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Abstract 

The particle number concentration (PNC) in a suspension is a key measurand in nanotechnology. A 
common approach for deriving PNC is to divide the total mass concentration by the per-particle mass, 
calculated as density times volume. The volume is most frequently derived from the arithmetic mean 
diameter (AMD) of the size distribution. The harmonic mean volume (HMV) has also been used. Given a 
known size distribution, we show that the correct PNC is obtained by using the arithmetic mean volume 
(AMV). The AMD-based volume results in an overestimate in PNC that increases super-linearly with 
increasing coefficient of variation (CV), reaching 12 % at CV=0.2 for a normal distribution. HMV would 
yield a much greater overestimate, exceeding 50 %. The error in the AMD-based PNC shows only weak 
skew dependence, suggesting a simple approximate correction as a function of CV in the common 
situation where AMD and CV are known but the overall size distribution is unknown. Using published 
datasets of gold nanoparticles, we demonstrate overall consistency of ±1.1 % in comparing the PNC 
directly determined by single particle inductively coupled plasma-mass spectrometry (spICP-MS) and the 
PNCs derived from AMV using size distributions independently measured by high resolution scanning 
electron microscopy and spICP-MS. We further compare AMV and AMD-derived PNCs for well-
characterized polystyrene nanoparticle standards, illustrating sensitivity to distributional characteristics 
along with common errors to avoid. Nanoparticles in environmental samples, food additives, and 
nanomedicines often have CVs greater than 0.3 for which uncorrected AMD-derived PNC errors can 
exceed 35 %. 
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Introduction 

The particle number concentration (PNC)* of a nanoparticle suspension is a key measurand in many 
nanotechnology applications.1-3 For example, it can be a critical attribute for nanomedicine dosing4,5 and 
can be valuable for assessing the stability of a nanomedicine formulation across time and for determining 
the intended dilution prior to administration.6 Likewise, determining the PNC of released particles from 
different industrial processes, such as chemical mechanical polishing of silicon dioxide using ceria slurry 
and ceria fixed abrasives, is highly important.7 The measurement of the PNC also has regulatory 
importance,8 such as the proposed European Union definition9 for labeling of products containing 
nanomaterials (50 % of the particles between 1 nm and 100 nm). In addition, the PNC is a key measurand 
for assessing the potential ecological and human health toxicological effects of suspended 
nanoparticles.10,11 Some studies show that PNC is better correlated with chemical activity than the more 
commonly used total mass concentration.12  

Despite its conceptual simplicity and widely recognized basic importance in characterizing particle 
suspensions, PNC remains a challenging measurand to determine accurately.13-16 For metallic and stable 
oxide nanoparticles, direct determination of PNC at environmentally relevant concentrations (on the 
order of 1 ng L-1) is possible with single particle inductively coupled plasma mass spectrometry (spICP-
MS).17,18 However, to have superior accuracy and confidence in the measurement, even for this particle-
by-particle detection method a nanoparticle reference standard with a known concentration is needed 
for accurately determining the transport efficiency, which is defined as the fraction of introduced sample 
that is transported to the plasma.19,20 Some efforts have been made to directly count the number of 
particles microscopically, e.g., by depositing a small, known-volume droplet of a low concentration 
suspension onto a substrate and individually counting the number of particles after liquid evaporation.21 
A more conceptually straightforward approach is to simply count all the particles within the focal volume 
of an optical microscope at a suitable dilution, but this method is susceptible to uncertainty in determining 
the illuminated and in-focus volume and to the challenge of detecting and accurately counting the smaller 
particles in the distribution, especially if fluorescent markers are not an option. Validated techniques that 
span the full range of materials, types, shapes, and sizes of particles are not available8 and there is a 
shortage of nanoparticle reference materials with certified PNC values for the evaluation of accuracy.22-24 

In addition to direct particle counting methods, perhaps the most widely used method of determining 
PNC for nanoparticles composed of a uniform material is to measure the total mass concentration (TMC), 
C, of the material in the suspension, combined with knowledge of the particle volume V and density ρ.25 
For a suspension of particles of uniform size, PNC is given simply by PNC = C/(ρ V). The challenge we 
address here is how to more accurately handle a suspension that consists of a distribution of particle sizes.  

In this paper, we present the determination of the PNC of a particle suspension from the TMC by using 
the arithmetic mean volume (AMV) of the particle size distribution. We compare this with using the 
arithmetic mean diameter-based volume (AMD), as often found in the literature, or using the harmonic 
mean volume (HMV). 6,17,18,26-30 We investigate the magnitude of the error that results if the mean volume 
is thus incorrectly calculated from the particle size distribution, including the dependence of the error on 
the width and skew of the distribution. Based on the theoretical analysis, we propose a simple CV-
dependent PNC error correction that can be applied to the AMD-derived PNC in circumstances where only 

 
* Tables of acronyms and variables are found after main text. 



the mean size and CV of the distribution are known. We demonstrate the use of this correction by applying 
it to a well-characterized polystyrene nanoparticle standard having a less-than-ideal distribution. We 
show consistency of the calculation through determination of the PNCs of gold nanoparticle suspensions 
of different sizes and surface coatings using the AMVs from independent, high-resolution scanning 
electron microscope (HR-SEM)31 and spICP-MS particle size distribution measurements and comparisons 
of these results with direct determination of PNC by spICP-MS.17 We also show the beneficial application 
of the correction in a real-world food additive application. 

