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ABSTRACT 

Glyceryl monostearate (GMS) is a single tailed lipidic monoglyceride commonly used as a 

non-toxic food additive. In this study, we have investigated GMS, specifically its self-

assembling properties and subsequent application in drug delivery. Results from in silico 

modelling, corroborated by complementary small-angle neutron scattering (SANS), 

demonstrated vesicle formation; associated phase transitions were analysed using differential 

scanning calorimetry (DSC); dynamic light scattering (DLS) revealed particle size alterations 

that occurred in the transition region. Spherical morphology of unilamellar vesicles was 

visualized using transmission electron microscopy (TEM) imaging. Further, hydrophilic and 

hydrophobic drug loading in GMS vesicles and their amenability to surface modification for 

hepatic targeting have, in this study, been both predicted through molecular simulation study 

and demonstrated experimentally. The influence of hepatotropic ligands on the stability of drug 

loaded GMS vesicles vis-à-vis cholesterol has also been investigated; The resulting GMS based 

drug delivery vehicle, its properties enhanced through surface decoration, is envisaged to 

achieve targeted delivery of its payload to hepatocytes.   
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1. INTRODUCTION: 

The development of nanoscale drug carriers, a field known as nanomedicine, has seen 

significant development since its inception in the mid-90s. So far, lipid vesicles, also known as 

liposomes, are the leading form of nanocarrier, e.g. the very first approved therapy based on 

this technology, the drug Doxil®1,2. Additionally, in a more general context, liposomes are 

vesicular systems that have been shown to be very useful models  for biomembranes3. 

Liposomes are spherically organized molecular self-assemblies of lipid bilayers enclosing an 

aqueous core. They are composed of amphiphilic lipids: molecules with a polar headgroup and 

nonpolar tails, i.e. they exhibit biphasic proclivity. In their applications as both nanocarriers 

and biomembrane models they have proven extremely versatile; the formulation can be altered 

to fine tune their properties. For example, for the case of Doxil, cholesterol and phospholipids 

with poly(ethylene glycol) (PEG) functionalized to their headgroups have been added, to 

optimize the membrane properties and create a protective polymer corona respectively; several 

metaphorical dials and switches exist to tune the properties of a liposome.  

Phospholipids are, however, not the only molecules capable of forming vesicular structures: 

for example, Kunitake and Okahata reported bilayer formation by two chained synthetic 

didodecyldimethylammonium bromide molecules with a layer thickness of 30-50 Å, opening 

new avenues in the domain of vesicular drug delivery4; bilayer formation is a physicochemical 

phenomenon, not limited to natural lipid molecules3. Furthermore, spontaneous vesicle 

formation of single-tailed surfactants, for example cationic cetyltrimethylammonium tosylate 

and anionic sodium dodecyl benzenesulfonate, was noted by Kaler et al5,6; bilayer formation 

for single chained amphiphiles capable of mimicking conformational mobility of two-chained 

amphiphiles was seen to occur. This is made possible by the introduction of a rigid segment, 

multiple/multivalent headgroups, long alkyl chains (C10-C20) and branched chains, into single 

chained amphiphiles3, 7. It is thus evident that the potential for fine tuning vesicular structures 

for drug delivery applications can be extended further by moving on from phospholipids to a 

broader set of amphiphilic molecules from which to form their metaphorical building blocks.  

Monoglycerides are such single-tailed amphiphiles and possess the property of ‘self-assembly’ 

into various mesophasic, thermodynamically stable, liquid crystalline phases, e.g. lamellar 

crystalline, liquid crystalline, inverted bicontinuous, cubic or hexagonal phases. When 

dispersed in water, they form micelle, bilayer or vesicular morphologies, depending on 
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conditions. Their formation, investigation and applications in drug delivery and food 

technology have been reviewed by Sagalowicz et al8.  

Glyceryl monostearate (GMS) is a single-chained amphiphilic monostearyl ester of glycerol, 

with a long alkyl chain (C18) and two oxygens in the head group. It holds significant importance 

in both the food and cosmetics industries, as emulsifier and emollient; GMS is easy to digest 

and non-toxic to cells and tissues. As such it has also been used in drug delivery, as both a self-

nanoemulsifying drug delivery system9 and a solid lipid component of solid lipid nanoparticles 

for the delivery of lipophilic drugs, e.g. mefenamic acid10, paclitaxel11, dibenzoyl peroxide, 

erythromycin (base) and triamcinolone acetonide12. Other applications have also been reported, 

e.g. implants for gentamicin delivery13 and polymer-lipid nanoparticles for doxycycline 

hydrochloride delivery14. Mishra et al. have demonstrated pH dependent vesicle formation for 

stearic acid in presence of GMS with ciprofloxacin hydrochloride entrapped as a model drug15, 

thus mimicking two chained amphiphiles for bilayer formation.  

