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Lactulose and galacto-oligosaccharides (GOS) have been recognized as health promoting compounds due
to their recognized prebiotic capacity. In addition, because of their polyhydroxilated nature, they are
effective protectants during processes involving dehydration of lactic acid bacteria. The protective

effects of sugars have been associated with their capacity to replace water molecules from lipid

membranes and/or to form glassy matrices. Although this latter property has been previously
investigated for GOS and lactulose, the capacity of these sugars to replace water molecules was not.
Furthermore, it must be considered that GOS are usually mixtures of oligo-saccharides with different

degrees of polymerization (DP) including or excluding different amounts of mono and disaccharides, and

the effect of their composition on the GOS-membrane interaction has not been addressed so far. The
aim of the present work was to study the interaction of lactulose and GOS of different compositions
with dipalmitoylphosphatidilcholine (DPPC) membranes both in the gel (Lg) and in the liquid crystalline
phase (L,) by using infrared spectroscopy. Both GOS and lactulose interacted with the phosphate groups
of the polar head region, but only lactulose (disaccharide) penetrated into the lipid bilayers and
decreased the membrane phase transition (T,,). In contrast, GOS containing no mono and disaccharides
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were excluded from the hydrophobic region, leading to an increase of the T,. In turn, GOS containing

mono and disaccharides showed a concentration-dependent effect. The results obtained shed light on

DOI: 10.1039/c7ra01964e
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1. Introduction

Galacto-oligosaccharides (GOS) and lactulose are sugars with
recognized prebiotic properties, that is, “non-digestible food
ingredients that selectively stimulate the growth and/or activity
of one or a limited number of bacterial species already resident
in the colon, thus attempting to improve the host health”.*
From a chemical point of view, GOS are composed of a variable
number of galactose units (usually from two to ten) and
a terminal glucose unit, mostly linked by B1-4 and p1-6 bonds.>?
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the mechanisms involved in protection mediated by GOS and lactulose, thus providing support to
improve the stabilization of lactic acid bacteria.

In turn, lactulose is a disaccharide (4-O-B-p-galactopyranosyl-b-

fructose) produced by isomerization of lactose*® (Scheme 1).
The carbohydrate nature of GOS and lactulose supports their

capacity to protect lactic acid bacteria during freeze-drying®**
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Scheme 1 Schematic representation of the lactulose and GOS
molecules. For GOS, n represents the number of galactose units and it
can be within 1 and 6.
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and spray-drying."»** These protective properties can be
explained on the basis of their ability to form glassy matrices of
high viscosity and low molecular mobility, where molecular
interactions are restricted (vitrification hypothesis of lyopro-
tection)."*® The thermophysical properties of these glassy
matrices are of great importance for long term storage of
dehydrated microorganisms.>'®** However, the glassy state is
a necessary but not sufficient condition to explain the protective
capacity of sugars. Sugars can replace water molecules during
drying, thus preserving the structures and physiological func-
tions of cellular macromolecules, and precluding bacterial
damage and/or death in the dried state.’® As lipid membranes
are the main target of damage during dehydration, their inter-
action with sugars play a vital role in maintaining their struc-
tural integrity and appropriate functioning.'”*®* In the
anhydrous state, lipids are closely packed because of the loss of
hydration water from their polar head. This increases van der
Waals interactions among the hydrocarbon chains and hence,
the phase transition temperature from the gel to the liquid-
crystalline state (Tj,) also increases.’ This leads to highly
ordered lipids more closely packed, thus being more prone
to rupture and leakage after rehydration treatment of
membrane.*®

Different authors have reported that dehydrating liposomes
in the presence of disaccharides prevents leakage and fusion
during drying and storage.'®*** Sugars like trehalose or
sucrose, directly interact with the polar heads of lipids by
establishing hydrogen bonds, and replacing water molecules.
These compounds have different effects on the water bound to
carbonyls and phosphates. Trehalose replaces water molecules
both in carbonyls and phosphates. In contrast, sucrose only
replaces water molecules from phosphates, and dehydrates
carbonyls.>***