 

Background 

PNC Derivation 

To calculate PNC from TMC, we must determine how many particles are needed to sum to the total 
particle mass in a given suspension volume. Under the assumption that the particle density is known, the 
mass for each individual particle is the product of the particle volume V and density ρ. For the total number 
N of particles in the suspension volume, the total mass is simply the sum of the volume of each individual 
particle times the density, ρ ΣVi. Conversion to PNC from TMC, C, for a suspension of particles is then  

𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 =  𝐶𝐶 𝑁𝑁 
𝜌𝜌 ∑𝑉𝑉𝑖𝑖

= 𝐶𝐶
𝜌𝜌 𝑉𝑉�𝐴𝐴 

 (1) 

Where the conversion factor 
𝑁𝑁 

𝜌𝜌 ∑𝑉𝑉𝑖𝑖
 is simply the inverse of the product of the density and the arithmetic 

mean volume (AMV) of all the particles in the ensemble, 𝑉𝑉�𝐴𝐴 = 1
𝑁𝑁
∑𝑉𝑉𝑖𝑖. If si is the spherical-equivalent-

volume diameter of the ith particle, then 𝑉𝑉�𝐴𝐴 = 𝜋𝜋
6
1
𝑁𝑁
∑ 𝑠𝑠𝑖𝑖3. This 𝑉𝑉�𝐴𝐴 for a discrete set of particles is equivalent 

to the arithmetic mean volume derived from a probability density function (PDF) description of the 
particle size distribution. 

 

Current Practice 

While the conversion of TMC to PNC is straightforward, unfortunately there are many examples in the 
literature where two different approaches have been taken that are not mathematically equivalent to the 
AMV-based PNC derivation. The first, more common approach, is to calculate the mean volume for the 
TMC-to-PNC conversion from the arithmetic mean diameter (AMD) of the particles 𝑠̅𝑠 =  1

𝑁𝑁
∑ 𝑠𝑠𝑖𝑖.6,27,29,30 This 

approach results in a mean-diameter volume 𝑉𝑉𝑠𝑠̅ =  𝜋𝜋
6
�1
𝑁𝑁
∑ 𝑠𝑠𝑖𝑖�

3
. Irrespective of the width, skew, or 

multimodality of the underlying size distribution, 𝑉𝑉𝑠𝑠̅ is always smaller than 𝑉𝑉�𝐴𝐴 (except in the limiting case 
where all the particles are the same size) leading to an overestimate of the PNC. While it is not accurate 
to use of 𝑉𝑉𝑠𝑠̅ as the mean volume for converting TMC to PNC, the approximation is nevertheless of some 
use and is frequently unavoidable if reliable information about the particle size distribution is not 
available. We use 𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 to denote the PNC calculated using 𝑉𝑉𝑠𝑠̅. Putting it in the form of Eq. 1, 

 𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶
𝜌𝜌 𝑉𝑉𝑠𝑠�

. (2) 



In the second incorrect approach, the error in the TMC-to-PNC conversion seems to arise from starting 
with the PNC equation for a single size and attempting to take the weighted mean of the individual-size 
PNCs, weighted by the distribution of sizes.18,26,28 This can be done within the PDF formalism, but in the 
discrete form it is  

 𝑃𝑃𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 =  1
𝑁𝑁
∑𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 (3) 

 𝑃𝑃𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 = 1
𝑁𝑁
∑ 𝐶𝐶
𝜌𝜌 𝑉𝑉𝑖𝑖

= 𝐶𝐶
𝜌𝜌
1
𝑁𝑁
∑ 1
𝑉𝑉𝑖𝑖

   

Again, putting it into the same form as Eq. 1 yields 

 𝑃𝑃𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐶𝐶
𝜌𝜌 𝑉𝑉�𝐻𝐻

 (4) 

where 𝑉𝑉�𝐻𝐻 = �1
𝑁𝑁
∑ 1
𝑉𝑉𝑖𝑖
�
−1

. The mean volume 𝑉𝑉�𝐻𝐻 that we have arrived at in this case is the mathematical 

definition of the harmonic mean volume (HMV) of the particle size distribution. Similar to 𝑉𝑉𝑠𝑠̅, 𝑉𝑉�𝐻𝐻 is always 
smaller than 𝑉𝑉�𝐴𝐴 only more so. We note in passing that if the mean of the individual 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 in Eq. 3 had been 
calculated as a harmonic mean instead of as an arithmetic mean—as is appropriate when the physical 
quantity x for which you are calculating the mean appears in the formula as 1/x—then the Eq. 3 would 
have been  

 𝑃𝑃𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 =  �1
𝑁𝑁
∑ 1
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖

�
−1

 

where the subscript HMC refers to the harmonic mean of the PNCs corresponding to each particle size, 
and upon substitution and rearrangement, the result would have been identical to Eq. 1. 

 

Results and Discussion 

Theoretical comparison of the different PNC derivations  

To illustrate the effect on the derived PNC of using the different mean-volume definitions described 
above, the derivation formulas were applied to model PDF curves that mimic the characteristics of actual 
particle size distributions. Commonly observed particle suspensions have size distributions of varying 
widths, sometimes nearly symmetric but often skewed to the left or right, sometimes significantly. 
Distributions that skew to the right are often found to approximate lognormal distributions, having 
positive skewness, where skewness is defined as the standardized third moment of the distribution, γ1. 
We generated model PDF curves using the skew normal distribution function with skew parameters of -3, 
0 and 3, and with the location and scale parameters adjusted such that the means of all the generated 
particle size distributions are 1 and the coefficients of variation (CV) range from 0.03 to 0.35; the CV is the 
ratio of the standard deviation, σ, relative to the mean, µ. We chose the skew normal distribution because 
it conveniently produces mirror-image distributions having positive and negative skewness. We found no 
difference in the derived PNC between using the skew normal and lognormal distributions if the 
generating parameters are adjusted such that the distributions have the same mean, CV, and skewness, 
even though the shapes of the PDFs are not identical. Skew normal distributions with skew parameters of 
±3 have a skewness of approximately ±0.8. A subset of the PDF curves we used is shown in Fig. 1a. 



