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An introduction to the terminologies used in this manuscript,
including definitions of nanorheology, MSD, and viscosity, is
provided in the Table S1, Supporting Information.

1. Introduction

Extracellular vesicles (EVs) are membrane-
bound vesicles ranging from tens to
hundreds of nanometers released by any
types of cells in biofluids and tissues.
Encapsulating proteins, lipids, and nucleic
acids[1] sorted from the secreting cells, EVs
play a crucial role in intercellular commu-
nication. They travel easily across tissues
with the potential to target distant cells,
delivering their cargo specifically.[2] The
transported molecules reflect the biological
signature and environmental cues of the
cell from which they originate. It has been
shown that EVs participate in many, if not
all, physiopathological processes, such as
the embryonic development,[3] the progres-
sion and resistance of cancers[4,5] or the ini-
tiation of a prometastatic niches distant to
primary tumor.[6] To achieve their unique
role of nanovectors for intercellular com-
munication, EVs must cross many differ-
ent complex media (extracellular matrix,
blood, and other biofluids…) where they
are engaged in multicomponent interac-

tions. Proteins can bind to EVs forming the so-called protein
corona that will influence their transport properties and their
capabilities to be internalized by recipient cells. EVs also travel
across tissues, where pores can be smaller (down to 20 nm) than
the average size of EVs (≈20–1000 nm).[7–9] This transport relies
on the respective physical and biological properties of the extra-
cellular matrix and of the EVs and is driven by the intimate
molecular interactions between them. These characteristics,
along with their intrinsic biological activity, make EVs promising
candidates as biomarkers[10] and as endogenous drug delivery
nanosystems. However, the interplay of EVs with the surround-
ing complex biological medium, the related transport properties
of EVs, and the dynamics governing this transport are not well
explored.[8,11]

Considering a therapeutic setup, the formulation of EVs
to constitute the drug product may play a decisive role in the ther-
apeutic outcome. The formulation choice is primarily driven by
preservation requirements and the administration strategy.
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While extracellular vesicles (EVs) demonstrate growing potential as innovative
cell-derived nanobiotherapies in diverse medical contexts, their physical prop-
erties (size, integrity, transport, etc.) in drug product formulation remain a critical
concern poorly addressed so far. Herein, a methodology that relies on nano-
particle tracking analysis by interferometric light microscopy (ILM) for analyzing
the concentration and size distribution of nanoparticles as well as their inter-
actions with their local environment through a nanorheological approach is
introduced. The analysis of interference patterns enables nanoparticles tracking
not only in aqueous solutions but also in complex media with high-viscosity or
non-Newtonian behavior, particularly pertinent for characterizing EV formula-
tions. A proof of concept for in situ tracking of EVs suspended in Poloxamer-407
as drug delivery system is presented. The ILM-based analysis enables to
1) measure the viscosity at the nanoscale for Newtonian and non-Newtonian
fluids via calibration beads; 2) analyze data to determine the size distribution of
EVs in non-Newtonian complex fluid such as poloxamer formulation, and
3) analyze the interactions of EVs with poloxamer-407. The proposed approach
represents a valuable tool to understand the nanorheological behavior of EVs in
viscoelastic media in situ as well as a quality control test for EV formulations
intended to clinical use.

RESEARCH ARTICLE
www.small-science-journal.com

Small Sci. 2024, 2400319 2400319 (1 of 16) © 2024 The Author(s). Small Science published by Wiley-VCH GmbH

mailto:lucile.alexandre@u-paris.fr
mailto:kelly.aubertin@u-paris.fr
https://doi.org/10.1002/smsc.202400319
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.small-science-journal.com


Several studies have focused on EVs formulated in dispersions
based on Poloxamer 407,[12] chitosan,[13] silk fibroin,[14] etc.

Notably, our team has focused on the local application of EVs
derived from mesenchymal stem cells within a thermoactuated
Poloxamer 407 for fistula healing. The thermoresponsive formu-
lation enabled the administration of EVs at the liquid state
(<20 °C) in the site of interest while the liquid–gel transition
(see phase diagram of Poloxamer 407 in Figure S1, Supporting
Information) at body temperature enabled the sustained release
of EVs locally[14], thereby contributing to the healing pro-
cess.[15,16] The formulation itself favored fistula healing probably
via a mechanical occlusive effect.[16] Despite these interesting
results, little is known about the interplay of EVs and the viscous
matrix, their transport, and interactions within the fistula envi-
ronment characterized by constant fluid secretion from the
digestive tract.

Despite the wide range of applications of EVs as biotherapies
and drug delivery vectors, the characterization of EVs in complex
media such as the extracellular matrix or a pharmaceutical for-
mulation remains challenging because of the difficulty to moni-
tor EVs at the relevant nanoscale resolution and in a dynamic
way. The nanometric scale of EVs, falling below the limit of dif-
fraction, precludes standard optical microscopic imaging tech-
nique. Different technologies have been investigated to face
this challenge. Transmission electron microscopy (TEM) and
cryo-electron microscopy (CryoEM) are powerful techniques
for the characterization of EVs at the nanoscale.[17] However,
TEM has to be performed on dehydrated sample, which pre-
cludes any in situ size and morphology measurement. With this
limitation, CryoEM appears as a good alternative, as it preserves

EVs in a near-native state by rapidly vitrifying the sample, pro-
viding detailed insights, and is particularly valuable for studying
EVs within complex media. However, CryoEM is a costly tech-
nique associated with low accessibility and therefore limited util-
ity as a quality control test for formulations intended to clinical
use. In contrast, the nanoparticle tracking analysis (NTA) meth-
odology, relying on particle detection and Brownian motion anal-
ysis in a purely viscous medium, enables real-time quantification
of particle concentration and determination of hydrodynamic
radius following particle tracking within a small observation
chamber. The nanoflow cytometry gives access to the same infor-
mation but relies on rapidly flowing fluid stream measurement
and is based on the intensity of forward scattered signal after cal-
ibration with beads of known size. However, due to the presence
of millimetric capillaries, these technologies are limited to char-
acterizing EVs within a very low viscous suspension (typically vis-
cosity of water). There is therefore a critical need for advanced
and straightforward methodological approaches to study the
interactions of EVs with a complex environment.

In this article, we propose an innovative approach that allows
to investigate the interactions of EVs with a complex medium.
We are using interferometric light microscopy (ILM) to detect and
track the nanoparticles motion at the nanoscale (Figure 1A,B). ILM
was initially developed to characterize the size and concentration
of (bio)nanoparticles, such as viral vectors in aqueous medium.[18]

ILM was also used to investigate EVs in aqueous buffer[19] or a
diluted plasma.[20] This technology has been validated by numer-
ous references for EV characterization, but until now, its use has
been limited to the quantification and size distribution of
particles.[21–23] ILM uniquely relies on the interference pattern

Figure 1. Presentation of the ILM technique for in situ nanoparticle tracking analysis and characterization in complex media. A) A closed-up view of the
light path (blue arrows) from the light source, through the sample, to the detection. B) Schematic representation of the light path for the ILM (blue
arrows) compared to the light path for the conventional NTA (red arrows), illustrating a higher light intensity and therefore a better contrast for ILM. C) In
a complex viscoelastic medium or upon interactions of the particle with its surrounding medium, the motion of the particle, characterized by its mean
square displacement as a function of the time, can be diffusive (Brownian motion), superdiffusive, or subdiffusive, resulting in a power law with α value
equal to 1, larger or smaller than 1, respectively. D) In a purely viscous fluid (α= 1), nanoparticles undergo a Brownian motion, whose analysis gives
access to the nanoparticle hydrodynamic radius (Rh) through the Stokes–Einstein equation, where Dα¼1 is the diffusion coefficient, kB the Boltzmann
constant, Tmeas the temperature (measurable parameter), η is the dynamic viscosity of the carrier fluid, and Rh the hydrodynamic radius. E) In the case of a
particle with a known hydrodynamic size, the measurement of the MSD can allow access to dynamic viscosity (η) through the Stokes–Einstein equation.
Indeed, the translation of the size distribution toward the known Rh value allows then to access the local viscosity (η) seen by the particle. F) Trajectories of
three particles with G) their MSD (blue) and the fit of the MSD (orange), with the corresponding fitting power law.
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of the transmitted light to detect the particle, while standard meth-
ods use the scattered light intensity in the orthogonal direction
under laser illumination. The transmitted signal (proportional
to R3

h for ILM) has an intensity higher than the 90°-scattered signal
(proportional to R6

h) in case of standard NTA methodology. The
analysis of the forces exerted by a liquid on a solid particle allows
us to connect the movement of the particles and the physical prop-
erties of the fluid. As for other NTA methods, ILM relies on the
Brownian motion of spherical particles to give access to their
hydrodynamic size, according to the Stokes–Einstein equation
(Equation (1)).

