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Abstract In 2011, the European Commission introduced new
regulations on how nanomaterials are defined. Since then,
researchers have emphasized that more complete characteri-
zation of nanoparticles (NPs) includes not just mass and size
determinations, but also the determination of the particle num-
ber concentrations. In this study, two different sample intro-
duction approaches for the analysis of NP suspensions with
inductively coupled plasma mass spectrometry (ICP-MS)
were investigated: pneumatic nebulization (sp-ICP-MS) and
microdroplet generation (MDG-ICP-MS). These approaches
were compared for the determination of particle number con-
centrations (PNCs) of gold and silver NP suspensions diluted
in either ultra-pure water or citrate solution. For accurate sp-
ICP-MS analysis, it is crucial to know the transport efficiency
of nebulized sample into the plasma. Here, transport efficien-
cies, measured by the waste collection method, were 11–14 %
for Ag suspensions and 9–11% for Au. In contrast, the droplet
transport efficiency ofMDG-ICP-MSwas 100%.Analysis by
sp-ICP-MS yielded a lower particle number concentration
than expected (only 20–40 % of the expected value), whereas
MDG-ICP-MS had NP recoveries up to 80 %. This study
indicates that NP reference materials are of major importance
for particle number determination and detailed results on

particle number concentrations for different suspensions with
respect to storage time are discussed.

Keywords Microdroplet generation . ICP-MS .

Nanoparticle . Particle number concentration . sp-ICP-MS

Introduction

Nanomaterials are used in many fields due to their unique
properties [1–5], even though little is known about their
impact on the environment or human health. Therefore,
it is important to characterize these materials carefully.
The most critical properties to assess are mass, size,
morphology, elemental composition, and particle number
concentration (PNC).

In 2011, the European Commission proposed new direc-
tions about the definition of nanoparticles (NP) [6]. According
to these new regulations, a nanomaterial is a natural, inciden-
tal, or manufactured material that contains particles in an un-
bound state, as aggregate or agglomerate, and where 50 % or
more of the particles have at least one dimension in the nano-
scale range (<100 nm).

Inductively coupled plasma mass spectrometry (ICP-MS)
allows for the fast and sensitive determination of most ele-
ments, and has recently been used for the analysis of NPs
for mass, composition, and PNC [7].

Apart from ICP-MS analysis, PNC determination in liquid
samples can be carried out using various other techniques,
such as dynamic light scattering (DLS) [8], laser-induced
breakdown detection (LIBD) [9], transmission/scanning elec-
tron microscopy (TEM/SEM) [10], or NP tracking analysis
(NTA) [11]. However, DLS is fundamentally limited to the
measurement of mass concentrations of approximately 10–
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100 mg kg−1 [8]. LIBD and NTA are also insensitive to the
concentrations below 106 particles mL−1 [9, 11]. Finally,
counting particles by electron microscopy is very time con-
suming and requires a homogeneous, single-layer deposition
of the NPs on a sample grid [10].

In 2003, Degueldre et al. first reported the introduction of
highly dilute particle suspensions into the ICP by convention-
al nebulization in order to obtain the mass distribution and
concentration of particles simultaneously [12]. Following, this
concept has been applied for various particle types [13–16]. In
2009, Allabashi et al. [17] and Hu et al. [18] rediscovered the
potential of ICP-MS for single particle analysis, and since
then, the number of laboratories promoting ICP-MS for NP
analysis has grown [19–23]. However, this method bears
some significant challenges. Specifically, the pneumatic neb-
ulizers typically used for sp-ICP-MS produce polydisperse
aerosol that passes through a spray chamber, in which most
of the liquid is lost due to collision with the chamber’s wall
(loss up to 99%). Therefore, with this setup, the quantification
of the introduced NPs is only possible if the aerosol transport
efficiency (TE) is known, where TE is defined as the ratio of
the volume reaching the plasma to the initially nebulized vol-
ume. Several methods to measure the aerosol TE have been
proposed by Pace et al. [24]. Two of these methods use an Au
NP reference material (NIST) and are based on the application
of either known NP size or known PNC for further calcula-
tions. On the other hand, a third method, called the waste
collection method, determines the TE based on the measure-
ment of sample uptake rate and waste, and is the only method
which does not rely on NP reference material. Nevertheless,
this method yielded an overestimated TE and, in turn, an ap-
proximately 50 % lower mass concentration when compared
to the other strategies [24]. Currently, no data on how much
the measured PNC deviates from the expected PNC after di-
lution of the original suspension have been reported. Clearly,
TE determination for sp-ICP-MS is challenging, and a method
that introduces well-defined amounts of liquid with 100 %
transport efficiency into the ICP-MS might overcome the
shortcomings of particle introduction by pneumatic nebuliza-
tion. Specifically, it would eliminate the laborious determina-
tion of the TE, and its associated error, while still knowing the
introduced liquid volume per time interval.

