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Abstract
An important step in establishing any new metrological method is a prenormative
interlaboratory study, designed to verify and validate the method against its stated aims. Here,
the 3’Fe Mossbauer spectrometric ‘centre of gravity’ (COG) method was tested as a means of
quantifying the magnetite/maghemite (Fe;O4/v-Fe,03) composition ratio in biphasic
magnetic nanoparticles. The study involved seven laboratories across Europe and North and
South America, and six samples—a verification set of three microcrystalline mixtures of
known composition, and a validation set of three nanoparticle samples of unknown
composition. The spectra were analysed by each participant using in-house fitting packages,
and ex post facto by a single operator using an independent package. Repeatability analysis
was performed using Mandel’s 4 statistic and modified Youden plots. It is shown that almost
all (83/84) of the Mandel 4 statistic values fall within the 0.5% significance level, with the one
exception being borderline. Youden-based pairwise analysis indicates the dominance of
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random uncertainties; and in almost all cases the data analysis phase is only a minor
contributor to the overall measurement uncertainty. It is concluded that the COG method is a

robust and promising candidate for its intended purpose.

Keywords: magnetic nanoparticles, ’Fe Mossbauer spectrometry, iron oxide,

magnetite/maghemite

Supplementary material for this article is available online

1. Introduction

Magnetic nanoparticles comprising mixtures of the iron oxides
magnetite (Fe;O04) and maghemite (y-Fe,O3) have been the
subject of sustained and significant R & D interest for many
years, with ca 25000 publications to date, including ca
200 per month in the last 5 years [1]. To a large extent, this
interest is driven by their utilisation in biomedical applications,
where their inherent biocompatibility and safety profile is well
established, and their intrinsic magnetic properties lead to a
variety of mechanisms of action, from sensing and imaging,
and actuation and targeting, through to hyperthermia [2-5].

The biological environment is also the one in which the
magnetite/maghemite characterisation of these materials is
most pertinent, given an increasing understanding of the
importance of their redox-active character, stemming from the
presence of Fe?* ions as well as Fe** ions in magnetite, as
opposed to Fe**-only ions in maghemite. For example, poten-
tially beneficial actions such as macrophage phenotype activa-
tion [6, 7] and enzyme mimetics [8] have been reported, while
at the same time concerns are expressed about the uncontrolled
production of reactive oxygen species via the Haber—Weiss
and Fenton reactions [9, 10].

However, almost all of these biological applications rely
specifically on the nanoscale form, where the absence of rema-
nent magnetisation—due to the size-dependent phenomenon
of superparamagnetism [2]—removes the risk of agglom-
eration and embolism in vivo. This is beneficial for their
intended use, but it makes their characterisation much more
difficult than it is for bulk materials. This is because, at the
nanoscale, experimental effects such as the broadening of
x-ray diffraction lines make distinguishing magnetite from
maghemite virtually impossible. The bulk magnetisations of
magnetite and maghemite differ by only a few percent, so
that distinguishing them magnetically is difficult even in
single-phase samples, let alone in mixtures, where the com-
ponent masses are themselves hard to assess. This is a long-
standing problem in the field, which has led to a tendency for
researchers to report their findings with reference to an unspec-
ified ‘magnetite/maghemite’ material, rather than attempt to
interrogate the actual composition.

There is, however, one technique that is especially well
suited for quantifying the magnetite and/or maghemite content
in magnetic nanoparticles, viz >’Fe Mossbauer spectrometry
[11-16]. Although not as routinely available as, e.g., x-ray

diffraction or bulk magnetometry, >’Fe Mossbauer spectrom-
etry is widely practised, and facilities are found in most coun-
tries [17]. It is a form of nuclear gamma-ray spectroscopy
that has the advantage of directly interrogating the immediate
atomic environment of the >’Fe isotope atoms within a sample.
As such it is especially well suited to distinguishing between
Fe?* and Fe* ions in the solid state.

