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Abstract

Rare sugars are defined as monosaccharides and their derivatives, which rarely exist

in nature and have various beneficial effects on organisms, biomaterials and foods.

Glycolipids are composed of sugars and lipids and have been intensively studied in

various fields such as environmental engineering, nanotechnology and molecular

biology. Here, we synthesise new types of glycolipids composed of rare sugars,

glycerol and lipids (RSGLs), using 6 different types of rare sugars by combining

the modified Fischer and lipase reverse reactions. We confirm the production of

RSGLs by thin layer chromatography (TLC), Fourier-transform infrared (FT-IR)

spectroscopy and matrix assisted laser desorption/ionisation time of flight mass

spectroscopy (MALDI-TOF-MS) and investigate the cytotoxicity of RSGLs by

lactate dehydrogenase (LDH) and alamar blue assays. We successfully synthesise

novel RSGLs; i.e., D-ribose-glycorol-lipid, D-allose-glycorol-lipid, L-rhamnose-

glycorol-lipid, L-lyxorse-glycorol-lipid, L-gulose-glycorol-lipid and L-fucose-

glycorol-lipid. We finally clarify the effect of the concentration of those RSGLs
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on cytotoxicity, which is of great importance considering the utilisation of RSGLs

particularly in the field of biomedicine.

Keywords: Organic chemistry, Natural product chemistry, Materials chemistry

1. Introduction

Rare sugars, which are defined as monosaccharides and their derivatives by the In-

ternational Society of Rare Sugars (ISRS), rarely exist in nature. Several efficient

methods of producing rare sugars have been invented and established since D-taga-

tose-3-epimerase was discovered [1, 2]. Such enzymatic mass production of rare

sugars has reduced dramatically the cost of products, thanks to which the activity

of research related to rare sugars has been remarkably promoted in the world.

Rare sugars have now become one of the most common research subjects in biotech-

nology, and food and medical science since it has been revealed that rare sugars

possess various beneficial effects on medical treatment and health control such as

the suppression of hyperglycemia [3], the suppression of proliferation of cancer cells

[4] and the protection of teeth [5]. D-tagatose and D-psicose have been accepted as

“Generally Recognised As Safe (GRAS)” products by the Food and Drug Adminis-

tration (FDA) and therefore they have been actively used in various types of foods.

Rare sugars can be used for the synthesis of functional materials. For example, D-

psicose has been used for the synthesis of novel disaccharides; e.g., D-psicose disac-

charide was previously synthesised by chemical reaction [6], whereas D-xylose-D-

psicose and D-glucose-D-psicose disaccharides were, respectively, synthesised us-

ing endo-1,4-b-D-xylanase [7] and cyclomaltodextrin glucanotransferase [8].

Several chemical methods of synthesising glycolipids have been developed [9, 10,

11] and glycolipids have already been used in various research fields such as envi-

ronmental engineering [12], nanotechnology [13] and molecular biology [14]. Gly-

colipids are now expected to be utilised in biomedical fields. However, the

cytotoxicity of glycolipids has not yet been investigated although the chemical char-

acteristics and structures of synthesised glycolipids have been analysed in detail. In

this study, we synthesise new types of glycolipids composed of rare sugars, glycerol

and lipids (RSGLs) and investigate the chemical structures and cytotoxicity of

RSGLs aiming to utilise them in the fields of biotechnology and medical science

and engineering in the near future.
2. Materials and methods

We synthesised RSGLs following the procedure described by Roy et al. [15] and Co-

lombo et al. [9]. The synthetic procedure is shown in Fig. 1. We conjugated sugar
on.2018.e00861
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Fig. 1. Synthetic procedure of a glycolipid composed of D-glucose, glycerol and lipid.
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and glycerol by the modified Fischer method using D-glucose (Kanto Chemical Co.)

and 6 types of rare sugars; i.e., D-ribose (Wako Pure Chemical Industries, Ltd.), D-

allose (Tokyo Chemical Industry Co., Ltd.), L-rhamnose (Nacalai tesque), L-lyxorse

(Tokyo Chemical Industry Co., Ltd.), D-gulose (Tokyo Chemical Industry Co.,

Ltd.), and L-fucose (Nacalai Tesque, Inc.).

