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Calibration of spICP-MS for NP size determination

For the size determination of AUNP samples, a response factor, expressed in counts per ng
of Au, was established from the signal intensities measured for RM 8013, used as a calibration
standard.® In addition, RM 8013 is a well-suited calibration standard for sizing purposes
because its particle mass falls in the middle of the range of masses of the materials analyzed in
this study, which minimizes potential nonlinear responses. Assuming that AuNPs are spherical,
solid, and have the density of bulk gold, and the various samples exhibit a similar response in
the plasma to RM 8013, the corresponding mass of each particle event was calculated via the
measured response factor and converted to particle size by eq S1:

1

_ INP unk— Idiss unk— Ibik 3
dNPunk_(I . — X dyprm X Rep (S1)
NP RM diss RM blk

where dnp unk (M) is the diameter of the particle in the sample, dne rv (NM) is the diameter of
the particle in the standard, Inp unkand Ine rm (Counts) are the intensity of the particle events for
the sample and for the standard, respectively, ldissunk @nd laiss rm (CoOunts) are the intensity of the
dissolved background for the sample and for the standard, respectively (note that lgiss =
Ibackground — Ibink Where Inackground iS all signal not identified as a particle event), Iy (counts) is
the intensity for the water blank, and Rep is the repeatability factor that represents the within
laboratory repeatability of spICP-MS measurements, defined as the standard error of the
measurements for n independent experiments.® In this project, the repeatability factor
represents the variability of PNCuirect for the analysis of RM 8012 across 15 independent
experiments conducted more than four years apart. Rep is expressed as a relative standard error
and so is unitless. It is incorporated into eq S1 and S3 as a component with a value, x; of 1 and
u(xi) = (s/sqrt(n))/mean*100). Note that for the determination of the particle size and PNC of

RM 8013, RM 8012 was used as a calibration standard. In this case, the consensus value for
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particle size derived from seven different single particle and ensemble sizing techniques listed
in the NIST Reports of Investigation (ROIs)>? applied to either RM 8013 or RM 8012,

computed using the NIST “Consensus Builder” (https://consensus.nist.gov)*®, were used as

particle diameters (dnp rv) for calibration purposes. This consensus value was 55.6 nm, with
an associated standard uncertainty of 0.25 nm for RM 8013, and 26.8 nm, with associated

standard uncertainty of 0.51 nm for RM 8012.

Transport efficiency determination

The transport efficiency, defined as the ratio of the amount of analyte entering the plasma to
the amount aspirated, is a crucial parameter for the correct particle size and number
determination in spICP-MS. Transport efficiency was determined daily using freshly diluted
AuNP suspensions of NIST RM 8013 via particle frequency method,® which is denoted as #n.
The #n calculates the ratio of the number of detected particles to the theoretical number of

particles delivered to the ICP-MS by eq S2:

My = Nnp RM (82)

diiq X taqX PNCry

where #n is the transport efficiency, Nnp rw is the number of observed particle events for the
calibration standard, giiq (g min) is the sample uptake rate, tag (min) is the time of acquisition,
and PNCrwm (L) is the derived particle number concentration of the gravimetrically diluted

calibration standard suspension using eq 3.

Uncertainty Analysis for the determination of PNCairect

For purposes of computing the combined uncertainty of PNCuirecr, €q S2 and eq 3 were
substituted into eq 2 to form the final measurement equation for the spICP-MS measurement

of PNClirect:
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Nnp X 6 X Cs rm X Qliq RM X tag RM .
PNCyirect = - = = X Dil. F X Rep (83)
Nnp pM X Qi X tagX 1E7*8 X dyp gy™ X Dil.Fry X T Xp

where PNCuirect (L) is the target particle number concentration of the sample in the working
suspension, Nne and Nnp zy are the number of observed particle events for the sample and for
the standard, Cs is the Au mass fraction of the standard (ug-g™), giiq and giiqrm (g min™) are the
sample uptake rates for the sample and for the standard, taq and tagrm (min) are the times of
acquisition for the sample and the standard, dyp ris (nm) is the diameter of the particle in the
standard,  is pi, p is the density of the particle (g-cm™), and Dil.F and Dil.Frwm are the dilution
factors of stock suspension for the sample and for the standard. Rep is the repeatability factor
that represents the variability of spICP-MS, defined as the standard error of the measurements
for n independent experiments. Incomplete ionization of Au in the ICP was not included as a
source of uncertainty because a similar behavior between the calibration standard and samples,

analyzed under the same experimental conditions, was assumed.
Determination of Au mass fraction by conventional ICP-MS.

A Thermo Electron X Series X7 quadrupole ICP-MS was used for ICP-MS measurements.
Samples were introduced into the ICP torch using a Quartz C-type nebulizer and impact bead
spray chamber cooled to 2 °C. SRM 3140 Platinum Standard Solution and SRM 3124a Indium
Standard Solution were used as internal standards for the determination of the total Au mass
fraction. Total gold mass fraction was determined in triplicate after digestion of 0.5 g of the
AuNP stock suspensions with a mixture of 0.15 mL of nitric and 1.5 mL of hydrochloric acids.
After 1 hour, the mixtures were diluted with 45 mL of an internal standard solution containing
Pt and In each at 1 ng g in 1.5 % HNOs. Subsequently, 0.063 mL of the diluted samples were
added to 14 mL of the internal standard solution. lonic Au calibration standards were prepared
by serial dilution to range in mass fraction from 0.1 ng g ' to 5 ng ¢! Au (n=6) using the

internal standard solution. Procedural blanks (0.5 g of ultrapure water, n=10), calibration
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standards and sample digestions were analyzed by ICP-MS using a 0.45 mL min™' sample flow
rate and continuous data acquisition. Signal intensities at mass to charge (m/z) 115, 195, and
197 were measured at 10 ms dwell time per isotope. Three blocks of data, each 60 s in duration,

were acquired per sample, and the mean intensities were used for computations.

Analytical performance of spICP-MS for the determination of PNC for NIST RM 8012
and RM 8013: linearity, limit of detection and precision of multiple-point calibration, and

comparability with analyte transport efficiency determination

In spICP-MS analysis, very dilute suspensions of NPs are introduced into the ICP-MS
instrument, such that statistically only one NP at a time enters the plasma. In these conditions,
NP information appears as signal spikes superimposed on the steady state signal of the
dissolved analyte. The fundamental assumption behind spICP-MS theory is that each pulse
represents a single particle event.” Thus, the number of events counted is proportional to PNC
(eq 2), which is only valid for low number concentrations that guarantee the detection of one
NP per reading. The use of high number concentrations introduces a bias from the linear
relationship between the number of events and PNC as a consequence of an increase of the

probability of particle coincidence.®

The relationship between the number of events experimentally obtained by spICP-MS and
the expected PNC concentration derived using the Au concentration and consensus particle
size from ROI?® was initially assessed using a multiple-point calibration for both NIST RM
AUNPs with 7 different concentration levels (Figure S-1). Expected PNC concentration ranged
over almost two orders of magnitude, from 5 x 10° L™ to 3.5 x 107 L. Calibration using RM
8013 resulted in a slightly steeper slope (dotted line, Mrmso13 = 4.80 X 10° + 0.10 x 10°° events

L, R? =0.9979) and a slightly better coefficient of determination compared to calibration using
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RM 8012 (dashed line, mrm so12 = 4.59 x 10° + 0.13 x 10° events L, R? = 0.9959). The
difference of the slopes was 4.3 %, which indicates similar behavior of both NIST RM
suspensions at the measured PNC levels. In fact, slopes of the calibration plots obtained from
both NIST RMs were statistically similar, which confirms that the linear relationship between
the number of events and expected PNC is independent of the particle diameter. The agreement
between the slopes also indicate that the Au mass fraction and consensus particle diameter of
each material, used to compute the derived PNC, reliably represent these two paramaters.
Overall, linearity between the number of events and the expected PNC was confirmed across
the range of concentrations of the working suspensions. Besides high homogeneity, high
stability, and the negligible presence of unbound Au,?® the good linearity achieved also shows

the absence of coincident particle events.

The counting of NP events can be assimilated to an ideal Poisson counting process with zero
blank, whose signal detection limit, based on the Currie Poisson-Normal approximation,® is
associated with the capability of counting three NP events when no NP events are detected in
a well-known procedural blank.® Thus, considering the slopes of the calibration plots, listed
above, a limit of detection for PNC of 6.5 x 10* L™* was obtained under the experimental
conditions used in this work. This value is very similar to others reported in the literature when

the time of analysis is adjusted.'%

Precision of the PNC determination depends on the number of events counted. Using the
acquisition conditions indicated in the Instrumentation section, relative standard deviations of
1.5% (n = 9) were obtained for RM 8013 at 1.5 x 10’ L', which entailed counting a total of

8500 events.
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The most popular approach used in the literature for the determination of PNC by spICP-MS
relies on the calculation of the analyte transport efficiency (eq S1). Between the different
methods available for the calculation of transport efficiency, such as the particle size,® and the
recently introduced dynamic mass flow approach,'? the particle frequency method has been
more extensively applied for the determination of PNC.® The last one is generally preferred
over multi-point calibration, typically used to evaluate the linear relationship between the
number of events and the number concentration, because it is a simplified version of the former
that can be considered as a calibration with just one standard without compromising the
uncertainty associated with the results.® For the evaluation of the capabilities of one-point
calibration, a PNC of 1.5 x 107 L' from Figure S-1 was selected considering excellent
precision and sufficient counting statistics. In case of RM 8013, the proportionality (or
response) factor of the number of events and PNC for one-point calibration only differed by
0.60 % from the slope of the multiple-point calibration. This excellent agreement suggests that
the selection of multiple-point or one-point calibration is not critical to achieve accurate
determinations of PNC, provided NP standards and samples are diluted to an appropriate PNC
to avoid coincident events. Note that to be sure that accurate results are obtained for unknown
samples with a single point calibration requires a priori information on the number
concentration or multiple runs until the proper dilution is achieved. This finding also justifies
that, for the rest of the experiments, the quantification of PNC was carried out based on the
more straightforward determination of the analyte transport efficiency (eq S1) and application

of eq 2.

