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ABSTRACT: Particle size distribution and stability are key
attributes for the evaluation of the safety and efficacy profile of
medical nanoparticles (Med-NPs). Measuring particle average size
and particle size distribution is a challenging task which requires the
combination of orthogonal high-resolution sizing techniques,
especially in complex biological media. Unfortunately, despite its
limitations, due to its accessibility, low cost, and easy handling,
batch mode dynamic light scattering (DLS) is still very often used
as the only approach to measure particle size distribution in the
nanomedicine field. In this work the use of asymmetric flow field
flow fractionation coupled to multiangle light scattering and
dynamic light scattering detectors (AF4-MALS-DLS) was evaluated
as an alternative to batch mode DLS to measure the physical
properties of lipid-based nanoparticles. A robust standard operating procedure (SOPs) developed by the Nanomedicine
Characterization Laboratory (EUNCL) was presented and tested to assess size stability, batch to batch consistency, and the
behavior of the lipid-based nanoparticles in plasma. Orthogonal sizing techniques, such as transmission electron microscopy
(TEM) and particle tracking analysis (PTA) measurements, were performed to support the results. While batch mode DLS
could be applied as a fast and simple method to provide a preliminary insight into the integrity and polydispersity of samples, it
was unsuitable to resolve small modifications of the particle size distribution. The introduction of nanoparticle sorting by field-
flow fractionation coupled to online DLS and MALS allowed assessment of batch to batch variability and changes in the size of
the lipid nanoparticles induced by the interaction with serum proteins, which are critical for quality control and regulatory
aspects. In conclusion, if a robust SOP is followed, AF4-MALS-DLS is a powerful method for the preclinical characterization of
lipid-based nanoparticles.

KEYWORDS: nanomedicine, particle size distribution, stability, nanoparticle−protein interactions, lipid nanoparticles,
asymmetric flow field-flow fractionation, standard operating procedure, European Nanomedicine Characterisation Laboratory

■ INTRODUCTION

The use of nanotechnology in healthcare is expanding and has
raised hopes to address unmet medical needs by contributing
to better diagnostic and therapeutics tools. However, the
number of approved medical nanoparticles (Med-NPs) is still
very limited if compared to the tremendous research activity in
the field.2,3 One of the major causes of failures of Med-NPs in
late clinical phases is the lack of suitable protocols for their
characterization at physicochemical and biological levels. Due
to their uniqueness, Med-NPs requires the use of complex
methodological approaches to characterize their physical−

chemical properties. To complicate matters, their properties
should be tested not only in their pristine state but also when
dispersed and interacting with complex biological media, since
the presence of organic molecules and proteins may affect the
particle properties, changing their behavior once they are in
contact with the human body. The development of reliable
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suitable standard protocols suitable for the preclinical
characterization of Med-NPs is therefore a key prerequisite
to assess the quality and safety of emerging Med-NPs, and to
support their translation into the clinic.2,4,5

Average particle size, particle size distribution (PSD), and
stability are the most monitored parameters in the preclinical
characterization of Med-NPs,2,6 due to their impact on body
absorption, biodistribution, and excretion of nanomaterials.7−9

Batch mode dynamic light scattering (DLS) is the most widely
used sizing technique.2 It measures the autocorrelation
function of time-dependent fluctuations in the light scattered
by a suspension of nanoparticles, which are associated with the
Brownian motion of the particles. The hydrodynamic diameter
of the particles is then calculated, via the Stokes−Einstein
equation, which is only applicable to spherical particles (for
more details we suggest to refer to the recent work by Maguire
and co-workers).10 Due to the strong dependence of light
scattering intensity on particle size, in batch mode DLS, where
all the contributions of the light scattered by a polydispersed
sample are measured together, large objects mask the smaller
ones. Batch mode DLS can be applied as the first preliminary
analysis to check the size range, polydispersity, and integrity of
Med-NP formulations. It may also be useful to determine the
tendency of a nanoformulation to undergo significant
aggregation or degradation when exposed to conditions of
high ionic strength and unsuitable pH that may happen in
physiological conditions.11 However, the users should be aware
of its limitations: in the presence of multiple populations in
similar size ranges, the size distribution may appear as a global
distribution without fine distinction between population of
particles or between single particles and small aggregates.4,12

Moreover, batch mode DLS is not suitable to measure changes
of PSD in complex biological media, such as in plasma.4,13

Unfortunately, despite its low-resolution, due to its accessi-
bility, low cost, and easy handling, batch mode DLS is still
nowadays very often used as the only approach to measure
particle size distribution in the nanomedicine field, especially
by industry which often adopts limited characterization steps
in order to reduce development costs.2