Truncation and minor scaling adjustments were necessary for the negative-skewness PDF curves having 
CV larger than 0.18 because of the tailing of the mathematical function into negative values, which is not 
physically possible for particle diameters. This led to smaller skewness amplitudes in those cases, reaching 
a minimum skewness of -0.5 for the PDF with a CV of 0.35. 

a) 

 

b) 

  
Figure 1: a) Representative PDF curves used for demonstrating the effects of using different ways of 
calculating the mean volume of a particle size distribution for deriving PNC from TMC. The PDF curves 
are generated from the skew normal function with the skew parameter set to -3, 0, or 3 and the 
location and scale parameters adjusted such that the mean particle diameter is 1 and the CVs are the 
selected values. b) PNC errors relative to PNCAMV as a function of the CV and skewness of the particle 
size distribution, based on using the harmonic mean volume (HMV) or the volume calculated from the 
mean particle diameter (AMD). 
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For this set of PDFs, the relative error in using AMD-based volume or HMV for calculating PNC is presented 
in Fig. 1b. We note that correctly accounting for the distributional nature of the particles by using AMV in 
the PNC calculation results in a smaller PNC than that calculated using the AMD-based volume. The error 
in PNCAMD increases super-linearly with increasing CV, reaching almost 40 % as the CV reaches 0.35. For 
CV below 0.1, as would be typical for reference materials and most commercially available metallic 
particle samples, the maximum relative error in using PNCAMD instead of PNCAMV is only 3 %. The skew 
dependence of the PNCAMD error is weak, affecting the magnitude of the error by less than 3 % for the 
range of skews and CVs explored. On the other hand, using HMV to calculate the PNC results in a much 
greater error that increases precipitously as the CV increases beyond 0.1, soon exceeding 100 %, and 
which is also strongly affected by skew.  

 

Error correction for the AMD-based PNC 

It bears noting that if the full probability density function for a particle suspension were not available, as 
is frequently the case, and if all that one had were a reliable arithmetic mean diameter and the standard 
deviation of the particle size distribution, one could still significantly improve the estimate of the PNC by 
calculating the PNCAMD and correcting the result based on the known CV. For a normal distribution, the 
correction factor is exactly 

 𝜅𝜅 =  𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴
𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴

 = �1 + 3 �𝜎𝜎
𝜇𝜇
�
2
�
−1

 (5) 

and is shown in Fig. 2 as the zero-skewness curve. This correction factor can be approximately applied to 
any PNCAMD to PNCAMV correction based on CV alone. Ignoring any skew or the possibility of a symmetric 
distribution that is not Gaussian only weakly affects the accuracy of the correction, as seen in Fig. 2 for 
skew parameters of ±3. The derivation of the correction factor in Eq. 5 and the recognition of its 
approximate generality are a key practical contribution of this work, given that the full details of the size 
distributions of particle suspensions is often not known. 



 

Figure 2: Correction factor (𝜅𝜅) for converting PNCAMD to PNCAMV for normal distributions and skew-
normal distributions with skew parameters of ±3. The normal distribution (skew=0) curve is a plot of 
Eq. 5. 

 

As an example of using Eq. 5 to correct PNCAMD, we apply it to the PDF of the SRM 1964 reference 
standard,32 a 60 nm nominal diameter polystyrene latex, shown in Fig. 3. Numerical calculations using the 
given PDF data yield a mean diameter of 55.7 nm, which corresponds to a 𝑉𝑉𝑠𝑠̅ volume of 90.5 × 103 nm3. 
This can be compared with a calculated arithmetic mean 𝑉𝑉�𝐴𝐴 volume of 95.7 × 103 nm3. The relative error 
in PNC from using the AMD-based volume instead of the AMV is +5.7 %. But using Eq. 5 and the calculated 
CV of 0.142 gives a correction factor of 0.943, which when applied to the erroneous PNCAMD value reduces 
the PNC error to -0.3 %. As a graphical illustration, the dotted line in Fig. 3 represents the mean diameter, 
and the gray curve is a normal distribution centered at the mean diameter and having a CV of 0.142. 
Unintuitively, the highly asymmetric PDF of SRM 1964 having a skewness of -1.1 yields the same AMV, to 
within 0.3 %, as a normal distribution having the same mean diameter and CV. 

 

 

Figure 3: SRM 1964 size probability distribution function (blue circles). The mean diameter is 
indicted by the dashed line. The solid gray line is a normal distribution constructed from the 
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numerical mean diameter and standard deviation calculated from the size distribution data. The 
PNCAMV calculated from these two distributions is the same to within 0.3 %. 

 

A couple of cautions are in order. In this example, the full particle size distribution is available, permitting 
an accurate numerical calculation of the mean diameter and CV. One should not assume such accuracy 
for a calculated PNC having an unknown underlying distribution for which one only has the manufacturer 
supplied mean diameter and a CV of unknown uncertainty. More significantly, the certified reference size 
value given for SRM 1964 is the modal diameter, not the mean diameter. The modal diameter is a practical 
measurand if the reference material is being used to calibrate magnification or scale, since the mode can 
be more accurately approximated than the mean when using a small number of randomly selected 
individual particle measurements. However, if one were to incautiously use the modal diameter of 
60.4 nm instead of the mean diameter of 55.7 nm for calculating PNC via Eq. 2, the uncorrected result 
would be 18 % smaller than the correct PNCAMV. Furthermore, if the error correction presented in Eq. 5 
were then applied to this incorrect modal-diameter-based PNC value—in this case using a CV of 0.08 based 
on the estimated width of the modal peak—it would result in a PNC that is smaller yet than the correct 
PNCAMV by an additional 2 %. 