The work described in this paper aims to further exploit the ‘self-assembly’ of GMS into 

unilamellar vesicles, in particular regarding possible applications in the delivery of both water-

soluble and lipophilic drugs. We have investigated mechanistic aspects of vesicle formation 

through in vitro studies coupled with molecular dynamics (MD) simulations of the entrapment 

of water soluble and lipid soluble molecules by GMS vesicles; the in vitro techniques used 

include SANS, DLS, DSC and TEM. Furthermore, we studied the effect of surface 

modification of GMS vesicles with a hepatotropic ligand (targeting moiety) synthesized by us, 

as a test case; the influence of the targeting ligand on the physicochemical properties of GMS 

vesicles was also studied using our combined in vitro, in silico protocol.  

This study represents the next step in our continuing effort2 to use computational molecular 

dynamics modelling, in synergistic combination with complementary experimental means of 

evaluation, as a tool to develop nanoscale vesicle based drug delivery systems. Until now we 

have only studied phospholipid based systems, liposomes; this study represents the next step 

of extending our protocol to other molecules capable of forming vesicles: we are proposing a 

new vesicle based drug delivery system based on GMS molecules and have combined 

computational and experimental methodologies to investigate their potential.   
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2. Materials and Methods: 

2.1 Materials:  

GMS was obtained from Croda International Plc. Cholesterol was procured from SD Fine 

Chemicals, India. 5-fluorouracil (5-FU) was a kind gift from Piramal life sciences. Decoquinate 

(DQN) was procured from TCI chemicals. D2O (99 %) was obtained from Sigma Aldrich. All 

solvents used were of analytical grade. Hepatospecific ligand molecules were synthesized in 

our laboratory. 

2.2 Formulation of vesicles: 

Vesicles were prepared by the conventional thin film hydration method using a solvent system 

consisting of chloroform and methanol. Briefly, 0.27 mmoles of GMS were dissolved in the 

solvent system to formulate plain GMS vesicles. Surface modified vesicles were prepared using 

a molecular mixture of GMS and hepatospecific ligand in chloroform and methanol. This was 

subjected to rotary evaporation under vacuum (Buchi) for solvent removal to yield a thin film 

of lipids which was hydrated with distilled water by heating above the phase transition 

temperature of lipids. The resultant dispersion was probe sonicated (Branson Sonifier 250, 

Danbury, USA) at 40 % amplitude using a 2 sec on, 1 sec off pulse cycle for two minutes to 

get the desired size.  

2.3 Characterization of vesicles: Confirmatory studies: 

2.3.1 Determination of trapped volume using a water-soluble drug, 5-FU: 

5-FU, a water-soluble molecule, was incorporated in the aqueous phase of plain GMS vesicles 

using the thin film hydration method, to determine the trapped volume of GMS vesicles. 

Sephadex G-50 loaded column was employed to separate free 5-FU from the entrapped 5-FU. 

Briefly, 200 µL of the formulation was gently loaded on top of the column and eluted with 

distilled water to achieve separation of 5-FU. Quantification of 5-FU in the fractions collected 

upon elution was carried out spectrophotometrically at λmax of 267 nm using a UV-visible 

spectrophotometer (Jasco V-530). Trapped volume of the vesicles was determined in duplicate 

based on amount of drug entrapped in vesicles and moles of lipid employed. 

2.3.2 Determination of entrapment efficiency of drug loaded GMS vesicles 

Apart from water soluble 5-FU, DQN, a hydrophobic drug, was separately incorporated into 

the vesicular system by solubilizing it in organic solvents along with GMS at a molar ratio of 
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1:117 of DQN: GMS. Entrapment efficiency of 5-FU and DQN in GMS vesicles was 

determined using the ultracentrifugation method in duplicate. The formulation was subjected 

to ultracentrifugation (Beckman Coulter Optima Max XP) at 80,000 rpm for 1 hour at 4 ˚C 

resulting in separation of the free drug in supernatant from that entrapped within vesicles 

obtained in pellet form. The concentration of 5-FU in the supernatant was determined 

spectrophotometrically at a wavelength of 267 nm and entrapment efficiency is given by 

        Total drug – Free drug 

Entrapment efficiency =     X 100. ………………Equation 1. 

                Total drug 

DQN in the supernatant was quantified by HPLC appended with a fluorescence detector (FP-

2020, Jasco) and an autosampler (AS-2055 Plus, Jasco) on a C18 reverse phase column (5 µm, 

250 mm X 4.6 mm i.d, Purospher® Star RP-18) as per equation 1. The mobile phase consisted 

of methanol: water in a ratio of 87:13 v/v, containing 1.76 mM calcium chloride dihydrate. The 

analysis was carried out at a flow rate of 0.7 mL/min using a 20 µL loop.  

2.3.3 Particle size and zeta potential measurements 

Particle size and zeta potential measurements of the formulations were carried out at 25 ̊ C with 

the aid of DLS on Malvern Nano-ZS 90 particle size analyser.  

