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ABSTRACT 

The research work embodied in this thesis entitled “PHYSICOCHEMICAL 

CHARACTERIZATION OF LIPIDIC COMPONENTS WITH SPECIAL 

REFERENCE TO MONOLAYER, BYLAYER AND SOLID LIPID 

NANOPARTICLE” is primarily focused on the three different important aspects of 

application of lipid mixtures. The first part of the thesis is completely focused on the 

effect of different additives, viz., cholesterol, low density lipoprotein (LDL) and serum 

protein at the air – solution interface and in the solution (dispersion) phase in the form of 

vesicles on the functionality and structure of lung surfactant (BLES). The second part is 

concerned about another vital application of lipids in the form of solid lipid nanoparticles 

(SLN), in order to develop novel drug delivery systems. Followed by the thesis excluding 

the brief introduction and current literature review and works delineated herein has been 

divided into four chapters.  

Chapter I describes the influence of, cholesterol, low density lipoprotein (LDL) 

and serum proteins on bovine lipid extract surfactant (BLES). Different biophysical tools 

such as Langmuir Blodgett balance, Raman spectroscopy, mass spectroscopy, atomic 

force microscopy (AFM). While small amount of cholesterol (10 wt %) and LDL did not 

significantly affect the adsorption and surface tension lowering properties of BLES, 

however serum lipids, whole serum as well as higher amount of cholesterol and LDL 

drastically altered the surface properties of BLES films, as well as gel-fluid structures 

formed in such films observed using atomic force microscopy (AFM). Raman 

spectroscopic studies revealed that serum proteins, LDL and excess cholesterol had 

fluidizing effects on BLES bilayers dispersion, monitored from the changes in 

hydrocarbon vibrational modes during gel-fluid thermal phase transitions. The studies 

clearly suggest that pathophysiological amounts of serum lipids (and not proteins) 

significantly alter the molecular arrangement of surfactant in films and bilayers, and can 

be used to model lung disease. 

Chapter II describes the effect of hydrocarbon chain length of nonionic 

surfactants (Tween 40 and Tween 60) on the physicochemical properties of 

nanostructured lipid carriers (NLCs). Two local anaesthetics, lidocaine (LIDO) and 

procaine hydrochloride (PRO.HCl), were incorporated in the NLCs. NLC formulations 

were prepared using sorbitantristearate (Span 65), soy lecithin (SLC) and stearic acid 

(SA) in 2:2:1 mole ratio employing the hot homogenization technique. Systems were 
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characterized by combined dynamic light scattering (DLS), transmission electron 

microscopy (TEM), differential scanning calorimetry (DSC) and spectroscopic studies. 

The developed NLCs were considered to have prospects as novel drug carriers for 

controlled/sustained release to improve the duration of anaesthesia, especially for topical 

application.  

Chapter III describes the impact of saturation/unsaturation in the fatty acyl 

hydrocarbon chain on the physicochemical properties of nanostructured lipid carriers 

(NLC) in order to develop anticancer drug (ursolic acid, UA) loaded delivery systems. 

Mutual miscibility of the components at the air-water interface was assessed from the 

surface pressure-area isotherms. NLCs were characterized by combined dynamic light 

scattering, differential scanning calorimetry, TEM, AFM, encapsulation efficiency, pay 

load, in vitro drug release and in vitro cytotoxicity studies. All UA loaded formulations 

exhibited superior anticancer activity compared to free UA against human leukemic cell 

line K562 and melanoma cell line B16.  

 

Chapter IV explored the orcinol glucoside-loaded nanostructured lipid carrier 

(NLC) coated with polyethylene glycol (PEG) for oral delivery of orcinol glucoside (OG) 

to improve the in vitro cytotoxicity against GIT cell lines such as Hepatocellular 

carcinoma (HepG2), hepatocyte-derived carcinoma (Huh-7), colorectal carcinoma (HCT-

116) and gastric adenocarcinoma AGS cells. Orcinol glucoside loaded PEG-NLC (OG-

PEG-NLC) comprising tristearin, oleic acid and PEG - 25/55 - stearate were prepared by 

hot homogenization followed by ultrasonication technique. Non PEGylate NLC (OG-

NLCs) was also prepared as control. Characteristics of OG-PEG-NLC and OG-NLC, 

such as particle size, zeta potential, morphology (TEM, SEM, and AFM), entrapment 

efficiency and drug loading were investigated in detail. The OG-PEG-NLC exhibited 

superior anticancer activity compared with OG-NLC and OG solution against GIT cancer 

cell lines. This is first report demonstrating a practical approach for oral delivery of OG 

for GIT cancer targeting, warranting further in vivo cancer study for superior 

management of GIT cancer. 

The thesis then follows comprehensive summary and conclusion followed by the 

cited references and off-prints of the published journal articles. 
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PREFACE 

The work presented in this thesis is a gleaning discourse on two very important aspects of 

lipid mixtures/aggregates: (1) functionality of lung surfactant (Bovine Lipid Extract 

Surfactant or BLES), and (2) Solid Lipid Nanoparticles (SLN) as drug delivery system. 

The structure of this thesis begins with a detailed introduction involving corresponding 

literature survey; the reported information on understanding the inhibitory effect of the 

lung BLES and SLN as improvised drug delivery systems are hereby presented in a 

generalized manner after careful and exclusive review of the same, which further follows 

a description on the scope and perspective. Although, many of previous reported studies 

have dealt with the interactions between lipid monolayer and the disrupting agents, 

however the exact mechanism of film dysfunctionality, induced by different additives, 

remains still unclear till date. For decades now, several attempts to develop novel drug 

delivery systems, having all the advantages such as improved bioavailability, increased 

therapeutic activities and sustained release have succeeded to a very little extent. 

Systematic investigations on the dysfunctionality of lung surfactant by different additives 

such as cholesterol, LDL and serum protein are not so common in the literature. Different 

kinds of monoglycerides, diglycerides, triglycerides, waxes, phospholipids and fatty acids 

have extensively been used to develop NLCs. However, the use of sorbitantristearate 

(Span 65) as one of the lipidic components in preparing NLCs have not been studied 

extensively. In addition, the effect of stabilizers on the solution phase behavior and 

thermal properties of NLC have not been meticulously investigated. Lidocaine (LIDO) 

and procaine hydrochloride (PRO.HCl) are frequently used as local anaesthetics for 

topical application. Both the drug were loaded in NLCs, in order to prolong the 

anaesthetic effect and reduce dose frequency as well as the skin irritation caused by the 

high dose of anaesthetics, such formulations are considered worthy to be investigated. 

The impact of saturation and unsaturation on the physicochemical properties of 

nanostructured lipid carriers (NLCs) of fatty acyl hydrocarbon chain was investigated to 

develop novel delivery systems loaded with the anticancer drug, ursolic acid (UA). The 

aim of this study was to evaluate and compare the saturated and unsaturated lipids 

comprising NLCs to determine if differences in composition could alter the performance 

of the systems. Orcinol glucoside (OG) incorporated into the conventional nanostructured 

lipid carriers (OG-NLC) and PEG-coated orcinol glucoside-loaded nanostructured lipid 

carriers (OG-PEG-NLC), with the purpose of targeting gastrointestinal tract cancer with 
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enhanced anticancer activity for its oral delivery were explored. Finally, findings based 

on different experimental observations were summarized which followed some 

concluding remarks.  The thesis then follows the off-prints of the published journal 

articles. 
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the absence and presence of the drug was dispersed 

in 10 mM  aqueous Tween solution. 
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Figure 4. RepresentativeTEM images of LIDO loaded NLC 
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Figure 5. DSC heating (- - -) and cooling (▬▬) thermogram 

of 2.5 mM LIDO loaded NLC (5 mM, Span 

65+SLC+SA, 2:2:1 M/M/M) dispersed in Tween 60 

(10mM). Scan rate: 2 ºC/min. 

100 
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Figure 9. UV-visible absorption spectra of 1 mM LIDO 

(panel A) and PRO.HCl (panel B) loaded in NLC as 
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Figure 1. Surface pressure (π) – area (A) isotherm of (▬), 
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(▬), 0; (▬), 2.5; (▬), 5; (▬), 10; (▬), 30; (▬), 50; 

and (▬), 70. Temperature 25 °C.  
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Figure 4. Dependence of excess molecular area (Aex) on the 

relative proportion of  ursolic acid in the mixed 

monolayer systems: TB+HSPC+BA (panel A); 

TB+HSPC+OA (panel B); TE+HSPC+BA (Panel 

C); and TE+HSPC+OA (panel D), lipid mixture, 

component 1, (2:2:1, M/M/M) and ursolic acid, 

component 2, (Mole % of ursolic acid with respect 

to lipid mixture): 0, 2.5, 5, 10, 30, 50, 70 and 100),  

at different surface pressure (mNm-1): ○, 5; , 10;

 15; ◊ 20; , 25 and , 30. Temperature: 25 °C. 

 

120 



xxi 
 

Figure No. Caption Page No. 

Figure 5. Dependence of change in excess free energy (∆Go
ex) 
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Figure 7. Surface potential of ursolic acid and pure lipid 

components; systems mentioned inside the figure. 

Pure water was used as subphase. Temp. 25 °C. 
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Figure 8. Variation in the surface potential of mixed lipid and 

ursolic acid – lipid mixture: TB+HSPC+BA (panel 

A); TB+HSPC+OA (panel B); TE+HSPC+BA 

(Panel C); and TE+HSPC+OA (panel D) describes 

the surface potential of mixed monolayer in the 

absence and presence of ursolic acid respectively 

using water as subphase. Mole% of ursolic acid 
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Figure 9. Variation in the hydrodynamic diameter (dh)–time 

profile of NLCs Panel A: TB+HSPC+BA; panel B: 

TB+HSPC+OA; panel C: TE+HSPC+BA and panel 
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mM Tween 80 in each case. UA concentration 

(mM): (○), 0; (□), 0.125; ( ), 0.25 and ( ), 0.5. 
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125 
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of NLCs Panel A: TB+HSPC+BA; panel B: 

TB+HSPC+OA; panel C: TE+HSPC+BA and panel 
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TE+HSPC+BA and (D): TE+HSPC+OA. I and II 
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Figure 13. Representative AFM images of NLC formulation. 

Composition :(I) TB+HSPC+BA;   and 

(II)TE+HSPC+OA. 2D image (A, B); 3D image (C) 

and section analysis (D). 
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Figure 14. DSC heating thermograms of UA and the pure lipid 

components; systems mentioned inside the figure.  

Scan rate: 2.5 °C min-1. 
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Figure 16. Representative DSC thermogram of 

(TB+HSPC+OA, 2:2:1 M/M/M) comprising UA-

NLC and corresponded UA/lipid mixtures 

presented inset in the figure. Scan rate: 2.5 °C min-

1. 
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Figure 1. Variation in the hydrodynamic diameter (dh)–time 

profile of NLCs (black): TS+OA; (red): TS+PEG - 

25 - SA+OA; (blue): TS+PEG - 55 - SA+OA; (dark 
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SA+OA+OG and (olive): TS+PEG - 55 - 

SA+OA+OG. 100mg NLC was dispersed in 200mg 

Tween 80 in each case. OG concentration was 

(5mg). Temp. 25 °C. 

143 
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(5mg). Temp. 25 °C. 
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Figure 7. DSC heating thermograms of orcinol glucoside and 
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inside the figure.  Scan rate: 2.5 °C min-1. 
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Figure 8. Representative DSC thermograms of (red) 

TS+OA+OG and (black) TS+PEG-25-
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Figure 12. In vitro cytotoxicity activity of representative PEG 

coated bare NLC (▬) and orcinol glucoside loaded 

with different NLCs: TS+OA (▬); TS+PEG-25-

SA+OA (▬) and TS+PEG-55-SA+OA (▬) on the 

viability of HepG2 and HUH7 cell. Cell was grown 

and treated for 24h, 48h and 72h. Experiments were 

performed in triplicate, with the results showing the 

mean and standard deviation of the triplicate of 

each group. 
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   INTRODUCTION 

 

Lipids span a large and diverse class of naturally occurring organic 

compounds, which are non-polar in nature and hence, soluble in organic (less 

polar than water) solvents, while being insoluble/partially soluble in aqueous 

(polar) environments. They are majorly composed of chains of hydrocarbons in 

their highly reduced form. Most membrane lipids are amphipathic. The dual 

characteristic of these lipids is attributed to two different structural regions: a 

lipophilic (hydrophobic - uncharged) region consisting of chains of fatty acids 

(more precisely acyl groups) and a hydrophilic (charged) region containing polar 

head groups, which interacts differently with water than the hydrophobic region. 

The polar head groups project outside and get exposed to water, while the 

hydrophobic non-polar tails are shielded from water and stay inside. This 

rearrangement helps them in forming spontaneous molecular aggregates, and is 

relevant structural signatures of liposomes and membrane bilayers in an aqueous 

milieu. In biological systems, common forms of lipids include fats, waxes, 

sterols, phospholipids and triglycerides, etc., and are essential components of cell 

membranes, with functions such as energy storage, providing insulation, forming 

water repellent layers on leaves, providing building blocks for steroid hormones 

like testosterone and are involved in cell signalling. Lipids with saturated fatty 

acids have higher melting point, and the melting temperature commonly 

increases with increase in hydrocarbon chain length (uniform rod-like shapes of 

molecules) and decreases with the extent of unsaturation in the fatty acyl chains. 

Mammalian species use various biosynthetic pathways both to synthesize and 

break down lipids; however, some ‘essential’ lipids like α-linoleic acid and 

linoleic acid containing lipids cannot be synthesized by these pathways and 

therefore must be obtained from the diet. 

1. Fatty acids 

Fatty acids are long chain hydrocarbons containing a terminal carboxyl 

group, which may either be saturated or unsaturated, depending upon the number 

of hydrogen bonds. Most naturally occurring fatty acids have an unbranched 

chain of an even number of carbon atoms, from 4 to 28. Fatty acids are usually 

derived from triglycerides or phospholipids. 

https://en.wikipedia.org/wiki/Triglyceride
https://en.wikipedia.org/wiki/Phospholipid
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Types of fatty acids:  Fatty acids having carbon–carbon double bonds (i.e less 

than the maximum number of hydrogen bonds) are known as unsaturated. A fatty 

acid having one double bond is called “monounsaturated”, while fatty acids 

having multiple double bonds are known as “polyunsaturated”. Comparably, 

fatty acids lacking any double bond (i.e. maximum number of hydrogen bonds) 

are known as saturated. Some common fatty acids are enlisted in Table 1. 

Table 1. Commonly used saturated and unsaturated fatty acids. 

Saturated fatty acid Unsaturated fatty acid 

Common 

name 

Chemical 

structure 

Common name Chemical structure 

Caprylic acid CH3(CH2)6C

OOH 

Myristoleic acid CH3(CH2)3CH=CH(CH2)7COOH 

Capric acid CH3(CH2)8C

OOH 

Palmitoleic acid CH3(CH2)5CH=CH(CH2)7COOH 

Lauric acid CH3(CH2)10

COOH 

Sapienic acid CH3(CH2)8CH=CH(CH2)4COOH 

Myristic acid CH3(CH2)12

COOH 

Oleic acid CH3(CH2)7CH=CH(CH2)7COOH 

Palmitic acid CH3(CH2)14

COOH 

Elaidic acid CH3(CH2)7CH=CH(CH2)7COOH 

Stearic acid CH3(CH2)16

COOH 

Vaccenic acid CH3(CH2)5CH=CH(CH2)9COOH 

Arachidic 

acid 

CH3(CH2)18

COOH 

Linoleic acid CH3(CH2)4CH=CHCH2CH=CH(CH2

)7COOH 

Behenic acid CH3(CH2)20

COOH 

Linoelaidic acid CH3(CH2)4CH=CHCH2CH=CH(CH2

)7COOH 

Lignoceric 

acid 

CH3(CH2)22

COOH 

α-Linolenic acid CH3CH2CH=CHCH2CH=CHCH2CH

=CH(CH2)7COOH 

Cerotic acid CH3(CH2)24

COOH 

Arachidonic 

acid 

CH3(CH2)4CH=CHCH2CH=CHCH2

CH=CHCH2CH=CH(CH2)3COOH 

 

Fatty acids can also be classified according to their chain lengths. These are as 

follows: 

 Short-chain fatty acids (SCFA): Aliphatic tails of fewer than six carbons. 

 Medium-chain fatty acids (MCFA): Aliphatic tails of 6–12 carbons.  

 Long-chain fatty acids (LCFA): Aliphatic tails 13 to 21 carbons.  

 Very long chain fatty acids (VLCFA): Aliphatic tails longer than 22 carbons. 

 

https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Very_long_chain_fatty_acid
https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Carbon
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2. General classification of lipid  

The classification of lipids can generally be delineated as: simple lipids or 

homolipids (esters of fatty acids only with alcohols), compound lipids or 

heterolipids (esters of fatty acids with alcohols and other additional functional 

groups) and derived lipids (derived from simple and compound lipids by 

hydrolysis). 

2.1. Simple lipid / Homolipid  

Fats and oils Waxes 

Triglycerides Sperm whale wax 

Simple triglycerides Beeswax 

Mixed triglycerides Carnauba wax 

 

      2.2. Compound lipids / Heterolipids  

Phospholipis Glycolipids 

Phosphatids 

Phosphoglycerides 

Lecithin 

Cephalins 

Plasmalogens 

Cerebrocides 

Kerasin 

Phrinosin 

Narvon 

Oxynorvon 

Phosphoinositids 

Phsphotidylinositols 
 

Phosphosphingosids 

Sphingomyeline 
 

 

      2.3. Derived lipids  

Steroids Terpenes Carotenoids 

Cholesterol Monoterpenes Lycopene 

Coprostanol Sesquiterpenes Carotenes 

Cholestanol Diterpenes Xanthophylls 

Ergosterol Triterpenes  

 Tetraterpenes  

 Polyterpenes  

2.1. Simple Lipids or Homolipids 

Simple lipids are esters of fatty acid with various alcohols only.  

 Fats and oils (mono, di and triglycerides).  
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These are tri-esters of fatty acid with glycerol. Fat is solid at room 

temperature, while oil is in liquid form. 

2.1.1. Glycerides  

Acylglycerols being the more accurate name for these, glycerides 

are esters formed from glycerol and fatty acids. Glycerol contains 

three hydroxyl functional groups, which can be esterified with one, two, or three 

fatty acids to form monoglycerides, diglycerides, and triglycerides, respectively. 

2.1.2. Monoglyceride 

Monoglycerides (also known by acylglycerols or monoacylglycerols) are 

a class of glycerides, which are composed of a molecule of glycerol linked to 

a fatty acid via an ester bond. As glycerol contains both primary and secondary 

alcoholic groups, two different types of monoglycerides may be formed: 1. 

monoacylglycerols, where the fatty acid is attached to a primary alcohol, or a 2. 

monoacylglycerols, where the fatty acid is attached to the secondary alcohol. 

Figure 1 shows general structures of monoglycerides. 

 

 

Figure 1.  General structures of monoglycerides. 

 

Examples of these include monolaurin, glycerol monostearate, glyceryl 

hydroxysterate, etc.  

2.1.3. Diglyceride 

A diglyceride, or diacylglycerol (DAG), is a glyceride consisting of 

two fatty acid chains covalently bonded to a glycerol molecule 

through ester linkages. Two possible forms of these are 1, 2-diacylglycerols and 

1,3-diacylglycerols. DAGs can act as surfactants and are commonly used 

https://en.wikipedia.org/wiki/Ester
https://en.wikipedia.org/wiki/Glycerol
https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Hydroxyl
https://en.wikipedia.org/wiki/Glyceride
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Ester
https://en.wikipedia.org/wiki/Glyceride
https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Covalent_bond
https://en.wikipedia.org/wiki/Glycerol
https://en.wikipedia.org/wiki/Ester
https://en.wikipedia.org/wiki/Surfactants
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as emulsifiers in processed foods. Figure 2 shows the common structures of 

diglycerides. 

 

 

Figure 2. General structure of diglycerides and triglycerrides. 

 

2.1.4. Triglyceride  

A triglyceride (TG, triacylglycerol, TAG, or triacylglyceride) is formed 

by combination of one molecule of glycerol and three fatty acid molecules. 

Alcohols have a hydroxyl (–OH) group, organic acids have a carboxyl (–COOH) 

group. Alcohols and organic acids join to form esters. The three hydroxyl (-HO) 

groups in glycerol join with the carboxyl (–COOH) group of fatty acid, with 

removal of three molecules of water to form ester bonds as shown below: 

HOCH2CH (OH) CH2OH + RCO2H + R′CO2H + R″CO2H →   

    RCO2CH2CH (O2CR′) CH2CO2R″ + 3H2O          (1) 

The three fatty acids (RCO2H, R′CO2H, R″CO2H in equation (1) above 

are usually structurally different. The chain lengths of different fatty acids in 

naturally occurring triglycerides vary, of which most contain about 16, 18, or 

20 carbon atoms. Naturally occurring fatty acids found in plants and animals are 

typically composed of only even numbers of carbon atoms, reflecting the 

pathway for their biosynthesis from the two-carbon building-block acetyl CoA. 

Bacteria, however, possess the ability to synthesis odd- and branched-chain fatty 

acids. As a result, ruminant animal fat contains odd-numbered fatty acids, such as 

15, due to the action of bacteria in the rumen. Many fatty acids are unsaturated, 

some are polyunsaturated (e.g., those that are derived from linoleic acid).  

Triglycerides are the main constituents of body fat in humans and 

animals, as well as vegetable fat. They are also present in the blood to enable the 

bi-directional transference of adipose fat and blood glucose from the liver, and 

https://en.wikipedia.org/wiki/Emulsifier
https://en.wikipedia.org/wiki/Alcohols
https://en.wikipedia.org/wiki/Acetyl_CoA
https://en.wikipedia.org/wiki/Ruminant
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Body_fat
https://en.wikipedia.org/wiki/Vegetable_fat
https://en.wikipedia.org/wiki/Adipose_tissue
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constitute a major component of oils. Triglycerides are further categorized as 

saturated and unsaturated. Saturated triglycerides, also known as solid lipids, 

have higher melting points and are more likely are solids at room temperature. 

 On the other hand, unsaturated fatty acids (also known as fluid lipids), with 

double bond in the fatty acyl chains, have a lower melting point and are more 

likely to be liquid at room temperature.   

Glycerides (mono, di and triglyceride) have been widely used to prepare 

different drug delivery systems, viz., liposomes, solid lipid nanoparticles (SLN), 

nanostructured lipid carriers (NLC) and other nanoformulations of topical, oral 

and parenteral drugs to increase solubility, improved bioavailability, reduced 

toxicity, and increased penetration. SLN and NLC are often composed of pure 

solid lipid or mixed with liquid lipid and stabilized by surfactants. 

 

2.1.5. Waxes 

Waxes are long alkyl chained esters having saturated and unsaturated fatty 

acid with monohydroxy alcohols, which have high molecular weight. They 

include higher alkanes and lipids, typically with melting points above about 

40 °C, melting to give low viscosity liquids, and are malleable near ambient 

temperatures. Waxes are insoluble in water but soluble in organic, nonpolar 

solvents. Examples of these include cetyl palmitate, sorbitan tristerate, etc. 

2.2. Compound Lipids or Heterolipids 

Heterolipids are fatty acid esters with alcohol and additional functional 

groups. 

2.2.1. Phospholipids (phosphatides) 

Phospholipids are composed of fatty acid chains attached to a glycerol 

backbone. Phospholipids usually have two fatty acid chains and a third carbon of 

the glycerol backbone is occupied by a modified phosphate group as presented in 

Figure 3. Different phospholipids have different modifiers on the phosphate 

group, such as choline (a nitrogen-containing compound), serine (an amino acid), 

etc. Different modifiers give phospholipids different properties and roles in a 

cell. They are most abundant in cell membranes and serve as structural 

https://en.wikipedia.org/wiki/Lipid
https://en.wikipedia.org/wiki/Melting_point
https://en.wikipedia.org/wiki/Viscosity
https://en.wikipedia.org/wiki/Solubility
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components. They can form lipid bilayers because of their amphipathic 

characteristic.  

 

Figure 3. General structure of saturated and unsaturated phospholipids with different 

head groups:(A) 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) 

[DoTAP]; (B) 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) 

[DPPC] and (C) 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) 

[DPPG]. 

 

2.2.2. Glycolipids (cerebrosides)  

Glycolipids are fatty acids with carbohydrates, which may contain 

nitrogen but without phosphoric acid, forming a glycosidic bond as shown in 

Figure 4. They also include some compounds like sulfolipids (sulfur containing 

functional group in the sugar moiety), gangliosides (containing negatively 

charged oligosaccharides with one or more sialic acid residues), and sulfatids 

(sulfate containing functional group in sugar moiety), which are structurally-

related.  

 

Figure 4.  General structure of glycolipid derivatives. 

These cerebrosides are important constituents of the brain and other 

tissues. They consist of at least one sugar unit, so they are also called 

glycosphingosides. They are like phospholipids, because they have a 

https://en.wikipedia.org/wiki/Lipid_bilayer
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hydrophobic region, with a polar region and two long hydrocarbon tails. Like 

phospholipids, glycolipids form lipid bilayers that are self-sealing and form the 

structure of cellular membranes. 

2.3. Derived Lipids 

These substances are derived by hydrolysis of compound and simple 

lipids. These fatty acids include alcohols, mono and diglycerides, carotenoids, 

steroids, and terpenes. 

2.3.1. Steroids 

Steroids are a class of lipid molecules which are identifiable by their 

structure of four fused rings. Although they do not resemble the other lipids 

structurally, steroids are included in lipid category because they are also 

hydrophobic and insoluble in water. All steroids have four linked carbon rings 

and several of them also have a short tail. Many steroids also have an -OH 

functional group attached at a particular site. Such steroids are also categorized 

as alcohols, and are thus known as sterols. 

2.3.2. Cholesterol 

Cholesterol is a well-studied lipid, because of the strong correlation of high 

blood cholesterol levels and the incidence of heart attack and stroke. It is a 

prominent member of a large class of lipids called isoprenoids, as they are 

formed by chemical condensation of a simple five carbon molecule, isoprene. It 

is an important component of cell membranes and plasma lipoproteins, and is an 

important precursor of many biologically important substances like bile acids and 

steroid hormones. It is abundant in nerve tissues and is associated with 

gallstones.  

 

Figure 5.  General structure of cholesterol. 
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General structure of cholesterol has been shown in Figure 5. Dietary cholesterol 

is found in saturated fats of animals (such as butter and lard), but vegetable oils 

do not contain cholesterol. Only a small portion of the body cholesterol comes 

from the diet. Most of it is produced in the body. Eating unsaturated fatty acids 

from vegetable oil helps lower blood cholesterol levels by reducing cholesterol 

synthesis in the body. However, eating saturated fats from animal fat elevates 

blood cholesterol and triglycerides and reduce the ratio of good to bad 

cholesterol. 

3. Lung surfactant (LS)  

The prevention of lung collapse is of vital importance in order to allow 

the lung to function properly, especially during deflation or expiration. To 

facilitate this, a lipid-protein material called lung surfactant (LS) lines the air-

water interface (hypophase) of the lung alveoli. The alveoli are flaccid sacs in the 

lungs that carry out gaseous exchange. It is also within these alveoli that 

surfactant is produced. Surfactant is secreted by alveolar Type II cells as bilayer 

vesicles called lamellar bodies (LB), which transform to form tubular myelin 

(TM); TM are lipid-protein cross-hatched structures1,2. TM or the most surface 

active large aggregate fraction of LS becomes fully functional when it is readily 

adsorbed at the air-water interface of alveoli, to form a surface layer. Lung 

surfactant should be fluid enough to form adsorbed films but at the same time 

they should be rigid enough to lower surface tension (γ), when the film 

undergoes compression3-6.  

 LS layers or films formed at the alveolar hypophase function to stabilize the 

lung by lowering γ close to near 1 mN/m values during compression. LS can 

adsorb rapidly to an air-water interface to reach equilibrium γ of 25 mN/m. 

Surface tension is produced when there exists a greater attractive force between 

water molecules in bulk than that of air at the interface. LS serve to lower γ by 

interacting with the intermolecular forces of attraction of water molecules in the 

bulk phase. It is this function of LS that shows that it is surface active and fully 

functional. 

Various lung diseases and injuries may interfere with the proper 

functioning of LS. This is evident in case of diseases, such as acute respiratory 

disease syndrome (ARDS) and acute lung injury (ALI) where the normal 
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respiratory processes of the lung are compromised and LS is no longer able to 

function properly. Figure 6 compares a normal lung to a lung with ALI. 

 

Figure 6. Schematic diagram of a normal alveolus compared with an alveolus suffering 

from acute lung injury (ALI).  During ALI, serum proteins become inserted and DPPC is 

replaced by less surface-active phospholipids. 

3.1. Composition of lung surfactant 

 In most mammalian species, LS is comprised of approximately 90% lipid 

and 10% protein by weight as demonstrated in Figure 7. The lipid portion 

contains various phospholipids as well as neutral lipids such as cholesterol. There 

are four surfactant proteins (SP) making up the protein portion of LS; they are 

surfactant proteins (SP-) A, B, C, and D.  Earlier studies involved understanding 

the interaction of LS lipid and protein components. 

Lipids in LS are approximately 80 - 90% phospholipids (PL) and may exist   

in different structural polymorphic forms. The most abundant PL is 

phosphatidylcholine (PC) which constitutes approximately 80% of most 

mammalian surfactant7. The major PC that is present in LS is 

dipalmitoylphosphatidylcholine (DPPC) and it is this PC that gives rise to the 

surface activity of LS, enabling surface tension to be greatly reduced. To allow 

this, this phospholipid becomes tightly packed in LS films to reduce γ to low 

values2,6,8,9. DPPC is also an unusual disaturated (16:0/16:0) acyl chain 

phospholipid not found in any other mammalian membranous system, suggesting 

it may have a special role in LS. 
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Neutral lipids, such as cholesterol, triglycerides, and free fatty acids are also 

present in LS. Cholesterol is present in significant amounts that are 

approximately 8-10% by weight of total lipids6,7. It was previously suggested that 

cholesterol increases fluidity and lowers the surface pressure, allowing the 

surfactant to cover more surface area and increasing the rate of adsorption of 

DPPC to the air-water interface10. 

 

Figure 7.  Pi diagram describing the composition of PS. 

Phosphatidlyglycerol (PG) and phosphatidylinositol (PI) are two other 

phospholipids present in significant amounts in LS. Other PL includes 

phosphatidylethanolamine (PE), phosphatidylserine (PS), sphingomyelin (SM), 

lysophosphatidylcholine (LPC) and lyso-bis-phosphatidic acid (LBPA) which are 

present in minor amounts (1 - 3% by weight). Though cholesterol is responsible 

for fluidity, excess cholesterol may cause a problem because it prevents the tight 

packing of the PL in LS films upon compression and may limit the ability of LS 

to reduce γ to low values11-13. This is the reason why clinically useful surfactants, 

such as bovine lipid extract surfactant (BLES) used in this study, have the 

cholesterol component removed. This BLES preparation also allows us to 

sensitively alter the amount of cholesterol and thereby study the effect of 

cholesterol on surfactant. 

3.2. Surfactant proteins and lung disease  

Lung surfactant, as previously mentioned, contains four surfactant 

proteins, SP-A, SP-B, SP-C, and SP-D and their structure have been shown in 

Figure 8. SP-A and SP-D are hydrophilic glyco-proteins while SP-B and SP-C 

are hydrophobic smaller proteins which interact with the LS lipids.  The 

hydrophobic proteins that have been associated to helping LS lipids to quickly be 

adsorbed at the air-water interface, increasing the adsorption rates of LS, and 
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promoting a more compressible monolayer film that is high in DPPC by film 

refinement9. Each of these proteins has possibly specific roles in surfactant 

function. SP-A and SP-D are members of a family of proteins called ‘collectins’, 

which are large multimeric glycoproteins14.  These proteins can bind to various 

microbial ligands and can bind to pathogens to help keep the alveolar airspaces in 

a sterile condition, increasing the innate immunity15. Other studies are consistent 

with the proposed connection between immunity and collectins. A series of 

experiments involving knockout mice for SP-A and SP-D genes showed that the 

SP-A and SP-D deficient mice became more susceptible to infection due to the 

impaired ability of clearance of various microbes by alveolar microphages. SP-D   

-/- mice were affected by viral and not bacterial infections16-18. This may model 

why these pulmonary infections cause serious disease in humans, for example in 

ARDS patients, there is some deficiency of SP-A and SP-B in the lung lavage of 

human patients19-21. 

SP-B and SP-C are proteins that help enhance the surface activity of the 

phospholipid films of surfactant. Both are required for lung function and 

surfactant regulation. Each on their own (purified) or in combination enhances 

the rate of formation, of a surface-active phospholipid film, in vitro, at the air-

water interface22,23. SP-B is a 17.2 KDa protein that is produced from a larger 

precursor found within type II cells of the alveoli21,24. SP-B was noted to increase 

adsorption rate of the LS lipids by accelerating the formation of a surface-active 

film of phospholipids at the air-water interface25. Studies by Cochrane and 

Revak, among others, have documented that SP-B improves surface activity, 

when added to a PL film, more so than SP-C26-28.  

A SP-B knockout study by Clark et al., 1995, using transgenic mice (SP-

B -/-), showed that homozygous SP-B -/- mice died of respiratory failure just 

after birth. Even though lung development was normal in these mice, the lungs 

were unable to expand fully at birth due to lack of force induced by breathing29. 

It was concluded that lack of SP-B disturbed all aspects of surfactant 

homeostasis; including surfactant protein and phospholipid function, causing 

respiratory failure at birth8,21,29-33.  Other studies mentioned that with a reduced 

amount of SP-B present in the neonatal mice, lung compliance was decreased8. 

Along with SP-B, SP-C also has possible unique functional roles in the making 
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of surface active surfactant film. Both SP-C and SP-B, have been known to 

regulate the processes that govern surfactant production and maintain the 

functioning of alveolar type II cells34. 

