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Abstract

Extracellular vesicles (EVs)-mediated communication relies not only on the delivery of complex
molecular cargoes as lipids, proteins, genetic material, and metabolites to their target cells, but also
on the modification of the cell surface local properties induced by the eventual fusion of EVs’
membranes with the cells plasma membrane. Here we applied scanning calorimetry to study the
phase transition of single phospholipid (DMPC) monolamellar vesicles, investigating the
thermodynamical effects caused by the fusion of doping amounts of mesenchymal stem cells
derived EVs. Specifically, we studied EVs-induced consequences on the lipids distributed in the
differently curved membrane leaflets, having different density and order. The effect of EVs
components was found to be not homogeneous in the two leaflets, the inner (more disordered one)
being mainly affected. Fusion resulted in phospholipid membrane flattening associated to lipid
ordering, while the transition cooperativity, linked to membrane domains coexistence during the
transition process, was decreased. Our results open new horizons for the investigation of the

peculiar effects of EVs of different origins on target cell membrane properties and functionality.



Introduction

Extracellular vesicles (EVs) are produced by cells and released in the intercellular medium in order
to deliver their cargo molecules, as proteins and genetic material between cells and through the
organs and tissues of the body. The number of EVs released and internalized depends on the cell
line of the originating cell and on the target cell, their physiological state, and the surrounding
medium [1]. In the last years they received increasing attention for their fundamental role in
intercellular communication. In fact, they contain specific signatures from the originating cells, they
can strongly influence the fate of the recipient cells and they have a crucial role in the diffusion of
pathologies as cancer and neurodegenerative disorders [2] [3]. Hence, EVs have been proposed as
biomarkers for several diseases [4].

In this landscape, our aim is to investigate the fusion mechanisms of EVs of different origins with
model membranes and to understand the effects of EVs components on the thermotropic
properties of the target model membranes, using EVs doped simple systems. To our scope, we
performed calorimetry on single phospholipid large unilamellar vesicles (LUVs) mixed with EVs in
different proportions.

In a previous analysis [5] we proposed a multi-technique/multiscale investigation on EVs from
mesenchymal stem cells in interaction with model membrane systems of variable complex
compositions and unveiled a strong interaction of EVs with the model membranes and preferentially
with the borders of protruding phase domains. We are going forward in this direction to analyze the
impact of the same EVs on the thermotropic behavior of phospholipids; the main membrane
components.

By applying differential scanning calorimetry (DSC) on EVs doped phospholipid LUVs we see the
effect brought by the components of EVs to the target membrane lipids in terms of fluidity and

cooperativity of the melting phase transition. The structural changes occurring at phospholipid



melting transition are similar to the fluctuations of fluid membranes, thus their investigation is of
importance in view of understanding the mutual relation between membrane dynamics and
embedded proteins. Cell functionality is associated to membrane highly dynamic structures, where
protein sorting may be driven by local phase fluctuations involving thickening and thinning of the
membrane. Indeed, melting phase transition of phospholipids show characters typical of a first
order phase transition; nevertheless, it also exhibits several anomalies of the system more typical
of second order transition, with pseudocritical behavior of physico-chemical parameters such as
interlayer distance in MLV, membrane permeability and lateral compressibility [6-9]. Itis of interest
to underline that these anomalies have been associated to critical out of plane fluctuations of the
membranes, coupled with critical lengthening of the decay of short range interactions, and to
softening of the bilayer when approaching the transition [10].

In the present work, we study the first order aspects of the melting/gelling transition in LUVs,
specifically, we exploit the peculiarity of DMPC LUVs, extruded trough 80 nm sized pores filters, to
show two distinct contributions to the enthalpic peak, associated to the inner and outer membrane
leaflets [11-14]. Indeed, the packing of the lipids in the two leaflets is asymmetrically affected by
the curvature imposed by extrusion. We can thus distinguish asymmetric effect of the EVs

components on the lipids belonging to the two layers.

Materials and methods

Isolation of human mesenchymal stromal cell-derived extracellular vesicles (EVs)

Vesicles have been isolated and purified from umbilical cord mesenchymal stem cells by filtration
and centrifugation with the protocol described in [5] and quantified to be 2 x 10° EVs in 100 pL by

NTA.



Lipids for model membranes
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) have been purchased by Avanti Polar Lipids

(Alabama) and used without any further purification.

