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Abstract 29 

Sugar fatty acid esters are an interesting class of non-ionic, biocompatible and biodegradable sugar-30 

based surfactants, recently emerged as a valid alternative to the traditional commonly employed (e.g. 31 

polysorbates and polyethylene glycol derivatives). By varying the polar head (carbohydrate moiety) 32 

and the hydrophobic tail (fatty acid), surfactants with different physicochemical characteristics can 33 

be easily prepared. While many research papers have focused on sucrose derivatives, relatively few 34 

studies have been carried out on lactose-based surfactants. In this work, we present the synthesis and 35 

the physico-chemical characterization of lactose oleate. The new derivative was obtained by 36 

enzymatic mono-esterification of lactose with oleic acid. Thermal, surface, and aggregation 37 

properties of the surfactant were studied in detail and the cytotoxicity profile was investigated by 38 

MTS and LDH assays on intestinal Caco-2 monolayers. Transepithelial electrical resistance (TEER) 39 

measurements on Caco-2 cells showed a transient and reversible effect on the tight junctions opening, 40 

which correlates with the increased permeability of 4kDa fluorescein-labelled dextran (as model for 41 

macromolecular drugs) in a concentration dependent manner. Moreover, lactose oleate displayed a 42 

satisfactory antimicrobial activity over a range of Gram-positive and Gram-negative bacteria. Overall, 43 

the obtained results are promising for a further development of lactose oleate as an intestinal 44 

absorption enhancer and/or an alternative biodegradable preservative for pharmaceutical and food 45 

applications. 46 
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1. Introduction 58 

Sugar-based surfactants are an emerging broad class of non-ionic amphiphilic molecules 59 

characterized by a carbohydrate polar moiety, linked to one or more hydrophobic alkyl or acyl chains 60 

of different lengths [1]. 61 

These surfactants have attracted great attention in different fields thanks to their promising physico-62 

chemical properties, linked to a desirable biodegradability and a safe biocompatibility profile [2, 3] 63 

Among all sugar-based surfactants, sucrose esters and alkyl glucosides are the most studied and 64 

applied derivatives, particularly in the pharmaceutical, cosmetic and food formulations [4-7].  65 

As regards the pharmaceutical perspective, this class of amphiphilic molecules can represent a 66 

suitable alternative to the commonly employed non-ionic surfactants (e.g. polysorbates). 67 

For instance, alkyl glycosides have been proposed as replacers of polysorbates in biologics 68 

commercial formulations, because of their ability not to induce progressive protein degradation or 69 

increased immunogenicity, during manufacturing or storage time prior to administration [8]. 70 

Moreover, they may prevent biologics aggregation through the formation of a hydrophilic shield 71 

around the exposed hydrophobic sites of partially folded proteins or peptides [9]. 72 

Sugar-based surfactants have been also demonstrated to modify the bioavailability of drugs in 73 

different dosage forms by influencing the absorption, penetration and dissolution of the payload [10]. 74 

As such, new amphiphilic molecules (e.g. alkyl maltosides, lactose esters, rhamnolipids) have been 75 

recently explored as permeability enhancers for biologics, to improve the absorption of 76 

macromolecular drug across the epithelia [11][12, 13]. 77 

Several molecules such as medium chain fatty acids (MCFAs), sodium N-[8-(2-78 

hydroxybenzoyl)amino] caprylate (SNAC), carnitines, bile salts or polysaccharides like chitosan have 79 

been recognised to act as permeation enhancers either by facilitating transcellular transport or 80 

modulating the paracellular route through a reversible effect on tight junctions opening [10, 14, 15].  81 

Among the biological properties, sugar-based surfactants also exhibit an interesting antimicrobial 82 

activity, mainly due to the interactions of the surfactants with cell membranes of bacteria [16]. An 83 

antiproliferative action has been also observed, which is also attributable to the interaction/inhibition 84 

of these amphiphiles with enzymes involved in the mono/oligosaccharides microbial metabolism. 85 

[17]. 86 

Despite the conspicuous evidences available in the literature about the potential use of sugar-based 87 

surfactants for pharmaceutical applications, a limited number of studies has been performed regarding 88 

lactose-based surfactants in this field [18]. 89 

Our group previously demonstrated the permeability enhancing effect and the antibacterial activity 90 

of novel unsaturated fatty acid monoesters based on lactose as polar moiety. Specifically, the 91 
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synthesized lactose palmitoleate and lactose nervonate showed a marked effect on the permeability 92 

of fluorescein isothiocyanate-labeled ovalbumin across Caco-2 cell monolayer at not-toxic 93 

concentrations and resulted to be more effective than parabens as preservatives [19].  94 

This paper reports, for the first time, the synthesis and characterization of a new lactose derivative 95 

obtained from the enzymatic mono-esterification of lactose with the oleic acid. The chemo- and 96 

regioselective mild esterification of lactose was ensured by Lipozyme®, an immobilized lipase 97 

obtained from Mucor miehei. The use of biocatalysts to promote ester formation is an example of 98 

achievable sustainable chemistry in the field of surfactants synthesis. 99 

The oleic acid was selected as unsaturated fatty acid due to its well-characterized absorption 100 

enhancing properties [20]. Moreover, it has an intermediate hydrophobic chain length (C18) that lies 101 

between the previously investigate palmitoleic (C16) and nervonic (C24) acids [19]. 102 