Fourier transform infrared (FTIR) spectroscopy is a powerful,
non-destructive and versatile technique, very useful for the
detection and characterization of lipid phase transitions in
model membranes, and to obtain structural and organizational
information. Because of its sensitivity to hydrogen bonds, FTIR
has been widely used to determine the interaction of sugars
with lipid membranes, thus contributing to understand the
molecular mechanisms involved in the protection mediated by
sugars.”>?® In this sense, FTIR has been used to determine the
effect of different sugars (i.e.: sucrose, trehalose, fructans) on
carbonyl and phosphate groups, as well as on the lipid package
(and thus, on their T;,).>>*

Hincha et al.*” used FTIR to investigate the interaction of
fructans and gluco-oligosaccharides with phosphates in
model systems. They also determined the capacity of these
sugars to decrease the Ty, thus explaining the protective effect
of the studied oligo-saccharides on the membrane stability
during air-drying. Using multiparametric flow cytometry, we
have recently determined that GOS and lactulose are able to
preserve membrane integrity during desiccation of Lactoba-
cillus delbrueckii subsp. bulgaricus.** However, the molecular
mechanisms involved in the interaction of GOS or lactulose
with lipid membranes have not been addressed hereto. To
shed light on these mechanisms, the aim of the present work
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was to study the molecular interaction of two GOS of different
composition (GOS Cup-Oligo H-70® and GOS Biotempo) and
lactulose with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) model systems, both in the gel (Lg) and in the liquid
crystalline phase (L,), by FTIR, as a valid approach to assess
the molecular mechanisms involved in the protection medi-
ated by GOS and lactulose.

2. Results and discussion

Investigating the shifts of the symmetric and asymmetric PO,
stretching (v,PO,” and »,,PO, ) and C=O0 stretching (vC=0)
vibrational modes (free and bound, »C=O0; and vC=Oy)
provided information about the interaction of GOS and lactu-
lose with the hydrophilic region of DPPC membranes in the gel
(25 °C), in the liquid crystalline state (50 °C) and at the transi-
tion temperature (42 °C) (Fig. 1A-C).

The position of the phosphate related bands shifted to lower
wavenumbers in the presence of 9 and 18% w/w lactulose and
GOS Biotempo at the three temperatures assayed (25, 42 and 50
°C). At 38% w/v, an opposite behavior was observed (Fig. 1A-C).
On the contrary, when the concentration of GOS Biotempo was
38% w/v, the »,PO,  was observed at higher wavenumbers
(Fig. 1C). At this concentration, no changes in the position of
the »,PO,” bands were observed in the presence of lactulose
(Fig. 1A). For GOS Cup-Oligo H-70®, v,,PO, shifted to higher
wavenumbers whereas v,PO, , did not shift. This behavior was
observed at all the three temperatures assayed (Fig. 1B).

In turn, the position of the bands ascribed to both the free
and bound C=0 groups (vC=0¢ and »C=0,,) was not modified
by the addition of both GOS (Biotempo and Cup-Oligo H-70®)
and lactulose neither in the gel nor in the liquid crystalline
phases (Fig. 1A-C).

The slight shift decrease observed at 38% w/w lactulose and
GOS, and in certain cases the shifts varying from negative to
positive values can be ascribed to a slight weakening of the
H-bonding.

We encourage to attribute the reduction of the (lipid)-PO,---
sugar or (lipid)-C=O---sugar interactions to the possible
exclusion of sugars out of the bilayer caused by very high sug-
ar : lipid ratios. This opposite effect was previously ascribed to
the interaction of sugars with biomembranes.*” In fact, it was
found that the “interaction” or “exclusion” hypotheses depend
on the sugar concentration. Moiset et al. (2014) reported the
presence of membrane defects when sugars interact with lipids.
Thus, oligo-saccharides' interaction may be conditioned by the
different hydration levels present at the phosphate groups or by
defects in the bilayer formation resulting from osmotic effects.
Moreover, the ability of sugars to modify the lateral organiza-
tion of lipids depends in great extend on their geometry and
chemical properties (reducing or not reducing mono or disac-
charides).?® The mismatch of the water network introduces an
energetically unfavorable penalty at the interface where the two
networks join.*® This behavior indicates that GOS (both Cup-
Oligo H-70® and Biotempo) and lactulose establish hydrogen
bonds with the PO, groups of the polar head of DPPC (espe-
cially in the gel state).