 

Figure 8.  Structure of lung surfactant proteins. 

Possmayer et al. suggested that SP-C appears to have a unique part in recycling 

the surfactant material that is removed from the film during cycling, back into the 

monolayer film. However, SP-B was more effective9. SP-C functions to improve 

surfactant’s surface activity by increasing the rate of adsorption of the lipids to 

the air-water interface9,25,34. SP-C is the only surfactant protein solely synthesized 

in the alveolar type II cells and detected only in these alveolar cells of the mature 

adult lung34-36.  

 A lack or deficiency of SP-C has been linked to respiratory dysfunction and 

interstitial lung disease seen in animal and human studies.  SP-C deficiency has 

been reported in both infants and adults30,34,37 in respiratory distress syndromes. 

SP-C knockout mice are unable to establish normal breathing38. To further 

examine the role SP-C played in lung function35, used SP-C (SP-C -/-) knockout 

mice. SP-C gene was inactivated in nascent stem cells. Unlike the mice with a 

deficiency for SP-B, the SP-C-/- mice were however alive from birth and grew 

normally into adults without any signs of pulmonary abnormalities35.  There was 

no SP-C mRNA or any mature SP-C found in these mice. What was detected 

however, included abnormalities in lung mechanics and instability of surfactant 

at low lung volumes, as tested using lung mechanics studies and a captive bubble 

surfactometer35. This instability may accompany respiratory distress syndrome 

seen in infants and adults31,35. Levels of surfactant associated proteins in lung 

lavage can serve as a biomarker in a disease such as ARDS19. In a more recent 
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study it was suggested that serum components may affect the ability of SP-B and 

SP-C to function properly, thereby inactivating LS39. 

3.3. Inhibition of LS in disease 

 In certain diseases, LS can become dysfunctional and inactive. This is 

evident in various respiratory conditions, in adults, as acute respiratory distress 

syndromes (ARDS). The term ARDS was first coined by Ashbaugh et al. in 

196740. Unfortunately not all criteria of such conditions was defined. Hence, in 

1993, a new definition for ARDS was created by the American-European 

Consensus Conference (AECC)41. This definition described the early onset of the 

syndrome where respiratory distress in adults was caused by lung collapse and 

inflammation42. As defined elsewhere by Learer and Evans43, ARDS shows a 

difficulty in treating hypoxemia as well as the accumulation of exogenous 

substances in the lung which shows up on radiographs of patient’s chest cavity. 

ARDS can develop because of various underlying conditions, with the 

highest prevalence in patients with sepsis and septic shock43. ARDS is first 

suspected when one has difficulty breathing and shows signs of fluid retention 

(pulmonary oedema) in the lungs43. Inflammation of the alveoli occurs as well as 

fluid, rich in proteins, leaks into the lung due to increased permeability of the 

capillaries caused by epithelial damage42,44. Even in the early stages of ARDS, 

the alveoli become flooded with plasma proteins which can inactivate LS45. Lung 

surfactant of ARDS patients are shown to contain a decreased percentage of PC 

and PG, a decreased level of SP-A and such surfactant showed reduced surface 

activity46.   

Along with the above, most ARDS patients also show poor lung compliance, 

smaller lung volumes and poor gaseous exchange in the lung46,47. A study was 

conducted by Gregory et al., in 1991, in which they examined chemical 

composition and biophysical activity of surfactant in patients with ARDS45. They 

compared lung lavage of normal and at risk ARDS patients. They found 

abnormalities in LS composition in both at risk and ARDS patients which 

indicates that changes in LS components occurs early in the disease. Their results 

showed that minimal surface tension was found to increase compared to those 
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seen in normal patients which suggested that the ability of LS to lower surface 

tension was compromised45.  

 

Figure 9. Schematicdiagram of a normal alveolus compared with an alveolus suffering 

from acute lung injury (ALI). During ALI, serum proteins become inserted and DPPC is 

replaced by less surface-active phospholipids. 

 The acute phase of ARDS is evident by a protein-rich fluid in the air spaces 

of the lungs, due to a more permeable alveolar-capillary barrier which is formed 

from microvascular endothelium and alveolar epithelium damage.  The 

epithelium of the alveoli is composed of 90% (surface area) flat type I cells, 

which are easily injured and 10% (surface area) cubical type II cells (which 

produce LS) which are less susceptible to injury. Damage to the epithelium, 

mainly type I cells, can contribute to flooding of the alveoli, impaired removal of 

edema fluid from the alveolar spaces, and some injury to type II cells which may 

reduce the surfactant production and turnover42,48,49.  Serum leakage into the 

airspace from more permeable capillaries is a characteristic of most ARDS 

patients. Studies have shown that serum proteins like albumin, haemoglobin and 

fibrinogen inhibit surfactant function by disrupting the ability of LS to lower 

surface tension upon addition of the proteins47. Not only serum proteins, but even 

cholesterol, lipoproteins, and ions can enter the lungs and cause surfactant 

dysfunction in injured lungs. 

3.4. Cholesterol function in LS 

 Cholesterol has been suggested to play major functional roles in 

phospholipid cell membranes50. Cholesterol is mainly a rigid, hydrophobic 

molecule, with a -OH substituent, making it slightly amphipathic in character. 

The slight amphipathic nature enables anchoring of the molecule to the aqueous 

interface of the cell membrane. Here, cholesterol acts to make these fluid 
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membranes more rigid. Cholesterol also functions to give fluidity to certain 

membrane structures, to prevent the phospholipids from coagulating and 

crystallizing. The role of cholesterol in membranes is evident above and below a 

membrane’s gel-liquid phase transition temperature. Cholesterol acts to fluidize 

the gel phase and it acts to rigidify the fluid phase50,51.  Cholesterol has been 

shown to be a major constituent of lipid-rafts in biological membranes, where 

sphingomyelin-fluid lipids and cholesterol may accumulate for specific protein 

function52. Recently Serna et al., have also suggested that the SP-B and SP-C 

proteins may reside in similar lipid-raft structure for their function53.  

It has been previously shown54 that cholesterol causes a reduction in the 

transition temperature of the lipid bilayer as well as lung surfactant39. Cholesterol 

also plays some role in LS by helping to improve the spreadability of the DPPC 

monolayers55. Studies suggest that the addition of cholesterol in amounts that 

mimic those found in normal lungs has no effect on functioning of exogenous 

surfactants. However, cholesterol removed from many clinical surfactants based 

on earlier studies (possibly due to experimental errors) has shown contradictory 

results56. Veldhuizen et al., suggested that cholesterol served in the processing 

and packaging of phospholipids into lamellar bodies and perhaps in their 

secretion, however it may not have any major role in γ reduction13. 

 For cholesterol to have any role in the functioning of surfactant, it first must 

be incorporated in LS. The lung secretes up to 20% of its total cholesterol in the 

form of pulmonary surfactant57. The lung was also shown to be capable of 

endogenous cholesterol synthesis58. A study by Hass and Longmore, 

demonstrated that while the lung is more than capable of producing its own 

cholesterol, the main mechanism used in the production of surfactant cholesterol 

is the use of exogenous lipoprotein cholesterol57. In their earlier study, they 

reported that only 1% of surfactant cholesterol is of endogenous origin, 

synthesized in the lung. The rest, they mentioned, was supplied by serum low 

density (LDL) and high density lipoprotein (HDL) possibly entering through 

pulmonary arterial blood flow57,59,60. 

LDL is the major transporter of cholesterol to cells, including the lung, 

and is required for anabolic and energy purposes. LDL is spherical and has a 

cholesteryl ester core surrounded by a monolayer of free cholesterol, 
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phospholipids and an Apo-protein B (Apo-B) molecule. The Apo-B in the LDL 

is recognized by receptors in most cellular membranes. HDL delivers cholesterol 

to the liver via a process called reverse C transport as well as facilitates 

cholesterol removal from cells and tissues61. Hass and Longmore, also reported 

that receptors for LDL and HDL were present in the lung and suggested that 

cholesterol metabolism in the lung may be regulated by these lipoproteins57,59. 

Competitive binding studies concluded that the lung indeed had receptors 

for both LDL and HDL binding. Unlabeled LDL eagerly competed with labeled 

LDL for binding and addition of unlabeled HDL resulted in an increase in 

binding of labeled LDL. Unlabeled HDL was a strong competitor for the labeled 

HDL. Unlabeled LDL showed competition with the HDL only at high 

concentrations57. Furthermore, this study showed that deuterated [2H] cholesterol 

uptake from both lipoprotein classes into surfactant occurs at least in part, by 

uptake by the lung, rather than an exchange since the lipoproteins inhibited 

endogenous synthesis. This result, coupled by lung surfactant cholesterol 

inhibition by LDL and HDL, showed that cholesterol metabolism in the lung was 

regulated similarly to that in other tissues57,62. 

Even though Hass and Longmore, found that the rate of uptake of the 

lipoproteins remained similar for both, the uptake rate for the protein portion of 

these lipoproteins was different, as LDL was found to have a higher rate. This 

suggested that LDL may be taken up as a whole particle, whereas the cholesterol 

in HDL may be transferred without definite uptake of the Apo-protein 

component. They further reported that majority of the surfactant cholesterol is 

derived from lamellar bodies, which are known to be storage sites of surfactant 

phospholipid components57. A later study by Davidson et al. in 1997, provided 

some evidence that the lung does endogenously produce surfactant cholesterol. 

There was no effect on cholesterol amount in any surfactant fraction, even with 

reduced serum cholesterol59.  In 2001, Orgeig and Daniels infused a rat tail vein 

with [2H] cholesterol and a large boost in cholesterol specific activity was seen in 

lamellar bodies (LBs) of surfactant within the first 30 minutes. After a two-day 

period, this increase was not seen in the alveolar surfactant. Further examination 

by studying the limiting membrane of the LBs showed a high concentration of 

LB cholesterol. They concluded that it appeared unlikely that LBs were the major 
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source or storage site of surfactant cholesterol, because the major portion of LB 

cholesterol was not released into the alveolar surfactant, as the limiting 

membrane of LB fused with the cell membrane upon exocytosis, keeping the 

cholesterol inside the cell (Orgeig and Daniels, 2001). Therefore, it is possible 

that the surfactant cholesterol synthesis occurred within the lung and was stored 

elsewhere from the phospholipid components. It seems from these studies as 

though there are possibly other sources of cholesterol in the type II cells63. 

A study by Voyno-Yasenenetskaya et al., in 1993 further examined 

lipoprotein-mediated (receptor mediated) signal transduction and exocytosis of 

surfactant from the alveolar type II cells of rat lung. They demonstrated that LDL 

and HDL stimulated signal transduction and surfactant secretion in type II cells.  

Next it was determined that alveolar type II cells themselves had receptors for 

LDL. Specific antiserum to the LDL receptor was immuneblotted to freshly 

isolated type II cells. It was concluded that membranes of the type II cells had 

LDL receptors, due to a band on the SDS-PAGE that migrated the same distance 

as the LDL band64. Similar observations were also observed by Hass and 

Longmore, where it was found that HDL and LDL delivered radio-labeled 

cholesterol first to lamellar bodies from type II cells and on to secreted 

surfactant57,59,64. Voyno-Yasenenetskaya et al., also suggested that HDL and LDL 

stimulation of surfactant secretion may only occur at a basal level, and the level 

increased due to hormones and other activators, through a signal transduction 

pathway. This showed that the lipoproteins not only supplied cholesterol to 

surfactant but affected the assembly and secretion of the surfactant from alveolar 

type II cells64.  

  In all natural surfactants, as previously noted, cholesterol is the major 

neutral lipid present at about 8-10% (20 mol% of the PL) weight of 

phospholipids and thus a significant component. Previous studies have shown 

that cholesterol present in the LS films in physiological amounts has no effect on 

the ability of LS to reach low values11.  The purpose of this amount of cholesterol 

is unclear, as it seems to have no effect on surface activity12. Keating et al., 2007, 

examined the effect of cholesterol on the biophysical as well as physiological 

properties of BLES. At normal LS levels, similar to those found in a normal lung, 

it was found that cholesterol had no significant effect on surface tension, similar 
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to systems with no cholesterol in LS. However, addition of cholesterol above 

20% proved to prevent BLES from lowering γ. They also provided evidence that 

cholesterol added in excess, to the amount of DPPC, caused formation of a liquid 

disordered phase which affected surface activity56.  These findings supported 

those of an earlier study by Gunasekara et al.,11.  They also showed the inability 

of surfactant with high cholesterol content to lower the minimal surface tension 

and inability to provide structural stability to the lung.  It was determined that 

cholesterol formed a complex with DPPC and the unbound cholesterol (that was 

not associated with saturated phospholipids) caused LS dysfunction11.  

All these studies may suggest that serum proteins may be the major cause 

of LS dysfunction as previously suggested65. Cholesterol either alone or in 

conjunction with serum proteins may be a major factor in LS inactivation in 

ARDS. 

3.5. Serum protein role in ARDS  

It is known that some serum proteins that leak from the capillaries into 

the fluid lining the lungs may render LS inactive. But exactly which protein is 

leaked and the mechanism to inactivate LS remain unclear. Previous studies on 

serum albumin, serum fibrinogen as well as C-reactive protein (CRP) have been 

conducted to show LS inactivation46,65-67. By using BLES with and without 

bovine serum albumin (BSA) in various weight percents (12.5-250%) and higher 

concentrations (2000-3000%), one study showed that a twenty-fold increase of 

protein can inhibit surfactant68,69. However, previous studies on serum proteins in 

lung lavages of dysfunctional surfactants have conclusively showed that the 

soluble protein fractions only increase by two to three-fold9,67. Thus, 

pathophysiological amounts of serum proteins may not be the main inactivator of 

LS. 

Albumin is a major protein found in serum and is also a carrier of fatty 

acids.  Various biophysical techniques such as Langmuir-blodgett balance, 

adsorption, and atomic force microscopy (AFM) were used to examine the 

inactivating effects of BSA. It was found that BSA, only in high amounts (20 

fold) excess over what prevented surface tension from reaching low values. The 

hypothesis to rationalize the high amounts of BSA required was that BSA 
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interfered with lipid packing at the surface of the BLES monolayer film during 

compression. BSA adsorption to the interface was separate from BLES, as well 

as BSA attaching somehow to the polar lipid head groups of the lipids in BLES 

films68.   

 Albumin is not the only serum protein known to inhibit LS function. Serum 

fibrinogen has been proven to inactivate LS65. A study by Devraj, 2005, also 

added evidence that serum proteins do in fact inactivate LS, however at high 

amounts. In this case, fibrinogen was the serum protein of choice. Fibrinogen 

(Fbg) was mixed with BLES in a range of solutions from 0.1:1 to 5:1, as well as 

10:1 Fbg : BLES, wt/wt.  These chosen concentrations mimicked that seen in 

lung disease. The high concentrations, 5:1 and 10:1 showed maximum inhibition. 

By using similar biophysical techniques that were used in the previous study on 

albumin, the inhibitory effects of fibrinogen were evident. It was seen that 

fibrinogen had prevented BLES from adsorbing quickly to the air-water 

interface70. Other studies on albumin, and other serum proteins, such as 

fibrinogen, using both extremely high and physiological concentrations of protein 

have yielded complementary results and showed inhibition in varying degrees71-

74. The varying concentrations of proteins, various surfactant compositions, and 

different surface activity measuring techniques, make the studies difficult to 

compare72. 

 Results from monolayer balance studies provided further evidence that 

proved the inhibitory effects of fibrinogen (Fbg) on BLES. With addition of 

fibrinogen, BLES ability to lower surface tension upon compression was altered, 

allowing minimum attainable surface tension of 27 mN/m instead of 1 mN/m, 

characteristic of BLES films. This suggested that the protein interfered with the 

surfactant film.   

BLES is a modified clinical surfactant extracted from bovine lungs and is 

composed of most LS lipids and proteins, SP-B and SP-C75. When spread into 

monolayer films, the gel lipids were oriented so that the hydrophobic fatty acid 

tails were pointing upward into the air, while the hydrophillic head groups were 

attracted to the water surface. By using techniques such as AFM, height 

differences between the fluid (liquid expanded) and gel (liquid ordered) phases 

were imaged and measured. Fluorescent microscopy, with the use of a 
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fluorescent probe, identified domains as dark (probe-free) regions throughout a 

bright fluid area76-78. When these films were compressed, a phase separation 

(transition) occurred and gel areas or domains, were formed in a “sea” of fluid 

lipids79. The domains, rich in DPPC lipids, were tightly packed together and 

tilted more perpendicular than the fluid phase lipids to the air-water interface. 

The proteins and other unsaturated or fluid phospholipids constituted the 

surrounding area. The domains changed shape and size and disappeared upon 

further compression, or when excess cholesterol or serum proteins were added78.   

Devraj (2005) conducted studies examining the structural appearance of 

BLES and BLES + Fbg films at various γ. The higher the concentration of 

fibrinogen added, the fewer BLES domains present; even at 100% fibrinogen, 

domains were non-existent. Using Raman spectrometry studies, it was seen that 

Fbg, somehow interacted with BLES and changed domain confirmation even in 

the gel phase, where the BLES lipids were packed tightly together70.  

Another serum protein used as a biomarker, indicative of ARDS, is C-

reactive protein (CRP). CRP is an inflammatory associated protein that is known 

to increase in serum during the inflammatory process80. It is mentioned by Nag et 

al., 2004, that the ability of CRP to bind to PC molecules may become an 

important factor in surfactant inhibition in situ66. CRP can make its way into the 

lungs by means of serum leakage as well as lung macrophages may produce this 

protein. Drover, 2006, compared BLES and BLES + 10% CRP in several 

biophysical studies. Results indicated that when CRP was added to BLES, rate of 

adsorption to the air - water interface was decreased only at high amounts.  

Indicative from AFM and Raman studies, CRP agglutinated the gel domains and 

caused an increase in the gel phase domains and prevented the fluid stage 

transition81. Findings from Chang et al., indicated that perturbation of the 

monolayer or bilayer surface lipid-packing was necessary for CRP binding82. 

3.6. LS and interaction with whole fetal calf Serum 

Previous studies9,46,65, including some of the above, have established that 

serum proteins had a detrimental effect on surfactant function; however other 

factors of serum may affect LS at pathophysiological levels. Fetal calf serum 

(FCS) is very similar to that of human serum in composition. Not only does 
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human serum contain soluble proteins, like albumin, fibrinogen, CRP and other 

globulins, it also contains various ions, amino acids, sugars, (such as fructose and 

glucose) as well as serum lipids. These lipids may be in the form of LDL, HDL, 

triglycerides, fatty acids, cholesterol and cholesterol esters83,84. 

Whole fetal calf serum was first studied with LS by examining the 

structure and function of whole FCS and its constituent albumin and the effects 

on a clinical surfactant, BLES, as described below. Upper and lower airway 

models were studied to examine the effects of serum and albumin in the airways 

of the lung, by using a capillary surfactometer and a Langmuir balance, 

respectively. It was observed that a small pathophysiological amount of serum 

was needed to render BLES inactive in both airway models compared to 200-fold 

amount of a soluble protein69.  

Different amounts of FCS and albumin [0.1-2:1 BLES, dry (wt/wt)] on 

BLES dispersions were studied. As increasing amounts of albumin protein from 

10% to 2000% by weight were added to BLES, a greater inhibitory effect took 

place. It was not until 500% wt or more albumin was added that maximal 

inhibition was seen.  The same was seen for FCS with concentrations ranging 

from 5% to 1000% wt, but this time maximal inhibition was seen at even the 

lowest FCS/BLES concentration of only 5% wt. Further studies were conducted 

at concentrations ranging from 0.1% to 5% wt FCS. Results indicated that as 

little as 2% wt FCS was required to show the same inhibition of BLES as seen 

with 500% wt albumin69,85. 

This study provided compelling evidence that serum was 200 times more 

of a potent inhibitor than albumin, one of its major constituents, alone. From 

monolayer studies it was seen that serum perturbs lipid packing of the BLES 

lipids and prevented a low surface tension from being reached. Studies by 

Vidyasankar (2004) showed similar results with albumin but the BSA inhibitions 

were not as potent as with FCS described above. Earlier studies have shown that 

serum protein alone does not alter LS surface activity in a significant manner 

below high (10-20:1) serum protein: LS concentrations, suggesting physiological 

factors of serum may be responsible for LS inactivation68.  
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Panda et al., published a study reporting that in hyperventilated injured 

rat lungs (ARDS model) the cholesterol content of dysfunctional surfactants 

increased two-fold compared to normal lungs with a concomitant threefold 

increase in soluble protein content67. Most studies68,70,72,81,86,87 have found that 

only high levels (10-20:1) of serum protein: LS can cause LS inactivation. The 

study by Hillier (2005) showed evidence that other constituents of serum and not 

just single proteins may possibly be involved in LS inhibition. Whether it is the 

protein-protein or protein-lipid interactions is yet to be established69.  

To support the fore mentioned serum study, Parsons (2005), examined 

the functional and structural properties of a BLES monolayer with varying FCS 

concentrations (1:0.01-1:1, BLES: serum, dry wt/wt) as a preliminary 

investigation of how lung surfactant structures are altered and how whole serum 

components interacted to cause dysfunction. Serum inhibition of BLES was 

studied using a Langmuir surface balance, to see if surfactant’s intrinsic ability to 

lower surface tension was compromised, and studied using both fluorescence and 

atomic force microscopy to examine film ultra-structure. From the monolayer 

balance studies, it was concluded that serum prevented surface activity of BLES 

or the ability of BLES to reach low surface tensions, caused incompressibility of 

surfactant films, and prevented ‘squeeze-out’ from occurring. The preliminary 

microscopy studies demonstrated that whole serum, at lower concentrations, 

disrupted larger gel-domain formation and caused smaller and more numerous 

domains to form69,77,86.  At higher concentrations, serum had the ability to form 

its own film and prevented lipids from occupying any space in the film and thus 

likely inhibited surfactant lipid adsorption77,86. This study suggested that whole 

serum was indeed more potent in inhibiting BLES as was its protein constituents.  

Although several reports are available in the literature describing the 

interaction studies between lipid monolayer and the disrupting agents, but till 

date the exact mechanism of film dysfunctionality remains unclear. The present 

work endeavours to address such an issue, whereby comprehensive 

physicochemical investigations have been undertaken in order to correlate the 

composition, film functionality and structure of lung surfactants in the presence 

of serum, cholesterol and LDL. The derived results are considered to shed light 

on the nature and cause of surfactant dysfunction. 
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4. The interest in new drug delivery systems 

Treatments of acute or chronic illnesses have mostly been achieved by 

drug delivery systems such as tablets, capsules, suppositories, creams, ointments, 

liquids etc. since a long time. These systems have shown promises in facilitating 

rapid drug release. Drug efficiency is more often than not restricted by the drugs 

capability to reach their targeted therapeutic site of action. As a matter of fact, 

most of the administered dose of drugs is distributed to different parts of the body 

away from the intended site, which is also dependent upon the physicochemical 

and biomedical properties of drug, while a limited amount goes to the site of 

action. Identifiable caveats in the drug delivery systems such as short biological 

half-lives of newer drugs (e.g. peptide-based drugs), very potent drugs with 

strong side effects (e.g. tumour necrosis factor88), poor or sparse water solubility, 

inadequate bioavailability and their pricey development regime have paved way 

to increased interest in the possibility of delivering drugs to their desired site of 

action. Under such circumstances, the need for a novel drug-carrier system 

becomes imperative, in order to address the identifiable drawbacks. Ideally, this 

carrier system should be devoid of systemic toxicity (acute and/or chronic), 

stable in the physiological liquid, biodegradable, biocompatible, inert for the 

drug and the targeted tissue, having prolonged biological half-life, having a 

sufficient drug loading capacity and at the same time, protecting against systemic 

side effects by targeting of the drug to the desired tissue. The carrier-mediated 

release of the drug at the desired tissue should be in a precise manner to maintain 

a sustained and effectual drug level89,90. Also, the incorporated drug should 

include stable physicochemical properties. In addition, the feasibility of 

production scaling up with reasonable overall costs should be required. 

One of the formal approaches to address this challenge is the effective 

use of colloidal drug carriers (Particles < 1 µm) in accordance with the different 

routes of drug administration. Particles of colloidal carriers usually range in size 

from 10 nm to 1000 nm consisting of materials in which the active ingredients 

(drugs or biologically active materials) are dissolved, entrapped, encapsulated, 

and/or to which the active ingredients adsorbed or attached91. Adjustment of the 

carrier properties such as particle size, particle rigidity and surface charge and 

surface hydrophobicities can potentially aid in the design of an apposite carrier 

systems, although a serious bottleneck in the use of colloidal carrier systems is its 
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rapid clearance from the blood-stream, in turn being assisted by the macrophages 

of the reticuloendothelial system (RES; mainly in the liver and spleen)92,93. The 

participation of macrophages in the pathogenesis of diseases such as human 

immunodeficiency virus (HIV) infection94 is overwhelming and offers a 

fascinating prospect for the evaluation of cell-specific drug targeting via the use 

of colloidal carriers. Again, as mentioned earlier, modification of the properties 

of the carriers, such as particle size, surface charge and surface hydrophobicity 

can also help in reducing the RES clearance. On the other hand, monoclonal 

antibodies, such as those attached to the surface of the drug carriers, can aid in 

the specific targeting of drugs to the desired site of action95. Careful amendments 

of the carrier components may lead to drug release upon exposure to the specific 

macro-environment such as changes in pH96, temperature changes97 and the 

influence of a magnetic chamber98. As such, examples of site-specific and 

controlled drug delivery systems, developed as particulate carriers are: polymeric 

particles99-101, liposomes102,103, emulsions104-108 and micelles109. Figure 10 gives an 

overview of the historical perspectives of the development of a typical colloidal 

carrier system. 

The subsequent sections henceforth will deal with fundamental aspects, 

methods of preparation, characterization and applications of these systems. 

 

Figure 10. Schematic of historical development of colloidal carrier system. 

 

5. Drug delivery systems  

5.1. Nanocapsules and polymeric nanoparticles 

Nanocapsules present themselves as a barrier made from polymers 

between the oily core and the aqueous surrounding environment. Methods such 

as solvent displacement110,111 and interfacial polymerization112,113 are common for 

nanocapsules preparation. Nanoparticle preparations make use of polymers, 

which include cellulose derivatives, poly-(alkylcyanoacrylates), poly-
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(methylidene malonate), polyorthoesters, polyanhydrides and polyesters such as 

poly-(lactid acid), poly-(glycolic acid) and poly-(ε-caprolactone) and their co-

polymers114. A number of techniques may be applied for production of polymeric 

nanoparticles, such as coacervation, solvent evaporation115, solvent diffusion, 

interfacial polymerization, denaturation or desolvation of natural proteins or 

carbohydrates116 and the degradation by high-shear forces, e.g. by high pressure 

homogenization117 or by micro fluidization118.  

As opposed to the emulsions and liposomes, nanocapsules and polymeric 

nanoparticles in contrast, can effectively provide enhanced shielding to the 

incorporated sensitive drug molecules. This augmented protective effect is due 

mainly to the polymeric barrier (for nanocapsules) and the solid polymeric matrix 

(for polymeric nanoparticles), respectively. In turn, controlled drug release from 

these carrier systems is also achievable119-122. However, polymer-based 

nanoparticles have a very many recognizable shortcomings, e.g. the residues of 

the organic solvents used in the production process, the toxicity from the polymer 

itself and the difficulty of the large-scale production123,124. Also, polymer 

erosions, drug diffusions through the matrix or desorptions from the surface are 

some of the other factors impeding their efficient application. In addition to this, 

the concentration of prepared polymeric nanoparticle suspensions is low, as 

much as less than 2%. Nowadays there are many products in the market for 

therapeutic use based on polymeric nanoparticles, a few instances being 

decapeptyl, gonapeptyl depot, and enantone depot. 

 

5.2. Liposomes  

In aqueous solution, dispersion of neutral PLs lead to the formation of 

structures with closed vesicle, which resemble cells morphologically. These 

closed vesicles are named "liposomes" (fat bodies) and consist of hydrated 

bilayers as presented in Figure 11. The characteristics of liposomes is that not 

only they can mimic cell membrane structures, but also can potentiate either 

encapsulation of hydrophilic materials in the inner liposome-water phase or can 

lead to association of the lipophilic materials within the lipid bilayer. Studies on 

the fate of liposomes and entrapped agents were initiated as early as1970s125. 

Liposomes may be of divergent nature based on sizes, numbers, positions of 

lamellae (multilamellar vesicles: MLV versus multivesicular vesicles: MVV), 
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charges, and bilayer rigidities (liquid crystalline versus gel state), and depending 

on the selection of lipids, the preparation techniques and conditions. The 

comportment of liposomes both in vitro and in vivo are heavily influenced by the 

above parameters126,127. The opsonization process, leakage profiles, disposition in 

the body, and shelf life, etc., depend on the type of liposome involved.  

Hence, it becomes imperative to carefully choose relevant liposomal 

constituents and accurate preparation technique, in order to facilitate efficient 

characterization of the produced liposomes. In spite of the fact that liposomes 

generally display decent biocompatibility, biodegradability and, in certain cases, 

low cytotoxicity and immunogenicity128,129, one major deficiency is their 

structural volatility in vitro and in vivo126,127. 

 

 

Figure 11. Schematic diagram of three different types of drug delivery systems based on 

liposomes: (A) charge and polymer stabilized liposome, (B) targeted liposome, and (C) 

theranostic liposome.  

 

Drug leakage or particle growth is a resultant defect associated with the physico-

chemical instability of liposomes. Incorporation of lipophilic drugs in low 

concentrations in PL bilayers130 also limits the use of liposomes. There is no 

surprise that akin toother colloidal drug delivery systems, liposomes are also 

easily entrapped by the macrophages of the RES and subsequently cleared 

rapidly131. Weighing the pros and cons, it is but indicative that liposomes do not 

optimally present their application as a pharmaceutical carrier system. To 

overcome the aforementioned caveats, ‘niosomes’ were introduced. “Niosomal” 

structural/chemical stability is enhanced by their saturated hydrocarbon chains 

and intramolecular ethereal bindings132,133. 
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5.3. Microemulsions and nanoemulsions  

Microemulsions are transparent or translucent, optically isotropic single-

phase liquid solutions with low viscosity. They are stable thermodynamically and 

are bicontinuous in nature, typically composed of water, oil, surfactant and co-

surfactant134-136. The solubilizing power of microemulsions spans both 

hydrophilic and lipophilic drugs, and they are far more than solubilizing 

efficiency of micellar solutions. The high surface-active agent concentrations in 

microemulsions limit their use to dermal and oral applications137,138. In 1950s saw 

the introduction of nanoemulsions to cater to the need of parenteral nutrition139.  

Nanoemulsions have been used since a fairly good amount of time as 

drug carriers for lipophilic activities. Several pharmaceutical products such as 

etomidat lipuro, diazepam lipuro, disoprivan, stesolidand lipotalon139-141 are 

based on nanoemulsion system and have long been introduced into the market. 

 

Figure 12.  Schematic diagram of microemulsion and nanoemulsion. 

 

Composed of a heterogeneous system of two immiscible liquids (one liquid is 

dispersed as droplets in the other one)142-144, nanoemulsions require an input of 

source of energy, and also the obtained liquid-in-liquid dispersion is 

thermodynamically unstable145. Reduction of the local and systemic side effects, 

e.g., reducing pain during injection and haemolytic activity caused by the high 

emulsifying agent concentration in the solubilization-based formulation107 are 

some of the advantages of nanoemulsions over solubilization-based formulations 

(microemulsions) when it comes to drug delivery. Unfortunately, the lipophilic 

loaded drug can lead to stability issues as they partition between the oil droplets 

and the aqueous medium146. In addition, the desirable property of sustained 

release of drugs from nanoemulsions is not meet due to high mobility of the 



29 
 

loaded drug, dissolved in the oily phase. As such, a rapid release of the drug from 

its carrier system was reported in several studies147. To address this issue, 

attempts made expend towards newer drug delivery systems where the 

advantages of fat emulsions and retention of the incorporated drug for a longer 

period are simultaneously met. To increase the drug retention, some groups have 

replaced the liquid oil phase of the fat emulsions with a solid lipid to produce 

solid lipid nanoparticles (SLN). 

 

6. Solid lipid nanoparticles 

6.1. Definitions and physical structure of solid lipid nanoparticles  

The sections above delineate several positive traits of lipid emulsions. It 

stands to reason that lipid emulsions have been used for many years as parenteral 

nutrition and as colloidal drug carrier system for delivering substances having 

poor aqueous solubility. However, prolonged drug release cannot be achieved in 

relation to the liquid state of the oil droplets, and is recognized as one of the 

major shortcomings of this delivery system. Liposomes, on the other hand is the 

other interesting parenteral carrier systems, which was described initially during 

the 1960s by Bangham et al. and was first introduced as a drug delivery vehicle 

in the 1970s148. The main idea behind development of this carrier system is to 

effectively lessen the toxicity of the incorporated drugs and enhance the efficacy 

of the treatment regime. Bottlenecks in the formulation and development of 

liposomes were that they were limited by physical stability, drug leakage and 

difficulties in up scaling. 

The 1990s saw solid lipid nanoparticles (SLN or liposphere or 

nanosphere), which were developed as analogous means for colloidal carrier 

system for emulsions, and for liposomes in the sustained release drug delivery 

system. SLN are usually prepared by the substitution of the liquid phase of lipid 

(oil) of lipid emulsion by a solid phase of lipid, which means that the lipid 

particle matrices are not only solid at room and body temperature, but also 

stabilized by surfactants. The examples of these lipids include complex 

triglyceride mixtures, highly purified triglycerides, or even waxes149. SLN 

formulations via several routes of applications, such as parenteral, pulmonary, 

oral, ocular, rectal etc, have been developed and their exclusive characterization 

has been done in vitro and in vivo149. 



30 
 

 

Figure 13.  Schematic representation of a perfect lipid crystal in SLN (A) and a crystal 

lattice with many imperfections in NLC (B). 