The microdroplet generator (MDG) delivers discrete low-
volume samples, and has been used for the introduction of
single particles into an ICP-optical emission spectrometer
(OES) [25–27] or ICP-MS [28–31], the introduction of single
cells into an ICP-MS [32], and for fundamental studies on
plasma-droplet interactions and effects [33–38]. Due to the
very low sample uptake, the matrix does not affect the analysis
and even liquids containing high salt contents or organic so-
lutions can be used.

It has been shown that MDG-ICP-MS can be used for the
quantification of the mass/size of metallic and metal oxide

NPs either by internal or external calibration without
using any particle-based reference material [29] and
can be used for simultaneously accessing ionic and particulate
fraction of various elements using a time-of-flight (ToF)
ICP-MS [30].

MDG-ICP-MS and sp-ICP-MS can both be used to quickly
measure PNCs. However, if the concentration is too high, i.e.,
if statistically more than one NP per dwell time enters the
plasma and is measured, the samples must be diluted, which
can influence the sample and the stability of the NPs in the
suspension. If the dilution is not appropriate, the NPs will be
analyzed in bulk mode (several NPs together, results aver-
aged) and no information about individual NPs can be gained
[19]. However, NPs are normally not very abundant in envi-
ronmental samples and dilution can be neglected (predicted
environmental concentration (PEC)<106 particles mL−1,
ng kg−1 to μg kg−1) [39–41]. On the other hand, low PNCs will
require longer acquisition times, but not necessarily additional
treatment, e.g., enrichment which might alter the appearance of
the NPs. When using the MDG, the sample introduction vol-
ume can be easily increased by changing the nozzle sizes from
30μm (droplet size ~40μm) to 70μm (droplet size ~90μm) or
by increasing the introduction frequency without changing the
droplet TE of 100 %.

In this study, suspensions of silver (Ag) and gold (Au) NPs
of various concentrations were used for the quantification of
PNC. The original suspensions were diluted to three different
concentrations and measured after different storage times
(up to 1 week) to track the sample alteration across time
with either sp-ICP-MS or MDG-ICP-MS. Because of the
different uptake rates and acquisition parameters, the sus-
pensions had to be diluted more when analyzed by sp-
ICP-MS than for MDG-ICP-MS.

For sp-ICP-MS, the TE was determined for each sample
during eachmeasurement by the waste collectionmethod. The
MDG was optimized for 100 % TE and for an introduction
with regular temporal spacing between the droplets. The re-
sults obtained for the two different techniques were compared
and limitations and further conclusions for absolute particle
number quantification are given.

Materials and methods

Samples

Three suspensions containing different Ag NP sizes (60, 80,
and 100 nm [0.02 mg mL−1 in 2 mM citrate, NanoComposix,
San Diego, USA]), and a certified reference gold nanoparticle
suspension (60 nm, 0.05 mg mL−1, RM 8013, NIST®,
Gaithersburg, MD, USA), were used in this study. The
certified values are provided in Table 1.
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The total metal content of each Ag suspension was quanti-
fied prior to the measurements according to the method pre-
sented in Hagendorfer et al. [42] using indium (In) as
recovery standard and diluting the samples to approximate-
ly 1 μg kg−1 with 1 % (v/v) HNO3 (sub boiled). Au NP
digestion was performed using concentrated aqua regia
with rhodium (Rh) as the recovery standard and dilution
after digestion with 1 % (v/v) HCl (Trace Select, Sigma-
Aldrich, Buchs, Switzerland) to approximately 1 μg kg−1.
Iridium (Ir) was used for Ag and Au quantification as
internal standard.

