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ARTICLE INFO ABSTRACT

Keywords: Dimethyl Sulfoxide (DMSO) is widely used for drug delivery and in biology as a cryoprotectant because of its
Small-Angle Neutron and X-ray Scattering ability to dissolve drugs and biomolecules and due to its membrane permeating properties. Despite its extensive
(SANS-SAXS) use, it is still unclear how this solvent affects the membrane structure and whether its effect is strongly
Dynamic Light Scattering (DLS) dependent on membrane lipid composition. We employed vesicles of different complexity, from the simplest
DMSO Dimethyl Sulfoxide s o . .
Lipid vesicles mem?a?ane model (DOPC) ul? to more con?plex ones (polar lipid extract of yeasF and E. coli) in phy51olog1Fal
Solvent exchange conditions and under osmotic stress. A wide range of DMSO content was studied, from 0% to >40%, using
PBS dynamic light scattering, small-angle neutron and X-ray scattering techniques. Our results show that vesicles in
PBS maintain their integrity and structure up to 20 % DMSO, but only at higher DMSO concentrations (=40 %)
a drastic alteration of vesicle structure will occur. The main effect of DMSO appears to be a reduction in
inter-membrane distances, linked to dehydration, and therefore an increase in stacking of membranes. We
also demonstrated that DMSO’s effects on lipid vesicles generated in PBS are dependent on lipid composition,
with more complex multi-component membranes, such as lipid polar extracts, demonstrating a higher resilience
towards dehydration. Our findings highlight the importance of defining a DMSO threshold concentration that
would allow stable and defined vesicle formation for any given lipid composition.
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A. Piccinini et al.
1. Introduction

Dimethyl Sulfoxide (DMSO) is an organic polar solvent widely used
due to its ability to solubilize both polar and apolar compounds for
applications such as the delivery of hydrophobic drugs or biomolecules
(e.g. hydrophobic peptides) [1], as a solvent for fluorescent dyes [2],
as a cellular cryoprotectant and as an enhancer of membrane perme-
ability [3-5]. Its ability to enhance membrane permeability for the
delivery of transmembrane and topical drugs is widely exploited in
therapeutics [6], however, an in-depth understanding of how this sol-
vent can affect the structure of a biological membrane at the molecular
level is still lacking. In particular, it is still unclear whether DMSO
disturbs the membrane structure and to what extent this depends on
its concentration, on the membrane lipid composition and perhaps on
any osmotic stress across the membrane. Increasing our understanding
of the effect of DMSO on the membrane is particularly interesting for
applications such as drug delivery systems or drug screening in cell
systems, as this may affect efficacy of drugs and biological outcomes
of assays.

Several factors influence vesicle structure in a binary DMSO/H,0
solution. Firstly, DMSO has been shown to compete with surface water
to effectively dehydrate the lipids [7,8], which leads to an expulsion
of water from the interstitial space in multilamellar vesicles (MLVs),
decreasing the intermembrane distance [9]. Secondly, the mechanical
properties of membranes are altered, leading to a DMSO-concentration-
dependent increase in membrane permeability for smaller molecules,
water and ions [5,6], but also larger molecules such as Yo-Pro-I iodide
(a green fluorescent dye) [5]. Thirdly, the vesicle’s lipid composition
not only influences the chain melting and therefore their thermody-
namic state [6,10], but also how DMSO influences this thermodynamic
state, where a more complex membrane is more resistant to an increas-
ing DMSO concentration, potentially due to their increased bending
rigidity [6]. Notably, different DMSO concentrations can have different
or opposing effects on membranes [6,7], potentially due to competing
thermodynamic, chemical and physical forces, which necessitate the
careful examination of the DMSO effect at a defined concentration on
specific vesicles.

Membrane composition is an important factor in vesicle struc-
ture and behaviour [10,11], therefore, choosing a model system that
represents biological membranes closely is of utmost importance. In
biophysical studies, often very simple membrane models are used,
such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), which is
not physiologically relevant due to the short acyl chains and absence
of unsaturation. In contrast, 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC) with its unsaturated C;g acyl chains is a common lipid found in
mammalian membranes, and therefore represents a more biologically
relevant membrane model. We compared the effect of DMSO on the
simplest membrane model (DOPC) to more complex systems, which
are biological extract (polar lipid extracts of E. coli an yeast). Although
complex membrane models present analytical challenges, they provide
indispensable insights into the true biological effects of DMSO.