 

6.2. Models for incorporation of active compounds into SLN  

Three fundamentally different models for incorporating active 

ingredients into SNL exist as presented in Figure14. Relative proportions of lipid, 

drug, and surfactant used in formulations and the use of hot or cold 

homogenization as the production conditions guide the acquisition of structures. 

 

6.2.1. Homogeneous model  

When the drug is homogeneously dispersed as molecules or amorphous 

clusters within the lipid matrix, a homogeneous matrix model is seen, which is 

also referred to as a solid solution model (Figure 14A). Lipid nanoparticles 

prepared by cold homogenization technique or a hot homogenization technique 

employing highly lipophilic drugs without the use of surfactants or drug-

solubilizing molecules especially fall under this category. Likewise, a cold 

homogenization technique makes sure that the solubilized drug is dispersed 

homogeneously within the bulk of lipid. Subject to high pressure 

homogenization, lipid nanoparticles with a homogeneous matrix are formed due 

to mechanical agitation. Similarly, lipid droplets are inclined to crystallize with 

no phase separation between drug and lipid, when the end product of a hot 

homogenization is cooled rapidly. Drugs exhibiting extended release from 

particles go hand in hand with these models150, example including prednisolone-

loaded SLN system that presents slow release of prednisolone, usually from day 

1 to week 6151,152. 
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6.2.2. Drug-enriched shell model  

A schematic of the drug-enriched shell model is depicted in Figure14B. 

When a lipid core is enclosed by a drug-enriched outer shell, it is known as a 

drug enriched shell model. Hot liquid droplets with hastened cooling form lipid 

nanoparticles with phase separation and gives rise to such structures. During 

production, the lipid precipitation mechanism and repartitioning on cooling can 

aptly explain the drug-enriched shell morphology. Hot homogenization leads to 

droplets presenting themselves as a blend of melted lipid and drug particles, 

which upon accelerated lowering of temperature hastens the process of lipid 

precipitation at the core with a contemporaneous increase in drug concentration 

in the outer liquid lipid. Complete cooling leads to precipitation of a drug-

enriched shell. This structural model is suitable for facilitating drug release in 

bursts. Dermatological SLN formulations that necessitate enhanced drug 

penetration make use of such rapid release techniques, in addition to the 

occlusive effect of the SLN150. Studies have shown that the sustained release of 

clotrimazole from a topical SLN formulation was due to its drug-enriched shell 

structure (Souto et al. 2004). At elevated temperatures, the solubility of the drug 

in the surfactant-water mixture is another reason that can encourage precipitation 

of drug in the shell. The increase of solubility in the surfactant solution promotes 

partial movement of drug out of the lipid core, during the hot homogenization 

process. In contrast, a decrease of solubility of the drug in the surfactant solution 

is seen with the cooling effect of the dispersion. This facilitates enrichment of 

drugs in the shell, in scenarios under which lipid core solidification has already 

been initiated150. 

 

6.2.3. Drug-enriched core model  

When the process of recrystallization is opposite to that of the drug-

enriched shell model, a drug-enriched core model is acquired. Figure 14C shows 

a schematic of a drug-enriched core model, the morphology of which depicts that 

the drug tends to crystallize prior to the lipid. The solubilisation of the drug in the 

lipid melt is carried out close to its saturation solubility. Super-saturation of the 

drug in the lipid melt is caused by subsequent cooling of the lipid emulsion; this 

promotes drug recrystallizing prior to lipid recrystallization. Further cooling 

recrystallizes the lipid, which forms a membrane around the previously 
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crystallized drug-enriched core. In accordance with Fick’s law of diffusion, this 

morphology is suitable for drugs that require extended release over a certain 

period153. 

 

Figure 14.  Models of incorporation of active compounds into SLN (a) homogeneous 

matrix; (b) drug-enriched shell model; (c) drug-enriched core model.  

 

7. Nanostructure lipid carriers  

7.1. Definitions and physical structure of nanostructured lipid carriers 

The end of 1990s saw the introduction of nanostructure lipid carriers 

(NLC), which are further modifications on SLN. Evolving as an SLN of the new 

generation, NLCs contained particles with solid-lipid matrix with a nanometer-

scale average diameter. While addressing the limitations counteracted in 

conventional SLN systems, NLCs strive to increase the payload and avoid 

expulsion of drugs154. Three different types of NLCs were proposed, which also 

included the oil droplets dispersed in a solid lipid matrix. This should in turn 

combine high drug loading caused by the liquid-lipid and controlled release 

caused by the solid-lipid (Figure 13B). 

 

7.2. Structure of Nanostructured Lipid Carriers 

Analogous to SLN, three distinct morphologies are recommended for 

NLCs as demonstrated in Figure 15. These are a function of the location of 

incorporation of drug molecules (Jenning et al. 2000 a, b and c)151. 

 

7.2.1. NLC type I or “Imperfect crystal” type  

NLC type I or imperfect crystal types exhibit imperfections in structured 

solid matrix. Glycerides composed of various fatty acids can lead to 

augmentation of such imperfections. Increasing the number of imperfections can 
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also give a boost to drug accommodation. Imperfect crystal NLCs are prepared 

by mixing spatially different lipids, as opposed to using only solid lipids. This 

gives them the leverage to obtain “maximum imperfections”. Hence, 

accommodation of more drug molecules is facilitated, either in molecular form or 

as amorphous clusters. Using variable lengths of fatty acid chains further leads to 

formation of a solid matrix with flexible distances. In addition, drug-loading is 

enhanced by inclusion of a small amount of liquid lipid153. 

 

7.2.2. NLC type II or “Multiple” type  

NLC type II or oil-in-lipid-in-water type is the second kind of NLC, also 

known as the multiple type. The oil solubility of lipophilic drugs is higher than 

that of its solid lipid solubility. This is the principle used in formation of multiple 

type NLC. In this kind, higher amounts of oil are blended in solid lipids. Oil 

molecules are easy to disperse into the lipid matrix at low concentrations. 

Addition of oils more than that of its solubility promotes phase separation leading 

to production of tiny oily nano-compartments surrounded by the solid lipid 

matrix. These models facilitate precise drug release with the lipid matrix 

preventing leakage of drug151. Lipophilic drugs are solubilized in oils and 

multiple types of NLCs are formed during the cooling process of a hot 

homogenization. 

 

7.2.3. NLC type III or “Amorphous” type NLC  

NLC type III or amorphous type NLC is the third kind of NLC. Drug 

expulsion is promoted by crystallization. To curb this effect, preparation of NLCs 

involves judicious mixing of solid lipids with special types of lipids such as 

hydroxy octacosanyl hydroxystearate, isopropyl palmitate or medium chain 

triglyceride (MCT). Non-crystalline (amorphous), solid, lipid nanoparticles are 

formed thus. The core of the lipids solidifies to an amorphous state. The 

maintenance of the polymorphic nature of the lipid matrix minimizes drug 

expulsion in this case.  
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Figure 15. Drug incorporation models of nanostructured lipid carriers (A) the 

amorphous type, (B) imperfect type, and (C) multiple type. 

 

8. Preparation techniques for lipid nanoparticles: 

Different approaches are used to produce finely dispersed lipid nanoparticle 

dispersions. The various procedures are precisely described in this section: 

8.1. High Pressure Homogenization (HPH) 

High pressure homogenization (HPH) can be performed at high 

temperatures (hot HPH technique) and is a suitable method for the preparation of 

NLC or at or below room temperature (cold HPH technique)155-159. The hot HPH 

is prepared by melting the lipid and the drug together at precisely 5 °C above the 

melting point of the lipid. This is further mixed with an aqueous surfactant 

solution at the same temperature. A rapid stirring leads to formation of a hot pre-

emulsion. The hot pre-emulsion is then processed at a temperature-controlled 

high pressure homogeniser, generally a maximum of three cycles of 500 bars are 

sufficient. Recrystallization of the obtained nanoemulsion occurs once it has been 

cooled down to room temperature forming the relevant NLC. An apposite 

technique for handling hydrophilic or temperature labile drugs is the cold HPH. 

Lipids and drugs are melted together and then quickly pulverised under liquid 

nitrogen forming solid lipid microparticles. Brisk stirring of the particles in a 

cold aqueous surfactant solution leads to formation of a pre-suspension. 

Homogenization of this pre-suspension at or below room temperature delivers 

formation of NLC, the conditions for homogenization generally being five cycles 

at 500 bars. Extensive studies of the influence of homogeneous type, applied 

pressure, homogenization cycles and temperature on particle size distribution 

have been carried out in the recent past158,160-162. Both HPH techniques are 
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suitable for processing lipid concentrations of up to 40%, which usually yield 

very narrow particle size distributions (polydispersity index < 0.2)163,164. 

8.2. Production of SLN via microemulsions 

A suitable method for the formulation of SLN has been developed and 

optimized by the Gasco group through microemulsions and adapted by different 

labs165-169. Preparation of a warm microemulsion is done by stirring, then 

dispersing with further stirring in excess cold water (typical ratio 1:50), using an 

especially industrialized thermostatic syringe. This warm microemulsion 

typically contain 10% molten solid lipid, 15% surfactant and up to 10% co-

surfactant. The excessive water produced thus is discarded either by ultra-

filtration or by lyophilisation. This is done in order to facilitate enhancement of 

particle concentration. Extensive studies on factors such as microemulsion 

composition, dispersing device, temperature and lyophilisation on the size and 

structure of the obtained SLN have previously been reported. It is to be noted that 

the process of removing excess water from the formulated SLN dispersion is a 

challenging aspect when it comes to consideration of particle size. In addition, 

concentrations of surfactants and co-surfactants (e.g. butanol) in increased 

amount are necessary for formulation purposes, however less desirable with 

respect to regulatory purposes and application. 

8.3. Preparation by solvent emulsification-evaporation or - diffusion 

Until now, attempts have been made by several research groups to 

produce SLN by precipitation. In the solvent emulsification-evaporation 

method170-172, water-immiscible organic solvent (e.g. toluene, chloroform) is used 

to dissolve the lipid which subsequently undergoes an aqueous phase 

emulsification before evaporation of the solvent under reduced pressure. Once 

the solvent is evaporated, SLN is formed by precipitation of lipids. A major 

benefit of this method is that it is also applicable for thermolabile drugs, as heat 

is not applied during its preparation. However, issues might be related to solvent 

residues in the final dispersion. The limited solubility of lipid in the organic 

material also makes these dispersions quite diluting. Lipid concentrations in the 

final SLN dispersion are characteristically found to be around 0.1 g/l, making it 

imperative to boost the particle concentration by means of methods such as ultra-
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filtration or evaporation. Solvents which are partially water-miscible are used 

(e.g. benzyl alcohol, ethyl formate) in the solvent-diffusion method173,174. The 

first step is to mutually saturate them with water in order to warrant the 

thermodynamic equilibrium of both liquids. The next step is to dissolve the lipid 

in water-saturated solvent and consequently emulsify with solvent-saturated 

aqueous surfactant under pre-eminent temperatures. After addition of superfluous 

water (typical ratio: 1:5 – 1:10), the diffusion of the organic solvent from the 

emulsion droplets to the continuous phase causes the SNL to precipitate. 

Moderately diluting dispersion, which requires concentration by means of ultra-

filtration or lyophilisation is produced very much like the production of SLN via 

microemulsions. Very narrow to average particle size (around 100 nm) 

distributions are reached at by the two solvent evaporation methods. 

8.4. Preparation by W/O/W double emulsion method 

A unique method for the preparation of SLN loaded with hydrophilic 

drugs based on the solvent emulsification – evaporation technique was 

introduced lately155. In this method, the hydrophilic drug is encapsulated along 

with a stabilizer to preclude drug partitioning into the external water phase during 

solvent evaporation in the internal water phase of a W/O/W double emulsion. 

This technique is used for preparing sodium cromoglycate-containing SLN. 

Nevertheless, the average size is in the range of micrometers. Hence, the term 

‘‘lipospheres’’is a misnomer for these particles. 

8.5. Preparation by high speed stirring and/or ultrasonication  

These types of SLN were prepared by spray congealing followed by lipid 

nanopellets produced by high speed stirring or sonication from lipid 

microparticles175,176. Major improvements with this technique rely on the facts 

that it is easily produced and the equipment is commonly available in every 

laboratory. The issue with high speed stirring originates from broader particle 

size distribution in the micrometer range. The result of this is physical instability, 

an example being particle growth upon storage. Using higher surfactant 

concentrations could possibly bring improvements to this technique, which could 

potentially be associated with toxicological problems after parenteral 

administration. Another possible caveat is the metal contamination due to ultra-
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sonication. Hence, previous studies have relied upon methods to improve the 

stability of the obtained SLN dispersions. High speed stirring is combined with 

ultra-sonication nowadays at elevated temperatures for some time177,178. This aids 

in obtaining reasonably narrow and physically stable distributions, although the 

concentration of lipid is relatively low (< 1%) when compared to the surfactant 

concentration, which is high. 

9. Characterization of nanostructured lipid carrier  

Characterization of lipid nanoparticle formulations should be carried out 

carefully as a requirement in order to facilitate the formation of dispersions 

having the relevant properties for the desired application. The complex structural 

features coupled with the size of the colloidal lipid nanoparticle dispersions 

accounts for a challenging task of their characterization. The size of the colloidal 

particles promotes modification of physical features such as increasing solubility 

and the propensity to lead to formation of super-cooled melts. On dispersion of 

the bulk materials into nanoparticles, their properties such as polymorphism and 

crystallinity might significantly alter. Attributes, which further complicate the 

scenario is the potential co-existence of additional colloidal structures such as 

micelles, vesicles and emulsions in the dispersions. A comprehensive scheme for 

characterization is necessary in order to investigate the structural behaviour of 

these complex colloidal carriers. Characterization of drug carriers can 

nonetheless be done by several physicochemical methods. Few advances in 

analytical methods and equipment such as the ones which use laser light 

scattering techniques for particle size analysis, zeta potential determination, 

differential scanning calorimetry, and a range of electron-microscopic techniques 

can potentially be used. In general, the characterization of colloidal particles have 

undergone several improvements, including their physical state and stability, 

which have been carefully monitored over the past decade or so. 

 

9.1. Dynamic light scattering  

Dynamic Light Scattering (DLS) may also be referred as photon 

correlation spectroscopy (PCS) or Quasi-Elastic Light Scattering and is a 

technique, which aids in estimation of the mean particle size and the width of the 

particle size distribution expressed as polydispersity index (PDI) in the sub-
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micron range as shown in Figure 16. The particle size is measured as the 

diameter of the sphere, which diffuses with the same velocity as the particle 

being measured. DLS measurements are based on the tenets of the light 

scattering phenomena, in which the statistical intensities of fluctuations of the 

scattered light from the particles is measured. These fluctuations are a result of 

random movement of the particles in the dispersion medium, more popularly 

known as the Brownian motion.  

The structure of a DLS device usually involves a laser light to illuminate 

a tiny volume of the sample in question, primarily composed of a dilute 

suspension of particles. A photomultiplier is used to measure the intensity of the 

scattered light from the particles after it has been collected by a lens at a certain 

angle (usually 90º or 173º). At identifiable fluid viscosity and temperature, the 

diffusion rate of the particles depends on their size. Hence, the rate of fluctuation 

of the scattered light intensity guides the calculation of the size of these particles. 

Small suspended particles diffuse relatively faster than the larger ones, causing 

rapid fluctuations in the scattered light. A correlator is used to estimate the 

detected intensity signals by using the auto-correlation function, G(τ). Correlators 

compare between two different signals or a signal with itself at varying intervals 

of time. Then, the diffusion coefficient (D) of the particles is calculated from the 

decay of correlation function. Equation (2) below shows that the hydrodynamic 

diameter (dh) of the particle is inversely proportional to D, measured by the 

instrument. The dh of the particles can be calculated by the Stokes-Einstein 

equation. 

 

           dh =
kT

3πȠD
                                                                  (2) 

 

where, dh is the hydrodynamic diameter, D is the translational diffusion 

coefficient, which measures the velocity of the Brownian motion, k is the 

Boltzmann’s constant, T is the absolute temperature and η is the viscosity of the 

solution.  

As indicated above, the diffusion of small particles is faster than that of 

the larger ones leading to a strong fluctuation in the scattering signal with a much 

rapid decaying given by the auto-correlation function, G(τ). In case of a 
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monodisperse system, i.e. one which is composed of molecules of the same 

mass/size, G(τ) is given by a single exponential, but where the system is 

polydisperse (if more than one size/mass of particles is present), the G(τ) is 

represented as poly-exponential. Polydispersity Index (PDI) is calculated by 

making use of the deviation from a single exponential, which is in turn a measure 

of the width of size distribution. The standard PI of 0.0 is recorded when the 

particle population is essentially monodispersed. A relatively narrow distribution 

is indicated at PDI values in the range of 0.10-0.20, while values  0.5 indicate 

very broad distributions.  

 

Figure 16.  Particle size distribution of NLC (PEG-25-SA-NLC). 

 

9.2. Particle charge and zeta potential  

Predictions of the storage stability of colloidal dispersions are measured 

by the zeta ( ξ ) potential (ZP). There is less probability for particle aggregation 

with high ZP, i.e. with charged particles because of electrostatic repulsion. The 

fact that reduction of ZP agrees well with the reduction in physical stability is 

well-studied now. As a general rule, the gradation of the electrostatic 

stabilization (and thus, physical stability) can be delineated as being excellent for 

ZP >-60 mV and good for ZP >-30 mV179,180. However, for systems having steric 

stabilizers (non-ionic macromolecules), this rule cannot be applied since 

adsorption of steric stabilizers will decrease the ZP by causing shift in the shear 

plane of the particle. In his article, Müller has discussed the relationship between 

ZP and surfactants in great details157. 

The ZP is inversely proportional to energy inputs, majorly light and 

temperature. As the higher temperatures and increases in light intensity cause an 

elevation in the kinetic energy of the system, SLN aggregation and gelation 

occurs with a reduced ZP. Reorientations in the crystalline structure of the lipids 

are brought in about by this energy input179,181. As a result of this change, 

changes in the particle surface charge (Nernst potential) and consequently, the 
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measured ZP is affected. In addition, different sides of a crystal may possess 

different charge densities (e.g. aluminium silicates like BentoneTM). One-

dimensional crystal growth (i.e. formation of long b crystals182 brings about 

changes in the surface ratio of differently charged crystal sides and accordingly, 

changes in the measured ZP. Aggregation of lipid crystals to building up a 

network is facilitated by the reduction in ZP (and electrostatic repulsions)179. 

 

Figure 17. Zeta potential distribution of NLC (PEG-25-SA-NLC). 

 

ZP of SLN dispersions have previously been shown to decrease as a result of 

autoclaving, especially for nanoparticles comprised of fatty acids183. The zeta (ξ) 

potential can directly be calculated from electrophoretic mobility based on the 

Smoluchowski equation (equation 3): 

 

                                v = (
ε .  E

η
) ξ                                                                  (3) 

 

Where v is the measured electrophoretic velocity, η is the viscosity, ε is the 

electrical permittivity of the electrolytic solution, and E is the electric field. 

9.3. Morphology 

Primary information with regards to size distribution, morphology, 

surface topography and internal structure of lipid nanoparticles can be offered by 

the frequently used advanced microscopic techniques, e.g. scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and atomic force 

microscopy (AFM). Two and three dimensional morphological information are 

given by TEM and SEM, respectively. The large depth of field of SEM comes off 

as a foremost advantage, which translates to images of relatively large structures 

being all in-focus184. However, SEM does not provide internal details185, because 

of its low resolving power (~3 - 4 nm), unlike TEM186, which has a resolving 

power of 0.4nm184, and can provide information on internal structure of lipid 
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nanoparticles187. Even hydrated specimens can be analysed by Environmental 

SEMs (ESEMs). Although their working pressures are not as low as SEM and 

coating before measurement is not required188, they have low resolution 

rendering them insufficient to obtain detailed structural information of nanoscale 

materials, such as those giving the surface properties and architecture187. 

Cryogenic TEM (cryo-TEM), cryogenic SEM (cryo-SEM) and freeze fracture 

TEM are few other microscopic techniques that have been effectively made use 

off or visualizing lipid nanoparticles189-193 that allow the sample to be observed 

near its natural state. Klang et al, provides further details about advanced 

microscopic techniques187. 

 

Figure 18.  TEM (A) and SEM (B) images of PEG - 100 - SA coated SLNs. 

 

On the other hand, use of techniques as Atomic Force Microscopy (AFM) 

have resulted in delivery of relevant information on the size, shape and surface 

morphological information of nanoparticles because of its high resolution (up to 

0.01nm) 194. AFM uses piezo-electric transducers to provide control over spatial 

positions of the probing tip relative to the sample surface with great accuracy and 

reproducibility. This, as a result is able to map the surface topology on an atomic 

or nanometre scale. Usually, surface profiles of uncoated non-conductive 

samples may be evaluated by AFM under atmospheric conditions and/or 

liquid/wet environment188,194. However, submicron particles exhibit rapid 

movements due mainly to the Brownian motions, rendering them imperative to 

be fixated/dehydrated for assessing shape parameters via the tiny tip of AFM194. 

The methods in the scale of 1-1000 nm include the SEM and the freeze-fracture 

electron microscopy. These techniques have been used inherently to classify the 

non-spherical shapes of SLN systems. However, these methods are not able to 

generate 3D-pictures and are also limited to measurements in vacuum, i.e. in 

aqueous-free environments. Hence, the influence of external agents on the time 

evolution of targets is not seen. High resolution AFM could potentially address 

these shortcomings. 
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Figure 19. AFM image of γ -oryzanol loaded lipid nanoparticles (LN) at 0% liquid lipid 

(A), 5% liquid lipid (B) and 10% liquid lipid (C): 3D images (1), topographic images (2) 

and phase images (3). All images were scanned over a 1 × 1 μm2 area. 

 

9.4. Crystallization 

Two of the significant constraints for lipids are polymorphic transition 

and temperature for crystallization. Characteristics such as lipid crystallinity 

degree and modification of the lipid beg special attention with regards to quality 

of the product. Solid nanoparticles involve polymorphic transitions. 

Rearrangement of the lipid molecules coupled with increase in lattice intensity 

promotes transition to a more stable lipid polymorph195. The arrangement of the 

lipid within the lipid nanoparticle is supposed to be less ordered than the bulk 

materials177. The crystallization behaviour, the degree of crystallinity and the 

crystal modifications of the matrix constituents compared to the bulk materials 

are all influenced by the production method, the presence of surfactant, melting 

point of the lipid, lipid concentration, drug incorporation and the high dispersity 

coupled with the small particle size of the resulting systems196. The internal 

structure of the particles along with the colloidal state of the dispersion are 

affected by the stabilizers, when it comes to particle size and stability. This 

consideration is imperative for the development of drug carriers based on lipid 

nanosuspensions197. Recrystallization at room temperature is generally hampered 

by depression of the melting and recrystallization points brought by crystalline 

structures alteration. As a result of this, liquid, amorphous or partially 

crystallized metastable systems are formed181,196,198. In addition, propensity to 
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recrystallize is thoroughly disturbed by the melting temperature of the lipid. 

Crystal behaviour and lipid modifications have a strong correlation to drug 

incorporation and rates of release199. The loading capacity of nanoparticles is 

further influenced by the lipid crystal order and variances in the supramolecular 

structures of the polymorphs. A distorted organization of the lipid crystals tends 

to prefer enhancement of drug loading capacity177,195. Changes in dispersion 

stability and drug loading are significant contributions from the sorts of crystal 

polymorph and the kinetics of transitions195. 

The lipid polymorphs may be told apart by X-ray diffraction method, 

which allows clear identification of these different polymorphic forms by their 

spacing196,200 evaluation of the lengths of long and short spacing of the lipid 

lattice107. While X-ray diffraction facilitates differentiation amongst crystalline 

and amorphous materials, on the other hand, differential scanning calorimetry 

(DSC) can distinguish among amorphous solids and liquids. In a way, X-ray 

diffraction measurements endorse the polymorphism exhibited by DSC 

measurements.  

1H NMR spectroscopy is particularly useful for characterizing liquid 

lipid domains inside the SLN. With the incorporation of the liquid lipids in the 

lipophilic phase of SLN, which is thought to improve the loading capacity of the 

particles, including solid lipid with high crystallinity, the resulting particles are 

solid, but the oil inside the particle may remain in a liquid state. 1H NMR 

observables give information regarding the mobility, arrangement and 

environment of the oil molecules151. 

 

Figure 20. DSC image of (A) BCA–PEG–NLC and its ingredients, (B) physical mixture, 

(C) PEG–SA, (D) LEC, (E) BCA, and (F) GMS. 
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 It also aids in accounting for the drug distribution within compositions and 

provide relevant evidence on the mobility of the drug molecules included in the 

lipid matrix. This is of utmost importance given the fact that sustained drug 

release from the lipid particles is a challenging task, despite high drug loading 

being easily attained with high drug mobility201. 

 

9.5. Drug incorporation into SLN and NLC 

Considerations to be taken into account when dealing with the loading 

capacity of the drugs in the lipid are107 drug solubility in the melted lipid, 

tendency of drug melt to be miscible with the lipid melt, chemical and physical 

texture of solid matrix lipid, polymorphic state of the lipid material. 

Models of SLN drug incorporation as depicted in Figure 14 are the solid 

solution model, core-shell model; drug-enriched shell, drug-enriched core. A 

solid solution model disperses the drug in the lipid matrix with production of the 

particles by the cold homogenization process without the use of surfactant or 

drug-solubilizing surfactant. The melting behaviour of the lipid matrix assesses 

the strength of drug interactions with the lipid202. X-ray diffraction can be used as 

a standard tool to validate the molecular dispersion of the drug in the particles. 

The extended release of drug for as long as a number of weeks can be attained 

with solid lipid particles203. On the other hand, the drug-enriched shell model of 

drug incorporation partitions the drug molecules from the liquid oil phase to the 

water phase via hot homogenization. The liquid state of the particles accelerates 

the segregation into the external phase. The extent to which the drug partitions is 

directly proportional to the drug solubility in the aqueous phase and the 

temperature. As a result, elevated temperature leads to higher saturation 

solubility of the drug in the water phase. When the O/W nanoemulsion produced 

is cooled, the drug solubility in water drops down with temperature drops. This 

leads to re-partitioning of the drug into the lipid phase. When the recrystallization 

temperature of the lipid is reached, a solid lipid core is formed. The reduced 

solubility in aqueous media leads to enhancements of the pressure on the drug to 

promote re-partitioning, when the temperature of the system is decreased. As a 

result of the core being inaccessible to the drug due to crystallization, the drug 

concentrates in the still liquid outer shell of the SLN and/or on the particle 

surfaces204,205. The drug-enriched core model of drug incorporation gives a drug-
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enriched core when a drug which is dissolved in the lipid melts at or close to its 

saturation solubility. Following this, when the nanoemulsion is cooled, the drug 

becomes supersaturated in the melted lipid leading to drug precipitation earlier 

than lipid recrystallization. Subsequent lowering of temperature promotes to the 

recrystallization of the lipid surrounding the drug as a membrane. This lipid 

membrane houses the drug at a concentration consistent with the saturation 

solubility of the drug at the recrystallization temperature of the lipid107. This 

entrapment model shows that the nature and amount of surfactant surrounding 

the SLN core determines the quantity of SLN associated drug. Heiati et al., have 

previously shown that drugs such as dexamethasone, dexamethasone palmitate 

and a zidothymidine palmitate, which are amphiphilic in nature, was not 

seemingly integrated within the triglyceride core of SLN, an example being that 

of trilaurin (drug-enriched shell model). Also, drug incorporation was affected by 

the increase in phospholipid strength, and could possibly be tuned by changing 

the concentration of phospholipids206. 

 

9.6. Controlled drug delivery 

The drug release from lipid nanoparticles could be appreciated well by 

the general attributes outlined below (Venkateswarlu and Manjunath 2004)199: 

 The drug release and drug partition coefficient are inversely related. 

 Smaller particle size and hence larger surface area elevates the amount of 

drug released. 

 A homogeneous dispersion of the drug in the lipid matrix encourages gradual 

release of drug. 

 If the lipid carrier is less crystalline and drug is highly mobile, they facilitate 

expedited drug release. 

These general guidelines above outline the significance of the production 

parameters in controlled drug delivery. With the employment of cold 

homogenization technique, the lipid phase loaded with drug rests mainly in the 

solid state during the production step (solid solution model). This leads to 

decreased mobility of the drug and entrapment of an increased amount of drug 

related to the hot homogenization technique, i.e. least partitioning to the water 

phase. In addition, drug release is much more sustained in contrast to the hot 

homogenization technique. The so-called ‘adeptness’ of entrapment alters with 



46 
 

the surfactant concentration and the production temperature used during hot 

homogenization. The SLN release profile via the hot homogenization technique 

reads as an initial burst effect in the first five minutes: a very prominent fast drug 

release followed by a much slow and sustained release of drug for the drug-

enriched shell model (i.e. 100% within <5 min). Müller and co-workers have 

focused on probing the drug release mechanisms and their governing dynamics. 

With this in mind, newer SLNs came into picture, which incorporated several 

model drugs with diverse physicochemical properties. Studies on tetracain and 

etomidate bases as lipophilic drugs, and iotrolan (Schering AG, Berlin) as a 

hydrophilic drug were conducted under many of triglyceride SLN formulations. 

Etomidate and tetracain loaded nanoparticles have been reported to show almost 

comprehensive drug release initially over few minutes, which does not 

necessitate relying on the technique of production207.  

Studies on the release pattern of microparticles showed that the initial 

release in bursts is because of the site of drug in the SLN and drug surface 

area202. Thus, a possible solution to this effect was to increase the particle size to 

attain prolonged release, as in case of lipid microparticles. The feature of burst 

release of the drug was due to the fact that the drug was entrapped in SLN 

according to the drug enriched shell model leading to a comparatively short 

distance of diffusion. Another important consideration to be taken into account is 

the selection of a feasible surfactant that would interact with the outer shell and 

influence its structure. A surfactant in its low concentration gives rise to a 

minimal burst and sustained drug release. The significance of the 

homogenization was shown in the same study. The solid solution model accounts 

for the extended release by the molecular distribution of the drug in the lipid, 

although the employment of hot or cold homogenization method and the nature 

of the lipid change the profile for the drug release. For example, cold 

homogenization leads to sustained drug release with no distinct burst. Such 

trends may be recognized as due to the homogenous molecular distribution of the 

drug in the solid lipid matrix, which furthers the formation of a solid dispersion 

before homogenization and the process of cold homogenization leading to 

particle formation, which is retained as a solid dispersion. Due to this effect, 

there is enhanced release of prednisolone over a period of up to six weeks. The 

release profiles of the drugs incorporated could be modified more effectively by 
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the solid state of SLN. As a matter of fact, the placement of the drugs in the 

correct region is of primary importance to account for their release behaviour208. 

Solid state of particles at room temperature enforces controlled drug release, 

where there is decrease in mobility of the drugs, whereas the crystalline nature of 

the particles controls the drug release behaviour. 

 

Figure 21.  In vitro drug release profile of different NLCs: (A) Tf10k-PTX-DNA-NLC, 

(B) Tf5k-PTX-DNA-NLC, (C) PTX-DNA-NLC, and (D) Taxol®. 

 

Another previous study has shown in favour of these results205. Fick’s law of 

diffusion governs the membrane controlled release by the drug enriched core 

model of drug incorporation152. High drug loading capacity coupled with 

sustained release characteristics is common with NLC formulations, where the 

oil content of the particles solubilizes the drug. 

The amorphous and imperfect type of NLCs facilitates improved 

flexibility to attain the preferred extended release153. In case of a highly lipophilic 

drug such as clotrimazole, a rapid drug release is favoured by NLC in 

comparison to SLN. Properties as the entrapment efficiency and drug release 

profiles depend on the drug and lipid concentrations, also promoted by higher 

propensity to crystallize along with higher lipid concentrations of SLN209. A 

recent study reports that ascorbyl palmitate (amphiphilic structure) was entrapped 

in SLN and NLC. With SLN and NLC, the rate of drug penetration across human 

skin from was statistically identical. Drug entrapment model of SLN (drug-

enriched shell model) and the crystallization behaviour of NLC are responsible 

for this similarity in trends (Fig. 14)210. 

 

10. Applications 

When compared to other different drug delivery systems, nanostructured 

lipid carriers (NLCs) display better stability and ease of upgradability to 
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production, an attribute imperative to several modes of targeting. Colloidal drug 

delivery systems are based largely on NLCs, as they are biodegradable and last at 

least for a year. Drug delivery can be facilitated both in vivo and in vitro to the 

liver and to actively phagocytic cells, respectively. A few of the number of 

potential applications of NLCs are enlisted below: 

 

10.1. NLCs in brain delivery 

NLCs have come off as a novel drug delivery system in the brain211. 

Several recent studies report NLCs carrying drugs to be delivered in specific 

regions of human brain212,213. Previous reports have also depicted that the novel 

nanometric chitosan coated NLCs are actually safe and non-toxic for intranasal 

(i.n.) administration and have successfully delivered drugs to the brain in a single 

dose via i.n. route214. This has opened up novel prospects to less invasive 

administration routes to approach the brain by passing the limiting step of the 

blood brain barrier (BBB). In addition, surface charge and particle size have been 

shown to affect drug delivery to the brain. Alam reported that epilepsy can 

effectively be treated by successful targeting of the potent lamotrigine215. 

Similarly, i.n. administration of NLCs of valproic acid (VPA) has offered 

superior protection against MES seizure216. Tsai has suggested a novel approach 

for explicit brain targeting of drugs via the intravenous (i.v.) route213. Hence, it 

has been heavily indicated that NLCs may expand the drug’s capability to 

penetrate pass the BBB and has come off age as a promising drug targeting 

system for the treatment of CNS disorders. 

 

10.2. NLCs for topical delivery 

NLCs have been incorporated with several drugs for topical application. 

These include tropolide217, imidazole antifungals218, anticancers219, vitamin A220, 

isotretinoin221, ketoconazole222, DNA223, flurbiprofen224 and glucocorticoids225. 

