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ARTICLE INFO ABSTRACT

Keywords: Iron sucrose is used in the parenteral treatment of iron deficiency anaemia. A number of iron sucrose similars

Iron-sucrose have been developed alongside the original product. These products consist of colloidal iron with particles in the

Eam“ml,la;s nanometre range stabilised by sucrose molecules. Dynamic light scattering (DLS) is the method of choice for the
anoparticles

qualification of iron sucrose products in terms of particle size. However, the broad range of instrumentation and
accessories available today for the execution of these measurements requires that best laboratory practice is
established to ensure measurement comparability and consistent product quality. In this work, we have exam-
ined the measurement of iron sucrose particle size by DLS using a range of instrument models and manufacturers
and compared results. We performed transmission electron microscopy with cryogenic capability to support DLS
data interpretation. We find that DLS results are consistent when equivalent settings are selected across in-
struments, we discuss the experimental parameters of importance for high-quality measurements and present
preliminary data for emerging modalities. Although focussed on iron sucrose products, the outcome of this work

Dynamic-light scattering
Interlaboratory comparison study

is relevant to the analysis of other types of nanoparticle-based products.

1. Introduction

Nanomedicine, the application of nanotechnology in medical sci-
ence, has delivered step-change innovations in diagnostic procedures,
therapy, and prevention of diseases. In the context of drug development,
advanced formulations and drug delivery systems have enhanced ther-
apeutic efficacy and targeting, while reducing side effects of active
pharmaceutical ingredients (APIs) (Peer et al., 2007). Although the
beginning of the nanomedicine era is almost universally associated with
the appearance of liposomal doxorubicin formulations, the story of these
medicinal products actually began with the iron-based (iron sucrose)
nanoparticle formulations as early as 1947 (Nikravesh et al., 2020),
which is almost 30 years before the term “nanotechnology” was even
coined (Bayda et al., 2020). Since then, a lot of expectation has been
placed on drug nanoformulations, and their development has undergone
several distinct stages, each characterized by different levels of pro-
ductivity, technological advancements, and clinical applications (Li
et al., 2017).

* Corresponding authors.

Among a variety of nanomedicines available on the market today,
iron oxide and oxyhydroxide nanoparticles are designed to treat iron-
deficiency anaemia and have gained significant attention due to their
distinctive physicochemical properties (Nikravesh et al., 2020; Krupnik
et al., 2023). A notable applied example of these nanoparticles is iron
sucrose, which has seen its formulation evolve over the decades and
eventually the emergence of nano-similars. These iron-carbohydrate
complexes, designed for parenteral use, offer distinct advantages over
oral iron-based preparations including improved bioavailability,
reduced gastrointestinal side effects, and faster repletion of iron stores
(Krupnik et al., 2024; Auerbach and Ballard, 2010). As of 2024, in
Europe there are more than 30 producers of iron sucrose complexes for
parenteral administration (Martin-Malo et al., 2019; Rottembourg et al.,
2011; European Medicines Agency, 2021).

The structure of iron sucrose has been extensively studied, revealing
a complex matrix composed of polynuclear iron(IlI)-oxyhydroxide
nanoparticulate cores stabilized by sucrose molecules (Borchard,
2015; Digigow et al., 2024). For this reason, iron sucrose formulations
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are classified as non-biological complex drugs (NBCDs) (Miihlebach and
Flithmann, 2015). The unique arrangement of iron and sucrose not only
enhances the stability of the formulation but also contributes to its
overall safety profile, offering controlled release of iron and ensuring a
steady supply of the element for erythropoiesis. The release of iron ap-
pears to be influenced by the size and surface properties of the colloidal
iron complex and the matrix. However, depending on the manufacturing
procedure (which typically consists of numerous steps), available iron
sucrose products may differ significantly in the physicochemical aspects,
which in turn impacts pharmacological performance and clinical effi-
cacy (Martin-Malo et al., 2019; Rottembourg et al., 2011).

Due to the difficulty to fully characterise and define iron complex-
based particles and the uncertainties on how quality attributes relate
to in vivo performance, it has been recognized that the regulatory eval-
uation of the therapeutic equivalence of the follow-on products (iron
sucrose nano-similars) could not be based on conventional bioequiva-
lence studies alone. Trying to provide clarity in the area of NBCDs, the
European Medicines Agency (EMA) published a reflection paper sum-
marizing the data requirements for market authorisation of iron-based
nano-colloidal products (European Medicine Agency, 2013). In addi-
tion, the U.S. Food and Drug Administration (FDA) has published draft
guidance for industry, covering characterisation and directions for bio-
equivalence testing of three different intravenous iron products, among
which is the iron sucrose complex (Food and Drug Administration, 2013;
Food and Drug Administration, 2024; Food and Drug Administration,
2012). These documents encompass suggestions for rigorous testing and
validation processes to confirm the pharmacokinetics, pharmacody-
namics, and therapeutic equivalence of nano-similars to their original
counterparts. Documentary standards for quality testing of these prod-
ucts are still under development in Europe and the aim of the presented
study is to support these efforts.

Particle size plays a critical role in the efficacy and safety of paren-
teral drug delivery systems, and it is recognised as one of the critical
quality attributes (CQAs) for nanomedicines. In the case of iron sucrose
nanoparticles, size directly influences the pharmacokinetics, bio-
distribution, and cellular uptake of the product. Despite nanoparticle
size being outlined as one of the main physicochemical aspects in the
regulatory decision-making process, clear and standardised practice for
iron sucrose products is lacking (Halamoda-Kenzaoui et al., 2021; Eu-
ropean Medical Agency, 2016). Stringent quality control measures are
essential to maintain the consistency of product particle size within the
desired range. There is no unique method to measure this attribute, but
dynamic light scattering (DLS) has become a ubiquitous method which
is employed both during development and qualification of complex
medicines and is able to provide fast measurements of the particle size
distribution (PSD) and stability of the formulation, with minimal sample
preparation. However, a number of DLS instrument models are available
on the market at present, with differences in settings and performance.
The development of universal best practice, quality guidelines and
standards for iron sucrose and other complex medicines requires that
instrument variability is understood and considered. In this study, we
present a comprehensive size analysis of iron sucrose nanoparticles
through an interlaboratory comparison of 5 different DLS instrument
models, performed at 5 laboratories in Europe. Through this approach,
we provide harmonised guidance to future quality standards to measure
the size of iron-based nanoparticles by DLS.