RSC Adv., 2017, 7, 24298-24304 | 24299
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Fig. 1 Wavenumber shifts of y*C=Os (), yC=0y, (), v,sPO,~ (a) and »,PO,~ (2), as a function of the prebiotic concentration at different
temperatures. Lactulose: (Al) 25 °C (gel state), (All) 42 °C (transition temperature) and (Alll) 50 °C (liquid crystalline state). Cup-oligo:
(Bl) 25 °C (gel state), (Bll) 42 °C (transition temperature) and (BIll) 50 °C (liquid crystalline state). Biotempo: (Cl) 25 °C (gel state), (Cll)
42 °C (transition temperature) and (Clll) 50 °C (liquid crystalline state) the value of 0 corresponds to DPPC liposomes prepared without

sugars.

Although the interaction of both types of GOS and lactu-
lose did not have any significant effect on the position of
vC=0 vibrational modes (Fig. 1A-C), different effects have
been observed when analyzing the contribution of bound and
free carbonyl populations (Fig. 2). DPPC liposomes were
composed of 72% of bound carbonyls and this percentage
slightly increased above the T, (from 72 to 80%). The
incorporation of 9% w/w lactulose did not significantly
modify the contribution of bound carbonyls. This contribu-
tion was lower than that of DPPC, when added at 20% w/w.
The addition of 38% w/w lactulose led to a continuous
increase of the hydrated population (Fig. 2A). This could be
ascribed to the increase of water in the polar head group
interface due to the insertion of this disaccharide in the
membrane.

In turn, for DPPC:GOS Cup-Oligo H-70® liposomes the
contribution of bound carbonyl population (vC=0,,) was lower
than that of DPPC liposomes in the gel phase, and was not
significantly different in the liquid crystalline phase. It was not
possible to deconvolve the »C=O band at 38% w/w GOS Cup-
Oligo H-70® because the high concentration of GOS led to an

24300 | RSC Adv., 2017, 7, 24298-24304

overlap of bands, thus making difficult the elucidation of
carbonyl and sugar bands (Fig. 2B).

In the case of GOS Biotempo, at 9% w/w the contribution of
hydrated carbonyls (vC=O0;) was higher than that in DPPC
liposomes. At 20 and 38% w/w, the behavior was similar to that
of DPPC (Fig. 2C). These results seem to indicate that the
disaccharide lactulose is the only prebiotic sugar able to insert
in the lipid membrane, when used in high concentrations (38%
w/v). In order to corroborate this hypothesis the effect of GOS
and lactulose interaction on membrane packing, was evaluated
by determining the T, as the shift of »,;CH, vibrational mode.
The CH, stretching vibrational modes give rise to bands in the
3100-2800 cm ' spectral region, with the CH, antisymmetric
and symmetric stretching modes located at ~2920 and ~2850
em™ ', respectively. The frequencies of these bands are confor-
mation sensitive and respond to temperature induced changes
of the trans-gauche ratio of carbon-carbon bonds in the acyl
chains.* An increased proportion of gauche conformers in the
acyl chains corresponds to a shift of the absorption maxima of
both CH, stretching vibrations to higher wavenumbers. The
absorption of this band shifts to higher wavenumbers when

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Contribution of »C=Oy, to the total carbonyl population at
different temperatures. (A) DPPC:lactulose, (B) DPPC:GOS Cup-Oligo
H-70®, (C) DPPC:GOS Biotempo. DPPC (#), 9% w/w (0), 19% w/w (0)
and 38% w/w (A) of sugars in DPPC:sugars' systems.

membranes become fluid, that is, when the population of gau-
che hydrocarbon chain conformation becomes higher than that
of the trans conformation. Thus, the phase change that takes
place when the hydrocarbon chains of the hydrophobic center
melt during the transition gel (Lg')-crystalline liquid (L,) phase
of the phospholipids. The frequency jump temperature corre-
sponds to the phospholipid transition temperature T;,. Coop-
erativity is a measure of the proportion of lipid chains that
simultaneously change during phase transitions.

The Ty, of DPPC membranes in the presence of different
concentrations of GOS and lactulose was determined by plotting

This journal is © The Royal Society of Chemistry 2017
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the position of the »,4CH, vibrational mode as a function of
temperature. The data were fitted with a sigmoidal function
equation (eqn (1)) using Graphpad program (version 5.01).

v = [Vmin + (Vmax - Vmin)]/{l + [IO(Tm B TW]} (1)
where v,y is the wavenumber in the gel state, vy is the
wavenumber in the liquid crystalline state, T is the temperature
in °C, Ty, is the melting temperature (°C) and g reflects the hill
slope and is equivalent to cooperativity (Fig. 3 and Table 1).