To identify the amount of dissolved Au and Ag in the
original suspension, 200 μL of the suspension was diluted to
5 mL with purified water (18 MΩ cm, Millipore, Billerica,
MA, USA) and centrifuged for 1 h at 7000×g. The sample
vial was carefully opened and 2 mL of the supernatant was
extracted. It was important to prevent NP re-dispersion by
moving the vial. The supernatant was divided and then diluted
with either ultra-pure water to check if NPs were still present
or 1 % (v/v) HNO3/HCl and the respective IS for quantifica-
tion of Au and Ag concentrations.

The certified sizes of the NPs were verified using SEM.
For PNC measurements, each sample was diluted to three

different initial concentrations with purified water or 2 mM
citrate (sodium citrate tribasic dehydrate BioUltra, Sigma-
Aldrich, Buchs, Switzerland) following the procedure de-
scribed earlier [29]. Each dilution was measured subsequently
after different storage times (directly after preparation (time
0), 5, 24, 48, 72, and 175 h later) by MDG-ICP-MS and sp-
ICP-MS. Between measurements, the solutions were stored in
the dark at 5 °C. For theMDGmeasurements, the suspensions
were diluted to a final particle number concentration of ap-
proximately 106–107 particles mL−1, and to ~103–105 parti-
cles mL−1 for sp-ICP-MS to minimize the probability of hav-
ing more than one NP measured per dwell time. Theoretical
PNCs calculated from the dilution factors can be found in
Table 2.

MDG-ICP-MS

A microdroplet generator (MDG, Microdrop Technologies
GmbH, Norderstedt, Germany) with a nozzle diameter of
30 μm was connected horizontally to a sector field (SF)
ICP-MS instrument (Element 2, ThermoFisher, Bremen, Ger-
many) as described elsewhere [29]. Operating conditions are

summarized in Table 3. Themean diameter of the droplets was
~34 μm and the generation frequency was 100 Hz resulting in
a typical volume aspirated of 120 nL min−1.

The generated droplets were constantly monitored for sta-
bility and size using a CCD camera. Before each measure-
ment, a video was recorded and the droplet size and subse-
quent volume was determined with a custom-written macro
for the open source graphic program ImageJ [43].

Each sample was measured for 15 or 30 min for MDG and
for 55 min for sp-ICP-MS to achieve suitable statistics, i.e.,
until 1×103–2×104 NPs were measured.

sp-ICP-MS

A pumped, low-flow enhanced parallel-path nebulizer
(Arimist, Burgener Research Inc, Canada) with an uptake of
approximately 250 μL min−1 was coupled to a Scott double-
pass spray chamber (PFA Pure Chamber, Elemental Scientific,
Germany) and to the ICP-SF-MS. The transport efficiency
was determined using the waste collection method described
by Pace et al. [24] and Gustavsson [44]. For this purpose, an
empty vial and the sample-containing vial were weighed. Pri-
or to starting the nebulizer pump, the waste tubing was con-
nected to the waste vial. The pump was then started and mea-
surements were conducted for 55 min; after analysis, the

Table 1 Certified values reported
by the suppliers, uncertainties for
the original PNC was calculated
including uncertainty from size
measurement

60 nm Ag 80 nm Ag 100 nm Ag 60 nm Au

Size (TEM) (nm) 57.4±4.0 78.9±3.9 99.4±7.0 56.0±0.5

Mass concentration (μg kg−1) 0.021 0.023 0.021 0.052

Original PNC (mL−1) 2.0±0.4×1010 8.5±1.3×109 3.9±0.8×109 2.9±0.1×1010

Table 2 Expected particle number concentrations after dilution for the
different suspensions with either ultra-pure water (H2O) or 2 mM citrate
(citrate) for MDG-ICP-MS (MDG) or sp-ICP-MS measurements

Au NIST
60 nm

Ag
60 nm

Ag
80 nm

Ag
100 nm

MDG H2O PNC1 (mL−1) 2.7×106 1.5×106 6.2×105 2.9×105

MDG H2O PNC2 (mL−1) 1.4×107 7.3×106 3.1×106 1.4×106

MDG H2O PNC3 (mL−1) 2.9×107 3.9×107 6.2×106 2.9×106

MDG Citrate PNC1 (mL−1) 1.7×106 1.5×106 1.2×106

MDG Citrate PNC2 (mL−1) 8.1×106 7.4×106 6.1×106

MDG Citrate PNC3 (mL−1) 1.7×107 1.5×107 1.3×107

sp-ICP-MS H2O PNC1
(mL−1)