Besides, particle size analysis at elevated temperatures in the range of 25 ˚C to 70 ˚C was also 

conducted for GMS vesicles with and without surface modification on Horiba particle size 

analyser (Horiba Zetasizer). The samples were suitably diluted prior to measurements 

conducted on both particle size analysers. The results have been expressed as a measure of five 

replicates.  

2.3.4 Morphology: TEM imaging 

GMS vesicles were visualized on a Philips CM200 TEM at an accelerating voltage of 200 keV 

using phosphotungstic acid as a contrast agent. Briefly, 5 µL of the formulation was placed on 

a carbon coated copper grid (#400). The latter was then stained, air dried and visualized for 

morphology at ambient temperature.  

 

 

2.3.5 Small-angle neutron scattering (SANS)  
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SANS measurements were carried out to investigate morphology and bilayer thickness of GMS 

vesicles and surface modified GMS vesicles. SANS measurements were performed at 30 ˚C, 

45 ˚C and 60 ˚C on a SANS diffractometer at Guide tube laboratory, Dhruva reactor, Bhabha 

Atomic Research Centre, Mumbai, India according to the procedure reported by Date et al.16. 

The SANS diffractometer facilitates measurement of neutron scattering intensity as a function 

of scattering vector, Q [= (4π/λ) sin(θ/2), where λ is the wavelength of the incident neutrons 

and θ is the scattering angle], with the sample placed in a rectangular quartz cell of 2 mm 

thickness. The mean wavelength of the monochromatized beam used was 5.2 Å with a spread 

of Δλ/λ ~ 10 %. The angular distribution of neutrons scattered by the sample was recorded 

using a 1 m long one-dimensional He-filled position sensitive detector. The instrument covers 

a Q-range of 0.015–0.35 Å-1. The data were corrected for background and empty cell 

contribution and plotted on an absolute scale using standard procedures. All samples were 

formulated in D2O. For the pure GMS vesicles, the GMS excipient was at 100 molar percent 

(it was a pure system) and for the ligand decorated GMS vesicles, the molar ratio was 97.5% 

GMS to 2.5% hepatotropic ligand. 

2.3.6 Differential Scanning Calorimetry (DSC) analysis: 

Thermal transitions of GMS vesicular systems were characterized using Mettler Toledo STARe 

DSC instrument. Pure GMS vesicles were composed of GMS excipient at 100 molar percent 

(it was a pure system) and a molar ratio of 97.5% GMS to 2.5% hepatospecific ligand 

comprised the ligand decorated GMS vesicles. Each sample was weighed before being placing 

into the aluminium pan, sealed using crimper and subjected to a heating cycle in the range of 

0 ˚C to 125 ˚C at a heating rate of 10 ˚C/min. An empty pan was employed as a reference in 

the instrument. Peak onset temperature and integral (enthalpy) were evaluated using Mettler 

Toledo STARe software. 

2.4 Stability of GMS vesicles: cholesterol vis-à-vis hepatospecific ligand 

Stability of GMS vesicles to leakage of water soluble drug, 5-FU, was investigated in the 

presence of cholesterol and hepatospecific ligand at 10 mol%. The vesicles containing 

cholesterol/ligand were subjected to ultracentrifugation (Beckman Coulter Optima Max XP) at 

80,000 rpm, 4 °C for 1h at ‘0 h’ and ‘24 h’ after formulation and the amount of drug released 

in the supernatant was quantified at 267 nm by UV spectroscopy. The results have been 

expressed as a measure of two replicates.  

 

2.5 Molecular modelling studies 
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We performed 6 molecular dynamics (MD) simulations. The details of the simulation systems 

are described in table 1.  

 

2.5.1 Parametrization of drug molecules 

For drug compounds partial charges were derived in accordance with the Amber forcefield 

methodology by fitting to the electrostatic potential using the RESP procedure17. Firstly, the 

geometry of the compounds was optimized at density functional theory (DFT) level using the 

Becke B3LYP exchange-correlation functional and the 6-31G* basis set within the Gaussian 

03 program18. Subsequently, the molecular electrostatic potential was computed for the 

optimized molecular structure at the same level of theory. The potential obtained through this 

method was used to calculate the partial atomic charges according to the RESP procedure 

implemented in ANTECHAMBER19.  

 

2.5.2 MD Simulation parameters 

 

For GMS particle and targeting moiety, S-lipids forcefield parameters were derived from lipid 

parameters20, 21. The molecular dynamics simulations were conducted under constant pressure 

(1 Bar) controlled through a Parrinello-Rahman barostat22 using a semi-isotropic pressure 

scheme. The temperature was controlled using the Nosé-Hoover thermostat23,24. The 

temperatures of the solute and solvent were controlled independently. For water, we used the 

TIP3 water model25. Periodic boundary conditions with the usual minimum image convention 

were used in all three directions. In order to preserve the covalent bond lengths, the linear 

constraint solver (LINCS) algorithm26 was employed and a 2 fs time step was used in all 

simulations. The Lennard-Jones Interactions were cut off at 1.4 nm, and for the electrostatic 

interactions we employed the particle mesh Ewald method27. All error bars were calculated 

using the block method28. All simulations were performed using the GroMACS software 

package, version 4.6.729 and all visualizations were performed using the VMD software 

package30. Analyses were performed using standard analysis tools found in GroMACS as well 

as previously developed in-house protocols (for solvent accessible surface area analysis)31. All 

MD simulations were performed for 600 ns, of which the first 100 ns of simulations were 

treated as equilibration. The analysis was performed on the latter 500 ns of the trajectory. 

