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The study of the dehydration process in a cell membrane allows a better understanding of how water is
bound to it. While in prior studies, cell dehydration was commonly analyzed under osmotic stress
conditions, in the present work, we focus on the dehydration driven by evaporation in a restricted
condensing environment. Using a thermogravimetry method, we studied the dehydration of Escherichia
coli through isothermal evaporation in the presence of a gas flux. To figure out the loss of mass in this
situation, we first evaluated the dynamics of water evaporation of a suspension of multilamellar
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liposomes. We found that the evaporation of liposomal suspensions composed of individual lipids is
constant, although slightly restricted by the presence of liposomes, while the evaporation of liposomal
suspensions composed of a mixture of different lipids follows an exponential decay. This is explained
considering that the internal pressure at the air—water interface is proportional to the amount of bound
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1 Introduction

Water is not only a universal solvent. Although generally not
considered in biological processes, water is an active molecule
with an important role in the structure and function of cells. In
this context, cells have developed mechanisms to preserve their
morphology and size when the extracellular surrounding is
disturbed, and hydration is threatened. It is well-known that
the high osmotic pressure in the cytoplasm is regulated by a
high hydraulic pressure through the cell membrane. Water
flows across the semipermeable membrane minimizing Gibbs
energy, from an area of lower solute concentration to one of
high concentration, until the solution concentration in both
areas is the same. This aligns with an increase of the entropy
change, which is achieved by solute solvation." As water flows
across the membrane, the solutes gain disorder, entropy
increases, and the system moves to energetic equilibrium.

A high osmotic pressure is not the only cause by which water
flows from the inside of a cell. Water can also escape by a
reduction of vapour pressure. The kinetics of this phenomenon
can be studied by analyzing the interface of a hydrated sample,
for example, a cell culture. In a typical situation, air just above
the sample is saturated with water vapour. Then, when a liquid
molecule is released from the sample interface, it can be
reflected back by the vapour phase, or it can be substituted
by another one. In other words, the existence of gas in the
environment influences the evaporation kinetics. In an
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water. The evaporation of water from a biomass sample follows this latter behaviour.

equilibrium situation, such conversion between vapour and
liquid molecules results in a final flow rate equal to zero.>*

It is well-known that dehydration in cells causes several
consequences, in particular, changes in the fluidity of the
membrane due to the increase of the packing density, and a
boost of reactive oxygen species (ROS) that leads to lipid
peroxidation, denaturation of proteins, and eventually
death.”® This has been studied in different organisms. For
instance, Acinetobacter baumannii shows a phase transition of
lipopolysaccharides (LPSs) and phospholipids during dehydra-
tion of the outer membrane. They pass from a liquid crystalline
phase to a gel phase. A. baumannii is a multi-drug resistant
bacterium that causes severe contamination in intensive care
units due to its developed exceptional mechanism of protection
against dehydration.”

Understanding the mechanisms involved in membrane
dehydration is a big challenge. While in prior studies, dehydra-
tion processes in cells were commonly analyzed under osmotic
stress conditions, in the present work, we focus on dehydration
through evaporation. We study by thermogravimetry the dehy-
dration of a E. coli membrane through isothermal evaporation
with a gas flux. The flux guaranties that only evaporation is
present (zero condensation).

Due to the fact that the lipid bilayer is the backbone of the
cell and the lipid composition determines the fluidity of
membranes, it is common to approach its study using artificial
models, and one of them is the liposome. It is composed of two
layers of lipids, which are amphiphilic molecules consisting
of a polar head-group and a hydrophobic tail with two fatty
acid chains.®
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The properties of lipids depend on the length of the tail,
head-group type, chemical structure and polarity.®® Lipid
membranes do not form in the absence of water, for its presence
guarantees their assembly and thermodynamic stability.'® Inter-
estingly, water molecules exhibit distinctive thermodynamic
properties depending on their location in the membrane.

Molecular dynamics simulations show that there are around
10 water molecules in the interphase of the membrane lipid of
which up to three of them are tightly bound to lipids, where
40 kJ mol ™" (enthalpy of vaporization at 25 °C) is necessary for
breaking the hydrogen bonds. The interphase is a region
contained between two planes (or interfaces): the internal plane
at the carbonyl group and the external slipping plane in contact
with the aqueous phase. Water inside this interphase contri-
butes to around 40% of the total bilayer thickness.'**

Hydration molecules are located on the head-groups with
free grades restricted most of the time, and their thermo-
dynamic properties contrast with respect to bulk water.'>**°
The latter is basically unaffected by the surfaces of the bio-
molecules, usually called ‘“‘free”” water.