In this study, we investigated changes in lipid vesicle structures
caused by addition of DMSO in the surrounding solvent, and examined
how different membrane compositions may alter this behaviour. We
conducted our experiments to mimic physiological conditions, such
as temperature, salt concentration and osmotic shock, which are im-
portant factors that are very often underappreciated by other studies.
We employed dynamic light scattering (DLS), small-angle neutron and
X-ray scattering (SANS and SAXS) to determine structural effects on
simple and complex lipid vesicles while systematically increasing the
DMSO concentration. Our findings show that up to 20 % DMSO vesicle
structure is largely maintained, which is an important threshold for
utilization of lipid vesicles as drug delivery systems. Additionally, more
complex lipid systems, such as lipid polar extracts, are more tolerant of
DMSO as part of their solvent. Our data also show that the main effect
of DMSO on vesicles is a reduction in inter-membrane distance, which
leads to an increase in stacking.
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2. Experimental
2.1. Materials

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Cat. no. 4235-95-
4) and polar lipid extract from yeast (Cat no. 190001P) and E. coli
(Cat no. 1240502-50-4) were purchased from Sigma-Aldrich and stored
at —20°C until use. E. coli polar lipid extract is composed of PE
:PG: CL (67 %:23 %:10 % by weight), while yeast polar lipid extracts is
composited of PC: PI: PS: PE: LysoPC: LysoPE (30 %: 26 %: 8 %: 8 %:
4%: 1.4% by weight). For the SANS experiment, heavy water (D,0)
(Eurisotop, 99.9 % D) was used to prepare solutions to increase contrast
and reduce the incoherent scattering background; for all other experi-
ments, ultrapure water was used. Organic solvents were purchased from
Sigma-Aldrich. DMSO, chloroform, and methanol were used without
further purification. Syringe filters 0.22 pm were purchased from Merck
(Millex™, PVDF, Cat. no SLGVR33RS).

2.2. Methods

2.2.1. Vesicle preparation

Lipids were dissolved in a mixture of CHCl3:MeOH 2:1. Once the
lipids were dissolved, the solvent was first evaporated under a nitrogen
flow and subsequently under vacuum overnight. Lipidic solutions were
hydrated in D,0, H,O or Phosphate buffer saline (PBS) as specified
for each experiment to reach a lipid concentration of 5SmgmL~'. PBS is
composed of 137 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 1.8 mm KH,PO,
(here called “full PBS”). Seven freeze-thaw cycles were performed
to increase the monodispersity of the samples. The extrusions were
carried out at least 11 times across two polycarbonate membranes
(Whatman Cat no. WHA10417304) separated by support membranes
PE drain discs (Whatman, Cat. no. 230300). Extrusion was performed
with an Avanti Polar extruder (Cat. no. 610000) on a hot plate at
approximately 50 °C, with 50 and 80 nm pore sizes, no more than 24h
before measurements.

2.2.2. Vesicle preparation by quenching of solvent

Lipids (DOPC, E. coli and yeast polar lipid extract) were dissolved
directly in DMSO at a concentration of 20mgmL~'. In the case of E.
coli and yeast, samples were bath-sonicated for 30 min and then tip
sonicated while placed in an ice bath (BANDELIN SONOPLUS ultrasonic
processor) for 10 min using 10 s pulse sonication with 10 s waiting time,
operating at a fixed frequency of 20kHz, with the amplitude set to
20 %. The lipidic solutions were then diluted to 1 mgmL~" by a unique
and fast addition into water (fast addition), or by adding drop-wise an
aqueous solution to the concentrated lipidic stock solutions in DMSO
while vortexing, here called slow addition.

2.2.3. Dynamic light scattering

Dynamic Light Scattering (DLS), also known as Photon Correlation
Spectroscopy (PCS), is a quasi-elastic light scattering technique that
analyses temporal fluctuations in scattered light intensity. The rate at
which the resulting intensity autocorrelation function decays reflects
the Brownian motion of the particles, which is related to their diffu-
sion coefficient (D). From this, the hydrodynamic radius (Ry) can be
determined using the Stokes-Einstein equation:

kgT
671 Ry,

where kg is the Boltzmann constant, T is the temperature, # is the
dynamic viscosity of the solvent and R;, the particles’ radius.

All solutions used for the DLS analyses were degassed in the ultra-
sound bath and filtered with 0.2 um pore size syringe filters (Millex™,
PVDF, Cat. no SLGVR33RS). Lipids—aqueous samples at 0.4 mgmL™"
were extruded through a 50nm membrane using an Avanti Polar ex-
truder (Cat. no 610000). DMSO-PBS solutions were measured as a
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blank. DLS was measured on an ALV CGS-3 Compact Goniometer
System instrument (ALV GmbH, Langen, FRG) in the PSCM at ILL. The
angles tested were from 30° to 150°, every 10° or 30°, with 5 runs at 10 s
per run, using a wavelength of 632.8 nm. Measurements were performed
at 37°C in glass test tubes (75 x 10 x 1.0Boro 3,3, gIRd, rdBdn Lot.
90106007). R;, were determined for the monodisperse and polydisperse
case (PDI), with a Schulz-Zimm distribution. Details on data fitting are
provided in the supplementary information (SI results).