Lactose oleate (URB1383) was successfully synthetized and widely characterized in terms of 103 

physicochemical properties (nuclear magnetic resonance, NMR; mass spectrometry, MS; infrared 104 

spectroscopy, IR; differential scanning calorimetry, DSC; dynamic light scattering, DLS). 105 

Further experiments were performed to assess the cytotoxicity profile (MTS and LDH assays) of this 106 

lactose-based surfactant and to evaluate its possible use in pharmaceutical formulations as 107 

macromolecular absorption enhancer (Trans-Epithelial Electrical Resistance measurements, TEER; 108 

and fluorescent-labelled dextran 4kDa permeability studies on Caco-2 cell monolayers) and 109 

preservative agent (Minimum Inhibitory Concentration, MIC). 110 

 111 

2. Material and methods  112 

2.1 Materials 113 

Oleic acid was purchased from TCI, lactose monohydrate from Carlo Erba, while Lipozyme® 114 

(immobilized from Mucor miehei), p-toluenesulfonic acid, 2,2-dimethoxypropane, tetrafluoroboric 115 

acid diethyl ether complex and all organic solvents used in the study were purchased from Sigma. 116 

Prior to use, acetonitrile was dried with molecular sieves with an effective pore diameter of 4 Å and 117 

toluene was saturated with water. Caco-2 cells were obtained from the European Collection of Cell 118 

Cultures. Dulbecco’s Modified Eagles Medium (DMEM), Hank’s Balanced Salt Solution (HBSS, 119 

with sodium bicarbonate and without phenol red), non-essential amino acids (100%), L-glutamine 120 

(200 mM), fetal bovine serum (FBS), antibiotic/antimycotic solution (10–12,000 U/mL penicillin, 121 

10–12 mg/mL streptomycin, 25–30 μg/mL amphotericin B), trypsin–EDTA solution (2.5 mg/mL 122 

trypsin, 0.2 mg/mL EDTA) and fluorescein isothiocyanate-labelled dextran (FD-4) were supplied by 123 

Sigma (Poole, UK). MTS reagent, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-124 

sulfophenyl)-2H-tetrazolium (commercially known as CellTiter96® AQueous One Solution Cell 125 
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Proliferation Assay) was purchased from Promega (USA). Tissue culture flasks (75 cm3 with 126 

ventilated caps), black 96-well plates and Transwell® inserts (12 mm diameter, 0.4 μm pore size, were 127 

purchased from Corning (USA).  128 

 129 

2.2 Synthesis of (Z)-6’-O-octadec-9-enoyl-4-O-(3’,4’-O-isopropylidene--D-galactopyranosyl)-130 

2,3:5,6-di-O-isopropylidene-1,1-di-O-methyl-D-glucopyranose (3). 131 

Lipozyme® (0.078 g) was added to a solution of oleic acid (1) (0.223 g, 0.79 mmol, 0.249 mL) and 132 

4-O-(3’,4’-O-isopropylidene-β-D-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-1,1-di-O-methyl-133 

D-glucopyranose (lactose tetra acetate, LTA, previously synthesized according to [21]) (2) (0.401 g, 134 

0.79 mmol) in water-saturated toluene (50% v/w) (0.5 mL) at 25 °C [19]. The mixture was stirred at 135 

75 °C for 12 h, cooled, diluted with acetone, then filtered, and the filtrate was concentrated. The 136 

purification of the residue by column chromatography (cyclohexane/ethyl acetate 8:2) gave 3 as a 137 

pale yellow oil. Yield: 62% (0.379 g). 1H NMR (400 MHz, MeOD) : 0.92 (t, 3H, J = 7.0 Hz, CH3), 138 

1.29-1.38 (m, 26H), 1.39 (s, 3H, CH3), 1.41 (s, 3H, CH3), 1.44 (s, 3H, CH3), 1.49 (s, 3H, CH3),1.59-139 

1.70 (m, 2H, CH2CH2COOR), 2.01-2.09 (m, 4H, CH2CH=CHCH2), 2.40 (t, 2H, J = 7.0 Hz, 140 

CH2COOR), 3.30-3.47 (m, 6H, 2 -OCH3), 3.47 (dd, 1H, J8-9 = 7.0 Hz, J8-7 = 8.0 Hz, H8), 3.91 (dd, 141 

1H, J4-3 = 1.5 Hz, J4-5 = 6.0 Hz, H4), 4.04 (ddd, 1H, J11-12a = 1.5 Hz, J11-10 = 2.5 Hz, J11-12b = 6.8 Hz, 142 

H11), 4.05 (dd, 1H, J6b-5 = 6.0 Hz, J6b-6a = 8.5 Hz, H6b),4.08 (dd, 1H, J9-10 = 5.5 Hz, J9-8 = 7.0 Hz, H9), 143 

4.14 (dd, 1H, J3-4 = 1.5 Hz, J3-2 = 7.6 Hz, H3), 4.17 (dd, 1H, J6a-5 = 6.0 Hz, J6a-6b = 8.5 Hz, H6a), 4.21 144 