Lipid large unilamellar vesicles (LUVs) preparation for model membranes fabrication

Model lipid-based membranes were prepared with a standard procedure explained in [15] by thin
film deposition, hydration, and extrusion.

Lipid molecules were dissolved in chloroform, an appropriate organic solvent. Lipid solutions were
then deposited on round bottom boiling flasks. After the organic solvent evaporated under a gentle
stream of nitrogen, samples were placed under vacuum to completely remove solvent residues and
re-suspended in 60 mM ringer buffer, a solution that well simulates body fluids and in which EVs
are suspended. Freeze-thawing method was applied to reduce the number of overlapping bilayers.
It consists in treating the samples with repetitive cycles (n=5) of freezing in liquid nitrogen and
thawing in warm water. Then, samples were extruded 51 times through two polycarbonate
membrane filters with 80 nm sized pores using a commercial extruder (Avanti Polar Lipids), to form

LUVs at 2% concentration.

Differential Scanning Calorimetry (DSC)

We performed calorimetry measurements on samples composed by DMPC LUVs in interaction with
different quantities of mesenchymal stem cells derived EVs. Specifically, EVs were added to 250 plL
of LUV solution in number (quantified by NTA) being of 5*108, 10*10% and 20*108. We underline
that NTA is sensitive to aggregates bigger than ~50 nm, while our previous investigation [5] indicated

that the used EVs sample contains also important amount of smaller objects.



DSC measurements were carried out by means of non-commercial Double Differential Scanning
Calorimeter (MASC), built at the laboratories of the IPCF (Istituto per i Processi Chimico-Fisici) at the
CNR of Pisa, Italy [16], that contains two identical cells, one with the sample in solution and the
other with a reference material that does not present phase transitions in the temperature range
to be explored, both placed in glass capillaries. Varying in a controlled manner the temperature over
time and measuring the difference between the power supplied to the two cells, it is possible to
measure the variation of specific heat. The accessible temperature range is from -20 °C to 200 °C
with a sensitivity of 0.002 °C, and power sensitivity is + 30 uW. The samples were submitted to
temperature cycles in the range: 10 °C < T < 45 °C at a scan rate of 1 °C/3 min, both in heating and
cooling modes. Before the beginning of each measurement, an isotherm of 1 h at 45°C was imposed,
to let the sample incubate and for the sample and instrument to reach the thermal equilibrium.
Before and after each cycle, an isotherm of 1800 s was imposed at the starting scanning

temperatures, that is 10°C before heating and 45°C before cooling.

Dynamic light scattering (DLS)
Dynamic light scattering measurements were performed at 90° with a non-commercial apparatus

[17] with a A =532nm Nd:YAG laser source at T=20°C.

Results

The geometric properties of amphiphilic aggregates depend on three parameters concerning the
hydrocarbon chains of the lipid core: the volume V occupied by the hydrophobic part of each
monomer (Vhyarophobic), the chain length (Ic)and the area (ao) covered by the hydrophilic head.

The packing parameter is defined as:



_ Vhydrophobic
aolc

p
In planar membranes P is equal to 1, while in curved systems P can assume values higher/lower than
1 depending on the curvature of the layer either concave or convex. In DMPC bilayer, forced to close
in LUVs, the lipid chains populating the inner layer have a higher specific volume (less ordered state)
than the outer layer ones (more ordered state), as a consequence of the molecules-imposed
geometry. The asymmetric arrangement in DMPC LUVs was recently quantified by modelling of the
gel state. [18]

The thermodynamic behavior in the melting of the same lipid can diverge depending on its starting
packing in gel phase. This peculiarity is exploited in the present investigation.

DSC measurements were performed on LUVs of DMPC at the concentration of 60 mM in ringer
buffer, before and after interaction with incremental doses of EVs. The thermotropic behavior of
lipid LUVs may depend on the used buffer. Figure 1 reports the measured specific heat capacity

ACp(T) for our system, showing similar features to DMPC LUVs in water, with measured transition

enthalpy AHc = 25.1 £ 0.5 J/g, in agreement with literature. [19]
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Figure 1: Trend of the specific heat AC, at varying temperature obtained by DSC measurements on

DMPC LUVs in ringer buffer. Scan rate 3°C/min, cooling mode.