2.2.4. Small-angle neutron scattering

For SANS experiments, lipid vesicles were not extruded prior the
experiments for two reasons: (i) extrusion might change the overall
structure and/or shape of the vesicles, which is especially relevant in
the presence of salts; (ii) the O-range of our interest in this study is
not strongly affected by the monodispersity of the size distribution of
the vesicles and therefore does not affect the data analysis. Although
local membrane curvature may influence molecular interactions and
supramolecular organization, these curvature-dependent effects were
not considered in the present SANS analysis. Instead, we addressed
them using SAXS on extruded samples, enabling a detailed examination
of bilayer organization. SANS data were collected at SANS-I (PSI)
during beam time 20212436 using a two-dimensional 3He detector
with 128 x 128 elements of 7.5 x 7.5mm? using Quartz cells (Hellma,
type 100-QS) of 2 mm path length. Only one configuration was used to
cover the mid-Q-range between 1x10~2 and 1x 10~! A with a sample
to detector distance of 6 m. Data were reduced with BerSANS [12].

DOPC, E. coli and yeast polar lipid extract at 5mgmL~! were hy-
drated in “light PBS” having the same composition as the “full PBS”
but containing NaCl at 13.7mm instead of 137 mm, to induce osmotic
stress. Immediately before the measurements, NaCl was added to reach
a final concentration of 137 mm (‘“full” PBS). Then, DMSO in a volume
fraction of 0, 5, 10, 20, 40 and 50 % was added to the DOPC vesicles,
while for E. coli and yeast 20, 30 and 40 % were used. Aqueous solution
containing 5, 10, 20, 30, 40 and 50 % of DMSO was used as a blank.
Measurements were performed at 37 °C. Data analyses and treatments
are outlined in the supplementary material. Data remain available at
DOI: 10.13140/RG.2.2.35231.62888.

2.2.5. Small-angle X-ray scattering

SAXS data were collected at ESRF - The European Synchrotron,
Grenoble, France, on SAXS beamline ID02 (Proposal number SC-5603,
https://doi.org/10.15151/ESRF-ES-1837447272) [13,14], which is
equipped with an Eiger2 4M detector using an energy of 12.23keV
corresponding to a wavelength of 1.0137A to cover a Q-range of
5.7 % 1072 to 5.7nm~!, where Q is the magnitude of the wave vector:
0= 47” sin (g) with 4 the wavelength and 6 the scattering angle. The
sample-to-detector distance was set at 1.5m. To reduce radiation dam-
age, solutions were pushed through a 2 mm thick flow-through quartz
capillary while being measured. The azimuthally averaged 1D intensity
profiles were obtained after applying standard detector corrections
and normalization to absolute intensity. Further data processing was
performed using the SAXSutilities package. 10 frames were acquired
systematically for all samples and buffers, and buffers were always
measured between each sample measurement. After visual inspection
for radiation damage, the frames were averaged, creating uncertainties
due to the standard deviation between intensity values. The average
of the frames was subtracted from the buffers measured before and
after the sample. Reduced data can be obtained on demand, and
remain available at DOI: 10.13140/RG.2.2.35231.62888. Data analyses
were performed with SASfit [15] employing a form factor of discs
with 3 homogeneous layers (a single inner layer for the acyl chains
and two outer layers for the solvated headgroups exposed to solvent)
and a structure factor to account for multi-lamellarity (paracrystalline
model with polydispersity implemented on the discrete number of
layers) [11,16].
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DOPC, E. coli, and yeast polar lipid extract were measured at
5mgmL~! after hydration in H,O under the following conditions: (i)
addition of 5, 10, 20, 30, 40, 50 and 75 % by volume of DMSO which
were performed just before measurements; (ii) addition of DMSO at 5,
10, 20, 30, 40 and 50 % to DOPC vesicles (with an overnight incubation)
with subsequent induction of osmotic stress using PBS solution for 3 h.
A mixture of H,O containing 5, 10, 20, 30, 40, 50 and 75 % DMSO was
used as a blank. Measurements were performed at 37 °C.

3. Results and discussions
3.1. Effect of DMSO content on the vesicle’s hydrodynamic radius

The effect of different volume fractions of DMSO (ranging from
0% to 40 %) on the size distribution of DOPC vesicles was investigated
by DLS using DOPC lipid vesicles hydrated in “light PBS” in order to
facilitate extrusion at 50nm [10]. Osmotic shock was induced to the
vesicles before measurement via addition of concentrated salt (NaCl) to
reach “full PBS” content. Thereafter, DMSO at the appropriate amount
was added. The R;, was extrapolated at zero angle (see SI results for
more details). Data were fitted with I" (decay rate) and # (coherence
factor) assuming a monodisperse population, and consequently, the
mean hydrodynamic radius was derived. More fitting details are given
in the SI Results. DLS data show that R}, remains unchanged up to 20 %
DMSO, suggesting that the overall size and/or integrity of the vesicles
is maintained. On the other hand, when the amount of DMSO is > than
40 %, Ry, increases up three-fold, suggesting aggregation of vesicles. The
fitting results up to 20 % show good fit with a ;(rze 4 < 1, with values
of R;, between 58 nm and 64 nm (Table S2 and Fig. 1) with an overall
standard deviation of 1.6nm, without the need to include additional
polydispersity, suggesting a narrow range of size distribution. On the
other hand, for 40 % DMSO, a standard deviation (SD) of 39 nm is shown
with a )(rze o Of 8.4, suggesting a poorer fitting, which could be due to
the presence of bigger objects (x ~ 400 nm diameter) that could mask
the detection of smaller ones.