Although the insights gained in this study are based on a specific type
of nanomedicine, namely iron sucrose, the general conclusions and
recommendations are broadly applicable to other complex drugs and
nanomedicine products. The authors aim to offer valuable guidelines
and measurement best practice for the further development of quality
standards for size measurements as one of the main CQAs of
nanomedicines.
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2. Materials and methods

Four sample batches containing 30 mg/mL iron sucrose were
received in collaboration with the European Directorate for the Quality
of Medicines & HealthCare (EDQM), referred to as batch 1, batch 2,
batch 3, and batch 4 respectively. The iron sucrose batches used in this
study were provided by the EDQM and the details of the manufacturer
remain confidential. The samples were industrially manufactured ac-
cording to industrial standards but re-labelled by the EDQM to maintain
anonymity. Information on the nature of the sample and the iron sucrose
concentration was provided, along with safety data sheets for the com-
pounds. Iron sucrose samples were diluted 1:50 in filter sterile solutions
of ultrapure water or 0.9 % sodium chloride solution. Gentle agitation
by inverting the vial was applied before dilution and measurements.
Samples of each batch of stock solution were distributed initially to each
laboratory, and then were freshly prepared by dilution from stock for
each measurement session.

Monodisperse polystyrene (PS) spheres of 20 nm nominal diameter
(Certified batch 3020-016) applied in quality control measurements
were purchased from Thermo Scientific (Waltham, MA, USA) (3000
Series Nanosphere™ Size Standards, Catalogue number 3020 A). The
monodisperse PS suspension contained spheres with a mean diameter of
(22 £ 2) nm (k = 2, i.e. 95 % confidence level) as measured by DLS and
was traceable to the spheres certified by the National Institute of Stan-
dards and Technology (NIST, Standard Reference Material 1963, 1964
or 1961). The nominal mass concentration of the undiluted standard was
1 % (w/v) (not certified) and spheres were assumed to have a density of
1.05 g-cm*3 (Kestens et al., 2017). When diluted, spheres were dispersed
in ultrapure water (resistivity of 18.3 MQecm) previously filtered using
a 0.2 um cutoff syringe filter (Merck, Rahway, NJ). A range of cuvettes
(see L6 in Table 1), dilutions and instrumental parameters (measure-
ment position and laser attenuator) were tested in order to determine
optimal measurement conditions. The tested cuvettes differed in type of
material and wall thickness, namely polymethyl methacrylate (PMMA),
PS and quartz, where the disposable PS cuvettes had the thinnest walls
(0.95 mm), PMMA cuvettes had 1.1 mm thick walls and a quartz cuvette
had a wall thickness of about 1.2 mm.

DLS instruments used in this work are listed in Table 1. Instruments
at L1 to L5 were used for the interlaboratory comparison on iron sucrose
products. All measurements were performed with a sample equilibration
time of 120 s, and the procedures were configured to ensure that the
SOPs used for measurements in this study comply with the DLS chapter
of the European Pharmacopoeia (European Pharmacopoeia, 2024). A
total of four samples of iron sucrose were measured. Within-day method
variability was evaluated by measuring 6 repeats of 3 aliquots per
sample. Between day-variability was evaluated by measuring 6 repeats
of 1 aliquot per sample over three days. The instrument at L6 was used to
study the impact of measurement settings, including the type of cuvette
and the measurement position, on the DLS results.

For transmission electron cryomicroscopy (cryo-TEM), iron sucrose
particles from batch 3 were 50 times diluted in water immediately
before blotting. Lacey carbon films coated with ultrathin carbon films
mounted on Cu 200 mesh grids (Agar Scientific, UK) served as the
substrate for sample deposition. Initially, these grids were subjected to
plasma cleaning at 230 V and 15 Pa vacuum for a duration of 30 s.
Subsequently, a 4 uL aliquot of the diluted sample was pipetted onto the
carbon coated side of the prepared grids. For the samples, the blotting
chamber was pre-conditioned to a controlled environment of 21 °C and
100 % humidity. The samples were plunge-frozen using a Vitrobot (FEI,
Hillsboro, USA). Excess liquid from these samples was automatically
blotted away using two strips of filter paper and blot time of 4 s was
employed, followed by immediate plunge-freezing into liquid ethane
maintained at — 180 °C. The prepared grids were then stored in liquid
nitrogen until they were ready for microscopy. Low-dose electron
diffraction studies were carried out using a FEI Tecnai Spirit F20 elec-
tron microscope. Imaging was performed at an acceleration voltage of
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Table 1
List of DLS instruments assessed in this work and the corresponding measurement settings.
Lab. Instrument Instrument manufacturer Laser source wavelength and  Software Scattering angle Cuvettes
# model power (air)
L1 Zetasizer Ultra Malvern Panalytical (Malvern, 633 nm Zetasizer ZS 173° (DLS) Disposable polystyrene, DTS0012
UK) <10 mW Xplorer 17°,90°, 173°
v.3.2.1.11 (MADLS)
L2 Litesizer 500 Anton Paar 658 nm Kalliope Ink 175° Disposable PMMA,
(Graz, Austria) 40 mW V: 2.30.4 Sarstedt 67.740
L3 Zetasizer Nano Malvern Panalytical (Malvern, 633 nm Zetasizer Nano 173° Disposable polystyrene, DTS0012
YA UK) <10 mW 0v.7.13
L4 Zetasizer Nano Malvern Panalytical (Malvern, 633 nm Zetasizer Nano 90° Disposable polystyrene, DTS0012
A UK) <10 mW 0v.7.5
L5 Amerigo Cordouan Technologies (Pessac, 638 nm AmeriQ_x64 170° Disposable polystyrene cuvettes
France) < 50 mW 7,697,101
L6 Zetasizer Nano Malvern Panalytical 633 nm Zetasizer Nano 173° Non disposable
ZS (Malvern, UK) <10 mW 0v.7.12 Quartz;
Disposable

PMMA BRAND BR759115;

Disposable polystyrene, Sarstedt
67.754

80 kV, and the captured images were recorded using an FEI Eagle CCD
Camera.