The long-term intermediate precision of the determination of transport efficiency using the
frequency-based method was assessed for the analysis of RM 8012 and RM 8013 at a nominal

PNC of 1.5 x 10’ L™! in fifteen separate experiments conducted more than four years apart
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using the same sample introduction system. Transport efficiency values of 1.94 + 0.04 % and
1.85 £ 0.05 % were obtained using RM 8013, and RM 8012, respectively. Thus, measures of
transport efficiency and for the estimated expanded uncertainty, U, at the 95 % coverage
interval (95% C.I., < 3 % relative) yielded statistically similar results for both NIST RMs under
long-term intermediate precision conditions,*® which rules out any size dependent changes in
transport efficiency'* as well as degradation of the stock suspensions for these particular
materials. The average probability of particle coincidence among the number of particle events,
estimated by Poisson statistics,’® was 1.1 % under the experimental conditions, which is

considered appropriate to enable an accurate determination of PNC.

Considering the linear range, excellent long-term intermediate precision, together with an
effective mitigation of undesired particle coincidence while maintaining adequate particle
flow, a nominal PNC of 1.5 x 107 L™! was selected as the target concentration for the working
suspensions of AUNP RM 8013, for the determination of the transport efficiency, as well as for

all AUNP materials for the remainder of this study.
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TABLES

Table S-1. Properties of gold nanoparticles (AuNPs) analyzed in this study.

Diameter Hydrodynamic Al Mass pH of Particle
AUNPs a . Fraction, : Solvent
(TEM), nm Diameter, nm mg L™ solution Surface
NIST RM 27.6+21° 28.6 £0.9° 0.048 7.0 Sodium Citrate Milli-Q Water
8012, 30 nm
NISTRM 560405 56.6 & 1.4° 0.052 73 Sodium Citrate  Milli-Q Water
8013, 60 nm
30 nm PVP 20.7+26 44.2 0.050 8.7 PVP Milli-Q Water
30 nm bPEI 309+29 27.0 0.052 8.9 bPEI Milli-Q Water
30 nm PEG 32.7+£11.0 61.4 0.051 6.1 mPEG 5 kDa Milli-Q Water
60 nm PVP 55.9+79 92.3 0.054 5.9 PVP Milli-Q Water
60nmbPEl 637,73 79.1 0.052 8.9 bPEI Milli-Q Water
first lot
60NMDPEl 415461 74.6 0.053 7.7 bPEI Milli-Q Water
second lot
60NmPEG  g53.4103 96.5 0.053 6.0 MPEG 5kDa  Milli-Q Water
first lot
60NmMPEG 641469 717 0.050 5.8 MPEG 5kDa  Milli-Q Water
second lot
Aqueous 2mM
100 nm 104.0+ 13.1 108.0 0.052 8.1 Sodium Citrate | _
Citrate Citrate
100 nm PvP  100.0%7.4 130.0 0.052 5.9 PVP Milli-Q Water
100 nm bPEl  98.1+10.1 108.5 0.052 8.7 bPEI Milli-Q Water
100 nm PEG  104.7+145 134.8 0.054 5.7 mPEG 5 kDa Milli-Q Water

2Uncertainties correspond to one standard deviation, NPs analyzed n=100.

® Values indicate that the mean and uncertainties are the expanded uncertainty of the mean for 95% coverage, but only measurement repeatability was
accounted for, NPs analyzed n=4364 for RM 8012 and 3030 for RM 8013.

¢ Expressed as Dynamic Light Scattering at 173° scattering angle (backscatter).
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Table S-2. Instrument operating and data acquisition parameters for spICP-MS analysis

Instrument

Sample introduction

Type of Cones

RF power (W)

Plasma gas flow (L min™)
Aucxiliary gas flow (L min™)
Nebulizer gas flow (L min)
Sampling depth (mm)
Nominal sample flow rate
(mL min?)

Dwell time (ms)

Acquisition time (s)

Thermo Electron X Series X7 quadrupole ICP-MS
Quartz C-type concentric nebulizer, cooled (2 °C)
glass impact bead spray chamber

High sensitivity (Xs) nickel sampler and skimmer
1400

13.0

0.90

0.86

15

0.5

10
360
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Table S-3. Comparison between mean particle diameter, expressed as Huber estimates of

particle size location (or central tendency), by TEM (results provided by the supplier)?316

and results reported by HR-SEM! and spICP-MS! for NIST RM 8012 and 8013, and for

different commercial AuNPs, respectively.

TEM supplier HR-SEM diameter spICP-MS diameter

RM 8012 (nm) 27.0+0.1 27.0+0.1(3.2)2 27.2+0.1(0.8)?
NPs analyzed 4364 14745 5055

MAD (nm) 1.9 1.8 2.0

RM 8013 555+0.1 55.0+£0.1(3.6)® 54.1+0.1(7.6)?
NPs analyzed 3030 3137 5964

MAD (nm) 3.3 3.0 34

30 nm PVP (nm) 29.8+0.4 295+0.1(3.2)2 30.0+0.1(0.6)
NPs analyzed 137 4811 2705

MAD (nm) 2.4 2.1 2.4

30 nm bPEI (nm) 30.8+0.6 315+0.1(3.3)® 31.0+£0.2 (0.6)®
NPs analyzed 100 7255 1575

MAD (nm) 2.8 3.9 3.2

30 nm PEG (nm) 32.6 £0.6 29.9+0.1(3.2)2 30.6 0.1 (0.7)2
NPs analyzed 125 3985 2743

MAD (nm) 3.2 3.2 3.0

60 nm PVP (nm) 56.3+ 1.6 59.6 £0.2 (3.7)2 58.6 £ 0.4 (0.9)?
NPs analyzed 100 11515 1812

MAD (nm) 8.4 7.5 7.0

60 nm bPEI first lot (nm) 64.4+15 60.3+0.2(3.7)2 60.2+0.3(1.1)?
NPs analyzed 100 3236 1706

MAD (nm) 6.8 6.5 6.4

60 nm bPEI second lot (nm) 61.6+1.4 58.9+0.2(3.6)? 58.8+£0.3(1.2)?
NPs analyzed 100 6290 3920

MAD (nm) 4.7 6.3 8.7

60 nm PEG first lot (nm) 65.5+ 1.6 57.8+0.3(3.6)? 56.7£0.3(0.8)?
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NPs analyzed
MAD (nm)

60 nm PEG second lot (nm)
NPs analyzed

MAD (nm)

100 nm Citrate (nm)
NPs analyzed

MAD (nm)

100 nm PVP (nm)
NPs analyzed

MAD (nm)

100 nm bPEI (nm)
NPs analyzed

MAD (nm)

100 nm PEG (nm)

NPs analyzed
MAD (nm)

100
8.4

64.6 + 1.5

100
6.6

105.0+ 2.6

100
15.0

100.2+1.4

100
8.4

99.1+2.2

102
6.9

1055+ 2.8

125
141

2538
8.5

59.7+0.2 (3.7)°

6279
8.0

98.8+0.3 (4.5)°

6303
11.7

95.5 0.2 (4.4)*

7293
8.1

95.8+0.3 (4.4)°

5200
7.5

94.4 £0.4 (4.4)°

3007
12.8

2562
8.1

58.3+0.3 (2.9)°

3409
8.1

93.2+ 0.6 (2.0)°

2820
14.9

95.5+ 0.6 (3.5)°

1921
114

94.4 + 0.5 (2.5)*

2982
11.6

98.8+ 0.6 (3.8)°

2451
15.6

Values indicate the Huber estimates of particle-size location and the standard uncertainty associated with the Huber estimate.

aExpanded uncertainties associated with the spICP-MS and HR-SEM size determinations included a best estimate of known or suspected sources

of bias were included in the parenthetical uncertainty computation.
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Table S-4. Breakdown of uncertainty analysis for splCP-MS determination of PNCairect for NIST RM 8012. VValues for the input quantities

correspond to a representative splCP-MS determination of PNCiirect OF the fifteen experiments.