 

3. RESULTS AND DISCUSSION 
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3.1 The potential of GMS molecules to form vesicles: theory and MD simulation 

Observing the structue of GMS (see Figure 1), it can clearly be seen to be a single tailed 

amphiphilic molecule with emulsifying properties that we hypothesize to be capable of forming 

vesicles; It has an HLB of 3.8. The mechanism of vesicle formation can be explained in 

congruence with the theory proposed by Kunitake et al, who demonstrated synthetic bilayer 

membrane formation for one to four tailed amphiphiles. They have suggested that 

intermolecular interactions in the bilayer morphology of a single tailed amphiphile are 

governed by the rigid segment of the amphiphile. Intra- and intermolecular interactions, e.g. 

hydrogen bond formation, have a significant impact on the headgroup cross sectional area 

available for hydration. The presence of multiple hydrogen bonds reduces the headgroup area 

available for hydration, leading to vesicle formation vis-à-vis micellization, as demonstrated 

by Doren et al32. Apart from inter- and intramolecular H-bonding15 demonstrated by Mishra et 

al, GMS has a small headgroup area per lipid, even when present as a monolayer. Kawaguchi 

et al demonstrated the area per GMS molecule to be 0.26 nm2, when present as a liquid-

condensed monolayer at the air-water interface33.  

GMS vesicle formation can also be rationalized based on Israelachvili’s expression of critical 

packing parameter (CPP), 𝑃, which has been successfully used for predicting the geometry of 

amphiphiles, and further determines their morphology. The value of the CPP is given by 

𝑃 = 𝑣
𝑎0𝑙𝑐⁄ ,       ……………………….  Equation 2. 

where, 𝑣 is the volume of fluid and incompressible hydrocarbon chains, 𝑎0 is the cross-

sectional headgroup area per surfactant molecule exposed to the aqueous phase and 𝑙𝑐 is the 

critical chain-length. Tanford derived equations for obtaining approximate values of 𝑣 and 𝑙𝑐 

for a saturated hydrocarbon chain of 𝑛 carbon atoms, as34 

 

𝑣 ≅ (27.4 + 26.9𝑛) Å3 ………………………. Equation 3. 

and 

𝑙𝑐 ≅ 𝑙𝑚𝑎𝑥 ≅ (1.5 + 1.265𝑛) Å. …………………………. Equation 4. 

In the present work, a value of 𝑃 of 0.8 was calculated for GMS, using 𝑎0 = 26  Å
2, 𝑣 =

511.6 Å3 and 𝑙𝑐 = 24.27 Å, wherein, 𝑣 and 𝑙𝑐 were computed using 𝑛 = 18 in equations 3 and 

4 respectively. The vesicular structures for amphiphiles are typically defined as being in the 
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range  ½ < 𝑃 < 1 and a value of 0.8 lies well within this range, thus substantiating vesicular 

packing for GMS aggregates in water35. 

Another factor that governs the shape assumed upon self-assembly is aggregation number, 𝑁, 

with smaller aggregation numbers (~ 150) suggesting micelle formation, while a larger value 

(> 1200) indicates a vesicular assembly36,37,38. The aggregation number of GMS vesicles can 

be calculated as  

𝑁 =
4𝜋[𝑟𝑐

2+(𝑟𝑐−
2𝑣

𝑎0
)

2
]

𝑎0
 , ……………………………………Equation 5. 

where 𝑟𝑐 is the critical radius given by 

𝑟𝑐 =
𝑙𝑐

1−𝑃
. …………………………………Equation 6. 

The critical radius is the radius of the smallest vesicle possible, and calculated for our system 

of GMS vesicles to be 12.13 nm, leading to a value of 𝑁 = 10,036. 

To provide additional evidence that GMS is capable of forming vesicles, we performed an MD 

simulation of the spontaneous formation of a vesicle from 288 GMS molecules. The GMS 

molecules were placed within the simulation box randomly, then water molecules were added. 

Upon simulation under semi-isotropic pressure conditions, we observed that GMS particles 

self-assemble spontaneously into a membrane bilayer at 80 C. As shown in Figure 2, GMS 

molecules interact with each other such that hydrophobic-tail and water contacts are reduced 

as head group (with oxygen atoms) water contacts are maximized. After ~10 ns the GMS 

assembles into structure that resembles a micelle and this then, more slowly, transforms into a 

stable membrane bilayer, completing this transformation in ~150 ns. 