D ¼ kBTmeas

6 π ηRh
(1)

where D is the diffusion coefficient, kB the Boltzmann constant,
Tmeas the temperature measured during the experiment, η the
dynamic viscosity of the carrier fluid, and Rh the hydrodynamic
radius of the particle. This relationship linking the diffusion coef-
ficient to the inverse of particle hydrodynamic size supposes a
purely viscous medium in which particles undergo a free diffusive
motion (Figure 1C), a supposition that was never challenged in
previous publications. This relationship can then give access to
1) the hydrodynamic radius whenever the viscosity is known or
2) the viscosity of the carrier fluid whenever the particle size is
known. In standard NTA experiments in an aqueous suspension
of known viscosity, the number of detected particles such as EVs
can be quantified and their size distribution is derived based on
the tracking of each particle trajectory (Figure 1F). However,
within a more complex viscoelastic matrix, the particle detection
might be more challenging and the particle trajectory might devi-
ate from a purely diffusive motion at certain temporal and spatial
scales. If the particle motion is still purely diffusive within a spe-
cific time window and in a restricted volume, the particle probes
the local viscosity of the surrounding environment. In other situa-
tions of particle interactions with the matrix, the motion can be
subdiffusive (Figure 1C), indicating that the Brownian motion
is hindered by obstacles or mechanical traps. Interactions at the
nanoscale can also promote intermittent ballistic motion of the
particles, which gives rise to superdiffusion (Figure 1C). All these
local regimes of motion can be evidenced by measuring the mean
square displacement (MSD) of each particle (Figure 1G,
Equation 2). The MSD is a statistical metric used to quantify the
average squared displacement of a particle from its initial position
over time. The temporal dependence of the mean of the MSDs
can be approximated by a power law as a function of the time
(Equation 3) with an anomalous diffusion exponent α= 1 for a
Brownian diffusion motion (Stokes-Einstein Equation 1), α< 1
for subdiffusive motion and α> 1 for superdiffusive motion

< Δr2ðtÞ > ¼ < ½xðtþ t0Þ � xðt0Þ�2 þ ½yðtþ t0Þ � yðt0Þ�2 >t
0 (2)

MSDðtÞ ¼ < Δr2ðtÞ > ¼ 4Dα tα (3)

where r2 is the space explored by the particle during an interval of
time t (in s), α is the anomalous diffusion exponent, and Dα is the
generalized diffusion coefficient (in μm2:s�1 for diffusive behavior
and in μm2:s�α otherwise) (Figure 1D). In the case of Brownian
motion, Dα¼1 ¼ D is defined in Equation (1). Equation (2)

describes the MSD of one particle in two dimensions with an aver-
age along the trajectory. MSD characterizations provide invaluable
information on the interactions between the nanoparticles and
their environment,[24–26] in an approach coined nanorheology,
as it was described in the literature for intracellular inert or bio-
logical nanoprobes.[27,28] In the context of ILM experiment, the
measurement of the diffusion coefficient is then related to the size
of the particles as described by Equation (1).

To our knowledge, nanorheological approaches focusing on
the diffusion of EVs in a complex medium have never been devel-
oped in the field of EVs due to technical challenges. Contrary to
other NTA systems relying on detection inside a microfluidic
chamber in which the sample is injected through milli- or micro-
channels, ILM detection is performed by simple deposition of the
sample on a glass slide. The system of ILM is thus able to work
not only in aqueous solutions but also in a complex medium with
relatively high viscosity or with viscoelastic behavior. Here we
take advantage of such ILM technology to investigate the trans-
port properties of EVs in poloxamer 407 formulation and to
probe their interactions with this pharmaceutical carrier medium
in comparison to aqueous suspension. We first developed an
ILM-based methodology using synthetic beads of various known
sizes to measure the nanoscale local viscosity experienced by the
beads in different media (Figure 1E). After this rheological step,
we ground on this strategy to perform in situ nanorheological
analysis by tracking EVs in complex viscous media in order to
understand the impact of a hydrogel formulation on EV transport
properties as well as size and concentration.

2. Experimental Section

2.1. Chemicals

Phosphate-buffered saline (PBS), glycerol (reference 8.18709,
CAS number 56-81-5), and Poloxamer 407, named also pluronic
F-127 (reference P2443, CAS number 9003-11-6), were obtained
from Sigma-Aldrich (St-Louis, MO, USA).

Glycerol was diluted in milliQ Water to reach different
concentrations of 0.94, 1.88, 3.75, 7.5, 15, 30, 40% w/v for mac-
roscopic rheological measurements. For ILM measurements,
glycerol solutions were prepared at 2X concentrations
(1.88–80%) with serial dilutions and mixed with 2X concentra-
tions of polystyrene (PS) beads or EV suspension, to reach final
concentrations of glycerol between 0.94% and 40%.

Poloxamer 407 was resuspended in PBS 1X at stock concen-
tration of 20% w/v and stirred at 4 °C for 24 h. The poloxamer
solution was then filtered with 0.22 μm filter for sterilization.
The stock solution was then serial diluted to reach concentrations
of 0.12, 0.23, 0.47, 0.94, 1.88, 3.75, 7.5% for macroscopic rheo-
logical measurements. For ILM measurements, Poloxamer 407
solutions were prepared at 2X concentrations (0.24–15%) and
mixed with 2X concentrations of PS beads or EV suspension,
to reach final Poloxamer 407 concentrations between 0.12 and
7.5%. The Poloxamer 407 dilutions were kept at 4 °C and mixed
with PS beads or EV suspension without reheating step and
extemporaneously right before ILM measurements.

Cut micropipette tips were used to sample all viscous
solutions.
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2.2. Polystyrene (PS) Beads

Beads were selected from the 3000 Series Nanosphere Size
Standards from Thermofisher Scientific (Waltham, MA, USA),
calibrated by the supplier within nanometer-scale dimensions
using the trackable National Institute of Standards and
Technology methodology. They had a density of 1.05 g cm�3

and an index of refraction of 1.59 at 589 nm (25 °C). PS beads
stock concentration was retrieved from information given by
the supplier.

2.3. Cell Culture and EVs Production

EVs were produced from primary human adipose-derived
stem cells (hADSC) in turbulence[29] (proprietary technology,
WO2019002608). Cells were cultured in complete DMEM
medium (Dulbecco’s Modified Eagle Medium), that is, DMEM
(Gibco, Life Technologies Corporation, U.S.A) supplemented
with 10% FBS (Fetal Bovine Serum, Corning) and 1% of peni-
cillin/streptomycin (Gibco) at 37 °C with 5% of CO2. All cells
were cultivated in T150 flasks and subcultured when reaching
80% of confluency for cell expansion. Prior to EV production,
cells were detached with 0.05% trypsin and transferred in a
500mL spinner flask (Bellco, 1967-01000) containing microcar-
riers. Cell seeding was done at a ratio of 10 cells for 1 microcar-
rier in complete DMEM. Turbulence EV production process was
performed in starvation medium (no serum) after three rinsing
steps with PBS. The conditioned medium was collected after 4 h
of turbulence (34–36 μm Kolmogorov length) and transferred in
50mL Falcon tube for clarification step using sequential centri-
fugations at room temperature: the supernatant was retrieved
after a run at 300 g for 5min and again after a run at 2000 g
for 10min (Eppendorf 5702). The EVs were then purified by tan-
gential flow filtration (TFF) using a cellulose T-Series cassette
(Cytiva, DC030T02). The concentrated product was diafiltered
using PBS 1X. The EV-rich sample obtained after TFF was
filtered with a 0.22 μm filtration units. The concentration of each
postpurification EV suspension was measured by NTA (Nanosight
NS300, Malver Panalytical) for quality control. Each sample was
diluted in PBS1X to reach the concentration range recommended
by the manufacturer (from 1 to 5� 108 particles/ml) and five vid-
eos of 60 s were acquired and analyzed. The EV-enriched fraction
was stored at �80 °C prior ILM characterization using Videodrop
(Myriade).

2.4. ILM Measurement

ILM detection relies on the detection of the signal from nanopar-
ticles directly on the optical path (180°) (Figure 1B), taking advan-
tage of the interferences between the scattered and the LED
source light. The intensity of the interferences between the light
source and the scattering light from the particles on the optical
path can be described as

Iinterf ¼ jEsource þ Escatterj (4)

Iinterf ¼ Isource þ Iscatter þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Isource�Iscatter
p

ðθsource � θscatter Þ
(5)

with Isource and Esource the light source intensity and field, Iscatter
and Escatter the intensity and the field of the scattering light from
the particles, and θ the phase of each light source.[29]

As described in Figure 1A,B, the light source, sample, and
camera detector were aligned for the detection of interference
patterns. The signal strength was then proportional to the Rh

3,
mitigating the signal weakness associated with small particles.

ILM measurements were performed using Videodrop instru-
ment[30] (Myriade, Paris). The sample chip was washed with eth-
anol and distilled water before and after each measurement.
A volume of 7 μL was deposited on the center of the sample chip
for each sample measurement. The chip was then loaded on the
optical path. Given the significant impact of temperature on
measurements, temperature was measured for each measure-
ment and adjusted in the software for integration into the size
distribution analysis. Recordings were performed using
the QVIR software, with a minimum of 300 particles followed
per video. The measurement window spanned a surface of
10.9� 10.9mm, with a size of the pixel on the detector of
10.6� 10.6 μm. Measurements were taken with an optical mag-
nification of 187.5X, which gave a measurement window of
58� 58 μm and a pixel size of 56.7� 56.7 nm. The time interval
between successive images was 7.15ms, which included an expo-
sure time of 0.9ms.