(dd, 1H, J10-11 = 2.5 Hz, J10-9 = 5.5 Hz, H10), 4.27 (dd, 1H, J12b-11 = 6.8 Hz, J12b-12a = 11.5 Hz, H12b), 145 

4.30 (dd, 1H, J12a-11 = 1.5 Hz, J12a-12b = 11.5 Hz, H12a), 4.31 (ddd, J5-4 ≅ J5-6a ≅ J5-6b = 6.0 Hz, H5), 4.41 146 

(d, 1H, J1-2 = 6.4 Hz, H1), 4.49 (d, 1H, J7-8 = 8.0 Hz, H7), 4.51 (dd, 1H, J2-1 = 6.4 Hz, J2-3 = 7.5 Hz, 147 

H2), 5.35 (ddd, 1H, J22-23a ≅ J22-23b = 6.0 Hz, J22-21 = 11.0 Hz, CH=CH), 5.39 (ddd, 1H, J21-20a ≅ J21-148 

20b = 6.0 Hz, J21-22 = 11.0 Hz, CH=CH) ppm. 13C NMR (400 MHz, MeOD) : 13.0, 22.3, 24.2, 24.6, 149 

25.1, 25.5, 25.6, 26.2, 26.7, 26.7, 27.0, 28.8, 28.8, 28.9, 28.9, 29.0,29.2, 29.4, 29.4, 31.7, 33.5, 53.0, 150 

55.1, 63.0, 65.5, 70.8, 73.3, 73.5, 75.4, 76.4, 76.8, 77.6, 79.4, 103.1, 105.7, 108.4, 109.7, 109.8, 129.4, 151 

129.5, 173.8 ppm. ESI-MS: m/z 772 (M-H)–. IR (Nujol): 2955, 1730, 1711 cm-1. 152 

 153 

2.3 Synthesis of (Z)-6’-O-octadec-9-enoyl-4-O-(-D-galactopyranosyl)-D-glucopyranose (4, 154 

URB1383, lactose oleate).  155 

3 (0.332 g, 0.43 mmol) was dissolved in tetrafluoroboric acid diethyl ether complex/water/acetonitrile 156 

(3.5 mL, 1:5:500) and the mixture was stirred at 30 °C for 4 h. The product precipitated during the 157 

reaction as white solid were subsequently filtered, washed with acetonitrile, and then dried. The 158 
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purification by recrystallization from methanol gave 4 (Scheme 1) as white solid. Yield: 30% (0.078 159 

g). 1H NMR (400 MHz, DMSO) : 0.86 (t, 3H, J = 6.5 Hz, CH3), 1.16-1.36 (m, 20H, (-CH2-)n), 1.47-160 

1.57 (m, 2H, CH2CH2COOR), 194-2.04 (m, 4H, CH2CH=CHCH2 ), 2.30 (t, 2H, J = 7.5 Hz, 161 

CH2COOR), 3.17 (ddd, 1H, J2-1 = 4.0 Hz, J2-OH2 = 7.0 Hz, J2-3 = 9.5 Hz, H2), 3.27 ( dd, 1H, J4-3 ≅ J4-162 

5 = 9.5 Hz, H4), 3.32-3.38 (m, 2H, H8, H9), 3.57 ( dd, 1H, J3-2 ≅ J3-4 = 9.5 Hz, H3), 3.60-3.67 ( m, 3 H, 163 

H6a, H6b, H10), 3.67-3.76 (m, 2H, H5, H11), 4.08 (dd, 1H, J12b-11 = 4.5 Hz, J12b-12a =11.5 Hz, H12b), 4.16 164 

(dd, 1H, J12a-11 = 8.5 Hz, J12a-12b = 11.5 Hz, H12a), 4.20-4.27 (m, 2H, H7, OH3), 4.42 (dd, 1H, JOH6-6a ≅ 165 

JOH6-6b = 6.0 Hz, OH6), 4.55 (d, 1H, JOH2-2 = 7.0 Hz, OH2), 4.78 (d, 1H, JOH10-10 = 5.0 Hz, OH10), 4.86 166 

(brs, 1H, OH), 4.90 (dd, 1H, J1-OH1≅ J1-2 = 4.0 Hz, H1), 5.15 ( brs, 1H, OH), 5.30 (ddd, 1H, J22-23a ≅ 167 

J22-23b = 6.0 Hz, J22-21 = 11.0 Hz, CH=CH), 5.35 (ddd, 1H, J21-20a ≅ J21-20b = 6.0 Hz, J21-22 = 11.0 Hz, 168 

CH=CH), 6.33 (d, 1H, JOH1-1 = 4.0 Hz, OH1) ppm. 13C NMR (400 MHz, DMSO) : 14.4, 22.5, 24.8, 169 

27.0, 27.1, 28.9, 29.0, 29.05, 29.06, 29.1, 29.3, 29.6, 31.7, 33.7, 60.9, 63.7, 68.7, 70.2, 70.8, 71.7, 170 

72.7, 72.9, 73.3, 81.6, 92.5, 104.0, 130.1, 130.1, 173.4 ppm. ESI-MS: m/z 605 (M-H)–. IR (Nujol): 171 

3400, 2954, 1734, 1709 cm-1. 172 

 173 

Scheme 1. Reagents and conditions: (a) toluene, 75 °C, 12 h; (b) HBF4
.Et2O, CH3CN, 30 °C, 4 h. 174 
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 175 

