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ARTICLE INFO ABSTRACT

Keywords: Size characterization of extracellular vesicles (EVs) and drug delivery liposomes is of great importance in their
exosome applications in diagnosis and therapy of diseases. There are many different size characterization techniques used
microparticle in the field, which often report different size values. Besides technological biases, these differences originate

liposomal drug delivery
small-angle neutron scattering
microfluidic resistive pulse sensing

from the fact that various methods measure different physical quantities to determine particle size. In this study,
the size of synthetic liposomes with nominal diameters of 50nm and 100nm, and red blood cell-derived EVs
(REVs) were measured with established optical methods, such as dynamic light scattering (DLS) and nano-
particle tracking analysis (NTA), and with emerging non-optical methods such as microfluidic resistive pulse
sensing (MRPS) and very small-angle neutron scattering (VSANS). The comparison of the hydrodynamic sizes
obtained by DLS and NTA with the sizes corresponding to the excluded volume of the particles by MRPS enabled
the estimation of the thickness of the hydration shell of the particles. The comparison of diameter values cor-
responding to the boundary of the phospholipid bilayer obtained from VSANS measurements with MRPS size
values revealed the thickness of the polyethylene glycol-layer in case of synthetic liposomes, and the thickness of
the protein corona in case of REVs.

into ensemble and single-particle detection methods. Dynamic light
scattering (DLS) is the most widely used ensemble method for the sizing

1. Introduction

The field of nanomedicine has grown rapidly since liposomal drugs
were first clinically approved in the 1990s, and its growth has ac-
celerated over the last decade as extracellular vesicles (EVs) have
shown significant diagnostic and therapeutic promise because of the
key roles they play in intercellular communication (1-5). Due to their
low immunogenicity and natural homing ability, EVs may represent the
next generation of lipid-based drug delivery systems (6).

Both drug delivery liposomes and extracellular vesicles (EVs) are
spherical phospholipid bilayer structures with diameter spanning from
about 30 nanometers to several hundred nanometers. Accurate size
measurement of liposomes and EVs is prerequisite for realizing their full
potential in clinical applications (7-10). In general, size characteriza-
tion methods can be grouped according to their measurement principle
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of nanoparticles (7,11). Small-angle X-ray and neutron scattering (SAXS
and SANS, respectively) belong also to the group of ensemble methods
used for the sizing of lipid vesicles (12-17). On the other hand, trans-
mission and cryo- electron microscopy (TEM and cryo-EM) are the most
significant examples for single-particle detection methods that are used
to characterize liposomes (8,11) and also EVs (18-20). Atomic force
microscopy (AFM) and resistive pulse sensing (RPS, or scanning ion
occlusion sensing, SIOS) are also frequently used single-particle
methods both in the liposome- and the EV-fields (21-24). Sizing
methods can be also classified based on their physical principles. In this
regard, optical and non-optical methods are usually distinguished. DLS
mentioned above belongs to the optical methods, but nanoparticle
tracking analysis (NTA) (25,26) and flow cytometry (FCM) (27-31)
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should be also listed as optical methods for single particle detection of
liposomes and EVs.

The various methods for sizing liposomes and EVs have been com-
pared in recent studies and often report different average size values
(23,29,32,14). These differences are due to methodological biases in-
cluding the response of different techniques to sample heterogeneity,
the small size limits of detection of the methods, and fundamental
differences in the physical properties being measured between the
techniques.

In general, ensemble methods are only accurate for measuring
monodisperse samples, since for a heterogeneous sample the calcula-
tion of the size distribution from the primary measured quantity be-
comes an ill-posed inverse mathematical problem. For example, a
plurality of heterogeneous particle size distributions could give rise to
the same correlation function measured by DLS or scattering curve
measured by SAXS/SANS. Methods that independently measure single
particles in a sample do not suffer from this limitation.

