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Nanosized lipid vesicles are ubiquitous in living systems (e.g. cellular
compartments or extracellular vesicles, EVs) and in formulations for
nanomedicine (e.g. liposomes for RNA vaccine formulations). The
mechanical properties of such vesicles are crucial in several physi-
cochemical and biological processes, ranging from cellular uptake
to stability in aerosols. However, their accurate determination
remains challenging and requires sophisticated instruments and
data analysis. Here we report the first evidence that the surface
plasmon resonance (SPR) of citrated gold nanoparticles (AuNPs)
adsorbed on synthetic vesicles is finely sensitive to the vesicles’
mechanical properties. We then leverage this finding to show that
the SPR tracking provides quantitative access to the stiffness of
vesicles of synthetic and natural origin, such as EVs. The demonstration
of this plasmon-based “stiffness nanoruler” paves the way for devel-
oping a facile, cost-effective and high-throughput method to assay the
mechanical properties of dispersions of vesicles of nanometric size and
unknown composition at a collective level.

Introduction

Membrane-delimited compartments (e.g., cells, organelles and
nanosized vesicles of biological origin, such as enveloped
viruses' or extracellular vesicles (EVs)>®) are among the basic
units of living organisms. Importantly, they are also widespread
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New concepts

Citrated gold nanoparticles (AuNPs) undergo membrane-templated self-
assembly when challenged with nanosized lipid vesicles. We show that the
stiffness of the target vesicle finely modulates the extent of AuNPs
aggregation, which can be easily monitored by UV-Vis spectrophotometry.
Leveraging this discovery, we propose a novel experimental method to assess
the mechanical properties of synthetic and natural vesicles. Through a
“stiffness index”, S.I., we quantify the extent of AuNPs aggregation and
define its functional dependence on the mechanical properties of the
vesicles. This method was validated on a set of synthetic lipid vesicles of
known stiffness and then tested on a sample of biogenic extracellular vesicles
(EVs). The “plasmon-based stiffness nanoruler” is a reproducible, sensitive,
high-throughput, and readily accessible method, which overcomes many of
the hurdles still hampering an accurate determination of the rigidity of
nanovesicles.In addition, it can easily and readily probe the properties of tiny
sample amounts, which represents a considerable advantage for biological
samples, usually available in low quantities due to purification costs. This
new method will advance our understanding of the role of rigidity of
nanovesicles in modulating their biological behavior, from the pharmacoki-
netics of liposomal formulation for drug delivery to the uptake of natural
vesicles and viruses.

structural motifs in bio-inspired nanomaterials, such as liposomes,*
virosomes® or polymerosomes.® The mechanical properties of such
membrane compartments regulate the response to external stimuli,
which is crucial in a host of biologically-relevant interactions at the
nanoscale.” ™" A well-known example is the mechanical response of
cells and membrane bound-organelles, which is the key in numer-
ous biological processes (e.g: cell fusion, growth and differentiation,
endo- and exocytosis, uptake of nanoparticles or viruses,””** etc.)
and in the onset of pathological cell conditions.">™*® More recent
reports have highlighted that the mechanical response of EVs
(membrane-delimited nanoparticles secreted by all cell types and
essential mediators of cell signalling®*'%) is a biomarker for
malignant conditions of parental cells.?®*! In addition, the
nanomechanics of pathogens, including viruses with a lipid
envelope (e.g. Moloney murine leukemia virus and HIV?>?), was
recently connected to their infectivity.>> Mechanical properties
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are also crucial for the interaction of synthetic nanostructures
with the biological environment: the deformability of liposomes
or polymeric vesicles for drug or vaccine delivery deeply affects
their pharmacokinetics in the bloodstream and the internalization
route.”*