8.4×103 4.9×104 4.8×104 4.5×104

sp-ICP-MS H2O PNC2
(mL−1)

1.7×104 1.4×105 1.0×105 1.4×105

sp-ICP-MS H2O PNC3
(mL−1)

2.5×104 4.6×105 5.1×105 4.8×105
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pumpwas stopped and both vials were removed and weighed.
The TE was calculated using the following formula.

TE ¼ Δmup �Δmwaste

Δmup
ð1Þ

where Δmup and Δmwaste represent the differences in mass [g]
for the sample and the collected waste found during the mea-
surement, respectively.

Data evaluation

The recorded data was processed in MATLAB (2012b,
MathWorks, Natick, USA) to eliminate the background sig-
nals, apply a so called Bsplit correction,^ which is necessary
for MDG-ICP-MS measurements when integration times less
than 10 ms are used (for details, see elsewhere [29]), and to
convert the intensity, in counts per second, to raw counts. The
reduced data set was transferred to Origin 8.6 (OriginLab
Corporations, Northampton, USA) for subsequent analysis.
In Origin, the signals were binned and plotted as an intensity
distribution, and fitted with a multiple Gauss functions to re-
solve signals corresponding to one, two, three, or more NPs
(see Electronic Supplementary Material (ESM) for an exam-
ple of Au).

To calculate the total number of measured particles, the
number of events under the first Gauss distribution peak (cor-
responding to one NP per droplet) was summed. The number
of events under the second and multiple Gauss distribution
peaks were multiplied by the appropriate NP number and
summed. The total number of measured NPs is given as the
sum of NP events under all intensity distribution peaks.

To determine PNC, the counted particles in a given time
window were divided by the introduced liquid volume within
the same period of time. For MDG, the total volume was
calculated by multiplying the volume of an individual droplet

by the number of introduced droplets (number of produced
droplets during measurement). For the nebulizer, the liquid
volume was obtained by multiplying the uptake rate by the
TE and the measurement duration. The original PNCwas then
calculated by dividing the obtained PNC by the dilution factor
used during sample preparation.

In addition to the individual results obtained for each of the
three concentrations of each sample, the mean PNC value for
each measurement was calculated. The Breal^ PNCs reported
here, are the averages of the PNC determinations from the
three different concentrations of each sample; the standard
deviation (SD) was also determined.

Results

Calculation of PNC from total metal content and NP size
determination

The NPs used here are synthesized by bottom-up approach,
and especially the Ag NPs are known to undergo dissolution
with time. Therefore, it was important to quantify the total
metal content, as well as the total dissolved metal in the sus-
pension for PNC calculation of the original suspension. This
was conducted by either digestion or Ag/Au quantification of
the original suspension, or ultracentrifugation of the suspen-
sion and subsequent analysis of the supernatant. To ensure that
all particles were centrifuged, part of the supernatant was di-
luted 1:5 with H2O (minimizing probability of dissolution due
to acidic environment) and measured by sp-ICP-MS. No par-
ticle signals above the elevated background intensity originat-
ing from dissolved material were observed.

Ag and Au concentrations in the supernatant (from ionic or
dissolved content) after centrifugation were subtracted from
the total Au and Ag content of the NP suspensions in order to
determine the metal concentration from the particulate frac-
tion. Furthermore, the SEM measurements enabled to verify
the certified NP size.

From this information, the particle number concentration
was calculated, assuming that the NPs have a density similar
to pure Au or Ag metal, respectively, using the following
formula (2):

PNC ¼ cparticulate
4=3� π� rNP3 � ρ

ð2Þ

Where cparticulate is the mass concentration of the particulate
fraction, rNP is the radius of the NP, and ρ is the density. The
results are summarized in Table 4. The total mass concentra-
tion for Ag differs by approximately 10 % from the value
given by the manufacturer. Considering the loss due to ionic
Ag (5 %), only 85 % of the reported value by the supplier can
be used for the PNC calculation. Au differs by 2 %.