The sensitivity limit of any metrology is a critical parameter that
must be understood for any measurement. For example, in case of NTA,
the most common optical single-particle sizing method, the small size
limit of detection (LOD) is determined by the light scattering cross-
section, which scales very strongly with particle diameter and depends
in a complex way on the material composition of the particles in the
sample being measured. As a result, the LOD of NTA depends on the
sample itself in a way that cannot be fully understood without in-
dependent measurements made using truly orthogonal methods. The
impact of this inherent uncertainty is amplified by the data presentation
format, which commonly spans an unphysical range starting at zero nm
diameter. These factors affect ‘average’ particle sizes reported in the
literature.

Finally, various methods measure different physical quantities to
determine particle size, leading to further variation in the reported size
values. A striking example for the latter is the comparison of DLS and
TEM: DLS measures the autocorrelation function of the laser intensity
scattered from the sample at a fixed angle. The primary information
from the autocorrelation function is the diffusion coefficient of the
examined particles, which is used to calculate the so-called hydro-
dynamic diameter of the particles according to the Stokes-Einstein
equation. Since the diffusion of the particles is affected by their inter-
facial properties (e.g. hydration and organic capping layer on the sur-
face), the reported size exceeds the hard boundary of the particles
under investigation. On the other hand, TEM provides an image of the
electron density inhomogeneities in the sample. The electron density
contrast between the core of the particles and its hydration or organic
capping shell is usually significant, which implies that size values re-
ported by TEM are closer to the core size of the particles.

In this paper we demonstrate that combining measurements from
complementary and orthogonal particle sizing techniques provides new
information about the structural features of vesicular nanoparticles that
amounts to more than the sum of the individual measurements. Two
types of vesicular samples were measured: Polyethylene glycol (PEG)-
grafted, sterically stabilized liposomes (SSL) used for drug delivery and
red blood cell-derived EVs (REVs). Measurement techniques included
two well established methods (DLS and NTA) and two new emerging
methods (Very Small-Angle Neutron Scattering (VSANS) and
Microfluidic Resistive Pulse Sensing (MRPS)). This choice of measure-
ment techniques covers all four groups of size characterization
methods: Ensemble and single-particle characterization methods and
optical and non-optical operating principles. We hypothesized that
important quantities such as the thickness of the PEG-layer in case of
drug delivery liposomes, or the protein corona in case of REVs can be
investigated by the comparison of various sizing techniques. The latter
is gaining attention in the field of EVs as the protein corona affects not
only the biodistribution of EVs but also their detection and quantifi-
cation. The PEG-layer in case of SSLs is responsible for avoiding the fast
clearance of these drug delivery vehicles from the blood circulation,
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therefore its characterization for new liposomal drugs is vitally im-
portant.

2. Materials and Methods
2.1. Liposome preparation

Hydrogenated soy phosphocholine (HSPC, Coatsome NC-21E), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-PEG2k, 880120 P) were purchased from
NOF Corporation (Japan) and from Avanti Polar Lipids (USA), respec-
tively. Cholesterol (C8667), phosphate buffered saline (PBS, P3813),
and heavy water (DO, 151882) were purchased from Sigma-Aldrich
(Hungary). All chemicals were used without further purification.
Sterically stabilized liposome (SSL) samples were prepared by the hy-
dration, freeze-thaw and extrusion method. Briefly, the components
were dissolved in chloroform in weight ratio of HSPC:DSPE-
PEG2k:Cholesterol = 3:1:1. The solvent was then evaporated at 40 °C
and the resulting lipid film was kept in vacuum overnight to remove
residual traces of the solvent. PBS buffer solution made of ultrapure
water (18.2MQcm) or D,O (in case of the samples for neutron scat-
tering experiments) was added to the samples to gain a total lipid
concentration of 16 mg/ml. Ten freeze-thaw cycles by using liquid ni-
trogen and lukewarm water bath were applied for homogenization.
Finally, the samples were extruded (at 60 °C) ten times through poly-
carbonate filters with 50 nm or 100 nm pore sizes (110603 and 110605,
respectively, Nuclepore, Whatman Inc.), for SSL 50 and SSL 100 sam-
ples, respectively, using a LIPEX extruder (Northern Lipids Inc.,
Canada).