In contrast to this example, SRM 1963 (a.k.a. JSR SC-010-S) is a nominal 100 nm diameter polystyrene 
latex reference material33 with one of the narrowest distributions ever reported, having a measured CV 
of 0.02.34 Using Eq. (5), this CV would correspond to a fractional correction of only -8.7 × 10-4 for converting 
from PNCAMD to PNCAMV. This is completely negligible relative to the 2.8 % range in the reported mean 
diameter measurements of the material obtained using four independent traceable methods, which 
would result in an 8.4 % range in derived PNC values.34 This case points to both the advantages of narrow-
distribution nanoparticle suspensions for PNC and size reference standards, and to the significant 
challenges in understanding and correcting for all measurement biases in nanoparticle size measurements 
to better than two or three percent, even among national metrology institutes using their most reliable 
and well characterized methods. 

 

Application of the AMV-based PNC derivation to gold nanoparticle data 

To demonstrate the applicability of the PNCAMV calculation described in this work, we apply it to previously 
published data for selected gold nanoparticle suspensions of different sizes and surface coatings.31 We 
derive PNC values from the independent HR-SEM and spICP-MS size distribution measurements and 
compare them with direct determination of PNC by spICP-MS17. HR-SEM is one of the most reliable 
techniques for providing a realistic particle size distribution for nearly spherical nanoparticles. When 
combined with an interferometer stage or calibrated with a traceable artifact, it has been validated as a 
reference method for ensuring material conformity and establishing traceability for nanoparticle size 
measurements. spICP-MS performs particle-by-particle detection on very dilute suspensions of 
nanoparticles (<108 L–1) by operating in time-resolved mode with short integration times. Under such 
conditions, nanoparticles are identified as transient signal pulses superimposed on the steady-state 
background. The direct determination of PNC, i.e., PNCdirect, for a nanoparticle suspension is achieved by 
counting the number of acquired particle events per volume of solution introduced into the ICP-MS. The 
signal intensity of each pulse is proportional to the mass of each individual nanoparticle which can be 



translated into a size, thereby also yielding a size distribution for the nanoparticle suspension from which 
the PNCAMV can be independently calculated. 

Accurate calibration of the fraction of the introduced sample that is transported to the plasma, termed 
transport efficiency, is required for accurate spICP-MS measurement of PNCdirect and particle size. In this 
case, the transport efficiency was determined by the particle frequency method18 using NIST RM 8013 as 
the calibration standard. Its PNC calibration value was computed via Eq. 2 (PNCAMD) in our previous 
works,17,24 using the knowledge of the total mass fraction, the consensus spherical-equivalent mean size 
of the sample, and the density of the particle.  

In this work, we correct the PNCAMD calibration value for NIST RM 8013 that was used for determining 
transport efficiency for the spICP-MS PNCdirect measurements by applying the correction factor from Eq. 5 
using the CV calculated from the particle size distribution contained in the Certificate of Analysis.35 The 
corrected PNC value is used to re-calculate the PNCdirect values from the previously published spICP-MS 
measurements.17 It is only a 2 % correction for this relatively narrow-distribution reference material. 
Table 1 shows the resulting PNCdirect values and the PNCAMV values derived from the corresponding spICP-
MS and HR-SEM size distribution measurements.31 

 

Table 1: Comparison of the PNCdirect values measured by spICP-MS and the PNCAMV values derived from 
size distributions measured independently by spICP-MS and by HR-SEM,31 for selected gold nanoparticle 
suspensions of different sizes and coatings. For details see Ref. 17. The combined value, PNCavg, of the 
three PNC measurements is also presented. Relative uncertainties, u, are 1σ, and represent Type A 
repeatability only. 

 spICP-MS HR-SEM Combined Value 

 PNCdirect 
(L-1) 

u 
(%) 

PNCAMV 
(L-1) 

u 
(%) 

PNCAMV 
(L-1) 

u 
(%) 

PNCavg 
(L-1) 

u 
(%) 

RM 8012 (30 nm) 2.33E+14 1.5 2.28E+14 0.9 2.35E+14 0.4 2.32E+14 1.6 
30 nm PVP 2.15E+14 4.7 2.14E+14 1.4 2.36E+14 0.8 2.22E+14 5.8 
30 nm bPEI 1.99E+14 9.3 1.99E+14 1.5 1.91E+14 0.9 1.96E+14 2.3 
30 nm PEG 2.12E+14 6.1 1.91E+14 1.6 2.06E+14 1.1 2.03E+14 5.3 
RM 8013 (60 nm) 3.07E+13 1.3 3.00E+13 1.0 3.05E+13 0.6 3.04E+13 1.1 
60 nm PVP  2.63E+13 1.3 2.86E+13 1.7 2.72E+13 0.7 2.73E+13 4.3 
60 nm bPEI 1st lot 2.41E+13 4.6 2.67E+13 1.5 2.65E+13 1.0 2.58E+13 5.6 
60 nm bPEI 2nd lot 2.74E+13 5.8 2.91E+13 1.4 3.03E+13 0.7 2.90E+13 5.0 
60 nm PEG 1st lot 2.93E+13 1.4 2.94E+13 1.7 2.82E+13 1.5 2.90E+13 2.3 
60 nm PEG 2nd lot 2.60E+13 4.8 2.73E+13 1.5 2.55E+13 0.9 2.63E+13 3.5 
100 nm citrate 5.64E+12 6.7 5.88E+12 1.7 5.40E+12 0.8 5.64E+12 4.2 
100 nm PVP  4.59E+12 6.8 4.90E+12 1.6 5.01E+12 0.6 4.83E+12 4.5 
100 nm bPEI  4.83E+12 4.0 4.75E+12 1.3 4.74E+12 0.8 4.77E+12 1.0 
100 nm PEG  6.20E+12 1.5 5.75E+12 1.6 6.69E+12 1.3 6.21E+12 7.6 

 



The measurements of the three PNC values are based on different analytical and instrumental principles, 
and are considered independent. We combine the values by averaging, PNCavg, also shown in Table 1. 
Fig. 4 illustrates the relative deviation of PNCdirect and PNCAMV derived from spICP-MS and HR-SEM size-
distribution measurements with respect to PNCavg.  

