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Sugars on dehydrated phospholipid bilayer: A mini 
review on its protective mechanisms

Qing Zuo, Cai Gao*

1 Introduction

Mammals lack drought - resistant genes and thus cannot 
survive under severe dehydration conditions. In contrast, certain 
organisms in nature, such as nematodes, chironomid larvae, 
and tardigrades, can endure near - complete dehydration above 
freezing temperatures, a phenomenon known as anhydro-
biosis[1]. Genomic and proteomic analyses have revealed that 
these anhydrobiotic organisms can synthesize protective small 
molecules and biomacromolecules to combat dehydration, with 
trehalose being the most prominent example. Numerous studies 
have highlighted the crucial role of sugars in maintaining the 
native structure of dehydrated phospholipid bilayers. Never-
theless, due to differences in research methods and models, 
there are significant debates. The current mainstream perspec-
tives include the Water Replacement Hypothesis (WRH), the 
Hydration Force Hypothesis (HFH), the Headgroup Bridging 
Hypothesis (HBH), and the Vitrification Hypothesis (VH), as 
depicted in Fig. 1. This review will explore these hypotheses and 
offer suggestions for future research.

2 Water replacement hypothesis

According to the WRH, sugars substitute for the lost water 
molecules that typically interact with the polar headgroups of 
lipids[2]. This interaction maintains the distance between lipids and 
prevents an increase in the transition temperature from the gel 
to the fluid phase of the bilayer. Consequently, dry membranes 
remain fluid at physiological temperatures, avoiding phase transi-
tions during rehydration. It is believed that the coexistence of fluid 
and gel phases within a membrane during rehydration can lead to 
leakage, which is detrimental to living organisms. 

The WRH has considerable experimental and molecular simulation 
supports. Infrared spectroscopy[3] and NMR[4] analysis have shown 
that trehalose interacts with DPPC through hydrogen bonding 
between the hydroxyl groups of the sugar and the polar head 
groups, potentially reducing the van der Waals interactions between 
the hydrocarbon chains of DPPC. This interaction modifies the 
spacing between the polar head groups, potentially reducing the 
van der Waals interactions between the hydrocarbon chains of 
DPPC. The specific interaction between trehalose and DPPC is 
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considered unique to trehalose, which may be a key factor in its 
ability to stabilize dry cell membranes. Tsvetkova and colleagues[5] 
also demonstrated the specific interaction between trehalose and 
phospholipid molecules. They found that when cooling DPPC 
from the liquid - crystalline state, only trehalose could retain 
some rotational mobility of the phosphate headgroups, while 
glucose and hydroxyethyl starch did not have this ability. Another 
piece of evidence supporting the WRH comes from the surface 
pressure-area isotherms and surface potential-area isotherms 
analysis, which shows that a specific ratio trehalose can bind tightly 
to the DPPC polar heads[6]. However, it should be noted that these 
experimental observations are based on simple bilayer models, and 
the results are indirect. Currently, there is a lack of direct evidence 
for the replacement of water molecules by sugar molecules in real 
cell membranes after dehydration.

Molecular Dynamics (MD) simulations are crucial in exploring 
sugar-lipid interactions as they can monitor molecular positions and 
real time changes in bilayer structure. Golovina and colleagues[2,7] 
used MD methods to study the effect of trehalose on the Per Lipid 
Area (APL) of dehydrated bilayers and found that trehalose effec-
tively prevented the reduction of the inter-bilayer spacing, thus 

effectively preventing the transition of bilayers from the liquid-crys-
talline phase to the gel phase, which is consistent with the WRH. 
Recently, Liu et al.[8] investigated the microstructural changes of 
the bilayers containing different concentrations of trehalose during 
rapid heating. They observed that trehalose partially replaced water 
molecules and effectively reduced the deformation of the bilayers 
caused by dehydration. Additionally, the order of the bilayer was 
insensitive to water content but negatively correlated with the 
trehalose content, further supporting the WRH.

3 Hydration forces hypothesis

Liquid water molecules form a complex network through 
hydrogen bonds. When this network is disrupted by a solid or 
molecular surface, a repulsive force is generated to maintain 
the hydrogen-bond network. Cells maintain a certain distance 
from each other through hydration forces, thereby preventing 
fusion or reducing contact stress. The HFH suggests that when 
phospholipid bilayers are dehydrated, sugars do not interact 
specifically with the polar head groups of phospholipids but are 
instead expelled into the interlayer space, playing a role similar 
to the hydration force produced by water molecules[9]. 

Fig. 1 Cartoon illustration depicting the hypotheses of the protection mechanism by which sugar molecules protect dehydrated cell membranes

(A) water replacement hypothesis, (B) hydration force hypothesis, (C) headgroup bridging hypothesis, and (D) vitrification hypothesis.
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Koster et al.[10] used differential scanning calorimetry to study 
the phase behavior of dehydrated DPPC and found that the 
size of the solute is a key factor determining whether it can 
remain between the bilayers during the dehydration process. 
Small-molecular-weight solutes affect lipid phase behavior 
through osmotic and volumetric effects, while larger solutes 
are excluded from the bilayers during dehydration. This 
result indirectly supports the HFH. Kent et al.[11] used neutron 
membrane diffraction technology to directly probe the location 
of trehalose in the DOPC bilayer system. They found that the 
distribution of trehalose in the DOPC system follows a Gaussian 
profile, centered in the water layer between the bilayers, with 
no preference for localizing near the lipid headgroups. This 
indicates that the bioprotective effects of trehalose at physiolog-
ically relevant concentrations result from non-specific mecha-
nisms. Another study by Kent et al. also supports the HFH, 
showing that both sucrose and trehalose are largely excluded 
from the lipid bilayers regardless of the sugar type, and there is 
no correlation between sugar distribution and lipid headgroup 
position as the hydration level changes[12].