Table 3 Operating conditions for MDG-ICP-MS and sp-ICP-MS

MDG-ICP-MS sp-ICP-MS

Plasma gas flow (L min−1) 16 16

Auxillary gas flow (L min−1) ~1–1.2 ~0.85

Sample gas flow (L min−1) ~1.2 ~1.0

Helium gas flow (L min−1) ~0.4 None

Plasma power (W) 1280 1280

Dwell time (ms) 1 10

Samples/peak 1000 1000

Integration window 10 % 10 %

Runs 2000 200

Mass resolving power ~300 ~300

No. of measurements 5 or 10 3

4038 S. Gschwind et al.



Additionally, error propagation was included into the cal-
culation of the PNC. From that, it is visible that the RSD
increases up to, e.g., 26 % (Ag 100 nm), which is dominated
by the uncertainty of the size measurements, which is also
apparent in the calculated PNC from the manufacturer’s data
in Table 1.

Particle number concentration of Au NP suspension

Figure 1a shows the linear dependence of the number of par-
ticles measured by MDG-ICP-MS directly to dilution com-
pared to the expected PNCs. The error bars correspond to
the standard deviation of 10 replicates (t=3 min 23 s, each).
The slope of the measured PNCs differs from the expected
PNCs. The measured values were approximately 23–39 %
lower when compared to the expected PNC. The R2 of the
linear regression was 0.998. For sp-ICP-MS, the deviation
from the expected value was between 54 and 64 % (see
Fig. 1b). The error bars show the standard deviation of three
measurements (T=16 min 40 s, each). Even though the num-
ber of particles was corrected for the different TEs obtained
for eachmeasurement, the linearity of the fit represented byR2

was only 0.965. The TEs for the three different concentrations
at time 0 were 9.3, 8.8, and 9.4 %, respectively, which are in
the same range as reported by Pace et al. [24] using a similar
introduction system. When using the particle frequency-based
calculation for the TE proposed by Pace et al. [24], the TE
only results in 3.5 %.

The PNCs that were determined after various storage times
for sp-ICP-MS and MDG-ICP-MS are shown in Fig. 2a.
Figure 2b provides the mean PNCs of the three dilutions at
each storage time. For both graphs, the PNCs in the original
sample were calculated, with dilution accounted for, to allow a
valuable comparison between the three different solutions
measured at both different times and with either sp-ICP-MS
and MDG-ICP-MS. As it can be seen from all measurements,
the PNC at all storage times was lower than the expected
number concentration.

For MDG-ICP-MS, the most diluted NP suspension
(PNC1) shows the lowest recovery (61 % directly after prep-
aration), whereas the other two NP suspensions provided re-
sults closer to the expected PNC (77 and 83 %). Concentra-
tions 2 and 3 generally trend to lower PNCs over time, most
likely due to NP losses, e.g., sticking to the vial wall. Howev-
er, this PNC loss is most pronounced at the beginning (until
3 h), and afterwards stabilizes (recovery ~58 and 66 %, re-
spectively). For concentration 1, the PNC seems to increase
over time. This might be explained by particles sticking to the
capillary of the MDG in the beginning of experiments, which
is then slowly washed out of the capillary until equilibrium is
reached. The recovery for PNC1 increases from 61 to 86 %.
Ionic Au was for all measurements below the limits of detec-
tion. This can be explained by the fact that Au NPs are stable
and less prone to oxidation and further dissolving processes.

For sp-ICP-MS, the recoveries were significantly lower. At
time 0, only 46 % (PNC1) to 38 % (PNC3) of the expected

Table 4 Certified sizes and
measured metal concentration;
subsequent calculation of the
particulate fraction and PNC
determined for four different
particle types

NP suspension Size (nm) Total metal concentration (mg/mL) Particulate

(mg/mL)

PNC

(mL−1)