3.2 Surface modification of the GMS vesicle: addition of a targeting moiety 

We then investigated surface modification of the GMS vesicle through functionalization of the 

GMS molecules: a hepatotropic triterpenoid was esterified to a monoglyceride lipid anchor to 

yield the targeting moiety: a hepatotropic ligand. Negishi et al. have demonstrated the presence 

of specific triterpenoid receptors on the cell membrane of rat hepatocytes39. These receptors, 

overexpressed in hepatocellular carcinoma40, have become an attractive target for drug delivery 

to hepatocytes. The targeting moiety employed in the present study was thus synthesized with 

the objective of targeting hepatocytes41. It was purified through a preparative TLC technique 

and its synthesis was confirmed by spectral techniques, e.g. IR, NMR and MS.  A molecular 
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weight of 810 g/mol was obtained using MS; strong IR bands seen at 1735 cm-1 corresponding 

to C=O stretches of both the ester and cyclic ketone at 1647 cm-1 corroborate product 

formation. The 13C-NMR spectrum demonstrated the presence of an ester carbonyl carbon peak 

at 177δ, while monoglyceride protons (R-CH2-OCO) chemically adjacent to the esterified 

hydroxy appeared as a singlet at 3.47δ in 1H-NMR spectrum,  thus demonstrating that synthesis 

of the targeting moiety has occurred. Also, the targeting moiety was found to be safe and 

biocompatible in an in vitro HepG2 cytotoxicity study and a 14-day acute toxicity study 

performed after intravenous administration of the targeting moiety in Swiss albino mice.  

To complement our experimental results, we performed MD simulation of GMS vesicles with 

the aforementioned targeting moiety. The simulation of the GMS membrane bilayer was begun 

at the elevated temperature of 80 C with the targeting moiety placed in the water phase; after 

200 ns of simulation, the temperature was reduced in 20 ns steps of 10 C, to finally reach 

30 C. The resulting structure was simulated for 500 ns. The representative snapshot from the 

500 ns simulation at 30 C is shown in Figure 3, where the GMS tail is shown in magenta and 

the targeting moiety is shown in orange. The targeting moiety does not enter the membrane 

bilayer but remains in the membrane headgroup region (Figure 3). Using a Solvent accessible 

surface area (SASA) analysis we were able to determine that, ~ 56 % of the targeting moiety 

is in contact with water, thus accessible to the target receptor, and ~ 41 % of the targeting 

moiety remains in contact with the GMS headgroup, whereas only ~ 3 % of it is in contact with 

GMS tails. This result demonstrates that the GMS membrane vesicle can be functionalized 

with the targeting moiety, in this case when attached to a monoglyceride tail; computational 

results provide evidence that this targeting moiety could be effective. 

3.3 Size, structure, morphology and amphiphile phase of the GMS vesicles 

We studied the particle size of the system at different temperatures with a view to gain insight 

into the temperature dependent alterations in vesicular membranes. The size of GMS vesicles 

was found to be 250.0±16.7 nm with a PI of 0.4 and zeta potential of -60 mV, when determined 

at 25 ̊ C by DLS. However, the particle size increased from 250 ± 16.7 nm at 25 ̊ C to 995.8 ±

172.6 nm at 40 ˚C, following which, a precipitous decline to 100 ± 17 nm was observed as 

the temperature was slowly increased up to 70 ˚C. Ligand modified GMS vesicles also 

demonstrated similar trends in particle size with increasing temperature, see table 2. These 

results indicated two characteristics of GMS vesicles: 1. There exists a transition region for 

GMS vesicles, that is, the region between the gel and fluid (liquid crystalline) phases spanning 
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a large temperature range; over this temperature change the particle size changes considerably. 

This is in accordance with the reported existence of such a region for DMPC and DMPG 

vesicles by Enoki et al42; surface modification of GMS vesicles does not alter its response to 

particle size in the transition region.  

Vesicles are formed owing to the interplay of opposing forces, both attractive and repulsive. 

They are characterized by the presence of a phase transition temperature, reflecting lipid-lipid 

interactions in vesicles. At this temperature, vesicles undergo transition from the gel phase to 

a more fluid liquid crystalline phase, with the vesicles being softer, more deformable and less 

stressed by membrane curvature in the fluid phase. Vesicular structures, sometimes, display 

the existence of a transition region, which extends over a broad temperature range, and is 

marked by significant alterations in particle size, as observed in GMS vesicles. A considerable 

increase in particle size observed at 40 ˚C for GMS vesicles can be explained by the holey 

vesicle theory, first proposed by Alakoskela et al43 and further developed by Enoki et al. The 

theory emphasizes the presence of perforated vesicles in the transition region and simultaneous 

decrease in spontaneous curvature, resulting in an increased particle size due to fusion42,44. This 

theory is also supported by Bagatolli and Gratton who have demonstrated shape and size 

hysteresis with temperature variation45. Their hypothesis suggests the existence of membrane 

defects (pores) which allow water movement with increasing temperature corroborating 

changing vesicle diameter for giant unilamellar vesicles (GUVs). As the temperature is 

increased beyond the transition range, GMS vesicles plausibly lose water as they become more 

fluid and shrink to a size of around 100 to 120 nm. Particle size alterations with increasing 

temperature suggest the existence of a transition region characteristic of vesicular systems, 

indicating formation of vesicles in the present study.  