Our results suggest that up to 20% DMSO does not significantly
alter the hydrodynamic radius of the vesicles (Fig. 1). This is in line
with other studies, where up to 10% of DMSO was demonstrated to
cause membrane loosening, permeation, and deformability in fibrob-
lasts [6], but generally the membrane remained intact. In contrast,
a more dramatic effect is observed when DMSO is employed in an
amount greater than 40 % (approximately 6 water molecules per DMSO
molecule) where pore formation occurs, leading to rupture of the
bilayer, according to MD simulations [5]. Our DLS results provide a
systematic investigation of the effect of DMSO on the hydrodynamic
radius (R;,) of DOPC vesicles, and therefore important information on
vesicle swelling or contraction as well as aggregation, all effects that
may be detrimental to therapeutic applications as drug delivery systems
or on a research setting. The use of DOPC represents a simplified yet
reliable model for biological membranes, owing to its C;g carbon chains
and unsaturation, and the use of PBS to induce osmotic shock. This
offers new and valuable insight into the careful use of DMSO under
physiological conditions (PBS, 37°C) in a vesicle that is osmotically
shocked, and constitutes a novel contribution to the current literature
describing vesicle morphology and stability when DMSO is added to
their environment.

3.2. Concentration-dependent effect of DMSO on vesicle structure

Next, we took advantage of SAXS and SANS as techniques that
probes different and complementary features of the vesicles. Using
SANS we studied the morphology and lamellarity of vesicles repre-
sented in the mid-Q- range ( 6nm~!), which reflects the vesicles’
structure on a larger scale, sacrificing details on the bilayer structure
such as thickness, headgroups and tails, which can be better investi-
gated with X-ray scattering. We employed three different membrane
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Fig. 1. R, extrapolated at 0° by DLS investigation of DOPC vesicles hydrated in PBS with addition of DMSO from 0% to 40 %. On the X-axis is represented the
DMSO content as volume fraction, while in y-axes the hydrodynamic radius in nm. Colour code is applied along the full manuscript, 0% in grey, 5% in red, 10%
in blue, 20 % in light purple, 40 % in orange. The vertical error bars represent the SD of each single DMSO content: 0% 1.3nm, 5% 3.0nm, 10 % 0.1 nm, 20 % 3.6 nm,

40 % 39 nm.

models of varying complexity, namely (i) DOPC and polar lipid extracts
from (ii) E. coli and (iii) yeast. Lipid vesicles probed with neutrons
present the great advantage of isotope sensitivity that can be leveraged
to enhance the visibility of vesicles in the bulk medium. This can be
achieved by using deuterated water (D,0) instead of H,0O, as D,0 has
a significantly higher scattering length density (SLD = 6.36x 10~* nm~2)
compared to HyO (SLD = —0.56x 10~ nm~2); SLDs of DOPC, acyl chains
(twice C;7H33) and headgroup (C;oH;gOgNP) are respectively 0.30,
-0.21 and 1.85x 10~ nm~2; DMSO has an SLD of —0.04 x 10~ nm~2. On
the other hand, X-rays offer higher contrast between the head groups
and tails of the lipids, and by probing a much shorter O-range (~ 0.1 nm
to 2nm), we will be able to obtain significantly more detailed insights
into the features of the bilayer [17]. However, it must be considered
that in X-ray scattering, the bulk medium tends to mask the lipid overall
contrast (SLD of H,0 9.38 x 10~ nm~2, SLDs of DOPC, acyl chains and
headgroup 9.36, 7.74 and 14.25x 10~ nm~2, SLD DMSO 9.94x10~* nm~2)
SI Table S1.

The effect of different DMSO content (from 0 % to 50 %) on different
lipid vesicles (i) DOPC, (ii) E. coli, and (iii) yeast polar lipid extracts
was first evaluated with SANS. Lipid vesicles were hydrated in PBS and
osmotically shocked to mimic physiological conditions. DOPC vesicles
were extruded to increase the size homogeneity [18]. However, forc-
ing the extrusion of complex lipid mixtures in the presence of salts
can lead to the formation of highly elongated vesicles [10], caused
by the passage of the vesicles through the extruder itself. Therefore,
extrusions of vesicles generated from polar lipid extracts were avoided.
Aqueous solutions were measured, then DMSO was progressively added
to them with measurements at every step; thus, samples are getting
progressively diluted.