The coauthors feel that in the nanomedicine community,
there is still a strong need to raise awareness of the limitation
of batch mode DLS and to develop a reliable approach for the
evaluation of particle size distribution in simple and complex
biological media. In this context, the USA Nanotechnology
Characterization Lab (NCI-NCL, https://ncl.cancer.gov) and
the European Nanomedicine Characterisation lab (EUNCL,
http://www.euncl.eu) have joined their efforts by developing
multiple protocols to measure PSD and foster the use of robust
standard operation procedures (SOPs). EUNCL and NCI-
NCL also provide a platform for educating the community.
In order to characterize the average size and particle size

distribution of Med-NPs, a multistep approach of incremental
complexity was developed by EUNCL and NCI-NCL, which
consists of a fast prescreening to check sample integrity and
stability by batch mode DLS, followed by the integration of
multiple orthogonal high resolution sizing measurements to
resolve PSD in simple and complex media representative of the
clinical administration of the product.
Among the high resolution sizing techniques available on the

market, separation techniques coupled to online sizing
measurements are powerful to overcome the inherent
limitations of batch mode DLS, thanks to the introduction of
a fractionation step to separate the particles according to their

size, prior to detection. Asymmetric flow field flow
fractionation (AF4) is a robust fractionation method based
on the generation of a parabolic flow profile in a narrow
ribbon-like channel, via the application of a liquid cross-flow. It
is a liquid chromatography separation technique, where
nonspecific interactions are reduced to a minimum, due to
the absence of a stationary phase.14 AF4 is becoming widely
used in the field of nanomedicine, as demonstrated by a rapidly
increasing number of publications on different types of medical
nanoparticles (Med-NPs), including liposomes, lipid nano-
particles (LNPs), polymeric NPs, virus like particles (VLPs),
metallic NPs, and metal oxide NPs.4,15−21 Med-NP-sorting by
AF4, coupled to online sizing detectors such as dynamic light
scattering (DLS or quasi elastic light scattering QELS) and
multiangle light scattering (MALS) allows resolution of the
PSD of very complex samples and analysis of small changes in
particle size, which are critical for quality control and
regulatory aspects of Med-NPs.
The EUNCL, in collaboration with the NCI-NCL, has

developed a standard operating procedure (SOP) to determine
the size distribution of Med-NPs by coupling AF4 with online
size measurement (DLS and/or MALS),22 in line with the new
ISO standard published in 2018 (ISO/TS 21362:2018).23 This
protocol, when applicable to Med-NPs systems, could be
considered as an alternative to the DLS alone for regulatory
purposes.4 The SOP developed by EUNCL has the potential
to characterize multiple Med-NP systems and can be applied
with the aim to (i) resolve the PSD of complex mixtures and/
or (ii) discriminate between populations of particles with
different shapes and/or (iii) discriminate between larger
particles and small aggregates, as recently described by Gioria
et al.4,12,24,25 In addition, the SOP allows investigation of the
behavior of the PSD of Med-NP in the presence of serum
proteins, which is crucial to understand their efficacy and safety
in vitro and in vivo.22

The aim of this work is to present the AF4-MALS-DLS SOP
developed by EUNCL and to show its applicability to lipid-
based nanoparticles, called Lipidots26−29 a formulation which
is representative of the organic Med-NPs under development
in the nanomedicine field. The coauthors strongly support use
of orthogonal techniques helps to better assess the particle size
distribution of Med-NPs. For this reason, the AF4-MALS-DLS
measurements are complemented with transmission electron
microscopy (TEM) and particle tracking analysis (PTA).
Batch mode DLS measurements are also performed in order to
raise awareness of its limitations to measure PSD in simple and
complex biological media.

■ MATERIALS AND METHODS
Materials. Suppocire NB was purchased from Gattefosse ́

(Saint-Priest, France), Lipoid S75 (soybean lecithin at >75%
phosphatidylcholine) from Lipoid (Ludwigshafen, Germany),
Myrj S40 (polyethylene glycol 40 stearate), and super refined
soybean oil from Croda Uniqema (Chocques, France). ICG,
IR780 iodide dye, fetal bovine serum (FBS), phosphate
buffered saline (PBS) 10× and other chemicals were purchased
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). The
IR780-lipid dye was synthesized as described in ref 26.26

Production of the Lipidots. The LNPs were synthesized
by ultrasonication as previously described.26,30,31 An oil premix
with, respectively, 85, 255, and 65 mg of Suppocire NB, oil,
and lecithin was prepared. For Lipimage815 and ICG Lipidots,
200 μL of a 10 mg/mL IR780-Oleyl dye solution or 300 μL of
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a 10 mM ICG solution in ethanol was respectively poured in a
5 mL vial and mixed with the oil premix melted at 50 °C. The
mixture was homogenized, and the solvent was then
evaporated under argon flux. After homogenization at 50 °C,
the continuous aqueous phase, composed of 345 mg of Myrj
S40 and the appropriate amount of 154 mM NaCl buffer was
introduced. The vial was placed in a 50 °C water bath, and the
mixture was sonicated for 5 min using a VCX750 Ultrasonic
processor (power output 190 W, 3 mm probe diameter,
Sonics). The lipid nanoparticles were dialyzed overnight at
room temperature against 1000 times their volume in the
appropriate aqueous buffer (12 to 14 000 Da MW cut off
membranes, ZelluTrans, Carl Roth, France). Finally, the
nanoparticle dispersions were filtered through a 0.22 μm
Millipore membrane for sterilization. The total mass
concentration, the drug loading, the chemical composition,
and zeta potential were measured as described else-
were.26,31,32,32,33 To assess batch to batch consistency, three
batches of Naked Lipidots, three batches of Lipimage815, and
two batches of ICG-Lipidots were synthesized following the
same manufacturing procedure.
Batch Mode DLS. The batch mode DLS measurements