3. Results
3.1. Considerations on DLS experimental conditions

DLS instrument performance prior to measurement of the iron
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sucrose was assessed with a polystyrene sphere dispersion with a certi-
fied value for the hydrodynamic diameter as measured by the manu-
facturer with DLS. The choice of a range of experimental and
instrumental parameters was assessed. Fig. 1(a) and 1(b) illustrate the
impact of the measurement position on the resulting particle Z-average
and polydispersity index (PDI) respectively as a function of cuvette type,
namely made of PMMA, PS and quartz. For clarity, Fig. S1 shows the
relative position value of each of the model set-ups with respect to the
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Fig. 1. Measured (a) Z-average and (b) PDI values as a function of the measurement position of 1 % w/v dispersions of PS spheres for different cuvette material types
(PMMA cuvettes — black squares; Quartz cuvettes — black diamonds; Polystyrene cuvettes — grey circles). (c) The effect of the dispersion concentration on the
measured Z-average value, and (d) effect of measurement position at two different concentrations in PMMA cuvettes.
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middle of the cuvette. In the Malvern and Amerigo instruments, a po-
sition of 0 mm refers to a measurement hypothetically performed at the
outer edge of the cuvette at the air-cuvette interface closest to the laser
source, while the centre of the cuvette is closer to position 4.65 mm. For
the Anton Paar instrument, a measurement position of 0 mm refers to a
measurement taking place at the centre of the cuvette (Table 2). The
measurements of the polystyrene particles described in this section were
performed with a Malvern instrument. For all cuvette types, Z-average
and PDI values were higher at position 1.05 mm than closer to the centre
of the cuvette. The disparity in Z-average and PDI suggests that the
proximity of the measurement position to the cuvette wall impacts the
outcome of the measurement, and the error is more pronounced for the
quartz cuvette, which has thicker walls, with respect to the PS cuvette.

Instrument qualification protocols require to perform measurements
at specific concentrations. Undiluted samples are straightforward to
measure, but experimental parameters may require optimisation where
the concentration deviates significantly from the ideal value. The effect
of particle concentration was first tested at a fixed attenuator value of 5
(0.1 % transmission), in PS cuvettes at the 4.65 mm measurement po-
sition. The 1 % concentration standard was measured undiluted and at
dilutions of 2x, 5x, and 10x, with Fig. 1(c) showing that the measured Z-
average values decreased with increasing concentration of the standard.
This result suggests that the undiluted dispersion was not optimal for
DLS measurements, with multiple light scattering and/or particle
interaction likely occurring (International Organization for Standardi-
zation, 2017). At 10x dilution (0.1 % w/v) the measured Z-average value
was closer to the expected certified value.

The comparison between the original and 10x diluted PS standard at
various measurement positions (Fig. 1(d)) was next run in PMMA cu-
vettes at a fixed attenuator value of 5. In the case of the 0.1 % w/v
dispersion, the measurement position 1.05 mm provided a Z-average
result of 42.6 nm - clearly outside the expected range. In contrast, the
more concentrated dispersion gave Z-average values closer to the ex-
pected value at the same position. The PDI values for both suspensions
were, however, outside the acceptance limit at this position. On the
other hand, PDI values for both suspensions were found to be < 0.1 at
measurement points closer to the centre of the cuvette (i.e. ~4.6 mm). Z-
average values were found to be closer to the expected 22 nm in the case
of the 0.1 % dispersion with respect to the 1 % dispersion at all positions
other than the 1.05 mm.

The measurement position automatically selected by the software is
4.65 mm (close to the centre of the cuvette). The automatically selected
attenuator values at this position are 6 and 8 for the 1 % w/v and 0.1 %
w/v dispersions respectively. The best match between the expected
mean size value and measured Z-average while maintaining low mea-
surement variability was observed for the 0.1 % w/v dispersion using
automatic measurement position and automatic attenuator selection.
Furthermore, the total measurement duration for 6 repeated measure-
ments of the 0.1 % w/v dispersion and fixed attenuator value 5 was
about 60 min, while with automatic attenuator value 8 the 6 measure-
ments requested about 12 min.
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3.2. Iron sucrose measurement by cryo-TEM

Fig. 2(a) and 2(b) show representative cryo-TEM micrographs of iron
sucrose where a rod-like structure is observed. Fig. 2(c) and (d) show
darker areas of higher electron density where there is apparent aggre-
gation of the iron sucrose around regions of suspected sucrose. Repre-
sentative negative staining TEM micrographs of the iron sucrose product
are shown in Fig. S2. The sample confirms the presence of particles with
rod-like structures. By increasing magnification, it was revealed that
these rod-like structures are multicomponent, and not single iron-based
particles.

3.3. DLS measurement of iron sucrose

DLS measurements of iron sucrose were carried out in the different
laboratories according to the parameters outlined in Table 2. In all cases,
the instrumental settings for measuring the iron sucrose were auto-
matically chosen by the instrument software. However, a requirement
for measurement repeats was set so that the number of “measurements
runs” (30 to 60) and their “duration” (10 s) was comparable across the
instruments.