Although central in several research areas, the accurate
assessment of the mechanical properties of synthetic or natural
vesicles still poses a challenge.>>?® Traditional methods, such as
shape fluctuation optical analysis,”” micropipette aspiration,”®
X-ray scattering”®?° and neutron spin-echo,*' provide insights
into biologically-relevant descriptors of the mechanical
response of the lipid membrane, such as the bilayer’s bending
rigidity.>” " However, these techniques are cost- and/or time-
consuming and often yield discrepant results, as pointed out in
several reports.>>?*3?734 More recently, techniques that actively
probe the mechanical properties at a whole-vesicle level, rather
than those of the lipid shell, are gaining the central stage;>>
examples include optical tweezers and Atomic Force Microscopy
(AFM) operating modes, such as Dynamic Mechanical Analysis,
Quantitative Imaging and Lorentz Contact Resonance.*’ Most of
these methods rely on contact mechanic models for interpreting
the measured mechanical properties of the probed objects;
however, there is still disagreement on which model is best
suited for describing the nanomechanics of a lipid vesicle.*® As
a consequence, classical AFM-based force spectroscopy (AFM-
FS) indentation experiments still represent a common choice for
the nanomechanical analysis of vesicles,”° since they allow
determining the overall mechanical response of vesicles to
applied deformations, ie. their ‘“stiffness”, in a model-free
approach. The measured stiffness includes contributions both
from the membrane shell and the enclosed volume, accounting
for the mechanical properties of the internal pool, volume
variations upon deformation, osmotic imbalance, etc. Unfortunately,
all these experimental methods probe a single particle at a time and
require sophisticated instruments or/and highly experienced users.*®

Here, we propose AuNPs as nanoprobes of the stiffness of
membranous nano-objects, with typical submicron sizes. This
approach overcomes many limitations of the currently available
methods, measurements can be performed with a UV-Vis
spectrophotometer and limited data analysis is required. In the
following, this communication will (i) explore how the stiffness of
liposomes modulates the surface plasmon resonance (SPR) of
AuNPs adsorbed on their membrane and (ii) propose this pre-
viously unnoticed relationship as the working principle of a new,
accessible and robust spectrophotometric method to evaluate the
stiffness of both synthetic and natural lipid vesicles of unknown
composition.

The SPR of AuNPs is finely sensitive to the chemical
environment and the interparticle distance, which underpins
their application as nanoscale probes.*® The coupling between
the SPR of proximal AuNPs, which results from AuNPs close
approach or aggregation, was exploited for the first time by
El-Sayed and co-workers as a plasmon ruler’' and is nowadays
used in a number of bioanalytical assays.*>*® The CONAN
(COlloidal NANoplasmonic) assay is a recent example, where
the AuNPs SPR shift upon incubation with EVs is exploited to
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determine their purity and concentration;
case, the SPR shift arises from the spontaneous aggregation of
AuNPs on the lipid membrane of vesicles (of both synthetic and
natural origin, as EVs). This membrane-induced aggregation
has been the focus of several recent investigations."” > Speci-
fically, the membrane-induced aggregation of AuNPs has been
interpreted as on-off mechanism to date,>>>* switchable by the
physical state of the membrane: fluid-phase bilayers, characterized
by free lipid diffusion and low rigidity, would promote aggregation,
resulting in a marked change of AuNPs SPR profile. Conversely,
the aggregation of AuNPs would be completely inhibited on tightly
packed gel-phase membranes, characterized by a higher rigidity. At
variance with the literature, we demonstrate that the SPR shift of
AuNPs also interest gel-phase membranes and is rather modulated
by the stiffness of the vesicles through a precise functional
dependence: this allows defining a “stiffness nanoruler”, able to
discriminate vesicles within the same physical state (whether it is
gel or fluid) on the basis of their mechanical behaviour. In analogy
with the plasmon nanoruler, introduced as distance-sensor,** this
plasmon-based descriptor leverages the unique sensitivity of
AuNPs SPR to determine the mechanical properties of lipid
vesicles. As a proof-of-principle of applicability to complex
natural systems, we tested the assay on EVs, whose stiffness is
of prominent relevance in cellular adhesion and uptake®® and a
characteristic that distinguish EVs deriving from malignant and
non-malignant cells.>**"

Results and discussion

We prepared a library of unilamellar liposomes having a similar
average diameter (~100 nm) and low polidispersity indexes
(see ESIT for details on preparation and characterization) from
a set of synthetic phosphatidylcholines (PC) differing for length
and/or degree of unsaturation of the acyl chains (Fig. 1a). The
free-standing bilayers, either in the gel or fluid phase at room
temperature (Fig. 1a), display different rigidities.>®™° Given
their very similar size distributions and the absence of any
osmotic imbalance between the lumen and the external medium,
the rigidity of the lipid shells can be considered the sole
responsible for the overall stiffnesses of the vesicles.