2.5. Data Analysis

All data analyses were performed with MATLAB (R2021a) using
inbuilt functions. For each individual object, knowing its x and y
positions over time, the trajectory coordinates were retrieved
from the position of particles as function of time (extracted from
coordinates.csv file exported using QVIR software). The MSD
was then calculated using Equation (2).

The MSD analysis was conducted using the ‘fitnlm’ function
of MATLAB, focusing solely on the initial ten data points due to
the reduced statistical significance resulting from fewer data
points available for analysis. Indeed, as trajectories consisted
of a maximum of 100 data points (if the particle was tracked
throughout the entire observation period) and a minimum of
10 points, diminishing statistical significance over time led to
increased noise in the MSD curve at later time points. For each
condition, we plotted the geometric average of the MSD over the
N (>300) particles that were monitored. The plots were made
using the function ‘shadedErrorBar’[31] to display the standard
error of the mean (SEM). As MSDs followed power laws
(Equation (3)), for each condition and for each particle, a diffu-
sion coefficient Dα and an anomalous diffusion exponent α were
extracted. All the average values of these two parameters can be
found in Table S2, Supporting Information. The averaged gen-
eralized diffusion coefficient corresponds to the geometrical
mean of the generalized diffusion coefficients of all particles, and
the averaged anomalous diffusion exponent corresponds to the
arithmetic mean of the anomalous diffusion coefficients of all
particles.

Size distributions were illustrated using the function
‘al_goodplot’.[32] Raw data points are shown as colored dots.
The lowest colored shape represents the kernel density of the size
distribution. The second, brighter colored shape represents the
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standard deviation around the mean, which was indicated by a
black star. The brightest shape represents the first and third quar-
tiles around the median, depicted by a black line. This final shape
was pinched around the 5% confidence interval around the
median.

2.6. Macroscopic Viscosity Measurement

Macroscopic viscosity measurements were performed using a
Physica RheoCompass MCR 302 (Anton Paar, France) equipped
with a solvent trap for preventing solvent evaporation. The meas-
urements were performed using a cone and plate geometry
(diameter= 50mm, cone angle= 1°). Temperature was con-
trolled during measurement using a Peltier plate unit adjusted
at 24 °C and was regulated during 3min prior each measure-
ment. Poloxamer 407 viscosities were measured using a shear
gradient of 100 (1/s) during 3min at concentrations of 0.94,
1.87, 3.75, 7.5, 20, and 30%. Glycerol viscosities were retrieved
from the literature.[33]

2.7. Cryo-Electron Microscopy Imaging

Grids for cryoEM were prepared using an automated plunge
freezer (EM-GP, Leica). 3.5 μL of samples were deposited on
glow-discharged lacey holey carbon grids (Ted Pella INC.,
Lacey grids) equilibrated at 10 °C. Samples were blotted during
3–5 s to remove the excess sample and leave a thin film in the
carbon hole. The blotting was carried out on the opposite side
from the liquid drop and plunge-frozen in liquid ethane at
�181 °C. For high-viscosity samples, an equilibration time of
10–15 s was added and blotting time was adapted to the viscosity
of the sample, from 3 to 20 s. The samples were observed at liq-
uid nitrogen temperature using a Tecnai F20 (Thermofischer,
FEI, Eindhoven, the Netherlands) microscope operated at 200 kV
and equipped with a Falcon II direct electron detector
(Thermofischer, FEI, Eindhoven, the Netherlands). The data
were collected at a magnification of 50 000 resulting in a size
of 2 Å per pixel.

3. Results

3.1. Evaluation and Calibration of the ILM NTA Technique on
80–400 nm Polystyrene Beads in Aqueous Suspension

To ascertain the ILM methodology, NTA measurements were
first conducted on a solution of monodisperse PS beads of
80–400 nm nominal diameter in water. In this experiment,
the hydrodynamic radius of the particles (Rh) and the viscosity
(η) of the carrier fluid, two parameters of the Stokes–Einstein
equation (Equation (1)), are known and used to validate our
scheme of analysis in a purely diffusive medium. These beads
serve as exemplary standards with known geometrical diameters
given by the manufacturer (i.e., 80� 3 nm, 100� 3 nm,
203� 5 nm, 303� 6 nm, and 401� 6 nm for the 80, 100, 200,
300, and 400 nm bead, respectively). Dilution in water was
performed for each particle size to achieve the instrument’s
measurement range for assessment of the size distribution
(Figure 2C).

The ILM technique enables the detection of particles as pre-
sented in Figure 2A,B. Custom image processing, developed by
Myriade,[30] is employed on each image to isolate and subtract the
static signal emanating from the LED, from the dynamic signal
generated by spontaneous particle movements due to their
Brownian motion (Figure 2A). A distinct pattern made of a white
and black doublet represents interference patterns between the
source and the scatter signal produced by the particle
(Figure 2A), whose position can then be precisely extracted over
time. Particles must stay in focus long enough (at least ten suc-
cessive images) to be able to be tracked by the system and thus
analyzed for MSDmeasurement. If it is not the case, particles are
not considered for diffusion measurement and size quantifica-
tion. These two kinds of particles are identified with orange
and white circles respectively on Figure 2B.

By conducting measurement within a known volume of the
sample, this method provides direct access to the concentration
(in part/mL). Moreover, if working with a sample of known or
precalibrated viscosity, the particle size distribution can be
inferred from the Brownian motion recorded for each particle
and there is use of the Stokes–Einstein equation (Equation (1)),
also presented on Figure 1C.

We first checked the linearity of ILM measurements to detect
particle concentration across a range of nominal concentration
from 108 to 1010 part/mL (Figure 2C). Besides, in this range
of concentrations, the hydrodynamic size was deduced from
the recording of each particle Brownian motion and application
of Stokes–Einstein Equation (1) considering a viscosity equal to
1mPa.s for water. As shown in Figure 2D, the obtained size
distributions were fully consistent with nominal diameters indi-
cated by the supplier in the range of 80–400 nm. Notably, accu-
racy remained within a 10% error range for sizes ranging from
200 to 400 nm and within 20% for 100 nm beads. Both concen-
tration and size analyses demonstrated strong linearity, with high
coefficients of determination (R2= 0.942 for concentration and
R2= 0.998 for size). The system showed good accuracies, with
deviations of �10% for size and �20% for concentration. On
average, the coefficient of variation is below 5% for size measure-
ments and below 20% for concentration measurements, demon-
strating good repeatability. Further analyses were performed
with beads of 100, 200, and 300 nm in diameter, mimicking
the size of EV samples of interest.

For the Stokes–Einstein equation to be applicable, the particles
should undergo purely diffusive motion in a uniform viscous
medium. To ensure that these conditions were met, the MSDs
of each particle were measured, as depicted in Figure 2E,F. Our
experimental window was reduced to the first 10 points of the
MSD for each particle to reduce edge effects.[34] Regarding data
collection size, each MSD result was obtained for at least 500
particles for each condition. The mean of the MSDs is depicted
in blue on Figure 2F, along with the SEM around it. In yellow, the
power law corresponding to the geometric mean of diffusion
coefficients (Dα ¼ 2.70þ 0.11=� 0.04 μm2s�1) and arithmetic
mean of anomalous exponents (α ¼ 0.95� 0.01) is represented,
showing a very good adjustment to the experimental curve. The
distribution of diffusion coefficients versus anomalous coeffi-
cient of each particle is illustrated in Figure 2G and Figure S2,
Supporting Information. A correlation between the diffusion
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Figure 2. Description and characterization of the ILM instrument for PS beads quantification and sizing in water. A) Interferometric image generated from
the wide field (microscopic image) using temporal filtering and allowing to visualize interferometric pattern related to nanoparticles. B) Typical ILM images
with particle tracking of each individual particle plotted in yellow. Inset: Median size distribution determined by fitting of Equation (1). The measured
C) concentration and D) size calculated for beads with the ILM instrument are in perfect agreement with theoretical values. E) Representation of the
MSDs of a sample of 200 nm beads in water with the corresponding (1539 MSDs are plotted on the graph). F) Mean MSDs of 200 nm beads in water
(in blue) with the SEM distribution around it and the equation made of the mean of each parameter (in orange) (N= 1539 beads). G) Distribution of
diffusion coefficients (Dα) and the anomalous diffusion exponent (α) extracted from each measured particle of the sample plotted for 1539 beads.
H) Representation of size distributions of the 80, 100, 200, and 300 nm-diameter beads in water (for N= 509, 1028, 1539, and 1536 respectively).
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coefficients and anomalous diffusion exponents was observed for
particles of all three sizes. Indeed, we observed a decrease in Dα

while α decreases. This correlation could be caused by a variabil-
ity of the behaviors around the diffusive one (α ¼ 1), as presented
on Figure S3, Supporting Information. Indeed, when looking
individual MSDs of particles on log–log scale, we observe similar
general behavior with a common crossing point for all MSD
(around t= 20ms for this condition). This means that the major-
ity of the MSD with α values slightly above 1 have a low Dα and
inversely.