The results of the iron sucrose DLS measurements performed at the
different laboratories are summarised in Fig. 3 and Table S1. Fig. 3(a)
shows the scattered-light intensity-based particle size distribution for a
representative batch of iron sucrose (batch 1) measured by each labo-
ratory. All distributions exhibited an intense peak around 12 nm. Ac-
cording to the cumulant analysis, the average Z-average and PDI values
across all batches and laboratories were (11.8 £+ 0.2) nm and 0.200 +
0.016 respectively. We note that for some batches, some of the measured
scattered-light intensity-based size distributions exhibited an apparent
shallow peak at larger sizes. This peak is not visible in the volume-based
or number-based size distributions. The PSD for L5 are omitted from
Fig. 3(a) due to the instrument software not allowing numerical export
of the data from a measurement, and only a portable document format
file can be obtained. Fig. 3(b) and 3(c) show the average Z-average and
PDI values of batch 2 measured at the different laboratories. The error
bars represent the total variability of both the within-day and between-
day variability, calculated as the square root of the sum of the squares of
the within- and between-day standard deviations. Table 3 shows the
within-day and between-day variability for all batches. Whilst mea-
surement variability varies substantially between the laboratories and,
therefore, the instrument models used in the study, the average
measured values for the Z-average and the PDI agree within 14 % and
21 % respectively. We note that the Z-average value is affected by the
presence of the peak in the large size range and that this was not
observed consistently across all the measurement repeats. As a result,
this inconsistency increases measurement variability. Representative
PSDs from each laboratory for each of the iron sucrose batches are given
in Fig. S3. When compared to the dimensions of the needle-like iron
sucrose particles observed in Fig. 2, the measured size should be inter-
preted as the hydrodynamic diameter of the solid sphere with equivalent
diffusion coefficient. It should be noted that the DLS instrument utilised

Table 2

Experimental parameters for the measurement of iron sucrose batches.
Experimental Setting L1 L2 L3 L4 L5
RI water 1.330 1.330 1.330 1.330 1.330
RI saline 1.330 1.332 1.331 1.331 1.331
Temperature (°C) 25+1 25+1 25+1 25+1 25+1
Viscosity water (mPa.s) 0.8872 0.8903 0.8872 0.8872 0.8872
Measurement mode Automatic Automatic Automatic Automatic Automatic
Attenuator 9 n/a 10 10 10
Optical density filter n/a 1.44 £+ 0.06 n/a n/a n/a
Transmission (% nominal) 10 n/a 30 30 30
Position (mm)* 4.64 —-3.62 +£0.13 3.00 3.00 3.00

* Refer to Fig. S1 for an illustration of the measurement position with respect to the cuvette geometry for the different instrument models.
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ey 50 M

Fig. 2. Cryo-TEM measurements of iron sucrose particles from batch 3. (a) Free particles with a rod-like morphology (b) Free particles at high magnification (c¢) Mild
aggregates of iron sucrose particles around an electron dense structure. (d) Large aggregates surrounded by iron sucrose particles.

in laboratory L4 has a 90° configuration, while the other laboratories
utilise instruments with a backscattered configuration. Fig. S4 show that
the same measurements performed on iron sucrose samples dispersed in
saline solution yield similar results.

Fig. 3(d) and 3(e) show the average Z-average and PDI values
respectively measured in a backscattered configuration across the lab-
oratories for each iron sucrose batch. Error bars for the Z-average and
PDI values represent the standard deviation of the mean, with average
relative values of 7 % and 9 % respectively.

The size distributions of the iron sucrose samples revealed, in some
cases, the presence of a peak at a larger size range. To investigate
whether this is a real particle population, for example caused by a small
number of large sucrose agglomerates, we measured the iron sucrose
samples using a DLS instrument collecting the light scattered by the
particles at different angles. In Fig. 3 and Table S1 we already presented

measurement results from instruments with both backscattered and
orthogonal configuration, with no significant difference observed. To
further investigate, we utilised the instrument available at Laboratory L1
in multi-angle DLS (MADLS) modality, which is capable of performing
measurements at scattering angles in air of 17° (forward scattering), as
well as 90° (orthogonal scattering) and 173° (back scattering). We also
investigated the effect of a different analytical model on the measured
size distribution.

Fig. 4(a) shows the size distributions of one batch of iron sucrose as
measured by traditional DLS in backscattering configuration, exhibiting
the presence of a particle population at larger size range with respect to
the main population. The use of a “multiple narrow mode” algorithm as
opposed to the “general purpose” algorithm still suggests the presence of
the larger population, although in a lower size range. Fig. 4(b) and 4(c)
show the size distributions and related correlograms respectively as
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Fig. 3. (a) Representative scattered-light intensity-based particle size distributions of batch 1 of iron sucrose as measured in each laboratory. Average (b) Z-average
and (c) PDI values of iron sucrose batch 2 as measured at the different laboratories. (d) Z-average and (e) PDI of the four iron sucrose batches resulting from the
average of the measurements performed at the 5 laboratories which performed DLS. Error bars represent the resulting standard error.

Table 3
Average within-day and between-day method variability for the measurement of
the Z-average and PDI of four iron sucrose samples diluted in water as measured
by DLS.

Z-average PDI
Laboratory Within-day Between-day Within-day Between-day
L1 1.4% 0.63 % 12 % 4.1 %
L2 12 % 8.8% 11% 9.8 %
L3 6.7 % 5.2% 25% 15.4 %
L4 1.4% 3.2% 6.9 % 13.5%
L5 13.5% 12.3 % 14.5 % 12.3 %

measured at different angles. As previously observed, the measurements
performed in backscattered and orthogonal configurations both show
minor particle populations at a large size range, although not identical in
size. The size distribution resulting from the measurement in forward
scattering configuration, however, reveals the presence of a large pop-
ulation at ~700 nm. When information from measurements at all angles
are combined in Fig. 4(d), MADLS indicates the presence of a secondary
particle population in the size range between 50 nm and 100 nm.