2.2. Isolation of red blood cell (RBC)-derived extracellular vesicles (REVs)

EDTA-anticoagulated blood was collected from healthy volunteers
(3 x 6 mL) with informed consent by venepuncture without a tourniquet
through a 21-gauge needle by use of a vacutainer system (456036,
Geiner Bio-One, Hungary). The use of human blood samples was ap-
proved by the Scientific and Research Ethics Committee of the
Hungarian Medical Research Council (ETT TUKEB 6449-2/2015).
Whole blood was centrifuged at 2500 x g for 10 min (Niive NF 800R
centrifuge, swing-out rotor) then the plasma and the white blood cell
fractions were removed and RBCs were suspended in equal volume of
saline solution (0.9%) and washed three times at 2500 x g 10 min at
4 °C. After washing, RBCs were diluted with equal volume of phosphate
buffered saline pH 7.4 (PBS, P3813, Sigma-Aldrich, Hungary) and were
kept at 4 °C for 7 days. At the end of the incubation period, the RBCs
were removed by centrifugation at 1500 x g for 10 min followed by
another centrifugation step at 2850 x g for 30 min. The RBC-free su-
pernatant was aliquoted into 2 mL Eppendorf tubes and pelleted at 16
000 x g for 30 min (Eppendorf 5415R, F45-24-11 rotor, Austria). Each
pellet was resuspended in 100 pl PBS. The REV sample was further
purified with SEC using a 3.5 mL gravity column filled with Sepharose
CL-2B gel (17014001, GE Healthcare, Sweden). 100 pl REV sample was
pipetted onto the column which was followed by 900 pl PBS (prepared
with ultrapure water or D,O for the VSANS measurements), while the
flow through was discarded. Next, the purified REVs were eluted with
1 mL PBS and collected. Purified samples were stored at 4 °C and were
used within 48 hours after isolation.

2.3. Freeze-fracture combined transmission electron microscopy (FF-TEM)

Sample were mixed with glycerol (G5516, Sigma-Aldrich, Hungary)
used as cryoprotectant at 3:1 sample-to-glycerol volume ratio. Approx.
2 uL sample was pipetted onto a gold sample holder and frozen by
placing it immediately into partially solidified Freon for 20 seconds.
Fracturing was performed at —100 °C in a Balzers freeze-fracture de-
vice (Balzers BAF 400D, Balzers AG, Liechtenstein). The replicas of the
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fractured surfaces were made by platinum-carbon evaporation and then
cleaned with a water solution of surfactant and washed with distilled
water. The platinum-carbon replicas were placed on 200 mesh copper
grids and examined in a MORGAGNI 268D (FEI, The Netherlands)
transmission electron microscope.

2.4. Dynamic light scattering (DLS)

DLS measurements were performed using a W130i apparatus (Avid
Nano Ltd., UK) and using a low volume disposable cuvette (UVette,
Eppendorf Austria GmbH, Austria).

2.5. Nanoparticle tracking analysis (NTA)

NTA measurements were performed using a NanoSight LM10-HS
system (Malvern Instruments Ltd., UK) equipped with a 488 nm laser
module. All measurements were performed at room temperature, and
the camera level vas set to 16. Results were evaluated as an average five
10 s duration track record using NanoSight NTA software version 2.3.
Samples were diluted in PBS filtered through a VivaSpin 500, 100 kDa
MWCO membrane filter (VS0141, Sartorius, Germany) according to the
manufacturer’s instructions.

2.6. Microfluidic resistive pulse sensing (MRPS)

MRPS measurements were performed with a nCS1 instrument
(Spectradyne LLC, USA). SSL and REV samples were diluted 10000-fold
and 10-fold, respectively, with bovine serum albumin (BSA, A2153,
Sigma-Aldrich, Hungary) solution at 1 mg/mL in PBS buffer, filtered
through a VivaSpin 500, 100 kDa MWCO membrane filter (Sartorius,
Germany) according to the manufacturer’s instructions. The SSL 50
sample was measured with a TS-300 cartridge (50 nm to 300 nm mea-
surement range), while SSL 100 and REV samples were measured with
TS-400 cartridges (65 nm to 400 nm measurement range).