Ag 60 nm 57.4±4.0 0.0188±0.0003 0.0182±0.0003 1.8±0.4×1010

Ag 80 nm 78.9±3.9 0.0210±0.0003 0.0202±0.0003 7.5±1.2×109

Ag 100 nm 99.4±7.0 0.0187±0.0010 0.0181±0.0010 3.4±0.9×109

Au 60 nm 56.0±0.5 0.0514±0.0011 0.0514±0.0011 2.9±0.1×1010

Fig. 1 Linear dependence of the number of detected particles per
introduced volume of the measurements at time 0 as a function of the
dilution (gray) (MDG: y=–2.6×105+2.2×1010x, R2=0.998; sp: y=1400+

9.6×109x, R2=0.965). The green line shows the expected concentrations
of the original PNC diluted forMDG-ICP-MS (a) and diluted for sp-ICP-
MS (b) measurements
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particle number was detected. For the lowest concentration,
the recovery first decreases (43 and 39 %) and remains stable
until the last measurement after 47 h (43 %). The concentra-
tion in dilution 2 decreased over time (38, 40, and 31 %)
whereas dilution 3 showed an initial increase followed by a
decrease (38, 44, and 40 %). However, the results for sp-ICP-
MS obtained for the different dilution factors at the different
times were more reproducible than those obtained withMDG-
ICP-MS; the relative standard deviations vary only between
6 % (23 h) and 17 % (47 h) (Fig. 2b).

Particle number concentration of Ag NP suspension

The original NP suspension was stabilized in 2 mM citrate. To
compare the effect of the stabilizer at high dilution, the sus-
pension was diluted either with ultra-pure water or with 2 mM
citrate solution.

The linear dependence of the measured NPs at time 0 versus
the dilution factor are displayed in Fig. 3a for theMDG-ICP-MS
setup and in Fig. 3b for sp-ICP-MS. Again, the slope was higher
for the samples measured by MDG-ICP-MS compared to sp-
ICP-MS; however, there is a significant difference between the
samples diluted in citrate and those diluted in H2O. The values
determined for the citrate-based suspensions were close to the
expected PNC; however, the linearity was worse than for H2O.

If instead of the TE obtained by the waste collection meth-
od, the calculated TE by the particle frequency method from
the Au NIST reference material is used (TE=3.5 %), the cal-
culated PNCs for Ag are almost the same as the expected one.
Only for the highest concentrated suspension (PNC3), the
calculated value is still 50 % off.

The determined PNCs at several storage times for the indi-
vidual suspensions of 60 nm Ag NPs are shown in Fig. 4a. To

assess whether there is a drift in PNCs over longer storage
times, the suspensions were measured by sp-ICP-MS again
after the storage time of 1 week.

All determined recoveries were below 100 %. However, the
results were inconsistent and show large variations for the differ-
ent concentrations of NP suspensions. For example, the PNC
determined with MDG-ICP-MS for the dilutions made using
citrate stabilization differ least from the expected concentrations;
however, the lowest concentration (PNC1) provided a 95 % NP
recovery, and the intermediate and highest concentrations (PNC2
and PNC3) were 52 and 68%, respectively. Over time, the value
for PNC2 and PNC3 show a trend towards lower values, for
PNC1 the recovery for the measurements after 3 h was below
20 %, but increased with time again to more than 60 %.

The PNCs determined byMDG-ICP-MS in water also show
a rather Brandom^ behavior after dilution. For example, the
recoveries for the lowest concentration varied from 30 to 3 %
to 15 % to final value as low as 2 %. The PNC for the medium
concentration decreased from 50 to 10 % after 48 h and the
highest concentration decreased from 50 to 15 % with a mini-
mum after 24 h to as low as 6 % recovery. The measurements
conducted with the pneumatic nebulizer provided more repro-
ducible results with decreasing values over time. However, the
recoveries at time 0 were only 38, 30, and 21 % for the lowest,
middle, and highest concentrations, respectively.

When comparing the mean PNCs for each experimental set
over time (Fig. 4b), the water-diluted sample sets measured by
either sp- or MDG-ICP-MS resulted in similar PNCs and de-
creased over time. However, the SD was smaller for the sp-
ICP-MS measurements. The RSD was approx. 20 % for the
first four measurements and increased to 80 % for the longest
storage time. The citrate-stabilized NP solutions showed the
highest recovery decreasing slightly over time.