We note that a qualitative interpretation of the data can be mis-
leading because of the different incoherent backgrounds along the
samples caused by the different amounts of hydrogenated DMSO added
to a lipid solution in D,0O. To overcome this problem, the incoherent
background was subtracted according to the hydrogen content added
(h-DMSO) to D,O. Furthermore, the intensity was normalized by the
volume fraction of lipids as well as the square of the contrast between
the lipids and the binary solvent, which assumes that the DMSO con-
tributes exclusively to the solvent (Fig. 2) (non-treated data are shown
in SI Figure S4).

The scattering profiles of DOPC with increasing DMSO content up
to 50 % remained largely unchanged, resulting in superimposed SANS
profiles with a slope of Q=3 at low-Q, characteristic of the presence of
several bilayers (Fig. 2, green dashed line). This is in line with results
presented previously [10], where the hydration of PC vesicles in PBS
leads to MLVs or elongation of vesicles, which cannot be avoided even
with extrusion. The superimposition of the DOPC scattering profiles
for all DMSO amounts indicates no change in vesicle structure, and
therefore also seems to indicate that DMSO does cross the membrane
of DOPC vesicles.

On the other hand, when using a more complex model membrane,
such as yeast and E. coli vesicles, at up to 20% DMSO content, a Q>
slope is observed, suggesting the formation of non-stacked membranes
(Fig. 2, grey dashed line). When the DMSO content is increased > 30 %,
an increase of the slope at low-Q up to Q~° was induced, suggesting
a stacking of layers or the presence of an extended shape such as an
elongated vesicle, causing the presence of a correlated membrane due
to the proximity of their bilayers [11]. To fully understand our SANS
data, we formulated different hypotheses. The simulations for each
hypothesis can be found in Figure S3.

(i) DMSO is homogeneously distributed, both outside and inside the
vesicles, i.e. the solvent is the binary D,O-DMSO, leading to a similar
scattering profile, but with dilution and additionally a progressively
reduced contrast. This is the hypothesis used to normalize the scattering
data (Fig. 2), and is valid for DOPC at all DMSO additions where the
data completely overlap. For polar lipid extracts of E. coli and yeast
this hypothesis is only valid up to 20 %, while it is not confirmed at
concentrations >30%, where we observe a change of the slope from
02to 073,

(ii) DMSO contributes to the solvent but exclusively on the outside of the
vesicles (it does not go through the membrane), and as a result, the scat-
tering contrast will increase between the D,O core and the DMSO-D,0
solvent outside the vesicles, leading to a new scattering contribution.
This will result in a progressive increase of the slope at low-Q towards
0O~*. However, we can completely exclude this hypothesis, due to the
absence of this slope in the lower Q range of our data. Moreover, an
osmotic pressure would be created between the pure water core and
the DMSO-D, O solvent, resulting, for example, in a flattening out of
the vesicles, the evidence of which is absent in our data. A flattened
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Fig. 2. SANS profiles of MLV of DOPC (A), E. coli (B) and yeast (C) polar lipid extract with the addition of different DMSO content by volume: 0% (grey), 5%
(brown cross), 10% (purple star), 20 % (purple rhombus), 30 % (red triangles), 40 % (orange triangles), 50 % (yellow). Data were subtracted from their incoherent
background given by the respective hDMSO content, and normalized by the volume fraction of lipids and the square of the contrast between the lipids and the
binary solvent. Lines with slope at Q=2 are represented in black, at 0~3 in green, at 0~* in red.

out vesicle would result in an elongated, squeezed, or even bilamellar
vesicle. For comparison, a similar effect was described in our previous
work, where the addition of PBS exerts an osmotic pressure on vesicle
membranes [10].

(iii) DMSO preferentially locates in the membrane, but the majority is
mixed with water. This is compounded by the fact that DMSO is a good
solvent for lipids, and this would become especially apparent at high
DMSO content. The outcome would be an increase in the membrane
volume fraction and, therefore, in the scattering intensity, which we
can readily exclude based on our data.

To summarize, in DOPC membranes, DMSO permeates the bilayer
without inducing structural changes. The absence of detectable struc-
tural alterations may also be influenced by layer stacking resulting
from osmotic shock caused by salts, as we established previously [10].
In contrast, in more complex membranes, such as polar lipid extracts
from E. coli and yeast, the addition of DMSO at concentrations > 30 %
induces the formation of stacked membranes. In these systems, the
presence of cardiolipin (CL) in both E. coli and yeast membranes, which
increases the likelihood of elongated membrane morphologies [11],
may facilitate the interaction of DMSO with the membrane, altering its
structure. Once again, the present study, together with our previously
reported work [10,11] and others [6], highlights the critical impor-
tance of lipid composition and the methodology employed to form the
vesicles (i.e. hydration in absence or presence of salts, temperature,
extrusions etc.) in what type and shape of vesicle would be present in
the sample.