4. Discussion
4.1. The regulatory and standardisation landscape

The variety of proposed nanomedicine products is posing an
analytical challenge because it is recognised that measurement methods
require tailoring to the specific nature of the products and no one-size-
fits-all analytical solution exist. This challenge has been acknowledged
by the regulatory community and has driven the activities of bodies such
as the EDQM, EMA and the FDA to provide guidance and standards for
specific products. Intravenous iron sucrose has a complex nanoparticle
structure typically consisting of a polynuclear iron(IIl)-hydroxide core
surrounded by a large number of non-covalently bound sucrose mole-
cules. The complex has an average molecular weight of approximately
43 kDa. The polynuclear iron core is designed to mimic that of the core

of the physiological iron storage protein ferritin and to provide iron
transferrin and ferritin proteins in a controlled way (Funk et al., 2022;
Kontoghiorghes et al., 1987; Le Brun et al., 1800). Based on the EM
micrographs, the morphology of the iron sucrose complexes could be
described as rod-like. Most likely, these elongated structures represent
clusters of multiple iron nanoparticles in the dense sucrose envelope,
and not single iron sucrose particles. These assumptions are consistent
with recently published data by Krupnik et al. (2023) where using small
angle X-ray scattering (SAXS) a structural model of iron sucrose was
proposed, reported as an elongated structure composed of multiple iron
sucrose particles, while the degree of agglomeration was dependent on
the dilution.

The measurement of hydrodynamic size of these particles is one of
the CQAs that is typically measured for product characterisation and
qualification. The need for harmonisation and standardisation in the
characterisation of nanomedicines, and in particular with respect to
their CQAs, has become increasingly evident (Di Francesco et al., 2019;
Astier et al., 2017; Clogston et al., 2020). Specifically, there is a need for
best practice and standardised measurement protocols that are tailored
to the specific nanomedicine product and analytical method, while at
the same time overarching across varying instrument models, manu-
facturers, and differing accessories. This need is highlighted by the
variability shown in the results section, in particular, in Fig. 3 where
variation is shown across measurements of iron sucrose on different
instruments and batches of iron sucrose. For product qualification,
operating procedures need to be sufficiently detailed to enable mea-
surement comparability and consistent result interpretation, whilst
remaining brand agnostic.

In this work, we compared the performance of 5 different DLS in-
strument models for the measurement of the hydrodynamic size of iron
sucrose. DLS is a robust and ubiquitous method for particle sizing in both
research and quality control environments. DLS has been the subject of
standardisation within the international community, with documentary
standards, technical reports, and best practices available from the In-
ternational Organization for Standardization (ISO) (ISO 22412:2017,
ISO/TR 22814:2020), ASTM international (ASTM E3247-20), scientific
bodies (US National Cancer Institute), along with additional compendial
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Fig. 4. (a) Scattered-light intensity-based size distributions of iron sucrose batch 1 measured by DLS using both general purpose (GP) (solid line) and multiple-
narrow-mode (MNM) (dashed line) analysis modes. (b) The PSDs for scattering angles in air of 173° (solid line), 90° (dashed line), and 17° (dot + dashed line)
as measured by MADLS along with (c) the corresponding correlograms of MADLS measurement at detector angles of 173° (solid line), 90° (dashed line), and 17° (dot
+ dashed line). (d) A comparison of scattered-light intensity-based particle size distributions as measured by DLS (solid line) and MADLS (dot + dashed line).

requirements (Hackley et al., 2010; International Organization for
Standardization, 2020; International Organization for Standardization,
2017; European Pharmacopoeia, 2024). For clarity of comparison,
Table 4 gives a summary of each of the procedure or standards cited
above in terms of their scope, and their guidance on instrumentation,
sample preparation, measurement parameters, validation, and data
analysis. We note, however, that there is no specific guidance on the
application of the DLS method to iron sucrose products and this work
directly addresses this gap by discussing the results of an interlaboratory
comparison performed by using 5 different DLS instrument models
available at different laboratories across Europe cooperating under the
umbrella of the EDQM.

DLS instrumentation measures the translational diffusion of nano-
particles that are moving under Brownian motion, estimating the hy-
drodynamic diameter by monitoring changes in the intensity of the light
scattered by the sample as a function of time (hereafter referred to as the
autocorrelation function), where the viscosity and temperature of the
dispersant solution are accurately known (International Organization

for Standardization, 2017). In order to extract the particle diameter from
the autocorrelation function two main methods are commonly used. For
monomodal particle distributions, the cumulant method expands the
measured autocorrelation function into a second-order power series,
where the Z-average (intensity-weighted harmonic mean hydrodynamic
diameter) and polydispersity index (PDI) are the first and second terms
of the power series respectively (International Organization for Stan-
dardization, 2017). Non-negative least squares algorithms (NNLS),
among other methods, are used to output a scattered-light intensity-
weighted particle size distribution (Farkas and Kramar, 2021). By
applying knowledge of the optical properties of both the dispersant and
the nanoparticles the intensity-weighted particle size distributions can
be transformed into volume and number-based distributions
(Bloomfield, 1985).

4.2. Assessment of instrument performance using reference size standards

Quality control materials are routinely used to assess the
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Table 4
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Summary of guidance provided by the DLS standards in Ph. Eur. (monograph 2.9.50), ASTM E3247-20, ISO 22412:2017, and NIST-NCL/EUNC PCC1 protocol.

Constituent Ph. Eur. 11 (monograph 2.9.50) ASTM E3247-20 1SO 22412:2017 NIST-NCL/EUNC PCC1 protocol

part

Scope General procedure for the General procedure for the General procedure for the Procedure for the application of DLS
application of DLS to pharmaceutical ~ measurement of nanoparticle size application of DLS to the specifically related to preclinical
products, with a focus on quality using batch-mode (off-line) DLS in measurement of particle size and characterisation of nanoparticles
control. aqueous suspensions that is size distribution of mainly intended for medical application

applicable to many commercial DLS submicrometer sized particles,
instruments. emulsions or fine bubbles dispersed
in liquid.

