of the µ-dDIHEN thanks to the pump that delivers the carrier solution, in place of the mass-flow controller used 450 

here. Finally, since there can be a significant dilution of the sample during separation, avoiding a spray chamber 451 

and the resulting sample loss is very attractive. 452 
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