The superb ability of NLCs to increase drug accumulation, drug retention, 

sustained release, localized effect, and maximal therapeutic antifungal efficacy 

are some of the plausible mechanisms for the improvement and hence they 

provide an advanced cutaneous drug accumulation226-228. Strong points of 

delivering the drug directly to the site of action is facilitated by formulations of 

acitretin–NLC gels in treating psoriasis patients226. Also, it is now well 
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documented that a couple of drugs with strikingly varied polarities may 

potentially be used in combinations of NLCs for augmented drug penetration and 

restricted skin irritation229. It has also been shown that NLCs display prominent 

effect compared to SLN for topical delivery. 

 

10.3. NLCs as cosmeceuticals 

Nowadays, added potential applications of NLCs lie in the preparation of 

sunscreens and as an active carrier agent for molecular sunscreens and UV 

blockers225. One in vivo study reported that there was enhanced skin hydration by 

almost 31% after 4 weeks by addition of just 4% SLN to aconventional cream217. 

Also, sustained release occlusive topical applications have been few of the 

formulations involving SLN and NLCs230. Superior localization is obtained on 

vitamin A in skin upper layers with glyceryl behenate SLNs in comparison to 

conventional formulations220. The effects of topical α-tocopherol was explored by 

Lopez-Torres et al.,231 on the application on epidermal and dermal tissues and its 

ability to inhibit UV-induced oxidative damage. A superior capability of NLCs to 

increase the antioxidant in vitro penetration into rat skin was demonstrated by a 

comparison between SLN and NLC containing resveratrol232. 

 

10.4. NLCs as a targeted carrier for cancer 

There are reports which suggest that NLCs could be used as an effective 

drug carrier to treat neoplasms233. In order to design drug release enhancers, 

tamoxifen, an anticancer drug have been incorporated in NLC after i.v. 

administration in breast cancer, which also augment the permeability and 

retention effect234. Similarly, targeting tumourous cells have been attained with 

NLCs loaded with drugs like methotrexate235 and camptothecin236. Local SNL 

injections formulations loaded with the drug, mitoxantrone decreases the toxicity 

and recover the safety and bioavailability of the drug237. On the other hand, 

doxorubicin (Dox) efficacy was enhanced by including them in SLNs238. The 

method that was followed to formulate this included that Dox was complexed 

with soybean-oil-based anionic polymer and dispersed together with a lipid in 

water to lead to formation of Dox-loaded solid lipid nanoparticles. Such system 

was shown to have a superior efficacy and brought down the number of breast 

cancer cells. 
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10.5. Oral NLCs in anti-tubercular chemotherapy 

Rifampicin, isonizide, pyrazinamide-loaded SLN and NLC systems are 

such formulated anti-tubercular drugs, which could improve patient compliance 

in addition to reducing the dosing frequency of the drug239. The nebulization in 

animal was reported to be improved by incorporating the above drug in SLN with 

enriched bioavailability240. The usefulness of lipid nanoparticles to evade adverse 

drug – drug interactions can be seen for the combinations of drugs like isoniazid 

(INH) and rifampicin (RIF), which are to be used with caution241. Rifampicin-

loaded NLC drugs coated with mannose could be accurately targeted both in vivo 

and in vitro displaying minimal cytotoxicity and rendered safe for systemic 

administrations242. 

 

10.6. NLCs for potential applications in agriculture 

When incorporated in SNL, essential oil extracted from Artemisia 

arboreseensL showed reduced rapid evaporation, when compared to emulsions 

and hence the systems have found effective use in agriculture as a relevant carrier 

of ecologically safe pesticides243. The preparation of SLN was done hereby the 

use of compritol 888 ATO as lipid and poloxamer 188 or Miranol Ultra C32 as 

surfactant. 

Several different forms of monoglycerides, diglycerides, triglycerides, 

waxes, phospholipids and fatty acids have been exclusively used to develop 

NLCs. However, sorbitantristearate (Span 65) have not been commonly used for 

preparation of NLC in previous literature, as one of the lipidic component, 

despite its known biocompatibility. That imperfection/void spaces in the NLC 

matrices would exist when a combination of soy lecithin and stearic acid is used 

is a known fact. Hydrocarbon chain of the stabilizers also has significant 

contributions on generating imperfections. The stabilizers’ effect on the 

behaviour of the solution phase and thermal properties of NLC such as 

temperature of maximum heat flow (Tm), peak width at half maxima (∆T1/2), 

change in enthalpy (∆H), change in heat capacity (∆Cp) and crystallinity index 

(C.I.) have not been extensively studied. The mismatch of hydrocarbon chains is 

expected to make the formulation a novel carrier for lipophilic, hydrophilic as 

well as amphiphilic drug molecules. Drug localizations in NLCs could be 

potentially estimated by spectroscopic as well as thermal investigations. In 
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addition to this, the effect of hydrocarbon chain length on the entrapment 

efficiency, loading content and release kinetics are not very well characterized 

for this type of small molecules loaded in NLC. Studies carried out by several 

research groups indicate that the severe side effects could drastically be reversed, 

when loaded with suitable drug delivery system. Our goal is to validate this 

rationale for NLC formulation using Lidocaine (LIDO) and procaine 

hydrochloride (PRO.HCl), which are commonly used as local anaesthetics. To 

reduce dose frequency, relieve skin irritation (caused by high dose of 

anaesthetics) as well as to sustain the anaesthetic effect, such formulations are 

considered worthy to be investigated, and are extremely relevant. 

In addition, NLCs composed of a mixture of saturated (solid) and 

unsaturated (liquid) triglyceride, phospholipid and fatty acid may be a very fresh 

and interesting alternative in place of the established fatty acid and triglyceride 

combinations. This is because such blends are known to be polycrystalline in 

nature, can boost the physical stability, efficiency to encapsulate, release 

behaviour, therapeutic efficiency, etc. Despite there being a number of instances 

previously found in literature on NLCs involving a mixture of saturated (solid) 

and unsaturated (fluid/liquid) lipids, comparative studies designating the effects 

of unsaturated lipids and saturated lipids on the physicochemistry of NLCs are 

sparse. Hence, a handsome scope of research in the field of NLCs is the 

employment of varied combination of saturated and unsaturated lipids. 

Contemporary studies have indicated that UA has latent anti-tumor effects and 

shows cytotoxic activity against various types of cancer cell lines244-247. 

Notwithstanding the above potentials, clinically UA has been limited because of 

its modest solubility in water, which leads to its crippled bioavailability and 

insignificant in vivo pharmacokinetics. This study revolves around evaluation and 

comparison of the saturated and unsaturated lipid comprising NLCs, in order to 

determine if differences in composition can alter the performance of these 

systems. 

Moreover, drug delivery systems in the form of PEG coated 

nanostructured lipid carriers have been studied for delivery of several cancer 

therapeutic molecules by oral route.  Nonetheless, it is not common in literature 

to find combination of tristearine and oleic acid as one of the lipidic component 
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and PEG - 25 / 55 - stearate as coating agent in preparing NLCs. Thus, in the 

present study, we aim to prepare conventional NLC as well as PEG-coated 

orcinol glucoside-loaded nanostructured lipid carriers for the purpose of targeting 

gastrointestinal tract cancer with enhanced anticancer activity for oral delivery of 

orcinol glucoside (OG). The current study proposes to explore the 

aforementioned systems through extensive physicochemical characterization.  
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    Chapter 1 

Effect of Serum, Cholesterol and Low Density Lipoprotein 

on the Functionality and Structure of Lung Surfactant 

Films 

 

Abstract: Lung surfactant is a complex mixture of lipid and protein, responsible 

for alveolar stability, becomes dysfunctional due to alteration of its structure and 

function by leaked serum materials in disease. Serum proteins, cholesterol and 

low density lipoprotein (LDL) were studied with bovine lipid extract surfactant 

(BLES) using Langmuir films, and bilayer dispersions using Raman 

spectroscopy. While small amount of cholesterol (10 wt %) and LDL did not 

significantly affect the adsorption and surface tension lowering properties of 

BLES. However serum lipids, whole serum as well as higher amounts of 

cholesterol, and LDL dramatically altered the surface properties of BLES films, 

as well as gel-fluid structures formed in such films observed using atomic force 

microscopy (AFM). Raman-spectroscopic studies revealed that serum proteins, 

LDL and excess cholesterol had fluidizing effects on BLES bilayers dispersion, 

monitored from the changes in hydrocarbon vibrational modes during gel-fluid 

thermal phase transitions. This study clearly suggests that pathophysiological 

amounts of serum lipids (and not proteins) significantly alter the molecular 

arrangement of surfactant in films and bilayers, and can be used to model lung 

disease. 

J. Oleo Sci. 63, (12) 1333-1349 (2014) 

 

1. Introduction 

Pulmonary or lung surfactant （LS） is secreted by the alveolar type II 

epithelial cells1. From its secreted bilayer form （lamellar bodies） LS transforms 

into tubular myelin and gets adsorbed at the air – liquid interface to form a tightly 

packed monomolecular film. The film reduces the surface tension to low value as 
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the area of the alveolar interface decreases upon expiration. The monomolecular 

film becomes compressed to near 0 mN/m value and this prevents alveolar 

collapse and maintains air - way patency. Lipids are the main components of 

pulmonary surfactant. Among them, dipalmitoylphosphatidylcholine （DPPC） 

and phosphatidylglycerol （DPPG） are the most characterized and abundant 

phospholipids. While DPPC （40 - 50 wt％ of the lipid pool） is responsible for 

maintaining the surface tension near zero during compression, presence of other 

fluid lipids are also essential in order to re-spread the com-pressed film easily2,3. 

Beside the phospholipids, there are four surfactant associated proteins, SP - A, 

SP - B, SP - C and SP - D. While SP - A and SP - D are hydrophilic, the other 

two surfactant proteins （SP - B and SP - C） are hydrophobic and attenuates the 

surface tension of LS4,5. The most abundant neutral lipid in pulmonary surfactant 

is cholesterol, amounting to 5 - 10 wt％（or 10 - 20 mol％）of the phospholipids6. 

Even though the presence of cholesterol in surfactant has long been recognized, 

however, little is known about its function2,6,7. Some studies suggests that in the 

presence of the hydrophobic surfactant proteins cholesterol is essential for 

fluidity control6, surface tension reduction and adsorption of other phospholipids 

onto the monolayer8-10. However previous studies also suggest that excess 

cholesterol also has deleterious effects, e.g., it retards the achievement of 

minimum surface tension to near zero value during complete film compression 

and decrease of post collapse re-spreading11.  

In adult respiratory distress syndrome （ARDS） and acute lung injury 

（ALI） elevated levels of serum materials such as soluble proteins and some 

lipids are found in the extracted LS. These LS are also found to have reduced 

surface activity, although the cause for this is not clear11. An early study by Haas 

and Longmore showed that although the lung can produce cholesterol much 

larger in amount than its own requirement, the main mechanism used in the 

production of surfactant cholesterol is the use of lipoprotein cholesterol supplied 

form the blood, since about 2 wt％ of the cholesterol is from endogenous 

synthesis12. Other studies have established that lipoproteins such as low density 

lipoproteins （LDL） not only supply cholesterol to surfactant but also affect the 

secretion of surfactant from the type - II cells1,6,13.. 
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Previous studies have shown that cholesterol present in LS in 

physiological amounts has no deleterious effect on LS function8. However in 

ARDS and ALI some serum materials, which leak from the capillaries into the 

fluid lining of the lung, inactivate LS. Most previous studies have suggested that 

it may be serum soluble proteins which can inactivate surfactant, however in 

vitro studies require very high amounts of proteins to provide such inactivation. 

It is known that some serum proteins which leak from the capillaries into the 

fluid lining the lungs may render LS inactive. However, some recent studies have 

suggested that excess amounts of cholesterol or other serum lipid components are 

far more potent inhibitor of LS8-10. Previous studies on serum albumin, C - 

reactive protein, fibrinogen and others have shown that these proteins affect the 

structure-function properties of LS in very high nonpathophysiological amounts 

when studied in vitro14-17. However there are evidences that serum protein levels 

in pathophysiological lungs only increase by three folds, which cannot inactivate 

surfactant. In an earlier study we have shown that cholesterol levels in such lungs 

only increases by two fold, and completely inactivates surfactant18. In another 

study we have also observed that whole serum is a far more potent inactivator of 

LS than its soluble protein fraction19. 

Bovine lipid extract surfactant （BLES） a clinically used surfactant 

developed in Canada is used for treating patients with ARDS11. The material 

contains all surfactant lipids and proteins except the hydrophilic SP - A and SP - 

D, and the neutral lipid cholesterol, which are synthetically removed. This allows 

in vitro studies with BLES with various increments of cholesterol or serum 

proteins8-11. In a previous study we have used fetal calf serum （FCS） with BLES 

and have found that the serum （with its lipids and proteins） is 200 times more 

potent inactivator of LS than its protein component albumin19. FCS is very 

similar in composition to human serum. Human serum mainly consists of 

albumin, fibrinogen, CRP, globulin among other proteins, and also ions, amino 

acids, sugars （fructose and glucose） as well as serum lipids and lipoproteins such 

as LDL20-22. 

In this study we have investigated the normal and pathophysioligcal 

amount of FCS, and serum lipids （cholesterol and LDL） with BLES using a set 

of correlated biophysical and structural methods previously used to study 
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surfactant dysfunction mainly with proteins14,17,19. Detailed iatrascan and matrix 

assisted laser desorption / ionization – time of flight （MALDI-TOF） suggested 

the exact composition of BLES and FCS lipid components. Langmuir surface 

balance and adsorption studies suggested the alterations of surface activity of the 

BLES by FCS lipids, as well as atomic force microscopy （AFM） suggested the 

structural alteration of the gel-fluid domain distribution in such functionally 

altered films. Raman-spectroscopy was applied to such BLES / additive bilayer 

dispersions used to form such surface films, to suggest alteration of molecular 

packing of the surfactant phospholipid chains in such bilayers from monitoring 

hydrocarbon vibrational modes during thermal transitions. 

2. Materials and methods 

2.1. Materials 

Samples were prepared with supplied exogenous lung surfactant, bovine 

lipid extract surfactant （BLES®）dispersion and 10 and 20 wt% of fetal calf 

serum （FCS）, cholesterol, and low density lipoprotein （LDL）. The clinically 

used BLES suspension（27 mg/mL） was a generous gift from Dr. Dave Bjarnson 

of BLES® Biochemicals Inc. （London, Ontario, Canada） and was used without 

further modification. FCS （7 mg/mL）, LDL（5 mg/mL）, and cholesterol 

（crystalline form） were all purchased from Sigma-Aldrich Inc （.USA）, and were 

used as received. HPLC grade solvents, chloroform and methanol, were 

purchased from Fischer Scientific （Ottawa, Ontario, Canada）. Most samples 

were studied in the buffer using 0.15 M NaCl-Trizma®. HCl buffer at pH 7 to 

maintain optimum pH and ionic conditions for LS. The NaCl-Trizma®. HCl 

buffer used in this study was prepared by the addition of 150 mM NaCl and 5 

mM （～0.08 g） Trizma hydrochloride in 1 L of double distilled water and the pH 

was adjusted to 7 by titrating with 0.1M NaOH14. Each sample was prepared by 

incubating desired amount （10 and 20 wt%）of FCS, cholesterol and LDL with 

appropriate amounts of BLES followed by thorough mixing. Small aliquots were 

diluted appropriately with buffer to be used for all monolayer and bilayer model 

studies. This was done to ensure that the similar stock of samples was used in all 

experiments and to avoid heterogeneity of sample concentration and 

composition. 
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All solution preparation and experiments were conducted using double 

distilled water （ddH2O）. Glassware used were washed by perchloric acid 

followed by rinsing with ddH2O and were dried for 2 hr. at 180 °C to remove any 

organic and surface active impurities23. 

2.2. Lipid extraction of samples 

While conducting the monolayer, AFM, Raman and some mass 

spectrometric studies on BLES and BLES + cholesterol, BLES was extracted in 

hydrophobic solvents from aqueous dispersions according to the Bligh and Dyer 

method 24. Briefly, in this method, 0.8 mL of BLES dispersion （27 mg/mL） was 

mixed with 3 mL of chloroform: methanol（3:1, v/v）, in a test tube and 

homogenized by mechanical shaking. One part of chloroform along with one part 

of double distilled water was added then and again vortexed to ensure uniform 

mixing. The mixture was then centrifuged for 2 - 3 minutes at 1000 rpm in order 

to separate the organic and aqueous layers. The organic phase at the bottom layer 

was carefully taken out into a glass vial with a glass pipette without disturbing 

the aqueous layer. This extraction process was repeated with remaining aqueous 

layers using 2:1 chloroform - methanol. All organic extracts were kept in a single 

vial. It was then placed under nitrogen gas flow to dry and kept overnight in a 

vacuum desiccator to make it free from trace amounts of organic solvent. 

Cholesterol was added to BLES and after the addition the sample was suspended 

in the chloroform - methanol mixed solvent, which was then dried under nitrogen 

gas and re-suspended in a saline buffer19. The BLES - cholesterol mixture was re-

suspended in a saline buffer, by vortexing above 30 °C, to obtain multi-lamellar 

vesicles as observed using electron microscopy by methods discussed 

elsewhere25. To identify the lipid components of both FCS as well as LDL, the 

lipid portions of each sample were extracted by using modified Bligh and Dyer 

method19,24. The organic layer of each was dried under nitrogen and the residue 

was then used for analysis by matrix - assisted laser desorption ionization - time 

of flight mass spectrometry （MALDI - TOF MS） using 0.5 M 2, 5-

dihydroxybenzoic acid （DHB） matrix. 
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2.3. Methods 

Pure BLES as well as BLES in the presence of 10 and 20% serum or 

cholesterol or LDL were chosen for the present set of studies. Selections of these 

amounts of additives were not arbitrary since these concentrations are 

pathophysiologically relevant as noticed in diseased as well as in the normal lung 

surfactant lavages11,18. Adsorption, surface tension area isotherm and AFM 

measurements were performed to investigate the function and structure of 

monolayer films, whereas the use of Raman spectroscopy was to examine the 

bilayer phases. Experiments were performed at a controlled ambient temperature 

of 23 °C, except Raman spectroscopy, which were conducted in the temperature 

range 10 - 40 °C. The studies were conducted with this ambient temperature 

since AFM studies could not be performed at higher temperature, as well as the 

Langmuir surface balance had a subphase volume of 5 L, which cannot reach 

higher temperature equilibrium without surface evaporation. A previous study on 

higher temperatures suggested that there are no major or significant differences 

in adsorption and surface tension changes between ambient and physiological 

temperatures for BLES19. 

2.3.1. Adsorption kinetics studies 

Adsorption experiments were carried out by surface tension study （plate 

detachment method）. Sample dispersions were injected thorough a rubber valve 

into a cylindrical teflon cup of 5 mL capacity and a surface area of 6.28 sq. cm14. 

Samples were homogenized by constant stirring and adsorption of sample to the 

interface was determined by the drop in surface tension, by using a Wilhelmy 

platinum dipping plate. 

2.3.2. Langmuir surface balance studies 

A Langmuir Wilhelmy balance （Applied Imaging, London, England） 

was used to record the surface tension （γ） – area isotherm for the adsorbed films. 

This balance has an initial open area of 500 cm2, which was large enough to 

allow compression of films to lower γ values very close to 1 mN/m14,17,19. A 

motorized leak-proof rectangular teflon tape barrier was used to compress and 

expand the monolayer films while a platinum Wilhelmy plate hanging from a 
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force transducer detected the change of γ19. Prior to beginning each experiment, 

the trough was thoroughly cleaned with chloroform: methanol（3:1, v/v） mixture 

and then with ddH2O. Each time the interface was suctioned off and the trough 

was dried. The trough was filled with ddH2O to simulate an air - water interface. 

BLES and BLES + 10 and 20 wt% samples of serum or LDL or cholesterol 

（systems） dispersions were allowed to form adsorbed films with an initial γ drop 

close to 60 mN/m. Compression and expansion of monolayer films were 

conducted at a rate of 2 mm2/sec. Compression allowed the lipid monolayer to 

undergo a fluid to gel phase transition. Details of the Langmuir - blodgett method 

using this trough have been previously published14,17,19. This balance was also 

used to deposit films using Langmuir - blodgett transfer technique at various γ on 

pre-immersed freshly cleaved mica substrate for AFM studies16,26. Adsorbed 

films were compressed to the desired γ values. Pre-immersed mica disc was then 

vertically lifted out off the subphase with an upstroke of 1 mm / sec in order to 

get the Langmuir - blodgett films27. A standard surface tension vs. percent film 

area protocol was adopted for showing the surface tension - area isotherms data 

instead of the standard surface pressure - area per molecule isotherms. This was 

done due to technical difficulties in calculating the exact area per molecule of 

“adsorbed” films as well as comparing the γ data with some previous studies 

using captive bubble methods, where surface area data are redundant and cannot 

be calculated with accuracy8. The details of the techniques and physics of the 

Langmuir balance and trough have been previously published16. 

2.3.3. Atomic force microscopy （AFM） 

 Langmuir - bodgett deposits of BLES, with or without additives, were 

used for structural studies using AFM. A teflon dipping head with three freshly 

cleaved mica disks was lowered into the water subphase before the sample film 

was made. Compression（2 mm2/sec） from ～60mN/m to stepwise decrease of 

three desired surface tensions（52, 42 and 32 mN/m, respectively） was conducted 

and the compression was kept stopped during each deposition. When the desired 

surface tension was attained, the dipping head was slowly retracted vertically at a 

rate of 1 mm2/ sec19. Monolayers were deposited on flat surfaces of mica, and 

were imaged with a Nanoscope III an atomic force microscope （AFM, Digital 
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Instruments, CA, USA）. A silicon nitride tip, attached to a cantilever was 

laterally moved across the surface of the deposited sample by the Nanoscope 

software in contact mode16,26,28. Samples were imaged within two hours from the 

films being deposited to prevent dehydration19. The images were processed using 

IGOR Pro software （WaveMetrics, Portland, Oregon, USA） to produce 2D, 3D 

and sectional images, similar to those obtained using Nanoscope III software. To 

easily compare domain sizes and heights, each field size, Z-scale and deposited 

surface tensions of all samples were kept reasonably close to the best of our 

ability. At least 3 - 4 random spots were scanned for each sample and the best 

representative images are displayed. 

2.3.4. Raman spectroscopy 

In the present study a Raman spectral - microscope 

（RMS）（LABRAM confocal microscope, Horiba Jobin Yvon, Edison, NJ, 

USA） with a grating of 1800 grooves/mm was used. A Leica microscope 

with a long working distance objective （50X） attached to the spectroscope 

with a Peltier CCD detector allowed for direct imaging of the samples 

while collecting spectra at different temperatures of heating - cooling 

cycles. A 532 nm green laser （diode pumped solid state laser） line was 

excited to yield the spectra. Each spectrum had an accumulation time of 6 

- 20 seconds and was passed through the D0 filter to find the best 

representative average spectrum. The shortest time （1 minute per degree） 

for collection was chosen to prevent sample evaporation and drying14. 

Samples were taken in a small glass cuvette and were placed in the sample 

chamber of the microscope. The temperature was controlled by a 

thermostated water bath（5 - 50 °C）, and spectrum collected for each 2 °C 

increments of heating or cooling to induce phase transitions. Details of 

similar methods have been published previously14,27,29-31. 
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2.3.5. MALDI-TOF MS 

For matrix assisted laser desorption - ionization time of flight mass 

spectrometry （MALDI - TOF MS） studies on lipid analysis an applied 

Biosystems voyager system 1027 （Voy-ager-DETM） mass spectrometer was used 

to analyze the lipid components of BLES, LDL and serum lipid extracts to 

specifically measure the difference of cholesterol and cholesterol esters in these 

samples, as well as some studies were followed up using Iatroscan. 100 μL of 

samples dissolved in chloroform : methanol （3:1, v/v） were injected in the 

MALDI by the methods discussed in detail elsewhere and the profiles obtained as 

intensity as a function of mass / charge （m/z）32. 

3. Results and discussion  

3.1. Composition of serum and surfactant 

To identify lipid components of whole FCS, both MALDI - TOF and 

IATRO-SCAN studies were carried out. BLES extract was also used in MALDI - 

TOF mass spectrometry. Figure 1 shows the spectra for （a） BLES, （b） serum 

lipids and （c） LDL. BLES exhibits an intense peak at 735 m/z （molecular wt. of 

DPPC＋H＋）. This is the parent ion peak for DPPC, confirming that BLES 

contains mostly DPPC. The other peaks in 700 - 800（m/z） range are for other 

phosphocholine classes especially the fluid 16:0/18:1 PC. In order to investigate 

the lipid classes comprising whole serum ［Figure 1（a）］, the spectra suggests a 

variety of lipids but showed the high intensity peak of cholesterol at 

approximately 369 m/z. Cholesterol is not detectable as a whole molecule, but 

detectable only upon the elimination of water as shown in Figure 1（b）33. The 

highest peak for LDL samples is possibly cholesterol ester fragments as shown in 

Figure 1（c）. These lipids and there fragments were also previously detected by 

others32,34 32, 33 and our Iatrascan results support these findings. The data from the 

Iatroscan of serum are also shown in Table 1 where the serum lipids were 

extracted from the FCS. The highest amount of lipids was stearoyl esters（37% 

cholesterol ester） and phospholipids （21%）. The Iatroscan method combined 

thin layer chromatography and flame ionization detection33,35. With this method, 
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a lipid mixture （serum）, was separated using silicic acid coated quartz rods and 

then quantified using flame ionization detection to measure the lipid classes 

present35. 

With the present level of knowledge it is also uncertain about the source 

of extra cholesterol from LDL and serum. The mass spectral data （Figure 1）do 

not provide any clear idea about excess cholesterol. The bulk of cholesterol in 

LDL and probably in serum is supposedly to be found as cholesterol esters, the 

MALDI - TOF data shows that some of the cholesterol is mainly detected in its 

free form in the serum lipid extract as well as LDL. The main peak in the mass 

spectra （Figure 1）at 369 m/z is possible either the fragmented form of 

cholesterol ester or free cholesterol from some other source. 

      Table 1. Iatroscan data of serum: the components present in serum and their     

percent composition. 

Lipid Classes Lipid Composition (%) 

Hydrocarbons 5.86 

Steryl esters/wax 37.85 

Ketones 2.90 

Triacylglycerols 6.51 

Free fatty acids 11.51 

Alcohols 4.90 

Sterols 6.14 

Acetone mobile polar 

lipids 3.30 

Phospholipids 21.02 

  

 

Previous mass spectral study of LDL also suggests that the 369 m/z peak 

is a deoxygenated cholesterol, ［molecular wt, M.W., of cholesterol – OH ＝386 

– O （16）＝370 or cholesterol + H＋］, and is the major peak. The other major 

peak at 496 could possibly be fragments of cholesterol ester33,34. The calculated 

number for complete cholesterol ester peak at 671 m/z is very small as well as 

contained a Na＋ ion and was difficult to detect in MALDI - TOF of LDL34. A 

more recent study has shown that cholesterol esters are more potent inhibitors of 

BLES than free cholesterol10. 
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3.2. Adsorption isotherms 

Adsorption isotherm of BLES in the absence and presence of serum, LDL 

and cholesterol is presented as a function of time （Figure 2）. Adsorption of lipids 

onto the air - water interface over time （seconds） was recorded by monitoring γ 

continuously for 300 seconds. Measurements were carried out in the presence of 

10 and 20 wt% serum, cholesterol and LDL with BLES keeping the total volume 

constant by dilution with buffer. Each adsorption curve represents the average of 

three replicate experiments, with the standard deviation represented by error bars. 

Results are also summarized in Table 2. Pure BLES adsorbed （γ ≈ 20 mN/m） 

within 100 seconds on to the air - water interface. With the addition of serum and 

LDL to BLES γ shifted to higher values and after 300 seconds observed γ value 

of these two systems were almost double that of pure BLES. The adsorption of 

BLES did not change significantly with the addition of cholesterol. These results 

suggest that serum and LDL did not allow BLES to be adsorbed rapidly （to 

equilibrium γ） to the air - water interface. It should be noted that physiological 

amounts of cholesterol（10 or 20%）had no significant effects on adsorption. 

Adsorption occurs when there is a propensity for the more hydrophobic regions 

on the outer surface of a molecule to repel from interaction with the aqueous 

environment towards the air, while the hydrophilic portion would be drawn 

towards the aqueous environment4,5,18,36,37.. Adsorption studies were conducted to 

determine the exact mechanism in which BLES surface activity is compromised 

by serum and its components.  

Adsorption of BLES and BLES + additive mixtures （Figure 2） showed that 

BLES + serum and BLES + LDL samples had prevented adsorption of the BLES 

film to an equilibrium value（～25 mN/m）. For these samples γ values could not 

go below 50 mN/m. However BLES + cholesterol samples, on the other hand, 

were able to reach equilibrium γ in a short time of adsorption, with very little 

effect compared to BLES alone. 

The inhibition of LDL and serum could perhaps be explained by competitive 

adsorption of specific components of serum or by prevention of the specific 

BLES lipids to be able to absorb 37. Since the Raman studies show that the 
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bilayers of BLES were directly affected by serum and LDL, we would rather 

assume the latter idea. 

 Table 2. Summary of the equilibrium surface tension data for the adsorbed BLES         

films in the presence of different additives at 25 °C. 

Adsorbed sample films 

Surface tension (γ /mNm
－1) at 1, 150 and 300 sec of adsorption to 

air - water interface  

γ1 γ150 γ300 

 

  

BLES 71 35 25  

BLES+10wt% Serum 73 58 53  

BLES+20wt% Serum 74 61 59  

BLES+10wt% 

Cholesterol 70 21 31  

BLES+20wt% 

Cholesterol 65 26 27  

BLES+10wt% LDL 73 59 56  

BLES+20wt% LDL 72 59 50  

 
    

 

However, since the AFM studies show that serum and LDL caused dramatic 

changes in BLES film structure, it is reasonable to assume that some of the 

additive components could have competitively adsorbed on the surface from such 

bilayers. Serum derived proteins as well as cellular lipids are normally surface 

active and can also adsorb onto the air - water interface, forming films, just like 

LS. These materials are known to impair LS through specific biophysical 

interactions as suggested above. 

An earlier study by Holm et al.15, showed that albumin and fibrinogen, by 

way of competitive adsorption, interfered with the adsorption of specific 

surfactant components to the air - water interface. A recent study of ours showed 

that fibrinogen adsorbs competitively to the air - water interface, as well 

aggregate the gel domains in BLES films14. Competitive adsorption described 

serum proteins that formed a film or parts of the film at the air - water interface 

and prevents or delays surfactant adsorption by occupying space in films or the 

air - water interface and preventing the surfactant aggregates from reaching the 

interface due to lack of space15. The results from an in vitro study suggest such a 



65 
 

mechanism14. Using Wilhelmy balance and pulsating bubble surfactometer 

studies to measure adsorption, Holm et al.15 measured the attenuation of the 

overall γ with surfactant alone or with the addition of inhibitors. It was found that 

albumin competed with LS for the air - water interface during adsorption when 

simultaneously added with the surfactant. 

 

Figure 2. Adsorption isotherms (γ vs. time) of BLES dispersions in the presence of 10 

and 20 wt% (a) LDL, (b) cholesterol, and (c) serum at 25±1 °C. Each plot is an average 

of 3 independent experimental sets. Standard deviation is shown by the error bars of n=3 

experiments. 

Some conflicting results have been experienced in a study by Gunasekara 

et al. in 200838. They examined two different mechanisms of surfactant 

inhibition: i） competition of the air - water interface and ii） impairment of the 

surfactant film by itself. They studied serum proteins, albumin and fibrinogen, in 

concentrations similar to those in diseased lungs and when additives were added 

before or after formation of BLES films. In their study, minimal delay or rapid 

adsorption was noticed in BLES film formation with the presence of a preformed 
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protein film. They concluded that surfactant inhibition was likely caused by a 

dysfunctional film instead of inhibition by way of competitive adsorption of the 

serum proteins38. This contradicted the previously reported result11,19. This may 

be due to different surfactant concentrations used in the studies as well as 

insertion of the proteins in the surfactant dispersions by different methods. 

However unlike these proteins, cell membrane lipids and free fatty acids, such as 

oleic acid, are shown to also readily adsorb and penetrate the films and form 

mixtures with lung surfactant lipids21,30,34,39. Previous study on the effects of 

lysophosphotidylcholine （LPC） on lung surfactant shows that, LPC induced 

inhibition of LS due to interactions within the surfactant film during 

compression. LPC was shown to readily adsorb and penetrate the film and 

efficiently mix with the film itself39. In this study, it was mentioned that due to its 

conical or ‘wedged’ shape, LPC possibly perturbed the packing of the disaturated 

phospholipid （DPPC） and thus prevented the low surface tension values being 

achieved as in normal surfactant films. This may be a possible mechanism by 

which cholesterol or its ester may interact with gel lipids in BLES. 

As mentioned above, the effect of cholesterol on BLES adsorption was 

minimal. It has been previously shown that enhancement of adsorption rate of 

surfactant phospholipids occurs to the equilibrium γ, by physiological levels of 

cholesterol. This is credited to fluidizing effects of cholesterol on phospholipid 

mixtures high in DPPC content11,40. It was suggested however, that this fluidity of 

the phospholipid may disrupt such films from reaching low γ upon 

compression11. However, Vockerath et al.36, showed that normal cholesterol 

present in the surfactant can lower surface tension more efficiently than those 

seen in its absence. 

In the present study, it is possible that excess cholesterol could not affect the 

adsorption rate but the ability of such surfactant films to reach low γ is 

significantly affected. This may have been with an increase in the fluidity of 

bilayer dispersions that would help in the rapid spreading of surfactant but would 

also make the LS film too fluid to lower γ upon compression as evident from the 

experimental results. In another previous study no difference in the behaviour of 

surfactant containing various amounts of cholesterol with respect to adsorption 

（film formation） was noted8. This study pointed out that both the normal and 
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dysfunctional surfactants are able to reduce the γ to equilibrium, but only a fully 

functional surfactant can achieve very low surface tension values upon 

compression. However most studies have shown that excess cholesterol can 

slightly impede surfactant adsorption rate7-10. 