In the last decade, a measurement protocol known as
the ‘centre of gravity’ (COG) method has been developed
that uses >’Fe Mossbauer spectrometry to measure the mag-
netite/maghemite ratio in iron-oxide-based magnetic nanopar-
ticles [11—16]. In brief: according to the COG method, a single
parameter, Srr—the ‘COG’, or area weighted mean isomer
shift at room temperature—is extracted by curve-fitting a spec-
trum using a partly-constrained superposition of Lorentzian
singlets, doublets, and sextets [18]. In the context of the COG
method, the dgr parameter correlates with the number of Fe
atoms in the magnetite environment:

Q= [Femagnetite]/[Fetotal] = (ERT - 50)/”1’ (1

where the constants J, = 0.3206 mm s~! 4+ 0.0022 mm s~!
and m = 0.2135 mm s~! + 0.0076 mm s~! have been experi-
mentally determined using calibrated samples [15].

Equation (1) contains two parts, which are important
to disentangle for the analysis that follows. The first part,
o = [Femagnetitel/[Feiotal], is an expression of the heart of the
COG hypothesis: viz that « correlates with the atomic percent-
age of Fe atoms present in the form of magnetite, relative to the
total number of Fe atoms in the material. It a strict sense, this
part is interpretative. It is applicable only when magnetite and
maghemite are the only Fe-containing phases present, and only
when the o parameter lies in the range from O to 1.

The second part, o = (Ot — 0o)/m, is the mathematical
definition of the metric. Given that dgr, as the area weighted
mean isomer shift of a spectrum, can in principle take any
value, and given that both §, and m are constants, it is clear that
mathematically, « is an unbounded parameter. As such, one
should anticipate a Gaussian sampling distribution in measure-
ments of «.. Furthermore, one should anticipate that even with
a material comprising solely magnetitie and/or maghemite, it
will be possible to measure « values that may be less than zero
or greater than one.

Returning to the interpretative aspect of equation (1), one
of the reasons this metric has attracted attention is that it
makes accessible and quantitative a material characteristic that
is otherwise very difficult to measure [19]. For example, the o
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parameter may be related to more discipline-specific metrics
[15], such as the molar ratio of ferrous and ferric ions:

x =Fe’™ JF*t = /(3 — ), (2)

which is commonly used in chemical characterisation; or the
weight percentage of the magnetite phase:

W = Mnagnetite/ Mot = 28.940¢/(29.94 — «) 3)

in the mixture, which is commonly use in mineralogy.

In light of this, our aspiration is to support the transition of
the COG method from its current prenormative level to that
of a normalised, ISO standard method for the quantification
of the magnetite/maghemite ratio in magnetic nanoparticles.
We believe that such an ISO standard is needed to support the
companies and industries that trade in these high-technology,
high-value materials, especially when they are used in the
biomedical sector, either as medical devices or as components
of medicinal products.

Such an effort is timely. Recent work on the metrology of
magnetic nanoparticles has led to the formulation of a stan-
dardisation roadmap [20] and the introduction of two new
definition standards, ISO 19807-1 and ISO 19807-2 [21]. Mea-
surement standards have not yet been prepared, but they are
a logical next step. For the COG method in particular, one
of the key underpinning requirements of a new measurement
standard—that of having in place a well-defined uncertainty
budget for the measurand—has recently been published [14].
Another metrological requirement—that of having traceability
to ST units—is entirely achievable [22], even if it has not yet
been formally presented. It is anticipated that establishing the
traceability chain will be straightforward, should the oppor-
tunity arise to propose the COG method as a measurement
standard.

In parallel, efforts have been made to explore bet-
ter, more robust characterisation methods for magnetic
nanoparticles—including the COG method—via consortia of
laboratories interested in advancing the field [25]. This is
advantageous, as the method of choice for prenormative ver-
ification and validation of a newly proposed measurement
protocol is interlaboratory comparison [24].

