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Abstract The purpose of this study was to examine the

direct effect of sucrose and sucralose on the main phase

transition of dipalmitoyl phosphatidylcholine (DPPC)

liposomes with differential scanning calorimetry, for use as

potential cryopreservatives for cells. Because cells are

typically treated directly with cryopreservatives and not

thermally cycled to erase thermal history, we have focused

on the impact that these sugars have on the main phase

transition during the first heating and cooling cycles. The

incorporation of sucrose appears to have very little effect

on the phase behavior of DPPC liposomes except a

broadening of the main phase transition. In contrast,

sucralose leads to a drop in the transition peak temperature

from 41.5 to 39.6 �C when there is 50 mol% sucralose

present. Further increases in sucralose concentration result

in the peak transition temperature gradually increasing

again to 41.1 �C at 87 mol% sugar. This change is

accompanied by decrease in the width of the transition,

during heating, as well as increased hysteresis. This phe-

nomenon may be due to a kosmotropic effect resulting in

partial dehydration and interdigitation of the bilayer as the

sucralose concentration is increased. These findings indi-

cate that sucralose may be useful for the cryopreservation

of cell membranes.
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Introduction

Carbohydrates are found in a wide variety of organisms

known to survive extreme conditions such as freezing,

desiccation, and/or oxygen deprivation [1]. Survival of

these organisms is directly associated with the synthesis

and accumulation of excess amounts of sugar that prevent

damage to biological membranes under such extreme

conditions. Several studies aimed at understanding this

phenomenon have indicated that carbohydrates (mono- and

disaccharides) have a significant stabilizing effect on the

physical properties of phospholipid membranes [2–4].

The thermal behavior of phospholipid bilayers has been

extensively studied, and there are many excellent reviews

describing the complex behavior of different lipid systems

[5–7].

Throughout these studies, synthetic phospholipid bilay-

ers, particularly that of 1,2-dipalmitoyl phosphatidyl-

choline (DPPC), have been used as a simple membrane

model, since it is the most abundant lipid in most

eukaryotic cells and its phase behavior is very well

understood and characterized [8]. The main phase transi-

tion of this liposome system, gel to the liquid crystalline,

occurs due to an increase in the mobility of the fatty acid

chains as a result of decreased hydrophobic van der Waals

interactions. This transition is highly sensitive to pertur-

bations such as pH, ionic strength, and the introduction of

other molecules and is relatively easily probed using dif-

ferential scanning calorimetry (DSC).

Previous studies, on various types of hydrated DPPC

systems, show that, in the presence of specific sugars (e.g.,

trehalose, sucrose, maltose, and glucose), the membrane

phase transition from the gel to liquid crystalline phase can

be significantly altered [4]. It has been suggested that

certain carbohydrates may act as substitutes for water
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molecules on the membrane surface, as well as within the

bilayer itself; effectively replacing water molecules and

stabilizing the membrane during dehydration [9–11].

According to this ‘‘water-replacement’’ hypothesis, the

sugar molecules insert themselves between the lipid head

groups within membranes, subsequently leading to the

sugars interacting with the lipids via hydrogen bonding

[9, 10]. These hydrogen bonding interactions between sugar

molecules and lipid polar head groups lead to a decrease in

the packing efficiency of the hydrocarbon chains and an

increase in the fluidity of the bilayer [10]. Additional studies

have also shown that protection of the membrane bilayer is

closely associated with the ability of certain sugars to vitrify,

forming a glassy matrix that inherently prevents leakage and

fusion in membrane bilayers [10–13].

In the present study, we focus on investigating the

effects of sucrose and its analog sucralose on hydrated

DPPC unilamellar vesicles with hopes of better under-

standing the interaction between carbohydrates and phos-

pholipid membranes.

Materials and methods

Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

were purchased from Avanti Polar Lipids (Alabaster, AL)

as lyophilized dry powders (purity[ 99 %) and were

stored at -20 �C. Sucrose was purchased from Fisher

Scientific (Hampton, NH) as a crystalline solid (purity:

ACS Certified). Sucralose (purity[ 98 %) was purchased

as an anhydrous powder from Spectrum Chemical Mfg. Co.