Morphological investigation of the formulated system and corroboration of its particle size 

obtained by DLS was additionally carried out through TEM imaging studies. TEM images 

shown in Figure 4 evinced unilamellar, spherical vesicular structures in the range of 150 to 

200 nm, confirming vesicle formation for GMS nanosystems. The particle size obtained by 

TEM was in congruence with the values obtained by DLS measurements. The background in 

the TEM images appears to be fuzzy probably due to the drying process used in our TEM 

studies.  For example, Klein et al. have also reported such discontinuity in the background 

obtained on recording TEM images for gold nanoparticles. They have ascribed such 

discontinuity in the background to the dried residue of the dispensing solution upon 

desiccation46. 
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Further, SANS measurements were carried out on GMS and surface modified GMS vesicles to 

deduce morphology and changes in the bilayer thickness with temperature using a SANS 

diffractometer. Data analysis was performed using SASfit software with a unilamellar vesicle 

model. The absence of lower cut-offs in the data indicates that the radii of the vesicles could 

be much larger than what can be determined from the present low Q limit (i.e. 2π/Qmin). 

Therefore, the radius of vesicles was kept fixed at 2π/Qmin, ~ 400 Å. The data were analyzed 

by comparing the scattering from different models to the experimental data. Throughout the 

data analysis, corrections were made for instrumental smearing, where the calculated scattering 

profiles were smeared by an appropriate resolution function to compare with the measured 

data47. The fitted parameters in the analysis were optimized using the nonlinear least-square 

fitting to the model scattering48. A slope of (-2) was obtained from the plots of scattering 

intensity vs scattering angle, Q, for conventional and surface modified GMS vesicles, 

corroborating vesicle formation49,50. The absence of Bragg peaks in these plots suggested that 

only unilammelar vesicles were present. Bilayer thickness measurements for plain and surface 

modified GMS vesicles are as shown in table 3. Both types of vesicles showed a 20 Å increase 

in bilayer thickness when the temperature was raised from 30 ˚C to 60 ˚C as shown in Figure 

5. However, a minimal (~ 1 Å) increase was noted at 45 ˚C. This indicated changes in bilayer 

thickness due to phase transition occur at around 60 ˚C, compliant with particle size alterations 

obtained by DLS measurements at higher temperatures. We thus observe the opposite to occur 

as what has been observed for DMPC51and DPPC vesicles52,53,54, where a decrease in bilayer 

thickness has been observed with increasing temperature as the vesicle transitions from the 

ordered gel phase to the more disordered liquid crystalline phase, attributed to the comparative 

effect on acyl chain order and lipid tilt, governing bilayer thickness. Similarly, the influence of 

the presence of the targeting moiety on the acyl chain order of the GMS bilayer could be 

responsible for the observed 2 Å difference in the bilayer thickness of the surface modified 

GMS vesicles and plain GMS vesicles in the gel phase.     

To complement the findings from the SANS studies regarding membrane thickness, we next 

performed MD simulations of a GMS membrane bilayer at 30 C and 60 C. As shown in 

Figure 6, with increase in temperature from 30 C to 60 C, membrane bilayer thickness 

increases, however the GMS vesicles remain in the gel state, evident from the lipid ordering 

observed. At 60 C, the average GMS tilt angle, defined as the angle between the GMS lipid 

tail atoms and the membrane normal decreases from 27.3 (+/- 3.9) to 11.4 (+/- 8.2), causing 

the increase in membrane thickness from 39.6 Å to 49.6 Å. This can be caused due to an 
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increase in the intermolecular thermal motion, as the transition temperature for GMS is beyond 

60 C and the membrane remains in the gel state. 

The variable-temperature SANS and modelling studies helped define the temperature range 

over which the phase transition occurs for both plain and surface modified vesicles. Accurate 

measurement of the transition temperatures, however, were made with the aid of DSC. The 

occurrence of a phase transition is often indicated by an endothermic transition in a 

thermoanalytical curve; this was observed to occur at 62.35 °C and 60.27 °C, as shown in 

Figure 7, for the conventional and ligand modified GMS vesicles respectively. Mabrey and 

Sturtevant reported an upper transition temperature of 54.9 °C for DSPC multilamellar vesicles 

in water55. Phase transition entails chain disordering by overcoming the anisotropic restraints 

posed by the orientation of hydrocarbon chains in the gel phase of the vesicles. A slightly higher 

transition temperature observed for GMS vesicles could be attributed to a more rigid headgroup 

vis-à-vis DSPC, in addition to the presence of stearyl chains, which together impose a higher 

energy barrier for chain rotation to occur, as explained by Taylor and Morris56. The small 

reduction in the transition temperature that results from the surface modification of the GMS 

vesicle with the targeting moieties could be due to local disordering in the gel phase of GMS 

vesicles, similar to that produced by the presence of cholesterol in phospholipid bilayers. This 

is compliant with the effect of targeting moieties on the chain order in the gel phase, indicated 

by SANS results in the form of a difference in bilayer thickness. No other noticeable 

endothermic transitions were evident in the thermoanalytical curve of the GMS vesicles. DSC 

analysis further corroborated SANS results and the existence of vesicular structures could be 

construed from the data. 