Source of uncertaint Quantity Standard Description Relative
y Value Uncertainty P Contribution (%)
Estimated standard uncertainty from the seven ROI- 43
Particle size consensus value for standard (dxp rm) (nm) 55.6 0.25 (B) reported diameter measurements for RM 80133 .
6 4 Estimated standard uncertainty of the gravimetrically 18
Dilution Factor of stock suspension for the sample (Dil.F) (g) 7.45x10° | 6.51 x 10*(B) measured sample dilution factor :
Relative standard error of the results forn =15 6.7
Measurement repeatability (Rep) 1 0.017 (A) experiments :
Standard uncertainty of three replicate measurements of
Number of observed events for the sample (Nnp) 551 27 (A) the number of particles 55.1
. . Combined standard uncertainty of the Au mass fraction
1
Au mass fraction of the standard (Cs) (kg 97) 51.86 0.32 (A) measurement for RM 8013 from the ROI3 0.9
. Standard uncertainty of three replicate measurements of
. 1
Sample uptake rate for the standard (qiigrm) (g min™) 0.582 0.00291 (A) the sample flow rate for RM 8013 0.6
. . . Standard uncertainty of the analysis time for three
Time of acquisition for the standard (taq rm) (Min) 1.66 0.0002 (A) replicates measurement of RM 8013 0.0
Standard uncertainty of three replicate measurements of
Number of observed events for the standard (Nnp rm) 522 19 (A) the number of particles for RM 8013 29.1
. Standard uncertainty of three replicate measurements of
. 1
Sample uptake rate for the sample (qiiq) (g min™) 0.582 0.00291 (A) the sample flow rate 0.6
. . . Standard uncertainty of the analysis time for three
Time of acquisition for the sample (tag) (Min) 1.66 0.0002 (A) replicates measurement of the sample 0.0
e . . 6 3 Estimated standard uncertainty of the gravimetrically
Dilution Factor of stock suspension for the standard (Dil.Frm) (@) | 1.05 x 10 7.23 x 10° (B) measured RM 8013 dilution factor 1.1
Density of the particles (p) (g cm™) 19.30 0.01 (B) Estimated standard uncertainty of the bulk density of Aut’ 0.0
MF Value, PNCiirec: RM 8012 (L) 2.24x 10"
Combined standard uncertainty, Uc (L) 1.5x 10"
Expanded k=2 uncertainty, U (L) 29x 10"
% Relative Expanded, U; 12.9 %

(A) and (B) correspond to Type A and Type B methods used for the evaluation of uncertainty.
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Table S-5. PNC values derived for NIST AuNP RMs based on the combination of Au
mass fraction?® with: (first column) the Huber estimates of particle size location (or

central tendency), or (second column) the full particle size distribution reported by TEM

(NIST ROI),2® HR-SEM,'and spICP-MS.!

Central Tendency (PNCpean)? Full PSD (PNClistribution)
RM 8012
Reported diameter (ROI)  2.48 x 10+ 0.28 x 10M L 2.63x 10" +0.31 x 10" L*°
HR-SEMP 242 x 10 +0.93 x 10* L 2.47 x 10" £ 0.94 x 10" L*
spICP-MSP 2.37x 10" +0.21 x 10ML* 2.76 x 10™ £ 0.29 x 10* L1
RM 8013
Reported diameter (ROI) 2.99 x 102 £ 0.09 x 1031 3.10x 108 +£0.13 x 103 Lt¢
HR-SEM® 3.08 x 10%3 + 0.61 x 10131 3.14 x 108 £ 0.62 x 108 L*
spICP-MSP 3.24 x 103 + 1.43 x 10831 3.37x 108+ 1.49 x 108 *

2 Assumes all analyte is present as spherical NPs of the central tendency diameter.

® Expanded uncertainties associated with the splCP-MS and HR-SEM size determinations included a best estimate of known or suspected sources
of bias.t

¢PNC derived from the full particle size distribution obtained by TEM (NIST Report of Investigation).2®

Listed uncertainties are based on a confidence interval, with the coverage factor, k = 2 corresponding to approximately 95 % confidence.
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Table S-6. Breakdown of uncertainty analysis associated with PNCyean for RM 8012 derived based on the combination of Au mass fraction

with the particle size consensus value,* and mean particle diameter reported by HR-SEM,! and spICP-MS.!

Report diameter (ROI):

Source of uncertaint Quantity Standard Description Relative
y Value Uncertainty P contribution (%0)
. . . Combined standard uncertainty of the Au mass fraction
Au mass fraction of the material (Cs) (ug g°) 48.17 0.17 (A) measurement for RM 8012 from the ROI? 0.4
. . . Estimated standard uncertainty from the seven ROI-
Particle size for the material (dp rv) (nm) 26.8 0.51 (B) reported diameter measurements for RM 80123 99.6
Density of the particles (p) (g cm™) 19.30 0.01 (B) Estimated standard uncertainty of the bulk density of Au!’ 0.0
MF Value, PNCpean RM 8012 (L) 2.48x 10
Combined standard uncertainty (L) 1.4x 10"
Expanded k=2 uncertainty (L) 2.8x 10"
% Relative Expanded, U, 11.3%
HR-SEM
. uantity Standard _— Relative
Source of uncertaint Q . Description . ;
y Value Uncertainty b contribution (%0)
. . i Combined standard uncertainty of the Au mass fraction
Au mass fraction of the material (Cs) (U9 g 1) 48.17 0.17 (A) measurement for RM 8012 from the ROI? 0.1
. . . Estimated standard tainty of the HR-SEM particl
Particle size for the material (dxp rm) (nm) 27.0 1.62 (B) shmate S;gn:te:?g;;;:é }EOC; RI\Z 2012 partiele 99.9
Density of the particles (p) (g cm™) 19.30 0.01 (B) Estimated standard uncertainty of the bulk density of Au'” 0.0
MF Vallle, PNCmean RM 8012 (L_l) 242 X 1014
Combined standard uncertainty (L) 47x 10"
Expanded k=2 uncertainty (L) 93x 10"
% Relative Expanded, U, 38.2%
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spICP-MS

Source of uncertainty Quantity Standa_rd Description Relat_ive
Value Uncertainty contribution (%0)

Au mass fraction of the material (Cs) (g g% 48.17 0.17 (A) Combinmeisizi?ergtl}giiﬁgglgf;?:n? ;l?gs&fraction 0.7

Particle size for the material (dxp ryv) (nm) 27.2 0.4 (B) Estimated St?;:fg:;ii;ﬁi:éyf;fglf/lsgéfi fMS particle 99.3

Density of the particles (p) (g cm™) 19.30 0.01 (B) Estimated standard uncertainty of the bulk density of Au! 0.0
MF Value, PNCean RM 8012 (L) | 2.37x 10
Combined standard uncertainty (L) 1.1x 10"
Expanded k=2 uncertainty (L) 2.1x 10"

% Relative Expanded, U; 8.9 %

(A) and (B) correspond to Type A and Type B methods used for the evaluation of uncertainty.
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Table S-7. Uncertainty budget for the calculation of the derived PNCmean 0f NIST RM

8012 and RM 8013. Consensus value derived from the seven measurement results listed

in the NIST ROIs?3 (first column), and the Huber estimates of particle size (or central

tendency) obtained by HR-SEM! (second column), and spICP-MS? (third column) for

NIST AuNP RMs were combined with Au mass fraction?2 to derive PNCnmean.

Report diameter (roi) HR-SEM SpICP-MS
(PNCmean (PNCmean (PNCmean
For NIST RM 8012: 2.48 x 10* L) 2.42 x 10* L) 2.37 x 10* L)
Source of uncertainty R.elat.ive l?elat.ive lfelat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 0.4 <0.0 0.6
Particle size for the material (dxp rRm) 99.3 96.9 99.2
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.3 3.2 0.3
Combined standard uncertainty (L) 1.4 x 108 Lt 47 x 108 L1 1.1x108 Lt
Expanded k=2 uncertainty (L") 2.8x10% L 9.3x 108 L1 2.1x108% Lt
Report diameter (ro) HR-SEM spICP-MS
(PNCmean (PNCmean (PNCmean
For NIST RM 8013: 2.99 x 108 L) 3.08 x 1053LY) 3.24 x 1088L1)
Source of uncertainty R.elat.ive lfelat.ive R.elat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 17.2 0.4 0.1
Particle size for the material (dnp rRm) 82.7 98.7 95.7
Density of the particles (p) 0.1 <0.0 <0.0
Residual <0.0 0.9 4.2
Combined standard uncertainty (L) 0.04 x 108 ! 0.31x 103 Lt 0.7x 103 L
Expanded k=2 uncertainty (L) 0.09 x 1013 L1 0.61 x 102 L*! 1.4 x 108 !
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Table S-8. Uncertainty budget for the ratio between PNCgiret Obtained across 15
independent splCP-MS experiments, expressed in percentage, and PNCmean for RM 8012
and RM 8013. PNCmean Values reported for purposes of comparison to PNCirect Were
derived based on the combination of Au mass fraction?2 and: the consensus value derived
from the seven measurement results listed in the NIST ROIs?? (first column), and the
Huber estimates of particle size (or central tendency) reported by HR-SEM?! (second

column), and spICP-MS? (third column).

Reported HR-SEM spICP-MS
diameter (ROI) diameter diameter
(PNCiirec/PNCrean)  (PNCuirec/ PNCrean)  (PNCeirect/ PNCinean)
For NIST RM 8012: 95.9 % 98.4 % 100.4 %
Relative Relative Relative
Source of uncertainty contribution contribution contribution
(%) (%) (%)
Particle size consensus value for standard (dnp rm) 0.3 <0.0 0.4
Dilution Factor of stock suspension for the sample (Dil.F) 0.1 <0.0 0.2
Measurement repeatability (Rep) 0.4 <0.0 0.7
Number of observed events for the sample (Nnp) 3.6 0.3 5.6
Au mass fraction of the standard (Csrwm) 0.1 <0.0 0.1
Sample uptake rate for the standard (Qiiq rm) 0.1 <0.0 0.1
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rw) 1.9 0.2 3.0
Sample uptake rate for the sample (qiiq) 0.1 <0.0 0.1
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 1.1 <0.0 0.1
Particle size for the sample (dxp) 92.8 96.3 89.0
Au mass fraction of the sample (Cs) 0.3 <0.0 0.5
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.3 3.0 0.3
Combined standard uncertainty (%) 5.7% 19.3 % 4.7 %
Expanded k=2 uncertainty (%) 11.5% 38.7 % 9.4 %
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Reported HR-SEM spICP-MS
diameter (ROI) diameter diameter
(PNCdirect/PNCmean) (PNCdirect/PNCmean) (PNCdirect/PNCmean)

For NIST RM 8013: 106.0 % 102.7 % 97.7 %
Relative Relative Relative
Source of uncertainty contribution contribution contribution
(%) (%) (%)
Particle size consensus value for standard (dxp rm) 16.8 0.6 0.1
Dilution Factor of stock suspension for the sample (Dil.F) 0.2 <0.0 <0.0
Measurement repeatability (Rep) 1.5 0.1 <0.0
Number of observed events for the sample (Nnp) 6.3 0.2 0.1
Au mass fraction of the standard (Cs rwm) 0.1 <0.0 <0.0
Sample uptake rate for the standard (iiqrm) 0.1 <0.0 <0.0
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 12.3 0.4 0.1
Sample uptake rate for the sample (Qiiq) 0.1 <0.0 <0.0
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 0.4 <0.0 <0.0
Particle size for the sample (dnp) 51.2 97.4 95.4
Au mass fraction of the sample (Cs) 10.7 0.4 0.1
Density of the particles (p) 0.1 <0.0 <0.0
Residual 0.2 0.9 4.2
Combined standard uncertainty (%) 2.0% 10.5 % 22.2%
Expanded k=2 uncertainty (%) 4.0 % 21.0 % 44.4 %
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Table S-9. Uncertainty budget for the calculation of PNCeistribution Of NIST RM 8012 and

RM 8013. Full particle size distribution reported by TEM (NIST ROIs) 22 (first column),

HR-SEM! (second column), and splCP-MS? (third column) for NIST RMs were

combined with Au mass fraction?2 to derive PNClgistribution.