were performed using a Malvern Zetasizer Nano-ZS instru-
ment equipped with a 633 nm HeNe laser, as described in the
SOP of EUNCL.34 The original particle suspension was diluted
200 times in PBS (phosphate buffered saline 1×, pH 7.4)
immediately before the measurement, in order to reach a
concentration of 0.5 mg/mL. The final particle concentration
was optimized in order to obtain an attenuator factor of 6 or 7,
and a value of the intercept of the autocorrelation function
>0.9, as described in the SOP. The particles were not filtered
prior to the measurements, to avoid material losses in the filter
(e.g., aggregates). To study NP interactions with serum
proteins, 10 μL of the NP stock solutions was diluted in 200
μL of pure fetal bovine serum (FBS), incubated for 1 h at 37
°C, and then diluted at RT with 1.8 mL of PBS 1×
immediately before the measurements. All the measurements
were performed at 25 °C. An equilibration step was performed
for 5 min before the measurements, as described in the SOP.
Quality control measurements with polystyrene particles of 60
nm (Thermo Scientific Nanosphere NIST traceable standard,
Series 3000, 3060A) were performed at the beginning of each
measurement session to verify the instrument performances.34

Size distribution results were generated by averaging 10
consecutive measurements of 12 times 10 s runs, as indicated
in the ISO22412:2008.1 The results of cumulant analysis (z-
ave, PdI) and of the intensity based-PSD analysis are reported,
as described in the SOP.
Asymmetric Flow Field Flow Fractionation Measure-

ments. A Wyatt eclipse asymmetric field flow fractionation
(AF4) system online connected to (i) an UV−vis absorbance
detector, (ii) a Wyatt Dawn Helios multiangle light scattering
(MALS) with an integrated quasi elastic light scattering (QELS
or DLS) detector, and (iii) a Wyatt Optilab rEX differential
Refractive Index detector (dRI) was used to carry out AF4-
UV−vis-MALS-DLS-dRI measurements, as described in the
SOP from EUNCL.22

To measure the particle size distribution, each particle
suspension was diluted 200 times in PBS (final concentration
of 0.5 mg/mL) and then injected through a 30 μL loop into
the AF4 channel (350 μm spacer W type, 10 kDa regenerated
cellulose membrane). To study changes in the PSD induced by
Med-NP interactions with serum proteins, 10 μL of the

Lipidots suspensions were diluted in 200 μL of pure fetal
bovine serum (FBS), incubated for 1 h at 37 °C, and then
diluted at RT with 1.8 mL of PBS 1× immediately before the
injection (final concentration of 0.5 mg/mL in 10% buffered
serum).
Phosphate buffered saline (PBS), (pH 7.4) was used as

mobile phase. The optimized elution method is described in
Figure S1. After a focus step at 1.2 mL/min (cross-flow), a
gradient elution imposing a cross-flow decreasing linearly
between 1.2 mL/min and 0 mL/min was applied for 40 min
(detector flow: 1 mL/min). The absorbance of the eluted
fractions was monitored at 230 nm. The hydrodynamic
diameter and the geometric diameter (Dg) of the particles
were determined from the online DLS and MALS measure-
ments in the elution window comprised between 22 and 34
min, by using the software Astra 6.0 (particle method) and
applying the Zimm model or the cumulant model to fit the
MALS and the online DLS data, respectively.
The amount of mass recovery was estimated by calculating

the area under the UV−vis peak of the samples eluted with and
without an applied cross-flow:

i
k
jjjjj

y
{
zzzzz=

−
−

×

% mass recovery

UV VIS area of the sample
UV VIS area of the sample without crossflow

100

The mean of Dg and Dh were calculated by averaging the
values obtained across the full width at half-maximum (fwhm)
for each resolvable eluting peak, as indicated in the ISO/TS
21362:2018 standard document. Each sample was injected 3
times. The mean value and the standard deviation of the mean
over three replicates were determined, in order to evaluate the
precision of the method (minimum repeatability condition
tested as described in the ISO/TS 21362:201823 and in the
SOP developed by EUNCL).

Transmission Electron Microscopy. Negatively stained
grids were prepared using the mica-carbon flotation technique
by injecting 3 μL of Lipidots dispersion at the mica−carbon
interface. The grid was then stained in 2% uranyl acetate for
less than a minute. The carbon with the negatively stained
LNP was gathered on a copper grid for TEM observation.35

The images were processed by manually scoring the size of
more than 400 not overlapping NPs. Particle size distribution
by number was obtained by plotting the diameter of an
equivalent sphere obtained for the area of each particle, making
use of ImageJ software. The mean, the mode, and the X10, X50,
and X90 values (see Size Glossary) were estimated from each
PSD. Each PSD was fitted by using a LogNormal distribution.
The mode of the distribution was calculated by estimating the
peak of the LogNormal distribution associated with each
sample. In the case of the particles incubated with serum, the
negative staining of the proteins introduced some noise and
very small aggregates <10 nm in diameter which were excluded
from the analysis.