(New Brunswick, NJ, USA). All reagents were used

without further purification.

Preparation of unilamellar vesicles for DSC

Unilamellar vesicles were prepared by hydrating 40 mg of

dry lipid powder in 1 mL of ultrapure deionized water.

Each sample was hydrated above the main phase transition

temperature for 60 min with frequent vortexing to ensure

homogenous mixing. After hydration, each sample was

subjected to three freeze/thaw cycles using liquid nitrogen

and a dry heating block and then extruded above the Tm

using an Avanti Polar Lipids mini-extruder (Alabaster, AL)

through a 100 nm polycarbonate membrane (Whatman

Nucleopore; Clifton, NJ, USA) for a total of 15 passes

across the membrane. Following extrusion, each sample

was refrigerated overnight (4 �C) prior to the addition of

sugar.

Stock sucrose and sucralose solutions were prepared by

dissolving an appropriate amount of sugar in high-purity

deionized water. Various quantities of stock sugar were

added to 100 lL portions of previously prepared unil-

amellar liposomes, in 2.5 lL additions, approximately

every 5 min. Additional 2.5 lL aliquots of high-purity

deionized water was added to each sample to guarantee the

same final volume for each liposome/sugar solution, as

well as to ensure the desired mole percent of sugar was

obtained (0.0–87 %). Each liposome/sugar sample was

again refrigerated overnight (4 �C) prior to analysis.

Differential scanning calorimetry (DSC)

The thermotropic phase behavior of liposomes in the

absence and presence of sugar was examined using a TA

Instruments DSC Q2000 calorimeter (New Castle, DE,

USA). Each sample (10 lL) was hermetically sealed in

T-zero aluminum DSC pans. Samples were equilibrated at

30 �C for 5 min prior to analysis. Data were acquired every

0.20 s at a 2.0 �C min-1 heating and cooling rates over a

temperature range of 30–60 �C. All DSC curves were

obtained versus a reference pan containing 10 lL of

ultrapure deionized water. The onset of the main phase

transition, the peak temperature, transition width at half

height, and change in enthalpy were directly determined

and recorded for both the first heating and cooling cycles,

with TA Universal Analysis 2000 software. Reported val-

ues and standard error on the mean are for analysis of three

independent samples.

Results and discussion

DPPC–sucrose

Upon the addition of sucrose, the main phase transition

temperature for DPPC changes very little for both the first

heating (Fig. 1) and cooling cycles (Fig. 2), indicating that

sucrose exerts no substantial destabilizing or stabilizing

effect on either the gel or liquid crystalline phase of DPPC

liposomes. However, it is possible that the addition of a

molecule such as sucrose could have little or no effect on

the transition temperature but could still perturb the envi-

ronment in or around the fatty acid chains. This perturba-

tion, while leaving the main phase transition temperature

unchanged, can alter the temperature range over which the

transition occurs. In a highly ordered system, one would

expect a very narrow temperature range associated with

this melting event and that the temperature range might

increase as disorder within the fatty acid chains increases.

In order to indirectly determine the relative change in the
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order or disorder of the fatty acid chains, we obtain qual-

itative estimate of the transition cooperativity by measuring

the peak width at half peak height of the gel to liquid

crystalline main phase transition [14, 15]. As seen from the

DSC curves of the first heating and cooling cycles, the peak

width at half peak height gradually increases from 0.4 �C
to a maximum of 0.8 �C for the heating cycle and from 0.4

to 2.6 �C for the cooling cycle as sucrose concentrations

increase (Tables 1, 2).

As previously mentioned, the peak width at half height

may be used to determine the cooperativity of the melting

process and an increase in this leads us to believe that we

have perturbed the environment around the fatty acid

chains of the lipid molecules to such an extent that they are

now substantially more disordered, resulting in the main

phase transition occurring over a broader temperature

range. The induced perturbation may be due to reorgani-

zation of lipid molecules within the bilayer as a result of

the presence of the sugar near the lipid headgroup. The

likelihood, of such a hydrophilic molecule having a more

localized affect on the fatty acid chains, is very small. If

this were the case, we speculate that the sugar would likely

displace water from the headgroup region of the liposome,

leading to an increase in the transition temperature, which

is typically seen for a kosmotropic effect [16, 17].