Instrumentation An instrument with a coherent laser DLS instrument operating at single DLS instrument consisting of a Any suitable DLS instrument with
source, an optical setup that can or multiple angles and including a coherent laser source, optical batch measurement capability.
focus and direct the beam to a coherent laser ¢ equipment that focuses light, directs
detector at a fixed angle. The sample  laser beam and to detect scattered the light to a detector for detecting
environment should be capable of photons over very short time scattering. Hardware capable of
temperature control. The PC and intervals, a sample chamber capable  obtaining particle size as an output
software should be able to control the  of maintaining constant are also required. The sample
instrument during measurement and ~ temperature, a photodetector, a environment should be temperature
analyse the data collected. correlator and a PC with control controlled.

software to perform
measurements and to analyse data.
DLS instruments that use
substantially different measurement
principles or optical configurations
are out of scope.
Sample Test samples should be dispersed in Samples must be measured at an Preparation of samples must ensure Sample must be handled with care,
Preparation liquid that does not absorb at the appropriate concentration in a clean  proper sample dispersion, avoidance  taking into consideration all relevant
laser wavelength. The dispersant cuvette. Samples should be handled of aggregation, and use of parameters that could influence the
should be free of contaminants and in such a way that particulate appropriate diluents. A scattering results, including sample
must not interfere with the test contamination is prevented. intensity of the sample is concentration, absorbance, dust
sample chemistry. The sample recommended to be 10x greater than contamination, salt concentration,
concentration must be within an that of the diluent. Test samples pH.
“appropriate range”. should be given sufficient time to
reach thermal equilibrium with the
desired measurement temperature in
the sample holder.
Measurement The refractive index of the sample Input of the correct refractive index, Refractive index, absorption, and Refractive index, absorption, and
parameters should be known to be different from  absorption, and viscosity of the viscosity values of the dispersant are  viscosity values of the dispersant are
the dispersant. The viscosity of the suspending medium is required, as required, as well as the temperature  required, as well as the temperature
dispersant, and measurement well as the sample temperature. of the measurement. of the measurement.
temperature are also required. The
results must include an average
particle diameter and polydispersity.

Validation Instrument must be checked afteritis ~ Reference materials or quality Measurement of CRMs with values Instrument verification must be
first installed, if abnormal control materials should be for DLS should be used to check performed using an appropriate
performance is suspected and yearly =~ measured routinely to ensure correct  instrument performance is within quality control standard (CRMs).
with certified reference materials instrument behaviour. Additionally, range. CRMs should be selected to
with appropriate average particle validation of the sample preparation =~ match the sample chemistry and
size verified by DLS or TEM. method should be demonstrated. morphology as closely as possible.

Data Analysis Details of the analysis program must ~ Detailed descriptions of data Various analysis models (cumulants,  The document focuses on cumulant

be specified in the report, but no
guidance or constraints are provided
per se.

analyses are not included, although
further documentation is cited;
however, the average hydrodynamic
diameter should be reported along
with the polydispersity index.
Further, the results of the cumulants
analysis should always be reported
irrespective of the analysis model
used.

NNLS, CONTIN, etc.) are available
for the evaluation of measurement
results. The choice of algorithm
should be reported along with any
other internal settings when
reporting DLS data.

analysis, but detailed descriptions of
data analysis are not provided.

performance of an instrument or a method and demonstrate they are fit-
for-purpose. For example, the European Pharmacopeia foresees the
quality control of the instrument applied for DLS measurements using
reference materials with “appropriate” average size verified by DLS or
electron microscopy (European Pharmacopoeia, 2024). The relevant ISO
standard (22412:2017) recommends the use of certified standards with
reference values generated using the same evaluation algorithm or — as
an alternative — certified polystyrene standards with average size
determined by DLS or electron microscopy (International Organization
for Standardization, 2017). It is best measurement practice to perform
the quality control measurements using a size standard similar in size to
the tested product and preferably certified with the same method. As

seen in the results section, iron sucrose formulations include particles
with average hydrodynamic diameter of around ~12 nm and whose size
distribution approaches the lower limit of the working range of typical
DLS instruments. In this size range, proper particle standard selection
becomes challenging, as hydrodynamic diameter might significantly
deviate from the size determined by EM, because of the electric double
layer or if particles are stabilised by a surface coating that is not electron-
dense enough to be observed by EM (as in the case of some PEG-coated
gold nanoparticles) (Maguire et al., 2018; International Organization for
Standardization, 2017). For this reason, a monodisperse PS sphere sus-
pension with certified particle mean hydrodynamic diameter of (22 + 2)
nm (k = 2) was selected as the quality control standard. PS spheres are
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often materials of choice for qualification purposes because they tend to
be stable and can be manufactured with well-defined spherical geometry
and narrow size distributions. In the context of DLS, PS spheres are
efficient light-scatterers and they do not absorb at the wavelength
typically applied in these instruments.

We used this material to investigate the impact of experimental pa-
rameters including particle concentration, measurement position, i.e.
the point inside the cuvette where the laser is focused and the mea-
surement occurs, and cuvette type on the DLS measurement outcome, to
raise awareness on the need for comprehensive and detailed operating
procedures to ensure measurement comparability. Controlling particle
concentration is important to ensure the particles move under pure
Brownian motion, thus fulfilling the assumption underpinning the DLS
method. If particles are too concentrated, the likelihood of a scattered
photon being re-scattered by neighbouring particles increases, leading
to an apparent decrease in the particle size, as seen in Fig. 1(c) (Ragheb
and Nobbmann, 2020). For instruments in backscattering configuration,
measurements performed at the edge of a cuvette, as opposed to the
centre, afford higher concentrations of the dispersions (Malvern Pan-
alytical, 2014). Performing the measurement at the edge of the cuvette
rather than the centre allows accurate determination of instrument
performance using the undiluted size standard (1 % w/v). However, this
setup also increases the possibility of flaring, that is the reflection of a
portion of the incident light beam into the detection optical path, which
typically manifests as spurious peaks in the > 1 pum size region.
Boundary effects at the cuvette-liquid interface are also possible, which
change the particle diffusion behaviour at the cuvette-liquid interface
with respect to the particles in bulk solution (Uhlmann et al., 1964).
Fig. 1(a) and 1(b) show that cuvettes made of different materials, and
having different wall thicknesses, impact differently the measurement of
the particle Z-average and PDI at positions close to the edge of the
cuvette. In fact, only the measurements performed with PS cuvettes,
which have the thinnest walls, afford results consistent with the particle
certification and/or performance requirements (PDI < 0.1). As the
concentration of the particle dispersion decreased, inaccuracies of
measurements performed at the edge of the cuvette increased (Fig. 1
(d).