3.4 Drug loading and stability of GMS vesicles: potential as drug nanocarriers 

Now that we have characterized the properties of GMS vesicles and shown their potential for 

decoration with hepatospecific ligands, we now further explore their potential as drug delivery 

nanocarriers; we explore their capacity for loading both hydrophilic and hydrophobic drugs 

along with other relevant characteristics including trapped volume and physical stability upon 

drug loading.  

Vesicular structures are essentially bilayers with a characteristic aqueous core, thus allowing 

for the loading of hydrophilic, in addition to hydrophobic, molecules57. The drug, 5-FU, a 

water-soluble drug, was incorporated into GMS vesicles using the thin film hydration method. 

Sephadex gel- based separation demonstrated 7 % entrapment efficiency for 5-FU as quantified 
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using UV spectroscopy, thus indicating presence of aqueous phase within GMS nanosystems. 

This is comparable to the 2 to 6 % entrapment efficiency obtained with liposomes of different 

lipid compositions58. Being water-soluble, 5-FU has been shown to possess no interaction with 

the bilayer membrane. Besides, owing to a low trapped to external volume ratio, it is 

incorporated into vesicular systems with a low entrapment efficiency59. The trapped volume 

was calculated to be 1.26 ± 0.17 L/mol (calculated from encapsulation data, with known solute 

concentration), which is comparable to that obtained for small unilamellar vesicles of 

phospholipids60,61. 

A hydrophobic drug, DQN, was separately incorporated into GMS vesicles using the thin film 

hydration method. Entrapment efficiency of ~70 % was obtained for drug/lipid loading of 

0.8 mol%, when estimated by HPLC equipped with fluorescence detector, thus indicating 

propensity of GMS vesicles to serve as hydrophobic drug carriers. DQN probably interacts 

with the bilayer membrane of GMS vesicles, resulting in 70 % entrapment efficiency.  

Physical stability of vesicles is often compromised due to drug leakage, thus warranting the 

formulation of more stable vesicular systems62. In view of this, the stability of GMS vesicles 

to 5-FU leakage was determined in the presence of both cholesterol and the hepatospecific 

ligand. Cholesterol is often included in the formulation of drug delivery liposomes to optimize 

the rigidity and permeability of the membrane. It was found that cholesterol containing GMS 

vesicles entrapped less 5-FU than both ligand modified and plain GMS vesicles. The drug was, 

however, retained, even after 24 hours, to the extent of 93 % in cholesterol containing GMS 

vesicles and ~ 90 % in plain GMS vesicles. This is in stark contrast to the vesicles containing 

the ligand where 5-FU leakage from the vesicles was 50 % in 24 hours, as shown in Figure 8 

and table 4. Solute leakage from vesicular systems is governed by the membrane permeability 

of the solute and the lipid composition63. It can be construed that the permeability of 5-FU 

through GMS vesicles would bear an insignificant effect on its leakage through the bilayer 

membrane, owing to high water solubility and low lipid permeability of 5-FU64. Lipid 

composition is, however, seen to markedly influence 5-FU leakage through GMS vesicles; 

GMS, a C18-based lipid, is analogous to a saturated C18 phospholipid, that is less permeable to 

entrapped solutes; as a result, they are more stable to solute leakage62. The probable mechanism 

through which the presence of cholesterol decreased leakage from the vesicle was increasing 

the rigidity of the membrane. The increased leakage when the vesicle was decorated with the  

hepatospecific ligands probably results from the introduction of disorder in the GMS bilayer, 
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increasing the fluidity of the vesicle membrane, leading to increased contact of 5-FU with the 

external aqueous phase. The ligand/GMS interaction in the bilayer is evident in the molecular 

dynamics simulations, shown in Figure 3. 

The interactions of hydrophobic drug, DQN and hydrophilic drug 5-FU with the GMS 

membrane bilayer were studied by molecular modelling and analyzed as shown in Figure 9. 

We see, as expected, the DQN drug molecules enter the GMS membrane bilayer to interact 

with GMS tails and do not present themselves at the GMS-water interface, evident from the 

mass density profile and shown in a representative snapshot (see Figure 9). In contrast, the 

hydrophilic drug 5-FU does not enter the GMS membrane; it interacts with the GMS membrane 

headgroup or remains in the bulk water (also shown in Figure 9). These results show that, when 

GMS vesicles are used as a drug carrier, they, like phospholipid vesicles, have the capacity to 

load hydrophobic molecules, which will enter into the membrane bilayer, in addition to 

hydrophilic drug molecules, that enter the aqueous core of the vesicles. 