TEM (ROI) HR-SEM spICP-MS
(PNCdistribution (PNCdistribution (PNCdistribution
For NIST RM 8012: 2.63 x 10* L) 2.47 x 10%4L1) 2.76 x 104L1)
Source of uncertainty R-elat.ive lfelat‘ive Ifelat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 0.3 <0.0 0.6
Particle size for the material (dnp rm) 95.3 96.9 94.9
Density of the particles (p) <0.0 <0.0 <0.0
Spread of particle size distribution 4.1 <0.0 4.2
Residual 0.3 3.0 0.3
Combined standard uncertainty (L) 1.6x108 Lt 47x 108 L1 1.4x 108 Lt
Expanded k=2 uncertainty (L) 3.1x108 L 9.4 x 108 L' 29x108 Lt
TEM (ROI) HR-SEM spICP-MS
(PNCdistribution (PNCdistribution (PNCdistribution
For NIST RM 8013: 3.10 x 108 L) 3.14 x 108LY) 3.37 x 1088LY)
Source of uncertainty R.elat.ive l%elat-ive R-elat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 11.7 0.4 0.1
Particle size for the material (dnp rm) 56.0 98.6 95.7
Density of the particles (p) 0.1 <0.0 <0.0
Spread of particle size distribution 32.3 0.1 0.1
Residual <0.0 0.9 4.2
Combined standard uncertainty (L) 0.07 x 108 ! 0.31x 10 Lt 0.7x 103 L
Expanded k=2 uncertainty (L) 0.13x 103 L1 0.62 x 1012 ! 15x 108 !
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Table S-10. Uncertainty budget for the ratio between PNCuiret Obtained across 15

independent spICP-MS experiments, expressed in percentage, and PNCistribution for RM

8012 and RM 8013. PNCauistribution Values reported for purposes of comparison to PNCirect

were derived based on the combination of Au mass fraction and the full size distribution

of particle diameters reported by TEM (NIST ROIs)?2 (first column), HR-SEM! (second

column), and spICP-MS! (third column).

TEM (ROI) HR-SEM spICP-MS
(PNCdirecJPNCdistribution) (PNCdirecJPNCdistribution) (PNCdirect/PNCdistribution)
For NIST RM 8012: 90.4 % 96.5 % 86.1 %
Relative Relative Relative

Source of uncertainty

contribution (%)

contribution (%)

contribution (%)

Particle size consensus value for standard (dxp rm) 0.3 <0.0 0.3
Dilution Factor of stock suspension for the sample (Dil.F) 0.1 <0.0 0.1
Measurement repeatability (Rep) 0.4 <0.0 0.5
Number of observed events for the sample (Nnp) 33 0.3 4.2
Au mass fraction of the standard (Csrm) 0.1 <0.0 0.1
Sample uptake rate for the standard (Qiiq rm) <0.0 <0.0 <0.0
Time of acquisition for the standard (taqrwm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 1.8 0.2 2.2
Sample uptake rate for the sample (Qiiq) <0.0 <0.0 <0.0
Time of acquisition for the sample (tag) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Fgrm) 0.1 0.1 0.1
Particle size for the sample (dnp) 89.5 96.3 87.7
Au mass fraction of the sample (Cs) 0.3 <0.0 0.5
Density of the particles (p) <0.0 <0.0 <0.0
Spread of the particle size distribution 3.8 <0.0 3.9
Residual 0.3 3.0 0.3
Combined standard uncertainty (%) 55% 18.5% 4.7 %
Expanded k=2 uncertainty (%) N/A 37.0 % 9.4 %
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TEM (ROI) HR-SEM spICP-MS
(PNClirect/PNClistribution) ~ (PNCdirect/PNCauistribution) (PN Cdirect/PN Cuistribution)
For NIST RM 8013: 102.1 % 100.8 % 93.9 %
Source of uncertainty R.elat.ive R.elat.ive R'elat'ive
contribution (%) | contribution (%) | contribution (%)
Particle size consensus value for standard (dxp rm) 9.7 0.6 0.1
Dilution Factor of stock suspension for the sample (Dil.F) 0.1 <0.0 <0.0
Measurement repeatability (Rep) 0.8 0.1 <0.0
Number of observed events for the sample (Nnp) 3.6 0.2 0.1
Au mass fraction of the standard (Cs rm) <0.0 <0.0 <0.0
Sample uptake rate for the standard (Qiiqrm) 0.1 <0.0 <0.0
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 7.0 0.4 0.1
Sample uptake rate for the sample (Qiig) 0.1 <0.0 <0.0
Time of acquisition for the sample (tag) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frwm) 0.2 <0.0 <0.0
Particle size for the sample (dnp) 43.8 97.3 95.4
Au mass fraction of the sample (Cs) 9.1 0.4 0.1
Density of the particles (p) <0.0 <0.0 <0.0
Spread of the particle size distribution 25.2 0.1 <0.0
Residual 0.1 0.9 4.2
Combined standard uncertainty (%) 2.5% 10.1 % 20.8 %
Expanded k=2 uncertainty (%) N/A 20.1 % 41.5%
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Table S-11. Huber estimates of particle size location (or central tendency) by spICP-MS

simultaneously obtained with the PNC measurements and comparison with reference

spICP-MS results previously published! for NIST RM 8012 and 8013, for different

commercial AuNPs.

spICP-MS Difference vs Reference!
RM 8012 (nm) 26.9+0.07 (0.1)2 -1.3%
NPs analyzed 51159
MAD (nm) 2.0
RM 8013 (nm) 55.2+0.1(0.3)2 2.0%
NPs analyzed 53247
MAD (nm) 3.1
30 nm PVP (nm) 30.9+0.2 (0.6)2 3.1%
NPs analyzed 1791
MAD (nm) 2.2
30 nm bPEI (nm) 31.5+0.2 (1.3 1.6 %
NPs analyzed 1914
MAD (nm) 3.4
30 nm PEG (nm) 30.7+0.1 (0.9 0.2%
NPs analyzed 2704
MAD (nm) 2.9
60 nm PVP (nm) 60.8+0.4 (1.1)* 3.7%
NPs analyzed 1352
MAD (nm) 8.2
60 nm bPEI first lot (nm) 60.7 £ 0.3 (0.9)* 0.8 %
NPs analyzed 4014
MAD (nm) 9.4
60 nm bPEI second lot (nm) 60.3+0.3 (1.0)2 2.6 %
NPs analyzed 4565
MAD (nm) 8.6
60 nm PEG firs lot (nm) 55.9+0.3 (1.0 -1.4%
NPs analyzed 3421
MAD (nm) 8.6
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60 nm PEG second lot (nm)
NPs analyzed
MAD (nm)

100 nm Citrate (nm)
NPs analyzed
MAD (nm)

100 nm PVP (nm)
NPs analyzed
MAD (nm)

100 nm bPEI (nm)
NPs analyzed
MAD (nm)

100 nm PEG (nm)
NPs analyzed
MAD (nm)

Values indicate the Huber estimates of particle size location, and the standard uncertainty associated with the Huber

estimate.

2All the components affecting spICP-MS and HR-SEM size determinations were included in the parenthetical

uncertainty computation.

60.5 0.3 (3.)?
3346
8.1

93.3+ 0.6 (2.3)°
2820
14.7

96.7 0.6 (3.3)?
1801
10.8

94.9 0.5 (2.0)?
2924
11.2

99.9 0.7 (3.0)?
2382
14.9

3.8%

0.1%

1.2%

0.5%

1.2%
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Table S-12. PNCs derived for NIST AuNP RMs using Au mass fraction reported in the
NIST ROIs??® and: Huber estimates of particle size location (or central tendency) (first
column), and the full particle size distribution (second column) simultaneously measured

by spICP-MS across 15 independent experiments.

Central Tendency (PNCmean)a Full PSD (PNCdistribution)
RM 8012
spICP-MSP 2.46 x 10 £ 0.04 x 104 L* 2.74x10%+£0.12 x 10 L*
RM 8013
spICP-MSP 3.04 x 10 + 0.06 x 101L* 3.35x 10 +0.07 x 10® !

2 Assumes all analyte is present as spherical NPs of the central tendency diameter.
® Expanded uncertainties associated with the spICP-MS size determinations included a best estimate of known or suspected sources of bias.