We therefore report here on an international project in
which seven groups tested the COG method by recording
and analysing 3’Fe Mossbauer data from six iron oxide sam-
ples—a verification set of three microcrystalline mixtures
of predetermined composition, and a validation set of three
nanoparticulate samples of a priori unknown composition.
With reference to the American Society for Testing and Mate-
rials (ASTM) standard practice guide for interlaboratory com-
parisons of test methods [24], we report on the statistical
analysis of both datasets using both Mandel- and Youden-
style repeatability tests. Based on this interlaboratory com-
parison, we conclude that the COG protocol is applicable
with reasonable uncertainty and bias, and that as such the
results as presented could serve as the basis for development
of a new normalisation standard for the quantification of the
magnetite/maghemite ratio in magnetic nanoparticles.

2. Experimental methods

Study design: experienced practitioners from seven labora-
tories—five European, one North American, and one South
American—participated in the study. The study was coordi-
nated by the University College London (UCL) and Tech-
nical University of Denmark (DTU) teams, who selected
and prepared six samples, from each of which seven iden-
tical aliquots were extracted [section S1 (https://stacks.iop.
org/MET/59/015001/mmedia)]. One aliquot from each sample
was delivered to the study participants in the form of undi-
luted, free-flowing powders, in sufficient quantities to allow
suitable-thickness absorbers to be prepared. The samples were
anonymised, and no information as to the composition or
nature of the samples was divulged. All participants were
asked to prepare absorbers suitable for their experimental con-
ditions, and to collect a room temperature spectrum for each
sample (section S2). Next, the participants were asked to anal-
yse their spectra according to their usual in-house procedures
(including in-house operators and analysis programs) but fol-
lowing published instructions regarding the COG method [15];
and to return both the COG analysis results as well as a com-
plete set of all raw data, including calibration files, to both
UCL and DTU. At UCL the data thus collated was anonymised
prior to repeatability analysis, which comprised two parts. Part
1 was a statistical analysis of the as-received COG analy-
sis results (o values) of each of the six samples; and part 2
was a variant of part 1 in which the raw data files from each
of the participants were independently analysed by a single
operator (one of the authors, JF, using a single data analy-
sis program) to extract a second set of COG « values for
analysis.

Samples and absorber preparation: the samples included
both verification and validation sets. The verification sam-
ples (NM-A, NM-B and NM-C) were microcrystalline pow-
der mixtures prepared at DTU using well-characterised
maghemite and magnetite powders (section S1) [15]; and pre-
determined « values of 0.109 + 0.002, 0.683 £ 0.014 and
0.97 £ 0.02 respectively (table S1). The validation samples
were all superparamagnetic nanoparticles—meaning that they
had zero net magnetisation at room temperature—and had
a priori unknown « values. Two (NM-D and NM-E) were
manufactured by Micromod GmbH (Rostock, Germany) [25];
while the third, NM-F, was a powder sample taken ‘from the
shelf” at DTU, which, according to the logbook, was syn-
thesized by a route similar to that for uncoated, freeze-dried
maghemite nanoparticles from that laboratory [26]. To guard
against oxidative ageing effects, which are known to be most
significant in the first few weeks and months after synthe-
sis [16], all three validation samples were at least 16 months
old before measurements were performed (tables S6 and S9).
Absorber preparation methods—including the choice of sam-
ple holder and absorber area, the mixing of the samples with a
~-ray transparent dispersant medium such as sucrose or boron
nitride to facilitate texture-free packing, and their mounting in
an Fe-free absorber holder—were left to the discretion of each
participant (table S2). However, all participants were asked to
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limit the maximum spectral absorption to 8%, and to aim for a
value from 6% to 8%.