The complexity of the enthalpic peak departs from the single steep peak observed for melting
transition of multilamellar phospholipid systems, [19, 20] highlighting a broadening of the first
order aspects of the transition in LUVs. The two main enthalpic peaks detected are centered at T=
23.24 °C and T= 23.79 °C. The interpretation of the two contributions is not trivial, but they are
known to occur in vesicles of short chain phospholipids (up to DMPC) in reasons of their degree
curvature. [12] The interpretation proposed in the past for LUVs extruded on 100 nm or 200 nm
pore sized filters that associated the two calorimetric peaks to monolamellar and multilamellar
contribution [11] can be excluded after extrusion on 80 nm sized pores membrane by SANS
evidence. [21] Previous coupled DSC and densitometry investigation [12] proposed lateral
segregation of differently dense and curved domains arising in the fluctuating membrane during the
stepwise gel—fluid transition; [22] other authors univocally interpreted [13, 14] the two peaks as

related to the inner and outer layer of the phospholipid membrane having different density/packing



geometry. As, in membrane systems, the two coexisting phases during melting/gelling transition
occur in a ‘mosaic-like model’ domains [23, 24] of the incoming phase growing in the original phase,
here, for short chain highly curved bilayer, a decoupling of the convex and concave monolayers
transition must be considered due to the fact that those facing domains have different densities in
gel phase. [18]

The peak separation will therefore be associated, in the following, to different starting packing
modes of the lipids in concave/inner and convex/outer monolayer domains. In particular, the lower
temperature peak will be related to the inner layer and the higher temperature peak to the outer

layer of the phospholipid membrane of LUVs.

DMPC + different EVs concentrations

Before performing DSC investigation on EVs-LUVs mixed systems, the effect of fusion on the LUVs
size has been investigated by DLS. EVs-LUVs mixing occurred with 1 hour incubation at 45°C. The
hydrodynamic radius, found to be 44 nm (1% polydispersity, 1.5% variance) for DMPC LUVs at 20°C,
increases up to 58 nm (1% polydispersity, 1.5% variance) after the interaction with doping EVs,
which size was found to be 120 + 50 nm. [5]

Mixing DMPC LUVs with doping amounts of EVs, we observe a modification of the shape of ACp(T).
More specifically, the effects are not the same in the two peaks, being more evident on the lower
temperature peak (Tm = 23.24°C), associated to the concave inner layer (see Table 1).

After EVs mixing (see Fig. 2), the melting temperature slightly increases both for the inner and the
outer leaflet, with a stronger effect on the inner one. The total transition enthalpy is increased by

2%. These findings suggest that in the mixed system, the DMPC phospholipids assume a more



ordered configuration in the gel phase. This feature is in agreement with the increase of

hydrodynamic radius as measured by DLS for the LUVs.
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Figure 2: Trend of AC, (T) of DMPC LUVs after addition of increasing amounts of EVs.

It is important to compare the behaviour of the systems during cooling and heating. Figure 1S of SI
reports the heating scans subsequent to the cooling ones found in figure 1. Figure 2S of the Sl shows
that the splitting of the two peaks of the melting transition (AT= 0.41 °C) is smaller than that
observed upon gelling (AT= 0.55 °C). Indeed, the gelling process requires the nucleation of the new
phase to start, oppositely to the melting one. The different splitting demonstrates that the process
associated to the low temperature peak of concave/inner layer, involves lipids less prone to
nucleate the ordered phase with respect to convex/outer lipids. This feature linked to observed
asymmetric influence of EVs on the two enthalpic peaks, suggests that the physical processes under
the two events are well distinct, and that EVs effect depends on the physical properties of the lipids

domains where they interact.
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Figure 3: Fit of ACy(T) trend for DMPC LUVs after the last EVs addition to the system.

Thus, in order to deepen the role played by EVs in interaction with lipids in different ordered states,
we followed the working hypothesis to analyze separately the two enthalpic contributions. Peak
analysis was developed on the cooling thermographs where peaks are more separated, by modeling
the trend of ACp (T) (that is Cp (T) from which a straight oblique baseline was subtracted to bring its
value to zero before and after the enthalpic peak) with a linear combination of three Lorentzians.
Indeed, beside the two main enthalpic peaks a third broad and less intense one can be distinguished
in the region of lower temperature in the main melting transition, centered around T = 22.57 °C.
The attribution of this peak is not straightforward, and our interpretation is that it may be originated

from structures other than LUVs present in the sample, or by disordered defects in the LUVs under
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study. Nonetheless, EVs components do not affect this peak, which can be modeled as conserved

during the analysis.
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Figure 4 Trend of the percentage change in thermodynamic parameters at varying EVs addition to