 176 

2.4 Electrospray ionization mass spectrometry (EI-MS), nuclear magnetic resonance (NMR) 177 

and infrared spectroscopy (IR) 178 

The structures of compounds were unambiguously characterized by EI-MS, 1H NMR, 13C NMR, and 179 

IR. ESI-MS spectra were recorded with a Waters Micromass ZQ spectrometer in a negative or 180 

positive mode using a nebulizing nitrogen gas at 400 L/min and a temperature of 250 °C, cone flow 181 

40 mL/min, capillary 3.5 Kvolts and cone voltage 60 V. 1H NMR and 13C NMR spectra were recorded 182 

on a Bruker AC 400 or 101, respectively, spectrometer and analyzed using the TopSpin software 183 

package. Chemical shifts were measured by using the central peak of the solvent. IR spectra were 184 

obtained on a Nicolet Atavar 360 FT spectrometer. Column chromatography purifications were 185 

performed under “flash” conditions using Merck 230–400 mesh silica gel. TLC was carried out on 186 

Merck silica gel 60 F254 plates, which were visualized by exposure to ultraviolet light and by 187 

exposure to an aqueous solution of ceric ammonium molibdate. 188 

 189 

2.5 Differential scanning calorimetry (DSC)  190 

Thermal analysis was carried out in a DSC 8500 (PerkinElmer, USA), equipped with an intracooler 191 

(Intracooler 2, PerkinElmer, USA) under an inert nitrogen atmosphere (flow rate of 20 mL/min). A 192 

small amount (2–4 mg) of lactose oleate was placed in a sealed aluminium pan and analysed with 193 

respect to the reference.  194 

For the analysis, the following thermal programme was applied: heating from 20 °C to 150 °C, 195 

cooling down to 20 °C, isotherm at 20 °C for 3 minutes and heating again to 150 °C. The 196 

heating/cooling rate was 10 °C/min. The instrument was calibrated following the manufacturer’s 197 

procedure using indium and zinc as standards. Thermal parameters were calculated from the 198 

thermograms collected from the second heating scan. All runs were performed at least in triplicate. 199 

 200 

2.6 Dynamic light scattering (DLS) measurement of the critical micelle concentration (CMC). 201 

CMC and the hydrodynamic diameter of surfactant micelles and/or aggregates were determined by 202 

DLS technique using a Malvern Zetasizer Nano S (Malvern, Worcestershire, UK). Counts (Kcps), 203 

which are a measure of the scattering intensity to the detector, were recorded at different 204 

concentrations of lactose oleate solutions and the CMC value was determined by the straight-line 205 

interception method as previously reported [22]. Particle size and distribution of surfactants micelles 206 

and/or aggregates are expressed as hydrodynamic diameter (nm; from volume distribution %) and 207 

width (nm; width of the distribution at half height), respectively. All measurements were performed 208 

in triplicate. 209 
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 210 

2.7 Caco-2 cell culture 211 

Caco-2 were cultured in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% v/v 212 

FBS, 1% v/v antibiotic-antimycotic solution and L-glutamine. Cells were grown to confluence in T75 213 

flasks at 5% CO2 and 37 °C, detached from the flasks (using trypsin) and seeded on 96-well plates 214 

(for cytotoxicity assays) at 10,000 cells per well or on filter inserts (Transwell®, 0.4 µm pore size, 1.1 215 

cm diameter) at 100,000 cells/cm2. For transepithelial electrical resistance (TEER) and permeability 216 

studies, cells were cultured on Transwell® inserts for 21 days (typical requirement for Caco-2 217 

differentiation) at the conditions detailed above prior to use. The culture medium was changed 218 

regularly (every other day). Cell growth, tight junction formation and cell monolayer integrity was 219 

ensured through measurement of TEER.  220 

 221 

2.8 MTS cell proliferation colorimetric assay 222 

The effect of lactose oleate on cell viability was measured using the MTS colorimetric assay. Caco-223 

2 cells were cultured on 96-well plates in DMEM for 24 h. Culture medium was replaced with lactose 224 

oleate at different concentrations in Hank’s Balanced Salt Solution (HBSS). Triton X-100 (0.1% v/v, 225 

in HBSS) and HBSS were used as a positive and negative control assuming 0% and 100% cell death, 226 

respectively. Cells were incubated (at 37 °C, 5% CO2) with lactose oleate for 3 h. Thereafter, the 227 

assay was performed according to the manufacturer’s instructions, with four repeats for each sample. 228 