To further explore details on the bilayer structure such as thick-
ness, headgroups and tails of vesicles in solution with different DMSO
content, we employed SAXS and used membrane lipid compositions of
different complexity: DOPC or yeast polar lipids extract with a general
composition of PC:PI:PS:PE:LysoPC:LysoPE (30 %:26 %:8 %:8 %:4 %:1.4 %
by weight).

We first studied the addition of DMSO (from 0% to 75 % by volume
fraction) to DOPC vesicles hydrated in H,O and extruded at 80 nm. Vi-
sual inspection of our SAXS data indicated membrane correlation in all

samples, even without DMSO, as evidenced by the presence of correla-
tion peaks (humps) showing at the Q-vector values of 1 nm~! and 2nm~!
(Fig. 3A). This membrane correlation becomes more pronounced, as
evidenced by the increase in intensity of the first correlation peak
at Inm~!' at 30 and 40% DMSO (Fig. 3, red and orange curves),
until reaching a completely stacked membrane at 50 % with a very
sharp Bragg peak. This membrane correlation further increased at 75 %
DMSO, suggesting an almost crystalline structure (Fig. 3, yellow and
brown curves).

Our results indicate that the binary mixture of DMSO-H,O above
40 % is not a good solvent for vesicles, because it changes the structure
of the vesicles. The membrane correlation bump around 1 nm~' remains
initially at this position until 20 % DMSO, then shifts to higher Q, i.e.
shorter distances. In the presence of 50 % DMSO, membranes in solution
are completely stacked and become an almost crystalline structure in
75 % of DMSO.

With regards to the DOPC vesicles without DMSO, it is unclear
whether the membrane correlation is caused by the presence of spheri-
cal bilamellar vesicles (BLVs) (which should be present only as a small
fraction when hydration occurs with water [19]) or by the flattening of
the vesicles passing through the extruder, which may induce formation
of cylindrical vesicles [10]. This distinction cannot be made using our
data because we chose a shorter Q-range, which allows us to focus on
the bilayer details, but loses information on the overall shape of the
vesicles at low-Q. However, the shift towards a higher Q of the Bragg
peak at > 50 % of DMSO is undeniable. This sharp Bragg peak may be
caused by infinite stacking as a result of dehydration of the headgroup
caused by DMSO, which led to the vesicle’s structural collapse and a
decrease in inter-membrane distance. Indeed, from 0% to 50 % DMSO,
the first distance of the Bragg peak suggests that the distance from
centre to centre of the layers is ~ 4.9nm, while at 75% the distance
decreases to = 4.3 nm, confirming an increase in membrane stacking.

Data fitting was performed with SASfit [15] employing a form factor
of discs with 3 homogeneous layers (a single layer for the hydrophobic
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Fig. 3. SAXS profiles of DOPC vesicles (A) and vesicles from yeast polar lipid extract (B). Vesicles were hydrated in H,O and DMSO added subsequently: 0%
(grey), 5% (brown cross), 10% (purple star), 20 % (purple rhombus,) 30% (red triangles), 40 % (orange triangles), 50 % (yellow). Data fitting using discs with 3
shells (A, black lines) or using or ULV model (B, black lines). An incremental multiplication factor along I(Q) was applied for clarity.

part of the bilayer and two outer layers for the head groups) and a struc-
ture factor to account for multi-lamellarity (paracrystalline model with
polydispersity implemented on the discrete number of layers) [16].
Details of the fit parameters and model employed are in SI results.
Fitting of the data does not highlight any difference in the thickness
of the bilayer upon DMSO addition, with all membrane thicknesses
reported as between 3.5 nm to 3.7 nm +1. On the other hand, above 20 %
DMSO, a slight increase in the number of layers from 2 to 3 is observed,
together with a slight decrease in the distance between layers. This
suggests an increase in the stacking of layers due to the excess DMSO
(Table S3). This supports our observation regarding the position of the
first Bragg peak. Our experimental results are in line with previous
studies [20-24] where a near-constant thickness of the bilayer upon
DMSO addition was reported. However, it is in contrast with MD studies
where an increased DMSO content lead to less packed chains, causing
a progressive thinning of the membrane until pore formation [25].