Measurements and data analysis: no specifications were
given regarding the choice of velocity (energy) scale, other
than for each spectrum to have a flat background. Participants
were asked that their spectrometer hardware should be free
from vibrations and that the collected spectra should exhibit
what they considered to be qualitatively ‘good’ linewidths,
‘good’ alignment and ‘good’ quality statistics (table S3).
Participants were asked to measure each sample at room tem-
perature (and to record that temperature), and to calibrate their
spectrum relative to an «-Fe foil. They were asked to then
analyse their spectra using their usual fitting programs, but to
apply the COG method to obtain the area weighted mean iso-
mer shift (6gr) and the corresponding o parameter determined
from equation (1). Participants were also advised that, if avail-
able in their laboratories and if they considered it appropriate,
additional measurements could be made at lower-than-room
temperature using a cryostat or similar controlled environ-
ment. (This was because low temperatures could be expected
to reduce linewidths, and improve the determination of «.) In
such cases, participants were asked to report both their mea-
sured §(7') and the measurement temperature, and their derived
values for « using a previously published correction formula
(equation 17 in [15]). Lastly, participants were also asked to
provide copies of their as-collected raw data (sample and a-Fe
calibration files) for consolidation at UCL. Following this, all
of the spectra were re-analysed by a single operator at DTU
using a custom-built Matlab script.

Uncertainty budget: in evaluating the dgr values from their
acquired data, no constraint was imposed on the participants,
and they were simply asked to apply their in-house protocols.
However, for the single-operator re-analyses, the uncertainty
budgets of each data point was independently evaluated in line
with published protocols [14]. These comprised: uncertainties
associated with the fitting of the Mdssbauer spectra; calibra-
tion of the a-Fe reference spectrum; post facto treatment of
the data (viz taking account of the temperature-dependent sec-
ond order Doppler shift, for absorber temperatures above or
below 295 K); and experimental errors (viz testing for devia-
tions from a flat background or for non-linear velocity-channel
calibrations) [14].

Repeatability analysis: to analyse repeatability, the
approaches described by the American Society for Testing
and Materials in their ASTM E691-18 report on ‘Standard
Practice for Conducting an Interlaboratory Study to Determine
the Precision of a Test Method’ [24] were applied.

3. Results

3.1. Overview of measured spectra

Figure 1 shows the full set of recorded data from one of the
participating laboratories, laboratory 6.

The spectra of the verification samples, from the magnetite-
rich NM-A to the almost-pure maghemite NM-C, all have
sharp absorption line profiles, as is usual in microcrystalline
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Figure 1. 3’Fe Mossbauer spectra, recorded at room temperature

(T =295 K +£ 5 K), of six representative iron oxide samples chosen
for the interlaboratory study, viz three microcrystalline mixtures of
magnetite and maghemite (NM-A to -C) and three nanoparticulate
iron oxide samples (NM-D to -F).

mixtures. In contrast, the nanoparticulate samples in the vali-
dation set exhibit much more varied profiles, ranging from an
asymmetrically broadened sextet (NM-D), through a spectrum
resembling a ‘terraced valley’ (NM-E), to a relatively sharp
doublet with broad ‘wings’ (NM-F).

It may be noted in passing that although all three of the
nanoparticulate samples were superparamagnetic, they did not
all exhibit doublet spectra, and indeed two exhibited the sex-
tet features typical of magnetically ordered states. This may
seem incongruous, but in fact it is a common feature of the
3TFe Mossbauer spectrometry of nanomaterials, namely that
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Figure 2. (a) Comparison of the as-received room temperature >’ Fe Mossbauer spectra recorded in seven different laboratories for a
microcrystalline magnetite—maghemite mixture, sample NM-A. An arrow indicates the presence of an anomalous additional absorption line,
hypothesized as being due to impurities in the sample holder, in spectrum NM-A.2. (b) Comparison of the as-received room temperature
>TFe Mdssbauer spectra recorded in seven different laboratories for a nanoparticulate magnetite—maghemite, sample NM-E.

on the relatively short measurement timescale of the tech-
nique—which is determined by the Larmor precession fre-
quency of the >’Fe nucleus and is of order nanoseconds—the
nuclear hyperfine fields may well be time-invariant, while at
the longer timescale of, e.g., bulk hysteresis measurements, the
net magnetisation averages to zero [12].

The raw data received from each of the laboratories are
shown in figure 2(a) for one of the microcrystalline mix-
tures (NM-A) and in figure 2(b) for one of the nanomaterials
(NM-E), and in figures S1 and S2 for the remaining samples.