Fig. 1b reports representative AFM-FS force/distance plots of
single-vesicle indentation events for each lipid.**®" The slope of
the linear regime occurring immediately after the contact point
represents the stiffness of the vesicles; the stiffnesses in Fig. 1c
were obtained by averaging the values for multiple vesicles (see
ESIT for further details). Taken together, the entire series of
stiffness values measured on the selected library of synthetic PC
standards can be regarded as a stiffness gauge in which the
rigidity monotonically increases from DOPC to DSPC vesicles,
in line with the literature.>>** This set will be used to validate
the stiffness plasmon nanoruler.

The vesicles (20 pl of a water dispersion at a 0.35 nM
vesicles’ concentration) were then challenged with 100 pl of
6.7 nM water dispersion of negatively charged citrated AuNPs
(13 £ 0.6 nm diameter, zeta potential: —36 + 2 mV), to obtain a

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 AFM characterization of vesicles stiffnesses. (a) Chemical formulas of the four lipids used for the preparation of liposomes (1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)); depending on the molecular composition, the lipid bilayer enclosing a liposome exhibits a
different degree of molecular packing at room temperature, which determines the phase (i.e., fluid or gel) of the membrane. (b) AFM force-distance
curves for the different vesicles batches, together with graphical representation of vesicles deformation induced by the AFM tip at two different
separation distances. Liposomes samples are DOPC; POPC, POPC/DPPC (50/50 mol%), DPPC, DPPC/DSPC (50/50 mol%) and DSPC vesicles; (c) stiffness

values (N m™?
repetitions of 5 draws, with replacement).

final liposomes/AuNPs molar ratio of ~1/100. The changes in
the SPR profile were monitored after 15 minutes of incubation
at room temperature (Fig. 2a). These experimental conditions
were carefully selected on the basis of our recent investigation
on POPC liposomes interacting with citrated AuNPs.>”

The AuNPs dispersion in the absence of lipid vesicles shows
a well-defined SPR peak centred at 522 nm (red curve); upon
mixing with liposomes, an immediate colour change is visible
to the naked eye (inset, Fig. 2a), which clearly depends on the
composition of the target membrane. Going from DSPC to
DOPC, we observe colour shifts from red to increasingly dark
shades of violet and blue. The variation in the SPR profile
gradually increases as the stiffness of vesicles decreases. Specifically,
from the stiffest vesicles (DSPC) to the softest ones (DOPC), the
progressive emergence of a high-wavelength shoulder can be
observed, eventually resulting in a secondary plasmon peak at about
625 nm (see Fig. 2a).

This new spectral feature is the hallmark of the aggregation
of AuNPs, whose spatial proximity produces the coupling of the
individual AuNPs plasmons.

To get insights into the structure of AuNPs aggregates, we
performed Small Angle X-ray Scattering (SAXS) for DOPC, POPC,
DPPC and DSPC liposomes challenged with AuNPs (Fig. 2b).

This journal is © The Royal Society of Chemistry 2021

of the different vesicles, determined through AFM-FS; All error bars represent the uncertainties obtained by bootstrapping (1000

The power-law dependence in the low-g region highlights
the presence of AuNPs clusters on fluid-phase bilayers, with a
fractal dimension which increases as the stiffness of vesicles
decreases (Fig. 2b, inset, and ESIt).®* The spatial correlation
between AuNPs was determined from the structure factor S(g),
inferred from the high-q¢ region of the scattering profiles
(Fig. 2b, inset, and ESIt). The position of the S(q) correlation
peaks for fluid-phase liposomes is consistent with AuNP-AuNP
center-to-center distances comparable with the particle diameter
and decreasing with vesicles’ stiffness (14.5 nm and 14.1 nm for
POPC and DOPC, respectively). For liposomes in the gel phase, no
low-q upturn of intensity was detected and the positional correlation
corresponds to significantly higher AuNP-AuNP distances (ie.,
30.5 nm and 30.2 nm for DSPC and DPPC, respectively), hinting
at the presence of multiple AuNPs adsorbed on the same liposomal
surface, but not aggregated.