0.5 mol of glycerol (Wako Pure Chemical Industries, Ltd.), 2.22 mmol of each of the

above sugars and 5 mg of H2SO4-silica, which had been prepared by mixing 50 mL

of diethyl ether (Wako Pure Chemical Industries, Ltd.), 3 mL of sulphuric acid

(Wako Pure Chemical Industries, Ltd.) and 10 g of Merck 60 silica gel

(0.040e0.063 mm), were mixed and heated at 65 �C for 1.5 h with a constant stirring

and then the solvent was evaporated in vacuum. 400 mL of the reactants were

charged on the silica gel and washed twice using 1 mL of dichloromethane

(Sigma-Aldrich Co. LLC.) and 1 mL of a mixture of dichloromethane-methanol

(8:1). Then, sugar-glycerol conjugates were extracted with 2 mL of a mixture of

dichloromethane-methanol (8:3). We confirmed the production of each rare sugar-

glycerol conjugate by thin layer chromatography (TLC) (Merck 60 F254 plates

0.25 mm thickness), having placed each product on a TLC plate and developed it

with n-BuOH-EtOH-water (6:6:1). We then synthesised glycolipids composed of

rare sugars, glycerol and lipids as follows; (1) 0.39 mmol of the rare sugar-

glycerol conjugate, 1.17 mmol of 2,2,2-trifluoroethylbutyrate (Wako Pure Chemical

Industries, Ltd.) and 475 U of lipase immobilised on a macroporous acrylic resin

(Sigma-Aldrich Co. LLC.) were mixed with 2 mL of pyridine (Wako Pure Chemical

Industries, Ltd.); (2) the mixture was incubated at 45 �C for 1.5 h; and (3) the reac-

tion products were concentrated with a centrifugal evaporator and purified by silica

gel column chromatography using methanol.

We confirmed the production of each RSGL by TLC using a mixture of

dichloromethane-methanol (8:2) as an eluent. We then characterised the chemical
on.2018.e00861
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structure of each RSGL by Fourier transform infrared spectroscopy (FT-IR) (Thermo

iS50 ABX, Thermo Fisher Scientific, Inc.) and matrix assisted laser desorption/ion-

isation time of flight mass spectroscopy (MALDI-TOF-MS) (autoflex speed TOF/

TOF, Bruker, Co.). The mass spectrum of each RSGL was measured on the linear

mode, whereas the tandem mass spectrum was measured on the reflection mode.

Note that 2,5-dihydroxy benzoic acid was used as a matrix. We also investigated

the cytotoxicity of each RSGL by a lactose dehydrogenase (LDH) assay (Cytotox-

icity LDH Assay Kit-WST, Dojindo Molecular Technologies, Inc.) and alamar blue

assay (Bio-Rad Laboratories, Inc.). We cultivated IM-9 human myeloma multiple

cells in an RPMI-1640 medium (Sigma-Aldrich Co. LLC.) supplemented with

10% fatal bovine serum (Biowest), 1% streptomycin/penicillin (Life Technologies

Corporation), 1% GulutaMax (Life Technologies Corporation) and 1% sodium py-

ruvate (Life Technologies Corporation) at 37 �C for 2 days in a CO2 incubator.

The IM-9 cell suspension and 1, 5, 10, 15, 20, 25 and 30 mM of each RSGL having

been introduced into 96 wells, a mixture of the cell suspension and RSGLs were

incubated at 37 �C for 5 h in a CO2 incubator. After incubation, we estimated the

activity of LDH released from the cells by measuring absorbance at 490 nm wave-

length by a plate reader (Spectra Max i3x, Molecular Devices, LLC.). We also an-

alysed the effect of RSGLs on the metabolism of IM-9 cells by an alamar blue assay.

A mixture of the cell suspension, the concentration of which was 5 � 105 cells/mL,

and 1, 5, 10, 15, 20, 25 and 30 mM of each RSGL was incubated at 37 �C for 5 h in a

CO2 incubator and then 10 mL of alamar blue was added to the mixture. After incu-

bation of the mixture at 37 �C for 3 h in a CO2 incubator, we estimated the cell meta-

bolic activity by measuring the fluorescence of the alamar blue reagent at 560 nm

excitation and 590 nm emission wavelengths by a plate reader.

The surface tension of the media was measured by a contact angle measurement

system (DM-701, Kyowa Interface Science Co., LTD.) to investigate the depen-

dence of the surface tension of the media on the concentration of RSGLs and to

clarify the relation between the cytotoxicity of RSGLs and the surface tension of

the media.
3. Result and discussion

First of all, we confirmed by TLC that rare sugar-glycerol conjugates were produced

(see Fig. 2, where the spots indicated by arrows correspond to D-glucose-glycerol,

D-ribose-glycerol and D-allose-glycerol). The FT-IR spectra of the freeze dried

RSGLs are shown in Fig. 3. The absorption band at around 3400 cm�1 corresponds

to the O-H stretching, which is derived from rare sugars and glycerol in RSGLs,

whereas another one at 1800 cm�1 represents the ester C¼O stretching from butyrate

in RSGLs. Note that there is O-H bonds, but no C¼O bond in sugars and glycerol,

while 2,2,2-trifluoroethylbutyrate has C¼O residue, but no O-H bond.
on.2018.e00861

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00861
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 2. Glycoglycerol detected by thin layer chromatography. 1; D-glucose, 2; D-ribose, 3; D-allose, 4;

glycerol. The spots indicated by arrows represent sugar-glycerol conjugates; that is, 5; D-glucose-glyc-

erol, 6; D-ribose-glycerol, and 7; D-allose-glycerol.