Next, we performed measurements on a more complex membrane
model, yeast polar lipid extract. No evident changes in the SAXS
profile up to 40 % of DMSO were present, showing a typical scattering
profile of a unilamellar vesicle (ULVs) (Fig. 3B). We suggest that the
relative complexity of this lipid mixture, which contains all unsaturated
lipids compared to DOPC-only vesicles, together with the presence of
cardiolipin, led to the formation of ULVs in the vesicle preparation
process rather than BLV [11]. However, the SAXS profile of the vesicles
changes completely when using 50 % of DMSO, with the appearance of a
distinct Bragg peak at 1.1 nm~!, indicative of a stacked membrane with
an almost crystalline structure, similar to the peak observed for DOPC
vesicles (Fig. 3A). Data analyses were performed with SASfit, with a
core—shell model with a three-slabs model, to represent two layers for
the internal and external head-groups, and the tail as a unique layer.
Fitting parameters confirmed the qualitative data analysis, showing
no differences except for vesicles in 50 % DMSO, where the vesicle
structure is completely lost (Table S3). Fitting also revealed that the
overall membrane thickness remains unchanged up to 40 % of DMSO at
4.1 nm, values comparable with literature (Fig. 3).

Our results not only confirm the lipid-composition-dependent effect
of DMSO on altering the membrane structure but also highlight the
importance of how high the DMSO content in the solution is. In partic-
ular, high concentrations of DMSO (> 40 %) have a pronounced impact
on vesicle structure, whereas less DMSO content is well tolerated.
Secondly, we confirm that the effect of DMSO is dependent on the lipid
composition, as was also observed by a previous study [6]. The authors

demonstrate that DMSO had a greater effect on the two-membrane
system than when cholesterol was present as a third component. This
effect has been attributed to the ability of DMSO to reduce the free
volume on the bilayer of the two components, oppositely to the three-
lipidic classes one, which was attributed to the lipid specificity and
their thermodynamic properties. However, our data show a similar
effect for the simplest (DOPC) or more complex membrane model
employed (yeast). This discrepancy can likely be attributed to the use
of different amounts of DMSO in both studies as well as membrane
models with different complexities, highlighting the intricate interplay
between DMSO content in the solvent and lipid composition of the
vesicle membrane.

Our data show that the relationship between DMSO content in the
solvent and lipid composition is more convoluted than to simply look
at a one-lipid system or a mixture. When examining our SANS data,
we observe a clear difference between DOPC and yeast and E. coli
membranes when adding DMSO to the surrounding solvent, suggesting
changes at the vesicle structure. In contrast, when examining shorter
distances (range towards larger Q as observed with SAXS), we can
observe that in the presence of the more complex membrane model
(yeast), more DMSO is needed to induce the stacking of membranes
(50 %), while for DOPC changes in the membrane structure occur more
gradually. This indicates that the effect of DMSO is most prominent at
high concentrations and affects shape, morphology and lamellarity.

Importantly, our study highlights that one effect of DMSO on vesi-
cles is the reduction of membrane distances, and therefore an increase
in stacking, which is likely caused by the dehydration of the lipid mem-
branes, specifically the head groups, as was suggested before [7,26].
In the frequently studied DMPC vesicle membranes, several SAXS and
SANS studies revealed that the multilamellar repeat distance decreases
sharply with increasing DMSO concentration up to 13 % DMSO (see e.g.
[71), although the thickness of the DMPC bilayer remains unchanged up
to 30 % DMSO. This was also observed in our data using DOPC vesicles
and may point to a general phenomenon. Crucially, our comparison
with more complex membrane models such as yeast and E. coli polar
lipid extracts, which we examined with scattering techniques under a
long and a short Q range, allowed us to obtain a threshold of DMSO
concentration at which an effect on the membrane becomes apparent,
demonstrating once again the criticality in choice of the membrane
model.

The main question remaining is whether possible membrane thin-
ning and pore formation occur in the presence of high DMSO content,
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which is not observed in experimental data but is shown in MD sim-
ulations [25]. Pore formation would ultimately lead to an increase
in permeability for larger molecules and ions, but it is unclear what
the molecular determinants are that would govern this behaviour.
Therefore, we set out to verify whether DMSO could facilitate the
diffusion of PBS to the inside of the vesicles by examining the vesicle
structure using SAXS. We employed DOPC vesicles, hydrated in H,O
and incubated them for 9 h overnight with increasing amounts of DMSO
to induce permeability, followed by the addition of PBS. We expected
that, should DMSO increase the membrane permeability, the vesicles
would be more susceptible to osmotic stress caused by the PBS, which
would manifest in a change in vesicle morphology, e.g. elongation or
flattening. However, our SAXS data show that from the outset, highly
correlated membranes were formed as evidenced by two Bragg peaks
at 1.1 and 2.2nm~!, which remain unchanged up to 20% of DMSO.
However, a small shift to the right is highlighted with 40 % and 50 %
DMSO, where the Bragg peaks move to 1.2 and 2.3nm™!. This suggests
that when DMSO is added, the membrane correlation only slightly
increases (Figure S5). We conclude that the presence of MLVs, from
the start, did not allow for better visualization of whether DMSO
could further change the vesicle structure. This could be due to the
added rigidity and therefore resistance to osmotic stress afforded by
MLV formation, or that DMSO was unable to penetrate the multiple
layers in the MLV sufficiently to allow PBS to reach the core of the
vesicle and thus facilitate osmotic stress. This is compounded by the
fact that the effect of DMSO on membrane curvature remains poorly
characterized [27].