2.7. Very-small angle neutron scattering (VSANS)

VSANS experiments were carried out at the KWS-3 instrument op-
erated by Jiilich Center for Neutron Sciences (JCNS) at the FRM-II re-
search reactor (Heinz Maier-Leibnitz Zentrum, MLZ, Garching,
Germany) (38,39). SSL and REV samples prepared in PBS-D,O were
filled into standard Hellma cells (404-QX, Hellma GmbH & Co. KG,
Germany), measured at room temperature at sample positions of 9.5 m
and 1.3 m sample-to-detector distances to cover the q-range from 4107
nm? to 210" nm™. Radial averaging of the 2D scattering patterns,
background subtraction and calibrations for intensity and scattering
variable, q, were performed by QtiKWS10 software provided at the
beam line.

Model fitting procedures using core-shell and solid-sphere models
were carried out using a self-developed software written in Python.
Details are provided in the Supplementary Information.

3. Results and Discussion

Freeze-fracture combined TEM (FF-TEM) provides an excellent tool
to visualize individual vesicles suspended in an aqueous medium. Fig. 1
shows typical FF-TEM images of the investigated SSL and REV samples.
All samples exhibit uniform particles with close to the regular spherical
shape. The surface morphology of SSLs prepared by using membrane
filters with nominal pore size of 50 nm (SSL 50) and 100 nm (SSL 100)
definitively differs from that of the REV sample. Smooth outer and
inner surfaces can be observed in the pictures of SSL 50 and SSL 100
samples shown in Fig. 1(a—c) and (d-e), respectively. In contrast, the
surface of the REV sample is randomly and densely covered with small
particles (Fig. 1f-h), which fall in the 5 to 15nm size range. These
particles can be attributed to the membrane proteins on the surface of
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REVs. The inner surface of REVs contains significantly less protein as-
sociates than the outer one (Fig. 1g,h). The average estimated size of
the SSL 50, SSL 100 and REV samples is 80 nm, 120 nm and 200 nm,
respectively. While the size of the liposomes and REVs can be dis-
tinguished based on the FF-TEM images, quantitative size distributions
cannot be obtained because of the limited number of liposomes and
REVs on the images, and because fracturing takes place at a diameter
equal to or less than the maximal diameter.

DLS, NTA and MRPS analysis of the investigated samples are shown
in Fig. 2. DLS, the most frequently used routine optical ensemble
technique reports a similar trend for mean particle size in the three
samples as was observed by FF-TEM. However, since DLS measures the
average hydrodynamic diameter of the particles the mean diameter
measurements are shifted towards larger values (Fig. 2b). DLS mean
hydrodynamic diameters of the SSL 50, SSL 100 and REV samples were
(101.9 = 2.0) nm, (123.2 *+ 3.8) nm, and (225.6 *= 6.7) nm respec-
tively ( = standard deviation, N = 3). The correlation functions shown
in Fig. 2a are consistent with relatively monodisperse samples and
suggest the absence of aggregates.

NTA is an optical, single-particle method that tracks the Brownian
motion of individual particles suspended in a liquid using their scat-
tered light. The hydrodynamic size of each diffusing particle is inferred
from its measured mean squared displacement and an assumption of the
viscosity of the suspending medium. Size distributions of the SSL and
REV samples obtained by NTA are shown in Fig. 2c, and mean hydro-
dynamic diameter values agree within a few nanometers of those
measured by DLS: (96.0 £ 1.7) nm, (115.0 = 1.8) nm, and
(216.0 = 3.2) nm for the SSL 50, SSL 100 and REV samples, respec-
tively for NTA ( = standard deviation, N = 5). These results indicate
that for such monodisperse samples as the SSLs and REVs, the ensemble
technique measures an average hydrodynamic diameter that agrees
with the same physical quantity measured by the single-particle de-
tection method.