In each condition and for each size of beads, the anomalous
diffusion exponent was close to 1 demonstrating movement very
close to purely diffusion motion and confirming the validity of
Stokes–Einstein equation for displaying the size distributions
of 80, 100, 200, and 300 nm (Figure 2H).

Based on the characterization of the instrument and under the
conditions where the Stokes–Einstein equation is valid (Figure 3,
step 1), ILM-NTA can be used to determine either the size dis-
tribution or the nanorheological properties of a matrix, as shown
in Figure 3. In this study, we will begin with a detailed examina-
tion of the ILM-NTA instrument to develop a pipeline for mea-
suring the nanoviscosity of both Newtonian and non-Newtonian
fluids using calibrated beads (Figure 3, step 2). Next, we will use

the measured local viscosity to determine the size distribution of
EVs within a complex matrix (Figure 3, step 3).

3.2. Matrix Viscosity Measurement Using Calibrated Particles
(Measurement of ɳ When Rh Is Known)

In the case of a previously characterized diffusive motion of par-
ticles at a constant temperature, the size measurement depends
solely on the dynamic viscosity of the liquid phase surrounding
the particles. This nanoscopic viscosity represents the local
viscosity experienced by the measured particles. While the
VideoDrop instrument is typically used to determine hydrody-
namic size given a known viscosity as done in Section 3.1 for
the calibration beads in water, it can also be used to determine
the local viscosity given a known hydrodynamic size of the par-
ticles. Indeed, when measuring the size distribution of particles
of calibrated size in a viscous liquid of unknown viscosity, a lin-
ear shift in the size distribution occurs. This shift can be com-
pensated when accounting for the viscosity of the liquid phase.
The viscosity value is thus adjusted in order to match the median
hydrodynamic diameter of calibrated nanoparticles to the one
measured with ILM in water (Figure 1E). This step relies on a

Figure 3. Description of the experimental workflow. The ILM instrument can be used for either size quantification or as a nanorheometer following two or
three steps. Step 1: To analyze a sample of particles in a complex matrix, we first analyzed their individual trajectories to obtain the corresponding MSDs.
By modeling each of these MSDs by a power law, we obtained the Dα and α coefficients, represented by heatmaps, as explained in Section 3.1. For α
coefficients close to 1, a condition that was confirmed in all experiments of this study, the Stokes–Einstein equation links the hydrodynamic size of each
particle to the viscosity of the medium. Step 2: ILM instrument can be used to measure nanorheological properties (viscosity) of an unknown matrix. (a)
We first determined the size distribution of probe particles (calibrated-size beads) in PBS. (b) Then the probe particle trajectories are analyzed in a matrix
of unknown viscosity checking the validity of Stokes–Einstein equation (Step 1). Then the viscosity is adjusted in the equation so that the size distribution
in this matrix of unknown viscosity matches the probe size distribution in PBS. This allows to determine the local viscosity of the matrix probed by
nanoparticles of defined size as described in Section 3.2. Step 3: The ILM method can be used to determine the size distribution of unknown particles
such as EVs, whose behavior can change depending on the matrix. We again checked the MSD and validity of Stokes–Einstein equation for the particles in
the matrix (Step 1) and then used the local viscosity of the matrix measured with probe beads of relevant sizes (Step 2) to deduce the size distribution of
the EVs in this matrix. If the EV size distribution is different from that measured in PBS, it gives information on the interactions between EVs and the
matrix as presented in Section 3.3.
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precise measurement of the size distribution of calibrated par-
ticles as done in Section 3.1.

In this part, we propose to probe the local viscosity of two dif-
ferent matrices: glycerol, a Newtonian fluid, and poloxamer 407,
a non-Newtonian matrix. For this purpose, the nanoprobes are
the PS beads of known diameters (100, 200, and 300 nm), whose
size distributions were previously determined in water (Figure 2H).
We conducted ILMmeasurements using the PS beads in glycerol at
different concentrations 0.94, 1.88, 3.75, 7.5, 15, 30, 40%.

To ensure the diffusive nature of particle trajectories within
the glycerol matrix, we computed the MSD of each particle and
fitted them with a power law, as described above (Figure 4A and
Figure S4, Supporting Information). Importantly, for all glycerol
concentration, no difference was observed between the mean of
the MSDs depicted in blue in Figure 4A for 200 nm-diameter
beads and the power law in yellow with parameters correspond-
ing to the mean of diffusion coefficients and the mean of anom-
alous diffusion exponents, indicating a good concordance
between the fit of the mean and the mean of the fits. The heat-
map of the diffusion coefficients as a function of the anomalous
diffusion exponents, displayed in Figure 4B, revealed a correla-
tion between the two coefficients, similar to what was observed in
water. As in water, the anomalous diffusion exponents α were
close to 1 with an arithmetic mean α ¼ 0.95� 0.01 in 7.5% glyc-
erol, α ¼ 0.96� 0.01 in 15% glycerol and α ¼ 0.97� 0.01 in 40%
glycerol, for 200 nm-diameter beads, meaning that particles
exhibit diffusive-like behaviors by freely diffusing in the viscous
fluids. As expected, the diffusion coefficients of the 200 nm
diameter beads decreased from 2.20þ 0.24/�0.09 μm2 s�1

in 7.5% glycerol to 0.66þ 0.01/�0.03 μm2 s�1 in 40% glycerol,
values that were consistent with the viscosity increase (from
1.14� 10�3 to 3.72� 10�3 Pa.s) and the literature.[35,36] Additionally,
as expected, the diffusion coefficient decreased with increasing
bead size, as shown in Figure S5, Supporting Information. A
larger deviation from purely diffusion motion (Figure 4D) with an
increased SEM of the MSD (Figure S5, Supporting Information)
was also observed for the largest beads at the highest concentration
of glycerol.

In each condition and for each size of beads, the anomalous
diffusion exponent was close to 1 demonstrating movement very
close to purely diffusion motion (Figure 4B,D) and confirming
the validity of Stokes–Einstein equation. This allowed us to
extract from the MSDs a size distribution for each particle and
each glycerol concentration (Figure 4C). The bead size distribu-
tion in glycerol appears to be more spread than in water, partic-
ularly for the largest beads at the highest concentrations of
glycerol. This could be explained by a decreased precision in
the localization of the largest beads at the highest viscosity, which
explores a smaller space between two temporal points.

The nanoscopic viscosity was obtained by matching the
obtained median hydrodynamic diameter of the beads to the
one measured with ILM in water. As seen in Figure 4E, the local
viscosities were very similar to the macroscopic viscosity deter-
mined by a cone-plate rheometer across the entire range of glyc-
erol concentrations up to 40%. Discrepancies between local and
global viscosity only emerged at the highest glycerol concentra-
tions, with local viscosity slightly increasing as particle size
decreased from 300 to 100 nm. This demonstrates the usability

of ILM methodology to characterize the local viscosity experi-
enced by nano-objects.

Next, we used the same methodology and beads to investigate
the nanorheological behavior, specifically the local viscosity, of a
more complex and biologically relevant material, exhibiting non-
Newtonian properties, the poloxamer 407. Since the viscosity of
non-Newtonian fluids depends on temperature, shear rate, and
time, we maintained a constant temperature throughout the
experiments, verified by temperature measurements during each
test. Each video was recorded using a freshly prepared sample to
ensure consistent conditions and minimize time-dependent
effects.

Poloxamer 407 is a thermosensitive polymer that can undergo
a liquid–gel transition. As the temperature increases, it transi-
tions from a monomeric organization to micelle formation (with
a characteristic size of 20 nm), eventually forming a gel. This
reorganization is accompanied by a significant increase in viscos-
ity. Here, we worked with different concentrations of poloxamer
407 (0.12, 0.23, 0.47, 0.94, 1.88, 3.75, and 7.5%) at temperatures
between 20 and 25 °C corresponding to different organizations
of the matrix (from monomers to micelles, see Figure S1,
Supporting Information) but always in liquid phase of various
viscosities.

The mean MSDs remained congruent with the power law
derived from the means of each power law parameters,
with Dα ¼ 0.74þ 0.02=� 0.01 μm2s�1 and α ¼ 0.92� 0.01 for
200 nm diameter beads in 7.5% poloxamer (Figure 5A and
Figure S6, Supporting Information), validating our fitting
method in a non-Newtonian matrix. The diffusion coefficient
exhibited a decrease as bead size or poloxamer concentration
increased (Figure 5B and Figure S7, Supporting Information).
The anomalous diffusion exponent α remained centered around
1 for the different concentrations of poloxamer 407 (Figure 4D
and 5B), indicative of a diffusive pattern of PS beads in these
poloxamer matrices.

This observation allows the extraction of a size distribution
and local viscosity according to the Stokes–Einstein equation
(Figures 4C and 5E). A broadening and deformation of the bead
size distribution was observed at the highest concentrations of
poloxamer. This phenomenon was also observed with increasing
concentration (and therefore viscosity) of glycerol (Figure 5A),
but to a lesser extent than in poloxamer and affects mostly the
largest beads of 300 nm.