The enthalpy of the transition was directly measured via

DSC based on the quantity of lipid used, prior to hydration
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Fig. 1 DSC curves in the heating direction (first heating cycle) of

DPPC/sucrose. The mol% of sucrose present is indicated for each

curve
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Fig. 2 DSC curves in the cooling direction (first cooling cycle) of

DPPC/sucrose. The mol% of sucrose present is indicated for each

curve

Table 1 Mean calorimetry profiles of DPPC liposomes with varying

quantities of sucrose obtained during the first heating cycle for the

main phase transition

Sucrose/mol% Tonset/�C Tm/�C DT�m/�C DH/kJ mol-1

0 41.1 ± 0.0 41.5 ± 0.1 0.4 ± 0.0 30.0 ± 0.1

17 41.3 ± 0.0 41.6 ± 0.0 0.6 ± 0.1 30.6 ± 3.6

29 41.4 ± 0.0 41.7 ± 0.0 0.6 ± 0.0 31.4 ± 3.7

38 41.4 ± 0.0 41.7 ± 0.0 0.5 ± 0.0 32.1 ± 3.7

44 41.4 ± 0.0 41.7 ± 0.0 0.6 ± 0.0 34.7 ± 4.1

50 41.1 ± 0.2 41.7 ± 0.0 0.8 ± 0.2 32.6 ± 3.9

69 41.2 ± 0.3 41.7 ± 0.1 0.7 ± 0.0 30.1 ± 3.5

81 41.5 ± 0.1 41.7 ± 0.1 0.7 ± 0.1 30.0 ± 3.5

87 41.5 ± 0.0 41.7 ± 0.1 0.8 ± 0.1 30.0 ± 3.5

Tonset temperature at which the transition begins, Tm peak transition

temperature, DT�m half width at half peak height of the transition,

DH enthalpy of transition per mol of liposome
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and extrusion. Although variations in concentration are

likely, the enthalpy of the first heating cycle remained

relatively unchanged, only varying from 30.0 kJ mol-1 to

a maximum of 34.7 kJ mol-1 (Table 1). Larger changes

are observed for the enthalpy in the cooling direction

(Table 2), and the measured enthalpies are larger than

those for heating. Because we were primarily interested in

examining the immediate effect of adding sugars on model

membranes, samples were equilibrated at 30 �C for 5 min

prior to analysis, and so, thermal history may not be

completely erased which could explain the large differ-

ences in the measured enthalpies.

One noticeable feature observed in both heating (Fig. 1)

and cooling (Fig. 2) DSC curves is the appearance of

shoulders that become more pronounced at higher sugar

concentrations. This observation may be indicative of

partial phase separation of the membrane bilayer, as this

effect has been noted with previously studied molecules

[18–21] although typically this is accompanied by a

decrease in the transition temperature [22]. A similar effect

was noticed for membranes containing cationic dimethyl-

dioctadecylammonium and trehalose 6,60-dibehenate,

although the authors were also unable to sufficiently

explain this behavior [23].

DPPC–sucralose

Sucralose would be expected to interact with model

membranes in a subtly different manner due to a slight

increase in hydrophobicity which should allow it to pene-

trate further into the membrane bilayer, subsequently

causing specific alterations in the thermotropic phase

behavior associated with the gel to liquid crystalline main

phase transition. As seen in the DSC curves (Fig. 3), a

small but significant shift in the main phase transition

temperature is observed upon the addition of sucralose, in

which the transition temperature decreases from an initial

value of 41.5–39.6 �C at 50 mol% sucralose (Table 3).