Fig. 3. FT-IR spectra of freeze dried glycolipids. The spectra of RSGLs were analysed with diamond

Attenuated Total Reflection.
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Fig. 4. Mass spectra of rare sugar-glycerol-lipids measured by MALDI-TOF-MS. A. Tandem mass

spectra measured on the reflection mode. B. Mass spectra measured on the linear mode. a; D-glucose-

glycorol-lipid, b; D-ribose-glycorol-lipid, c; D-allose-glycorol-lipid, d; L-rhamnose-glycorol-lipid, e;

L-lyxorse-glycorol-lipid, f; L-gulose-glycorol-lipid, g; L-fucose-glycorol-lipid.
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The tandem mass spectra of RSGLs obtained by the reflection mode of MALDI-

TOF-MS are shown in Fig. 4A, whereas the mass spectra of RSGLs measured by

the linear mode is also presented in Fig. 4B. The mass spectra of the RSGLs pres-

ently produced agreed with those of theoretically predicted ones (Compass Isotope-

Pattern 2.0, Bruker, Co.). Thus, RSGLs were successfully synthesised for the first

time according to the spectra obtained by both FT-IR and MALDI-TOF-MS.
Fig. 5. Isomers of a glycolipid composed of D-glucose, glycerol and lipid.
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ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00861
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00861
Previous reports revealed that there are several isomers in chemically synthesised

glycolipids [9, 10, 16], and therefore it is supposed that there are also several isomers

among the present RSGLs (see Fig. 5). The structures of the RSGLs will be identi-

fied in more detail using more purified samples by nuclear magnetic resonance

(NMR) spectroscopy.

We investigated the cytotoxicity of RSGLs using IM-9 human myeloma multiple

cells by LDH and alamar blue assays as mentioned. The LDH activity and cell meta-

bolic activity are, respectively, shown in Fig. 6. The cytotoxicity of RSGLs was low

when the concentration of RSGLs was lower than 15 mM, whereas it increased as

the concentration exceeded 20 mM except for L-fucose-lipid, in which case the cyto-

toxicity increased rapidly when the concentration was over 15 mM.
Fig. 6. Cytotoxicity of rare sugar-glycerol-lipids compounds against IM-9 cells. A; Lactate dehydroge-

nase assay. The ordinate represents the level of damage to the cell membranes. B; Alamar blue assay. The

ordinate represents the metabolic activity of cells.

on.2018.e00861
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It is well known that D-allose inhibits the growth of cancer cells by overnight treat-

ment when the concentration is greater than 50 mM [4]. It was shown in the present

study that the cytotoxicity of L-fucose-lipid was higher than that of D-allose lipid

when the concentration of L-fucose lipid ranged from 15 to 25 mM. It is known

that neither sugars, excluding D-allose, nor butyrates have inhibitive effect on the

cancer growth, while in the present study RSGLs showed toxicity against IM-9 cells.

Jiang et al. demonstrated that the toxicity of rhamnolipids increased when the surface

tension of the cell culture medium was lower than 41 mN/m [17]. The dependence of

the surface tension of the media on the concentration of RSGLs produced in the pre-

sent study is shown in Fig. 7. It is clearly shown that the surface tension of the media

decreased with an increase in the concentration of RSGLs, noting that the cytotox-

icity of RSGLs also increased as the concentration of RSGLs increased, which indi-

cates that the cytotoxicity of RSGLs increases with a decrease in the surface tension

of the media. However, the surface tension of the present media was higher than 41

mN/m even when the concentration of the RSGLs was 30 mM. What is more, the

level of cytotoxicity of RSGLs was not directly related to the difference in the value

of the surface tension of the media. It is therefore supposed that the secondary struc-

tures such as micelles formed by RSGLs in the media as well as the reduction of the

surface tension of the media may be responsible for the cause of the toxicity of

RSGLs against the cells, considering the amphiphilic structures of the present

RSGLs [18].

In summary, we successfully synthesised new types of glycolipids and investigated

the cytotoxicity of those glycolipids. We will be characterising and analysing the

structures of the RSGLs in more detail by NMR spectroscopy. The mechanism of

the cytotoxic behaviour of the glycolipids is still an open question. We will also

be investigating the mechanism in detail so that the presently produced glycolipids
Fig. 7. Dependence of the surface tension of the media on the concentration of rare sugar-glycerol-lipids

dispersed in the media.
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may be utilised in biomedical fields; e.g., the present glycolipids may be used as

nano vehicles for cancer treatment.
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