Particle Tracking Analysis. The average hydrodynamic
diameter and the PSD of Naked Lipidots and of Lipimage815
were characterized using PTA developed by NanoSight
(Malvern-Pannalytical Instruments Ltd.) according to the
validated EUNCL SOP (EUNCL PCC-023).36 This equip-
ment utilizes the properties of light scattering and Brownian
motion to obtain particle size distributions of samples in liquid
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suspension. In brief, the samples were diluted in particle free
PBS; analysis was conducted directly after dispersion in PBS as
reported in ref 36. PTA was carried out by means of a NS500
system equipped with a 405 nm laser, with PTA version 3.0.
Six by 60 second videos were recorded at an NP concentration
sufficient to obtain a minimum of 200 completed tracks per
video for statistical significance. The mean, the mode, and the
X10, X50, and X90 values were estimated from each PSD.

■ RESULTS AND DISCUSSION
Particle Size Distribution by Batch Mode DLS. Lipidots

are lipid-based nanoparticles (LNP) composed by a lipid core,
made of soybean oil and wax, and a surfactant shell, consisted
of phospholipids and PEGylated surfactants.30,33 Since their
development in 2008, they have shown a high potential to
incorporate lipophilic drugs and dyes for medicinal and
imaging applications.26−29 Lipidots loaded with Indocyanine
green (ICG-Lipidots) and IR780-Oleyl dye (Lipimage815)
have been initially developed for in vivo imaging purposes.28

Lipimage815, being the most promising formulation, has
shown efficacy as an in vivo NIR nanotracer for intraoperative
fluorescence imaging in the surgical excision of malignant
masses, as demonstrated in in vivo studies performed in mice
and dogs.37,38 In order to translate its potential efficacy to the
clinical utility, an extensive preclinical characterization has
been initiated with the development and validation of a large
panel of analytical and physicochemical methods in collabo-
ration with EUNCL.32 In this frame, AF4-MALS-DLS was
chosen to measure the PSD of Lipidots. Here, we would like to
show the potential of AF4-MALS-DLS to (i) assess accurately
the PSD of three formulations, e.g. Naked Lipidots,
Lipimage815, and ICG-Lipidots, (ii) to monitor small changes
associated with batch to batch variability or instability during
long-term storage and (iii) to study the Lipidots behavior in
the presence of serum proteins.
In our study the three Lipidots formulations were

synthesized at the lab scale by ultrasonication, as previously
reported.30,33 The composition of the oily and aqueous phase
allows varying the size between 30 and 120 nm. In our case,
the composition which would allow production of Lipidots of
50 nm (previous analysis performed by batch mode DLS) was
selected. Their physical and chemical properties are
summarized in Table S1. The physical properties of the
Lipidots were not affected by dye loading.26,27,31,39 The neutral
charge is induced by the presence of a dense PEG coating of
the particle surface, which also ensured a high colloidal stability
for the particles.
As preliminary measurement, batch mode DLS was used to

check the average size range and the polydispersity of the
samples dispersed in phosphate buffered saline (PBS, pH 7.4)
at a final particle concentration of 0.5 mg/mL. Sample
preparation and measurement were performed following the
conditions reported in the EUNCL’s SOP (http://www.euncl.
eu/about-us/assay-cascade/PDFs/Prescreening/EUNCL-
PCC-001.pdf?m=1468937875&). The instrument perform-
ances were checked prior to each measurement session by
measuring 60 nm polystyrene standard nanoparticles as
certified reference materials (CRM). Temperature equilibra-
tion prior to the measurement was set to 5 min in order to
ensure thermal stability. Sample concentration was selected to
be in the optimal range for the measurements, as described in
the Materials and Methods section, and the absence of
precipitation was assured by a stable count rate during 10

repeated measurements. Only the intensity-based analysis
together with the relative plots were reported, in order to
avoid any uncertainty which could come from the trans-
formation to volume or number based particle size distribution
by using the Mie theory.
As shown in Figure S2, all the formulations are characterized

by the presence of one population, possessing a z-ave of 50 nm
and a PdI of 0.14 (cumulant analysis), indicative of a size
distribution of moderate width. Even if the ISO standards only
requires reporting the mean and the standard deviation of the
mean of z-ave and the PdI values obtained by the cumulant
analysis,1 the coauthors recommend to always compare the
results of the cumulant analysis with the values calculated by
the analysis of the intensity-based PSD. Usually, if close values
are obtained in the two different data treatments, it is
indicative of well-monodispersed samples, whereas significantly
different values indicate that the sample particle distribution is
polydispersed. In the case of the three Lipidots formulations
analyzed, the mean Dh obtained by the intensity based PSD
analysis was 15% larger than the average z-ave obtained by
cumulant analysis (Table 1), suggesting that the z-ave value
may not be representative of the most probable size of the
nanoparticles contained in the samples, due to their intrinsic
polydispersity.
It has been previously shown that, even in the cases where

the sample shows a nicely monodispersed sample with a PdI <
0.1, and thus seems suitable for batch mode DLS measure-
ments, multiple populations can be hidden in the scattering
signal due to the low resolution of the technique.4,12,8 Using a
fractionation step, which separates the particles according to
their hydrodynamic radius, and a continuous online detection
of the eluted fractions by sizing detectors, such as the
multiangle light scattering (MALS) and dynamic light
scattering (DLS or QELS) detectors could help to assess the
particle size distribution with higher resolution.4