Andersen et al.[13] reconciled the WRH and HFH. They exper-
imentally demonstrated that sugars may either bind to or be 
expelled from the lipid bilayer, depending on sugar concentration. 
Stachura et al.[14] performed MD simulations on DOPC bilayers 
at various hydration levels and sucrose contents. They found 
that the location of the sugar depends on both sugar and water 
contents: at high sucrose concentrations and low hydration levels, 
the HFF provides aa more accurate description. In contrast, at low 
sucrose concentrations, their observations align with the WRH. 
Recently, we conducted atomistic molecular dynamic simulations 
on asymmetric model bilayers mimicking the membrane of human 
red blood cells at various trehalose and water contents[15]. Hydro-
gen-bond analysis revealed that the protective ability of trehalose 
is well described by the WRH at full and low hydration, while at 
dehydration, other interaction mechanisms related to trehalose 
exclusion from the bilayer may be involved. We also unraveled 
that trehalose exclusion is not due to sugar saturation but rather 
to the reduction in hydration levels.

4 Headgroup bridging and vitrification 
hypothesis

The HBH posits that a sugar molecule can form hydrogen bonds 
with multiple phospholipid headgroups, creating bridges between 
lipid molecules. This bridging effect enhances the stability of 
the lipid bilayer, especially under conditions of dehydration[16]. 
Unlike the HFH, both the HBH and WRH emphasize the direct 
interactions between sugar and lipid molecules. The difference 
is that the WRH views sugar molecules as spacers between 
phospholipid polar headgroups, while the HBH considers the 

bridges formed by sugar molecules between lipid molecules as 
the primary factor in stabilizing the dried bilayer. Support for the 
headgroup-bridging hypothesis mainly comes from molecular 
simulation studies, such as the early series of work by Pereira 
et al.[16-17]. Currently, there are no experimental results directly 
supporting this hypothesis. 

According to the VH, the vitrification of sugars outside the cell 
membrane provides a protective barrier for the dehydrated cell 
membrane, effectively preventing it from suffering dehydration 
damage. Sun and colleagues utilized the DSC technology to inves-
tigate the protective effect of sugars on dry liposomes and observed 
that storing dry liposomes at temperatures below Tg significantly 
extended the half-life of solute retention. They believe that the 
stabilizing effect of sugar glass on dry liposomes may be related to 
the increased energy barrier for liposome fusion[18]. Another DSC 
analysis of dehydrated phosphatidylcholine revealed that sugars 
that form a glassy state during phosphatidylcholine dehydration 
can lower the Tm below the phase transition temperature of fully 
hydrated phosphatidylcholines[19]. This finding indirectly confirms 
that glass-forming sugars stabilize dehydrated phosphatidylcholines 
through their non-specific osmotic and volumetric effects, as well as 
the mechanical effects of the glassy state.

5 Summary and outlook

Anhydrobiosis organisms in nature have diverse strategies to 
resist desiccation, which function differently at different times. 
The protective mechanisms of sugars on dried cell membranes 
are likely not limited to one or a few specific types but operate 
under different conditions. Some molecular simulation and exper-
imental results support the view that these protective hypotheses 
can coexist. For example, the WRH emphasizes the interaction 
between sugars and lipids but does not exclude the role of sugars 
between membranes similar to hydration forces. Similarly, small 
sugar molecules, while acting as spacers to reduce the phase 
transition temperature of dehydrated phospholipids, may also form 
bridging hydrogen bonds with the polar head groups of phospho-
lipids. Additionally, the HFH and the VH are not be contradictory, 
as both highlight the non-specific effect of sugar molecules in 
alleviating desiccation stress between membranes. Whether 
in experimental research or molecular simulation, the currently 
constructed cell membrane models are still simplistic compared to 
real cell membranes. Most experiments and molecular simulation 
studies focus on a single type of lipid. In contrast, a typical cell 
membrane contains hundreds of different lipid molecules, along 
with various proteins and glycolipids. Moreover, these molecules 
also exhibit dual asymmetry in composition and quantity between 
the two leaflets of the membrane, and their delicate balance and 
distribution are crucial for the stability and function of the cell 
membrane. A recent MD investigation revealed that dehydration 
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causes cholesterol release from raft-like domains into the 
surrounding fluid phase[20], which was not considered in previous 
simple bilayer models. Clearly, cholesterol affects the sugar-phos-
pholipid interaction and the competition for hydrogen bonding. A 
recent MD simulation including 14 lipid species supports water 
replacement and vitrification, despite their apparent distinctions[21]. 
Future experiments and simulation studies should be directed 
to more complex models closer to real-life cell membranes to 
uncover the precise mechanisms by which sugars stabilize cell 
membranes, providing theoretical support for the drying preser-
vation of mammalian cells.
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