The presence of GOS Biotempo (mainly composed of oligo-
saccharides with degrees of polymerization (DP) 3 and 4: DP3
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Fig. 3 Position of the v,CH, vibrational mode as a function of
temperature for: (A) DPPC:lactulose, (B) DPPC:GOS Cup-Oligo H-
70®, (C) DPPC:GOS Biotempo. DPPC (#), 9% w/w (0), 19% w/w () and
38% w/w (2) of sugars in DPPC:sugars' systems. Experimental points
were fitted using eqn (1).
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Table 1 T,, and cooperativity (8) of the different DPPC:sugar formu-
lations obtained by fitting the experimental points of Fig. 3 using egn
(1). n.d.: not determined

Condition [Sugar]% wiw T, (°C) B R
DPPC 0 41.20 £0.08 0.90 0.99
DPPC:lactulose 9 44.33 £0.19 0.55 0.97
19 43.22 £0.22 035 0.98
38 39.48 £0.28 0.25 0.98
DPPC:Cup-oligo H-70® 9 42.06 £ 0.21  0.28  0.99
19 44.90 £0.13 0.38 0.99
38 n.d. nd. n.d.
DPPC:Biotempo 9 45.71 £0.09 0.93 0.98
19 46.25 + 0.18 0.75 0.96
38 47.75 £0.18 0.28 0.99

and DP4, see Section 4.1) led to an increase of Ty, at all the
concentrations assayed (Fig. 3C and Table 1), with an increase
in the cooperativity as a function of the concentration. Lactu-
lose had the same behavior than GOS, only at 9% w/v (Fig. 3A
and Table 1). At high concentrations (38% w/v), the Ty, value
was lower than that of DPPC. This indicates a fluidification of
the lipid bilayer in the gel state as a result of the insertion of
lactulose disaccharide in the polar head region of the
membrane. The insertion of disaccharides in lipid membranes
was previously reported for other sugars such as trehalose and
sucrose.'®*** In addition, the insertion of high concentrations
of lactulose (38% w/v) in the bilayer could be related with an
osmotic effect, thus being representative of the protective effect
during drying (Scheme 2A).

In the case of GOS Cup-Oligo H-70®, two different effects
were observed. At 9 and 19% w/w, the T, increased and coop-
erativity decreased with regard to DPPC liposomes prepared
without the addition of any sugar, and at 38% w/v a dramatically
fluidification of the gel phase were observed (Fig. 3B). This
effect could be the result of a different behavior arising from
oligo-saccharides with different degrees of polymerization.
Whereas high concentrations of GOS induce osmotic effects,
mono and disaccharides might insert into the lipid bilayer,
fluidifying the hydrophobic region (Scheme 2B). The presence
of high concentrations of Cup-Oligo H-70® and lactulose (38%
w/w) caused shifts in the vCH, vibrational modes, indicating an
increase of the contribution of gauche conformers below T,
(less order) and an increase of this contribution above Ty,. As
Cup-Oligo H-70® intercalates into the phospholipid bilayer, it
could withdraw phospholipid molecules from cooperative lipid
phase, indicating that domains are less compact and thus, with
low cooperativity for transition (8 = 0.11) (Table 1). A similar
effect on the cooperativity is observed for lactulose. However,
for GOS Biotempo, a significantly decrease of cooperativity was
observed only at 38% w/v. This is in consistent with the results
shown in Fig. 3C and 1, in which GOS containing oligo-
saccharides of higher DP (GOS Biotempo) interacted with
phosphate groups, but remained excluded because of their
incapacity to penetrate into the polar head of lipid bilayers. This
exclusion leads to a loss of water from this region and to an
increase of the T, (Scheme 2C).

24302 | RSC Adv., 2017, 7, 24298-24304
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Scheme 2 Schematic representation of the interaction of GOS and
lactulose with DPPC: (A) lactulose, (B) GOS Cup-oligo and (C) GOS
Biotempo. T, corresponds to the initial membrane transition phase
temperature and T, to final membrane transition phase temperature
points were fitted using eqn (1).