Optimization of AF4-MALS-DLS Measurements. As a
second step, the Lipidots were analyzed by AF4-MALS-DLS,
adapting the SOP developed by the EUNCL infrastructure
(http://www.euncl.eu/about-us/assay-cascade/PDFs/PCC/
EUNCL-PCC-022.pdf?m=1468937868&).22

The optimization of the AF4 elution conditions can be
laborious, and instrument performances should be checked in
order to assess the suitability of the conditions for each
particular system. AF4-MALS-DLS analysis is not applicable to
formulations that possess big aggregates, when a significant
portion of the material is lost on the membrane of the AF4
channel or when particles are affected by the application of the
cross-flow during focusing and elution. For this reason,
initiatives like EUNCL foster the use of robust standard
operating procedures, with proper quality controls to ensure
the robustness and suitability of the method to characterize
each specific nanoparticle system. Method precision depends
on the nature of the sample and of the analytical methods
utilized and should be evaluated under repeatability conditions
as indicated in the ISO 21362:2018 (i.e., at a minimum,
multiple replicates should be performed by the same analyst,
same instrument, same location, same method, and same
conditions, over short time intervals).23 Moreover, the users
should be aware of the possible sample loss in the channel, by
always checking for mass recovery. Material loss may be more
significant for positively charged particles, which may be lost
during separation, due to their irreversible interaction with the
negatively charged membranes in the AF4 separation channel.
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Appropriate analysis of the data obtained by light scattering
should be verified by checking the normalization of the
detector prior to each measurement session.22 Finally it is also
strongly recommended to run appropriate standards of similar
size of your sample in order to check the performances of the
AF4 fractionation system and of the online detectors in the
specific working size range of interest.22

Based on EUNCL’s SOP, the AF4 elution conditions had to
be adapted in the case of Lipidots. Phosphate buffered saline
(PBS, pH 7.4) was chosen as an elution buffer, being
representative of physiological conditions. During method
optimization, multiple elution methods were tested (isocratic
vs gradient elution profiles) by varying the cross-flow and the
focus flow in the 0.8−1.5 mL/min range. Finally the elution
program was optimized as reported in Figure S1. Before each
measurement session, the normalization of the MALS detector
was performed by injecting an aliquot of BSA at 5 mg/mL as
described in the SOP.22 The performances of online MALS
and DLS detectors were checked by injecting 60 nm
polystyrene particles dispersed in SDS 0.05%, as described in
the SOP.22

In order to check the precision of the optimized elution
method, 3 repeated injections of each sample dispersed in PBS
were measured (Figure S3). For each replica, the mean particle
size was calculated by averaging the size values obtained across
the elution peak at the fwhm (Table 1). The estimated
precision was lower than 10% for all the samples tested,
showing an acceptable repeatability of the elution method. The
mass recovery of each formulation was estimated to be >75%
(Table S2), thus higher than the accepted threshold according
to ISO 21362:2018.

Particle Size Distribution by AF4-MALS-DLS. The AF4-
MALS-DLS fractograms of the Naked Lipidots, Lipimage815
and ICG-Lipidots are reported in Figure 1, showing an upward
trend of Dg and Dh over the elution peak associated with each
fraction eluted between the 22nd and 34th minutes. All the
samples tested were characterized by one main population,
with a geometric diameter (Dg) in the 10−60 nm range and a
hydrodynamic diameter (Dh) in the 25−70 nm range, in
agreement with batch mode DLS (Figure 1, Table 2). A small
shoulder was detected at the beginning of the elution peak of
the Lipidots, which may be associated with a small population
of NPs possessing similar sizes but different surface properties
(e.g., a PEG and lecithin to lipid ratio). However, in the 0−22
min elution window, the scattering signal was too low to allow
analysis of the PSD.
The mode and the mean values of Dh and Dg, measured

across the full width at half-maximum (fwhm) of the peak are
reported in Tables 1 and S2. However, since the data indicates
a clear upward trend of Dg and Dh over the elution peak, care
should be taken in making quantitative comparison between
the samples by only considering the calculated Dg and Dh
mean, and the standard deviation of the means, since those
values may not represent the true mean for the peak. Such a
trend indicates that the population of nano-objects is
polydispersed with larger particles exiting the channel after
smaller ones, and their relative fractions might not be properly
weighted.23 Therefore, if the sample is polydispersed, we
suggest to refer to the elution profile, analyzing the Dg and Dh
trend across the peak in order to have qualitative indications of
the physical properties of the Med-NP analyzed.
Interestingly, AF4-MALS-DLS analysis provides indirect

information on particle shape (e.g., spherical vs elongatedT
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particles) by calculating the shape factor, which is the ratio of
the geometric diameter (Dg) determined by MALS and the
hydrodynamic diameter (Dh) measured by DLS.4,12,16,19 The
calculated Dg to Dh ratio of the all Lipidots formulations
studied was in the 0.7−0.9 range, suggesting that they all
possess a compact homogeneous core characterized by a
spherical shape (theoretical compact sphere ratio=
0.778).4,12,22