Although the overall change is small, it was repro-

ducible from sample to sample and the same trend was seen

in the onset temperature, a parameter considered to be less

dependent on sample mass [24]. This decrease in the

transition temperature is not accompanied by any signifi-

cant changes in enthalpy which would suggest that the

lipids are still ordered in the gel phase even with the

addition of the sugar and that the liquid crystalline phase is

being stabilized. It should be noted however that the

transition does become less cooperative (Table 2), indi-

cating some changes in the packing of the fatty acid chains

within the DPPC bilayer. At high concentrations of sugar,

we observe unusual behavior, during the heating cycle, as

we see the main phase transition temperature begin to

increase, almost returning to the initial value obtained in

the absence of sucralose (Fig. 3).

This increase in the main phase transition temperature is

accompanied by a simultaneous decrease in the peak width

at half peak height, indicating a more cooperative transition

Table 2 Mean calorimetry profiles of DPPC liposomes with varying

quantities of sucrose obtained during the first cooling cycle for the

main phase transition

Sucrose/mol% Tonset/�C Tm/�C DT�m/�C DH/kJ mol-1

0 41.3 ± 0.0 41.1 ± 0.0 0.4 ± 0.0 41.2 ± 1.4

17 41.5 ± 0.0 41.0 ± 0.0 0.9 ± 0.0 45.3 ± 3.1

29 41.4 ± 0.0 41.0 ± 0.1 1.1 ± 0.1 46.2 ± 3.3

38 41.5 ± 0.1 40.9 ± 0.0 1.2 ± 0.1 47.4 ± 3.2

44 41.4 ± 0.0 40.8 ± 0.0 1.3 ± 0.1 46.1 ± 3.1

50 41.3 ± 0.0 40.8 ± 0.0 1.3 ± 0.1 45.4 ± 3.5

69 41.3 ± 0.1 40.3 ± 0.2 2.1 ± 0.3 40.0 ± 0.1

81 41.3 ± 0.1 40.7 ± 0.2 2.3 ± 0.4 40.5 ± 0.3

87 41.4 ± 0.1 40.7 ± 0.2 2.6 ± 0.1 40.2 ± 0.4

Tonset temperature at which the transition begins, Tm peak transition

temperature, DT�m half width at half peak height of the transition,

DH enthalpy of transition per mol of liposome
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Fig. 3 DSC curves in the heating direction (first heating cycle) of

DPPC/sucralose. The mol% of sucralose present is indicated for each

curve
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from the gel to liquid crystalline phase. More specifically,

when 87 mol% sucralose has been added to DPPC lipo-

somes, the peak width at half peak height is only 0.1 �C
(Table 3), a significantly narrower and sharper peak than

that of aqueous DPPC liposomes. This behavior is very

unusual and may be in part due to a biphasic effect

exhibited by sucralose in the presence of DPPC liposomes,

as an initial decrease followed by an increase in the main

phase transition temperature has been previously reported

for DPPC bilayers in the presence of ethanol [25–28]. At

low sugar concentrations during the cooling cycle, a similar

trend is observed, although in this case the temperature of

the transition continues to decrease (Fig. 4; Table 4),

leading to increased hysteresis, as sugar concentration is

increased. This temperature decrease is accompanied by an

increase in the peak width at half height, indicating a

change in the environment of the fatty acid chains. This

combination of decreasing transition temperature followed

by an increase accompanied by decreasing peak width and

increased hysteresis has been taken as evidence of the

formation of an interdigitated phase in some cases.

The magnitude of the thermal hysteresis, determined

from peak temperatures, changes from an initial value of

0.5 �C, for aqueous DPPC, to 4.2 �C when 87 mol%

sucralose has been added. This trend of increasing hys-

teresis further confirmed when using onset temperatures for

the heating and cooling cycles (Tables 3, 4). When both the

hysteresis and the possible biphasic behavior are taken into

account, there is evidence strongly indicating that sucralose

is able to partition into the membrane bilayer and interact

with the fatty acid chains of the lipid molecules, resulting

in chemically induced interdigitation of DPPC bilayers by

favorably decreasing the orientation of the hydrocarbon

chains [28]. This interdigitation of the membrane bilayer

subsequently corresponds to a decrease in reversibility of

the phase transition that ultimately results in the com-

pressing of the DPPC bilayer and concomitant dehydration

[25, 28].