DMPC LUVs for the two distinguished LUVs leaflets

Figure 4 reports the trend of the percentage change in thermodynamic parameters for increasing
amount of incubated EVs distinguishing the two opposite curved layers with different degree of
order. The transition enthalpy (see Table 1) of the peak relative to the outer layer decreases by 5%
and, consistently, a slight decrease of ACp max is observed. The outer layer, which in pure DMPC
LUVs sample is in a more ordered state, is brought to a more disordered state as the amount of EVs
inserted into the sample increases. On the opposite, the inner layer transition enthalpy increases by
27%, after EVs mixing supporting the evidence of an ordering effect on the more disordered target

lipids.
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Therefore, lipids, sterols, and proteins brought by EVs, once inserted into the DMPC model
membrane reduce the disparity between the two layers. This effect is more pronounced on the
lipids belonging to the inner layer of the membrane, which before the interaction were in a more

disordered state.

Finite systems have a phase transition with a trend of specific heat described by an expanded
function if compared to ideal systems with first order transition where Cp at varying temperature is
described by a Dirac delta. For lipid bilayers, the reported broadening of the enthalpic peak is
associated to a finite, low, cooperativity of the transition. By analyzing the shape of ACy(T) it is
possible then to obtain information on the cooperativity of the transition.

Assuming to consider the transition of the inner and outer lipids as decoupled, a model of a two
states transition between the gel phase and the fluid phase, is applied following the Van't Hoff's
relation [25, 26], here reported in terms of the fractional amount of transited lipids, f, versus
temperature, allow us to estimate the cooperative units (Eq. 1). The fit of the integral of ACp (T) is

performed for each peak and

1
=1-
/ Lexp( ~HL (1- 7))

(1)

the Van't Hoff enthalpy AHvx is evaluated, together with Tm (temperature at which 50% lipids are
found in the growing phase). The number of cooperative units in the transition was obtained as the
ratio between the derived Van’t Hoff enthalpy and the measured calorimetric enthalpy.

The area-per-lipid (APL) for DMPC were obtained by molecular dynamics simulations on giant
unilamellar vesicles (GUVs) [18]. APL were calculated considering the thickness of the membrane as
the difference between the radius of the outer and inner layers, having defined the APL separately

for the inner and outer layers of the membrane and for the vesicle considered as a whole. The area
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of the cooperative unit was calculated as the product of APL and the number of cooperative units

and is reported in Table 1.

Table 1. Thermodynamic parameters obtained for the two LUVs leaflets at varying EVs content

DMPC DMPC + EVs | DMPC + EVs x 2 DMPC + EVs x4
Inner Outer Inner | Outer | Inner | Outer Inner Outer
Tmelting
23.24 23.7 23.2 23.7 23.2 23. 23.2 23.81
(£0.01 °C) 3 3.78 3.25 3.79 3.26 3.80 3.26 3.8
ACp, maximum
) 27.2 . 26.47 7 26.1 10.57 26.1
(+0.01 J/gK) 9.59 9 9.55 6 9.79 6.13 0.5 6.13
A(JIZ')” 5743 5259 5442 | 5261 | 5076 | 5261 5075 5262
AHcq 4.9 15.8 5.2 15.3 5.8 15.1 6.2 15.1
(£0.2J)/g)
AHyy
AH:q 1160 333 1040 344 875 348 811 348
Cooperative units
Area cooperative
unit 696 186 624 193 525 195 487 195
(nm?)

The inner layer transition of the empty DMPC LUVs is found to be very cooperative. The number of
cooperative units (nin) in the inner layer, found to be 1160, was then decreased as EVs were added
to the system, while for the outer layer the cooperative unit (nout) was found to be 333, almost
conserved as EVs interact with LUVs (see Table 1). The cooperative units’ value ni is very high if
compared to what is found for the whole transition, evaluated to be 187 for DMPC and decreasing
to 176 after EVs addition. However, our results compare favorably with recent measurements on
DMPC LUVs studied by adiabatic scanning calorimetry and quartz crystal microbalance with
dissipation [27] where the inner and outer events had been decoupled. The cooperative unit
corresponds to about 1% and about 0.4% of the total lipids in a layer for the inner and outer lipids