Size distributions of the investigated samples measured by MRPS
are shown in Fig. 2d. MRPS is the nanoscale implementation of the
Coulter principle in a microfluidic cartridge (33-35), as such, it is a
non-optical, single-particle detection method. The particle size dis-
tributions measured by MRPS are approximately Gaussian and show
significantly smaller size values compared to those obtained by DLS and
NTA: Mean particle diameters calculated from the MRPS particle size
distributions for the SSL 50, SSL 100 and REV samples were
(70.3 = 3.2) nm, (95.5 * 0.9) nm, and (186.1 *+ 9.2) nm respec-
tively. Unlike DLS and NTA however, MRPS does not measure hydro-
dynamic radius. Instead, MRPS measures the volume of conductive ions
excluded by each particle as it passes through a constriction in the fluid
flow. In the case of a closed core particle coated with a hydrated PEG
layer, the PEG layer significantly affects the mobility of the particle and
thus increases its hydrodynamic diameter. For the same particle, MRPS
will report a diameter that is closer to and slightly larger than the core
diameter size reported by TEM. This physical understanding is sup-
ported by the data: Both DLS and NTA report similar values for mean
hydrodynamic diameter despite significantly different data analysis
procedures, and the TEM and MRPS results are in agreement.

This interpretation of the combined physical measurements then
allows an estimate of the hydration shell thickness. Using the MRPS
values as the ‘core’ particle size and the hydrodynamic diameters ob-
tained by DLS and NTA as the ‘outer’ hydrated diameter, the hydration
shell thickness is calculated to be 10 nm to 16 nm for the SSL samples,
and from 15nm to 20 nm for the REV sample. For SSLs, these results
agree with prior measurements of liposomal doxorubicin by Peretz
et al. in which diameters from DLS measurements and from cryo-EM
investigations supplemented with PEG-layer thickness values from
SAXS were compared (8). In case of REVs, the large hydrodynamic
diameter can be attributed to the protein agglomerates on their surface.

The fourth technique used in this study for the size characterization
of vesicle systems was VSANS, which is an ensemble method. In VSANS,
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Fig. 1. Freeze-fracture TEM images of sterically stablized liposomes (SSLs) prepared by using membrane filters with nominal pore size of 50 nm (SSL 50, a-c) and
100 nm (SSL 100, d-e) and red blood cell derived extracellular vesicles (REVs, f-h). Arrows indicate vesicles fractured through completely, which reveals the inner

surface of REVs.

a monochromatic neutron beam with a wavelength in the 1 nm to 3 nm
range is scattered on the sample under investigation, and the scattered
neutrons are detected on a 2D position sensitive detector. The primary
information obtained by VSANS is the scattering curve, which is the
radially averaged scattering intensity as the function of the momentum
transfer (q), which is defined as q = (47/1)sin®, where A is the wave-
length of the used neutron beam, and © is the half of the scattering
angle. The measured scattering curves of the SSL 50, SSL 100 and REV
samples are shown in Fig. 3a, which resembles the typical scattering
curves of spherical particles. The so-called Guinier region, where a
pronounced decrease in intensity as the function of q can be observed,
carries information about the overall size of the particles. The shift of
the Guinier region towards smaller g-values for the SSL 100 and REV
samples indicate the increase in size of the scattering objects. Quanti-
tative information from the scattering curves can be obtained by fitting
of theoretical model functions to the measured curves. Since neutrons
are scattered on the nuclei of the atoms of the scattering objects, the
theoretical functions model the radial distribution of the neutron scat-
tering cross section or neutron scattering length density (SLD) of the
scattering objects. In our case, the scattering cross section difference
between the deuterated solvent and the protonated phospholipid bi-
layer dominates the SLD profile of the vesicles, therefore SSLs were
modelled with a spherical shell. In case of the REV sample, the SLD
profile is different, because the SEC purification in the last step of the
isolation replaces the outer buffer with PBS-D,0, but the interior of
REVs is filled with (protonated) macromolecules in normal aqueous
buffer that represents almost no scattering contrast to the phospholipid
bilayer. Therefore, REVs were modelled as homogeneous spheres, with
a diameter representing the aqueous core together with the thickness of
the lipid bilayer of REVs. In both cases, the size distributions of the
liposomes and vesicles were taken into account with a log-normal dis-
tribution. Further details of the applied model functions and fitting
procedures can be found in the Supplementary Information.