Fig. 2 a Expected PNC (green) including the error and the determined
particle number concentrations for 60 nm Au NP suspensions for three
different concentrations (black, blue, violet) in two different experiments
(square and triangle). The original suspension was diluted with H2O to the

concentration required for single particle events in the ICP. bMean values
for PNC1, PNC2, and PNC3 for the different experiments: suspension
diluted with H2O and measured with MDG (blue square), suspension
diluted with H2O and measured with sp-ICP-MS (violet triangle)
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The results for the silver NPs of 80 and 100 nm are sum-
marized in the ESM. They were not very reproducible and are
rather difficult to explain. The analyses performed by MDG-
ICP-MS show the largest deviations between the different
dilution factors, as well as between the different storage times.
However, the mean values for MDG-ICP-MS were closer to
the expected concentration than sp-ICP-MS.

Discussion and conclusion

When calculating the PNC from mass concentration, it is im-
portant to keep in mind that the shape of the NPs can differ
from a perfect sphere [29] (see TEM micrographs provided
from the manufacturer for Ag and an SEMmicrograph for Au

in the ESM, Fig. S1 to S4), which can cause significant dis-
crepancies in PNC calculations. The analysis of bulk silver by
ICP-MS revealed that the purchased Ag samples contained
10 % less silver than quoted. Only about 85 % of the reported
silver was present in particulate form and 5 % of the reported
silver was in ionic form. The certified gold concentration dif-
fered by less than 2 % and no ionic Au was detected. Limits of
detection for Au and Ag NPs were 13 and 11 nm, respectively,
which represents almost the current limits of ICP-MS and
were therefore not limiting parameters in this study.

Transport efficiencies determined for the nebulizer/spray
chamber system used in this study, were between 9 and
11 % for Au and 11 to 14 % for Ag, respectively. Because
the two experiments were not conducted at the same time, it is
most likely, that this deviation was caused by day to day

Fig. 4 a Expected PNC (green) and determined particle number
concentration for a 60 nm Ag NP suspension for three different
concentrations (black, blue, violet) in three different experiments
(square, circle, and triangle). The square and triangle symbols belong
to the suspension diluted with H2O, and the circle symbol to the

suspension diluted with 2 mM citrate. b Mean values for PNC1, PNC2,
and PNC3 for the different experiments: suspension diluted with H2O and
measured with MDG, blue square; suspension diluted with 2 mM citrate
and measured with MDG, cyan sphere; and suspension diluted with H2O
and measured with sp-ICP-MS, violet triangle

Fig. 3 Linear dependency of the number of detected particles (Ag
60 nm) per introduced volume of the measurements at time 0 as a
function of the dilution in water (gray, MDG: y=−2×105+9.5×109x,
R2=0.996 and sp: y=1×104+3.3×109x, R2=0.991) or citrate (blue, y=
−2×105+1.2×1010x, R2=0.939). The green line shows the expected

concentrations of the original PNC diluted for MDG-ICP-MS (a) and
diluted for sp-ICP-MS (b) measurements. The red triangles (b) represent
the calculated PNC using a TE of 3.5 % obtained by the particle frequen-
cy method for the NISTAu NPs
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variation in the optimization procedure of the ICP-MS. This
study shows no indication that the aerosol TE is dependent on
the size, composition, or concentration of the NPs. However,
Au and Ag were studied within similar size ranges and con-
centrations (concentration range differed only by one order of
magnitude). Therefore, it is not unlikely that, for more diverse
suspensions of NP and other NP materials, NP-specific TEs
can occur.

The measured PNCs deviate more than 20 % from the
expected PNC for both Ag and Au nanoparticles. Even though
the Au NPs do not dissolve, and were taken from a certified
reference material, it was not possible to determine a recovery
of 100 %. However, the recovery for Au was approximately
20 % higher than for Ag. Unfortunately, the PNCs calculated
do not follow a systematic trend. For different experiment
series, more or fewer particles were detected. As expected,
citrate stabilized the 60 nm Ag particles better than H2O and
higher recoveries were found. However, the citrate-based sus-
pensions for the 80 and 100 nm NPs show lower recoveries
(see ESM).

When comparing the reproducibility for the different sus-
pensions measured by sp-ICP-MS or MDG-ICP-MS, Au
shows similar results for both types of introduction systems
(RSD between 6 and 20 %), whereas, for the Ag suspensions,
the MDG setup provided more significant deviations. The
differences between the results for different concentrations
measured were much higher for Ag NPs (RSD >30 % vs.
<20 %).