Relative cell viability (%) was calculated using the following equation: 229 

 230 

Relative cell viability (%) =  
𝑆−𝑇

𝐻−𝑇
 𝑥100    (Equation 1) 231 

 232 

where S is the absorbance of the cells treated with the sample, T is the absorbance of cells treated 233 

with Triton X-100, and H is the absorbance of cells incubated with HBSS. 234 

EC50 values were calculated by the non-linear regression analysis of the experimental data using a 235 

dose–response model (utilizing Prism version 6.0b, GraphPad Software). 236 

 237 

2.9 LDH cytotoxicity assay 238 

LDH assay was used in the study to assess any potential membrane disruption effect exerted by 239 

lactose oleate. Caco-2 cells were cultured on 96-well plates. Lactose oleate solution in HBSS were 240 

added to the cells at the same concentrations as in MTS assay. Triton X-100 at 1% v/v and HBSS 241 

were used as controls. Cells were treated with lactose oleate at 37 °C for 3h. Thereafter, LDH release 242 

assay was carried out according to the manufacturer’s instructions. LDH release was calculated 243 
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relative to the controls following the assumption that cells treated with Triton X-100 resulted in 244 

complete LHD release and HBSS-treated cells did not release LDH. The concentration of lactose 245 

oleate that induced 50% of LDH release (EC50) was calculated by fitting the experimental data with 246 

dose–response model (Prism version 6.0b, GraphPad Software). 247 

 248 

2.10 Trans-Epithelial Electrical Resistance (TEER) measurement 249 

Differentiated Caco-2 cell monolayers with a TEER above 800 Ωcm2 (after 21 days from seeding 250 

cells on Transwell® inserts) were used in these experiments. Prior to the application of lactose oleate 251 

to the cells, culture medium was replaced with HBSS and cells equilibrated in this (at 37 °C, 5% CO2) 252 

for 45 min. An initial TEER recording was then conducted; this was treated as the baseline TEER. 253 

Lactose oleate solution at 0.015–0.25 mg/mL concentration range was applied to the apical side of 254 

the Caco-2 monolayers for 3 h and TEER measured every 30 min, taking care to ensure consistency 255 

in TEER measurement conditions (e.g. measurement time following removal from the incubator) at 256 

each interval. Lactose oleate solutions were removed from the cells after 3 h and cells washed with 257 

PBS. Culture medium was then added to both sides of the Caco-2 monolayers for overnight 258 

incubation. A further TEER recording was conducted 24 h following cell treatment with lactose oleate 259 

in order to establish TEER reversibility (if applicable). An EVOM Voltohmmeter (World Precision 260 

Instruments, UK), equipped with a pair of chopstick electrodes, was utilized for this study. 261 

Background TEER due to the filter (∼100–110 Ω cm2) was considered in all cases. All experiments 262 

were performed in triplicates. 263 

 264 

2.11 Permeability experiments across Caco-2 cell monolayer 265 

FITC-Dextran 4 kDa (FD4) was used as model macromolecular drug in conjunction with 266 

differentiated Caco-2 cell monolayers with TEER above 800 Ω cm2. Prior to the application of FD4 267 

and lactose oleate, culture medium was removed and cells washed with PBS. Caco-2 monolayers 268 

were then equilibrated in HBSS for 45 min. Lactose oleate at 0.25, 0.12, 0.06 or 0.03 mg/mL and 269 

FD4 at 100 μg/mL (in HBSS) were then applied in combination to the apical side of the cell 270 

monolayers. Basolateral solution was thereafter sampled (100 μL volumes) at 30, 60, 90, 120, 150 271 

and 180 min after sample application, with replenishment of sampled solution with fresh HBSS. FD4 272 

was quantified by fluorescence, using a Tecan M200 Pro plate reader. After the final sampling, Caco-273 

2 monolayers were washed with PBS and TEER measured to ensure that cell monolayer integrity 274 

remained intact during the permeability experiments. The experiment was conducted in four 275 
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replicates. FD4 permeability is expressed as apparent permeability coefficient (Papp), calculated using 276 

the following equation: 277 

Papp = (
∆Q

∆t
)  x (

1

A×Co
)  (Equation 2) 278 

 279 

Papp, apparent permeability (cm/s); ΔQ/Δt, permeability rate (amount of FD traversing cell 280 

monolayers over time); A, diffusion area of the cell monolayer (cm2); C0, apically added FD4 281 

concentration.  282 

 283 

2.12 Bacterial strains and culture conditions 284 

Eight reference human pathogens were used in this study, namely Escherichia coli O157:H7 ATCC 285 

35150, Listeria monocytogenes ATCC 7644, Salmonella enteritidis ATCC 13076, Enterococcus 286 

faecalis ATCC 29212, Pseudomonas aeruginosa ATCC 9027, Staphylococcus aureus ATCC 43387, 287 

Yersinia enterocolitica ATCC 27729 and Candida albicans ATCC 14053. All the strains were 288 

routinely maintained in Tryptic Soy Agar (TSA, Oxoid, Milan, Italy) at 37 °C, while stock cultures 289 

were kept at -80 °C in Nutrient broth (Oxoid) with 15% of glycerol. 290 

 291 

2.13 Determination of minimum inhibitory concentration (MIC) 292 

MIC determination of lactose oleate was performed by microdilution method. Briefly, 1.28 mg of the 293 

test compound was dissolved in DMSO (1 mL); several colonies of each bacterial strain were 294 

inoculated in 10 ml of Mueller-Hinton Broth (MHB) (Oxoid) and incubated at 37 °C for 18–24 h. 295 

Bacterial suspensions were adjusted to a turbidity (spectrophotometrically determined) corresponding 296 

to 106 cfu/mL (OD610nm 0.13–0.15). Then, 100 μL of each bacterial suspension were added to a 96-297 

well plate, together with the test solution to obtain final lactose oleate concentrations of 256, 128, 64, 298 