What is clear from Fig. 4 is that across this set of sample measurements there is no statistically meaningful 
bias between these three different independent ways of determining PNC. The mean deviations from 
PNCavg of the three PNC determinations are only -1.1 %, 0.1 %, and 1.1 % for PNCdirect, spICP-MS PNCAMV, 
and HR-SEM PNCAMV, respectively; these are well within the standard deviations of each set, which are 
3.1 %, 3.7 % and 3.7 %. It appears that there are unknown effects that are causing the PNC measurements 
of the individual suspensions—using any of the three methods—to deviate from the actual measurand by 
more than the observed statistical variation of the individual suspension measurements. Interestingly, 
whatever these unknown effects are, they seem to vary randomly between particle types within this set 
of measurements such that none of the methods measure meaningfully higher or lower than the others 
on average. 

In contrast to the statistical agreement among the PNCAMV and PNCdirect measurements for the gold 
nanoparticle suspensions within the set, if we compare the PNCAMD values to PNCdirect, they are on average 
6.7 % and 6.1 % larger for the spICP-MS and HR-SEM measurements, respectively. These are statistically 
meaningful biases and reinforce the benefit of correctly using the AMV to calculate PNC instead of using 
the AMD-based volume. Moreover, a similar trend is observed when restricting to only the spICP-MS data 
where the use of the AMV as compared to AMD-based volume in the PNC calculations reduces the bias 
with respect to PNCdirect from a mean value of 6.7 % to 1.3 %. 

 



  

Figure 4: Plot of the relative deviations of PNCdirect and PNCAMV derived from spICP-MS and HR-SEM 
size distribution measurements with respect to the combined value, PNCavg, for a set of gold 
nanoparticle samples. Uncertainty bars represent 1σ measurement repeatability, as in Table 1. Green 
boxes represent ±σ for the average of the three component values to guide the eye. 

 

Real-world Applications  

All of the nanoparticle examples we have discussed so far have been polystyrene reference materials or 
typical commercially available metallic nanoparticles, both of which usually exhibit relatively narrow size 
distributions. For many product and environmental samples, the nanoparticle suspension has a much 
broader size distribution such that the PNC error from using the AMD-derived volume instead of the 
AMV can be substantially greater. As an example, silicon dioxide powder is a common anticaking food 
additive that has attracted attention recently because of the possible presence of nanoparticles that 
could potentially have negative health effects.36 Figure 5 shows the particle size distribution of a typical 
SiO2 product received from a commercial supplier as measured by spICP-MS after suspension in water. 
Numerical analysis of the full distribution yields a mean of 344 nm with a CV of 0.32 and a skewness of 
2.0. Using the AMD-derived volume instead of the AMV to calculate PNC results in a 36 % error. 
However, the CV-based correction of Eq. 5 reduces the error significantly to 4.8 % despite the large 
skew. 
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Figure 5: SiO2 particle size distribution as received from manufacturer, measured by spICP-MS after 
suspension in water. (Data replotted from Ref. 36.) 

 

Our focus in this work is only on how the choice of size-distribution averaging method affects the 
derivation of PNC from a known mass concentration, but it is worth acknowledging that there are a host 
of issues that can affect the size-distribution measurement itself.37 The SiO2 example nicely illustrates 
two that are prevalent and significant. The first has to do with the tendency of particle samples to 
agglomerate, whether in suspension or during sample preparation prior to analysis. Electron microscopy 
images included in the referenced work show substantial agglomeration corresponding to the long tail 
of larges seen in Fig. 5, since spICP-MS regards each of these agglomerates as a single entity. Using other 
counting rules as proposed in Ref. 38, including counting each primary particle within the agglomerates, 
would yield a vastly different size distribution and PNC result. This highlights the critical impact of the 
measurand definition on the measurement results. Another issue illustrated by this example is the size-
sensitivity difference between measurement techniques. The electron microscopy images show that the 
primary particles comprising the agglomerates have a diameter of about 30 nm. Isolated primary 
particles are rare even after sonication and filtering, nevertheless, it appears that there may be a 
significant population of agglomerates that are smaller than 100 nm which could be of key interest with 
respect to the EU definition of a nanomaterial.39 These smaller-size agglomerates are below the SiO2 
detection-size threshold for spICP-MS. They are also invisible to dynamic light scattering (DLS) 
measurements since their scattered-light signal is overwhelmed by the larger agglomerates. Clearly, if 
these smaller particles were measured and included in the size distribution, they could have a marked 
effect on the inferred PNC. Unfortunately, many nanoparticle studies in the literature do not address 
these size-distribution measurement challenges. A frequent default is to rely on distributional 
representations derived from DLS measurements alone, which are prone to large errors due to a variety 
of issues as we have previously shown in detail.40 
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Conclusions 

Historically in the literature, different mean-volume calculation methods have frequently been used for 
deriving the PNC from the total mass concentration without rigorous justification, the AMD-based volume 
approach being the most common. We have shown instead that the arithmetic mean of the individual 
particle volumes, AMV, is the correct way to account for the fact that particle samples always have a 
distribution of sizes. This is significant because the error in using PNCAMD instead of PNCAMV can be quite 
large for broader distributions, reaching nearly 20 % for a normal distribution with a CV of 0.25, and more 
than 35 % for a commercial product example having a highly skewed distribution and a CV of 0.32. 

To demonstrate the application of the AMV-based PNC, we compared PNCAMV values derived from 
measured spICP-MS and HR-SEM size distributions with PNCdirect spICP-MS measurement values for a set 
of 14 gold nanoparticle suspensions of varying particle sizes and surface coatings. Reassuringly, no 
consistent method-correlated biases were seen. However, inconsistent variability between methods for 
the different individual suspensions was observed, pointing to unknown and unstable sources of bias that 
limit the confidence in both the derived and direct PNC measurements to about ±5 % for any specific 
suspension within this set of samples. Continued research into the sources of bias and general lack of 
consistency for PNC measurement methods is needed if lower uncertainty is to be reliably obtained. 