The aim of this article is to report experimental results
obtained from thermogravimetry in the study of the dehydra-
tion process of biomembrane models as a first approximation
of a E. coli membrane, which was also considered.

2 Materials and methods
2.1 Liposome preparation

We used the following lyophilized lipids for the preparation of
liposomes: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, 14C
(DMPC), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 16C
(DPPC), purchased from Avanti Polar Lipids. Each sample of
lipid power was weighed using an analytical balance (Explorer
EX224, OHAUS) to prepare an aqueous suspension of multi-
lamellar vesicles (MLVs). The weighed lipid (3 mg) was hydrated
with 150 pL of deionized water (Milli-Q) to obtain a final
concentration of 2%. The sample was stirred with a magnetic
bar at 280 rpm for 1 h and thermalized above the melting
transition of the lipid. The liposome suspension was stored in
an amber jar until it was used.

2.2 Bacterial culture preparation

Escherichia coli K12-MG-1655 was stored in a mixture of Luria-
Bertani (LB) broth and glycerol (20%). For the experiments,
cultures were prepared by inoculating the colonies (1 mL) into a
flask containing 25 mL of the LB medium and left for incuba-
tion at 37 °C and 180 rpm. Three samples were taken every
15 minutes for measuring their optical density (OD) using a
spectrophotometer (Multiskan GO, Thermo Scientific). The
samples were used when the OD was around 0.5.

2.3 Dehydration

In order to analyze the evaporation process of biological
membranes, we studied two types of samples: a membrane
model consisting of different liposomes and E. coli biomass.
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Fig.1 Dynamics of the dehydration process of DPPC liposomes (50 pL) at
a concentration of 2%. Three samples were measured at 37 °C with a
constant helium flux (60 mL min~Y). The average and standard deviations
(due to the fact that the measurements provide many data, the errors bars
form a band) are shown. Top: Weight loss emphasizing the last few
minutes (inset). Bottom: The first derivative of the data as a function of
time. A sample of Milli-Q water is plotted as the reference.

For the model, we used two lipids to form three different
multilamellar liposomes: DMPC (whose transition tempera-
ture, Ty, is 23 °C), DPPC (T}, = 41 °C) and DMPC-DPPC mixture
(50:50). DMPC and DPPC are lipids composed of chains of 14
and 16 carbon atoms, respectively. For the biomass, we used
E. coli bacteria. The inoculated medium was poured into a
15 mL centrifuge tube and centrifuged at 4500 rpm for 10 min
to obtain a pellet. This was repeated twice to obtain a concen-
trated biomass. The measurements were carried out using a
Q500 Thermogravimetric Analyzer (TGA, TA Instruments) with
a helium flux (60 mL min~"). Thermogravimetry measurements
were performed at different temperatures above the phase
transitions of the liposomes (37 °C for DMPC, 47 °C for DPPC
and 37 °C, for DMPC-DPPC) until the samples were completely
dried. Biomass experiments were carried out at 37 °C. We made
mass loss evaluations of pure water under the same conditions
as a reference.

3 Results and discussion

The idea of using lipids of different sizes to form liposomes and
assess their effects in the evaporation of suspensions has some
precedents. Some authors have reported that water permeabil-
ity is affected when the size, charge of head-groups and chain

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Dynamics of the dehydration process of DPPC liposomes (50 pl) at
a concentration of 2%. Three samples were measured at 47 °C with a
constant helium flux (60 mL min~?). The average and standard deviations
(due to the fact that the measurements provide many data, the errors bars
form a band) are shown. Top: Weight loss emphasizing the last few
minutes (inset). Bottom: The first derivative of the data as a function of
time. A sample of Milli-Q water is plotted as the reference.

lengths are modified, whereas the bilayer thickness has poor
influence.'””'® In this context, we analyzed the evaporation of
liposomal suspensions made of DMPC and DPPC lipids, which
are different only by the length of their tails.

Evaporation measurements were performed using a helium
flux by isothermal assays at temperatures above the lipid phase
transition. The isotherms and first derivatives of the three
liposomal suspensions were plotted for each case. Fig. 1 shows
the case for the suspensions of DMPC liposomes at 37 °C by
triplicate and compared to a control sample (pure water). Note
that the stabilization of temperature occurs during the first two
minutes of the measurements. Subsequently, the mass loss is
constant for both cases, although pure water evaporates faster.
Indeed, the difference in the slopes means that liposomes
affect the evaporation of water molecules. At the end of the
process, when free water has almost vanished, the mass loss
slows down. This can be appreciated in the inset of the figure
(top) and the first derivative (bottom).