Particle Size Distribution by PTA. Particle tracking
analysis (PTA) was chosen as a complementary technique to
measure the particle size distribution of Naked Lipidots and of
Lipimage815. The calculated mode and mean are reported in
Table 1, while the number-based PSD is shown in Figure S4.
PTA results are in line with the results obtained by AF4-
MALS-DLS. According to PTA measurements, the two
samples were characterized by one main population possessing
a mode of 45 nm. No significant differences were detected in

the mode and in the D50 of the naked vs the dye-loaded
samples.
PTA was not chosen as the main orthogonal technique to

support AF4-MALS-DLS findings, since PTA limitation is the
incapability to measure PSD of small organic particles in the
presence of serum proteins (<30 nm). In fact in the buffer of
choice there must be an inhomogeneity in the refractive
indices of a particle and the medium within which it exists in
order for light scattering to occur, but unfortunately this
condition is not satisfied if small organic particles are dispersed
in biological complex media containing proteins of comparable
sizes. Without such an inhomogeneity, no measurement can be
made by the PTA. Therefore, PTA can be a valid alternative to
the AF4 technique to measure the PSD of lipid based NPs in
simple media (e.g., PBS), batch to batch consistency, and
stability, but, in the present setup, it cannot be used to measure
their PSD in biological complex media, due to their small
size.10

Figure 1. Elution behaviors of the Lipidots formulation detected by AF4-MALS and AF4-DLS. (A) Intensity of the 90° LS detector and calculated
geometric diameter (Dg); (B) Intensity of DLS online detector and calculated hydrodynamic diameter (Dh) of the Naked Lipidots (dark blue),
Lipimage 815 (blue) and ICG lipidot (light blue).

Figure 2. TEM images and particle size distribution of the Lipidots formulations. TEM images of (A) Naked Lipidots, (B) Lipimage815, and (C) ICG
Lipidots. Calculated differential and cumulative particle size distribution (%) of the (D) the Naked Lipidots, (E) the Lipimage 815, and (F) and the
ICG Lipidots.
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Particle Size Distribution by TEM. In order to support
the AF4-MALS-DLS findings in simple and complex media, we
measured the particle size distribution with transmission
electron microscopy (TEM).
Electron microscopy (EM) is one of the methods always

suggested by the regulators,40 since it permits the direct
visualization of the particles, gaining direct information about
particle size and shape. Moreover, it allows obtaining a
number-based particle size distribution, allowing direct
calculation of the median diameter (X50). Caution should be
taken to make sure that the sample preparation does not
induce an artifact, especially for organic particles such as the
Lipidots. Differently from other organic particles (e.g.,
liposomes), the cryo-TEM analysis is not applicable to the
Lipidots, because the sample freezing by cryo-vitrification
induces the destabilization of the particles (data not shown).
To enhance the contrast of images and to preserve the particle
integrity during the drying phase, Lipidots were stained by
uranyl acetate (negative staining) and then imaged by
transmission electron microscopy (TEM), as reported by
Arnould et al.41,42 More than 400 nonoverlapping particles
were analyzed for each sample. The number-based size
distributions obtained are shown in Figure 2, while the
calculated mode, mean, and X10, X50, X90 values are reported in
Table 1. All the Lipidots samples were characterized by one
population of spherical particles in agreement with the AF4-
MALS-DLS observations. The mode and mean diameter values
calculated by TEM are significantly smaller than the values
obtained by AF4-MALS-DLS and PTA analyses. Unfortunately
a direct quantitative comparison between the three different
techniques is not possible due to the difference in the nature of
size parameters measured. PTA and AF4-DLS measure the Dh,
which takes into account the hydrated surfactant shell of the

particles, while TEM measures the 2D projected area of the
particles after staining, which is usually smaller.

Monitoring of Size Changes in Lipidot Formulations:
Stability Studies and Batch to Batch Variability. A
medical nanoparticle formulation should be stable for multiple
months in order to be stored before being used in the clinic.
Monitoring changes in size and the leakage of the encapsulated
active principle ingredient is critical, especially if the stock
solution is stored in the liquid state, as in the case of the
Lipidots. Aggregation or destabilization may occur during
storage of the product and should be checked by robust
methods, which should be able to detect small changes in
particle size. In this study, the particle size distribution of the
Lipidots was monitored for 6 months by batch mode DLS and
AF4-MALS-DLS. Due to light and thermal sensitivity of dyes
incorporated,31 all Lipidots solutions were stored in amber
vials at 4 °C under argon atmosphere. All data related to
colloidal stability of nanoparticles are shown in Figure S2B and
in Figure 3, while all the values are summarized in Table S2.
No significant changes were detected in elution profiles (e.g.,
in the retention time, Dh profile vs time) and in the mean
particle diameters calculated by online DLS, suggesting that
the size of the Lipidots solutions is stable for >6 months,
confirming our previous findings by batch mode DLS.31,32 The
study on longer time points is ongoing and will be carried out
for >1 year.
One of the key parameters for the successful translation of

nanoparticles in medicinal products is the ability to produce
multiple reproducible batches, having the same properties,
including the particle size. Batch to batch variability in the
manufacturing process has to be monitored from the early
stages of development at the lab scale, since significant
variation of the PSD between batches can result in different
biological effects, as shown by Schad̈lich et al.43 In this work,