A limitation in calculating PNCAMV is that it requires accurate knowledge of the complete particle size 
distribution, which is often not available. We have derived an equation that exactly corrects PNCAMD to 
PNCAMV for normal distributions with known AMD and CV. In addition, since the skew dependence of the 
PNCAMD error is small, the general use of this same CV-only based correction factor, even when the shape 
of the particle distribution is unknown, will typically correct PNCAMD to within 3 % of PNCAMV for most 
monomodal distributions with CV less than 0.35. This covers the great majority of nanoparticle 
suspensions encountered in our experience. We therefore strongly advocate for the general use of this 
correction to PNCAMD whenever the complete particle-size distribution is not available. 

The derivation described in this paper using AMV to calculate PNC has the potential to increase the quality 
of PNC measurements wherever they are used in nanotechnology applications by correcting a key bias 
frequently encountered in current practice. Accurate determination of the PNC is of critical importance in 
many contexts such as nanomedicine dosing, or nanomaterial and nanoplastic contamination and toxicity 
testing. Application of the PNCAMV also offers a new quality control metric for spICP-MS measurements; if 
PNCdirect and PNCAMV values are not in agreement, an unknown source of bias is implied that should be 
investigated. Furthermore, this comparison could provide an indicator of the technical proficiency for 
each participant in an interlaboratory comparison. Progress in reducing the difference between PNCdirect 
and PNCAMV will help improve concordance in interlaboratory comparisons and support the development 
of low-uncertainty PNC-certified reference materials. 

 

  



Acronyms and Variables 

Acronym Definition 
AMD arithmetic mean diameter 
AMV arithmetic mean volume 
bPEI branched polyethylenimine 
CV coefficient of variation 
HMV harmonic mean volume 
HR-SEM high-resolution scanning electron microscopy 
PDF probability density function 
PEG polyethylene glycol 
PNC particle number concentration 
PVP polyvinylpyrrolidone 
RM reference material 
spICP-MS single particle inductively coupled plasma mass spectroscopy 
SRM standard reference material 
TMC total mass concentration 

 

Variable Definition 
C total mass concentration of the particle material 

CV coefficient of variation of distribution, �𝜎𝜎
𝜇𝜇
� 

γ1 
skewness of distribution (aka standardized third moment), m3 /m23/2, 
where m3 = (1/N) ∑(xi−x̅)3  and  m2 = (1/N) ∑(xi−x̅)2 

𝜅𝜅 correction factor for the AMD-based PNC 

𝜇𝜇 arithmetic mean of distribution 

N total number of particles 

PNC particle number concentration 

𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 PNC calculated from C , using 𝑉𝑉𝑠𝑠̅ as the particle volume 

𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 PNC calculated from C , using 𝑉𝑉�𝐴𝐴 as the particle volume 

𝑃𝑃𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 PNC derived from counting events in spICP-MS 

𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 PNC derived from counting events in spICP-MS 

𝑃𝑃𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 PNC calculated as a harmonic mean of individual particle PNCs, 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 

𝑃𝑃𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 PNC calculated from C, using 𝑉𝑉�𝐻𝐻 as the particle volume 

ρ particle density 

si spherical-equivalent-volume diameter of the ith particle 

𝑠̅𝑠 arithmetic mean diameter of the particles, (1
𝑁𝑁
∑ 𝑠𝑠𝑖𝑖) 

V particle volume 

Vi volume of the ith particle 



Variable Definition 

𝑉𝑉�𝐴𝐴 arithmetic mean volume of the particles, (1
𝑁𝑁
∑𝑉𝑉𝑖𝑖) 

𝑉𝑉�𝐻𝐻 harmonic mean volume of the particles, �1
𝑁𝑁
∑ 1
𝑉𝑉𝑖𝑖
�
−1

 

𝑉𝑉𝑠𝑠̅ volume of a particle having arithmetic-mean-diameter size, [𝜋𝜋
6

(𝑠̅𝑠)3] 

 

Acknowledgements 

We thank B. Toman (NIST) for assistance with statistical analysis. This project was supported, in part, by 
the NIST Circular Economy Program. 

 

References 

1. Kah, M.; Tufenkji, N.; White, J. C., Nano-enabled strategies to enhance crop nutrition and protection. 
Nature Nanotechnology 2019, 14 (6), 532-540. 

2. Besinis, A.; De Peralta, T.; Tredwin, C. J.; Handy, R. D., Review of Nanomaterials in Dentistry: 
Interactions with the Oral Microenvironment, Clinical Applications, Hazards, and Benefits. Acs Nano 
2015, 9 (3), 2255-2289. 

3. Petersen, E. J.; Pinto, R. A.; Shi, X. Y.; Huang, Q. G., Impact of size and sorption on degradation of 
trichloroethylene and polychlorinated biphenyls by nano-scale zerovalent iron. Journal of Hazardous 
Materials 2012, 243, 73-79. 

4. Simon, C. G.; Borgos, S. E.; Calzolai, L.; Nelson, B. C.; Parot, J.; Petersen, E. J.; Roesslein, M.; Xu, X.; 
Caputo, F., Orthogonal and complementary measurements of properties of drug products 
containing nanomaterials. Journal of Controlled Release 2023, 354, 120-127. 

5. FDA, Drug Products, Including Biological Products, that Contain Nanomaterials: Guidance for 
Industry. 2022. 

6. Epstein, H.; Afergan, E.; Moise, T.; Richter, Y.; Rudich, Y.; Golomb, G., Number-concentration of 
nanoparticles in liposomal and polymeric multiparticulate preparations: Empirical and calculation 
methods. Biomaterials 2006, 27 (4), 651-659. 