Next, we proceeded in a similar way for the DPPC liposome
suspensions, which were measured at 47 °C, see Fig. 2. As
expected, since the temperature is higher, the evaporation
process is faster than that in DMPC suspensions. However,
just before the samples completely dry out, the evaporation
again slows down. See the inset in the top panel and the first
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Fig. 3 Dynamics of the dehydration process of a DMPC-DPPC (50 :50)
mixture (50 pl) at a concentration of 2%. Three samples were measured at
37 °C with a constant helium flux (60 mL min~?). The average and standard
deviations (due to the fact that the measurements provide many data, the
errors bars form a band) are shown. Top: Weight loss as a function of time.
Bottom: The first derivative of the data as a function of time. A sample of
Milli-Q water is plotted as the reference.

derivative at the bottom panel. It is clear from the above results
that Fig. 1 and 2 show that the evaporation dynamics of drops
from these suspensions are very similar, despite the fact that
evaporation temperatures are different.

Fig. 3 depicts the mass loss and first derivative of the hybrid
sample measured at 37 °C. These results are completely con-
trasting compared to suspensions of pure liposomes, indicating
that most of their released water molecules belong to the bulk.
In this case, most of the water molecules composed the hydra-
tion shell, giving rise to restricted evaporation. This is more
evident in the first derivative. Variations in the tail size affect
the thickness of the hydrophobic region and also how the
choline region is hydrated. From molecular dynamic simula-
tions, it has been concluded that the area per lipid for DPPC is
greater than that for DMPC, with approximately 10.2 molecules
of tightly bound water for DPPC and 7.2 for DMPC."® Our
results for the DMPC-DPPC mixture (50:50) highlight this
difference. Indeed, due to the difference in the tail size, the
lipid membrane exhibits regions with protuberances, as shown
in the cartoon of Fig. 4, where the surface of the corresponding
head-groups exposed to water is larger in DPPC than that
in DMPC. Therefore, only a small quantity of water molecules
is released at the beginning of the evaporation process.
They constitute the bulk (free) water. Afterwards, the process

Soft Matter, 2023,19, 9173-9178 | 9175
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Fig. 4 Schematic picture of two different liposomes: pure (DMPC) and a mixture (DMPC—-DPPC), 50 : 50, after the phase transition (liquid or disordered).
Since the size of the lipid tails is not the same for the mixture, the hydration area around the polar heads is larger for DPPC lipids (16C, T,, = 42 °C) than
that for DMPC (14C, T, = 24 °C). Consequently, the dehydration process is completely different for the mixture with respect to the pure liposome.
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Fig. 5 Dynamics of the dehydration of a E. coli biomass measured at
37 °C with a constant helium flux (60 mL min~Y). The average and standard
deviations of three experiments (due to the fact that the measurements
provide many data, the errors bars form a band) are shown. Top:
Weight loss as a function of time. Bottom: The first derivative of the
data as a function of time. A sample of Milli-Q water is plotted as
the reference.
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is slower and slower, accounting by the evaporation of
hydration water.

Fig. 5 shows the dehydration process of E. coli biomass
performed at 37 °C. It can be observed that, despite the time of
the evaporation event and the asymptotic remaining mass are
different, there is a notable similarity between this dynamic
and that of the DMPC-DPPC mixture. We will come back later
to explain, in a detailed form (Fig. 3 and 5).

As previously mentioned, we evaluated the water loss of little
suspension drops of liposomes at temperatures above their
phase transitions.'® Before discussing the evaporation process
for these cases, it is important to describe the physical mechan-
isms behind the phenomenon. Usually, evaporation and con-
densation are mechanisms that occurs simultaneously,
according to the Hertz-Knudsen-Schrage equation,>* which
determines the net mass flow rate:

dmee 2 (MNP, P, o P )
dr  2-C\2rnR R VR K

where C. and C, are the condensation and evaporation coeffi-
cients, respectively, M is the mass per mole, R is the universal
gas constant, and P and T are the pressure and temperature for
liquid and vapour (subscripts 1 and v), respectively. In this
regard, evaporation involves complicated dynamics where
some molecules leave, and others enter in the sample. In order
to simplify the process, in the present study, our experiments
were carried out using a gas flux. This implies that all the
molecules released from the sample are carried away by the gas,
and then, the condensation coefficient is null and C, is the

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Weight loss as a function of time (continuous line) and the fitting
(dashed line) in representative cases of DMPC-DPPC and biomass. The
samples were measured at 37 °C with a constant helium flux (60 mL min~).
See the text for details.

unity. Therefore, the last equation takes a simpler form:

dmnct _ ﬁ 172 Pl (2)
dt — \2nR T2
or,
d
] (3)
where
M O\2
A= —(—— . 4
(27‘CRT1) ( )

The negative sign implies, of course, that there is always a
mass loss from the beginning to the end. Except at the very end
of the evaporation, eqn (2) perfectly describes the constant mass
loss of pure water (black lines), as observed in Fig. 1-3 and 5.