32, 16, 8, 4, 2, 1, 0.5 μg/mL. Positive (bacteria alone) and negative (MHB alone) controls as well as 299 

gentamicin (128–0.125 μg/mL) and a standard preservative mixture (methylparaben and 300 

propylparaben, ratio 9:1) (1024–0.5 μg/mL) were added as controls. A preliminary assay with DMSO 301 

was performed to exclude its possible bacteriostatic and/or bactericidal activity. For this reason, the 302 

volume of DMSO never exceeded 5% (v/v) of the final total volume. MIC was defined as the lowest 303 

concentration of compound inhibiting the visible bacterial growth after 24 h incubation. All the 304 

experiments were performed in duplicate. 305 

 306 

 307 

3. Results and discussion 308 

3.1 Synthetic procedure to obtain lactose oleate 309 
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Lactose oleate (URB1383) was synthesized by a reaction coupling from oleic acid (1) and LTA (2) 310 

catalyzed by Lipozyme®. The deprotection of the acetalic adducts 3 was performed by using 311 

tetrafluoroboric acid diethyl ether complex to obtain the desired product 4 (Scheme 1). 312 

 313 

3.2 Thermal analyses characterization by DSC 314 

The thermal properties of sugar-based surfactants are very interesting to be investigated since sucrose 315 

esters have been demonstrated to act as promising hydrophilic carriers for the preparation of solid 316 

dispersions by hot-melt technology in order to increase the dissolution rate of hydrophobic drugs  317 

[23]. As such, lactose-based surfactants should display the same applicability in this field of 318 

technology. Moreover, several sugars surfactants, including lactose-based surfactants, have shown a 319 

thermotropic behaviour, thereby forming liquid crystalline phases by heating, thanks to the hydrogen 320 

bonding ability of the polyhydroxy polar heads [24]. 321 

According to the literature, sucrose esters with low HLB values (generally polyesters) are crystalline 322 

and have a melting points around 40-80 °C, while surfactants with high or moderate HLB value 323 

(generally monoesters) are amorphous and display a glass transition temperature (Tg) [25, 26]. 324 

Figure 1 shows the thermogram obtained from lactose oleate from the second DSC heating ramp. The 325 

thermogram, clearly indicated a variation in the heat capacity (Cp) of the surfactant at the solid state 326 

over temperatures, denoting the amorphous state of lactose oleate. The calculated Tg value from DSC 327 

was 62.49±1.45 °C with a ∆Cp of 0.265±0.02 J/g °C. 328 

The inset of the figure 1 reports the thermograms obtained from the starting materials as oleic acid 329 

and lactose monohydrate for comparison. 330 

 331 

 332 

Figure 1. DSC thermogram of lactose oleate recorded from the second heating ramp (10°C/min). The inset shows the 333 

thermograms of oleic acid and lactose monohydrate for comparison. 334 
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 335 

3.3 Determination of critical micelle concentration (CMC) by DLS 336 

CMC is one of the main parameters describing the aggregation behaviour of surfactants, and  dynamic 337 

light scattering (DLS) is one of the methods by which CMC can be determined. Figure 2 shows the 338 

variation of the scattering intensities to the detector (counts) as a function of surfactant concentration. 339 

This pattern has a typical profile. For surfactant concentration below CMC counts are low and 340 

comparable to those of HBSS. This is because the contribution to scattering intensity of surfactants 341 

as unimers is negligible. On the other hand, micelles formation is associated with a sudden increase 342 

in scattering intensity as a consequence of the modified optical properties of the solution. Thus, above 343 

CMC, counts are proportional to the number of the micelles in the samples. CMC can be determined 344 

by the sharp increase in counts (i.e. breakpoint of the plot in Figure 2). For lactose oleate, the 345 

calculated CMC was 0.148±0.006 mg/mL (0.244±0.01 mM; MW 607.74), which is comparable with 346 

the value reported in the literature for sucrose oleate [27]. This denotes the major effect exerted by 347 

the nature of the hydrophobic tails (length, presence of unsaturation) with the respect to the 348 

hydrophilic heads in affecting the CMC values, as reported for other classes of surfactants [28, 29]. 349 

The size of micelles and/or aggregates above CMC was also calculated by DLS (figure 2 inset). A 350 

mean hydrodynamic diameter of 10.3±1.2 nm with a width of the size distribution of 3.09±0.04 nm 351 

was measured at a concentration of lactose oleate of 1.5 mg/mL (approximately 10-times CMC).  352 

 353 

Figure 2. Counts vs surfactant concentration (mg/mL) plot obtained from DLS measurements. The interception 354 

point of the two fitting lines represents the CMC value. Particle size distribution (volume %) of lactose oleate is 355 

reported in the inset. 356 

 357 

3.4 Biocompatibility evaluation on Caco-2 cell monolayer 358 
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Cytotoxicity of lactose oleate was assessed by MTS and LDH assays on the intestinal human cell line, 359 

Caco-2. The calculated EC50 values represent the concentration of surfactants causing 50% cell death 360 

for MTS and 50% release of the cytoplamatic enzyme lactate dehydrogenase for the LDH assay. The 361 

calculated EC50 values, based on the data from Figure 3, were 0.138±0.03 mg/mL (0.227± 0.05 mM; 362 