7. Zazzera, L.; Mader, B.; Ellefson, M.; Eldridge, J.; Loper, S.; Zabasajja, J.; Qian, J., Comparison of Ceria 
Nanoparticle Concentrations in Effluent from Chemical Mechanical Polishing of Silicon Dioxide. 
Environmental Science & Technology 2014, 48 (22), 13427-13433. 

8. Brown, S. C.; Boyko, V.; Meyers, G.; Voetz, M.; Wohlleben, W., Toward Advancing Nano-Object 
Count Metrology: A Best Practice Framework. Environmental Health Perspectives 2013, 121 (11-12), 
1282-1291. 

9. Commission, E., 2022/C 229/01: Commission Recommendation of 10 June 2022 on the definition of 
nanomaterial. C/2022/3689, OJ C 229, 14.6.2022, p. 1–5. 2022. 

10. Petersen, E. J.; Goss, G. G.; von der Kammer, F.; Kennedy, A. J., New guidance brings clarity to 
environmental hazard and behaviour testing of nanomaterials. Nature Nanotechnology 2021, 16 (5), 
482-483. 



11. Petersen, E. J.; Ceger, P.; Allen, D. G.; Coyle, J.; Derk, R.; Garcia-Reyero, N.; Gordon, J.; Kleinstreuer, 
N. C.; Matheson, J.; McShan, D.; Nelson, B. C.; Patri, A. K.; Rice, P.; Rojanasakul, L.; Sasidharan, A.; 
Scarano, L.; Chang, X., U.S. federal agency interests and key considerations for new approach 
methodologies for nanomaterials. ALTEX - Alternatives to animal experimentation 2022, 39 (2), 183-
206. 

12. Kennedy, A. J.; Hull, M. S.; Diamond, S.; Chappell, M.; Bednar, A. J.; Laird, J. G.; Melby, N. L.; 
Steeyens, J. A., Gaining a Critical Mass: A Dose Metric Conversion Case Study Using Silver 
Nanoparticles. Environmental Science & Technology 2015, 49 (20), 12490-12499. 

13. Minelli, C.; Bartczak, D.; Peters, R.; Rissler, J.; Undas, A.; Sikora, A.; Sjöström, E.; Goenaga-Infante, H.; 
Shard, A. G., Sticky Measurement Problem: Number Concentration of Agglomerated Nanoparticles. 
Langmuir 2019, 35 (14), 4927-4935. 

14. Montoro Bustos, A.; Pettibone, J.; Murphy, K., Chapter 2. Characterization of Nanoparticles: 
Advances. In 2019; pp 37-83. 

15. Minelli, C.; Wywijas, M.; Bartczak, D.; Cuello-Nuñez, S.; Goenaga Infante, H.; Deumer, J.; Gollwitzer, 
C.; Krumrey, M.; Murphy, K.; Johnson, M.; Montoro Bustos, A.; Strenge, I.; Faure, B.; Hoghoj, P.; 
Tong, V.; Burr, L.; Norling, K.; Höök, F.; Roesslein, M.; Shard, A., Versailles project on advanced 
materials and standards (VAMAS) interlaboratory study on measuring the number concentration of 
colloidal gold nanoparticles. Nanoscale 2022, 14. 

16. DeRose, P. C.; Benkstein, K. D.; Elsheikh, E. B.; Gaigalas, A. K.; Lehman, S. E.; Ripple, D. C.; Tian, L.; 
Vreeland, W. N.; Welch, E. J.; York, A. W.; Zhang, Y.-Z.; Wang, L., Number Concentration 
Measurements of Polystyrene Submicrometer Particles. Nanomaterials 2022, 12 (18), 3118. 

17. Laborda, F.; Jimenez-Lamana, J.; Bolea, E.; Castillo, J. R., Critical considerations for the determination 
of nanoparticle number concentrations, size and number size distributions by single particle ICP-MS. 
Journal of Analytical Atomic Spectrometry 2013, 28 (8), 1220-1232. 

18. Montoro Bustos, A. R.; Murphy, K. E.; Winchester, M. R., Evaluation of the Potential of Single Particle 
ICP-MS for the Accurate Measurement of the Number Concentration of AuNPs of Different Sizes and 
Coatings. Analytical Chemistry 2022, 94 (7), 3091-3102. 

19. Pace, H. E.; Rogers, N. J.; Jarolimek, C.; Coleman, V. A.; Higgins, C. P.; Ranville, J. F., Determining 
Transport Efficiency for the Purpose of Counting and Sizing Nanoparticles via Single Particle 
Inductively Coupled Plasma Mass Spectrometry. Analytical Chemistry 2011, 83 (24), 9361-9369. 

20. Geiss, O.; Bianchi, I.; Bucher, G.; Verleysen, E.; Brassinne, F.; Mast, J.; Loeschner, K.; Givelet, L.; 
Cubadda, F.; Ferraris, F.; Raggi, A.; Iacoponi, F.; Peters, R.; Undas, A.; Müller, A.; Meinhardt, A.-K.; 
Hetzer, B.; Gräf, V.; Montoro Bustos, A. R.; Barrero-Moreno, J., Determination of the Transport 
Efficiency in spICP-MS Analysis Using Conventional Sample Introduction Systems: An Interlaboratory 
Comparison Study. Nanomaterials 2022, 12 (4), 725. 

21. Dudkiewicz, A.; Boxall, A. B. A.; Chaudhry, Q.; Mølhave, K.; Tiede, K.; Hofmann, P.; Linsinger, T. P. J., 
Uncertainties of size measurements in electron microscopy characterization of nanomaterials in 
foods. Food Chemistry 2015, 176, 472-479. 

22. Meermann, B.; Nischwitz, V., ICP-MS for the analysis at the nanoscale – a tutorial review. Journal of 
Analytical Atomic Spectrometry 2018, 33 (9), 1432-1468. 