According to recent reports, the aggregation of AuNPs on
lecithin vesicles is switched on and off by the membrane
phase:**>* aggregation is inhibited on gel-phase bilayers (e.g.
DPPC and DSPC at r.t.) and promoted by fluid-phase membranes
(e.g- DOPC and POPC at r.t.), with no differences observed for
bilayers in the same phase.”>** Conversely, the UV-Vis and SAXS
data here shown provide additional insights, highlighting that - in

Nanoscale Horiz., 2021, 6, 543-550 | 545
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Fig. 2 AuNPs interaction with lipid bilayers of different stiffness. (a) UV-Vis spectra of AuNPs (6.7 nM) incubated with synthetic vesicles (0.2 nM)
(liposomes/AuNPs number ratio 1/100). Inset: Visual appearance of the same samples. (b) SAXS profiles of NPs with and without vesicles (1: 8 vesicles/
AuNPs molar ratio). Under these conditions, the scattering from vesicles (subtracted from the scattering of AuUNPs-vesicles mixtures) is negligible and the
observed signal is only due to AuNPs. The power law dependence at low-q is connected to the presence of AuNPs clusters and to their morphology. The
power-lawexponents for DOPC/AuNPs and POPC/AuNPs complexes, i.e. —1.54 and —1.50 respectively (see ESI}), are consistent with an increasing fractal
dimension of clusters as the stiffness of vesicles decreases. The absence of such power-law for gel-phase liposomes is related to non-aggregated AuNPs,
preserving their original diameter. The right inset is the structure factor (S(g)) vs. g, extracted from the high-g range of vesicles/AuNPs profiles (see ESIt).

these experimental conditions - AuNPs clustering on lipid vesicles. With this aim, we analysed the optical spectra to
vesicles is not abruptly switched-on by varying the membrane extract a quantitative descriptor. The so-called ‘stiffness
physical state: the slight - but still evident - differences in the index”, S.I, (see Fig. 3a), accounting for the main variations
AuNPs SPR induced by vesicles with the same physical state but in the AuNPs SPR profile, was used to build-up an empirical
different rigidities demonstrate that AuNPs aggregation is ‘AuNPs spectral response’ vs. ‘vesicles’ stiffness’ scale. The S.I.
rather modulated by the membrane rigidity in a “continuous for each AuNPs/vesicles hybrid is calculated dividing the area
fashion”. subtended by the absorbance spectrum in the 560-800 nm range

This dependence can be exploited to set-up a UV-Vis spectro- by the area relative to the total spectral range (350-800 nm).
scopic assay to probe the mechanical properties of lipid The results are then normalized for the S.I. of neat AuNPs
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Fig. 3 Quantification of liposomes-induced variation in the AuNPs SPR profile. (a) Visual description of the stiffness index (S.1.); (b) S.I. values (blue spots)
with relative errors bars plotted as a function of membrane stiffness. The red curve is the sigmoidal curve fit, while the grey dashed curve is the first derivative
of the sigmoidal curve fit with respect to stiffness (see ESIt for details on fitting parameters). (c) Mechanism of interaction between AuNPs and vesicles
characterized by different stiffness. The adhesion of an AuNP on a soft membrane is followed by a significant AUNP wrapping by the membrane, resulting into
AuNPs aggregation on the vesicle surface. The AuNP docking on a stiffer membrane results in a lower wrapping extent, preventing AuNPs clustering.
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(which is then equal to 1 by definition) to obtain positive
integer values of S.I., which gradually increase with increasing
AuNPs aggregation extent.