3.3. Langmuir surface balance studies 

Multiple compression and expansion cycles of the adsorbed films of BLES 

and BLES - serum, BLES - LDL and BLES - cholesterol was performed and 

compared. The same concentration of sample lipid（100 μg/mL） per group was 

added in each of the three trials, and the films were formed by initial adsorption 

of the dispersions. Compression - expansion cycles were carried out at a speed of 

2 mm2/Sec after initial equilibrium adsorption of the films to ～62 mN/m. Figure 

3 compares compression - expansion isotherms of （a） BLES in buffer with （b） 

10 wt% serum, （c） 20 wt% serum,（d）10 wt% cholesterol, （e） 20 wt% 

cholesterol, （f） 10 wt% LDL, and （g） 20% LDL. Pure BLES film, when fully 

compressed, could attain the γ to a minimum of near ～1 mN/m value from an 

initial value of 60 mN/m. Upon addition of serum to BLES, there occurred a 

drastic shift of the minimum surface tension to higher values （30 mN/m）. 

Addition of LDL resulted in similar behavior as in the case of serum. No 

significant change was observed in presence 10 wt% （physiological amount） 

cholesterol compared to pure BLES. But excess（20 wt%）cholesterol lifted the 

minimum to a γ～15 mN/m. Such an observation implies that excess cholesterol 

significantly obstructs BLES ability to reach a low γ, but not as much as serum or 

LDL. Upon addition of serum to BLES （Figure 3（b） and （c））, there occurred a 

significant increase in the minimum γ （γmin） to 30 mN/m compared to the low 

values for pure BLES. Changes in γmin were also observed upon the addition of 

similar amounts of LDL （Figure 3 （f） （g））. Addition of cholesterol in 

physiological amounts （10%） resulted in γ min values comparable to 

BLES（γmin～1 mN/m） films, ［Figure. 3（d） （e）］. When cholesterol was added 

in excess （20 wt%） the γmin could not attain low surface tension （15 mN/m）. 

Results suggest that excess cholesterol affects BLES ability to reach a low γ, 

however the effect was not as dramatic as that of serum or LDL. It is evident 
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from the results that the serum, LDL and cholesterol impair the ability of BLES 

films to lower γ. Isotherms of BLES + 10wt% serum and BLES + 20wt% serum 

are shown in Figure 3（b）（c）. The inhibitory effects are clearly evident in both 

the cases. There occurred no change in the isotherm plateau area, suggesting that 

the material did not undergo ‘squeeze out’ phenomena and therefore could not be 

removed easily even after multiple cycling. 

 

Figure 3. Surface tension - area isotherms of 5 cycles of dynamic compression - 

expansion at a rate of 2 mm2 /sec for (a) pure BLES, (b) 10 wt% serum, (c) 20 wt% 

serum, (d) 10 wt% cholesterol, (e) 20 wt% cholesterol, (f) 10 wt% LDL and (g) 20 wt% 

LDL adsorbed films. Each experiment was conducted in triplicate and the best 

representative graph from a single experiment is shown for clarity. All isotherms were 

plotted as percentage of film area change versus surface tension (γ). The downward arrow 

shows the direction of compression and the upward of expansion. 

Histograms of the minimum and maximum γ that were attained during the 

fifth cycle of compression and expansion of monolayer films are shown in Figure 

4. Each experiment value shown in the bottom panel of Figure 4 the average of 



69 
 

triplicate experiments, where initial values, close to ～ 60 mN/m increased to 

～70 mN/m after the fifth cycle. The data shown in the bottom panel of Figure 4 

suggest that upon addition of 10 and 20 wt% serum, the minimum γ increased to 

～28 and ～30 mN/m respectively, clearly demonstrating that serum prevented 

the surface activity of BLES films to reach low γ.  

 

 Figure 4. Effects of serum, cholesterol and LDL on compressibility of BLES films 

based on mean % pool area compression required for a surface tension drop of 15 mN/m 

(C15 values). Serum and LDL had to be compressed two fold more in area than the ones 

of pure BLES. 

Compressibility of BLES and BLES + serum or cholesterol or LDL films 

were calculated by obtaining C15 values as discussed elsewhere14,16,18. Briefly, the 

C15 values suggest the total film area （compressibility） required to drop the 

surface tension of the films by 15 mN/m during film compression from an initial 

value of 45 mN/m ［Figure 4（top）］. The greater the percent （%） area change, for 

the equivalent drop of γ, the more incompressible the films are. This calculation 

was previously applied to dysfunctional as well as normal LS films18. These 

studies had shown that for dysfunctional films of LS, large area compressions 
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were required to drop γ compared to significantly smaller areas required for 

native surfactant or BLES alone16,18. Requirement of large areas of compression 

indicates that probably materials, which inhibit LS surface activity, cannot be 

easily removed from the surface film either by ‘squeeze-out’ or by subphase 

vesicle formation. It was difficult to remove the serum as well as other 

component （cholesterol） from dysfunctional surfactant by repeated cycling and 

thus such films could not achieve low γ41. Figure 4 （top panel） shows the C15 

values calculated from a γ change from 45 to 30 mN/m （the change of total area） 

since serum and LDL films could not be compressed below 30 mN/m even at 

maximal compression. As shown in the bar graph （Figure 4, bottom panel）, in 

order to lower BLES films γ by 15 mN/m, the film had to be compressed only by 

15% area （highly compressible）. The lowest compressibility （or highest 

incompressibility） was exhibited by BLES in the presence of serum and LDL 

where these films required 45% and 30% compression respectively. When 

cholesterol was added to the films, such films were found to be further difficult 

to compress than pure BLES. 

Figure 3 showed the compression-expansion isotherms for BLES and BLES 

＋additive films. As evident from the plots, all materials except 10% cholesterol 

prevent the BLES films reaching close to 1 mN/m surface tension. When 10% 

cholesterol films are further compressed, there occurs indeed the formation of gel 

type domains along with some other ‘spiky’ centre. In a previous study we 

suggested that these spikes may also be possibly cholesterol crystals squeezing-

out of the films in air and this may be a mechanism of small amounts of 

cholesterol remaining in the film upon expansion16,23. Somehow serum, 

cholesterol and LDL interact with the BLES lipids to prevent complete 

compression of the monolayer and also interact with the gel lipids to prevent LS 

films to reach a low γ. Cholesterol may somehow bind to some of the lipid 

components in the monolayer which in turn prevents the LS monolayer from 

fully functioning and the LS from reaching a low surface tension. Multiple 

compression - expansion cycles, on BLES （Figure 3（a）） shows that the plateau 

region changes with increasing number of cycles. This suggests that materials 

from films probably were ‘squeezed out’ and caused film refining with specific 

surfactant components as suggested by others1,2,18,42. The term ‘squeeze out’ 
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refers to the removal of material above or below the plane of the air - water 

interface. It was proposed that this ‘squeeze out’ process allows the removal of 

the nonlipid or other fluid phospholipid constituents off the lipid monolayer, thus 

allowing for the enrichment of DPPC in such films. As more compression - 

expansion cycles are preformed, the more enriched with DPPC the monolayer 

becomes which allows the surfactant monolayer to achieve low γ values 23,42. 

In comparison, Figure 3（d）, BLES + cholesterol （10%） shows different 

isotherms than those with 20%（Figure 3（e））. With BLES + 10% cholesterol （as 

shown in Figure 3（d））, a low γ value could be achieved, which agrees with the 

fact that the 10% physiological amount of cholesterol naturally found in the LS, 

does not affect the film’s ability to reach very low γ. The plateau region for 

BLES + 20% cholesterol （Figure 3（e）） is, however different, since there appears 

no significant plateau （squeeze-out） region. This is due to the fact that when 

excess cholesterol is added, this excess cholesterol could not have been 

‘squeezed out’ as easily as those of other components of LS. The attainment γmin 

for BLES + 10% cholesterol （Figure 3（d）） is ～5 mN/m, which is almost the 

same as for BLES alone, and lower than that for BLES + 20％ cholesterol 

（Figure 3（e）） which had a minimum γ of ～15 mN/m. This trend is also evident 

in Figures 3（f） - （g） with the addition of both 10% and 20% LDL to BLES. 

These results suggest that serum and LDL materials can uniformly mix well with 

the BLES lipids in films and cannot be easily removed. These results are in 

agreement with those found in a previously conducted study6, where a captive 

bubble surfactometer （CBS） was used to investigate the effects of addition of 

10% （healthy lung） and 20% （injured lung） by wt of cholesterol to BLES11. It 

was found that with 10％ cholesterol added to BLES films, a low （close to 1 

mN/m） value of surface tension, similar to normal LS, could have been sustained 

for a period of time. Samples that contained BLES + 20％ cholesterol however 

could not attain a low γ11,18. 

Cholesterol and LDL are difficult to remove since they are lipids. Cholesterol 

also has a high affinity for DPPC23. The phospholipid DPPC having two 

saturated palmioyl chains can pack tightly in films （and thus produces gel 
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domains） due to their chains being in the all - trans conformation37,43. Cholesterol 

will normally fluidize these chains or cause packing perturbation and such films 

would not be expected to reach low γ7,8,23. However, when present in 

physiological amounts, they may also rigidify the fluid chains of fluid 

phospholipids such as 16:0/18:1 （palmitoyl-oleyl-PC） which are also present in 

significant amounts in BLES （Figure 1（b））. This balance of rigidity of chains in 

LS may be overturned by excess cholesterol, mainly since cholesterol is difficult 

to remove from the lipid environment either by increasing compression or 

multiple cycling as evident from Figure 3（a）. These effects are far more evident 

and dramatic for serum and LDL, suggesting possibly cholesterol may not be the 

only factor in surfactant inhibition. Their inability to be removed would interfere 

with the tight packing of DPPC lipids as well as the DPPC gel domain formation 

in the surfactant monolayer. Previously hole-like domains and the absence of gel 

domain structure has been observed on dysfunctional surfactants which had about 

twice the amount of normal cholesterol and prevented films from reaching low 

γ18. 

By examination of the C15 values as seen in Figure 4, it was evident that the 

compressibility of BLES films got dramatically altered when serum or LDL were 

added. This might have been due to the competition of these materials with 

BLES for the formation of the monolayer or some portions of these materials 

may have somehow bound to BLES molecules and thus prevents the formation of 

a surface active film. Since serum and LDL contains proteins, it is possible that 

there may be a twofold mechanism of surfactant inhibition. 

3.4. Atomic force microscopy （AFM） studies 

The samples previously used in film functionality studies were deposited 

on freshly cleaved mica substrates by Langmuir - blodgett transfer technique and 

were examined using contact mode AFM. The images shown in Figure 6 are 

representative images of BLES and BLES + 10 and 20 wt% serum or cholesterol 

or LDL films compressed to a surface tension of 52 mN/m prior to being 

deposited on mica. It is evident from the images that upon compression, the 

monolayer films had undergone the transition from fluid （liquid expanded） to 

gel （liquid condensed） phase42. The gel domains were formed upon compression 
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of films at 52 mN/m. In Figure 6（a）, the BLES domains appeared brighter （or 

higher than surrounding phase）, compact and more circular in shape. This was 

caused by the formation of a more compact organization of lipid molecules in the 

gel phase. Based on representative section analysis of corresponding Figures （as 

shown in Figure 5）, the height of the BLES gel domain was found to be ～1.2 

nm higher than the surrounding fluid phase. Comparing Figure 6（a）-（g）, it was 

evident that even though all the images were taken with the deposits at 52 mN/m, 

there appeared large differences in surface heterogeneity due to the composition 

of the films. 
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Figure 5. Height differences (section analysis) between the gel and fluid phases of the 

AFM image of BLES + additive films at γ 52, 42, and 32 mN/m for (a) pure BLES and 

BLES with (b) 10wt% serum, (c) 20wt% serum, (d) 10wt% cholesterol, (e) 20wt% 

cholesterol, (f)10wt% LDL and (g) 20wt% LDL. Both three dimensional (3D) and 

sectional analysis. 

BLES gel domains were clearly disrupted in films with the additives. As 

evident from Figure 8（b） and （c） addition of serum resulted in the areas with 

holes as well as some areas with spiked （sharp height differences） domains in 

the center. Figure 8（d） shows that with the addition of cholesterol （10 wt%）, 

small micro domains （with heights of gel phase） were also formed, which 

disappeared upon the addition of higher amounts （20 wt%） of cholesterol as 

shown in Figure 9（e）. Also as shown in Figure 8, 10 wt% cholesterol films at 

further compression （γ＝42 mN/m）, larger fluid like domains with spiked 

centers were observed. Figure 9（f） shows no gel or other domains （hole-like） 

structures, and the film showed a more solid like homogenous appearance. From 
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Figure 9（f） and （g）, it becomes clear that higher amount of LDL （20 wt%） 

prevents BLES gel domain formation as well as appearance of the hole-like 

domains. The data collectively suggest that LDL, excess cholesterol and serum 

significantly perturbed the packing of gel lipids in BLES.  

As shown in Figure 5, the sections analysis of the 3D images of the films of 

at γ＝52, 42, and 32 mN/m respectively, the height differences in these films 

between domains and holes can be measured. For BLES (Figure 5 (a)), gel 

domains as high as 1.6 nm were formed in a continuum of surrounding fluid 

phase. 

 

Figure 6. Representative contact mode AFM images of Langmuir - Blodgett film 

deposited (imaged in air in contact mode) at equivalent γ of 52 mN/m for (a) Pure BLES, 

and BLES in presence of (b) 10 wt% serum, (c) 20 wt% serum, (d) 10 wt% cholesterol, 

(e) 20 wt% cholesterol, (f) 10 wt% LDL, and (g) 20 wt% LDL. Image field sizes shown 

were taken at 10 µm×10 µm (X-Y plane) and height differences (Z plane) are shown by 

the 10.0 nm bar, indicated in (a). The condensed domains are about 1.2 nm above the 

surrounding fluid regions. The bright regions represent condensed gel domains and other 

structures which are 0.5 - 1 nm higher than the surrounding phase. Each frame represents 

a scan area of 10 µm×10 µm. 

When serum was added to BLES, hole like structures appeared along with some 

spiky structures inside the domains （Figure 5 （b） and （c））. The holes are ～2 

nm in depth and the spiky domains are seen to be at a height range of 4 - 7 nm. 
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Upon the addition of cholesterol in smaller amounts as in （d）, further micro 

domains appeared and became larger upon compression. 

 

Figure 7a. Representative AFM images of films of BLES deposits taken at γ = 52, 42, 32 

mN/m respectively in each vertical panel. Each frame represents a scan area of 10 µm X 10 

µm. 

Spiky centers were formed which then disappeared upon further compression, and 

the film turned more homogenous upon further compression. These domains were 

close to about 1 nm high compared to the intermediate phase between them. 

Cholesterol, added in excess （20 wt%）, prevented domain formation to occur, and 

the homogenous film appearance was again observed.  

 

 Figure 8b-d. Representative AFM images of films of BLES + 10% serum (b), 10% 

cholesterol (c) and 10 wt% LDL (d). Deposits were taken at γ = 52, 42, 32 mN/m 

respectively in each vertical panel. Upon addition of materials to BLES films, the gel 

domain (bright circular areas) formation is altered. Each frame represents a scan area of 

10 µm×10 µm. 
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Various previous studies have used the method to study lipid films as well as those 

with serum proteins7,11,14,17,28. Our study examined the effects of serum or serum 

components in the formation of BLES domain. It was concluded that serum materials 

separately or in conjunction with one another can prevent BLES domain formation 

by interacting with the DPPC lipids or forming their own monolayer film. Deposits 

of the same samples used in the monolayer studies were taken at γ 52, 42, and 32 

mN/m, respectively. 

Representative AFM images have been presented in Figure 6. Prevention of 

BLES domain formation was seen in all but the 10% cholesterol deposit γ ＝42 

mN/m. This was likely to do with the physiological amount of cholesterol that was 

found in the lung somehow helping to form these domains, such as lipid rafts in cell 

membranes. Evident from Figure 6, serum and LDL were able to form areas of holes 

and also their own domains. The domains in the holes were due to components of 

serum and LDL preventing surface active components of LS to adsorb so that they 

could not form a surface active film. The hole-like areas were perturbed DPPC gel 

domain remnants or separate domains of serum components （possibly cholesterol 

esters） or a combination of both of both19. 

 

Figure 9e-g. Representative AFM images of films of BLES with 20 wt% serum (e), 20 

wt% cholesterol (f) and 20 wt% LDL (g). Deposits were taken at γ 52, 42, 32 mN/m 

respectively in each vertical panels. Upon addition of materials to BLES films, the gel 

domain (bright circular areas) formation is altered. In (e) and (g) the domains formed 

exhibit lower height profile compared to the surrounding phase, suggesting that these 

circular domains may be fluid in nature. Each frame represents a scan area of 10 µm×10 

µm. 
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The ‘spiky’ area seen in the various samples, especially BLES + 10% 

cholesterol, could possibly be the cholesterol domains, or in other cases, some 

combination of perturbant and BLES lipids. Previous studies with low amounts 

of cholesterol （2 - 8 wt %） in DPPC and BLES films, suggested that the lipid 

remains in the films at high compression by a unique mechanism rather than 

being directly removed from the film by squeeze-out to the subphase19,23. By 

AFM and fluorescence, it was observed that cholesterol in highly compressed 

films form multilayer structures, as well a possibly crystallizes into solid forms, 

above the plane of the monolayer. Upon expansion these structures are 

readsorbed or dispersed back in the films19,23. 

Domain height is due to the tilting of the DPPC fatty acid chains in gel 

phase, more perpendicular with respect to the plane of the monolayer, compared 

to those in the fluid phase as shown in Figure 5（a）. Cholesterol when added in 

excess completely abolished any domain formation. This was due to the fact that 

when cholesterol exceeds the DPPC concentration, the sterol may start to interact 

with the unsaturated lipids and thus completely keep the monolayer in a fluid 

state11. Previous AFM and fluorescence studies suggest that normally soluble 

proteins or other bulky perturbants were preferably adsorbed in the fluid phase of 

lipid films because of the loose packing of the lipids in that phase14,19. This most 

often resulted in decreased size and amount of gel or condensed domains as the 

addition of the perturbant increased. An earlier study using fluorescence 

microscopy showed that high concentrations of serum had caused the formation 

of smaller BLES domains possibly due to its presence in the fluid phase which 

inhibited DPPC lipids to segregate into gel domains upon compression19. Also in 

the present case the domains that were not probed, may have been formed by 

serum component. In agreement with these findings, an even earlier study 

showed how injuriously ventilated lungs, similar to diseased lungs, showed 

increases in serum protein and cholesterol18. Detail mechanisms for the formation 

of different types of domains in these “diseased” lungs were proposed in that 

study. In the present case, very few, if any, DPPC - rich domains were present at 

low surface tension （more compressed films） and these domains are noticeably 

smaller and covered less of the total surface area, despite similar DPPC content. 

These intermediate domains were found to contain areas of some fluidity seen 
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from non-exclusion of fluorescent probes18. This is viewed as different types of 

domain height differences between the two phases in AFM16. The larger heights 

of the gel domains （circular areas） are due to tilting of the fatty acyl chains of 

the PLs in gel phase when there occurs a tighter packing induced by lateral 

compression of the films as well as due to the molecules orientation being more 

perpendicular to the air - water interface11,16. 

3.5. Raman spectroscopy studies 

Raman spectroscopy can suggest specific bond vibrations in a single 

phospholipid system or an average of signals from specific bonds （C-H, C-C, 

PO4）in a complex system such as BLES. Higher shift in wave number indicates 

more fluidity or increasing number of gauche bonds, whereas lower shift 

indicates more trans bonds or more rigidity of the hydrocarbon chains29,31. Both 

serum and LDL increased fluidity of the BLES films, while cholesterol had slight 

fluidizing （10 wt%） and rigidifying （20 wt%） effects as shown in Figure 11（a - 

c）. The CH2, CH3, and C - C skeletal bands could clearly be defined, as well as 

temperature dependent shifts in some of the bands which allow for a relative 

measurement of the phase transition of BLES and BLES with additives could be 

monitored17,19. This phase change monitoring allow correlating the structural 

features observed in films （due to the 2D lateral phase transitions induced by 

compression） with those that occurred in the bulk （bilayer） material with the 

change of temperature, since the films were formed from such bilayer 

dispersions. The correlations suggested significant as serum or LDL. 

In the spectra of the lipid class （Figure 10), the strongest peaks that were 

mostly evident in BLES were the bands from 2800-3000 cm－1. These 

corresponded to the CH2 symmetric stretching and asymmetric stretching modes 

at 2850 and 2890 cm－1 respectively. These bands were sensitive to the trans - 

gauche conformation changes in the acyl chains of lipids. Another Raman band 

of similar interest was that of the CH3 symmetric stretch （2930 cm－1） and 

asymmetric stretch （2960 cm－1）, as it provided information from the interior 

core of the bilayers. The Raman spectra of BLES and BLES + serum or 

cholesterol or LDL in the 2800 -3000 cm－1 regions at different temperatures 
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have been shown in Figure 11. These Raman peaks, for specific phospholipids 

and their bond vibration designations, have been determined previously by 

others38,44. The symmetric CH2 stretch （νs CH2）, at 2850 cm－1, the asymmetric 

stretch （νas CH2）, at 2890 cm－1, and the symmetric CH3 stretch （νs CH3）, at 

2930 cm－1 were prominent for BLES and BLES + 10 wt% serum, 10 wt% 

cholesterol and 10 wt% LDL systems. For BLES, in （a）, the νas, showed a trend 

for a broadening of the νas CH2 band with the increase in temperature from 25 – 

40 °C. For temperatures lower than 25 °C, narrowing of the band was observed. 

Another trend was the shift in wave number of the νas CH2 peak with the increase 

in temperature. It was also evident from the intensity of the νas CH2 peak 

compared to the νs CH2 peak. At higher temperature intensity of νas CH2 was less 

than νs CH2 and it increased with decreasing temperature. The νs CH3 peak at 25 

°C was less intense than that of the νas CH2 peak, and as the temperature 

increased, so did the νs CH3 intensity. These trends were consistent with a change 

in conformation of the lipids as a function of temperature, where an increased 

fluidity of the hydrocarbon chain or gauche conformation had been observed at 

higher temperatures. At lower temperatures （10 - 25 °C） however, the 

hydrocarbon chains were more “gel-like” or rigid with trans conformation8,14. 

The effects of serum, cholesterol, and LDL on BLES however were not seen 

quite clearly, due to high noise or low signal/noise ratio ascribed to protein auto-

fluorescence expected from the serum soluble proteins or from apoproteins of 

LDL. Also any clear cut peaks from pure serum and LDL were not observed due 

to their high protein content. By plotting the shift of the wave number of the νs 

CH2 peak versus temperature, small changes in conformation were seen, as 

shown in Figure 11. The wave number of the νs CH2（2850 cm－1） was plotted 

against temperature for the average of three independent experiments and the 

error bars represent standard deviation. These plots can suggest the order 

parameters of the phospholipid chains as discussed in details elsewhere8,14. A 

shift in wave number towards higher frequency side indicated more fluidity or 

higher number of gauche bonds, whereas lower shift indicated more trans bonds 

or more rigidity. 

The temperature induced changes in the wave number of the νs CH2 band 

of BLES + serum, BLES + cholesterol and BLES + LDL are shown with those of 
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BLES in Figure 11. For the BLES curve, a more sigmoid shaped plot was 

obtained which might be attributed to a broad phase transition observed between 

10 – 40 °C, the midpoint of the transition being about 27 °C, which was 

previously measured by differential scanning calorimetry （DSC）14. 

 

Figure 10. Raman spectra of the 2800-3000 cm-1 range for (a) BLES, (b) BLES + 10wt% 

serum, (c) BLES +10wt% cholesterol, and (d) BLES + 10wt% LDL. Each graph is a 

representative of three different experimental trials. Similar trends were shown for BLES 

and BLES + 20wt% serum, 20wt% cholesterol, and 20wt% LDL samples. Temperature 

range indicated from 10 0C - 400 C.  
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Figure 11 （a） and （c） describe the fluidizing effects of serum and LDL, 

respectively, on BLES. The fluidizing effects were reflected from the increase in 

shift to higher wave numbers for all points on the curve throughout the 

temperature range. Upon addition of cholesterol however, the shifts of wave 

numbers were not so significant compared to BLES alone. A slight shift to higher 

wave numbers were resulted in the 20 wt% cholesterol system, however the 

effects were not significant, suggesting cholesterol might have rigidified as well 

as fluidized the system depending on the temperature. 

The systems containing LDL （Figure 11（c））, as well as the ones with 

serum （Figure 11（a））, clearly show a shift of all wave numbers of higher values 

suggesting a fluidizing effect of the BLES system with these additives. Therefore 

it could be concluded that both serum and LDL fluidized the bilayer, which in 

turn prevented the formation of gel domains in films formed from such bilayers, 

and this might have affected LS function. Cholesterol seemed to increase fluidity 

of the gel phase at lower temperatures and to rigidify the fluid phase at the higher 

temperatures. The Raman studies directly showed that serum and LDL affected 

surfactant molecular packing in bilayers.  

Raman spectroscopy involves the study of vibrational modes of a system. It 

can be used to study solids and even liquids and solutions because water is 

Raman inactive unlike Fourier transform infrared spectroscopy （FTIR） where 

water vibrations at 3000 cm－1 and H-bonding suppress the hydrocarbon 

vibrations peaks at the 2000 - 3000 cm－1 range27,29-31. Figure 11 describes the 

variation in the Raman shift for adsorbed BLES film in the absence and presence 

of different additives. It is noted that there occurs an up shift in the νs CH2 peak 

position with an increase in temperature. The shift in wave number in higher 

numbers implies an increase in the fluidity of the system. Since the fluidity of 

BLES bilayers gets directly affected by additives, it is assumed that the films 

formed from such bilayers would also lead to an increase in fluidity37,43. Serum 

and LDL addition seem to cause a more fluid bilayer at all temperatures and it is 

probably due to this fluidity that prevention of BLES domains formation occurs 

in the films, thereby inactivating a functioning surfactant or by the lipids ability 

to be tightly packed.  
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The bilayer phase changes observed from the order parameter profiles 

（Figure 11）from the Raman spectra suggest that LDL and serum alters the 

fluidity of such membranes, however excess cholesterol does not show any 

significant effects. 

 

Figure 11. Vibrational wave number shift for BLES compared to (a) BLES + serum, 

(b) BLES + cholesterol and (c) BLES + LDL. The temperature range was from 10 – 40 

°C for all graphs. Each graph is the mean of wave number shifts from three independent 

experiments and the error bars represent the standard deviation. 

It is also puzzling to notice how the cholesterol or its ester in LDL directly 

affects the BLES bilayers, since the esterified form of cholesterol in LDL （or in 

serum LDL） cannot directly enter BLES bilayers simply by lipid exchange, since 

in normal situations these are entered into type II cells by the receptor mediated 

pathway. Whatever is the case, certain materials from LDL and serum seem to 

cause fluidity changes of bilayers as detected in the Raman spectroscopy, and 

this causes possible structure function changes in the films being adsorbed from 

such bilayers. Previous studies had shown that cholesterol can interact with SP - 

B and SP - C in LS bilayers which were present in BLES45. Other studies using 

NMR and X-ray diffraction show cholesterol to slightly increase the order 
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parameter of BLES bilayer in the gel phase albumin to induce specific fluid-like 

domains in such bilayers37,43. Although these studies do not suggest any clear cut 

mechanism of bilayer interactions of LDL and serum with BLES, our Raman 

data clearly suggest possibilities of different modes of interaction of these serum 

materials with BLES compared to cholesterol in normal or excess amounts. It is 

possible that the apoproteins present in LDL as well as serum soluble proteins 

such as albumin and others could have probably interacted with SP – B / SP - C 

present in BLES and thus causes the changes in BLES bilayers, other than the 

effects already induced by cholesterol or its esters10. There may possibly be a 

dual mechanism involved here requiring further investigation with serum or LDL 

protein components. This could be considered as the future perspective. 

4. Summary and conclusions 

Complete physicochemical studies involving the composition, functionality and 

structure of the adsorbed BLES films in the absence and presence of three 

additives, viz., cholesterol, serum and LDL were performed. The study includes 

the pathophysiological amounts of these materials found in lungs in disease. The 

additives altered the bilayer and film packing, surface activity and structures of 

surfactant, suggesting possible molecular rearrangement and disordering of 

surfactant in disease. Since excess cholesterol or its esters may actually arrive 

inside the lung through LDL transport, it is cholesterol that is the most potent 

inactivator of LS, than leaked soluble serum proteins, since lipids are far more 

hydrophobic and more difficult to remove from films during dynamic cycling. 

Whole serum, serum proteins and its lipid components may specifically interact 

with the surfactant films and bilayers by either separate mechanisms, or 

synergistically. In future studies, specific lipid components of serum such as 

HDL, one of the major studies requires the specific separation of serum lipid and 

serum protein fractions and observing their structure function correlations in 

inactivating surfactant. The specific molecular rearrangements observed in our 

study of domains in films need to be further explored in detecting the exact 

composition of the variety of domain structures using possibly fluorescently 

labeled LDL, cholesterol and serum proteins. However these studies need to be 

conducted in a manner using similar sets of biophysical methods which yield 

structure function correlates of bilayers and films, as well as uses 
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pathophysiological amounts of materials, so that an over simplification of the 

models in previous studies can be rectified. 
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Figure 1. MALDI-TOF mass spectrometry spectra of (a) BLES and (b) serum lipids (c) LDL 

and (d) table of serum lipids by Iatroscan. For the BLES sample, DPPC was the most 

abundant. As for the serum lipid extract, cholesterol was the most abundant. Several other 

phospholipid classes are detected in the 700+ m/z range. 
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Chapter 2 

Physicochemical studies on local anaesthetic loaded second 

generation nanolipid carriers 

Abstract: This study is aimed to investigate the effect of hydrocarbon chain 

length of nonionic surfactants, Tween 40 and Tween 60, on the physicochemical 

properties of nanostructured lipid carriers (NLCs). Two local anaesthetics, 

lidocaine (LIDO) and procaine hydrochloride (PRO.HCl), were incorporated in 

the NLCs. NLC formulations were prepared using sorbitantristearate (Span 65), 

soy lecithin (SLC) and stearic acid (SA) in 2:2:1 mole ratio employing the hot 

homogenization technique. Systems were characterized by combined dynamic 

light scattering (DLS), transmission electron microscopy (TEM), differential 

scanning calorimetry (DSC) and spectroscopic studies. Formulations were found 

to be stable upto 60 days when kept at 4 ºC. NLCs stabilized by Tween 60 were 

superior to the corresponding Tween 40 based formulations. Spherical 

morphology with smooth surfaces was evidenced by TEM measurements. DSC 

and polarity studies indicated that LIDO altered the crystallinity of the lipid 

matrices as it could insert into the core of the NLC. Entrapment efficiency (EE) 

and loading content (LC) studies revealed that Tween 60 stabilized NLCs have 

better drug loading capability than the Tween 40 based formulation. Controlled 

and prolonged drug release was experienced by Tween 60 stabilized drug loaded 

NLCs as studied by in vitro release kinetics. The developed NLCs could thus be 

considered to have prospects as novel drug carriers for controlled/sustained 

release to improve the time duration of anaesthesia, especially for topical 

application.  

RSC Adv., 2015, 5, 26061 

1. Introduction 

For decades, attempts have been made to develop promising drug 

carriers associated with improved bioavailability, increased therapeutic activities 

and sustained release using lipid and polymeric nanoparticles1-5. However, it has 
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yet not been possible to develop a single suitable drug delivery system with all 

the advantages. Different types of drug carriers have been designed using 

polymers, lipids and/or their composites; each one having its own merits and 

demerits4,6-14.4,6-9,11-15 Attempts towards developing efficient drug delivery 

systems experienced limited success in the pharmaceutical markets. The present 

day drug delivery systems include nanoemulsion13, polymeric nanoparticle8, 

liposome9, solid lipid nanoparticle (SLN)16 and nanostructured lipid carrier 

(NLC), a modified form of SLN5. Hecht et al. and associates researchers have 

made a significant contribution in developing different drug delivery systems. 

These include the polymeric nanoparticles17, micellar nanoparticles18, peptides19, 

disaccharides moieties of bleomycin20,21, etc. It has been found that some other 

peptide based drug delivery systems, however, endure poor intracellular delivery 

and target specific selectivity19,22. The major drawbacks associated with 

nanoemulsions include its physical wavering due to the partitioning of drug into 

the aqueous phase. Besides, the controlled release cannot be assured due to the 

high mobility of drug incorporated in the system12,13,23. Polymeric nanoparticles 

suffer from its precincts, viz., cytotoxicity during internalization and degradation 

inside the cell, non feasibility of large scale production, etc17,18,24. Also the 

polymer based drug delivery systems are susceptible to some chemical 

transformations, viz., hydrolysis during storage and the resulted metabolites may 

be responsible for some serious toxicity8,10,25,26. Although the aforementioned 

limitations could successfully be overcome with the advent of small molecule 

based drug delivery systems and liposomes, however, such systems suffer from 

limitations like the physical unsteadiness, drug leakage, non-specific clearance, 

cellular penetration efficiency, selectivity and high cost of the excipients, 

etc9,20,21,26,27. 