3. Conclusions

In this work, the interaction of three prebiotic oligo-saccharides
(two GOS of different composition and lactulose) with lipid
membranes has been assessed. All of them showed to interact
with the phosphate polar head groups. However, the DP of GOS
and the concentration of sugars had a differential effect on the
physico-chemical properties of carbonyls and of the hydro-
phobic region.

Taking into account these results, we can conclude that the
impact of both hypotheses of membrane protection in the dried

This journal is © The Royal Society of Chemistry 2017
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state (water replacement or vitrification) depend on the
molecular weight of the oligosaccharide under consideration.
For oligosaccharides of low DP the water replacement appears
as the predominant mechanism, whereas for those of higher
DP, the vitrification effect (by exclusion of water from the
interface) is the prevalent hypothesis.

4. Experimental
4.1 Galacto-oligosaccharides and lactulose

Two types of GOS were studied: a commercial syrup consisting
in mixtures of galacto-oligosaccharides containing galactose
and glucose as monomers (Cup Oligo H-70®, Kowa Company,
Tokyo, Japan) kindly donated by Kochi S.A. (Santiago, Chile),
and GOS Biotempo, consisting in mixtures of galacto-
oligosaccharides obtained by enzymatic synthesis and further
removal of mono and disaccharides, at Biotempo S.L.
(Guimaraes, Portugal) that were kindly donated for this study.
Cup Oligo H-70® contained 75% GOS of different degrees of
polymerization: 4% of high-molecular-weight oligo-saccharides
(DP = 5), 21% of tetrasaccharides (DP4), 47% of trisaccharides
(DP3), 23% of disaccharides (DP2) and lactose, and 5% of
monosaccharides, including glucose and galactose.”* GOS
Biotempo contained 97% GOS of different DP: 8% of penta-
saccharides (DP5), 42% of tetrasaccharides (DP4) and 47% of
trisaccharides (DP3).*

Commercial lactulose [(4-O-B-p-galactopyranosyl-(1 — 4)-B-p-
fructofuranose)] was provided by Discovery fine chemicals
(Wimborne, UK) (purity 95%).

4.2 Liposomes' preparation

Synthetic DPPC was purchased from Sigma-Aldrich (Buenos
Aires, Argentina). Lipids were dissolved in chloroform, dried
under a nitrogen stream to form a film, and left for 24 h under
vacuum to ensure the proper removal of solvents. The lipid
films were rehydrated in solutions containing 10, 20 and 38% w/
w GOS or lactulose. Multilamellar vesicles (MLV's) were
prepared by gently shaking at 50 °C (above the Ty,) for 15
minutes. The final concentration of MLV's was 50 mg mL ™~ *.3*

4.3 FTIR spectra

FTIR spectra were recorded in transmission mode in a system
continuously purged with dry air, on a Perkin Elmer GX spec-
trophotometer provided with a deuterated-triglycine sulfate
(DTGS) detector. The equipment was coupled to SPV1.0 system
that transfer energy by means of a semiconductor cell working
with the Peltier effect. The infrared spectra of liposomes were
registered on ZnSe windows, every 2 °C within the 25-50 +
0.5 °Crange. Each spectrum was recorded by co-adding 64 scans
with 1 cm ™" resolution.

Spectral analysis was carried out using Omnic v.8.3 mathe-
matical software provided by the manufacturer. The contours of
the C=0 stretching bands (vC=0) were obtained by Fourier
self deconvolution using bandwidth parameters between 18 and
20 em~ ! and a band narrowing factor of 1.6-2.2, followed by
curve fitting to obtain the band's intensities.
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Deconvolution was used to determine the position of the
bands corresponding to the two populations of carbonyl
groups reported: the non-hydrated (centered at 1742 cm™ ')
and the hydrated (centered at 1724 cm™ ') populations in the
gel state, and the non-hydrated (1737 cm™ ') and hydrated
(1722 em™') populations in the fluid state.*?® The shifts of
these two populations were studied as a function of the sugar
concentration both in the gel and in the liquid crystalline
states.

4.4 Reproducibility of the results

Mean values of the main bands in each condition (gel and
liquid crystalline states) were obtained from a total of three
independent liposome preparations. The standard deviation of
the wavenumber shift calculated from this pool of data was
about 1.5 cm ™" in all the conditions assayed.
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