Lastly, we verified the possibility of forming lipid vesicles by ex-
change of the solvent, employing a mixture DMSO-H,O, where the
DMSO content was 5 %. Lipid vesicles of yeast polar lipids, E. coli polar
lipid extract and DOPC were dissolved in DMSO. Then, two mixing
methods were used: a “slow” addition consisted in adding drop-wise an
aqueous buffer to the lipidic stock-solution, while the “fast” addition
consisted in quickly injecting the lipidic solution into an aqueous
buffer.

Resulting vesicles were analysed with SAXS due to the sensitivity
to the eventual formation of the structure factor characteristic of BLVs
or MLVs (Figure S6). For both methods, fast and slow additions, the
formation of ULVs can be observed for the yeast polar lipid extract
only, without any correlation peak. This could be due to a higher
content of lipids with large polar head groups in the yeast polar lipid
extract, such as PI, which could promote vesicle formation. In contrast,
no ULVs were formed with DOPC and E. coli polar lipid extract, and
we obtained a very low scattering signal. We interpret this to be
due to fast aggregation and precipitation in these samples. A more
thorough and systematic study may provide additional parameters and
thresholds as to which lipid composition and preparation method may
result in the best and most reliable ULV formation. We conclude that
the lipid composition has a profound effect on whether spontaneous
vesicles (ULVs) can be formed with rapid solvent exchange. This has an
important application in the food industry [28], and for pharmaceutical
applications [29], where lipid preparation in organic solvents and rapid
solvent exchange (“solvent shifting” or “solvent quenching”) facilitates
an increased sample homogeneity [30].

4. Conclusions

Dimethyl Sulfoxide (DMSO) is ubiquitous in pharmacology and cell
biology, yet molecular insights into its membrane interactions have
historically relied on simplified models (e.g., DMPC in pure water).
In this work, we demonstrate that the structural perturbations caused
by DMSO are highly dependent on the interplay between solvent con-
centration, lipid complexity, and physiological environmental factors
(salts/osmotic stress).

By comparing DOPC with complex polar lipid extracts (yeast, E. coli)
under physiological saline conditions, we provide three key insights
that extend beyond previous literature:
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1. Robustness of the 20 % Threshold: We confirmed that vesicle in-
tegrity is maintained up to 20 % DMSO even in the presence of
osmotic shock and salts.

2. Composition defines the structural transition: We observed distinct
behaviours depending on lipid complexity. Simple DOPC vesicles
are prone to immediate stacking under osmotic stress, showing a
gradual flattening effect with increasing DMSO. In contrast, com-
plex biological extracts (yeast, E. coli) exhibit higher initial re-
silience, maintaining unilamellar morphology in PBS. However,
these complex membranes display a sharp stability threshold:
once critical DMSO concentrations are reached, they undergo a
dramatic structural collapse into stacked multilayers.

3. Mechanism of Collapse: We corroborate that the primary failure
mode at high concentrations (> 40%) of DMSO is a reduc-
tion in inter-membrane distance leading to stacking. Crucially,
we show this mechanism dominates even in high-ionic-strength
environments.

In summary, our study emphasizes the importance of preserving
physiologically relevant conditions in membrane models. We con-
ducted a mapping of the DMSO concentration thresholds at which
effects become apparent. Our findings highlight that while the specific
collapse threshold depends on lipid composition and initial structure,
20 % DMSO represents a safe operating limit for stabilizing vesicles of
varying complexity.

Finally, comparing these findings with our previous work on salt-
induced osmotic stress [10,11] highlights the critical role of membrane
permeability in vesicle stability. We previously observed that physio-
logical salts act as impermeable osmolytes, creating a strong osmotic
gradient across the bilayer that efficiently depletes the vesicle core of
water, leading to flattening or bilamellar structures even at relatively
low molar concentrations (=~ 0.15m). In contrast, DMSO is membrane-
permeable and equilibrates across the bilayer, preventing the formation
of a transmembrane osmotic gradient. Consequently, DMSO does not
mechanically flatten the vesicle; instead, it acts by directly competing
with lipid headgroups for the hydration shell. This bulk dehydration
mechanism is far less efficient than transmembrane osmotic stress,
explaining why significantly higher molar concentrations of DMSO (>
2.5m to 3.0m) are required to overcome hydration repulsion and induce
membrane stacking.

Moving forward, understanding the dynamic prerequisites to the
structural collapse of vesicles in high DMSO content is essential. We
propose that future studies employ Neutron Spin Echo (NSE) and Quasi-
Elastic Neutron Scattering (QENS) to investigate how additives such
as DMSO can alter membrane bending rigidity and lipid lateral diffu-
sion before structural failure occurs, providing a complete mechanical
picture of complex solvent-membrane interactions under physiological
stress.
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