For quality purposes and where brief measurement times and
straightforward procedures are important, performing measurements of
undiluted samples at typical concentrations of 1 % w/v may be of
advantage. We note that even if these concentrations may not output the
measurement results closest to the certified values of the quality test
material, they are still within the certified uncertainty, provided that the
cuvette type and measurement positions are correctly selected. How-
ever, in case of this particle standard, 10x dilution of the original sus-
pension resulted in Z-average values closer to the expected mean size
(even in a thicker, PMMA cuvette) when measured at the centre of the
cuvette and for this reason a dilution factor 10 is recommended when
measuring this material. We also note that for both 0.1 % w/v and 1 %
w/v concentrations, the measurement results obtained when letting the
instrument auto-select the optimal measurement position and attenu-
ator are in better agreement with the certified value, with respect to
results obtained from selecting a manual measurement position. These
results confirm that detailed and standardised operating procedures are
required to enable measurement comparability and consistent instru-
ment and product qualifications.

For accurate DLS results, the sample concentration needs optimisa-
tion to avoid on one hand the occurrence of multiple scattering and
particle—particle interactions at high concentration regimes, and on the
other hand sample instabilities and agglomeration due to excessive
dilution. This requirement needs to be balanced with a suitable signal-
to-noise ratio enabling the required measurement precision, which de-
pends on the nature of the sample and its ability to scatter light effi-
ciently. It is best practice to perform DLS measurements on a series of
dilutions to identify optimal concentration (International Organization
for Standardization, 2017). Our investigation of 30 mg/mL iron sucrose
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samples indicated a 50x dilution as optimal for DLS measurements
across different instrumentations.

4.3. Interlaboratory comparison

We also investigated the stability of the samples in both water and
saline solution (Fig. S4) and concluded measurement outcome is similar
as long as dispersions are measured within 2 h from the dilution. In this
work we present comparative data of measurements performed in ul-
trapure water and Fig. 3 shows the result of the interlaboratory com-
parison. Measurement protocols were harmonised so that all
laboratories measured a 0.6 mg/mL dispersion of the original sample in
ultrapure water, with measurement position selected automatically. The
number of “measurements runs” and their “duration” was adjusted
manually so to be comparable across the instruments (e.g. 30 runs of 10 s
each). However, the instruments were left to select automatically the
parameters regulating the amount of light reaching the detectors
(named for example “attenuator” or “(optical density) filter” depending
on the instrument model). This is in part due to the fact that the different
instruments operate with lasers with different wavelengths and powers.

Considering the results from all laboratories employing instruments
in backscattering configuration, the average hydrodynamic diameter
(expressed as Z-average) of the iron sucrose particles as measured across
4 batches resulted in (11.8 4 0.2) nm (i.e. 2 % relative standard devi-
ation (RSD)). The average PDI resulted in 0.200 + 0.016 (8 % RDS). The
average measurement agreement across the laboratories was 7 % and 9
% for the Z-average and the PDI respectively. For a hydrodynamic
diameter of ~12 nm, this translates to an average measurement repro-
ducibility of 1.6 nm (k = 2), which is close to typical DLS instrument
performance. We also note that the instrument operating at 90° at lab-
oratory L4 also produced results within the same level of agreement,
confirming the robustness of the measurements, and indicating
comparability between measurements acquired in orthogonal and
backscattered configurations.

4.4. Reconciling DLS diameter in light of non-spherical cryo-TEM
geometry

To interpret the DLS results, the geometry of the particles needs to be
taken into account. We observed in Fig. 2 that the iron sucrose particles
are not spherical. In such cases, both the translational and rotational
diffusion coefficients contribute to the observed hydrodynamic di-
ameters of the particles. The instrument measures the hydrodynamic
diameter of the sphere with equivalent diffusion coefficient as the par-
ticles in the sample. The cryo-TEM micrographs show the planar pro-
jection of the rods, which should be imagined as having, in the three-
dimensional space, a range of directions of their elongation axis with
respect to the direction perpendicular to the plain. As a result, the
maximum rod projection length, ~12 nm, is interpreted as the rod
length, while the minimum rod projection length, ~4 nm, is interpreted
as the rod width (Fig. S5). Using a model for rod-shaped particles pro-
posed by Tirado et al., (Tirado et al., 1984; Hoover and Murphy, 2020)
these dimensions result in an equivalent spherical diameter of ~8 nm.
Considering the approximation of the model and the presence of addi-
tional sucrose and solvent molecules at the particle surface, and there-
fore in the hydrodynamic volume of the particles, this result is in good
agreement with the Z-average results from DLS measurements, ~12 nm.
The offset in results between the two methods is accounted for in the
difference of the measurands between DLS and microscopies where DLS
is measuring the hydrodynamic diameter and Z-average is the intensity
based harmonic mean, while microscopies measure the projection of
electron dense structures that does not include the hydration layer and
provide number-based size distribution results. To this point, we
emphasise that a larger value for the DLS particle size result is expected.

Robust characterisation of nanomedicines requires validation of
methods for assessing CQAs with orthogonal, independent, approaches.
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In the case of iron sucrose, we show that the inclusion of techniques such
as cryo-TEM improved understanding of the physical properties of the
product and aided data interpretation of liquid methods such as DLS
(Digigow et al., 2024; Geiss et al., 2025; Mahmoudi, 2021; European
Commission, 2023).