At first glance, all the spectra appear to be very similar,
however, on closer inspection some differences are apparent.
First, an extraneous absorption line at velocity v ~ 0.3 mms~!
is visible in NM-A.2. On investigation, a likely explanation for
this was found to be that laboratory 2 used non-certified alu-
minium foil as a sample holder, which, strictly speaking, is not
best practice, as it is known that Fe impurities in aluminium
present Mdossbauer spectra with singlets in the velocity range
from 0 to 0.4 mm s~! [27].

Second, the absorption percentages vary, which raises a
question as to ‘thickness effects’ due to self-absorption in the
absorber [28], which may lead to analysis artefacts [29]. How-
ever, on investigation this was found not to be the case. Rather,
the absorption differences were found to be due to the variance
in source-sample-detector geometries in the different labora-
tories. This technical feature affects the non-resonant back-
ground levels in the spectra, and accounts for the observed
absorption variations.

Third, there are differences in the extent to which the mea-
sured baseline extends beyond the absorption region, which
might affect the accuracy of the baseline determination which
forms part of the data analysis and be reflected in larger uncer-
tainties. That said, all the laboratories used the current best-
practice of a triangular drive waveform and folded their data
to give a spectrum with a hypothetically flat baseline.

Fourth, there is variation in the statistical quality of the
measured data, as evidenced by the scatter of the individ-
ual channel counts in the spectra. As well as affecting the
random-uncertainty-based uncertainties associated with each
measurement, a lack of sufficient statistical quality may lead
to a lack of definition in the fit. At the same time, over-long
data acquisition is also problematic, as excess statistical qual-
ity can lead to difficulties in data analysis with poorly defined
sum-of-least-squares minima.

On the basis of these observations as to the quality of the
recorded data, it was determined that all were representative
of current norms in °’Fe Mossbauer spectroscopy, and as such
they constituted an appropriate sampling for the COG method
test.

3.2. Fitted « values

The « values obtained from each laboratory—as determined
both in-house using each participants’ usual spectrum fitting
packages (tables S4 and S7), and ex post facto by a single
operator using an independent analysis package (tables S5,
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Figure 3. (a) Measured « values derived from room temperature
Mbéssbauer spectra for the microcrystalline mixtures NM-A to -C,
from both in-house and single-operator analysis. The superimposed
dashed and dotted lines represent the a priori known « values and
their uncertainties. (b) Measured « values derived from room
temperature Mossbauer spectra for the nanoparticulate iron oxides
NM-D to -F, from both in-house and single-operator analysis. The
dashed and dotted lines represent the calculated means of the «
values using in-house and single-operator room temperature data
respectively. Some additional data points (grey outline) were
obtained from spectra recorded at liquid nitrogen temperature or, for
spectrum NM-E.5, at T = 140 K 4+ 2 K.

Table 1. Averaged data from 7 independent Mossbauer
laboratories’ measurements of the COG method « values of 6
different iron oxide samples, from both in-house and
single-operator analysis. The uncertainties listed are the standard

deviations of the measurements.

Sample Expected In-house Single-operator
NM-A 0.109 £ 0.002 0.09 £ 0.05 0.09 £ 0.04
NM-B 0.683 £0.014 0.61 £ 0.06 0.64 £ 0.07
NM-C 0.97 £0.02 0.96 £ 0.03 0.96 £ 0.02
NM-D — 0.37 £ 0.05 0.40 £ 0.05
NM-E — 0.14 £ 0.07 0.17 £ 0.06
NM-F — 0.09 £ 0.07 0.09 £0.10

S8, and S10)—are shown in figures 3(a) and (b) and com-
pared therein to the known true « values (for the mixtures)
or to the measured mean « values (for the nanoparticles).
Also shown are the « values determined by four laboratories
(3,4, 5, and 7) that recorded spectra of the nanoparticle sam-
ples at reduced temperatures (see figure S3 for further details
of these measurements). In keeping with the unbounded nature
of the a parameter—which was discussed in section 1
in relation to the mathematical form of equation (1)—it
may be noted that in some cases the measured « values, and/or
their standard deviation limits, fall outside the range from zero
to one.