MW 607.74) for MTS and 0.255±0.05 mg/mL (0.420±0.05 mM; MW 607.74) for the LDH assay. 363 

These values were found to be comparable (MTS assay) or slightly higher (LDH assay) than CMC, 364 

configuring lactose oleate as a relatively safe surfactant. In fact, surfactants, which generally display 365 

a high-level of cytotoxicity, showed EC50 values lower than CMC [22]. A limited number of studies 366 

have been performed to evaluate the cytotoxicity profiles of sugar ester surfactants (generally sucrose 367 

esters) on different cell lines [19, 23, 30, 31], despite several data on animal model about their acute 368 

toxicity after oral administration or about their mild irritancy capacity on skin or mucosa are available 369 

[1]. Some sucrose esters, are in fact, have been approved by European Food Safety Authority (EFSA) 370 

as food additives [32] and by Food and Drug Administration (FDA) as excipients for pharmaceutical 371 

products [33]. 372 

 373 

Figure 3. Cytotoxicity assays results. The plot shows the cell viability (%; from MTS assay) and the LDH release (%; 374 
from LDH assay) values for different concentrations of lactose oleate using Caco-2 cells. 375 

 376 
 377 

 378 

 379 

3.5 Determination of Trans-Epithelial Electrical Resistance (TEER)  380 

TEER was measured to assess the ability of lactose oleate to open intercellular epithelial tight 381 

junctions in Caco-2 cell monolayer. Concentrations of lactose oleate selected from the cytotoxicity 382 

assays (0.015 mg/mL, 0.025 mM; 0.03 mg/mL, 0.05 mM; 0.6 mg/mL, 0.1 mM; 0.125 mg/mL, 0.21 383 

mM; 0.25 mg/mL; 0.41 mM) up to the EC50 values, were tested. TEER was found to decrease as a 384 

function of lactose oleate concentration, particularly above 0.06 mg/mL (Figure 4). The maximum 385 
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decrease in TEER was observed after 120 min, with TEER remaining stable from that point and up 386 

to 180 min following the application of the surfactant. TEER values at 120 min were approximately 387 

70%, 55% and 40% of the baseline value for lactose oleate concentrations of 0.06 mg/mL, 0.125 388 

mg/mL and 0.25 mg/mL, respectively. TEER recovered after 24 h with all the tested concentrations, 389 

indicating the reversible effect of lactose oleate on tight junction opening and no appreciable toxic 390 

effect on the cell monolayer.  391 

A comparable effect in decreasing TEER at around 50% of the baseline values is reported for sucrose 392 

oleate (O-1570; composed of 70% monoester, 30% di-, tri-, poly-ester) on Caco-2 cell monolayers 393 

[12]. The results obtained from TEER measurements confirmed the ability of the unsaturated fatty 394 

acid mono ester of lactose to affect the electrical resistance of Caco-2 monolayer, at relatively not-395 

toxic concentrations, by interacting with tight junctions [19]. 396 

 397 

Figure 4. Effect of different concentrations of lactose oleate (from 0.015 mg/mL; 0.025 mM to 0.25 mg/mL; 0.41 mM) 398 
on transepithelial electrical resistance (TEER) of Caco-2 monolayers. Data are presented as the mean ± SEM (n = 3). 399 

 400 

 401 

3.6 Evaluation of FITC-dextran (FD-4) permeability across Caco-2 cell monolayer 402 

The effect of sugar esters (generally sucrose esters) as mucosal enhancers has been only partially 403 

explored, since most of the available data are related to the increase in permeability of small molecular 404 

drugs. In this regards, the enhancement effect has been demonstrated in vitro using different cell lines 405 

(e.g. Caco-2, RPMI 2650) [31, 34] but also ex-vivo and in-vivo [12, 35].  406 

On the other side, the non-invasive administration of biologic therapeutics (as pharmaceutically active 407 

proteins and peptides) have attracted a great interest, following the release in the market of several 408 

biotechnological products. In this context, sugar esters could represent a promising option, despite a 409 
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limited number of studies, mainly focused on the permeability of insulin, has been conducted [36, 410 

37]. 411 

Lactose oleate, at the same concentrations used for TEER experiments, was subsequently tested for 412 

its ability to improve the in vitro permeability of FD-4, as model macromolecular drug. Results are 413 

expressed in terms of apparent permeability across Caco-2 monolayers (Figure 5). The observed 414 

effect was found to be dependent on the applied surfactant concentration. In fact, FD-4 permeability 415 

in presence of the lowest tested concentration of lactose oleate (0.03 mg/mL, 0.05 mM) was 416 

comparable to the control (apparent permeabilities of 1.86 x 10-8 and 1.74 x 10-8 cm/s, respectively). 417 

On the other hand, the application of larger concentrations (from 0.06 mg/mL to 0.25 mg/mL) led to 418 

an increase in FD-4 permeability statistically different from the control (ANOVA test followed by 419 

Dunnett test for multiple comparisons). Specifically, the calculated permeability enhancement was of 420 

2.7-fold, 3.5-fold and 7.7-fold for surfactant concentrations of 0.06 mg/mL (0.1 mM), 0.125 mg/mL 421 