In general, the poor and erratic recoveries might be ex-
plained by one or a combination of reasons:

1. NPs might stick to different parts of the sample introduc-
tion system

2. NPs might be missed during the settling time of the de-
tector; this effect is probablyminor on the instrument used
for this study

3. Probability of losing droplets that contain NPs might be
different due to surface charge, which can cause attraction
or repulsion,

4. Inaccurate measurements of the transport efficiency
5. Over- or underestimation of the expected PNC due to a

different density than the pure metal, which was assumed
for the PNC calculations (PNC inversely proportional to
the density).

Depending on the surface charge of the NPs, sticking to the
walls of the capillary and the vial is likely and can result in an
uncontrolled release of the particles. Even though a 100 %
transport efficiency of the droplets can be achieved with the
microdroplet dispenser (reported in [28, 29]), it is not guaran-
teed that 100 % of the NPs will be transported to the ICP. The
stability of the NP suspension and the sampling position in the
vial can also influence the TE of NPs. By increasing the

measurement time, the influence of NP sticking, and the sub-
sequent release of NPs, might be reduced and average out.
However, a longer measurement time is not favorable due to
more expensive analysis and drifts, which might occur in the
ICP-MS.

Pace et al. [24] showed that better results can be achieved
with sp-ICP-MS using a reference material for calculating the
mass concentration and size of an unknown NP suspension
when compared to the waste collection method, which is lim-
ited by the availability of reference materials. Currently, it
remains unknown how much different NP types and concen-
trations are influenced when they are sprayed and travel
through a spray chamber (including secondary release of such
materials). When the recoveries obtained for the AuNPs (used
as reference material by Pace et al. [24]) and the Ag NPs are
compared, they show similar results (40 % versus 20–30 %)
for a similar aspiration rate and TE.When using the frequency
method proposed by Pace et al. [24], assuming a known PNC
concentration of the NIST particles and calculating the TE, the
TE results in 3.5 %, which is much lower than the TE obtained
by the waste collection method. Applying this value for cal-
culating the PNC of the Ag suspensions, the resulting PNCs
were only deviating by ±10 % from the expected concentra-
tions for most of the analyzed suspensions (see Fig. 3b).

As is expected, Ag NPs dissolve slowly. This is confirmed
by an increase of the intensity of the ionic fraction of Ag over
time (data not shown). The dissolution of the Ag NPs should
be minimized in the samples containing more citrate because
citrate is used not only for stabilization against agglomeration
of the NPs, but also as reducing agent to reduce Ag+ to Ag0

(reported as the Turkevich method) [45, 46]. However, no
significant changes between water and citrate diluted samples
were determined.

Compared to the PNC obtained by using sp-ICP-MS,
MDG-ICP-MS showed a higher overall recovery. Addi-
tionally, MDG-ICP-MS has a lower uptake rate
(120 nL min−1 vs. 250 μL min−1), a much higher TE
(100 % vs. 10 %), and a shorter dwell time (1 ms vs.
10 ms) when compared to sp-ICP-MS.

The MDG-ICP-MS benefits from less dilution of the sam-
ples, less interaction with different materials (no nebulizer or
spray chamber), production of monodisperse droplets, and
100 % transportation of these droplets into the plasma. How-
ever, the results are less reproducible.

For further studies on PNC, it will be important to ensure
that the sample preparation does not affect the properties
of the NPs such as shape, agglomeration, or degradation.
In addition, for sp-ICP-MS, it is necessary to keep in
mind that, for the method proposed by Pace et al. [24],
a NP reference material (Au NIST RM) must be used for
the quantification of Ag NPs. It is still not clear how
much the transportation behavior of different kinds of
NPs is influenced by using different introduction systems,
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different concentrations, sizes, or compositions compared
to the reference material; this requires further study.

The MDG approach currently suffers from poor reproduc-
ibility and long measurement times in order to obtain represen-
tative sampling of natural samples. Therefore, both the sp-ICP-
MS and MDG-ICP-MS methods need significant improve-
ments before sampling and quantification of nanomaterials
can be routinely carried out on real samples.
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