Listed uncertainties are based on a confidence interval, with the coverage factor, k = 2 corresponding to approximately 95 % confidence.
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Table S-13. Uncertainty budget for the calculation of PNCmean 0f NIST RM 8012 and RM
8013 derived based on the combination of Au mass fraction?® and the Huber estimates of
particle size (or central tendency) results simultaneously obtained by spICP-MS in this

study.

spICP-MS simultaneous

For NIST RM 8012: (PNCinean 2.46 x 10* L)
Source of uncertainty Relative contribution (%)
Au mass fraction of the material (Cs) 17.3
Particle size for the material (dnp rm) 82.3
Density of the particles (p) 0.4
Residual <0.0
Combined standard uncertainty (L) 0.2x 108 L1
Expanded k=2 uncertainty (L) 0.4 x 108 L
spICP-MS simultaneous
For NIST RM 8013: (PNCinean 3.04 x 101L1)
Source of uncertainty Relative contribution (%)
Au mass fraction of the material (Cs) 45.1
Particle size for the material (dnp rm) 54.6
Density of the particles (p) 0.3
Residual <0.0
Combined standard uncertainty (L) 0.3x 1021
Expanded k=2 uncertainty (L) 0.6 x 1012 L1
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Table S-14. Uncertainty budget for the ratio between PNCuiret Obtained across 15

independent splCP-MS experiments, expressed in percentage, and PNCmean for RM 8012

and RM 8013. PNCmean Values reported for purposes of comparison to PNCirect Were

derived based on the combination of Au mass fraction and the Huber estimates of particle

size (or central tendency) results simultaneously obtained by spICP-MS in this study.

RM 8012 RM 8013
(PNClirect/PNCrmean)  (PNCeirect/ PNCinean)
96.9 % 103.9 %
Source of uncertainty R-elat.ive Ifelat.ive
contribution (%) | contribution (%)
Particle size consensus value for standard (dnp rm) 33 27.3
Dilution Factor of stock suspension for the sample (Dil.F) 1.4 0.4
Measurement repeatability (Rep) 5.1 2.4
Number of observed events for the sample (Nnp) 42.4 10.3
Au mass fraction of the standard (Csrwm) 0.7 0.1
Sample uptake rate for the standard (Qiiq rm) 0.4 0.2
Time of acquisition for the standard (taqrm) <0.0 <0.0
Number of observed events for the standard (Nnp rm) 224 19.9
Sample uptake rate for the sample (Qiiq) 0.4 0.2
Time of acquisition for the sample (taq) <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 0.8 0.6
Particle size for the sample (dnp) 18.8 20.9
Au mass fraction of the sample (Cs) 4.0 17.2
Density of the particles (p) 0.1 0.1
Residual 0.2 0.3
Combined standard uncertainty (%) 1.7% 15%
Expanded k=2 uncertainty (%) 3.3% 3.1%
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Table S-15. Uncertainty budget for the calculation of PNClistibution of NIST RM 8012 and

RM 8013 derived based on the combination of Au mass fraction®® and a representative

full particle size distribution simultaneously obtained by spICP-MS in this study.

RM 8012 RM 8013
(PNCdistribution (PNCdistribution
2.74 x 10* L) 3.35 x 105L1Y)
Source of uncertainty lfelat-ive Relative contribution
contribution (%) (%)
Au mass fraction of the material (Cs) 14.0 44.8
Particle size for the material (dnp rm) 66.5 54.3
Density of the particles (p) 0.3 0.3
Spread of particle size distribution 19.2 0.5
Residual <0.0 <0.0
Combined standard uncertainty (L) 0.6 x 108 L1 0.2x 1021
Expanded k=2 uncertainty (L") 1.2 x 108 L1 0.7 x 10%2 L1
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Table S-16. Uncertainty budget for the ratio between PNCuirect, Obtained across 15
independent spICP-MS experiments, expressed in percentage, and PNCistribution for RM
8012 and RM 8013. PNCauistribution Values reported for purposes of comparison to PNCirect
were derived based on the combination of Au mass fraction?3 and a representative full

particle size distribution simultaneously obtained by spICP-MS in this study.

RM 8012 RM 8013
(PNCeirect/PNClistribution) (PNCeirect/PNClistribution)

87.0 % 94.4 %

Source of uncertainty I%elat.ive I?elat.ive

contribution (%) | contribution (%)

Particle size consensus value for standard (dnp rm) 1.3 23.2
Dilution Factor of stock suspension for the sample (Dil.F) 0.6 0.3
Measurement repeatability (Rep) 2.1 2.0
Number of observed events for the sample (Nnp) 17.4 8.7
Au mass fraction of the standard (Csrwm) 0.3 0.1
Sample uptake rate for the standard (iiqrm) 0.2 0.2
Time of acquisition for the standard (tagrm) <0.0 <0.0
Number of observed events for the standard (Nnp rm) 9.2 16.9
Sample uptake rate for the sample (Qiiq) 0.2 0.2
Time of acquisition for the sample (taq) <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frwm) 0.3 0.5
Particle size for the sample (dxp) 45.5 25.8
Au mass fraction of the sample (Cs) 9.6 21.3
Density of the particles (p) 0.2 0.2
Spread of the particle size distribution 13.1 0.2
Residual 0.1 0.3

Combined standard uncertainty (%) 23 % 15%

Expanded k=2 uncertainty (%) 4.6 % 3.0 %
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Table S-17. Average uncertainty budget for spICP-MS determination of PNClirect of 30

nm, 60 nm, and 100 nm commercial AuNPs, respectively, using NIST RM 8013 as the

calibration standard.

30 nm AuNPs 60 nm AuNPs 100 nm AuNPs
(Av  PNCuirect (AV PNCairect (Av PNClirect
213 x10% L1 2.72x108L1) 5.42 x 10'2L1)
Relative Relative Relative
Source of uncertainty contribution contribution contribution
(%) (%) (%)
Particle size consensus value for RM 8013 (dnp rm) 5.9 5.0 5.1
Dilution Factor of stock suspension for the sample (Dil.F) 10.2 2.1 9.8
Measurement repeatability (Rep) 9.2 7.9 8.0
Number of observed events for the sample (Nnp) 36.8 25.5 38.8
Au mass fraction of RM 8013 (Cs) 1.2 1.0 1.0
Sample uptake rate for RM 8013 (Qiiqrm) 0.9 0.7 0.7
Time of acquisition for RM 8013 (tagrm) <0.0 <0.0 <0.0
Number of observed events for RM8013 (Nnp rv) 29.8 52.0 26.1
Sample uptake rate for the sample (qiiq) 0.9 0.7 0.7
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for RM 8013 (Dil.Frm) 5.0 4.6 10.1
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.2 0.4 0.2
Combined standard uncertainty (L) 1.0x 108 Lt 0.8x 102 L* 2.1x10tLt
Expanded k=2 uncertainty (L) 2.9x 108 L1 3.5x 102 L1 6.6 x 10t L
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Table S-18. Total Au mass fraction provided by the supplier,’® and in-house

measurements for different commercial AUNPs analyzed in this study.

Supplier Au mass fraction

In-house Au mass fraction

30 nm PVP

30 nm bPEI

30 nm PEG

60 nm PVP

60 nm bPEI first lot
60 nm bPEI second lot
60 nm PEG first lot
60 nm PEG second lot
100 nm Citrate

100 nm PVP

100 nm bPEI

100 nm PEG

50
52
51
54
52
53
53
50
52
52
52
54

Values indicate the mean and 1 SD, n=3

61.65 + 3.67
62.07 +2.23
57.45+1.45
59.66 + 3.90
59.77+£6.19
63.68 + 1.04
57.26 £0.49
56.97 £ 0.76
51.47 + 2.66
44.30 = 1.56
41.92 +3.49
59.18 £ 0.82
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Table S-19. PNCs derived for different commercial AuNPs based on the combination of Au mass

fraction with: (first column) the Huber estimates of particle size location (or central tendency),

and the full particle size distribution reported by TEM (second column) (supplier),'* HR-SEM,!

and spICP-MS.! Note that PNCs derived from the combination of Au mass fraction with TEM

size provided by the supplier were reported in the first row for each material, while in-house Au

mass fraction determinations were used for the remainder rows.

Central Tendency (PNCrean)?

Full PSD (PNCdistribution)

30 nm PVP

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

30 nm bPEI

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

30 nm PEG

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

60 nm PVP

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

60 nm bPEI first lot

1.87 x 10 £ 0.24 x 1041
2.31x10* £ 0.33 x 10*L"?
2.38 x 10+ 0.84 x 10*L"*
2.26 x 10 £ 0.30 x 10*L"*

1.76 x 10 £ 0.27 x 1041
2.10 x 10 £ 0.29 x 10*L"*
1.97 x 10 £ 0.65 x 10%4L*
2.06 x 10 £ 0.19 x 10*L"?