As mentioned earlier, shoulders appear on the main

phase transition of DPPC–sucrose curves as well as DPPC–

Table 3 Mean calorimetry profiles of DPPC liposomes with varying quantities of sucralose obtained during the first heating cycle for the main

phase transition

Sucralose/mol% Tonset/�C Tm/�C DT�m/�C DH/kJ mol-1

0 41.1 ± 0.0 41.5 ± 0.0 0.4 ± 0.0 30.0 ± 0.1

17 40.9 ± 0.1 41.2 ± 0.1 0.6 ± 0.1 30.6 ± 0.3

29 40.3 ± 0.1 40.9 ± 0.1 0.6 ± 0.0 31.4 ± 0.4

38 39.6 ± 0.0 40.2 ± 0.1 0.5 ± 0.0 32.1 ± 0.1

44 39.3 ± 0.1 39.7 ± 0.1 0.6 ± 0.0 34.7 ± 0.3

50 39.1 ± 0.1 39.6 ± 0.1 0.8 ± 0.2 32.6 ± 0.5

69 39.5 ± 0.2 40.6 ± 0.0 0.3 ± 0.1 32.6 ± 2.0

81 40.3 ± 0.1 40.9 ± 0.0 0.2 ± 0.0 32.4 ± 1.8

87 40.6 ± 0.2 41.1 ± 0.0 0.1 ± 0.0 33.0 ± 1.8

Tonset temperature at which the transition begins, Tm peak transition temperature, DT�m half width at half peak height of the transition,

DH enthalpy of transition per mol of liposome
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sucralose DSC curves, which can be suggestive of phase

separation. Previous studies investigating the addition of

trehalose to hydrated DPPC liposome bilayers suggest that

trehalose demonstrates obvious differences in the way the

sugar interacts with DPPC depending on which side of the

liposome bilayer trehalose is present in, which could pos-

sibly lead to a ‘‘double’’ phase transition or the appearance

of a shoulder [4, 17]. In order to investigate this possibility,

we prepared our liposomes in an aqueous solution of the

sugar in order to ensure encapsulation of the sugar within

the membrane, which should lead to an equal amount of

sugar on the inside and outside of the liposome bilayer. In

each case, the DSC curves from liposomes encapsulated in

sugar were almost indistinguishable from those obtained

when sugar was added after extrusion (data not shown).

Therefore, the observed shoulders appearing on the main

phase transition peaks cannot be attributed to the possible

phase separation of the membrane bilayer due to the

presence of sugar, although they could be due to the

reorganization of the lipids during the phase transition.

Conclusions

An examination of the phase behavior of model membranes

in the presence of either sucrose or sucralose revealed some

interesting details. Sucrose as expected induced very small

changes in the main phase transition behavior, except for a

significant increase in the peak width at half peak height.

This would appear to suggest that sucrose does not interact

strongly with model membranes although it can perturb the

environment of the fatty acid chains decreasing coopera-

tivity and altering the lipid packing. The addition of sucra-

lose however resulted in an initial decrease in the phase

transition temperature, followed by a rise in transition tem-

perature as the sugar concentration was further increased.

This rise in the transition temperature was accompanied by a

decrease in the peak width at half peak height and an

increase in hysteresis. The combination of these three phe-

nomena may be indicative of interdigitation of the bilayer

accompanied by partial dehydration of the membrane

through the disruption of ordered water structures near the

membrane surface [23]. Although the pre-transition could

provide additional valuable information regarding environ-

mental changes near the lipid headgroups, potentially sup-

porting our hypothesis, this transition was not observed

during these studies. Additional studies on more concen-

trated liposome systems are planned which will hopefully

allow us to observe the pre-transition.

In addition to potential use as a cryopreservative,

sucralose may be a suitable candidate for lyophilization of

liposome drug-based systems. Several previous studies

have examined the feasibility of using sugars for this

purpose, and sucrose has been shown to offer some pro-

tection to liposome complexes [29, 30], despite limited

interactions with the fatty acid chains, as shown in this

study. The enhanced interactions between sucralose and

liposomes may improve the recovery, storage lifetime, and

effectiveness of lyophilized liposome drug complexes, and

this area is worth further investigation.
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