Since 1990, solid lipid nanoparticles (SLNs) have extensively been explored 

as potential drug carriers2,16,28,29. SLNs are typically spherical particles with an 

average size between 100 - 1000 nm30. The components of SLNs are 

biocompatible and biodegradable under physiological conditions that minimize 

the risk of toxicity. The lipids used are solid under physiological condition. It has 

been reported that the SLNs are capable to act as suitable drug carrier, stable in 

gastrointestinal fluids and provide improved bioavailability to the drugs1,2. SLNs 
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form highly crystalline lattice due to structurally (hydrocarbon chain) similar 

lipids which subsequently can afford limited space to drug molecules; this 

eventually results in the rapid drug expulsion during storage. Such limitation of 

SLNs could be overcome with the introduction of its modified form, known as 

nanostructured lipid carriers (NLCs). NLCs usually comprise structurally 

dissimilar lipidic components; the mismatch in the hydrocarbon chain results in 

the generation of multicrystalline lipid matrices. Presence of imperfection/void 

spaces can accommodate significant amount of drug. Subsequently, NLCs can 

have high entrapment efficiency, loading content, controlled drug release, long 

term physical stability, preserved chemical degradation of drug during storage, 

etc5,14,31-34.5,14,31-34 It has also been reported that NLCs can act as suitable carriers 

for both hydrophilic and lipophilic drugs35. Because of their unique particle size 

(100 - 1000 nm), internalization of such drug delivery systems into the cells 

become efficient; this facilitates site specific delivery of therapeutic agents36,37. 

Research on NLCs have thus gained significant importance because of their 

perspective, yet unexplored application potentials as drug delivery systems for 

the different routes of administration with an aim to improve the biodistribution 

and therapeutic efficacy5,32.  

Different types of monoglycerides, diglycerides, triglycerides, waxes, 

phospholipids and fatty acids have extensively been used to develop NLCs30. 

However, use of sorbitan tristearate (Span 65) as one of the lipidic component in 

preparing NLCs is not common in literature, in spite of its biocompatibility38. It 

is not unexpected that imperfection/void spaces in the NLC matrices would exist 

if it is used in combination with soy lecithin and stearic acid. Hydrocarbon chain 

of the stabilizers also has pronounced effect on creating imperfections. The effect 

of stabilizers on the solution phase behavior and thermal properties of NLC such 

as temperature of maximum heat flow (Tm), peak width at half maxima (∆T1/2), 

change in enthalpy (∆H), heat capacity (∆Cp) and crystallinity index (C.I.) have 

not meticulously been investigated. The hydrocarbon chain mismatch is expected 

to make the formulation as a novel carrier for lipophilic, hydrophilic as well as 

amphiphilic drug molecules. The study related to drug location in NLC is 

exceptional in literature and more investigations are warranted in this regard. 

Location of the drugs in the NLC could be predicted with the help of 
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spectroscopic as well as thermal investigations. In addition, influence of 

hydrocarbon chain length on the entrapment efficiency, loading content and 

release kinetics are not well established for this type of small molecules loaded in 

NLC. Our present study is intended to explore such systems on the basis of 

detailed physicochemical characterization. 

Lidocaine (LIDO) and procaine hydrochloride (PRO.HCl) are frequently 

used as local anaesthetics for topical application25,39,40. Both LIDO and PRO.HCl 

are frequently used in order get relieves from pain itching, burn and cutaneous 

inflammation, etc41. They induce pain relief by blocking fast voltage-gated 

sodium channels in the cell membrane of postsynaptic neurons. Thus they 

prevent  depolarization and inhibit the generation and propagation of nerve 

impulses42.42 LIDO and PRO.HCl are marketed as Xylocaine® and Novocaine® 

respectively39,43. While considering the aforementioned dermal applications, it is 

one of the essential condition that the drug should preferably remain on the skin 

surface, thus minimizing its side effects44,45. Besides, in case of topical 

formulation, it should be ensured that there should be adequate localization of 

drug41, as well as sustained release39. In spite of a number of available reports on 

local anaesthetics loaded drug delivery systems, however, no such single system 

have been found to be completely  prudent in  terms of topical applications. The 

major drawbacks of local anaesthetics in topical applications are characterized by 

cutaneous lesions, urticaria, edema, etc44,45. However, the major concern using 

LIDO or PRO.HCl is its penetration through skin which subsequently increases 

the plasma level in blood46. Studies demonstrated by different researchers25,39,41 

suggest that the severe side effects can drastically be reduced when loaded in 

suitable drug delivery system. Carafa et al.41 have made a comparative study on 

the permeability of LIDO and its protonated form (LIDO.HCl). They have found 

that for classical liposome formulations permeability of hydrochloride derivative 

(LIDO.HCl) was less than the corresponding free base. It was rationalized on the 

basis that the free base, being more lipophilic, could permeate through the 

hydrophobic membrane bilayer than the hydrochloride derivative. We tried to 

ensure the validity of this rationalism for NLC formulation using LIDO and 

PRO.HCl. In order to prolong the anaesthetic effect and reduce dose frequency as 

well as the skin irritation caused by the high dose of anaesthetics, such 

formulations are considered worthy to be investigated.  
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The present study endeavours to investigate the effect of hydrocarbon 

chain length of the stabilizers (herein Tween 40 and Tween 60) on the 

formulation and physicochemical properties of NLC. NLCs were prepared by 

mixing sorbitan tristearate (Span 65), soy lecithin and stearic acid by way of hot 

homogenization technique in the absence and presence of varying amount of two 

local anaesthetics, LIDO and PRO.HCl. Dynamic light scattering studies were 

performed to determine the hydrodynamic diameter (dh), polydispersity index 

(PDI) and zeta potential (Z.P.) of the NLCs. Thermal behaviour and the 

associated parameters, viz., temperature of maximum heat flow (Tm), crystallinity 

index, enthalpy change (∆H) and heat capacity change (∆Cp) of the lipid matrices 

in the absence and presence of the anaesthetics were evaluated by differential 

scanning calorimetry (DSC). Location and subsequent state of polarity of the 

drugs were investigated by UV-visible absorption spectroscopy. Furthermore, 

entrapment efficiency (EE), loading content (LC) and in vitro release kinetics of 

the drugs from the NLCs were studied. It is believed that the limitations of LIDO 

and PRO.HCl can be circumvented by incorporating them in NLC which are 

expected to release the anaesthetic in controlled and prolonged fashion at the site 

of action, even when present in high dose. 

2. Materials and methods 

2.1. Materials  

Sorbitan tristearate (Span 65, 99%) was purchased from S. D. Fine-Chem 

Ltd., India. [(2R)-2,3-di(tetradecanoyloxy) propyl]-2- (trimethylazaniumyl) ethyl 

phosphate (soy lecithin, SLC, 98%) was a product from Calbiochem, Germany. 

Stearic acid (99%) as well as the nonionic surfactants polyoxyethylene (20) 

sorbitanmonopalmitate (Tween 40) and polyoxyethylene (20) 

sorbitanmonostearate (Tween 60), all of 98% purity, were purchased from Sisco 

Research Laboratory, India. Lidocaine (LIDO, 98%), procaine hydrochloride 

(PRO.HCl, 97%) and the dialysis bag (12 kDa MWCO) were obtained from 

Sigma-Aldrich Chemicals, USA. All the materials were used as received. HPLC 

grade solvents from Merck, India were used. Double distilled water with a 

specific conductance of 2 - 4 µS (at 25 ºC) was used throughout the experiment. 
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2.1. Methods 

2.1.1. Preparation of NLCs 

Nanostructured lipid carriers (NLCs) were prepared by hot homogenization 

method followed by ultrasonication14,47. Quantitative amount of Span 65, SLC 

and SA (2:2:1 M/M/M) was taken in a round bottom flask and was dissolved in 

chloroform/methanol mixture (3:1, v/v). A thin film was generated in a rotary 

evaporator. The homogenized thin film was then heated at 70 ºC (5 - 10 ºC above 

the melting point of all the lipidic components). Aqueous Tween solution (10 

mM, preheated was stirred at 1000 rpm using a magnetic stirrer. The coarsely at 

same temperature) was then added to the molten lipid mixture and emulsified 

dispersion was then exposed to ultrasonication for an hour (Takashi U250, 

Tokyo, Japan). The clear medium was then cooled down to room temperature 

whereby the stable NLC formulation was achieved. The total lipid concentration 

for all the formulations was kept constant at 5 mM and 10 mM nonionic 

surfactants (Tween 40 and Tween 60) were used separately as the stabilizers. 

Different formulations were prepared as either blank-NLC and LIDO or 

PRO.HCl loaded NLC whereby the drug concentration was varied in the range of 

0.5-2.5 mM. 

 

2.1.2. Instrumentation   

The mean particle size, polydispersity index (PDI) and zeta potential (Z.P.) 

of the NLCs in the absence and presence of the two drugs were investigated by 

dynamic light scattering (DLS) studies (Zetasizer Nano ZS90, ZEN 3690, 

Malvern Instrument Ltd., U.K.). Data were recorded at 90º using a He-Ne laser 

(632.8 nm). Prior to measurement all the samples were filtered using 0.45 µm 

cellulose acetate membrane. Considering apparent spherical geometry, surface 

area of the NLC was calculated. Taking into account of the average molecular 

cross sectional area of the individual lipidic components, the NLC concentration 

was found to be of the order of 25 nM for an overall 5 mM lipid concentration. It 

is also assumed that at this fairly dilute concentration the inter particle interaction 

was insignificant. Shape and morphology of the NLCs were investigated by 

transmission electron microscopy (TEM, Hitachi, Japan). UV-visible absorption 

spectra of drug loaded NLCs were recorded by a UV-visible spectrophotometer 

(UVD-2950, Labomed Inc., USA) in the range of 200 - 400 nm; corresponding 
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NLC without the drug was used as reference. Thermal analyses were carried out 

using a differential scanning calorimeter, DSC 1 STARe system (Mettler Toledo, 

Switzerland). Samples were sealed in 40 μL standard aluminum pans and were 

quickly equilibrated in the temperature range of 15 - 80 ºC within 15 min. DSC 

scan was performed with a scan rate of 2 ºC/min in the temperature range 15 - 80 

ºC under nitrogen purge for both heating and cooling cycles. Corresponding 

surfactant, used as stabilizer for NLC preparation, was used in the reference pan. 

Thermal parameters, viz., temperature of maximum heat flow (Tm), peak width at 

half maximum (∆T1/2), changes in enthalpy (∆H) and specific heat capacity (∆Cp) 

were evaluated using DSC-STARe software. Entrapment efficiency (E.E.) and 

loading content (L.C.) of both LIDO and PRO.HCl loaded NLCs were evaluated 

by measuring the free drug concentration in the continuous phase of the NLC 

dispersion48. Briefly, 10 mL of drug loaded NLC dispersion was centrifuged at 

10000 rpm for 1 hr at 4 ºC (REMI, India). The drug loaded NLC thus got 

precipitated. The amount of free drug in the supernatant was quantified by 

measuring the absorbance at 264 nm and 293 nm for LIDO and PRO.HCl 

respectively (absorbance maxima of the drug in the Tweens). Entrapment 

efficiency (E.E.) and loading content (L.C.) were subsequently calculated by the 

following equation:48,49  

% E.E. =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑡𝑜𝑡𝑎𝑙−𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑟𝑒𝑒𝑑𝑟𝑢𝑔

𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑡𝑜𝑡𝑎𝑙
× 100            (1) 

Loading Content % (𝐿𝐶) =  (
𝑊𝑎−𝑊𝑠

𝑊𝑎+ 𝑊𝑠−𝑊𝑙
) × 100%           (2) 

where, Wa, Ws and WL were the weight of drug added in the NLC, analyzed 

weight of drug in supernatant and weight of lipid added in NLC, respectively. In 

vitro release kinetics was monitored by conventional dialysis bag method using 

aqueous  surfactant solution as the release medium14. Dialysis bag (MWCO12 

KDa) was soaked in the corresponding release medium overnight. Freshly 

prepared 10 mL drug loaded NLC dispersion was placed in the dialysis bag 

sealed and immersed in a beaker containing 50 mL of release medium with 

constant stirring. 2 mL of the aliquot was withdrawn at different time interval and 

was replaced by 2 mL of fresh release medium to maintain the sink condition. 
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Quantification of LIDO and PRO.HCl was made colorimetrically at 264 and 293 

nm respectively. 

 All the experiments, except the calorimetric studies, were carried out at 

controlled room temperature (25 ºC). An average of three measurements has been 

reported for each set of studies. 

3. Results and discussions 

3.1. DLS studies 

Hydrodynamic diameter (dh), polydispersity index (PDI) and zeta potential 

(Z.P.) values are some of the stability indicators of NLC formulation50. Effect of 

hydrocarbon chain length of the Tweens and drug payload on dh, PDI and Z.P. 

values of different NLC formulations were studied by DLS technique. dh - time 

profiles for different NLC formulations in the absence and presence of  the drugs 

have been presented in Figure 1. dh values were found to be dependent on the 

type of Tween surfactant as well as on the nature and concentration of the local 

anesthetics. NLC formulations were stable upto 60 days, after which phase 

separation of the components was noticed. Size of the blank NLCs depended on 

the hydrocarbon chain length of Tween. In case of Tween 40 stabilized NLC, 

size varied in the range of 250 - 475 nm; for Tween 60 the values were in the 

range of 43 - 75 nm. In both the cases dh values increased with time.  

 

 

 

 

 

Scheme 1. Proposed model for the organization of lipids and drugs in the NLC 

formulations stabilized by Tweens. 

Increase in hydrodynamic diameter was due to the structural 

reorganization of the lipidic components as well as the Ostwald ripening process, 

common for the colloidal dispersions51,52. Size constriction, in case of Tween 60 

stabilized systems, compared to Tween 40, can be rationalized by considering the 

insertion of the hydrocarbon chain of Tweens into the NLC matrices, as proposed 

in Scheme 1. Because of its similarity in the hydrocarbon chain length with the 



97 
 

other lipidic components (stearic acid and Span 65, both having C18 hydrocarbon 

chains), Tween 60 could get inserted in a better way than Tween 40.  

 

Figure 1. Hydrodynamic diameter (dh) – time profile  of NLCs (Span 65 + SLC + SA , 

2:2:1 M/M/M) dispersed in Tweens  in presence of varying concentration of drugs. Panel 

A: LIDO loaded NLC in Tween 40; panel B: PRO.HCl loaded NLC in Tween 40; panel 

C: LIDO loaded NLC in Tween 60 and panel D: PRO.HCl loaded NLC in Tween 60. 5 

mM NLC was dispersed in 10 mM Tweens in each case. Drug concentration (mM) : Ο, 0; 

∆ , 0.5; □, 1; ●, 2 and ▲, 2.5 . Temp. 25 ºC. 

 

Size of the drug loaded NLC formulations depended on type of the Tweens used 

as well as the anesthetics and its concentration. While LIDO led to an overall 

increase in the size of the NLC formulations, for PRO.HCl loaded systems, the 

effects were less significant. PRO.HCl, being ionic in nature, is expected to 

reside on the palisade layer of the NLCs. On the contrary, LIDO, being more 

lipophilic, is expected to get inserted into the lipidic core to higher extent, which 

subsequently results in the size enhancement of the NLCs. 

However, insertion of LIDO into the NLC core resulted in an increase in 

polydispersity as well. In fact, similar observations were experienced while 

considering the PDI values of the formulations. Results are shown in Figure 2. It 

was observed that for PRO.HCl loaded NLCs PDI values were lower than the 

LIDO loaded systems. Results clearly suggest that PRO.HCl comprising systems 

were more homogeneous than the other. It was also observed that in case of 

PRO.HCl the PDI values did not appreciably change with time, however for 

LIDO loaded systems significant increase in PDI value with time was noticed. 

Size of the NLCs decreased with increasing LIDO concentration for Tween 40 

stabilized systems. On the contrary increasing concentration of LIDO resulted in 
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the size enhancement for Tween 60. This can further be rationalized on the basis 

of hydrocarbon packing of the Tweens in the NLC core.  

 

Figure  2. Variation in the polydispersity index (PDI) of NLCs (Span 65 + SLC + SA, 

2:2:1 M/M/M) with time in presence of varying concentration of drugs. Panel A: LIDO 

loaded NLC in Tween 40; panel B: PRO.HCl loaded NLC in Tween 40; panel C: LIDO 

loaded NLC in Tween 60 and panel D: PRO.HCl loaded NLC in Tween 60. 5 mM NLC 

was dispersed in 10 mM Tween in each case. Drug concentration (mM) : Ο, 0; ∆ , 0.5; □, 

1; ●, 2 and ▲, 2.5 . Temp. 25 ºC. 

The drug LIDO, being amphiphilic in nature, enhances the adsolubilization of 

Tween 40 over the NLC surface. However, in case of Tween 60, addition of 

LIDO, which prefers to get deeply inserted into the NLC, will result in the 

swelling of the NLC core; subsequently sizes of the formulations were enhanced. 

Almost similar effect was noticed in case of PRO.HCl.  

Like other colloidal dispersions, NLC formulations are also charged which 

impart the kinetic stability53. Effects of drug concentration on the magnitude of 

zeta potential are graphically shown in Figure 3. In all the cases zeta potential 

values were negative, due to the presence of the dissociated form of stearic acid. 

Magnitude of negative zeta potential values were higher in case of Tween 60 

stabilized systems, suggesting higher dissociation of the fatty acid. In case of 

Tween 60, NLC surface is less masked by the hydrophobic environment because 

of its better insertion capability (as proposed earlier). Subsequently dissociation 

of the fatty acid becomes easier compared to Tween 40. Magnitude of the 

negative zeta potential increased with increasing LIDO concentration. LIDO 

being amphiphilic in nature results in the adsolubilization of the lipidic 

components for which the dissociation of the fatty acid becomes easier. In case of 

PRO.HCl, as it is positively charged, it is not unexpected that it will mask the 
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zeta potential through interfacial adsorption and charge neutralization. However 

such systems were found to be equally stable as the LIDO loaded systems. Steric 

stabilization by the Tweens could prevent the agglomeration of such NLC 

formulations.  

 

Figure  3. Influence of LIDO and PRO.HCl on the (Z.P.) of NLCs (Span 65 + SLC + SA 

, 2:2:1 M/M/M ) dispersed in Tweens. Systems: Ο, LIDO -Tween 40; ∆, LIDO -Tween 

60; □, PRO.HCl-Tween 40 and , PRO. HCl -Tween 60. Temp. 25 ºC. 5 mM lipid in the 

absence and presence of the drug was dispersed in 10 mM  aqueous Tween solution. 

 

3.2. Transmission electron microscopy (TEM) study 

Shape and morphology of the NLCs were checked by TEM in order to 

get more information about particle size and shape. Spherical and smooth surface 

morphology of the NLCs were observed (Figure 4). NLCs were almost spherical 

in shape within 100 - 500 nm range, which were reflected with the size data 

determined by DLS. Smaller size, as obtained by the TEM studies, was probably 

due to the drying phenomena during sample preparation. 

 

Figure 4. RepresentativeTEM images of LIDO loaded NLC dispersion in Tween 40 (A) 

and PRO.HCl loaded NLC dispersion in Tween 40 (B). 
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3.3. Differential scanning calorimetric (DSC) studies 

Results on the DSC studies are presented in Figures 5 - 8, and Table 1 

respectively. Figure 5 demonstrates the general pattern of the endothermic and 

exothermic peaks during heating and cooling scans respectively for LIDO loaded 

NLC dispersed in Tween 60 aqueous solution. While the heating curve was 

broader and shallow, the cooling curve was well defined, more pronounced, 

narrow and sharp. This kind of observation is not uncommon in the literature54. 

As the exothermic peaks were more prominent, hence the cooling curves were 

taken into account for further data analyses. The exothermic peaks of the drug 

free as well as drug loaded NLC formulations were comparatively broader 

compared to the previously reported systems40. DSC cooling curves for different 

NLC formulations in the absence and presence of drugs are shown in Figure 6. 

In case of drug free systems, significant difference in the Tm values were 

noted between Tween 40 and Tween 60 stabilized NLCs. Tm values were 35.61 

ºC and 32.58 ºC for Tween 40 stabilized system, and Tween 60 stabilized 

systems respectively. Decrease in the Tm value with decreasing size could be 

explained by Thomson proposition48,55-57. It has already been observed from the 

DLS studies that the NLCs stabilized by Tween 40 were larger than the Tween 

60 stabilized systems. Therefore it is not unexpected that the smaller entities 

would have lower melting temperature than the larger particles. 

 

Figure 5.  DSC heating (- - - ) and cooling (▬▬) thermogram of  2.5 mM LIDO  loaded 

NLC (5 mM, Span 65+SLC+SA, 2:2:1 M/M/M) dispersed in Tween 60 (10mM). Scan 

rate: 2 ºC/min.  

 Tm values progressively decreased with increasing LIDO concentration (Figure 7 

panel A). The effect was less pronounced for Tween 40 comprising systems than 

the Tween 60. Blank NLC formulations with Tween 60 exhibited lower Tm 
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values and it continued for the LIDO loaded systems. In case of PRO.HCl, the Tm 

value did not change appreciably with varying drug. 

 

Figure 6. DSC cooling curves of LIDO (panel A) and PRO.HCl (panel B) loaded NLC 

dispersed in Tween 40; LIDO (panel C) and  PRO.HCl (panel D) loaded NLC dispersed 

in Tween 60. 5 mM NLC with  Span 65 + SLC + SA , 2:2:1 M/M/M ,was dispersed in 10 

mM aqueous Tween solution. Concentration of drug (mM): 1, 0; 2,0.2; 3,0.5; 4,1.0; 5,1.5; 

6,2.0 and 7,2.5. Scan rate 2 ºC/min. 

 

Difference in the Tm values among LIDO and PRO.HCl loaded systems could be 

rationalized by the same proposition as mentioned in the DLS studies. LIDO, 

being amphiphilic in nature, can have higher penetration into the NLC core than 

PRO.HCl. Thus the melting point is expected to decrease due to the added drug.  

 

Figure 7.  Effects of drugs on the temperature of maximum heat flow (Tm, panel A), 

width of half peak height (ΔT1/2, panel B), change in enthalpy (∆H, panel C) and heat 

capacity (∆Cp, panel D) of NLCs     (Span65 + SLC + SA , 2:2:1 M/M/M ). 5 mM lipid 

was dispersed in 10 mM aquoues Tween solution. System Ο; LIDO loaded in Tween 40: 

∆; LIDO loaded Tween 60: □;  PRO.HCl loaded Tween 40: and ●;  PRO.HCl loaded 

Tween 60. 
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For PRO.HCl, as the drug resides preferably on the NLC surface, hence it could 

not significantly perturb the packing of hydrocarbon chains in the NLCs. Studies 

on the thermal behaviour of the drug loaded NLC formulations thus could shed 

light on the location of the drugs. 

Wide peaks indicate the presence of multicrystalline entities in the NLC 

formulation. Effect of drug on the thermal behaviour of NLCs were further 

scrutinized through the ∆T1/2–drug concentration profile (Figure 7 panel B). 

Herein ∆T1/2 represents the peak width (thermal scan) at half maximum. Higher 

∆T1/2 indicates multicrystallinity or crystal imperfection as well as the mismatch / 

adsolubilization of the lipidic components, especially induced by drugs. Panel B 

of Figure 7 implies that the ∆T1/2 values were higher for Tween 60 stabilized 

systems. Also for this surfactant, the ∆T1/2 value for both the drugs decreased 

with the increasing drug concentration. For Tween 40 based formulations, 

variation in the ∆T1/2 values with drug concentration was less significant. Results 

further support our proposition as already mentioned previously. 

Adsolubilization of the lipidic core by LIDO resulted in the lowering of ∆T1/2 

values. In case of PRO.HCl loaded systems, as the drug was only adsorbed onto 

the NLC surface, addition of this drug could not significantly alter the ∆T1/2 

values. 

Changes in enthalpy values for the drug free systems were higher than the 

corresponding drug loaded NLC formulations (shown in the panel C of Figure 7). 

However the ∆H – drug concentration profiles were different for LIDO and 

PRO.HCl. While for LIDO loaded NLCs, the ∆H values decreased 

monotonously, however in case of PRO.HCl the ∆H values did not change 

appreciably with added drug. Increase in multicrystallinity with increasing drug 

concentration would effectively result in decreased ∆H value. As LIDO is 

capable of perturbing the lipid core structure, its progressive addition would 

result in the decrease of ∆H values. On the other hand, PRO.HCl predominantly 

resides on the NLC surface; hence its impact on the hydrocarbon chain packing 

was less prominent. Similar trend in the ∆Cp vs. drug concentration profile (panel 

D, Figure 7) further supports this proposition59. 
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Table 1. Temperature for maximum heat flow (Tm), the width at half peak height (ΔT1/2), 

change in enthalpy (ΔH), heat capacity (ΔCp) and  percentage of crystallinity (C.I.) of 

blank as well as LIDO and PRO.HCl loaded NLC (5mM; Span 65+SLC+SA, 2:2:1 

M/M/M). 

 

[Drug]/ mM Tm/ ºC ΔT1/2/ ºC ΔH/kcal.mol-1 ΔCp/kcal.mol-1C-1 CI ( %) 

Lidocaine loaded NLC in Tween 40 

0.0 

0.2 

0.5 

1.0 

1.5 

2.0 

2.5 

35.61 

35.53 

34.77 

35.07 

35.40 

34.51 

34.39 

2.01 

2.16 

1.96 

2.02 

2.14 

2.08 

2.08 

5.83 

4.77 

4.89 

4.57 

4.00 

3.27 

2.91 

10.40 

8.63 

6.12 

5.95 

5.18 

3.18 

2.65 

100 

81 

83 

78 

68 

56 

49 

Lidocaine loaded NLC in Tween 60 

0.0 

0.2 

0.5 

1.0 

1.5 

2.0 

2.5 

32.58 

32.55 

32.33 

32.18 

31.97 

31.71 

31.02 

3.15 

3.51 

3.27 

2.92 

2.32 

2.20 

2.08 

8.00 

6.13 

5.26 

4.64 

3.62 

3.53 

1.87 

5.85 

5.18 

4.95 

3.78 

2.58 

2.38 

1.23 

100 

76 

65 

58 

45 

44 

23 

Procaine hydrocloride loaded NLC in Tween 40 

0.0 

0.2 

0.5 

1.0 

1.5 

2.0 

2.5 

35.61 

32.60 

32.38 

32.08 

32.18 

32.45 

32.40 

2.01 

2.02 

2.00 

2.34 

2.10 

2.02 

2.01 

5.83 

2.89 

2.56 

2.75 

2.46 

2.38 

2.31 

10.40 

4.36 

3.76 

3.28 

3.12 

3.01 

2.83 

100 

49 

43 

47 

42 

40 

39 

 

Procaine hydrocloride loaded NLC in Tween 60 

0.0 

0.2 

0.5 

1.0 

1.5 

2.0 

2.5 

32.58 

32.07 

32.34 

32.61 

32.71 

32.91 

32.85 

3.15 

4.09 

3.68 

3.49 

3.29 

3.24 

3.29 

8.99 

5.09 

4.74 

4.68 

4.59 

4.54 

4.55 

5.85 

3.79 

3.79 

3.74 

3.72 

3.58 

3.40 

100 

63 

59 

58 

57 

56 

56 
DSC measurements were performed on day one of sample preparation. 

 

Crystallinity index (CI) is another DSC derived thermal parameter which can 

highlight the effect of drug on the molecular packing of the NLC components. 

Usually percentage of crystallinity index is compared with respect to the drug 

free system (blank NLCs are considered to be 100% crystalline). 
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CI value can be derived from the DSC data using the following 

equation:57,60,61. 

 

CI (%) =
𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝑁𝐿𝐶)×100

𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝐵𝑙𝑎𝑛𝑘𝑁𝐿𝐶)×𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝐿𝑖𝑝𝑖𝑑𝑝ℎ𝑎𝑠𝑒  (%)
× 100            (3) 

 

Effects of LIDO and PRO.HCl on different formulations are shown in Figure 

8. NLC crystallinity (with respect to the corresponding blank formulation) 

progressively decreased with increasing LIDO concentration.  

 

Figure 8.  Effects of drug concentration on the degree of crystallinity of NLC ( 5 mM, 

Span 65+SLC+SA, 2:2:1 M/M/M). Systems: ∆, LIDO -Tween 40; , LIDO -Tween 60; 

Ο, PRO.HCl-Tween 40 and □, PRO.HCl-Tween 60. 

 

This was due to the adsolubilization of the lipidic components by LIDO; which 

resulted in the softening of the packed lipidic components. In case of PRO.HCl 

although the CI values decreased initially, however as the drug predominantly 

resides on the NLC surface, it hardly could alter the molecular packing of the 

lipidic components. 

 

3.4. UV-visible absorption spectral studies 

UV-visible spectral study is a simple yet informative approach to 

understand the localization of the drug loaded in NLCs. State of polarity of the 

drugs and the local environment of the NLCs were evaluated by spectroscopic 

analysis whereby the drug molecules themselves were used as molecular probes. 

Absorption spectra of drug loaded NLCs were recorded in the wavelength range 

200 - 400 nm. Polarity of the local environment of a drug incorporated in NLC 

can greatly affect its spectral behavior;62,63 spectra of the drugs were also 
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recorded in solvents of different polarities to make comparisons. UV-visible 

spectra of the drugs loaded in NLC as well as in different solvents are shown in 

Figure 9. Absorption maxima of the drugs were found to be dependent on the 

polarity of the medium, as shown in Figure 10.  

 

Figure 9. UV-visible absorption spectra of 1 mM LIDO (panel A) and PRO.HCl (panel 

B) loaded in NLC as well as solvents of different polarity; at 25 ºC. Systems : ▬▬, n-

hexane;   ▬▬, acetonitrile; ▬▬, chloroform; ▬▬, ethanol; ▬▬, methanol and▬▬, 

drug loaded NLC respectivly.    

Spectra were suitably processed to determine the ET (30) value64 of the 

continuous medium (both the different solvents and drug loaded NLCs). There 

occurred a blue shift in the absorption maxima of both the drugs with decreasing 

solvent polarity. In case of LIDO loaded NLCs, the absorption maximum (λmax) 

appeared at 239 nm, very close to that of LIDO in n-hexane. It suggests that 

LIDO being more lipophilic in nature could reside in the NLC core.  

 

Figure 10. Dependence of absorption maxima (λmax) of LIDO (panel A) and PRO.HCl 

(panel B) on the ET30 scale of medium at 25 ºC. 

In case of PRO.HCl the λmax value appeared at 291 nm, which was in between the 

λmax of PRO.HCl in methanol and ethanol. This confirms the localization of the 

drug on a more hydrophilic environment, herein on the surface of the NLCs.  
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3.5. Entrapment efficiency (EE) and loading content studies 

Efficiency of an NLC formulation in terms of its use as a drug vehicle 

depends on its ability to incorporate/ load/ entrap the quantity of a drug. Results 

are summarized in Figure 11. Tween 60 stabilized NLCs exhibited superior 

entrapment efficiency and loading content compared to the Tween 40 stabilized 

systems. Such a phenomenon could be explained on the proposition as mentioned 

earlier48,55,56. Because of ionicity, efficiency in entrapping PRO.HCl was less than 

LIDO in both the NLC formulations (Tween 40 and Tween 60). While 

considering the effect of drug concentration it was observed that the entrapment 

efficiency increased upto 0.5 mM, beyond which it did not change appreciably. 

This was due to the saturation of NLCs with respect to the drugs. There was no 

significant difference in the drug loading content among the different 

formulations. The drug loading content increased almost linearly with the added 

drug concentration (panel B). However, to address this issue in a better way, 

further studies are warranted using other drugs which is considered to be one of 

the future perspectives.   

 

Figure 11.  Dependence of entrapment efficiency (E.E.) (panel A) and loading content 

(L.C.) (panel B) of NLC (5mM, Span 65 + SLC + SA, 2:2:1 M/M/M) on the 

concentration of drugs. LIDO loaded NLCs dispersed in: Ο, Tween 40; ∆, Tween 60; and 

PRO.HCl dispersed in □, Tween 40  and , Tween 60. Each value represents  the mean 

± (S.D.) ( n=3). Temp. 4 ºC. 

 

3.6. In vitro release kinetics 

Release kinetics of an entrapped drug from the NLC matrix need to be 

investigated in order to assess the efficacy of the formulation. Drug release 

kinetics studies were performed by the conventional dialysis bag method, where 

the membrane retained the drug bound to the NLC and allowed the free drug to 

diffuse out into the release medium1. In vitro release behavior of the drugs loaded 
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the NLC matrices have been demonstrated as the percentage of cumulative 

release in Figures 12 -13. LIDO and PRO.HCl showed 95.63% and 100% of 

release within 144 and 5 hr respectively in Tween 60 solution. Parallel 

measurements were carried out using the anaesthetics separately in the absence 

of NLC. It has been proposed by Carafa et al.41 that the diffusion of drug across 

the dialysis membrane was not the limiting step of the overall diffusion process. 

Release of both the drugs in presence of NLC was retarded compared to the same 

in absence of NLC as also reported by others65,66. 

 

Figure 12. In vitro cumulative LIDO release from NLC (5mM, Span 65 + SLC + SA, 

2:2:1 M/M/M). System: LIDO loaded NLC dispersion in Tween 40 (Ο), Tween 60 (□) 

and free LIDO in Tween 60(∆). Each point represents the mean ± (S.D.) (n=3).Drug 

concentration was kept constant at 0.5 mM in each case. Temp. 25 ºC. 

 

          The Initial burst release, followed by a sustained/prolonged for both the 

drugs loaded in NLCs are not uncommon25.  

 

Figure 13. In vitro cumulative PRO.HCl release from NLC (5mM, Span 65 + SLC + SA 

, 2:2:1 M/M/M). Systems: PRO.HCl loaded dispersion in Tween 40 (Ο), Tween 60 (□) 

and free PRO.HCL in Tween 60(∆). Each point represents the mean ± (S.D.) (n=3).Drug 

concentration was kept constantat 0.5 mM in each case. Temp. 25 ºC. 
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Thus, NLC systems could be considered to have potential application for 

sustaining the release of both the anaesthetics. Results revealed that the release 

rate of LIDO was slower as compared to that of PRO.HCl. This could be 

accountable to the fact that LIDO, being more lipophilic in nature, is inserted into 

the lipid core. On the contrary, PRO.HCl is interfacially adsorbed on the NLC 

surface owing to its ionic nature. While considering the initial burst release, it 

was observed that the process was complete when about 43% and 30% of 

PRO.HCl was released from the NLC in Tween 40 and Tween 60 respectively. 