Interestingly, at similar viscosity and PS bead size constant,
we observed that glycerol and poloxamer 407 exhibit similar dif-
fusion coefficients (Figure S8, Supporting Information).

However, in contrast to glycerol mixture, the nanoscopic vis-
cosity probed by the beads exhibited a noticeable disparity com-
pared to the macroscopic viscosity measured by the cone-plate
rheometer (Figure 5E). In poloxamer, the local viscosities deter-
mined by ILM were higher than the macroscopic viscosities.
Several factors could account for this observation. First, it is
important to consider the non-Newtonian behavior of poloxamer
407, which, around 24 °C, is a binary mixture of monomers
andmicelles. Indeed, depending on the temperature and concen-
tration, the polymer may self-assemble generating micelles
(≈20 nm in diameter), potentially interacting with the surface of
particles. Furthermore, we confirmed here with beads of
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Figure 4. Validation of ILM as a nanorheometer in a Newtonian fluid, the glycerol. A) Representation of the mean of the fitted MSDs (�SEM) of each
200 nm particles in 7.5, 15, and 40% glycerol in blue and of the power law using the mean of the fitting parameter for each MSD in yellow.
B) Representation of the distribution of the diffusion coefficient Dα as a function of the anomalous exponent α for the 200 nm-diameter beads in
7.5, 15, and 40% glycerol. C) Representation of the size distributions deduced by ILM of 100, 200, and 300 nm-diameter beads in glycerol at 7.5, 15,
and 40%. D) Mean anomalous diffusion exponents for 100, 200, and 300 nm-diameter beads in glycerol at different concentrations (�SEM). E) Mean
local viscosity probed by the beads of 100, 200, and 300 nm-diameter beads (N> 680, 1170, and 990 respectively) and measured by ILM in different
concentrations of glycerol and comparison to the macroscopic viscosity measured with a clone-plate rheometer.
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Figure 5. Measurement in a non-Newtonian fluid, the poloxamer 407. A) Representation of the mean of the fittedMSDs (�SEM) of each 200 nm particles
in 0.94, 3.75, and 7.5% poloxamer 407 in blue and of the power law using the mean of the fitting parameter for each MSD in yellow. B) Representation of
the distribution of the diffusion coefficient Dα as a function of the anomalous exponent α for the 200 nm-diameter beads in 0.94, 3.75, and 7.5% polox-
amer 407. C) Representation of the size distributions deduced by ILM of 100, 200, and 300 nm-diameter beads in poloxamer 407 at 0.94, 3.75, and 7.5%.
D) Mean anomalous diffusion exponents for 100, 200, and 300 nm-diameter beads in poloxamer 407 at different concentrations (�SEM). E) Mean local
viscosity probed by the beads of 100, 200, and 300 nm-diameter beads (N> 1090, 1450, and 1420 respectively) and measured by ILM in different con-
centrations of poloxamer 407 and comparison to the macroscopic viscosity measured with a clone-plate rheometer.
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100–300 nm that the viscosity is dependent on the scale at which
it is measured, the viscosity being higher when measured by
smaller particles. Moreover, the macroscopic viscosity was found
even smaller than the viscosity experienced by the largest par-
ticles measured by ILM, revealing significant and larger long-
range interactions of the smallest beads with the micelles of
the poloxamer.

We found here that ILM is a potent methodology for assessing
the viscosity of poloxamer experienced by submicronic particles
of similar size than EVs.

3.3. Size Distribution Measurement of EVs Dispersed in a
Characterized Matrix of Poloxamer 407 (Measurement of Rh
when ɳ Is Known)

In the previous section, we successfully determined the local vis-
cosity of complex matrices by working with calibrated nanopar-
ticles. Leveraging this measured parameter, we now investigate
the diffusion patterns of bionanoparticles such as EVs in those
complex environments.

EVs are highly heterogeneous in size, with size distributions
broader than the calibration PS beads. In order to assess
the instrument’s measurement capabilities on a controlled
polydispersed sample, we first performed ILM measurements
on calibrated mixtures of PS beads with different sizes in PBS
(Figure 6). For each mix, the obtained size distribution
(Figure 6B,C) was compared to the simulated distribution corre-
sponding to the linear combination (Equation (6)) of the mono-
dispersed experimental size distribution (Figure 6A) weighed by
the mixture rates.

Hsimulated ¼ a �H100nm þ b �H200nm þ c �H300nm (6)

where a, b, and c denote the respective percentages of beads of
100, 200, and 300 nm size respectively.

As shown in Figure 6B, the ILM system is efficient in detect-
ing subpopulations of beads within mixtures comprising two or
three distinct populations, with precise identification of each
peak. This property is particularly crucial when studying EVs,
given their inherent polydispersity in size. A smaller discordance
was usually observed for the 100 nm-beads population, whose
size is close to the limit of detection of videodrop (80 nm).

In the second step, we combined both usages of ILM reported
above. We have already quantified the local viscosity of a non-
Newtonian medium based on ILM analysis of particles of known
size (Section 3.2). Leveraging the precharacterized matrix of
poloxamer 407 using the calibration PS beads, we now employed
ILM to study EVs derived from human adipose tissue stromal
cells (hADSC-derived EVs) and investigate their interactions with
the poloxamer environment. The workflow of this study is out-
lined in detail in Figure 3. The validation of ILM for characteriz-
ing EVs in poloxamer 407 could not be performed by comparison
to NTA, as NTA was unable to measure EVs in a viscous matrix.
In the following, the dynamic of EVs was characterized in 7.5%
poloxamer 407 formulation in comparison to the same EVs in
aqueous suspension in PBS.

As previously shown for the PS beads, we observed a good
agreement between the geometric average of MSDs from each
EV and the power law resulting from the average fitting param-
eters (Figure 7A). hADSC-derived EVs behave as freely diffusive
particles both in PBS (with Dα ¼ 2.38þ 0.08 = � 0.03 μm2s�1

and α ¼ 0.97 � 0.01) and in 7.5% poloxamer 407 (with
Dα ¼ 0.62þ 0.02=� 0.01 μm2s�1 and α ¼ 0.95 � 0.01Þ. The
heatmaps corresponding to EVs in PBS (Figure 7B) closely resem-
bled those of beads in water (Figure 2G), with an anomalous

Figure 6. Validation of ILM for polydispersed sample characterization. A) Measured size distribution of monodispersed PS beads of 100, 200, and 300 nm
beads. B) Simulated (in blue) and measured (in orange) size distribution of a binary mixtures of 100 and 200 nm (left, with a= 0.5, b= 0.5, c= 0) beads
and 200 and 300 nm beads (right, with a= 0, b= 0.5, c= 0.5). C) Simulated (in blue) and measured (in orange) size distribution of ternary 100/200/
300 nm bead mixtures (left: a= 0.1, b= 0.7, c= 0.2, right: a= 0.7, b= 0.2, c= 0.1).
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diffusion exponent centered around 1, in agreement with a purely
diffusive regime. However, when embedded in poloxamer, the
value of Dα for EVs is significantly reduced, indicating a decrease
in diffusion rate. Despite this, the anomalous diffusion exponent
remains close to 1, suggesting that EVs still undergo randomwalk
diffusion in 7.5% poloxamer formulation (at an average temper-
ature of 24 °C), albeit in a high-viscosity medium.

Relying on an anomalous diffusion exponent close to 1, the
size distribution of EVs could be derived according to the
Stokes–Einstein equation in both PBS and poloxamer formula-
tions (Figure 7E). The local viscosity was set to that of water for
PBS formulation, while we leveraged the former analysis of local
viscosity found in 7.5% poloxamer with beads of 200 nm (see
Section 3.2) to derive the size distribution of biological particles
(EVs) in the poloxamer formulation. This choice was motivated
by the size distribution of EVs in PBS, which is centered around

200 nm resembling the size distribution measuring for bead of
200 nm, but with a larger distribution due to the intrinsic EV size
heterogeneity. Interestingly, we observed in Figure 7E that the
size distribution of EVs in 7.5% poloxamer formulation is signif-
icantly modified compared to PBS with an increase in both the
mean and median size of the EVs along with a broader size dis-
tribution. This observation was consistent between the three
independent productions of EVs as shown in Figure S9,
Supporting Information. In comparison, the size distributions
of 200 nm beads are comparable in PBS and 7.5% poloxamer for-
mulation. Altogether, in the observed decrease in the diffusion
coefficients of EVs in comparison to 200 nm beads in poloxamer
formulation as well as the broadening and slight shift of the size
distribution of EVs in poloxamer compared to PBS, both suggest
significant interactions between the poloxamer and EVs that are
not experienced by the PS beads.