1.46 x 10 £ 0.21 x 1041
1.64 x 10 £ 0.20 x 10%4L1
2.13x 10% £ 0.71 x 10*L"?
1.98 x 10+ 0.17 x 1041

2.99 x 108 + 0.59 x 1031
3.31x10%¥+0.70 x 108L*
2.79x 10¥* £ 0.63 x 1031
2.93 x 10 + 0.40 x 1031

2.00 x 10*+0.30 x 10*L*¢
247 x 10* +0.40 x 10* ¢
2.69 x 10% + 0.95 x 10ML*
2.75x 10% + 0.41 x 10™L*

1.84 x 10 £ 0.30 x 10* L¢
2.19x10%+0.33 x 10 L*°¢
2.48x10% +0.82 x 10ML*
2.54 x 10% + 0.29 x 10ML*

1.56 x 1014 £ 0.24 x 10* L¢
1.75x 10 £ 0.24 x 10* L¢
2.46 x 10* +0.82 x 10ML*
249 x10% +0.25 x 10ML*

3.54x 10+ 0.81 x 108 L*¢
3.91x10%+0.94 x 108L1¢
3.30x 10+ 0.75 x 108L*
3.52 x 10% + 0.49 x 108L*
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TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

60 nm bPEI second lot

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

60 nm PEG first lot

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

60 nm PEG second lot

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

100 nm Citrate

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

100 nm PVP

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

100 nm bPEI

1.93 x 10** +£ 0.33 x 1083L*
2.21 x 10"+ 0.55 x 1083L*
2.69 x 10"+ 0.74 x 1083L*
2.71 x 10" + 0.57 x 1083L*

2.24 x 10"+ 0.38 x 1083L*
2.70 x 10* + 0.37 x 1083L*
3.08 x 10+ 0.57 x 103!
3.10 x 102+ 0.21 x 103

1.87 x 108 £ 0.33 x 1031
2.02 x 10¥* £ 0.30 x 103
2.94 x 108 £ 0.55 x 1083
3.11x10%+0.14 x 108L*

1.84 x 108 £ 0.31 x 1031
2.09 x 108 £ 0.29 x 1083
2.65 x 10" £ 0.49 x 10831
2.85x 10 £ 0.43 x 10831

4.44 x 10"+ 0.79 x 10*2L1
4.40 x 102+ 0.79 x 10*2L1
5.28 x 10'? £ 0.90 x 10*2L"*
6.29 x 10'? £ 0.76 x 10*2L"*

5.11 x 10* + 0.66 x 10*2L*
4.36 x 102 + 0.47 x 1021
5.03x 10+ 0.77 x 1021
5.03 x 102+ 0.65 x 1021

2.19x 102 +0.42 x 108 L*¢
2.52 x 102+ 0.67 x 108 L*¢
2.97 x 102+ 0.81 x 10L*
3.04 x 10" + 0.64 x 10L*

247 x 102+ 0.45x 108 L*¢
2.96 x 10"+ 0.46 x 108 L*¢
3.38x 10 £ 0.63 x 108"
3.59 x 10* + 0.25 x 103L*

2.09x 10+ 0.41 x 108 L*°¢
2.26 x 10+ 0.39 x 108 L*¢
3.83x10%¥+0.82 x 108L*
3.66 x 10%*+ 0.19 x 108L*

2.04x10%+0.38 x 108 L*¢
2.33x10%+0.38 x 108 L*°¢
3.07 x 10+ 0.57 x 108L*
3.26 x 10 + 0.50 x 108L*

5.09 X 102 + 1.02 x 102 1¢
5.03 X 102 + 1.02 x 102 1¢
6.24 X 102 + 1.07 x 1022 "2
7.45 102 +0.92 x 10222

5.33x 10?2+ 0.74 x 10*2L*¢
4,54 x 10"+ 0.54 x 10121 ¢
5.51 x 102+ 0.84 x 10*2L!
6.34 x 102 + 0.86 x 10*2L!
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TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

100 nm PEG

TEM + Au mass fraction (supplier)

TEM (supplier) + in-house Au mass fraction
HR-SEMP

spICP-MSP

5.28 x 10 + 0.87 x 10*2L*
4.26 x 10* + 0.90 x 10%2L*
4.71 x 10"+ 0.98 x 10%2L*
4.94 x 10"+ 0.90 x 10%2L*

4.55 x 10"+ 0.85 x 10%2L*
4.99 x 10* + 0.80 x 10%2L*
6.96 x 10%* + 0.98x 10%2L*
6.07 x 10* + 0.71 x 10™2L*

2 Assumes all analyte is present as spherical NPs of the central tendency diameter.

® Expanded uncertainties associated with the spICP-MS and HR-SEM size determinations included a best estimate of known or suspected sources of bias.

¢PNC derived from the full particle size distribution obtained by TEM (supplier).*®

5.90 x 102+ 1.08 x 10*2L*°¢
4.76 x 10" + 1.07 x 10*2L*¢
547 x 102 +1.14 x 10*2 !
5.65 x 10%? + 1.04 x 10*2L*

5.51 x 10"+ 1.27 x 10*2L*¢
6.04 x 10"+ 1.26 x 10*2L*¢
7.87 x10%+1.12x 102"
7.22 x 10"+ 0.86 x 10*2L*

Listed uncertainties are based on a confidence interval, with the coverage factor, k = 2 corresponding to approximately 95 % confidence.
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Table S-20. Average uncertainty budget for the calculation of PNCean 0f 30 nm, 60 nm,

and 100 nm commercial AuNPs, respectively. The Huber estimates of particle size (or

central tendency) reported by TEM?® (supplier) (first column), HR-SEM? (second

column), and spICP-MS?! (third column) were combined with in-house Au mass fraction

determinations to derive PNCnean.

TEM (Supplier) HR-SEM spICP-MS
(PNCmean (PNCmean (PNCmean
For 30 nm AuNPs: 2.02 x 10* L1) 2.16 x 10% L1) 2.10 x 10 L1)
Source of uncertainty R-elat.ive lfelat‘ive Ifelat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 37.7 6.2 58.4
Particle size for the material (dnp) 62.0 91.5 41.5
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.3 2.4 0.1
Combined standard uncertainty (L) 1.4x 108 L1t 3.6x108 L1 1.1x108 Lt
Expanded k=2 uncertainty (L) 2.7 x108 Lt 7.3x108 L1 2.2x108 L1
TEM (Supplier) HR-SEM spICP-MS
(PNCmean (PNCmean (PNCmean
For 60 nm AuNPs: 2.47 x 1013L 1) 2.83 x 108 LY 2.94 x 108 LY
Source of uncertainty R.elat.ive l%elat-ive R-elat.ive
contribution (%) contribution (%) [ contribution (%)
Au mass fraction of the material (Cs) 23.0 18.8 44.3
Particle size for the material (dnp) 76.4 80.4 55.5
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.5 0.8 0.2
Combined standard uncertainty (L) 2.3x10t2 L1 3.0x 1021 1.8x 102 L1
Expanded k=2 uncertainty (L) 4.4 x 10'? L1 6.0 x 1012 L1 3.5x10% !
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TEM (Supplier) HR-SEM spICP-MS
(PNCmean (PNCmean (PNCmean
For 100 nm AuNPs: 450 x 10%2 L 1) 5.50 x 1012 1) 5.58 x 102 1)
Source of uncertainty R.elat.ive l%elat.ive R.elat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 343 29.9 47.0
Particle size for the material (dnp) 65.3 69.7 52.8
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.4 0.4 0.2
Combined standard uncertainty (L) 3.7x10M Lt 46x10M L1 3.8x 10t Lt
Expanded k=2 uncertainty (L) 7.4 x 10" Lt 9.1x10M1 " 75x 10" Lt
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Table S-21. Average uncertainty budget for the ratio between PNCgirect and PNCmean,
expressed in percentage, for 30 nm, 60 nm, and 100 nm commercial AuNPs, respectively.
PNCmean Values were derived based on the combination of in-house Au mass fraction and
the Huber estimates of particle size (or central tendency) reported by TEM (supplier)t®

(first column), HR-SEM! (second column), and splICP-MS! (third column).

TEM (Supplier) HR-SEM spICP-MS
(PNCuirect/PNCrean)  (PNCairect/PNCrean)  (PNCairect/PNCrrean)
For 30 nm AuNPs: 107.7 % 98.8 % 101.4 %
Relative Relative Relative
Source of uncertainty contribution contribution contribution

(%) (%) (%)
Particle size consensus value for standard (dnp rm) 2.6 0.7 3.2
Dilution Factor of stock suspension for the sample (Dil.F) 5.9 2.0 7.4
Measurement repeatability (Rep) 4.1 1.2 5.0
Number of observed events for the sample (Nnp) 21.3 6.1 27.0
Au mass fraction of the standard (Csrwm) 0.5 0.2 0.6
Sample uptake rate for the standard (Qiiq rm) 0.4 0.1 0.5
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rw) 11.7 33 13.9
Sample uptake rate for the sample (Qiiq) 0.4 0.1 0.5
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frwm) 2.9 1.0 3.6
Particle size for the sample (dnp) 279 77.8 12.9
Au mass fraction of the sample (Cs) 22.1 54 253
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.2 2.1 0.2

Combined standard uncertainty (%) 9.1% 17.4 % 7.6 %

Expanded k=2 uncertainty (%) N/A 34.8 % 15.2 %
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TEM (Supplier) HR-SEM spICP-MS
(PNCdirect/PNCmean) (PNCdirect/PNCmean) (PNCdirect/PNCmean)

For 60 nm AuNPs: 114.3 % 96.1 % 92.4 %
Relative Relative Relative
Source of uncertainty contribution contribution contribution
(%) (%) (%)
Particle size consensus value for standard (dxp rm) 1.5 1.2 2.4
Dilution Factor of stock suspension for the sample (Dil.F) 0.2 0.5 0.9
Measurement repeatability (Rep) 2.4 1.8 3.8
Number of observed events for the sample (Nnp) 10.2 7.5 14.4
Au mass fraction of the standard (Csrwm) 0.3 0.2 0.5
Sample uptake rate for the standard (Qiiq rm) 0.2 0.2 0.3
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rv) 20.2 15.5 30.3
Sample uptake rate for the sample (qiiq) 0.2 0.2 0.3
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 1.4 1.1 2.2
Particle size for the sample (dxp) 43.9 55.2 16.0
Au mass fraction of the sample (Cs) 18.6 15.8 28.5
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.5 0.7 0.3
Combined standard uncertainty (%) 10.9 % 10.7 % 6.5 %
Expanded k=2 uncertainty (%) N/A 21.4 % 13.1 %
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TEM (Supplier) HR-SEM spICP-MS
(PNCdirect/PNCmean) (PNCdirect/PNCmean) (PNCdirect/PNCmean)

For 100 nm AuNPs: 120.2 % 99.4 % 97.2 %
Relative Relative Relative
Source of uncertainty contribution contribution contribution
(%) (%) (%)
Particle size consensus value for standard (dxp rm) 1.7 1.7 2.2
Dilution Factor of stock suspension for the sample (Dil.F) 2.8 2.8 3.5
Measurement repeatability (Rep) 2.6 2.6 3.4
Number of observed events for the sample (Nnp) 18.1 15.7 19.8
Au mass fraction of the standard (Csrwm) 0.3 0.3 0.4
Sample uptake rate for the standard (Qiiq rm) 0.2 0.2 0.3
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rv) 8.5 8.7 11.1
Sample uptake rate for the sample (qiiq) 0.2 0.2 0.3
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 33 3.4 4.3
Particle size for the sample (dxp) 41.2 43.9 28.0
Au mass fraction of the sample (Cs) 20.7 20.2 26.4
Density of the particles (p) <0.0 <0.0 <0.0
Residual 0.4 0.4 0.2
Combined standard uncertainty (%) 11.4% 9.7% 7.9%
Expanded k=2 uncertainty (%) N/A 19.3 % 15.9 %
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Table S-22. Average uncertainty budget for the calculation of PNCeistribution Of 30 nm, 60

nm, and 100 nm commercial AuNPs, respectively. Full particle size distribution reported

by TEM (supplier)16 (first column), HR-SEM! (second column), and spICP-MS! (third

column) were combined with in-house Au mass fraction to derive PNCluistribution.