Fig. 3b reports the S.I. (blue dots) obtained for the liposome
set plotted as a function of vesicles’ stiffness, obtained from
AFM-FS measurements (Fig. 1). Each point represents the
average value obtained from five independent batches, which
highlights a particularly high reproducibility (see Table S5 of
ESIT for standard deviations of each vesicles’ batch).

The dependence of the S.I. on stiffness can be expressed by a
sigmoidal law, with the following expression:

) (1)

1 +exp (ﬂ)
d

with S the stiffness obtained from AFM-FS and a, b, ¢ and d
constant fitting parameters (see red profile in Fig. 3b for the
best fitting curve and ESIt for further details).

For this set of synthetic vesicles, having superimposable size
distributions and a luminal content identical to the external
medium, the stiffness differences observed in AFM-FS are only
due to a membrane contribution, which results from the different
composition of the bilayers. As it is well-established, the mechanical
response of a lipid bilayer is mainly controlled by its bending
rigidity,”® quantified by the bilayer bending modulus. Therefore,
in these experimental conditions, it is the bilayer bending modulus
that determines the overall stiffness of the vesicles and in turn the
extent of AuNPs aggregation (ie. the S.I).

Interestingly, in a recent simulation Lipowsky and co-authors®*
report a sigmoidal correlation between the wrapping efficiency of
spherical NPs interacting with model membranes and the bilayer
bending modulus. This relation holds for fixed NPs radius and
membrane-NPs adhesion energy, which perfectly matches our
experimental conditions (i.e. NPs of defined size and vesicles with
fixed PC headgroups).

View Article Online
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This finding is fully in line with a recent report,> where
AuNPs wrapping, modulated by the membrane bending modulus,
is recognized as the main driver for the membrane-templated
aggregation of AuNPs, through the mechanism sketched in
Fig. 3c: briefly, AuNPs adsorb on the vesicle’s surface due to Van
der Waals attractive interactions and get partially wrapped by the
membrane. This wrapping drives a ligand exchange between the
membrane lipids and the AuNPs stabilizing agent, ie. the citrate
anion, whose release reduces the interparticle electrostatic energy
barrier and leads to the aggregation of AuNPs. Importantly, the
extent of AuNPs aggregation is modulated by the wrapping
efficiency, which is related to the bending rigidity of the
membrane. Our results, reporting the first experimental evidence
of a sigmoidal relation between AuNPs aggregation and
membrane bending rigidity, reconcile this latter mechanism with
the theoretical predictions proposed by Lipowsky et al., who first
connected the wrapping ability of a membrane to its bending
modulus through a sigmoidal law.

The dependence of the S.I. on the stiffness of vesicles (eqn (1))
allows a quantitative estimate of the mechanical properties of
membrane-enclosed compartments of unknown composition. The
method here proposed possess high reproducibility and sensitivity.
In fact, it is able to robustly discriminate systems with very close
stiffnesses (ie. differences as small as 0.006 N m "), as POPC and
DOPC liposomes, whose mechanical properties are usually not
distinguishable with many other techniques.®**

In addition, the presence of a sigmoidal law, which exhibits
the highest variation of S.I. in the central region of the selected
set of stiffnesses (see grey dashed curve of Fig. 3b, representing
the first derivative of the sigmoidal fit) provides maximum
sensitivity in the region where the rigidities of natural mem-
branes usually fall (i.e. 0.02-0.025 N m ™~ '°®)