In eqn (3), P, is the inner pressure exerted by water mole-
cules on the air-water interface. Since there is bulk or free, and
bound water, we conceive P; to be constant for bulk water and
proportional to mass for bound water, this one due to the
electrostatic interaction with the head-groups of lipids. In the
case of this pressure, P, is then:

Pl = Cmnet- (5)
Employing eqn (3) and (4), we obtain:

dnpe
dt

=—A4 Cmnet. (6)

Integrating, we obtain
Mpet = Mper,e "7, 7)

where 1 = AC. We can see t, as the time when free water is
completely disappeared and bound water starts to evaporate
following an exponential decay, where My, is the amount of
bound water.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 First derivative (continuous line) of the mass loss as a function of
time and the fitting (dashed symbols) for DMPC, DPPC, DMPC-DPPC
(50:50) liposomes and biomass. All the samples were measured at 37 °C,
except DPPC (at 47 °C) with a constant helium flux (60 mL min™%). The
volume of the samples was 50 plL and the concentration was 2%.

In Fig. 6, we depict the mass loss for the DMPC-DPPC
liposomes and biomass, fitted by eqn 7. Since the mass loss
curves dmy/dt give clearer details of the transition from the
bulk to bound water, we show in Fig. 7 the experimental
derivatives fitted by the derivative of eqn (7), where p is a
sensitive parameter to describe the evaporation of bound water.
Indeed, for suspensions of pure liposomes (DMPC and DPPC),
u is larger than one (2.11 and 1.41, respectively) and for
suspensions of hybrid liposomes and biomass, p is smaller
than one (0.05 and 0.07, respectively).

Lipids have different electric dipoles that are located at the
beginning of the tails (carbonyls) and the polar head-groups.
The latter is the strongest, oriented from the phosphate group
(PO,4) to the choline group.>*?* It should be noted that the
phosphate group is a kosmotrope anion, and its small size and
high charge density lead to an intense binding of the immedi-
ate water molecules.>>*! Moreover, since its negative charge
density is greater than the positive one of the choline group, the
PO, group is able to orient the contiguous water molecules.
They constitute a hydration shell, as recently observed by Saak
et al.***> Meanwhile, the carbonyl region is the second hydra-
tion center in the lipids, because a small amount of water
molecules penetrates in this zone following a complex
dynamics, as seen in X-ray studies.'>'*?°

On the other hand, the E. coli membrane is a more complex
system.”” It is composed of different phospholipids (phospha-
tidylethanolamine, PE (57.5%), phosphatidylglycerol, PG
(15.1%), cardiolipin, CA (9.8%) and unknown (17.6%) phos-
pholipids), where PE is a zwitterionic lipid, and PG and CA are
negatively charged. This gives place to a different interaction
compared to the liposomes. While in the liposome case, the
interaction of water is with the dipolar head of the lipids, in the
cell, there are charged lipids, and therefore the electrostatic
interaction is enhanced. Additionally, this E. coli strain has
approximately 1600 proteins in its membrane.”® Such proteins
are composed of amino acids with charged side chains that

Soft Matter, 2023,19, 9173-9178 | 9177
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strongly interact with water.’ Thus, the release process of free
water in E. coli is shorter than that in the liposome case and the
residual mass is larger (at the working temperatures, some
water may not evaporate at all).

4 Conclusions

Water equilibrium within a cell is decisive for its appropriate
functioning. Studying the dehydration process in a cell
membrane allows a better understanding of such equilibrium.
While in prior studies, cell dehydration was commonly analysed
under osmotic stress conditions, in the present work, this
process was simplified by removing the contribution of water
condensation. In other words, in a restricted condensing
environment (achieved by a gas flux), water-lipid interactions
have been investigated in order to understand water permeation
and packing. In this context, several experimental methods have
been used: microturbidimetry, nuclear magnetic resonances,
differential scanning calorimetry, neutron scattering, X-ray
spectroscopy, and Fourier transform infrared spectroscopy.>®™"
We analysed the evaporation dynamics of lipid membrane
models (DMPC, DPPC and DMPC-DPPC (50:50)). We found
that evaporation depends on the location of water molecules in
the membrane. Such behaviour is driven by the electrostatic
interaction between water molecules and the lipid head-groups,
and this is clearly observed during the dehydration of the
liposomes. Our experimental and theoretical findings, using a
very simple model, allow us to understand the non-osmotic
dehydration phenomenon of a real cell membrane.
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