Figure 7. Characterization of EVs in 7.5% poloxamer 407 compared to PBS formulation. A) Representation of themean of the fittedMSDs (�SEM) of EVs
from hADSC cells in PBS (blue) and 7.5% poloxamer 407 (orange) and of the power law using the mean of the fitting parameters for each MSD in yellow.
B) Representation of the distribution of the diffusion coefficient Dα as a function of the anomalous exponent α for the EVs in PBS (blue) and 7.5%
poloxamer 407 (orange) (N= 3113 and 3156, respectively). C) Comparison of the anomalous diffusion exponent and the diffusion coefficient of 200 nm-
diameter beads and EVs in poloxamer 407 at 7.5%. D) Display of the size distribution of 200 nm-diameter beads measured by ILM in PBS (blue) and 7.5%
poloxamer 407 (orange). E) Display of the size distribution of EVs measured by ILM on PBS (blue) and 7.5% poloxamer 407 (orange). CryoEM images of
EVs from hADSC cells F) in PBS (blue frame) and G) in 7.5% poloxamer 407 (orange frame). White arrows are pointing at identified areas of tension on
the membrane of EVs.
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To shed light on the potential mechanisms of interactions,
CryoEM enabled direct visualization of EVs in both PBS and
poloxamer matrices (Figure 7D). In both environments, the
bilayer structure of EVs was clearly observed, demonstrating
the presence of intact EVs. However, in poloxamer, concomi-
tantly with intact EVs, we observed evidence of tension on some
EVs, with apparition of broken membranes and release of pro-
teins (Figure 7G and Figure S10, Supporting Information). This
could indicate an interaction between the poloxamer 407 and EV
membranes, leading to modifications in size distribution and,
consequently, alterations in transport properties.

4. Discussion

While the use of EVs for regenerative medicine and drug delivery
is rapidly expanding, there is an urgent need in developing new
technologies for characterizing EVs in situ in complex formula-
tion media. Specifically, the therapeutic potential and safety of
EV formulations might strongly depend on their integrity, con-
centration, size, transport capability, conservation, and fate in
those formulations. Moreover, considering the requirements
of regulatory agencies for these emerging (nano)biotherapies,
the definition of critical quality attributes is urgently expected.
So far, most characterization methods, such as NTA or nanoflow
cytometry, are being developed for EVs suspended in low-viscosity
medium, but are currently inapplicable for investigating in situ
EVs in more complex and viscous environments. Nanorheology
remains largely underexplored in the context of EV formulations,
primarily due to the limited availability of instruments capable of
accessing detailed information at this scale. The use of fluorescent
probes in techniques like fluorescence correlation spectroscopy,
which is primarily employed to study the surface domains of
EVs, can also be adapted to determine size distributions.[37,38]

However, a key limitation of this method is the requirement
for particle labeling, which may alter the natural properties of
the EVs and add complexity. The present work proposes a novel
label-free ILM-based NTA strategy to gain insight into the dynamic
behavior of EVs in clinically relevant formulations.

In a previous work, we used Poloxamer 407 (Pluronic F-127), a
thermosensitive gel (liquid at room temperature with a gel tran-
sition at body temperature), particularly interesting for the treat-
ment of digestive fistulas.[16] This previous study represented a
first attempt to investigate the transport of EVs in Poloxamer 407
at high concentrations, to be close to the clinical 20% concentra-
tion, at which the viscosity is around 400 mPa.s (400 times the
viscosity of water). An attempt to analyze EVs in a 20%, 10%, and
2% poloxamer 407 dispersion using NTA (LM 10, Malvern
Panalytical) was performed in this qualitative study. As it could
be expected, no displacement of EVs could be observed at 20%
concentration. At 10% concentration, the supposedly Brownian
motion of EVs was partially restored yet reduced compared to
EVs in 2% poloxamer 407 or in PBS control condition. These
results indicated that the effect of the poloxamer formulation was
reverted by the matrix dilution. However, this first attempt only
provided qualitative evaluation of EVmobility in the formulation.

In the present article, we go far beyond a qualitative investi-
gation of EVs in complex formulation and propose the first quan-
titative analysis of EV spontaneous thermal motion in Poloxamer

407 at different concentrations (up to 7.5%) in comparison to PS
nanobeads. We used the ILM instrument, an alternative ILM-
based NTA technology, to record images, but we bypassed auto-
mated image treatment and analysis of the commercial setup, in
order to: 1) record in situ the trajectories of several thousand of
single EVs in complex fluids with nanoscale resolution and ana-
lyze their MSD, 2) investigate the behavior of the EV motion and
potential deviation from Brownian motion, 3) measure the vis-
cosity at the nanoscale for Newtonian and non-Newtonian fluids
via calibration beads of known size, 4) use this viscosity data to
determine the size distribution of Brownian EVs in non-
Newtonian poloxamer 407 formulation, and 5) highlight the
interactions between EVs and the matrix of poloxamer 407.

Macroscopic viscosity of poloxamer 407 can be measured
using standard rheology, as reported by our group[15] and
others.[39] However, as poloxamer 407 is a non-Newtonian fluid,
we wanted to investigate the viscosity that is experienced by nano-
bioparticles such as EVs at the nanoscale and shed light on their
potential interactions with the poloxamer matrix. As expected for
non-Newtonian fluid, for which viscosity depends on the global
or local shear rates, slight differences were observed between the
local viscosity measured by 100 nm versus 200 nm versus
300 nm PS probe beads as well as with the global viscosity mea-
sured by the cone plane rheometer. Differences between the
macroscopic and the nanoscopic viscosity values reinforced
the fact that it is important to measure the viscosity at the same
size range than the particle of interest. This is particularly rele-
vant for EV therapeutic nanovectors that might interact with the
matrix used for their delivery in the body, especially for local
administration. Here we demonstrated this point for a thermo-
sensitive poloxamer that showed impressive generative proper-
ties when delivering stem cell EVs in fistulas.

Understanding the interactions between EVs and its sur-
rounding matrix is crucial for advancing innovative therapeutic
strategies, as these interactions govern the stability, transport,
and delivery of cargo. The influence of the matrix’s viscosity
on lipidic nanovectors has been extensively investigated. For
instance, Bochot et al. demonstrated that poloxamer 407 can dis-
rupt lipidic membranes,[40] leading to the formation of pores or
fractures that facilitate cargo release, which is in agreement with
our cryoEM observations. Interestingly, the addition of lipidic
nanoparticles does not substantially alter the macroscopic viscos-
ity of the matrix. A recent study has shed light on how the inter-
play between the matrix and liposomes can selectively influence
subpopulations, resulting in distinct behavioral and transport
properties.[41] They emphasize how these interactions, and their
resulting effect, strongly hinge on the specific characteristics of
the bionanoparticles being examined. However there is a need
for accurately predicting particle movement in situ in viscoelastic
environments, necessitating a comprehensive analysis of
trajectories.[28,41]

Controlling rheological properties is crucial for gaining deeper
insight into the physical characteristics, structure, stability, and
drug release profiles of pharmaceutical formulations.[42–44]

Understanding the viscoelastic properties at the particle scale
is particularly important in a wide range of biomedical and
pharmaceutical fields,[45] as these properties influence the perfor-
mance and behavior of the formulation in various environments.
However, accurately measuring the viscoelastic behavior of
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polymers, especially near surfaces or under confinement,
presents a significant experimental challenge due to the complex-
ities of nanoscale interactions.[46] The manufacturing process
and quality control for biotherapies like EVs must adhere to
the guidelines required for marketing authorization (Common
Technical Document, Module 3, ICH Topic M4Q).[47,48] As stip-
ulated by the EMA/CHM/BWP/534898/2008,[49] rigorous
quality control is required for both the drug substance (active
substance, in our case EVs) and the drug product (finished prod-
uct, in our case EVs in poloxamer), with mandatory specifications
for the following quality attributes: quantity, identity, purity, and
microbiological quality, completed by biological activity tests.
This article addresses the challenges of performing quality
control for the drug product when EVs are in a complex viscous
medium. More specifically, it proposes a clear analytical work-
flow for assessing the quality attributes of quantity and identity,
particularly in terms of size. The insights provided herein are
crucial for non-Newtonian viscous formulations, for which ana-
lytical methods used for the quality control of the drug substance
may no longer provide reliable data.

Here, by analyzing the MSD of thousands of particles individ-
ually and by comparing their behavior to the one of nonbiological
particles in the same media, we were able to identify the type of
motion without assumption of Brownian behavior. It is only
when we validated the Brownian motion (α ≈ 1), that we can
use the size distribution deduced from the MSD through the
Stokes–Einstein equation and quantify the impact of the polox-
amer on the size of EVs. When examining EVs in the
poloxamer 407, we observed distinct forces acting on the biologi-
cal particles that could lead to size distribution distortion.
Additionally, as EVs are deformable nano-objects, their size
and shape could be potentially altered by the poloxamer, as it
was suggested by cryoEM images. Furthermore, the release of
the proteins derived from EVs may contribute to changes in the
local viscosity of the poloxamer 407, impacting even further the
transport behavior of both EVs and other particles (like protein
aggregates) within the matrix. This effect would then depend
on the composition of the EV membrane and its integrity.
Poloxamer 407 (also known as Pluronic block copolymers) has
amphiphilic properties that enable it to act like a surfactant, with
the ability to interact with and potentially destabilize biological
membranes.[50] A different impact of poloxamer on EVs could
happen at higher concentration of poloxamer, as it was described
in this same paper that the formation of micelles diminishes the
capability of poloxamer 407 to affect cellular membranes.