The corresponding time was found to be 40 min. In case of LIDO, the values 

were 9% in Tween 40 and 6% in Tween 60 comprising systems respectively. In 

both Tween 40 and Tween 60, the initial burst release was complete within 2hr. 

Results further support better stabilization of LIDO in the NLC than the 

PRO.HCl which may be considered on the basis of its higher lipophilicity than 

PRO. HCl. Amount of the released drugs depended on the type of Tween 

surfactant. In case of Tween 40 stabilized system, 35 - 67% of the entrapped drug 

was released compared to 62 - 93% release for Tween 60 stabilized system. 

Higher loading capacity and larger imperfections for Tween 60 stabilized NLCs 

(in terms of hydrocarbon chain packing) compared to Tween 40, were 

responsible for this phenomenon48,55,57. 

Data of the drug release profile were suitably processed and scrutinized for 

different release kinetics models such as First order, Higuchi, Korsemeyer-

Peppas, Hixson-Crowell models. No formulations followed pseudo first order 

kinetics as reflected through the non-linear variation in the release profiles 

(Figures 12 - 13). The obtained data were fitted into following drug release 

models by using DDSolver 1.0, and Add-In program for modelling and 

comparison of drug dissolution profiles:67  

 

Higuchi model:                        𝐹 = 𝑘𝐻 . 𝑡0.5                                         (4) 

 

Korsemeyer–Peppas model:    𝐹 = 𝑘𝑘 𝑡
𝑛                                         (5) 

 

Hixson-Crowell model:       𝐹 = 100. [1 − (1 − 𝑘𝐻𝐶 . 𝑡)3]                   (6) 

 

First order model:                𝐹 = 100. (1 − 𝑒−𝑘1.𝑡)                               (7) 
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where, F is the percentage of the drug released, kH, kk, kHC and k1 are the release 

rate constants of Higuchi, Korsemeyer-Peppas, Hixson-Crowell and First order 

model respectively, t represents the time lag of the dissolution process, and n is 

the release exponent obtained from Korsemeyer-Peppas model. Among all the 

four models, the best-fit model was decided based on the highest regression 

values (r2) for all the formulations. The release rate constant was calculated from 

the slope of the appropriate plots and regression co-efficient were accordingly 

determined. The results are summarized in Table 2. Release kinetics for both the 

drugs followed Korsemeyer-Peppas model. The regression coefficient (r2) values 

of Korsemeyer-Peppas model for LIDO loaded in Tween 40 and Tween 60 were 

0.99 and 0.95 respectively. In case of PRO.HCl, the (r2) values were 0.99 and 

0.94 respectively. 

 

Table 2. Drug release kinetics profiles of LIDO and PRO.HCl loaded NLCs. 

Formulation Korsemeyer-Peppas 

 

   Higuchi  Hixson-       

Crowell 

First order 

    r2   k   n   r2    k   r2    k   r2    k 

LIDO-T40 0.99 6.84 0.283 0.98 2.35 0.93 0.001 0.93 0.002 

LIDO-T60 0.95 10.25 0.333 0.91 4.47 0.87 0.002 0.90 0.007 

PRO.HCL-T40 0.99 40.03 0.178 0.75 15.51 0.76 0.031 0.93 0.393 

PRO.HCl-T60 0.94 41.93 0.256 0.86 0.271 0.90 0.036 0.92 0.446 

*r2=regression coefficient, k= release rate constant, n=diffusional exponent. 

The release exponent (n) determined from Korsemeyer-Peppas model for LIDO 

and PRO.HCl in both Tween 40 and Tween 60 stabilized NLCs were found to be 

less than 0.5 indicating release mechanisms being controlled by Fickian diffusion 

in all the systems. Values of release rate constants of LIDO loaded in NLCs for 

the Korsemeyer-Peppas model were 6.84 hr-1 and 10.25 hr-1 for Tween 40 and 

Tween 60 respectively. However in case of PRO.HCl, release rate constants were 

found to be 40.03 hr-1 and 41.93 hr-1in NLCs stabilized with Tween 40 and 

Tween 60 respectively.  
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4. Summary and conclusions 

Nanostructured lipid carriers (NLCs) were formulated by using Span 65, soy 

lecithin and stearic acid dispersed in aqueous Tween 40 or Tween 60 solution. 

Tween 60 provided better stabilization than Tween 40 because of its longer 

hydrocarbon chain. Hydrocarbon chains of Tween 60 could penetrate to greater 

extent than Tween 40 into the NLC matrices. TEM study confirmed the spherical 

morphology of the NLCs with smooth surface. Higher amount of LIDO could be 

encapsulated into the NLC than PRO.HCl. LIDO resides in the core of the NLC 

for its relatively higher hydrophobic nature. PRO.HCl, being ionic, preferentially 

adsorbs over the NLC surface. Apart from the DLS studies, DSC and 

spectroscopic investigations on the drug loaded NLC further supported such 

proposition. Because of its larger lipophilicity LIDO could be entrapped to 

greater extent compared to PRO.HCl. In vitro drug release study revealed that the 

lipidic matrices could act as promising vehicles for two most widely used local 

anaesthetics with controlled and prolonged release. Biphasic release behaviour 

was experienced by all the combinations. In order to further explore the viability, 

the formulations may be subjected to in vitro studies under biological condition. 

Besides, the in vivo studies as well as some clinical trials are warranted which are 

considered as the future perspectives.  
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Chapter 3 

Influence of lipid core material on physicochemical 

characteristics of ursolic acid loaded nanostructured lipid 

carrier: an attempt to enhance anticancer activity  

   

Abstract: The impact of saturation and unsaturation in the fatty acyl 

hydrocarbon chain on the physicochemical properties of nanostructured lipid 

carriers (NLCs) was investigated to develop novel delivery systems loaded with 

an anticancer drug, ursolic acid (UA). Aqueous NLC dispersions were prepared 

by a high-pressure homogenization − ultrasonication technique with Tween 80 as 

a stabilizer. Mutual miscibility of the components at the air − water interface was 

assessed by surface pressure − area measurements, where attractive interactions 

were recorded between the lipid mixtures and UA, irrespective of the extent of 

saturation or unsaturation in fatty acyl chains. NLCs were characterized by 

combined dynamic light scattering, transmission electron microscopy (TEM), 

atomic force microscopy (AFM), differential scanning calorimetry, drug 

encapsulation efficiency, drug payload, in vitro drug release, and in vitro 

cytotoxicity studies. The saturated lipid-based NLCs were larger than unsaturated 

lipids. TEM and AFM images revealed the spherical and smooth surface 

morphology of NLCs. The encapsulation efficiency and drug payload were 

higher for unsaturated lipid blends. In vitro release studies indicate that the nature 

of the lipid matrix affects both the rate and release pattern. All UA-loaded 

formulations exhibited superior anticancer activity compared to that of free UA 

against human leukemic cell line K562 and melanoma cell line B16. 

 

Langmuir 2016, 32, 9816−9825 

 

1.  Introduction  

Cytotoxic anticancer drugs are more reactive, more unstable, and more 

diverse in terms of molecular structure and physicochemical properties than other 

drug classes. At the same time, their poor specificity and tendency to induce drug 

resistance hinder the optimal performance in the case of conventional 
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chemotherapy. Cancer cells exercise a variety of defense mechanisms at the 

cellular level to diminish the activities of chemotherapeutic agents to which they 

are exposed. These defense mechanisms are known as “cellular” drug resistance. 

The most notable is the multidrug resistance (MDR) phenotype, which involves 

active efflux of a broad range of cytotoxic drug molecules out of the cytoplasm 

by membrane-bound transporters1-3. In recent years; it has become more evident 

that the mere development of novel drugs is insufficient to guarantee progress in 

drug therapy. 

Nanodimensional drug delivery systems possess important properties 

such as the increasing solubility of hydrophobic drugs and the improvement of 

their bioavailability4,5. Solid lipid nanoparticles (SLNs) combine the advantages 

of emulsions, liposomes, and polymeric nanoparticles; other favorable qualities 

of SLNs include biocompatibility6, improved solubility, high bioavailability, 

controlled drug release7,8, targeting effect on brain9, accessibility to large scale 

production10, etc. It is therefore not surprising that this relatively new class of 

drug carriers is quickly being adopted for the delivery of various anticancer 

compounds as the SLNs, comprising physiological lipids, can minimize potential 

toxicity and enhance efficiency11. However, because of the highly crystalline 

nature of pure solid lipids or blends of solid lipids, drugs tend to be excluded, 

leading to low loading capacity and drug expulsion during storage. To overcome 

the limitations of SLNs, nanostructured lipid carriers (NLCs) have evolved as 

alternatives. NLCs are usually prepared from a mixture of spatially incompatible 

solid and liquid lipids. Assimilation of liquid lipids increases the imperfections in 

the solid lipid matrix; furthermore, liquid lipids can elevate the level of drug 

solubilization, allowing superior accommodation for the hydrophobic drugs, 

which eventually enhances the drug payload and reduces the level of expulsion of 

the drug during storage12-15. A blend of solid and liquid lipids can form a stable 

NLC that remains in the solid state at body temperature; thus, the drug release 

profile can be easily modulated by varying the lipid matrix composition16,17. 

More important is the faster internalization of lipid nanoparticles into cancerous 

cells, leading to greater potential in cancer therapy18-20.  

NLCs comprising a mixture of saturated (solid) and unsaturated (liquid) 

triglycerides, phospholipids, and fatty acids may be considered as an interesting 

alternative to conventional combinations such as fatty acid and triglyceride, as 
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the blends are usually polycrystalline in nature and can enhance physical 

stability, encapsulation efficiency, release behavior, therapeutic efficiency, 

etc17,19,21,22. Although a number of reports about NLCs comprising saturated 

(solid) and unsaturated (fluid/liquid) lipids are available in the literature12-14,23, 

comparative studies describing the effect of unsaturated lipids and saturated 

lipids on the physicochemistry of NLCs are scarce. Thus, there has been ample 

research in the field of NLCs, with special reference to the use of different 

combinations of saturated and unsaturated lipids. 

Ursolic acid (UA, 3β-hydroxy-urs-12-en-28-oic acid), a natural 

pentacyclic triterpenoid found in different plant species24, possesses a wide range 

of bioactivities, viz., antitumor, anti-inflammatory, antioxidant, antibacterial, 

antiviral, and hepatoprotective effects25-29. Recent studies have shown that UA 

has potential antitumor effects and cytotoxic activity toward various types of 

cancer cell lines30-33. In spite of such potential, the clinical application of UA is 

limited because of its poor aqueous solubility, resulting in its low bioavailability 

and poor in vivo pharmacokinetics. During the past decade, many approaches 

have been developed to improve the solubility of UA using polymeric 

nanoparticles32-35, micronization36, lipidic nanoparticles, liposomes30,37, salt 

formation38, solid dispersions38, inclusion complexes39,40, microemulsions and 

nanocrystals, etc31. In spite of different attempts, it has not yet been possible to 

develop a single optimal delivery system. Therefore, the search for novel drug 

delivery systems is highly warranted to improve the solubility, payload, and oral 

bioavailability of UA. The aim of this study was to evaluate and compare the 

saturated and unsaturated lipid comprising NLCs to determine if differences in 

composition can alter the performance of these systems. Saturated lipid 

[tribehenin (TB) and 2,3-di- (docosanoyloxy)propyl docosanoate], unsaturated 

lipid (trierucin (TE) and 2,3-bis{[(Z)-docos-13-enoyl]oxy}propyl (Z)- docos-13-

enoate], saturated fatty acid [behenic acid (BA), docosanoic acid], and 

unsaturated fatty acid [oleic acid (OA), (9Z)-9-octadecenoic acid] were used for 

these studies, keeping the molar proportion of HSPC (hydrogenated soy 

phosphatidylcholine) constant for all the systems. Because the major drawbacks 

of ursolic acid are lower drug loading and poor water solubility, another 

objective was the development of UA encapsulated NLCs comprising different 
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lipid matrices to enhance drug loading, improve solubility, and increase oral 

bioavailability. 

Surface pressure − area isotherm studies of the pure and mixed lipids as 

well as with ursolic acid in different combinations were conducted to determine 

the nature of the interactions between the lipids and the drug. Such studies can 

also predict the location of the drug molecules. If UA molecules prefer to stay at 

the interface of the NLCs, they would definitely alter the surface pressure − area 

isotherm of the lipid mixture. On the other hand, if the drug molecules prefer to 

stay in the core of the NLCs, they would hardly have any impact on the surface 

pressure − area isotherm of lipid mixtures. To address this issue, surface pressure 

− area isotherms of the lipid mixtures with varying amounts of UA were 

determined. The influence of different lipids on the size, polydispersity index, 

and ζ potential of NLCs was investigated in the absence and presence of UA. 

Calorimetric studies of different formulations in the absence and presence of UA 

were conducted with the intention of determining the impact of the composition 

of lipids as well as UA on the thermal behavior of NLCs. To investigate the 

impact of saturated and unsaturated lipids on UA entrapment efficiency (EE), 

loading content (LC) and release kinetics of UA-loaded formulations were also 

assessed. Finally, anticancer activities against human leukemic cell line K562 

and melanoma cell line B16 were evaluated to determine the anticancer potential 

of UA-loaded NLCs. It is believed that such a comprehensive study would 

eventually lead to the formulation of novel drug delivery systems in the treatment 

of cancer and to a clearer understanding of the fundamental properties of NLCs. 

 

2. Materials and methods 

2.1. Materials 

Ursolic acid (UA), tribehenin (TB), trierucin (TE), behenic acid (BA) and 

oleic acid (OA) were purchased from TCI Chemicals, Japan. Hydrogenated 

soyphosphotidylcholine (HSPC),  dialysis bag (12 kDa MWCO), DMEM and 

RPMI 1640 medium with L-glutamine (Gibbco, USA), fetal calf serum, sodium 

pyruvate, HEPES, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] and trypsin were obtained from  Sigma-Aldrich, USA. Tween 80 was 

purchased from Sisco Research Laboratory, India. AR grade disodium hydrogen 
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phosphate (Na2HPO4.2H2O), sodium dihydrogen phosphate (NaH2PO4.2H2O) 

and sodium chloride (NaCl) were the products of Merck Specialties Pvt. Ltd., 

India. Penicillin-Streptomycin (Biowest, Germany), Gentamycin (Nicholas, 

India), dimethyl sulfoxide (DMSO), sodium bicarbonate, and other 

chemicals/reagents were of analytical grade and purchased from local firms. All 

the chemicals used were stated to be ≥ 99% pure and used as received. Double 

distilled and HPLC grade water were used throughout the study. Human 

leukemic cell line K562 and mouse melanoma cell line B16 were purchased from 

the National Facility for Animal Tissue and Cell Culture, Pune, India. The K562 

cells were maintained in RPMI 1640 and B16 cells were maintained in DMEM 

medium supplemented with 10 % heat inactivated FCS, 100 U/mL penicillin, 100 

mg/mL streptomycin and 100 µg/mL gentamycin. Both the cultures were 

maintained at 37 °C in a humidified atmosphere containing 5 % CO2. Mouse 

melanoma B16 cell are adherent in nature. During sub culturing of the cells this 

adherent property can be diminished by adding 1X trypsin solution in the cell. In 

all the experiments, untreated leukemic and melanoma cells were termed as 

control group. 

2.2. Methods 

Surface pressure (π) − area (A) isotherms of pure as well as mixed 

monolayers (solvent spread) were obtained using a Langmuir surface balance 

(Micro Trough X, Kibron, Helsinki, Finland). A monolayer was generated by 

spreading an appropriate quantity of a lipid solution dissolved in a 3:1 (v/v) 

chloroform/methanol mixture at the air − water interface with a Hamilton 

microsyringe. The solvent was allowed to evaporate for 15 min. After the 

generation and equilibration of the monolayer film, the barriers were compressed 

at a rate of 5 mm/min. NLCs were prepared by the hot homogenization − 

ultrasonication method as previously described41. Briefly, quantitative amounts 

of lipids (2:2:1 TB/TE: HSPC: OA/BA molar ratio) were dissolved in a 3:1 (v/v) 

chloroform/methanol mixture; the solvent was removed using a rotary 

evaporator. The thin film thus obtained was melted at 95 °C and dispersed in the 

preheated aqueous surfactant (Tween 80) solution. The coarse emulsion was 

exposed to high-speed dispersion for 1 h; the obtained pre-emulsion was 

sonicated for a period of 1 h with a probe sonicator (Takashi U250, Takashi 
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Electric) at 150 W/ kHz, maintaining the same temperature to produce 

nanoemulsions that were allowed to cool to room temperature to produce the 

NLCs, which were stored at 4 °C for further study. In the case of the drug loaded 

formulation, UA was premixed with the lipids while the thin film was being 

generated. The total lipid concentration in the dispersion was maintained at 5 

mM in a 2:2:1 TB/TE: HSPC: OA/BA molar ratio, and a 10 mM aqueous 

nonionic (Tween 80) surfactant solution was used as a stabilizer. Different 

formulations drug free or loaded, were prepared. The drug concentrations were 

0.125, 0.25, and 0.5 mM for all cases.  

The mean particle size, population distribution, polydispersity index, and 

ζ potential of the NLCs were measured in a dynamic light scattering spectrometer 

using a Malvern Zetasizer Nano Series ZS90 instruments (Malvern Instruments, 

Malvern, U.K.) at 25 °C. The shape, morphology, and surface topology of the 

NLCs were investigated by transmission electron microscopy (TEM) (Hitachi, 

Tokyo, Japan) and tapping mode atomic force microscopy (AFM) (Nanoscope 

III, Bruker) studies41. Calorimetric measurements were performed using a 

differential scanning calorimetry (DSC) 1 STARe system (Mettler Toledo). The 

DSC studies were performed in the temperature range of − 30 to 100 °C with a 

scan rate of 2.5 °C/min. The phase transition temperature and other relevant 

thermal parameters were evaluated from the obtained DSC thermograms of 

respective samples using STARe Software version 11.00. The entrapment 

efficiency (EE) and drug loading (DL) were determined by the standard methods 

as reported previously42. The UA content was estimated with a UV 

spectrophotometer, measuring the absorbance at 214 nm. The entrapment 

efficiency (EE) and drug loading (DL) capacity of NLCs were calculated using 

the following equations: 

 

                                              𝐸𝐸% =  
𝑊𝑇𝐶− 𝑊𝐹𝐶

𝑊𝑇𝐶
× 100     (1) 

                         𝐷𝐿% =  
𝑊𝑇𝐶− 𝑊𝐹𝐶

𝑊𝑇𝐶−𝑊𝐹𝐶+𝑊𝑇𝐿
× 100     (2) 

 

where WTC, WFC, and WTL represent total amounts of UA, free UA, and lipid, 

respectively. In vitro release of UA from the NLCs was assessed using the 

standard dialysis bag method under sink conditions over a 96 h period.  
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 2.3. In - vitro cytotoxicity study of UA-NLCs 

Log phase K562 and B16 cells (1 × 105 cells, 100 μL cell suspensions) were 

seeded in 96-well tissue culture plates. They were treated with freshly prepared 

UA-loaded NLCs at different concentrations and different incubation times at 37 

°C in a humidified atmosphere containing 5% CO2. Untreated cells served as the 

control. The cytotoxicity studies were performed using the MTT assay, and the 

absorbance of the colored solution was measured at a wavelength of 492 nm for 

K562 and at 570 nm for B16 cells by a microplate manager (reader type, model 

680 XR from Bio-Rad Laboratories Inc.). IC50 values were obtained at 24 and 48 

h for UA-loaded NLCs. 

 

3. Results and discussion 

3.1. Interfacial behavior of the monomolecular films 

Surface pressure (π) − area (A) isotherms were constructed for pure 

components, mixed lipids, and mixed lipids in combination with UA. In the case 

of the mixed lipid and UA combinations, the lipid mixture was considered 

component 1 while UA was considered component 2. Lift-off areas of TB, TE, 

HSPC, BA, OA, and UA appeared at 75.14, 164.02, 93.61, 51.22, 78.87, and 

106.17 nm2 molecule−1, respectively. Representative isotherms are shown in 

Figure 1and Figure 2. 

 

Figure 1. Surface pressure (π) – area (A) isotherm of (▬), tribehenin; (▬), trierucin; 

(▬), HSPC; (▬), behenic acid; (▬), oleic acid and (▬), ursolic acid  (panel A); 

TB+HSPC+BA (panel B); and TE+HSPC+OA (panel C). Panel C describes the π-A 

isotherm of mixed monolayer in the absence and presence of ursolic acid respectively 

using water as subphase. Mole % of ursolic acid with respect to lipid mixture: (▬), 0; 

(▬), 2.5; (▬), 5; (▬), 10; (▬), 30; (▬), 50; and (▬), 70. Temperature 25 °C.  
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Addition of UA resulted in a downshift in the lift-off area of the mixed 

monolayers; the downshift was more significant for fluid lipids (TE/HSPC/OA 

and TE/HSPC/BA). The condensing effect of UA, analogous to that of 

cholesterol43-46, was due to the strong attractive hydrophobic and/or van der 

Waals interactions between the lipids and UA molecules. 

 

Figure 2. Surface pressure (π) – area (A) isotherm of mixed lipid and ursolic acid – lipid 

mixture: TB+HSPC+OA (panel A); and TE+HSPC+BA (panel B) describes the π-A 

isotherm of mixed monolayer in the absence and presence of ursolic acid respectively 

using water as subphase. Mole% of ursolic acid with respect to lipid mixture: (▬), 0; 

(▬), 2.5; (▬), 5; (▬), 10; (▬), 30; (▬), 50; and (▬), 70. Temperature 25 °C. 

 

Monolayer mechanical properties can easily be assessed by calculating 

the elasticity modulus (Cs
−1), which is the inverse of the film compressibility 

defined according to the following relation47. 

    

          𝐶𝑠
−1 =  −𝐴 (

𝑑𝜋

𝑑𝐴
)

𝑇
                                                                 (3) 

 

The profiles of the elasticity modulus versus the percent of compressed area are 

shown in Figure 3. For lipid mixtures in the absence of UA, maximal values were 

observed at 85, 79, 46, and 37 mN m−1 for TB/HSPC/BA, TB/ HSPC/OA, 

TE/HSPC/BA, and TE/HSPC/OA mixtures, respectively. Cs
−1 values for 

UA/lipid mixed monolayers reveal a major reduction in the maximum, ranging 

from 120 to 67 mN m−1, from 95 to 65 mN m−1, from 75 to 30 mN m−1, and from 

72 to 35 mN m−1 for TB/HSPC/BA, TB/HSPC/OA, TE/HSPC/BA, and 

TE/HSPC/OA mixtures, respectively. 

Such a decrease indicates a fluidizing effect of UA or the decreased 

elasticity of the mixed lipid monolayer; the lower the maximal value of the 
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elasticity modulus, the higher the fluidity of the monolayer48. An alteration of the 

molecular area of the UA molecule occupied in the monolayer, a change in the 

molecular packing effectiveness, and/or a change in the membrane fluidity may 

induce such modifications in the thermodynamic parameters. 

 

Figure 3. Variation in elasticity moduli (Cs
-1) with % of compressed area for mixed 

monolayer systems: TB+HSPC+BA (panel A); TB+HSPC+OA (panel B); 

TE+HSPC+BA (Panel C); and TE+HSPC+OA (panel D), lipid mixture, component 1, 

(2:2:1, M/M/M) and ursolic acid, component 2. Mole % of ursolic acid with respect to 

lipid mixture: (▬) 0; (▬), 2.5; (▬), 5; (▬), 10; (▬), 30; (▬), 50; and (▬), 70. 

Temperature: 25 °C. 

 

To gain further information about the interactions between the lipids and 

UA molecules, the excess area (Aex), changes in the excess free energy of mixing 

(ΔGex), and changes in the free energy of mixing (ΔGmix) of the lipid/UA 

monolayers were calculated from the π − A isotherms at different surface 

pressures. The excess area determines if the mixing is ideal or nonideal. The 

ideal area of mixing is calculated using eq 4:48     

                            𝐴𝑖𝑑 =  𝑥1𝐴1 + 𝑥2𝐴2      (4) 

 

where x1 and x2 are the mole fractions and A1 and A2 the areas per molecule of 

components 1 and 2, respectively. To estimate the deviation from the ideal 

behavior, the excess area (Aex) was calculated as48 

 

          𝐴𝑒𝑥 =  𝐴12 − 𝐴𝑖𝑑          (5) 

where A12 represents the experimentally obtained mean molecular area. The Aex 

value of the pseudobinary monolayer was calculated at different surface 
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pressures (from 5 to 30 mN m−1 with an interval of 5 mN m−1), as shown in 

Figure 4. 

 

Figure 4. Dependence of excess molecular area (Aex) on the relative proportion of  

ursolic acid in the mixed monolayer systems: TB+HSPC+BA (panel A); TB+HSPC+OA 

(panel B); TE+HSPC+BA (Panel C); and TE+HSPC+OA (panel D), lipid mixture, 

component 1, (2:2:1, M/M/M) and ursolic acid, component 2, (Mole % of ursolic acid 

with respect to lipid mixture): 0, 2.5, 5, 10, 30, 50, 70 and 100),  at different surface 

pressure (mNm-1): ○, 5; , 10;  15; ◊ 20; , 25 and , 30. Temperature: 25 °C. 

 

Negative deviations from the ideality for Aex values were recorded for all 

the lipids and for all mole percents of UA in the entire studied surface pressure 

range, which indicate attractive interactions among the components. The 

magnitudes of the negative deviations were higher for the unsaturated lipid (TE) 

than for the saturated lipid (TB), indicating better incorporation of UA into the 

mixed monolayer containing unsaturated lipids. 

The excess free energy that determines the degree of deviation from the 

ideally mixed monolayer was calculated using the following expression:48  

 

  ∆𝐺𝑒𝑥
0 =  ∫ [𝐴 − (𝑥1𝐴1 + 𝑥2𝐴2)]𝑑𝜋  

𝜋

0
   (6) 

 

Changes in the free energy of mixing determine the thermodynamic 

stability of the monolayers. It can be computed from the excess free energy and 

the ideal free energy (ΔGid) using eqs 7 and 8:48  

 

  ∆𝐺𝑚𝑖𝑥 =  ∆𝐺𝑒𝑥 +  ∆𝐺𝑖𝑑              (7) 

 

where the ideal free energy (ΔGid) is given by 
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  ∆𝐺𝑖𝑑 = 𝑅𝑇(𝑥1𝑙𝑛𝑥1 + 𝑥2𝑙𝑛𝑥2)                                 (8) 

 

where R is the universal gas constant and T is the absolute temperature. Negative 

ΔGex values, as shown in Figure 5, indicate spontaneity in the mixing processes 

between the components45,48-50. ΔGex values were more negative at higher surface 

pressures. The minimal ΔGex value was identified at 19, 52, 67, and 69 mol % 

UA for TB/HSPC/BA, TB/HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA 

mixtures, respectively, at a π of 10 mN/m. These compositions, therefore, 

correspond to the most stable lipid/UA mixed films. The surface pressure 

increase in the loose packing density regimes, π ≤ 10 mN/m (LE and LE/LC 

phase transitions), caused the ΔGex values of all the lipid mixtures to become 

more negative, because of the increase in the level of intermolecular attractive 

van der Waals forces. 

 

Figure 5. Dependence of change in excess free energy (∆Go
ex) on the relative proportion 

of ursolic acid in the mixed monolayer systems:  TB+HSPC+BA (panel A); 

TB+HSPC+OA (panel B); TE+HSPC+BA (Panel C); and TE+HSPC+OA (panel D), 

lipid mixture: component 1, (2:2:1, M/M/M) and ursolic acid: component 2. Mole % of 

ursolic acid with respect to lipid mixture: 0, 2.5, 5, 10, 30, 50, 70 and 100) at different 

surface pressure (mNm-1): ○, 5; , 10;  15; ◊ 20; , 25 and , 30. Temperature: 25 

°C. 

 

The decrease in the ΔGex with an increasing mole percent of UA 

indicates the dependence of the packing of lipid molecules on the relative 

proportion of UA. A negative ΔGmix value implies spontaneity in the mixing 

processes and strong interactions between the interfacial components, as shown 

in Figure 6. Negative ΔGmix values were observed at all surface pressures, thus 

suggesting spontaneous mutual miscibility among the components. The minimal 
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ΔGmix value was obtained at 50 mol % UA and a surface pressure of 10 mN m−1, 

corresponding to the composition of the monolayer with the maximal 

thermodynamic stability. 

 

Figure  6. Changes in the free energy of mixing (∆Go
mix) on the relative proportion of 

ursolic acid in the mixed monolayer systems: TB+HSPC+BA (panel A); TB+HSPC+OA 

(panel B); TE+HSPC+BA (Panel C); and TE+HSPC+OA (panel D), lipid mixture, 

component 1, (2:2:1, M/M/M) and ursolic acid, component 2. Mole% of ursolic acid with 

respect to lipid mixture: 0, 2.5, 5, 10, 30, 50, 70 and 100 at different surface pressure 

(mNm-1): ○, 5; , 10;  15; ◊ 20; , 25 and , 30. Temp. 25 °C. 

 

The dipole moment of the film-forming materials and the change in 

orientation of head or tail groups in the lipid monolayer as well as of the water 

molecules in the subphase during compression give the value of surface potential. 

The surface potential − area measurements have been obtained to gain 

information about the orientation of the film constituents. Surface potential 

isotherms of pure components are shown in Figure 7; the formation of mixed 

lipid monolayers on a subphase containing pure water with and without varying 

concentrations of UA is shown in Figure 8. The surface potential − area profiles 

were more or less similar to the surface pressure − area isotherms, further 

supporting the aforementioned propositions. 

 

Figure 7. Surface potential of ursolic acid and pure lipid components; systems mentioned 

inside the figure. Pure water was used as subphase. Temp. 25 °C. 
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Figure 8.  Variation in the surface potential of mixed lipid and ursolic acid – lipid 

mixture: TB+HSPC+BA (panel A); TB+HSPC+OA (panel B); TE+HSPC+BA (Panel C); 

and TE+HSPC+OA (panel D) describes the surface potential of mixed monolayer in the 

absence and presence of ursolic acid respectively using water as subphase. Mole% of 

ursolic acid with respect to lipid mixture: (▬) 0; (▬), 2.5; (▬), 5; (▬), 10; (▬), 30; 

(▬), 50; and (▬), 70. Temp. 25 °C. 

 

3.2. Dispersions / solution behavior of the NLCs 

3.2.1. Dynamic light scattering (DLS) studies 

The hydrodynamic diameter (dh), polydispersity index (PDI), and ζ 

potential (ZP) are some of the markers of colloidal dispersion determining its 

stability as well as giving insight into the in vivo performance of NLCs. NLCs 

comprising triglyceride, phospholipid, and fatty acids were TB/HSPC/BA, 

TB/HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA mixtures. The 

TB/TE:HSPC:BA/OA molar ratio was kept fixed at 2:2:1; the overall lipid 

concentration was 5 mM dispersed in 10 mM aqueous Tween 80. The size of 

NLCs ranged from 140 to 230 nm with unimodal distributions. NLC 

formulations were studied up to 100 days (Figure 9). Particles were found to be 

fairly monodisperse, as revealed from the size distribution curves (data not 

shown) as well as from the PDI values (Figure 10). The sizes of TB/HSPC/BA, 

TB/HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA NLCs were found to be 220 ± 

8, 190 ± 7, 174 ± 4, and 147 ± 5 nm, respectively, with size increasing in the 

following order: TE/HSPC/OA < TE/HSPC/BA < TB/ HSPC/OA < 

TB/HSPC/BA [where the percentages of unsaturation in the fatty acyl 

hydrocarbon chains were 60, 40, 20, and 0, respectively (Table 1)]. Stronger 

association among the lipidic components in the case of unsaturated lipid and 

fatty acid resulted in size constriction compared to that in the saturated lipids51,52. 



124 
 

Table 1.  Mean size (dh / nm), PDI, zeta potential (mV), Entrapment Efficiency (EE %) 

and Loading Capacity (LC %) values of empty and ursolic acid -loaded NLC. 

Formulation [UA] / 

mM 

Size / 

nm 

PDI Z.P. /mV %EE %DL 

 

 

TB+HSPC+BA 

0.000 207 ±2 0.34 ±0.01 -16 ±0.4   

0.125 208 ±1 0.34±0.009 -17 ±0.6 78.38±1.9 3.78±0.04 

0.250 210 ±3 0.35±0.001 -17 ±0.5 83.55±1.3 3.99±0.09 

0.500 235 ±5 0.37±0.003 -18 ±0.4 83.63±0.8 3.99±0.03 

 

 

TB+HSPC+OA 

0.000 196 ±3 0.38±0.013 -19 ±0.8   

0.125 184±5 0.38±0.009 -15 ±0.7 80.08±0.9 3.88±0.03 

0.250 190 ±7 0.38±0.006 -17 ±0.5 85.33±1.5 4.09±0.07 

0.500 191±4 0.40±0.012 -18 ±0.1 85.56±1.7 4.09±0.04 

 

 

TE+HSPC+BA 

0.000 174 ±2 0.34±0.009 -19 ±0.4   

0.125 183 ±3 0.35±0.013 -19 ±0.3 92.97±1.9 4.42±0.07 

0.250 191 ±7 0.35±0.024 -18 ±0.7 94.05±1.5 4.53±0.02 

0.500 180±2 0.35±0.005 -18 ±0.2 94.36±1.7 4.59±0.06 

 

 

TE+HSPC+OA 

0.000 147 ±5 0.31±0.016 -20 ±0.2   

0.125 171 ±3 0.34±0.009 -20 ±0.4 97.14±1.8 4.67±0.09 

0.250 185±7 0.35±0.023 -20 ±0.5 99.92±1.3 4.76±0.07 

0.500 182 ±4 0.31±0.008 -19±0.3 99.38±1.5 4.76±0.02 

N=3; Mean±SD, 

HSPC: Hydrogenated soy phosphotidyl choline: common in all the systems.TB: 

Tribehenin; TE: Trierucin; BA: Behenic acid; OA: Oleic acid; PDI: Polydispersity index; 

EE: encapsulation efficiency; DL: drug loading; Blank NLC: NLC with no drugs; UA-

NLC: NLC with drug (0.125/0.25/0.5 mM). 