(0.21 mM) and 0.25 mg/mL (0.41 mM), respectively. 422 

 423 

 424 

Figure 5. Effect of different concentrations of lactose oleate (from 0.03 mg/mL, 0.05 mM to 0.25 mg/mL, 0.41 mM) on 425 
the apparent permeability of FITC-labelled dextran of 4kDa across Caco-2 cell monolayers. Data are presented as the 426 

mean ± SEM (n = 4). ****P<0.0001; ***0.0001<P <0.005; ** 0.005<P<0.01; *0.01<P<0.05. 427 
 428 

Taken together, both TEER decrease and FD-4 permeability enhancement showed a trend, dependent 429 

on lactose oleate concentration. In fact, a statistically significant increase in FD-4 permeability was 430 

only evident at concentration of lactose oleate inducing at least a 30% drop in TEER. Moreover, the 431 

more pronounced enhancement in permeability was achieved with the higher tested concentration of 432 

lactose oleate (0.25 mg/mL, which also exerted the major observed effect on TEER (60% drop in 433 

TEER). These considerations point to a tight junction-related mechanism for the FD-4 absorption 434 

enhancing the effect of lactose oleate across Caco-2 cell (i.e. paracellular route), despite a possible 435 
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involvement of the transcellular route cannot be excluded, as already proposed for other sugar-based 436 

surfactants [31]. 437 

 438 

3.7 Antimicrobial activity  439 

Sugar esters have been shown to inhibit microbial growth, but there are conflicting data on the 440 

susceptibility of the tested microorganisms. In some studies, the inhibition of Gram-negative or 441 

Gram-positive bacteria, when tested alone, was reported [38, 39], while in others the comparison 442 

regarding the inhibitory effect was performed only on a limited number of bacterial species [40, 41]. 443 

As regards lactose derivatives, they are increasingly of interest to the pharmaceutical and food 444 

industry since many compounds, such as lactose monolaurate, lactose monodecanoate and others 445 

lactose fatty acid esters, have shown a wide antimicrobial activity [41, 42]. In the present work, the 446 

MICs of lactose oleate were determined against E. coli O157:H7 ATCC 35150, L. monocytogenes 447 

ATCC 7644, S. enteritidis AC 13076, E. fecalis ATCC 29212, P. aeruginosa ATCC 9027, S. aureus 448 

ATCC 43387, Y. enterocolitica ATCC 27729 and C. albicans ATCC 14053 according to the National 449 

Committee for Clinical Laboratory Standards (NCCLS) document M100-S12 method. The data are 450 

summarized in Table 1. As shown, lactose oleate demonstrated a similar antimicrobial activity against 451 

the tested food-borne pathogens with MIC values of 0.128 mg/mL, except for L. monocytogenes 452 

ATCC 7644 (MIC 0.256 mg/mL). This different antimicrobial activity is not clearly understood, but 453 

it is supposed to be related to the sugar group attached to the ester, the number and type of fatty acids 454 

esterified, and the degree of esterification, as referred by other authors [40, 43]. 455 

As regards the internal controls, gentamicin showed the lowest MIC value for S. enteritidis ATCC 456 

13076 (0.004 mg/mL) and the highest MIC value for E. coli O157:H7 ATCC 35150 (0.128 mg/mL), 457 

while the used parabens mixture determined MIC values >1.024 mg/mL for all the examined bacterial 458 

species.  459 

It is worth to underline that these amphiphiles showed an antibacterial effect (according to the 460 

calculated MIC values) over a panel of Gram-negative and Gram-positive bacteria at concentrations 461 

comparable to those they are able to exert an in vitro permeability enhancer effect on Caco-2 cells. 462 

This consideration encourages further studies aimed to clarify the molecular mechanism upon the 463 

interesting properties of lactose oleate surfactant. 464 

 465 

Table 1. MIC values (mg/mL) of the lactose oleate against selected bacterial strains. Gentamicin and parabens mixture 466 
were used as internal controls. 467 
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 468 

4. Conclusions 469 

This work reports the synthesis and a comprehensive physico-chemical characterization (NMR, ESI-470 

MS, DSC and DLS) of a new sugar-based surfactant, namely lactose oleate, obtained from the 471 

enzymatic mono-esterification of lactose and oleic acid. Lactose oleate displayed an acceptable 472 

cytotoxicity profile (EC50 comparable or higher than CMC) and a concentration-dependent absorption 473 

enhancing effect on intestinal Caco-2 monolayers using FD-4 as model for macromolecular drugs. 474 

The permeability effect was most pronounced at the highest tested surfactant concentration (0.25 475 

mg/mL, 0.41 mM), which also determined the most remarkable decrease in TEER value. The 476 

obtained results suggest the involvement of the intercellular tight junction opening (paracellular 477 

route) in the increased permeability of FD-4 in presence of lactose oleate, although a combined effect, 478 

correlated to other mechanisms (e.g. transcytosis) cannot be excluded. Moreover, this work also 479 

introduces lactose oleate as antimicrobial agent (MIC values) intermediate between those of some 480 

antibiotics and common preservatives (i.e. parabens). Overall, this study highlights the potential use 481 

of lactose oleate in pharmaceutical formulations as an absorption enhancer and/or an alternative 482 

preservative. 483 

 484 
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