23. Laborda, F.; Gimenez-Ingalaturre, A. C.; Bolea, E., Chapter Two - Single-particle inductively coupled 
plasma mass spectrometry for the analysis of inorganic engineered nanoparticles: Metrological and 



quality issues. In Comprehensive Analytical Chemistry, Milačič, R.; Ščančar, J.; Goenaga-Infante, H.; 
Vidmar, J., Eds. Elsevier: 2021; Vol. 93, pp 35-67. 

24. Resano, M.; Aramendía, M.; García-Ruiz, E.; Bazo, A.; Bolea-Fernandez, E.; Vanhaecke, F., Living in a 
transient world: ICP-MS reinvented via time-resolved analysis for monitoring single events. Chemical 
Science 2022, 13 (16), 4436-4473. 

25. Shang, J.; Gao, X., Nanoparticle counting: towards accurate determination of the molar 
concentration. Chemical Society Reviews 2014, 43 (21), 7267-7278. 

26. Petersen, E. J.; Bustos, A. R. M.; Toman, B.; Johnson, M. E.; Ellefson, M.; Caceres, G. C.; Neuer, A. L.; 
Chan, G.; Kemling, J. W.; Mader, B.; Murphy, K.; Roesslein, M., Determining what really counts: 
modeling and measuring nanoparticle number concentrations. Environmental Science-Nano 2019, 6 
(9), 2876-2896. 

27. Vogel, R.; Savage, J.; Muzard, J.; Della Camera, G.; Vella, G.; Law, A.; Marchioni, M.; Mehn, D.; Geiss, 
O.; Peacock, B.; Aubert, D.; Calzolai, L.; Caputo, F.; Prina-Mello, A., Measuring particle concentration 
of multimodal synthetic reference materials and extracellular vesicles with orthogonal techniques: 
Who is up to the challenge? Journal of Extracellular Vesicles 2021, 10 (3), e12052. 

28. DeLoid, G. M.; Cohen, J. M.; Pyrgiotakis, G.; Demokritou, P., Preparation, characterization, and in 
vitro dosimetry of dispersed, engineered nanomaterials. Nature Protocols 2017, 12 (2), 355-371. 

29. Wen, C.-Y.; Tang, M.; Hu, J.; Wu, L.-L.; Pang, D.-W.; Zeng, J.-B.; Li, X.-Y., Determination of the 
Absolute Number Concentration of Nanoparticles and the Active Affinity Sites on Their Surfaces. 
Analytical Chemistry 2016, 88 (20), 10134-10142. 

30. Reipa, V.; Purdum, G.; Choi, J., Measurement of Nanoparticle Concentration Using Quartz Crystal 
Microgravimetry. Journal of Physical Chemistry B 2010, 114 (49), 16112-16117. 

31. Montoro Bustos, A. R.; Purushotham, K. P.; Possolo, A.; Farkas, N.; Vladár, A. E.; Murphy, K. E.; 
Winchester, M. R., Validation of Single Particle ICP-MS for Routine Measurements of Nanoparticle 
Size and Number Size Distribution. Analytical Chemistry 2018, 90 (24), 14376-14386. 

32. NIST, SRM 1964; Polystyrene Spheres (Nominal Diameter 60 nm). 
[https://tsapps.nist.gov/srmext/certificates/archives/1964.pdf]. 2022. 

33. NIST, SRM 1963; Polystyrene (Nominal 0.1 µm Diameter Polystyrene Spheres). 
[https://tsapps.nist.gov/srmext/certificates/archives/1963.%20Aug%2025,%202003.pdf]. 2003. 

34. Mulholland, G. W.; Duelge, K. J.; Hackley, V. A.; Farkas, N.; Kramar, J. A.; Zachariah, M. R.; Takahata, 
K.; Sakurai, H.; Ehara, K., Measurement of 100 nm monodisperse particles by four Accurate 
methods: Traceability and uncertainty. Aerosol Science and Technology 2024, 58 (3), 323-333. 

35. NIST, Reference Material® 8013 Gold Nanoparticles, Nominal 60 nm Diameter. Technology, N. I. o. S. 
a., Ed. Gaithersburg, MD, 2015. 

36. Khan, S. A.; E., J. M.; S., K. M.; R., M. B. A.; A., R. S.; H., S. I.; E., M. K.; and Croley, T. R., 
Characterization of nanoparticles in silicon dioxide food additive. Food Additives & Contaminants: 
Part A 2024, 41 (1), 9-21. 

37. Rauscher, H.; Mech, A.; Gibson, N.; Gilliland, D.; Held, A.; Kestens, V.; Koeber, R.; Linsinger, T. P. J.; 
Stefaniak, E. A., Identification of nanomaterials through measurements – Points to consider in the 
assessment of particulate materials according to the European Commission’s Recommendation on a 
definition of nanomaterial, Publications Office, https://data.europa.eu/doi/10.2760/053982. 2019. 

https://tsapps.nist.gov/srmext/certificates/archives/1964.pdf
https://tsapps.nist.gov/srmext/certificates/archives/1963.%20Aug%2025,%202003.pdf
https://data.europa.eu/doi/10.2760/053982


38. Bresch, H.; Hodoroaba, V.-D.; Schmidt, A.; Rasmussen, K.; Rauscher, H., Counting Small Particles in 
Electron Microscopy Images—Proposal for Rules and Their Application in Practice. Nanomaterials 
2022, 12 (13), 2238. 

39. European Commission, 2011/696/EU: Commission Recommendation of 18 October 2011 on the 
definition of nanomaterial. Legis., O. J. E. C., Ed. 2011; Vol. 275, pp 38-40. 

40. Farkas, N.; Kramar, J. A., Dynamic light scattering distributions by any means. Journal of 
Nanoparticle Research 2021, 23 (5), 120. 

 