 

CONCLUSION 

Plain and surface modified GMS vesicles were investigated for vesicular properties and 

applications as drug delivery vehicles. Self-assembly of the single-tailed GMS molecules was 

confirmed experimentally through SANS and demonstrated through molecular dynamics 

simulation studies. Both our experimental and computational results provide evidence that 

vesicles formed from these lipids are amenable to surface modification. Visualization by TEM 

imaging unveiled the presence of spherical vesicular morphology. Particle size measurements 

revealed marked changes in the transition region, supported by SANS and in silico studies. 

Phase transition temperature for the formulated GMS vesicles was determined though DSC. 

Further, GMS vesicles displayed the presence of an aqueous core when loaded with a 

hydrophilic drug and demonstrated bilayer-drug interaction for a hydrophobic drug, adjudged 

in a simulation study and determined experimentally by ultracentrifugation. While surface 

modification of GMS vesicles augmented encapsulation of a water-soluble drug, addition of 

cholesterol reduced its leakage from the vesicles. GMS vesicles, capable of surface 

functionalization and loading of both hydrophobic and hydrophilic drugs, augur exciting 

potential as a phospholipid surrogate and open avenues in the realm of membrane mimetic 

chemistry and formulation of one-tailed amphiphiles into drug nanocarriers with active 

targeting.  
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Tables and Figures: 

Table 1: Details of the simulation systems used in molecular dynamics studies. 

System Aim Molecules   

   GMS Decoquinate 5-Fluorouracil 

Targeting 

moiety Water 

1 

Self-assembly of 

GMS membrane 288 0 0 0 11557 

2 

Drug with GMS 

membrane 288 12 0 0 11557 

3 

Drug with GMS 

membrane 288 0  12 0 11557 

4 

Targeting moiety 

with GMS membrane 288 0 0 28 11557 

Table 2: Changes in particle size of GMS vesicles and ligand decorated GMS vesicles with 

temperature (n=5) 

Temperature 

in ˚C 

Z-average size of ligand 

decorated GMS vesicles in nm 

Z-average size of GMS 

vesicles in nm 

15 617.40 ± 32.17 652.64 ± 22.65 

25 205.64 ± 17.56 250.88 ± 16.67 

40 1348.16 ± 658 995.8 ± 172.59 

50 96 ± 14.49  120.1 ± 13.01 

55 107.30 ± 8.77 114.64 ± 4.66 

57 103.03± 12.15 102.22 ± 5.9 
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60 109.45 ± 0.07 97.12 ± 5.26 

62 104.02 ± 6.95 106.86 ± 6.12 

65 110.82 ± 12.61 97.92 ± 13.8 

67 120.83 ± 2.38 101.56 ± 17.81 

 

Table 3: Bilayer thickness variation of GMS vesicles and ligand decorated GMS vesicles with 

temperature 

Formulation Temperature (oC) Bilayer thickness t (Å) 

GMS vesicles 

30 41.3 ± 0.5 

45 42.0 ± 0.5 

60 63.7 ± 0.7 

Ligand decorated  

GMS vesicles 

30 39.2 ± 0.5 

45 41.0 ± 0.5 

60 63.6 ± 0.7 

*Vesicle radius > 400 Å 

Table 4: Entrapment efficiency of different GMS vesicles: comparison (n = 2) 

Formulation Percent entrapment efficiency (%) 

GMS vesicles 4.18±0.077  

GMS vesicles with cholesterol  2.70 ±0.075 

GMS vesicles with ligand 10.30 ±0.012  

 

 

Figure 1: Structure of GMS 

 

Kentän koodi muuttunut
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Figure 2: Self-assembly of GMS particles into membrane bilayer at 80 C (hydrogen atoms 

and water molecules are not shown for clarity). 

 

Figure 3:  Representative snapshot of GMS membrane bilayer with targeting moiety, (A) 

GMS tail is shown in magenta and targeting moiety is shown in orange (hydrogen atoms and 

water molecules are not shown for clarity). (B) Mass density profile for GMS membrane 

bilayer with the targeting moiety. 

0 ns 5 ns 10 ns 70 ns 150 ns



19 
 

 

Figure 4:  TEM images of plain GMS vesicles (arrow showing bilayer in GMS 

vesicles). 
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Figure 5: SANS plots of plain and modified GMS vesicles at 30 °C, 45 °C and 60 °C 

 

Figure 6: Effect of temperature on GMS membrane bilayer (hydrogen atoms and water 

molecules are not shown for clarity). 
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Figure 7: DSC of plain (a) and surface modified (b) GMS vesicles. 

 

 

Figure 8: Physical stability of different GMS vesicles over 24 hours (n=2) 
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Figure 9: Mass density profile of hydrophobic drug, Decoquinate and hydrophilic drug      

5-Fluorouracil with GMS membrane headgroup (hydrogen atoms and water molecules 

are not shown for clarity).  
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