TEM (Supplier) HR-SEM SpICP-MS
(P N Cdistribution (P N Cdistribution (P N Cdistribution
For 30 nm AuNPs: 2.14 x 10* L) 2.54 x 10* L) 2.60 x 10* L)
Source of uncertainty R.elat.ive l?elat.ive lfelat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 33.7 6.1 50.3
Particle size for the material (dnp) 56.2 91.2 353
Density of the particles (p) <0.0 <0.0 <0.0
Spread of particle size distribution 9.8 0.3 14.3
Residual 0.2 2.4 0.1
Combined standard uncertainty (L) 1.6x 108 L? 43x 108 L1 1.6x 1082 L1
Expanded k=2 uncertainty (L) 3.2x108 L 8.6 x 108 L1 3.1x108 L1
TEM (Supplier) HR-SEM spICP-MS
(PNClistribution (PNClistribution (PNClistribution
For 60 nm AuNPs: 2.80 x 1013L1) 3.31 x 103 L) 3.41 x 108 L1
Source of uncertainty R.elat.ive l?elat‘ive R‘elat.ive
contribution (%) contribution (%) | contribution (%)
Au mass fraction of the material (Cs) 21.1 18.7 43.3
Particle size for the material (dnp) 66.9 77.8 52.8
Density of the particles (p) <0.0 <0.0 <0.0
Spread of particle size distribution 11.6 0.8 3.7
Residual 0.4 2.7 0.2
Combined standard uncertainty (L) 2.8x10%2 L1t 3.6x102L" 2.1x10%2 L1t
Expanded k=2 uncertainty (L) 5.7 x 10*2 Lt 7.2x10%2 L1 4.1x10%2 L1
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For 100 nm AuNPs:

TEM (Supplier)
(P N Cdistribution
5,09 x 1012 L)

HR-SEM
(P N Cdistribution
6.27 X 1012 L)

spICP-MS
(P N Cdistribution
6.66 x 1012 1)

Source of uncertainty

Relative

contribution (%)

Relative

contribution (%)

Relative

contribution (%)

Au mass fraction of the material (Cs) 314 29.8 46.1
Particle size for the material (dnp) 55.8 69.3 51.3
Density of the particles (p) <0.0 <0.0 <0.0
Spread of particle size distribution 12.5 0.4 2.4
Residual 0.4 0.4 0.2
Combined standard uncertainty (L) 49 x10M L1 0.5x 102 1 4.6x 10" L1
Expanded k=2 uncertainty (L") 9.7x 10 L? 1.0 x 1012 Lt 9.2x 10 L
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Table S-23. Average uncertainty budget for the ratio between PNCirect and PNCeistribution,

expressed in percentage, for 30 nm, 60 nm, and 100 nm commercial AuNPs, respectively.

PNClistribution Values were derived based on the combination of in-house Au mass fraction

and the full size distribution of particle diameters reported by TEM (supplier)® (first

column), HR-SEM! (second column), and spICP-MS! (third column).

TEM (Supplier) HR-SEM spICP-MS
(PNCeirect/PNCauistribution) ~ (PNCuirect/PNCaistribution) (PN Cairect/PN Cuistribution)
For 30 nm AuNPs: 101.5 % 83.7 % 82.0 %
Relative Relative .
Source of uncertainty contribution contribution l?elat.lve o
(%) (%) contribution (%)

Particle size consensus value for standard (dxp rm) 2.3 0.7 2.8
Dilution Factor of stock suspension for the sample (Dil.F) 5.4 2.0 6.6
Measurement repeatability (Rep) 3.6 1.1 4.4
Number of observed events for the sample (Nnp) 19.1 6.0 24.2
Au mass fraction of the standard (Csrwm) 0.5 0.1 0.6
Sample uptake rate for the standard (Qiiq rm) 0.3 0.1 0.4
Time of acquisition for the standard (taqrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rwv) 10.2 33 12.1
Sample uptake rate for the sample (Qiiq) 0.3 0.1 0.4
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frwm) 2.6 0.9 3.2
Particle size for the sample (dnp) 28.3 77.9 13.8
Au mass fraction of the sample (Cs) 21.5 54 25.6
Density of the particles (p) <0.0 <0.0 <0.0
Spread of the particle size distribution 5.7 0.2 5.9
Residual 0.2 2.1 0.2

Combined standard uncertainty (%) 9.2% 14.9 % 6.6 %

Expanded k=2 uncertainty (%) N/A 29.8 % 13.2 %
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TEM (Supplier) HR-SEM spICP-MS
(PNClirect/PNClistribution) ~ (PNCdirect/PNCauistribution) (PN Cirect/PNCistribution)
For 60 nm AuNPs: 101.5 % 82.4 % 79.7 %
Relative Relative .
Source of uncertainty contribution contribution l?elat‘lve o
(%) (%) contribution (%)

Particle size consensus value for standard (dxp rm) 1.3 1.1 2.4
Dilution Factor of stock suspension for the sample (Dil.F) 0.6 0.5 0.9
Measurement repeatability (Rep) 2.0 1.8 3.7
Number of observed events for the sample (Nnp) 8.9 7.5 14.2
Au mass fraction of the standard (Cs rwm) 0.3 0.2 0.5
Sample uptake rate for the standard (Qiiq rm) 0.2 0.2 0.3
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 17.9 14.5 29.6
Sample uptake rate for the sample (Qiiq) 0.2 0.2 0.3
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 1.2 1.1 2.2
Particle size for the sample (dnp) 42.6 54.6 16.3
Au mass fraction of the sample (Cs) 17.5 15.8 28.4
Density of the particles (p) <0.0 <0.0 <0.0
Spread of the particle size distribution 7.6 1.9 0.9
Residual 0.5 0.7 0.3

Combined standard uncertainty (%) 10.5% 7.8 % 5.7%

Expanded k=2 uncertainty (%) N/A 17.9% 11.4 %
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TEM (Supplier) HR-SEM spICP-MS
(PNClirect/PNClistribution) ~ (PNCdirect/PNCauistribution) (PN Cirect/PNCistribution)
For 100 nm AuNPs: 106.4 % 87.0 % 81.5 %
Relative Relative .
Source of uncertainty contribution contribution l?elat‘lve o
(%) (%) contribution (%)

Particle size consensus value for standard (dxp rm) 1.4 1.7 2.1
Dilution Factor of stock suspension for the sample (Dil.F) 2.3 2.8 3.5
Measurement repeatability (Rep) 2.2 2.6 3.3
Number of observed events for the sample (Nnp) 16.4 15.6 19.1
Au mass fraction of the standard (Cs rwm) 0.3 0.3 0.4
Sample uptake rate for the standard (Qiiq rm) 0.2 0.2 0.3
Time of acquisition for the standard (tagrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 7.0 8.6 10.8
Sample uptake rate for the sample (Qiiq) 0.2 0.2 0.3
Time of acquisition for the sample (taq) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Frm) 2.7 33 4.2
Particle size for the sample (dnp) 38.0 43.9 28.0
Au mass fraction of the sample (Cs) 20.1 20.0 26.5
Density of the particles (p) <0.0 <0.0 <0.0
Spread of the particle size distribution 9.0 0.3 1.2
Residual 0.3 0.4 0.2

Combined standard uncertainty (%) 11.2% 8.3% 6.8 %

Expanded k=2 uncertainty (%) N/A 16.6 % 13.3 %
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Table S-24. PNC derived for different commercial AuUNPs using in-house Au mass
fraction determinations and: the Huber estimates of particle size location (or central

tendency) (first column), and the full particle size distribution (second column) measured

by spICP-MS.
Central Tendency (PNCpean)? Full PSD (PNClgistribution)

30 nm PVP

spICP-MSP 2.06 x 10* £ 0.27 x 10*L1 2.37 x 10 £ 0.33 x 1041
30 nm bPEI

spICP-MSP 1.97 x 10% £ 0.28 x 10ML* 2.23 x 10 £ 0.34 x 1041
30 nm PEG

spICP-MSP 1.88 x 10% +0.18 x 10! 2.31 x 10+ 0.24 x 1041
60 nm PVP

spICP-MSP 2.63 x 10 +0.37 x 10%3L1 3.24 x 10 £ 0.47 x 1083L*
60 nm bPEI first lot

spICP-MSP 2.65 x 10" £ 0.55 x 10%3L1 3.18 x 102 + 0.66 x 103L*

60 nm bPEI second lot
spICP-MSP

60 nm PEG first lot
spICP-MSP

60 nm PEG second lot

2.87 x 108 £ 0.17 x 10131

3.42x10%+0.18 x 108L*

3.36 x 10** + 0.20 x 1083L*

3.70x 10** + 0.21 x 108L*

spICP-MSP 2.56 x 10% £ 0.39 x 10831 2.88 x 102 + 0.44 x 10131
100 nm Citrate

spICP-MSP 6.25 x 102+ 0.79 x 10?1 7.45x 102+ 0.95 x 102!
100 nm PVP

spICP-MSP 4.87 x 10'? + 0.60 x 1021 5,57 x 102+ 0.70 x 10%? !
100 nm bPEI

spICP-MSP 4.86 x 1012+ 0.86 x 1021 5.39 x 102 £ 0.95 x 10*2L*!
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100 nm PEG
spICP-MSP 5.89 x 102 + 1.07 x 1021 6.86 x 102+ 1.25 x 10*2L*!