The utilization of ILM in this study has provided valuable
insights into the interplay between nanoparticle transport and
nanorheology within complex fluid. Using ILM, we were able
to not only measure size distribution, as expected by the instru-
ment, but also to comprehensively highlight interactions of nano-
particles with their environment in a comprehensive manner.
This capability is due to the setup’s geometry, which differs from
instruments requiring fluidic sample insertion. The novelty of
our approach lies in exploring the relationship between biological
nanoparticles and the physical properties of their surrounding
environment. It represents a significant advancement in the
characterization of nanoparticles, particularly in complex and vis-
cous media, which are often encountered in the context of gel-
based EV formulations. The results obtained from this study

underscore the importance of considering both intrinsic nano-
particle properties and the rheological characteristics of the sur-
rounding matrix when formulating EVs for therapeutic
purposes. Unlike traditional microscopy techniques, ILM offers
several advantages, including high sensitivity, real-time imaging
capabilities, and the ability to work in complex media with rela-
tively high viscosity. This makes ILM particularly well-suited
for studying the interactions between nanoparticles and their
surrounding environment in biologically relevant contexts. The
methodology proposed in this manuscript could be applied to
any system with limitations regarding: (1) interferometric con-
trast: the EVs or probes need to have a refractive index different
from the medium or its constituents and (2) motion detection
and trajectory: to be detected by the system, the EVs or
probes must exhibit displacements higher than the pixel size
(56.7 nm) between two images (7.15 s) and be followed for at least
ten images.

Overall, our findings shed light on the intricate interplay
between bioparticles and their surrounding matrix. The integra-
tion of ILM for rheological analysis represents a promising
approach for investigating quantitatively the nano(bio)particle
transport in complex environments. By characterizing statisti-
cally the individual trajectory of thousands of EVs simulta-
neously, we pave the way for the development of quality control
attributes and more effective bionanotherapies. The advance-
ment of biotherapies based on EVs is currently hindered by two
major challenges: the absence of standardized methods for mate-
rial production and the lack of reliable quality control processes.
To propel this field forward, the development of innovative meth-
odologies is crucial. This work is firmly rooted in this philosophy,
aiming to address these challenges and contribute to the progress
of EV-based biotherapies

5. Conclusion

In conclusion, the utilization of ILM presents a promising ave-
nue for the characterization of nanoparticles, including EVs,
especially within complex matrices of high viscosity. We demon-
strate the advantages of ILM, such as its ability to measure parti-
cle concentration, to track single-particle trajectory, and to infer
particle size distribution with calibration-like procedures and val-
idation against known standards. Furthermore, ILM can provide
quantitative information about the nanorheological behavior of
non-Newtonian fluids. Overall, our study highlights the potential
of ILM to provide insights into the interactions between nanobio-
particles and their surrounding environment, representing a
valuable quality control test for EV hydrogel formulations
intended to clinical use. Moving forward, the continued develop-
ment and refinement of ILM techniques hold promises for
advancing our understanding of nanoparticle physical behavior
and facilitating their utilization in diverse biomedical contexts.
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the author.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2024, 2400319 2400319 (14 of 16) © 2024 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202400319 by U
niversité Paris D

escartes, W
iley O

nline L
ibrary on [21/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-science-journal.com


Acknowledgements
The authors would like to acknowledge Marie Berger (Myriade Lab) for
sharing her deep knowledge about interferometric light microscopy tech-
nology and for her availability for all the discussions about this work,
François Mazuel (Myriade Lab) and Donatien Ramiandrisoa (Myriade
Lab) for their precious clarifications about QVIR software and help for data
analysis, Kondareddy Cherukula and Léa Jabbour (MSC lab) for sharing
their extracellular vesicles productions and Gérard Pehau-Arnaudet from
UBI Facility from the Pasteur Institut (Paris) for his expertise in cryoEM,
and Michael Nilges for purchasing the Falcon II detector financed by the
Equipex CACSICE (grant number ANR-11-EQPX-0008). Videodrop instru-
ment, equipment for EV production and purification, are part of the IVETh
expertise facility. IVETh was supported by the IdEx Université Paris Cité,
ANR-18-IDEX-0001, by the Region Ile de France under the convention
SESAME 2019 – IVETh (EX047011) and via the DIM BioConvS, by the
Région Ile de France and Banque pour l’Investissement (BPI) under the
convention Accompagnement et transformation des filières projet de
recherche et développement N° DOS0154423/00 & DOS0154424/00,
DOS0154426/00 & DOS0154427/00, and Agence Nationale de la
Recherche through the program France 2030 “Integrateur biotherapie-
bioproduction” (ANR-22-AIBB-0002). L. A. was supported by the Programme
d’Investissements d’Avenir launch by France and operated by ANR
through the “Programmes et Equipements Prioritaires de Recherche
(PEPR)” - CARN project (ANR-22-PEBI-0004). This project was also supported
by PEPR STROMAEV (ANR-22-PEBI-0013) and by fundings from CNRS and
from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation program (grant agreement No. 852791).

Conflict of Interest
F.G. and A.K.A.S. are cofounders and shareholders of the spin-off Evora
Biosciences. Additionally, A.K.A.S. is a co-founder of the spin-off EVerZom.
F.G. and A.K.A.S. are also shareholders of the spin-off EVerZom.

Author Contributions
Lucile Alexandre: Investigation (equal); Methodology (equal); Software
(equal); Writing—original draft (equal). Anastasiia Dubrova: Investigation
(equal). Aruna Kunduru: Investigation (equal). Estelle Surply: Investigation
(equal). Christopher Ribes: Investigation (equal). Imane Boucenna:
Investigation (equal). Florence Gazeau: Conceptualization (lead); Writing—
review and editing (lead). Amanda K. A. Silva: Conceptualization (equal);
Methodology (equal); Supervision (equal); Writing—original draft
(equal). Stéphanie Mangenot: Conceptualization (equal); Investigation (equal);
Methodology (equal); Supervision (equal); Writing—original draft (equal).
Kelly Aubertin: Conceptualization (lead); Investigation (equal); Methodology
(lead); Supervision (lead); Writing—original draft (equal).

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
diffusion, extracellular vesicles, formulation, in situ characterizations,
rheology, viscosity

Received: June 28, 2024
Revised: September 10, 2024

Published online:

[1] M. Colombo, G. Raposo, C. Théry, Annu. Rev. Cell Dev. Biol. 2014,
30, 255.

[2] G. van Niel, G. D’Angelo, G. Raposo, Nat. Rev. Mol. Cell Biol. 2018,
19, 213.

[3] K. Chen, J. Liang, T. Qin, Y. Zhang, X. Chen, Z. Wang, Front.
Endocrinol. 2022, 13, 809596.

[4] C. P. R. Xavier, H. R. Caires, M. A. G. Barbosa, R. Bergantim,
J. E. Guimarães, M. H. Vasconcelos, Cells 2020, 9, 1141.

[5] K. Aubertin, A. K. A. Silva, N. Luciani, A. Espinosa, A. Djemat,
D. Charue, F. Gallet, O. Blanc-Brude, C. Wilhelm, Sci. Rep. 2016,
6, 35376.

[6] N. Dioufa, A. M. Clark, B. Ma, C. H. Beckwitt, A. Wells, Mol. Cancer
2017, 16, 172.

[7] P. Tomlins, P. Grant, S. Mikhalovsky, S. James, L. Mikhalovska,
J. ASTM Int. 2004, 1, 1.

[8] S. Lenzini, R. Bargi, G. Chung, J.-W. Shin, Nat. Nanotechnol. 2020,
15, 217.

[9] K. Debnath, K. Las Heras, A. Rivera, S. Lenzini, J.-W. Shin, Nat. Rev.
Mater. 2023, 8, 390.

[10] M. C. Ciferri, R. Quarto, R. Tasso, Biology 2021, 10, 359.
[11] P. A. Sariano, R. R. Mizenko, V. S. Shirure, A. K. Brandt, B. B. Nguyen,

C. Nesiri, B. S. Shergill, T. Brostoff, D. M. Rocke, A. D. Borowsky,
R. P. Carney, S. C. George, J. Extracell. Vesicles 2023, 12, e12323.

[12] C. Wang, M. Wang, T. Xu, X. Zhang, C. Lin, W. Gao, H. Xu, B. Lei,
C. Mao, Theranostics 2019, 9, 65.

[13] V. T. Nooshabadi, M. Khanmohamadi, E. Valipour, S. Mahdipour,
A. Salati, Z. V. Malekshahi, S. Shafei, E. Amini, S. Farzamfar, J. Ai,
J. Biomed. Mater. Res. A 2020, 108, 2138.

[14] C. Han, J. Zhou, B. Liu, C. Liang, X. Pan, Y. Zhang, Y. Zhang, Y. Wang,
L. Shao, B. Zhu, J. Wang, Q. Yin, X.-Y. Yu, Y. Li, Mater. Sci. Eng.: C
2019, 99, 322.

[15] A. Berger, I. Araújo-Filho, M. Piffoux, A. Nicolás-Boluda, A. Grangier,
I. Boucenna, C. Cristiano Real, F. L. Navarro Marques, D. P. Faria,
A. C. M. do Rego, C. Broudin, F. Gazeau, C. Wilhelm, O. Clément,
C. Cellier, C. Alberto Buchpiguel, G. Rahmi, A. K. A. Silva,
Nanoscale 2021, 13, 218.