Figure 3. Stability over time. Elution profile and diameter by AF4 + online MALS and DLS detectors. On the top: AF4-DLS elution profile and
hydrodynamic diameter of (a) the Naked Lipidots, (b) the Lipimage 815, and (c) and the ICG Lipidots. On the bottom: AF4-MALS elution profile
and geometric diameter (Dg) of (d) the Naked Lipidots, (e) the Lipimage 815, and (f) and the ICG Lipidots. Dark blue: profile at t0, blue: profile
after storage for 3 months at 4 °C, light blue: profile after storage for 6 months at 4 °C.
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multiple batches of each formulation were prepared with the
same manufacturing protocol and analyzed by batch mode
DLS and AF4-MALS-DLS to evaluate their PSD. No
differences were detected in the elution profile of the batches
analyzed and in the mean size values (see Table S2), except for
one batch of Naked Lipidots which was characterized by a
significantly smaller mean size (Dh and Dg), as reported in
Figure 4 and in Table S2. Interestingly, batch mode DLS
analysis failed to detect such small but significant difference of

5−10 nm. Thus, we can conclude that due to its low
resolution, batch mode DLS is often not suitable to detect
small changes of size in different batches, while on the
contrary, AF4-MALS-DLS allows resolving small differences in
PSD between batches. Therefore, AF4 can be considered a
promising alternative technique to be adopted for routine
quality control of the Med-NPs production. When an AF4
elution method has already being developed and tested for a
specific system, batch to batch reproducibility can be easily

Figure 4. Batch to batch variability of three lots of Naked Lipidots. Particle size distribution by (a) batch mode DLS, (b) AF4-MALS-DLS, and (c)
AF4-MALS-DLS of three batches of Naked Lipidots. The batch 3 (light blue) presents a PSD shifted to smaller sizes if compared by the batch 1
(dark blue) and 2 (blue).

Figure 5. Ef fect of NP-protein interactions by TEM and AF4-MALS-DLS. AF4-DLS elution profiles: intensity of the scattered light of the online DLS
detector and the calculated hydrodynamic diameter are reported for (a) the Naked Lipidots, (b) the Lipimage 815, and (c) and the ICG Lipidots.
TEM images of the (d) the Naked Lipidots, (e) the Lipimage 815, and (f) and the ICG Lipidots after incubation with serum. Calculated differential
and cumulative particle size distribution (%) of the (g) the Naked Lipidots, (h) the Lipimage 815, and (i) and the ICG Lipidots. Blue curve: NPs
eluted alone; Orange curve: NPs + serum.
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performed by repetitive 1−2 h measurements, and also AF4-
MALS-DLS can be considered an easy handling measurement,
similarly to other chromatography techniques used in the field
(RP-HPLC, size exclusion chromatography).
Changes of PSD in the Presence of Plasma Proteins.

One of the potential routes of administration of Med-NPs,
including the Lipidots, is intravenous injection. By this route of
administration, nanoparticles are subject, rapidly, to inter-
actions with biological elements included in blood, which affect
their behavior in the body and their pharmacokinetics.3 The
investigation of interactions of nanoparticle systems incubated
in cell culture media and/or with plasma proteins, and
modification of their properties due to NP−protein
interaction, including particle size and shape, is crucial for
regulatory approval since it can modulate cytotoxicity, immune
response, and biodistribution of the NPs,44 as clearly
mentioned in the last draft regulatory guidance of the FDA.40

Here, we have tested the suitability of AF4-MALS-DLS to
detect small changes in Lipidots size after incubation in the
presence of serum proteins and then compared the results with
the evidence obtained by batch mode DLS and TEM imaging
of the sample via negative staining. In order to simulate
physiological relevant conditions, the Lipidots were incubated
with pure fetal bovine serum (FBS) for an hour at 37 °C and
then diluted in phosphate buffered saline immediately before
the analysis. In this study only one incubation time point was
selected, since the aim was to check the applicability of the
SOP and not to perform an extensive study to investigate the
behavior of Lipidots in complex biological media. However, to
assess the behavior of Med-NPs in the presence of plasma, the
coauthors advise to perform kinetic studies considering
multiple time points, which should be chosen on a case by
case basis and be representative of the specific Med-NP system
studied.
The PSD by intensity obtained by batch mode DLS on the

protein−NP mixtures are summarized in Table 2 and in Figure
S2. Not surprisingly, the cumulant analysis was not suitable to
analyze such a complex mixture; thus, the z-ave and PdI values
became meaningless. The PSD by intensity calculated by batch
mode DLS did not change significantly, while a peak associated
with serum proteins appeared at 5−10 nm (Table 1 and Figure
S2A). Thus, according to the batch DLS analysis (particle size
distribution by intensity), no significant changes of the physical
properties were induced when Lipidots were incubated with
serum proteins. Interestingly, the AF4-DLS-MALS and the
TEM analyses showed a slightly different picture from the
batch mode DLS (Figure 5). The PSD detected by both TEM
and AF4-DLS-MALS became significantly narrower in the
presence of serum proteins, especially in the case of the Naked
Lipidots. The width of the particle size distribution is reduced
(Dmin and Dmax reported in Table 1), while the average size
values do not significantly change.
These results were unexpected, since an absorption of