2 Assumes all analyte is present as spherical NPs of the central tendency diameter.
® Expanded uncertainties associated with the spICP-MS size determinations included a best estimate of known or suspected sources of bias.

Listed uncertainties are based on a confidence interval, with the coverage factor, k = 2 corresponding to approximately 95 % confidence.
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Table S-25. Average uncertainty budget for the calculation of PNCmean 0f 30 nm, 60 nm,
and 100 nm commercial AuNPs derived based on the combination of in-house Au mass
fraction determinations and the Huber estimates of particle size (or central tendency)

results simultaneously obtained by spICP-MS in this study.

spICP-MS simultaneous

For 30 nm AuNPs: (PNCinean 1.97 x 10* L)
Source of uncertainty Relative contribution (%)

Au mass fraction of the material (Cs) 44.1
Particle size for the material (dnp) 55.7
Density of the particles (p) <0.0
Residual 0.2

Combined standard uncertainty (L) 1.2x108 L1

Expanded k=2 uncertainty (L) 2.4 x 108 L1

spICP-MS simultaneous

For 60 nm AuNPs: (PNCinean 2.83 x 101L1)
Source of uncertainty Relative contribution (%)

Au mass fraction of the material (Cs) 44.7
Particle size for the material (dnp) 55.2
Density of the particles (p) <0.0
Residual 0.2

Combined standard uncertainty (L) 1.7x 1021

Expanded k=2 uncertainty (L) 3.3x10%2 "

For 100 nm AuNPs:

spICP-MS simultaneous
(PNCinean 5.47 x 10*2 L)

Source of uncertainty

Relative contribution (%)

Au mass fraction of the material (Cs) 46.5
Particle size for the material (dnp) 53.2
Density of the particles (p) <0.0
Residual 0.3
Combined standard uncertainty (L) 42 x 101 Lt
Expanded k=2 uncertainty (L) 8.3 x 101 L
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Table S-26. Average uncertainty budget for the calculation of PNClistibution of 30 nm, 60

nm, and 100 nm commercial AuNPs derived based on the combination of in-house Au

mass fraction determinations and the full particle size distribution simultaneously

obtained by spICP-MS in this study.

30 nm AuNPs 60 nm AuNPs 100 nm AuNPs
(PNCdistribution (PNCdistribution (PNCdistribution
2.30x 10 L1  3.27 x 10'3L1) 6.32 x 10%2L1)
Relative Relative Relative
Source of uncertainty contribution contribution contribution
(%) (%) (%)
Au mass fraction of the material (Cs) 41.4 43.6 46.0
Particle size for the material (dnp) 51.6 53.6 52.5
Density of the particles (p) <0.0 <0.0 <0.0
Spread of particle size distribution 6.8 2.6 1.3
Residual 0.2 0.2 0.3
Combined standard uncertainty (L) 0.6 x 108 L1 0.4x10%2 L1 0.7x 10t L?
Expanded k=2 uncertainty (L) 3.0x108 L 4.0x 102 L1 9.7 x 10t L
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Table S-27. Average uncertainty budget for the ratio between PNCgirect and PNCmean,

expressed in percentage, for 30 nm, 60 nm, and 100 nm commercial AuNPs, respectively.

PNCmean Values reported for purposes of comparison to PNCgirect Were derived based on

the combination of in-house Au mass fraction and the Huber estimates of particle size (or

central tendency) results simultaneously obtained by spICP-MS in this study.

For 30 nm AuNPs

For 60 nm AuNPs

For 100 nm AuNPs

(PNClirect/PNCrmean) (PNClirect/PN Cmean) (PNClirect/PNCrmean)
Using splCP-MS simultaneous central tendency: 108.0 % 96.7 % 99.3 %
Source of uncertainty F\felat'ive R_elat_ive Relat_ive
contribution (%) | contribution (%) contribution (%)

Particle size consensus value for standard (dnp rm) 11.1 2.4 1.8
Dilution Factor of stock suspension for the sample (Dil.F) 5.2 0.9 3.1
Measurement repeatability (Rep) 3.9 3.8 2.8
Number of observed events for the sample (Nnp) 9.3 15.0 19.7
Au mass fraction of the standard (Cs rm) 0.4 0.5 0.4
Sample uptake rate for the standard (Qiiq rm) 0.3 0.3 0.2
Time of acquisition for the standard (taqrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 185 29.8 9.3
Sample uptake rate for the sample (Qiiq) 0.3 0.3 0.2
Time of acquisition for the sample (tag) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Fgrm) 25 2.3 3.6
Particle size for the sample (dne) 20.9 16.0 32.1
Au mass fraction of the sample (Cs) 27.2 28.4 26.4
Density of the particles (p) 0.1 <0.0 0.1
Residual 0.2 0.3 0.3

Combined standard uncertainty (%) 8.7% 7.0% 9.0%

Expanded k=2 uncertainty (%) 17.4 % 14.0 % 17.9%
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Table S-28. Average uncertainty budget for the ratio between PNCeirect and PNCeistribution,
expressed in percentage, for 30 nm, 60 nm, and 100 nm commercial AuNPs, respectively.
PNCaistribution Values reported for purposes of comparison to PNCairect Were derived based
on the combination of in-house Au mass fraction and the full particle size distribution

simultaneously obtained by spICP-MS in this study.

For 30 nm AuNPs For 60 nm AuNPs  For 100 nm AuNPs
(PNCdirect/PNCdistribution) (PNCdirect/PNCdistribution) (PNCdirect/PNCdistribution)

Using splCP-MS simultaneous central tendency: 92.3 % 83.4 % 86.2 %
Source of uncertainty Relat_ive R_elat_ive Relat_ive
contribution (%) | contribution (%) contribution (%)
Particle size consensus value for standard (dnp rm) 2.6 2.4 1.8
Dilution Factor of stock suspension for the sample (Dil.F) 5.6 0.9 3.1
Measurement repeatability (Rep) 4.1 3.7 2.8
Number of observed events for the sample (Nnp) 22.4 14.8 194
Au mass fraction of the standard (Cs rm) 0.5 0.5 0.4
Sample uptake rate for the standard (Qjiiq rm) 0.4 0.3 0.2
Time of acquisition for the standard (taqrm) <0.0 <0.0 <0.0
Number of observed events for the standard (Nnp rm) 11.6 29.3 9.2
Sample uptake rate for the sample (Qiiq) 0.4 0.3 0.2
Time of acquisition for the sample (tag) <0.0 <0.0 <0.0
Dilution Factor of stock suspension for the standard (Dil.Fgrm) 2.8 2.2 35
Particle size for the sample (dne) 22.1 16.1 32.1
Au mass fraction of the sample (Cs) 24.2 28.2 26.3
Density of the particles (p) 0.1 <0.0 <0.0
Residual 3.1 0.9 0.6
Combined standard uncertainty (%) 0.2 0.2 0.3
Expanded k=2 uncertainty (%) 7.7 % 6.0 % 7.7 %
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Figure S-1. Particle number concentration versus number of events for NIST RM 8012 (2) and NIST
RM 8013(e). Solid lines represent the corresponding fit functions after linear regression for RM 8012

(dashed line) and RM 8013 (solid line).
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Figure S-2. Reference number size distribution histograms for NIST AuNP RM 8012 reported
by (A) TEM (provided in NIST Report of Investigation),? (B) HR-SEM,! and (C) spICP-MS.!
Bin size is 0.5 nm. Adapted from ref 1. Vertical black dashed lines indicate mean particle

diameters, based on Huber estimates of particle size location (or central tendency).
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Figure S-3. Reference number size distribution histograms for NIST AuNP RM 8013 reported
by (A) TEM (provided in NIST Report of Investigation),? (B) HR-SEM.,! and (C) spICP-MS.!
Bin size is 0.5 nm. Adapted from ref 1. Vertical black dashed lines indicate mean particle

diameters, based on Huber estimates of particle size location (or central tendency).
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Figure S-4. Comparison for the PNC results (left axis) (PNCuirect (blue triangles), (PNCmean

(solid symbols), or PNCeistribution (Open symbols)) and ratio between PNCirect and derived PNCs,

expressed in percentage, (right axis) for commercial PEG-coated 30 nm AuNPs (A), PVP-coated
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60 nm AuNPs, (B), and citrate-coated 100 nm AuNPs (C). Values are provided for spICP-MS
(blue triangles for direct PNC measurements, and black hexagons for derived PNC using
simultaneous size determinations), TEM (provided by the manufacturer) (purple circles),'® HR-
SEM (dark red squares),t and previously reported spICP-MS (green diamonds).* The vertical
bars indicate U95% C.I. for the measured and derived PNC values. Error bars that are not
visible are smaller than data points. The horizontal blue lines represent the same value for

PNCeirect and derived PNC.
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