[16] A. K. A. Silva, S. Perretta, G. Perrod, L. Pidial, V. Lindner, F. Carn,
S. Lemieux, D. Alloyeau, I. Boucenna, P. Menasché, B. Dallemagne,
F. Gazeau, C. Wilhelm, C. Cellier, O. Clément, G. Rahmi, ACS Nano
2018, 12, 9800.

[17] P. Cizmar, Y. Yuana, in Extracellular Vesicles: Methods and Protocols
(Eds: W. P. Kuo, S. Jia) Springer, New York 2017, pp. 221–232.

[18] M. Boccara, Y. Fedala, C. V. Bryan, M. Bailly-Bechet, C. Bowler,
A. C. Boccara, Biomed. Opt. Express 2016, 7, 3736.

[19] R. Sausset, Z. Krupova, E. Guédon, S. Peron, A. Grangier, M.-A. Petit,
L. De Sordi, M. De Paepe, Biology 2023, 2, e75.

[20] M. Berry, M. Arko, A. Romolo, M. Brložnik, A. Mrvar Brečko,
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Iglič, Int. J. Nanomed. 2024, 19, 1709.

[24] T. M. Squires, T. G. Mason, Annu. Rev. Fluid Mech. 2010, 42, 413.
[25] T. G. Mason, Rheol. Acta 2000, 39, 371.
[26] H. A. Stone, A. Ajdari, J. Fluid Mech. 1998, 369, 151.
[27] F. Etoc, E. Balloul, C. Vicario, D. Normanno, D. Liße, A. Sittner,

J. Piehler, M. Dahan, M. Coppey, Nat. Mater. 2018, 17, 740.
[28] K. Aubertin, J. Tailleur, C. Wilhelm, F. Gallet, Soft Matter 2017, 13,

5298.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2024, 2400319 2400319 (15 of 16) © 2024 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202400319 by U
niversité Paris D

escartes, W
iley O

nline L
ibrary on [21/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-science-journal.com


[29] A. Pinto, I. Marangon, J. Méreaux, A. Nicolás-Boluda, G. Lavieu,
C. Wilhelm, L. Sarda-Mantel, A. K. A. Silva, M. Pocard, F. Gazeau,
ACS Nano 2021, 15, 3251.

[30] M. Greffet, F. Mazuel, Videodrop: Nanoparticles Size & Concentration
Using Interferometric Light Microscopy (ILM), White Paper (n.d.),
https://www.myriadelab.com/.

[31] raacampbell/shadedErrorBar, 2024, https://fr.mathworks.com/
MATLABcentral/fileexchange/26311-raacampbell-shadederrorbar
(accessed: March, 2024).

[32] al_goodplot - boxblot & violin plot, 2023. https://fr.mathworks.com/
MATLABcentral/fileexchange/91790-al_goodplot-boxblot-violin-plot
(accessed: November, 2023).

[33] J. B. Segur, H. E. Oberstar, Ind. Eng. Chem. 1951, 43, 2117.
[34] F. Quemeneur, J. K. Sigurdsson, M. Renner, P. J. Atzberger,

P. Bassereau, D. Lacoste, Proc. Natl. Acad. Sci. U.S.A. 2014, 111, 5083.
[35] S. Lecinski, J. W. Shepherd, K. Bunting, L. Dresser, S. D. Quinn,

C. MacDonald, M. C. Leake, Interface Focus. 2022, 12, 20220042.
[36] A. Sigaeva, A. Hochstetter, S. Bouyim, M. Chipaux, M. Stejfova,

P. Cigler, R. Schirhagl, Small 2022, 18, 2201395.
[37] C. Montis, A. Zendrini, F. Valle, S. Busatto, L. Paolini, A. Radeghieri,

A. Salvatore, D. Berti, P. Bergese, Colloids Surf. B: Biointerfaces 2017,
158, 331.

[38] C. Huang, H. Li, J. S. Powell, Y. Ouyang, S. G. Wendell, S. Suresh,
K. J. Hsia, Y. Sadovsky, D. Quinn, Placenta 2022, 121, 14.

[39] M. Jalaal, G. Cottrell, N. Balmforth, B. Stoeber, J. Rheol. 2017, 61, 139.
[40] A. Bochot, E. Fattal, J. L. Grossiord, F. Puisieux, P. Couvreur, Int. J.

Pharmaceut. 1998, 162, 119.

[41] N. W. Tam, O. Schullian, A. Cipitria, R. Dimova, Biophys. J. 2024, 123, 638.
[42] L. Budai, M. Budai, Z. E. Fülöpné Pápay, Z. Vilimi, I. Antal, Gels 2023,

9, 469.
[43] A. Perazzo, S. A. Rogers, K. M. Schultz, S. Guido, Front. Phys. 12

(2024). https://doi.org/10.3389/fphy.2024.1463988.
[44] N. H. Thang, T. B. Chien, D. X. Cuong, Gels 2023, 9, 523.
[45] B. Liu, K. Chen, Gels 2024, 10, 262.
[46] Q. Beuguel, A. Guinault, L. Léger, F. Restagno, C. Sollogoub,

G. Miquelard-Garnier, ACS Macro Lett. 2019, 8, 1309.
[47] ICH M4Q, Common Technical Document for the Registration of

Pharmaceuticals for Human Use - Quality - Scientific Guideline,
European Medicines Agency (EMA) 2003, https://www.ema.europa.
eu/en/ich-m4q-common-technical-document-registration-pharmaceuticals-
human-use-quality-scientific-guideline (accessed: September, 2024).

[48] A. K. A. Silva, M. Morille, M. Piffoux, S. Arumugam, P. Mauduit,
J. Larghero, A. Bianchi, K. Aubertin, O. Blanc-Brude, D. Noël,
E. Velot, C. Ravel, C. Elie-Caille, A. Sebbagh, C. Boulanger, C. Wilhelm,
G. Rahmi, I. Raymond-Letron, K. Cherukula, T. Montier, C. Martinaud,
J.-M. Bach, O. Favre-Bulle, J. Spadavecchia, C. Jorgensen, P. Menasché,
C. Aussel, J. Chopineau, M. Mosser, M. Ullah, N. Sailliet, N. Luciani,
N. Mathieu, P.-E. Rautou, S. Brouard, W. Boireau, S. Jauliac, M. Dedier,
J.-H. Trouvin, F. Gazeau, M. Trouillas, J. Peltzer, A. Monsel, S. Banzet,
Adv. Drug Deliv. Rev. 2021, 179, 114001.

[49] Committee for Medicinal Products for Human Use (CHMP),
Guideline on the Requirements for Quality Documentation Concerning
Biological Investigational Medicinal Products in Clinical Trials, 2008.

[50] E. V. Batrakova, A. V. Kabanov, J. Controlled Release 2008, 130, 98.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2024, 2400319 2400319 (16 of 16) © 2024 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202400319 by U
niversité Paris D

escartes, W
iley O

nline L
ibrary on [21/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.myriadelab.com/
https://fr.mathworks.com/MATLABcentral/fileexchange/26311-raacampbell-shadederrorbar
https://fr.mathworks.com/MATLABcentral/fileexchange/26311-raacampbell-shadederrorbar
https://fr.mathworks.com/MATLABcentral/fileexchange/91790-al_goodplot-boxblot-violin-plot
https://fr.mathworks.com/MATLABcentral/fileexchange/91790-al_goodplot-boxblot-violin-plot
https://doi.org/10.3389/fphy.2024.1463988
https://www.ema.europa.eu/en/ich-m4q-common-technical-document-registration-pharmaceuticals-human-use-quality-scientific-guideline
https://www.ema.europa.eu/en/ich-m4q-common-technical-document-registration-pharmaceuticals-human-use-quality-scientific-guideline
https://www.ema.europa.eu/en/ich-m4q-common-technical-document-registration-pharmaceuticals-human-use-quality-scientific-guideline
http://www.advancedsciencenews.com
http://www.small-science-journal.com

	Investigating Extracellular Vesicles in Viscous Formulations: Interplay of Nanoparticle Tracking and Nanorheology via Interferometric Light Microscopy
	temp:book:Section1_2
	1. Introduction
	2. Experimental Section
	2.1. Chemicals
	2.2. Polystyrene (PS) Beads
	2.3. Cell Culture and EVs Production
	2.4. ILM Measurement
	2.5. Data Analysis
	2.6. Macroscopic Viscosity Measurement
	2.7. Cryo-Electron Microscopy Imaging

	3. Results
	3.1. Evaluation and Calibration of the ILM NTA Technique on 80-400&thinsp;nm Polystyrene Beads in Aqueous Suspension
	3.2. Matrix Viscosity Measurement Using Calibrated Particles (Measurement of &ntail; When Rh Is Known)
	3.3. Size Distribution Measurement of EVs Dispersed in a Characterized Matrix of Poloxamer 407 (Measurement of Rh when &ntail; Is Known)

	4. Discussion
	5. Conclusion