respectively. The effect of EVs is more evident on the inner lipids, originally less ordered before the
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interaction with the EVs. Indeed, a decreased cooperativity indicates an increased membrane
parcellation of the coexisting fluid and gel domains during the transition [26] that is induced by the
inclusion of EVs components in the membranes. It is possible to give a rough quantitative estimation
of the lengthening of the border of the cooperative domains implied by the decrease of units after
EVs fusion (by considering a circular geometry for the arrangement of lipids belonging to a unit). A
5% increase in edges with the first addition, a 15% with the second addition and 20% with the third
addition can be evaluated. AFM in DOPC/Sphingomyelin/cholesterol membrane, where liquid-liquid
phase separation occurs at room temperature, showed that the same EVs preferentially fused at
the phase domain borders and, remarkably, EVs fusion induced an increase of the length of domain
borders. This phenomenon was ascribed to a decrease of the line tension produced by the EVs that
eventually partially recover the thickness mismatch between the two liquid phases. In our study, we
hypothesize that an analogous landscape happens to occur inside the melting transition, where DSC
is sensitive to the thermotropic counterpart of the same rim energy decrease induced by EVs
components that broaden the transition (decreased cooperativity). It is worth wide to recall that a
dopant only amount of EVs are used, however, by acting them along a line border, a major effect is
induced.

Summing up, we recall that the broadening of the peaks shows up together with T, and AH
variation. Tm and AH increase of the concave/inner lipids population indicates that EVs imposes a
higher order/rigidity to the originally more disordered/less dense lipids on the local scale. This is
consistent with a flattening of the membrane domains, maybe helped by the domains parcellation
disclosed by peak broadening. For the convex/outer lipids Tr, increases as well, while AH decreases.
A partial redistribution of lipids between the two layers may account for the apparent AH transfer
among the two peaks, accompanying flattening. The overall increase of T and AH denotes an

ordering effect on target lipids acted by the doping EVs, also in agreement with the increased size
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of the overall vesicular aggregates. Such behavior possibly implies a decrease of lipids/domains

lateral mobility within the membrane.

Conclusions

DSC is still poorly used in the field of EVs investigation and in the study of their internalization
mechanisms, as model membranes are still poorly exploited in this expanding field, presenting
plenty of unknown aspects. We applied DSC and model membrane systems to achieve new
information on EVs internalization effects on target membrane phospholipids, starting from EVs well
characterized by us in terms of chemico-physical properties and internalization mechanisms [5].
We exploit the peculiarity of DMPC LUVs to show two distinct contributions to the enthalpic peak
of the main melting transition associated to the oppositely curved inner and outer membrane
leaflets. We can distinguish a strong effect on the lipids belonging to the inner concave layer having
lower density in the gel phase: as the amount of EVs interacting with model LUVs increases, there
is a roughly 30% increase in relative transition enthalpy. The overall outcome is an augmented
melting temperature and excess enthalpy after EVs doping, consistent with an overall flattening of
the membrane associated to lipids ordering, also in agreement with the observed increased size of
the LUVs. Such behavior possibly implies, as well, a decrease of lipids/domains lateral mobility
within the membrane. Moreover, the cooperativity of the transition was observed to decrease after
EVs fusion. This last finding strengthens previous observation [5] by AFM on liquid-liquid phase
separated complex membranes, where EVs have being observed to fuse decreasing the line tension
between liquid ordered and fluid domains, possibly partially recovering the thickness mismatch

between the two phases. In our study, the thermotropic counterpart of the same effect is seen on
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the melted/unmelted domains inside the transition as suggested by the broadening of the enthalpic
peaks.

Local fluctuations occurring at membrane melting transition, can drive the dynamical response of
EVs components in target bilayer, of importance if considered at the cell scale, where such
dynamics impact functionality.

The finding here presented may be related to the peculiarities of the EVs used for the study, and a
different situation may show up if EVs of different origin are mixed with the DMPC LUVs. Thus, our
approach can be relevant in increasing the knowledge on specific EVs fusion consequences on target
cells. In fact, not only cargo delivery may have important roles in EVs-mediated communication, but
also EVs molecules effects on target cell membrane properties. In natural membranes, those
properties have fundamental roles for the selective lateral segregation of specific molecules, and in
particular proteins [28], and this is of pivotal importance for the whole cell functionality. In this
perspective, our findings open new horizon for the investigation of the role of EVs on target cells

surface organization and functionality.
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