The averaged data across all 7 laboratories are listed in
table 1. On collation of the in-house data, it was noted that
laboratories 1, 2, and 3 had used Lorentzian line profiles rather
than the suggested Voigtian line profiles in their fits (a Voigtian
being a Gaussian distribution sum of Lorentzian lines [30]).
It was decided to leave this unchanged, but Voigtian profiles
were used for all the single-operator re-analysis fits. Generally
good agreement is seen in the in-house data, with the possi-
ble exception of the data for NM-A and -B from laboratories
1 and 2. The single-operator analysis affected the fitted o val-
ues slightly, but always within the uncertainty of the in-house
value, and with no clear trend between the in-house and single-
operator values. Data from the low temperature experiments,
where performed, was comparable with the room temperature
data.

3.3. Repeatability analysis

Following ASTM guidance [24], two well-known repeatability
analysis methods were applied to the data, viz Mandel’s con-
sistency statistic [24] and the Youden plot [31]. The goal here
was to identify outliers and to gain insight into the random and
systematic uncertainties, and the statistical confidence, in the
measurements.

3.3.1. Mandel’s consistency statistic. The h and k consis-
tency metrics developed by Mandel are ways to assess the
repeatability and reproducibility in interlaboratory studies
[32, 33]. As the participants measured only one spectrum per
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sample, the k statistic was not valid, and was not considered
further, and the analysis focused instead on the / statistic.
Briefly, the £ statistic is the deviation of each measurement
from the overall average of the measured values, divided by
the standard deviation of those measured values. It is mathe-
matically equivalent to Grubb’s outlier statistics [33], and is
given here by:
h=(a—a)/sy, 4

where @ is the mean « value for each sample and s, is the
standard deviation of all of the individual measurements from
each laboratory. In this way, & is a measure of the deviation
of a given measurement from the nominal value, and a way to
identify outliers, as well as being a statistic for a test of signif-
icance. For a given significance level, say 2x%, a critical value
of h may be determined from:

heio = (p— Dt//p( + p—2), &)

where p is the number of independent measurements, and
t is the value of the upper (1 — x)" percentile of the
student’s ¢ distribution with (p — 2) degrees of freedom [24].
Although this may look complicated, it is easily calculated
using readily available spreadsheet functions: e.g. at the 0.5%
significance level (x = 0.25% = 0.0025, with ¢ being the value
of the upper 99.75™ percentile), ¢ is given in Microsoft Excel
by TINV(0.005, p — 2), where TINV is the student’s ¢ inverse
cumulative distribution function.

The h statistics for each of the samples for all 7 laboratories
are shown in figures 4(a) and (b). As before, data is shown
for the o values determined by the individual participants, and
by the single-operator analysis. For both the mixtures and the
nanoparticles, different @ values were used for the in-house
and single-operator datasets: in each case @ was taken to be
the mean of the measured « values from all 7 laboratories, as
per the respective analysis. Also shown in figure 4, following
the ASTM guidance, [24] are dashed lines at the A = £2.05
values that correspond to the 0.5% significance level for p =7
independent measurements, calculated using equation (5).

For the mixtures (in-house analysis), it is apparent that most
(15/21) of the measured h statistics lie within 41 standard
deviation s, of the true values; while the remainder (6/21)
lie in the range from +1s, to £2s,. None lie outside the
0.5% t test significance level. Single-operator analysis of the
same data modifies the spread of data slightly, with 14/21 data
points now within £1s,, 7/21 from +1s, to £2s,, and again
none beyond the 0.5% level. More generally, figure 4 shows
that the single-operator analysis affected the individual &
statistics, but without any clearly discernible trend: in some
cases, the magnitude of % increased, and in some cases it
decreased.