4.5. Measurement variability

We observed significant variability in measurement precision,
including intermediate (e.g. between-day) precision across instruments
(Fig. 3 and Table 3). This variability may depend in part on the instru-
ment model, but instrument age and maintenance routine are also ex-
pected to affect the general instrument performance. From this study,
L1, L3, and L4 all used the same instrument manufacturer (where L3 and
L4 are the same instrument model) and displayed lower variability for Z-
averave than for PDI values. By contrast L2 ad L5 had a similar vari-
ability for Z-average and PDI values. At the level of a single laboratory,
measuring instrument variability is useful to establish both customised
instrument qualification criteria and monitoring changes in instrument
performance over time. Measurement repeatability is typically the cri-
terion of concern in compendial procedures and relative standard de-
viations (RSDs) below 10 % are generally considered a benchmark for
acceptable performance (U.S. Pharmacopeial Convention, 2017). The
presence of the secondary peak in the larger size range which was not
consistently measured across measurement repeats was a contributing
factor to lower measurement repeatability. In this respect, laboratories
should consider whether the iron sucrose samples are sufficiently ho-
mogeneous to test instrument repeatability and whether test samples
with similar properties, but better homogeneity are available. More
generally, it is important to acknowledge the different level of precision
across instruments when drafting guidance documentation and stan-
dards for product assessment and qualification. It ensures that the
inherent differences in precision are accounted for, which improves
consistency of measurement results, ultimately leading to more robust
and universally applicable regulatory standards and improved confi-
dence in the data generated from different instruments/laboratories.

4.6. Interpretation of DLS PSDs using agglomeration information
provided by cryo-TEM

The intensity of the peaks observed in the larger size range suggests
these may be due to a very low level of agglomerates present in the
sample. It is not possible however to determine from DLS measurements
the nature of such agglomerates, for example whether these are caused
by sucrose, or iron particles, or a mixture of the two. Furthermore, the
formation of agglomerates may be attributed to the dilution effect,
which leads to a decrease in sucrose concentration and, consequently, a
loss of stabilization. However, based on the cryo-TEM micrographs one
could assume that these peaks originate from the presence of bigger
particle clusters — that is apparent aggregation of the iron particles
around regions of sucrose — or possibly result from cluster-cluster in-
teractions (Krupnik et al., 2024).

We employed MADLS to gather further insights into the potential
presence of particle populations at large size ranges (Fig. 4). The use of
MADLS is becoming increasingly common as more instruments are being
released onto the market with this capability. However, as of yet, no
certified reference materials exist for the MADLS technique, which
hinders its uptake for quality purposes. There is a large body of work
that reports the dependence of the measured particle size distributions
on the scattering angles at which DLS instruments perform the mea-
surements (Bryant and Thomas, 1995; Bryant et al., 1996; Cummins and
Staples, 1987; Takahashi et al., 2019). By combining measurement data
from multiple angles, a particle size distribution with reduced bias of a
few large particles on the overall size distribution can be obtained,
(Naiim et al., 2015; Al-Khafaji et al., 2020; Sharma et al., 2023). Further,
the combination of multiple scattering angles allows improved
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resolution on samples containing multiple size populations. No signifi-
cant difference was observed between measurements performed at a 90°
angle versus backscattered configurations, except for a reduction in size
of the secondary larger particle population in the former. Measurements
performed at forward scattering angle, however, revealed the presence
of a large population at a larger size range. It is not good practice,
however, to consider measurements at this low scattering angle in
isolation, as a small number of large particles biases the results in favour
of the larger particles. DLS measurements at forward scattering angles
also tend to exhibit higher variability than those performed at larger
(more backscattered) angles. Instead, measurements at forward scat-
tering angles should be used in combination with those at other scat-
tering angles to improve the overall quality and fidelity of the measured
size distribution. The combination of angles is shown in Fig. 4(d) as a
MADLS measurement, alongside results from traditional DLS, both in
backscattering (or backscattering equivalent for MADLS) configuration.
Both modalities agree on the presence of a minor population at a larger
size range, with MADLS indicating this range is between 50 nm and 100
nm. This size range is consistent with the high-density clusters observed
in the cryo-TEM micrographs in Fig. 2(c) and (d). This population be-
comes negligible when the size distribution is represented as a volume-
based or number-based distribution, as opposed to a scattered-light in-
tensity-based distribution (Fig. S6).

5. Conclusions

In conclusion, we have performed an interlaboratory comparison of
the measurement of the hydrodynamic size of iron sucrose particles by
DLS as a case study to discuss particle size measurements of nano-
medicine products. We purposely utilised instrumentation from
different manufacturers or of different models to enable an unbiased and
overarching discussion of measurement comparability and associated
best practice. Below are the recommendations emerging from our work:

e Measurement comparability, across experiments performed at
different moments in time and/or at different locations, requires
detailed operating procedures covering type of cuvette and mea-
surement position within it, along with consistent sample prepara-
tion details in terms of dispersant, concentration, and time between
measurements and preparation. Satisfying these requirements
improve measurement reproducibility.
Instrument precision varies across instruments and may change in
time. Systematic evaluation of within-day and between-day vari-
ability inform acceptance criteria for product qualification and
contribute to monitoring instrument performance over time.
Different instrument manufacturers utilise different terminology to
express parameters such as light attenuation (and % transmission)
and other settings. Reference guidance documentation and docu-
mentary standards shall be universally applicable across this range of
terminology. Instrument manufacturers shall align their terminology
to that recommended by international terminology standards. The
community shall work together at identifying and addressing gaps in
standardised terminology across the different markets.

e Instruments may differ in laser wavelength, power at both source and
sample, and observed light scattering angle. These parameters affect
the intensity of the scattered light that is detected and need to be
optimised on a case-by-case basis. We find that the use of automatic
instrument algorithms that manage the quality of the signal yields
reproducible results. In general, we observed that running the in-
struments in automatic mode resulted in comparable settings, for
example in terms of resulting light attenuation within the cuvette.

e Where this is of value, independent techniques, primarily micro-
scopy, provide essential insights into the geometry of the particles
and support interpretation of measurements performed in liquid.
This is particularly important for non-spherical particles.
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Overall, despite DLS being a common, fast, and user-friendly tech-
nique for the measurement of particle-based nanomedicine diameters,
we have discussed some of the numerous parameters that need to be
taken into account for performing robust measurements. Therefore,
when reporting and capturing measurement data we encourage users to
include, with the resulting Z-average and PDI values, the associated data
and metadata describing sample preparation, accessories, and relevant
instrument parameters. Such a comprehensive approach has the merit to
enhance the understanding of nanomedicines and enable their smoother
transition from development stages to the clinics — both for innovative
and follow-on products.
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