We chose EVs to further validate the method and to provide
evidence of its applicability on membranous nanoparticles,
which are more challenging both in terms of compositional
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Fig. 4 Quantification of Extracellular Vesicles (EVs)-induced variation in the SPR profile of AUNPs. (a) Representative AFM image of EVs; (b) Sigmoidal
trend of the S.I. as a function of membrane stiffness. The EVs' S.I. (1.23 £+ 0.01), evaluated through UV-Vis spectroscopy, and stiffness, predicted by the
sigmoidal law (0.026 N m™), are reported as green points in the graph. The green error bar represents the stiffness interval obtained through AFM-FS for
EVs. The right inset reports the UV-Vis spectra of AuNPs (6.7 nM) in the presence of synthetic PC vesicles (dashed curves) and EVs (solid green curve) at a
vesicles’ concentration of 0.35 nM.
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and structural complexity, as well as in analyte availability.
Specifically, we assayed a sample of EVs from the murine cell
line TRAMP-C2, with size and z-potential similar to the PC
synthetic liposomes (see ESIT for details). The EVs were separated
from the cell culture medium and characterized according to
international guidelines;®” in particular, we used the protocols
described in Paolini et al. (medium EVs),*® to obtain a pure - ie.
not containing exogenous proteins (which would otherwise affect
the EVs interaction with AuNPs***%) - EVs dispersion in water.
The morphology of EVs was investigated by liquid imaging AFM
(see Fig. 4a), showing the characteristic spherical cap shape of
EVs adhered onto a substrate and an average diameter of 74.3 nm
(refer to ESIT for further details).

The stiffness of EVs, determined through AFM-FS as pre-
viously described for PC liposomes, falls in the middle of the
stiffness interval defined by the synthetic standards used for
calibration (0.025 + 0.004 N m™ '), in between the values
obtained for DPPC and DPPC/POPC liposomes (see Fig. 1c).
20 pl of EVs (0.35 nM) were mixed with 100 pl of AuNPs in the
same conditions (AuNPs/vesicles molar ratio, incubation time
and temperature) previously employed for synthetic liposomes
and the SPR profile change of AuNPs was recorded through
UV-Vis spectroscopy (right inset of Fig. 4b).

In full agreement with the AFM analysis, this SPR profile
variation, S.I. = 1.23 + 0.01, is intermediate between the ones of
DPPC, S.I. = 1.16 &£ 0.01, and DPPC/POPC, S.I.= 1.377 =+ 0.005.
This result demonstrates that the correlation between AuNPs
aggregation and vesicles’ stiffness, observed in liposomes, also
holds for the case of far more complex nanosized vesicles of
biological origin. More importantly, the value of stiffness
estimated from the S.I. of the AuNPs/EVs hybrid according to
the calibration trend (i.e., 0.0259 + 0.0005 N m ™) falls right in
the middle of the EVs stiffness range determined through AFM
(Fig. 4b): this striking agreement proves the predictive ability of
this new optical method, showing that the nanoplasmonic
properties of AuNPs can be effectively harnessed to assess the
stiffness of membrane-confined objects with high sensitivity.

Conclusions

The determination of the stiffness of synthetic and natural
vesicles is particularly challenging. Here, we show that the SPR
of AuNPs can be exploited to quantify this property: combining
UV-Vis Spectroscopy, Small Angle X-ray Scattering and AFM-
based Force Spectroscopy, we prove that AuNPs aggregation,
induced by the interaction with lipid membranes and quantified
by an empirical index S.I., exhibits a clear dependence on the
mechanical properties of synthetic vesicles. This dependence,
expressed by a sigmoidal law, can be used to estimate the stiffness
of biological membrane compartments, e.g. EVs, of unknown
composition and properties. Similarly to the plasmon ruler
developed by El-Sayed et al,"* where the SPR of AuNPs is used
to probe their mutual distance, we define a “stiffness nanoruler”,
where the plasmon resonance is applied to probe the nano-
mechanics of a target membrane. The method requires cheap
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reagents and a standard wet lab facility, while keeping com-
petitive reproducibility and sensitivity. From the sample side, it
allows for examination of volumes as small as 15 pl (with a
concentration of particles in the 10® M range) which is not
accessible today to any other method. This allows to minimize
the amounts of vesicles required, which is paramount for
biological samples, where low amounts of analyte are yearned
due to the origin of the samples (e.g. human biological fluids)
and/or complex and time-consuming separation protocols.
Moreover, differently from other methods - such as AFM and
micropipette — which probe the stiffness of single objects, it
provides the ensemble-averaged stiffness, ie. accounting
for possible variability across the population, with short-time
(few minutes) data acquisition.
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