plasma proteins, such as lipoproteins, on the LNPs surface was
expected to rather induce a small increase of PSD, instead of
reducing the polydispersity of the samples. The reason why
incubation with serum proteins significantly affected the PSD
of Naked Lipidots is under investigation and is beyond the
scope of this methodological paper. However, we can speculate
that the size changes associated with the NP−protein
interactions may be induced by the partial release of PEG
and lecithin surfactant from the lipid shell. A small variation in
the composition of the PEG/Lecithin superficial layer of the

different formulations (or batches) could explain the different
behavior of the Naked vs dye-loaded Lipidots detected by
AF4-DLS-MALS analysis and TEM observations.
Importantly, from our evidence, we can conclude that it is

not possible to rely on batch mode DLS measurements to
detect small changes of the PSD of Med-NPs when they are
dispersed in biologically relevant medium containing serum
proteins, since the mixture of particles and proteins is too
polydispersed for the low resolution batch mode DLS.45 In this
context, AF4-MALS-DLS supported by TEM could provide
accurate size information for polydispersed samples in
physiological media. By fractionating the free protein and the
NPs in the complex mixture before sizing the NPs, AF4-DLS-
MALS allows us to successfully obtain accurate size
information on small particle size modifications after protein
binding in a complex protein−NP mixture.

■ CONCLUSIONS AND FUTURE PERSPECTIVES

One of our objectives was to raise consciousness of the pitfalls
of batch mode DLS when applied to measure the PSD of
medical nanoparticles, and to support the use of alternative
approaches. In this context, we have shown the potential of
AF4-MALS-DLS to measure the PSD of lipid-based nano-
particles of moderate polydispersity. The results were
compared with those collected from batch mode DLS analysis.
The capability of the two techniques to measure small
difference in mean size, PSD, and PdI of the Lipidots (e.g.,
batch to batch consistency and stability) and to analyze
changes in the PSD in complex biological media was assessed.
The AF4-MALS-DLS technique was able to successfully
measure the PSD of the Lipidots with high resolution, being
able to detect batch to batch variability induced by the
manufacturing procedure, as well as to find out changes in the
PSD induced by plasma proteins in complex biological media,
avoiding the misinterpretation of the results which may result
from batch mode DLS analysis. Thus, we can conclude that
AF4-MALS-DLS possesses the potential to become a future
standard for synthesis optimization, quality control, and to
monitor the stability of organic nanoparticle systems, including
the lipid-based nanoparticle system investigated in this work.
An ISO standard is now available (Application of field flow
fractionation for characterization of nanomaterial contents,
ISO/DTS 21362)5, as an evidence of the interests of regulatory
and standardization bodies for this technique.
However, the users should be aware that AF4 fractionation

requires trained experts and is less easy to handle than batch
mode DLS: the ideal elution conditions for each Med-NPs are
different, and method optimization can be moderately
laborious and time-consuming. Due to the complexity of the
AF4-MALS-DLS set up and to the method optimization
required, EUNCL fosters the use of robust standard operating
procedures, with proper quality controls to ensure the
robustness and suitability of the method to characterize each
specific nanoparticle system. SOPs like the one applied in this
work are publicly available online (http://www.euncl.eu/) in
order to support to the nanomedicine stakeholders, and the
organization also offers their direct expertise to users.
Importantly, we strongly encouraged users to support the
obtained AF4-MALS-DLS results with additional complemen-
tary high resolution sizing techniques, including the direct
visualization of the nanoparticles by electron microscopy.
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■ SIZE GLOSSARY

Diameter of an equivalent sphere measured by TEM
Equivalent spherical diameter corresponding to the diameter of
a circle with the same area than the 2D projected area of the
visualized particles by electron microscopy.
Hydrodynamic diameter (Dh) measured by DLS (batch
and online) and PTA
Diameter of a sphere that possesses the same diffusion
coefficient (derived by the Stokes−Einstein equation) as the
particles in the applied conditions. It is indicative of the
apparent size of the hydrated/solvated particles.
Polydispersity index (PdI) measured by batch DLS
dimensionless measure of the broadness of the size distribution
calculated from a simple 2 parameter fit of the correlation data
(cumulants analysis), as defined in the ISO13321:1996 E and
ISO22412:2008.1

Geometric diameter (Dg) measured by MALS
the geometric diameter is defined as the root mean square
distance of the object’s parts from its center of mass.
Mode
the mode of a particle size distribution is defined as the size
value x at which the size distribution takes its maximum value.
Median value (X50), X10, and X90

the median value X50 is defined as the value where half of the
population resides above this point and half resides below this
point. Similarly X10 and X90 are defined as the values where
10% and 90% of the population respectively reside above these
points.
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green; LNPs, lipid-based nanoparticles; MALS, multi angle
light scattering; Med-NPs, medical nanoparticles; NCI-NCL,
Nanotechnology Characterization Lab; NPs, nanoparticles;
PBS, phosphate buffered saline; PSD, particle size distribution;
PTA, particle tracking analysis; QELS, Quasi-elastic light
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