For the nanoparticles (in-house analysis), most (13/21) of
the measured / statistics lie within 315, of the respective mean
values; and the remainder (8/21) lie in the range from +1s,
to +2s,. Single operator analysis again slightly changes the
spread, with 15/21 data points now within +1s,, 5/21 from
+1s, to £2s,, and 1/21 just beyond the 0.5% level. As with
the mixtures, no clear trend towards either larger or smaller &
statistics is apparent in the single-operator analysis data.

Mixtures: in-house analysis

-1

h - consistency statistic

-2

-1

h - consistency statistic

-2

-

h - consistency statistic
AR

2

labl Llab2 Lab3 Lab4 Lab5 Lab6 Lab7

Nanoparticles: single-operator anal.

[

A

h - consistency statistic

2 L
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Figure 4. (a) Values of Mandel’s 4 statistic, measured against the
known values of « for each of the mixtures NM-A to -C, for both
in-house and single-operator data analysis. The dashed lines indicate
t test significance levels corresponding to the 0.5% significance level
for N = 7 independent measurements. (b) Values of Mandel’s &
statistic, measured against the average measured value of « for each
of the nanoparticles NM-D to -F, for both in-house and
single-operator data analysis. The dashed lines indicate # test
significance levels corresponding to the 0.5% significance level for
N =7 independent measurements.

3.3.2. Youden analysis. The Youden plot is a means of
uncovering bias in a measurement process, and is designed
to identify and distinguish between random and systematic
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Figure 5. Youden-style pairwise plots of the Mandel £ statistic (in
units of standard deviation s,) derived from the Mdssbauer effect «
values measured, in seven laboratories, for three microcrystalline
and three nanoparticulate samples, via in-house and single-operator
analysis. The dashed lines mark out circles at the 0.5%  test
significance level for N = 7 independent measurements. The
absence of any clear deviation in the clusters towards elliptical
symmetry indicates that systematic uncertainty effects, if present,
are small compared to random uncertainty effects.

uncertainties [31]. It is usually applied when two or more lab-
oratories make measurements on two similar samples that are
close in the magnitude of the property (parameter) evaluated.
This was not the case in the current study. Nevertheless, a mod-
ified Youden plot was here considered useful, wherein pairwise
comparisons were made between samples—viz NM-A ver-
sus -B; NM-A versus -C, NM-B versus -C, etc—and wherein
the Mandel / statistics were plotted rather than the measured
« values. Although unconventional, computer simulations of
the distribution of 4 statistic pairs, in the case of a Gaussian

sampling distribution, indicated that the approach was robust
(see figure S4). As such, it is the authors’ opinion that this was
an acceptable way to visualise the data without the compli-
cations that arise when the measured properties in the two-
sample plots are of different magnitude. It was further decided
to plot the pairwise data from the full set of samples—mixtures
and nanoparticles both—on the basis that this would allow
the greatest number of pairwise comparisons to be made
(viz 105 data points for each of the in-house and single-
operator sets).

The resulting Youden-style plots are shown in figure 5.
(More detailed versions, including individual labels for each
of the data points, are given in figures S5 and S6.) To interpret
this data, it is useful to note that in a Youden plot, if there are
only random uncertainties, all the points are expected to cluster
about the origin and lie within a circle. If there is a predomi-
nance of systematic uncertainty over random uncertainty, the
encompassing circle is expected to elongate along the 45°/225°
axis (i.e. the line bisecting the first and third quadrants) to form
an ellipse. In such a case, most of the data points would be
expected to fall within the first and third quadrants—marked
(+, +) and (—, —) respectively in figure 5.

Inspection thus shows that for both the in-house analy-
sis and the single-operator analysis, 97/105 points lie inside
the circle of radius corresponding to the 0.5% t test signifi-
cance level, indicating good repeatability in both cases. There
is also no discernible bias in the data—the data points appear
to be evenly spread over the plane, and there is no evidence
of a significant preference for the first and third quadrants. As
such, the data are consistent with the conclusion that random
uncertainties dominate the Mossbauer COG test method.

4. Discussion

An important step in the establishment of a new metrological
method is a prenormative interlaboratory study, designed to
verify and validate that method against its stated aims. Here,
the method being scrutinized was the Mossbauer COG method
for quantifying the magnetite/maghemite composition of iron-
oxide-based magnetic nanoparticles.