The fitted model functions are shown in Fig. 3a together with the

measured scattering curves, and the corresponding size distribution are
shown in Fig. 3b. The SSL 50, SSL 100 and REV samples were measured
to have mean sizes (60.2 = 0.3) nm, (84.1 = 0.4) nm, and
(175.4 = 1.7) nm respectively. These diameter values are the smallest
of the methods used in this study, an observation that is explained by
the SLD profiles of SSLs and REVs. In case of SSLs, the hydrated PEG-
chains represents the outer layer. Considering the concentration of the
polymer, and the amount of D,0O in this layer, the average SLD of this
layer is approximately 5.4 -10'® cm™, which does not represent a sig-
nificant contrast to DO (6.34-10'° cm™) if one considers that the SLD of
the protonated lipid bilayer is approximately 0.24 -10'° e¢m™ (17). In
other words, the size obtained from VSANS represents the outer dia-
meter corresponding to the phospholipid headgroups. In case of REVs,
the same holds for the protein corona based on the FF-TEM images, i.e.
the average SLD contrast represented by the protein associates on the
surface of REVs is negligible in a first approximation. With this as-
sumption, the difference in the diameter from MRPS and VSANS carries
information about the thickness of the PEG-layer in case of SSLs and the
average thickness of the protein corona in case of REVs. For SSLs, this
comparison results 5nm to 6 nm for the thickness of the PEG-layer,
which is just slightly larger than the values reported by SAXS (36,37).
The same comparison for REVs implies the average thickness of the
protein corona is (5.3 * 0.3) nm, which is a reasonable approximation
if one takes into account the density and size of the protein associates
visible on the FF-TEM images.

Fig. 4 summarizes the size values obtained for the investigated
samples by DLS, NTA, MRPS and VSANS. Clear trends can be observed
for both the SSL and REV samples, which is attributed to the fact that
different physical quantities are determined by the various techniques.
The diameter determined by the boundary of the phospholipid bilayer
is probed by VSANS, while MRPS determines the diameter equivalent to
the excluded volume of the particles, which includes the PEG-layer in
case of SSLs, and the protein corona, in case of REVs. The largest values
were obtained by the optical methods, i.e. DLS, and NTA, which reports
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the equivalent diameter of a hard sphere with the same diffusion
coefficient as the particles being measured. Both natural and synthetic
lipid vesicle systems exhibit a pronounced hydration shell, which is also
included in the size values reported by these techniques.

4. Conclusions

In this study four different sizing methods including DLS, NTA,
MRPS and VSANS were used to characterize monodisperse synthetic
and natural phospholipid vesicle systems. While each technique has its
own limitations, the aim of this study was to gain further structural
information about the samples by comparing the size values reported
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by the different techniques. For this purpose, vesicle systems with
monomodal size distributions were investigated in this study with mean
sizes falling within the detection range of all the investigated methods.
While drug delivery liposomes are commonly monodisperse in size, EV
samples are most often very polydisperse so REVs were used as model
EVs in this study.

By comparing optical methods that measure particle diffusion (DLS,
NTA) with non-optical methods (MRPS, VSANS), significant differences
can be observed in the reported mean diameters for the investigated
samples. The differences indicate that the hydration shell of these soft
colloidal particles can reach the thickness from 10 nm to 20 nm. The
comparison of diameter values corresponding to the boundary of the
phospholipid bilayer obtained from VSANS measurements with the
values corresponding to the excluded volume of the particles by MRPS
reveals the thickness of the PEG-layer in case of SSLs, and the thickness
of the protein corona in case of REVs.

This study demonstrates the value of using orthogonal measurement
techniques and that the comparison of carefully chosen sizing techni-
ques can provide important structural information about the studied
particles that cannot be obtained using one measurement alone.
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