Room temperature Mdssbauer data were recorded in 7 lab-
oratories on 6 samples chosen to constitute both a verifica-
tion set of microcrystalline mixtures with a predetermined
magnetite/maghemite composition, and a validation set of
deliberately challenging nanoparticulate samples of unknown
composition (figure 1). Initial comparisons of the as-collected
raw data (figure 2) showed generally good agreement, albeit
with variabilities related to: the amount of non-resonant back-
ground counts; the chosen velocity scale limits; and the statis-
tical quality of the spectra. It was not known a priori whether
these differences would significantly affect the analytical pro-
cess that followed.

Data analysis proceeded both in-house and ex post facto.
To maintain consistency, none of the spectra were corrected
or altered in any way prior to either in-house analysis or
single-operator re-analysis. Reasonable agreement was found
between the « values obtained for all 6 samples by the dif-
ferent laboratories, and, for the verification samples, with the
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predetermined « values (figure 3). For the nanoparticles, it
was found that those laboratories that were able to record low
temperature spectra (for which the line profiles were sharper,
and the doublets resolved into sextets, figure S3) obtained
o values consistent with those obtained from the room tem-
perature spectra, but there was no obvious improvement in
measurement accuracy (figure 3).

Repeatability analysis on the room temperature data was
undertaken using a combination of Mandel’s consistency
statistic (the A statistic) and an adapted version of the two-
sample Youden plot. The / values for both the mixtures and the
nanoparticles (figure 4) were bench-marked against the mea-
sured & means across all the participating laboratories. All but
one of the measured / values from the mixtures (figure 4(a))
were found to lie within the 0.5% f test significance level, and
two-thirds of the % values lay within £1 standard deviation
of the true values, indicating good accuracy and repeatabil-
ity. It was also seen that although there were some differences
between the £ values between data analysed in-house and then
later by an independent operator, there were no discernible
trends in those changes, and the overall spread in / values was
not significantly altered. All but one of the / values were found
to lie within the 0.5% f test significance level, and two-thirds
within £1 standard deviation of the measured means, indicat-
ing good repeatability at the same level as that seen for the
mixtures. Again, no discernible trends were seen between the /
values determined using in-house versus independent-operator
spectrum analysis.

Pairwise two-sample Youden-style plots were used to visu-
alise the Mandel # statistics data, and to help identify the
contributions of both random and systematic uncertainties to
the measurement uncertainty. The data from the mixtures and
the nanoparticles was pooled, allowing 105 pairwise com-
parisons to be made for each of the in-house analysis and
single-operator analysis sets of data (figure 5). In both cases
the Youden plots indicated that apart from a few outliers,
the majority (ca 92%) of the derived data points lay inside
circles of radius corresponding to the 0.5% t test significance
level. As such, the Youden plots indicated both good repeata-
bility and the dominance of random, as opposed to systematic,
uncertainties.

5. Conclusion

Based on the prenormative study data presented in this work,
we consider that the ’Fe Mossbauer spectrometric ‘centre
of gravity’ COG method is a promising candidate for an
ISO standard method for determining the composition of
magnetite/maghemite nanomaterials. We found that random
measurement uncertainties, as opposed to systematic uncer-
tainties, predominated, which indicates that the method is
generally applicable. There was also evidence that, for the
most part, these random uncertainties fell within acceptable
(ASTM-standard 0.5%-significance) limits. Furthermore,
there was a very good agreement between the participating
laboratories, despite the disparity in the hardware and soft-
ware used. This reflects the robustness of the experimental
methodology, with the widespread adoption of best practice

methods in key aspects of the measurements, such as the
calibration methods employed, and the use of symmetrical
waveform drives and folded spectra to eliminate baseline
curvature effects. For these reasons, we propose that the COG
method should be considered for normalisation as a standard
method for quantification of the magnetite/maghemite ratio in
iron-oxide-based magnetic nanoparticles.
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