 

The DLS results thus could be correlated with the monolayer studies; the extents 

of negative deviation from ideality were higher among fluid lipids. An increasing 

amount of UA increased the size of TB/HSPC/BA and TE/HSPC/BA NLCs 

(Figure 9A, C). The lower multicrystallinity in the case of the lipid systems with 

lower degrees of unsaturation restricts the drug molecules mostly to reside on 

swelling of the NLC leading to an increase in dh. On the other hand, in the case of 

more fluidic combinations (TB/HSPC/OA and TE/HSPC/OA), there was an 

initial increase in size with the addition of drug; the effect became insignificant 

with size variation at higher drug concentrations (Figure 9B, D). 

 

 

Better incorporation and drug solubilization in the case of liquid lipids 

direct the drug to the core of the NLC, resulting in a significant influence of the 

added drug on dh. In all cases, the size of the NLC formulations increased with 

time probably because of the tendency of the NLC formulations to coagulate. 

PDI values of <0.5 indicate homogeneity of the NLC formulation (Figure 10). 
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Figure 9. Variation in the hydrodynamic diameter (dh)–time profile of NLCs Panel A: 

TB+HSPC+BA; panel B: TB+HSPC+OA; panel C: TE+HSPC+BA and panel D: 

TE+HSPC+OA. 5 mM NLC was dispersed in 10 mM Tween 80 in each case. UA 

concentration (mM): (○), 0; (□), 0.125; ( ), 0.25 and ( ), 0.5. Temp. 25 °C. 

 

 

Figure 10. Variation in the polydispersity index (PDI)–time profile of NLCs Panel A: 

TB+HSPC+BA; panel B: TB+HSPC+OA; panel C: TE+HSPC+BA and panel D: 

TE+HSPC+OA. 5 mM NLC was dispersed in 10 mM Tween 80 in each case. UA 

concentration (mM): (○), 0; (□), 0.125; ( ), 0.25 and ( ), 0.5. Temp. 25 °C. 

 

A negative ZP was due to the dissociation of fatty acid in NLCs (Figure 

11). The extent of dissociation of the incorporated fatty acid was higher for fluid 

lipids, for which negative values of ZP were recorded. In addition, the liquid lipid 

reduced dh and consequently decreased the effective NLC surface area; thus, the 

ZP values for the systems having larger amounts of liquid lipids were higher. The 

effect of UA on the ZP of NLCs was not significant because of its nonionic 

nature. In all cases, the magnitude of ZP decreased with storage time (Figure 11), 

which was due to the structural modification of lipidic components as well as the 

Ostwald ripening/coagulation process, common for colloidal dispersions53. 
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Figure 11. Variation in the zeta potential (Z.P.) – time profile of NLCs Panel A: 

TB+HSPC+BA; panel B: TB+HSPC+OA; panel C: TE+HSPC+BA and panel D: 

TE+HSPC+OA. 5 mM NLC was dispersed in 10 mM Tween 80 in each case. UA 

concentration (mM): (○), 0; (□), 0.125; ( ), 0.25 and ( ), 0.5. Temp. 25 °C. 

 

3. 3. Morphological studies 

The size of NLCs, as evaluated from TEM studies (Figure 12), could be 

well correlated with particle size as determined by DLS measurements. NLCs 

were spherical with a smooth surface in the case of TB/HSPC/BA and 

TB/HSPC/OA formulations. While good contrast and distinct images were 

visualized in the former category, however, in the case of TE/HSPC/BA and 

TE/HSPC/OA formulations, contrast and distinctness were somehow reduced. It 

might be due the presence of a larger amount of liquid lipid in the NLC 

formulation. The existence of individual and distinct particles also indicates the 

monodisperse nature of the formulations, as was also observed by DLS54,55. 

 

Figure 12. TEM images of NLC formulations. Composition :(A) TB+HSPC+BA;  (B): 

TB+HSPC+OA; (C): TE+HSPC+BA and (D): TE+HSPC+OA. I and II represents the 

blank NLCs as well as ursolic acid loaded NLCs respectively.  

 

Representative AFM images of TB/HSPC/BA and TE/HSPC/OA NLCs 

are shown in Figure 13. NLCs were found to be spherical with a smooth surface. 

NLCs were separated from each other, indicating the absence of aggregated 
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species. The observed particle sizes (200 − 230 nm) were comparable to those of 

the DLS and TEM studies. The particles were very distinct (Figure 13, II-A and 

II-B), unlike TE/HSPC/OA NLCs, whose size was found to be in the range of 

160 − 200 nm, with less contrast and distinctiveness. The TB/HSPC/BA and 

TE/HSPC/OA NLC systems showed the observed vertical dimension to be as 

large as 4.1 and 2.9 nm, respectively. This could be explained by the presence of 

larger amounts of unsaturated lipid in the second category of NLCs than in the 

former. 

 

Figure 13. Representative AFM images of NLC formulation. Composition :(I) 

TB+HSPC+BA;   and (II)TE+HSPC+OA. 2D image (A, B); 3D image (C) and section 

analysis (D). 

 

3. 4. Differential scanning calorimetric (DSC) studies 

Phase transition temperatures (Tm) of tribehenin, trierucin, behenic acid, 

oleic acid, hydrogenated soy phosphatidylcholine, and the drug ursolic acid were 

found to be 82.9, 30.1, 81.4, 14.3, and 283.7 °C, respectively, as shown in Figure 

14. The main rationale of this study was to perceive whether the crystallinity 

differed in the lipid matrices due to the presence of saturation and unsaturation in 

their mixed states in the form of NLCs. In case of the physical mixtures (where 

the components were dissolved in organic solvents and subsequently dried under 

vacuum), the sharp peak of UA, which appeared at 283.7 °C in its pure state, 

disappeared (data not shown). This indicates complete solubilization of the 

amorphous state of ursolic acid in the lipid matrix56. The thermal behavior of the 

physical mixture of lipids and UA with lipids was also assessed (Figure 15). Tm 

values of the TB/HSPC/BA, TB/HSPC/OA, TB/HSPC/BA/UA, and 

TB/HSPC/OA/UA physical mixtures appeared at 80.1, 80.4, 77.5, and 77.8 °C, 

respectively (Figure 15A). Tm values of the TE/HSPC/BA, TE/HSPC/OA, 

TE/HSPC/BA/UA, and TE/HSPC/OA/UA physical mixtures were 27.9, 19.6, 
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27.8, and 20.0 °C, respectively (Figure 15B). Table 2 describes the combined 

thermodynamic parameters, derived from the DSC thermograms. 

 

Figure 14. DSC heating thermograms of UA and the pure lipid components; systems 

mentioned inside the figure.  Scan rate: 2.5 °C min-1. 

 

 

Figure 15. DSC heating thermograms of physical mixture of lipids and UA+ lipids; 

systems mentioned inside the figure. Scan rate: 2.5 °C min-1. 

 

The Tm value of the UA/lipid mixture, however, decreased significantly upon 

loading of UA into saturated lipid, which indicates a decrease in the crystallinity 

of the lipid matrix; this may be attributed to UA entrapment in the case of NLCs. 

On the other hand, the Tm values of the UA/lipid mixture did not change much 

with loading of UA into unsaturated lipid, although the peak was broader 

compared to that of the corresponding physical mixture of lipid, which may be 

attributed to the entrapment of UA in the NLCs. The endothermic and 

exothermic peaks of the physical mixtures of TB/HSPC/OA NLCs were shifted 

from 80 to 64 °C and from 30 to 32 °C, respectively, in the presence of UA 

(Figure 16). This shift was a combined effect of the inclusion of Tween 80 (on 

the palisade layer) as well as the drug into the core of NLCs. The endothermic 

peaks were taken into account to derive other associated thermal parameters, viz., 

changes in enthalpy (ΔH), heat capacity (ΔCp), and width of the melting peak at 
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half-maxima (ΔT1/2). DSC heating curves of different lipid matrices, viz., 

TB/HSPC/ BA, TB/HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA NLCs, in the 

presence and absence of UA are given in Figure 17. 

 

Table 2. Temperature for maximum heat flow (Tm), the width at half peak height (ΔT1/2), 

change in enthalpy (ΔH), and heat capacity (ΔCp) of blank as well as UA loaded NLC. 

Formulation [UA]/mM Tm/ 

ºC 

ΔT1/2/ 

ºC 

ΔH/kcal.mol-1 ΔCp/kcal.mol-1C-

1 

 

 

TB+HSPC+BA 

0.000 

0.125 

0.250 

0.500 

30.0 

35.4 

34.7 

34.5 

2.5 

2.5 

2.7 

2.9 

1.49 

1.81 

2.62 

3.72 

0.61 

0.71 

0.96 

1.28 

 

 

TB+HSPC+OA 

0.000 

0.125 

0.250 

0.500 

29.7 

30.0 

29.1 

26.6 

4.9 

6.6 

6.9 

7.5 

1.22 

4.42 

2.40 

1.61 

0.25 

0.67 

0.35 

0.22 

 

 

TE+HSPC+BA 

0.000 

0.125 

0.250 

0.500 

8.0 

8.6 

5.9 

4.0 

3.0 

3.2 

3.4 

4.4 

1.93 

3.39 

7.97 

9.79 

0.65 

1.06 

2.32 

2.21 

 

 

TE+HSPC+OA 

0.000 

0.125 

0.250 

0.500 

2.2 

4.0 

3.9 

3.7 

4.9 

5.3 

5.6 

5.8 

1.92 

2.55 

2.55 

2.52 

0.39 

0.49 

0.45 

0.43 

 

Considering the drug free systems, significant changes in the Tm values were 

noted between saturated and unsaturated lipids as well as fatty acids. The Tm 

values were 80.1, 80.4, 27.9 and 19.6 °C for TB/HSPC/BA, TB/HSPC/OA, 

TE/HSPC/BA and TE/HSPC/OA physical mixture of formulations, respectively 

 

Figure 16. Representative DSC thermogram of (TB+HSPC+OA, 2:2:1 M/M/M) 

comprising UA-NLC and corresponded UA/lipid mixtures presented inset in the figure. 

Scan rate: 2.5 °C min-1. 
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as shown in Figure 15; but were shifted to 30.0, 29.7, 8.0 and 2.2 °C for the 

corresponded formulated NLCs, respectively as demonstrated in Table 2. The 

decrease in Tm with a decrease in the size of NLCs could be explained by the 

Thomson proposition41. It has already been observed from the DLS studies that 

the NLCs formulated by saturated lipid and fatty acid were larger than the NLCs 

comprising unsaturated lipid and fatty acid. It is not unexpected that the smaller 

entities would have melting temperatures lower than those of the larger particles. 

 

Figure 17. DSC heating curves of ursolic acid loaded NLCs. Composition of the NLCs: 

A: TB+ HSPC+BA; B: TB+HSPC+OA; C: TE+HSPC+BA and D: TE+HSPC+OA; 

[Ursolic acid]/mM: 1, 0; 2, 0.125; 3, 0.25; and 4, 0.5. Scan rate 2.5 ºC/min. 

In the case of TE/HSPC/OA and TB/HSPC/BA NLCs, the phase 

transition temperature passed through maxima with an increasing UA 

concentration. These results indicate that at lower concentrations the drug 

molecules reside on the surface of NLCs and at higher concentrations the drug 

molecules are partitioned into the NLC core. In case of TE/HSPC/BA and 

TB/HSPC/OA NLCs, a progressive decrease in the phase transition temperature 

was observed with an increase in drug concentration. Increased multicrystallinity, 

contributed by the added drug, reduces the lowering of phase transition 

temperature. The liquid lipids further help the drug molecules become introduced 

into the core and enhance the multicrystallinity, as further supported by the 

increasing ΔT1/2 with increasing UA concentration. Incorporation of UA also 

increases ΔH and ΔCp. The higher multicrystallinity led to the formation of 

aggregated clusters; consequently, ΔH and ΔCp increase. In the case of 

TB/HSPC/OA NLCs, the extent of cluster formulation is lower because of the 

rigidity of NLCs. Hence, significant enhancement of the phase transition 
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enthalpy and heat capacity was observed at the higher drug concentration for the 

said NLC formulation. 

 

3. 5. Determination of UA entrapment efficiency and drug loading 

capacity 

Entrapment efficiency (EE) and drug loading (DL) capacity values, to 

estimate the quantity of UA incorporated into the NLCs, are summarized in 

Table 1 along with other data. The entrapment efficiency decreased in the 

following order: TE/HSPC/OA > TE/HSPC/BA > TB/HSPC/OA > 

TB/HSPC/BA (in accordance with the lipophilicity and stronger associative 

interaction between drugs and lipid molecules). Incorporation of the liquid fatty 

acid into solid lipids causes a reduction in crystallinity, consequently resulting in 

more imperfections in the lipid matrix and providing more space for UA 

molecules16,52,57,58. Thus, the proposition of the DSC studies was further 

supported by such results. The entrapment efficiency and drug loading results are 

well correlated with monolayer studies. With an increasing concentration of UA, 

a marked increase in the percentage of encapsulated drug up to 0.25 mM was 

recorded, beyond which it did not change appreciably.  

 

3. 6. In vitro release kinetics of ursolic acid from NLC 

The cumulative percentage releases of UA from NLC dispersions over 

96 h are shown in Figure 18. Values for the release of UA from the 

TE/HSPC/OA, TE/HSPC/BA, TB/HSPC/OA, and TB/HSPC/BA formulations of 

87, 78, 71, and 64%, respectively, were recorded, as presented in the inset of 

Figure 18. The release of UA from NLC was dependent on NLC composition59. 

A larger amount of UA was released from the unsaturated lipid blends than from 

the blends of saturated lipids60. Native UA (without any NLC, control) showed 

more rapid release than UA-loaded NLC, indicating sustained release of UA 

incorporated into NLC compared to that of native UA. Thus, the NLC dispersion 

could be a useful carrier with better control of UA release. 

The two-step release was observed for UA loaded in all NLCs, as 

evidenced by the initial burst release within 3 h (39, 31, 26, and 23%) followed 

by a sustained release up to 96 h (87, 79, 71, and 64%). This could account for 

the fact that the drug encapsulation efficiency in these NLCs (i.e., matrix type or 
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reservoir type) and surface properties both could affect the release behavior of 

UA-loaded NLCs16. The initial burst release can be explained on the basis of the 

release of UA enriched in the outer shell of NLCs. 

 

Figure 18.  In vitro cumulative release of ursolic acid from NLCs. Composition of NLCs:

TB+HSPC+BA ( ); TB+HSPC+OA (□); TE+HSPC+BA (∆); TE+HSPC+OA (○) and 

free UA (◊) in PBS pH 7.4 / Tween 80 1% v/v, at 37±0.1 °C. Total release from the 

NLCs: (A) TE+HSPC+OA; (B) TE+HSPC+BA; (C) TB+HSPC+OA and (D) 

TB+HSPC+ BA. Error bars represent standard deviation (SD) of 3 different release 

experiments (n = 3). 

 

3.7. In vitro cytotoxicity studies 

In vitro cytotoxicity assays were conducted on human melanoma cell line 

B16 and leukemic cell line K562 by performing the MTT assay for UA upon 

administration in free forms or loaded in different NLCs, as shown in Figure 19. 

Blank NLCs did not show any significant cytotoxicity. 

IC50 values at 24 h for free UA and UA loaded in TE/HSPC/OA and 

TE/HSPC/BA NLCs were 7.7, 0.041, and 0.10 μM for the B16 cell line and 

224.38, 0.14, and 0.23 μM for the K562 cell line, respectively. However, the IC50 

values of UA at 48 h when it is loaded in TB/HSPC/OA and TB/HSPC/BA NLCs 

were 0.062, 0.052, 0.09, and 0.19 μM for B16 and K562 cell lines, respectively. 

Lower IC50 values of UA-loaded NLCs, compared to that of free UA, suggest 

superior activity of the drug-loaded NLC compared to that of the free drug. 

Cytotoxicities of different UA-loaded NLCs comprising lipid matrices are also 

important attributes because UA loaded in TE/HSPC/OA and TE/HSPC/BA 

NLCs showed cytotoxicity higher than that in TB/HSPC/OA and TB/HSPC/BA 

NLCs in terms of concentration of UA and incubation time. The minimal IC50 
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values, lower incubation times, and higher cytotoxicities for TE/HSPC/OA and 

TE/HSPC/BA NLCs against both the cell lines could be attributed to the fact that 

the higher encapsulation efficiency, faster release, and smaller size of the 

unsaturated lipid led to better internalization of the drug into the cell. 

 

Figure 19.  In vitro cytotoxicity activity of free ursolic acid (▬) and ursolic acid loaded 

with different NLCs: TB+HSPC+BA (▬); TB+HSPC+OA (▬); TE+HSPC+BA (▬) 

and TE+HSPC+OA (▬) on the viability of B16 and K562 cell. Cell was grown and 

treated for 24h, 48h and 72h. Experiments were performed in triplicate, with the results 

showing the mean and standard deviation of the triplicate of each group. The experiments 

were repeated three times with similar results.  

 

Furthermore, the capability of the formulations increased when either the 

concentration of UA loaded NLCs was increased or the incubation time was 

extended for UA-loaded NLCs. The results indicated that the anticancer activity 

of UA against both types of cells occurred in a concentration- and time - 

dependent manner. This dominance may mainly be caused by better 

internalization of the UA-loaded NLCs and the sustained release of UA inside the 

cancer cells32. It is worth mentioning that UA-loaded NLCs showed remarkable 

anticancer activities against K562 cells, which is otherwise a multidrug resistant 

cell line. UA-loaded NLCs thus hold the promise of overcoming multidrug 

resistance, and this aspect should be extensively exploited in cancer treatment. 

 

4. Summary and conclusions 

In this study, NLCs comprising saturated and unsaturated lipids and containing 

pentacyclic triterpenoid ursolic acid were successfully formulated. The findings 
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reveal the influence of saturated and unsaturated lipids and fatty acids on the 

particle size, polydispersity index, ζ potential, drug encapsulation efficiency, in 

vitro release behavior, and in vitro cytotoxicity of the formulation. The studies of 

surface pressure (π) − area (A) isotherms of pure components, mixed lipids, and 

mixed lipids with ursolic acid suggest that ursolic acid alters the interfacial 

organization of lipids. The spherical morphology of NLCs with a smooth surface 

was observed for all the formulations. Significant differences in crystal structure 

between NLCs comprising saturated and unsaturated lipids were noted, whereby 

the crystallinity of UA was lost because of its incorporation into the NLCs. 

Release of the drug was sustained for all the NLCs; unsaturated lipids exhibited 

drug release faster than that of saturated components. The most useful finding 

from this report is the significant difference between the cytotoxicity of free UA 

and UA-loaded NLCs, which demonstrates the superiority of UA-loaded NLCs 

over free UA in penetrating the cell membrane. UA in saturated and unsaturated 

lipids and fatty acid comprising NLCs showed comparable cytotoxicity in human 

leukemic cell line K562 and melanoma cell line B16 and enhanced anticancer 

activity. Conclusively, both saturated and unsaturated lipid-containing NLCs 

formulated in this study may be used as potential delivery systems for UA with 

improved anticancer activity. 
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Chapter 4 

Oral administration of orcinol glucoside loaded polymer – 

lipid hybrid nanoparticles for gastrointestinal tract cancer 

targeting and improved in vitro cytotoxicity against GIT cell 

lines 

   

Abstract: In the present study, orcinol glucoside-loaded nanostructured lipid 

carrier (NLC) coated with polyethylene glycol - 25/55 - stearate (PEG-25/55-SA) 

were formulated and evaluated for oral delivery of orcinol glucoside (OG) to 

improved in vitro cytotoxicity against GIT cell lines such as Hepatocellular 

carcinoma cell line HepG2, hepatocyte-derived carcinoma cell line Huh-7, 

humancolorectal carcinoma cell line HCT-116 and human gastric 

adenocarcinoma AGS cells. Orcinol glucoside loaded PEG-NLCs (OG-PEG-

NLCs) consisting of tristearin, oleic acid and PEG - 25/55 - stearate were 

prepared by hot homogenizations followed by altrasonocation technique. Orcinol 

glucoside loaded NLC (OG-NLC) were also prepared as control. The 

characteristics of OG-PEG-NLCs and OG-NLC such as particle size, zeta 

potential, TEM, SEM, AFM, entrapment efficiency and drug loading were 

investigated in details. The mean particle size was about 160 to 230 nm and the 

zeta potential value was about -8 to -20 mV. TEM, SEM and AFM images 

revealed spherical and smooth surface morphology of NLCs. The differential 

scanning calorimetry analysis established that orcinol glucoside was not in 

crystalline state in NLC. Drug release pattern with burst release initially and 

sustained release afterwards was obtained. The OG-PEG-NLCs exhibited 

superior anticancer activity compared with OG-NLC and OG solution against 

GIT cancer cell lines. This is first report demonstrating a practical approach for 

oral delivery of OG for GIT cancer targeting, warranting further in vivo cancer 

study for superior management of GIT cancer. 
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1.  Introduction  

Gastrointestinal (GI) cancers involve malignancy of the GI tract, and 

associated organs, which include the esophagus, stomach, bowel and rectum, 

liver, and pancreas1. In this respect, ‘oral chemotherapy’ has provided a major 

leap forward, when it comes to “Chemotherapy at Home”. This holds great 

promise to radically upgrade the clinical practices of chemotherapy and 

immensely improve the overall quality of life of the patients, as oral route is a 

widely practiced and readily compatible means of drug administration2. As such, 

it is now possible to administer a decent number of small anticancer drugs 

orally3-11. The past decade has seen some major advances in the effectiveness of 

chemotherapeutic treatment for patients suffering from GI cancers. Due to the 

possible complications and adverse after-effects of surgical interventions in 

treating GI carcinoma, oral chemotherapy has gained much popularity with the 

prospect of providing bedside treatment for cancers. Notwithstanding the 

potential benefits of the oral route, oral formulations encounter several typical 

issues, when it comes to treating carcinoma of the GI tract, e.g. poor stability in 

the gastric environment and low solubility and/or bioavailability. A major 

drawback is their inability to penetrate the mucosal barrier, disrupting drug 

absorption in the GI tract12. There have been few advances recently to address 

these in the light of the effectiveness of chemotherapy for treating patients with 

GI cancers. Amongst the various alternatives to treatment considered so far, the 

oral chemotherapy – as novel and attractive it may seem – continues to be a 

major challenge when it comes to formulations13-15. 

Recently, a lot has been probed into nanoparticle-based drug delivery 

systems for delivering cancer therapeutic molecules by oral route2,16-20. Amongst 

these, nanostructured lipid carriers (NLCs) have proven their potentiality as an 

efficient drug delivery system for GI targeting via passive mechanisms21-24. The 

potential benefits of having such a system are good tolerability, low drug 

leakiness, controlled drug release, high oral bioavailability, large-scale 

production, and less acute and chronic toxicity24-28. Hence nowadays, oral 

delivery of NLCs is considered to be the preferred mode of drug administration, 

which due to their distribution on a larger surface area, provide better physical 

stability coupled with enhanced protection of incorporated drugs from 
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degradation, improvement in consistency of plasma level25,29, sustained drug 

release26, a modest decrease in bioavailability compared to single-unit systems 

and site-specific targeting30. However, one of the greatest challenges in the 

development of an efficient nano-carrier for oral administration is to overcome 

the absorption barrier of intestinal mucosa, consisting of intestinal epithelial cells 

as well as a mucus layer12. 

In our previous work, we have reported that development of ursolic acid-

loaded nanostructured lipid carriers (UA - NLC) could be propounded as an 

effective strategy to modify the poor aqueous solubility and to prolong the half-

life of UA31. Consequently, nanostructured lipid carriers (NLCs) (regarded as the 

second-generation of lipid nanoparticles), developed from solid lipid 

nanoparticles (SLNs) systems, attract considerations for an alternative colloidal 

drug delivery system. However, reports of NLC being rapidly absorbed from the 

systematic circulation by the reticuloendothelial system (RES), also known as 

mononuclear phagocyte system and shuttled out of circulation to the liver, 

spleen, or bone marrow, and non-specific binding of NLC to non-targeted or non-

diseased regions are not a typical32,33. There is also an enhanced risk of in vivo 

NLC toxicity due to RES accumulation; such accumulations could further result 

in NLC entrapment in the liver, lungs, etc. mainly due to capillary occlusion34,35. 

To counteract this issue, surfaces of drug carriers have been adjusted with low 

molecular weight (MW) polyethylene glycol (PEG).These have been reported to 

facilitate improved performance by (a) sterically stabilizing particles, avoiding 

plasma protein binding, thereby reducing the elimination by the RES and 

resulting in extending the half-life of drugs in circulation, (b) reducing 

immunogenicity, and (c) enhancing the effect of permeability and retention in 

tumor tissues36-38. In addition, it has also been shown that low MW PEG coupled 

with their large surface area could possibly improve the NLC surface 

hydrophilicity by decreasing hydrophobic or electrostatic interactions, thus 

minimizing mucoadhesion. Thus, adjusting the macroscopic properties of 

nanoparticles by low MWPEG facilitated rapid mucosal penetration and 

transport, while unmodified nanoparticles were thoroughly trapped by highly 

viscoelastic and adhesive GI mucosa39. Additionally, the FDA approved PEG’s 

non-toxic, non-immunogenic and non-antigenic nature accompanied by its high 

water solubility renders it to have de minimis interference with the drug release40. 
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To the best of our knowledge to date, there is no report of employing PEG-25/55-

stearate coated NLC carriers for molecules such as orcinol glucoside oral drug 

delivery. Therefore, investigation of the parameters guiding particle uptake could 

potentially lead to the design of novel and factual site-specific delivery 

nanocarriers in the future. 

Herbal medicines with anti-carcinogenic properties and high safety 

margins present novel pharmacotherapeutic leads in the treatment of cancer31,41-

45. In particular, orcinol glucoside (β-D-Glucopyranoside 3-hydroxy-5-

methylphenyl; OG) is an active constituent isolated from the rhizomes of 

Curculigo orchioides Gaertn46. This is a conventional medicine with diverse 

beneficial biological and pharmacological activities, including treatment of GI 

degenerative disease, immunomodulatory activity47, anti-oxidant48, 

antidepressant49, adaptogenic activities  neuroprotective activity50,51, treating 

reproductive system deficiencies and liver and renal conditions. Lately, a number 

of studies have focused on the anticancer properties of OG52,53. These studies 

provide relevant insights about OG’s capabilities in regulating CYP3A in L02 

cells through cAMP-PKA signal pathway. This study reports, for the first time, a 

preliminary characterization of physicochemical properties and biological 

activity of orcinol glucoside, together with an evaluation of their cytotoxic 

activities against several GI tract cancer cell lines. 

In the present study, PEG-coated orcinol glucoside-loaded 

nanostructured lipid carriers (OG-PEG-NLC) were prepared with the purpose of 

targeting GItract cancer with improved anticancer activity for oral delivery of 

OG. The physicochemical characterization such as the particle size, 

polydispersity index (PDI), zeta potential (Z.P.), TEM (transmission electron 

microscopy), SEM (scanning electron microscopy), AFM (atomic force 

microscopy), drug loading capability, crystalline form and in vitro release were 

also investigated and monitored in detail. Finally, the relative cytotoxicity of OG-

PEG-NLC to OG-NLC and OG suspension were evaluated in GItract cancer cell 

lines.  
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2. Materials and methods 

2.1. Materials  

Orcinol glucoside (OG) was isolated and provided by Dr. Parasuraman 

Jaisankar Laboratory, Chemistry division, Indian Institute of Chemical Biology 

(IICB) (West Bengal, India), with a purity of 99%. Tristearin (TS), oleic acid 

(OA), polyethylene glycol- 25- stearate (PEG-25-SA) and polyethylene glycol- 

55- stearate (PEG-55-SA) were purchased from TCI Chemicals, India. Dialysis 

bag (12 kDa MWCO), DMEM and RPMI 1640 medium with L-glutamine, fetal 

calf serum (FCS), trypsin (Gibbco, USA), HEPES, sodium pyruvate, penicillin - 

streptomycin (Biowest, Germany), gentamycin (Nicholas, India), MTT [3-(4,5-

dimethylthiozol-2-il)-2,5-2,5- dipheniltetrazoliumbromide] were purchased from 

SRL. Tween 80 was purchased from Sisco Research Laboratory, India. AR grade 

disodium hydrogen phosphate (Na2HPO4.2H2O), sodium dihydrogen phosphate 

(NaH2PO4.2H2O) and sodium chloride (NaCl) were the products of Merck 

Specialties Pvt. Ltd, India. Dimethyl sulfoxide (DMSO), sodium bi-carbonate, 

and other chemicals and reagents were of analytical grade and purchased from 

local firms. All the chemicals used were stated to be ≥99% pure and used as 

received. Double distilled and HPLC grade water were used throughout the 

study.  

Hepatocellular carcinoma cell line HepG2, hepatocyte-derived 

carcinoma cell lineHuh-7, colorectal carcinoma cell line HCT-116 and gastric 

adenocarcinoma AGS cells were obtained from National Facility for Animal 

Tissue and Cell Culture, Pune, India. The HepG2, Huh-7 and HCT-116 cells 

were cultured in DMEM and AGS cell was RPMI 1640 medium routinely 

maintained and supplemented with 10% heat inactivated fetal calf serum, 1% 

penicillin - streptomycin and were incubated at 37 °C in a humidified atmosphere 

containing 5% CO2. During the sub culturing of cells, the adherent property can 

be diminished by adding 1x Trypsin solution in the cell. In all the experiments, 

untreated Hepatocellular carcinoma cell line HepG2, hepatocyte-derived 

carcinoma cell lineHuh-7, colorectal carcinoma cell line HCT-116 and gastric 

adenocarcinoma AGS cells were termed as control group. 

 

http://topics.sciencedirect.com/topics/page/Glucosides


140 
 

2.2. Methods 

OG-PEG-NLC and OG-NLC were prepared by the hot homogenization - 

ultrasonication method as previously described31. Briefly, 5 wt. % orcinol 

glucoside (weight percentage of drug to the total amount of lipids), 100 mg of 

lipids (TS: PEG-25/55-SA: OA = 4:4:2, w/w/w) were weighted and then 

completely co-dissolved into chloroform-methanol mixture (3:1, v/v); the solvent 

was removed using a rotary evaporator. The thin film thus obtained was melted at 

75 °C and dispersed in the preheated aqueous surfactant solution (Tween 80, 

200mg). The coarse emulsion was exposed to high speed dispersion for 1 h; the 

obtained pre-emulsion was sonicated for a period of 1h with a probe sonicator 

(Takashi U250, Takashi Electric, Japan) at 150 W/kHz maintaining the same 

temperature to produce nanoemulsions which were allowed to cool down to room 

temperature in order to acquire OG-PEG-NLC dispersions. The OG-NLC 

dispersions were prepared by the same process; except that PEG-SA was 

replaced by an equivalent amount of TS. The obtained NLCs were stored at 4 °C 

for further study. 

Mean particle size, population distribution, polydispersity index and zeta 

potential of the NLCs were measured in a dynamic light scattering spectrometer 

using Malvern Zetasizer Nano Series ZS90 (Malvern Instruments, Malvern, UK) 

at 25 °C. Calorimetric measurements were performed using DSC 1 STARe 

system (Mettler Toledo, Switzerland). The DSC studies were performed in the 

temperature range of -30 °C to 100 °C with a scan rate of 2.5 °C/min. The phase 

transition temperature and other relevant thermal parameters were evaluated from 

the obtained DSC thermograms of respective samples using STARe Software 

Version 11.00.  Shape, morphology and surface topology of the NLCs were 

investigated by TEM (Hitachi, Japan), SEM (FEI Quanta-200 MK2, Oregon, 

USA) and tapping mode AFM (Nanoscope III, Bruker, Switzerland) studies31. In 

vitro drug release of entrapped drug from PEG-NLC and NLC formulations were 

studied by employing dialysis tube diffusion techniques31. 5 ml of OG-NLC and 

OG-PEG-NLC dispersion equivalent to 5% OG-NLC (w/v) was individually kept 

in a dialysis membrane (MWCO-12 kDa Himedia, India) which was tied at both 

ends and placed in separate beaker containing 20 ml phosphate buffered saline 

(PBS), pH 7.4, 6.8 and 1.2  at  37 °C with constant stirring at 100 rpm. Drug 

releasing medium (2 mL) was withdrawn at predetermined intervals and replaced 
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with equal volume of fresh buffer to maintain sink conditions. The withdrawn 

samples were analyzed for OG content by measuring the absorbance at 273 nm in 

a UV- spectrophotometer. The experiment was performed thrice. 

Entrapment efficiency (EE) and drug loading (DL) were determined by 

the standard methods as reported elsewhere54. OG content was estimated by UV- 

spectrophotometer method, measuring the absorbance at 273 nm. Entrapment 

efficiency (EE) and drug loading (DL) capacity of NLCs were calculated using 

the following equations:  

   𝐸𝐸% =  
𝑊𝑇𝐶−𝑊𝐹𝐶

𝑊𝑇𝐶
× 100    (1) 

   𝐷𝐿% =  
𝑊𝑇𝐶−𝑊𝐹𝐶

𝑊𝑇𝐶−𝑊𝐹𝐶+𝑊𝑇𝐿
× 100    (2) 

 

where, WTC, WFC and WTL represent total amounts of OG, free OG and total 

amount of lipid respectively. 

 

2.3. In vitro cytotoxicity study 

All the cancer cells (1x105) were seeded in 96-well plates and incubated 

inside a CO2 incubator for 24 h before treatment. The cells were treated with 

freshly prepared OG-PEG-25-SA-NLC, OG-PEG-55-SA-NLC and OG-NLC 

comprising different concentrations (0.625, 1.25, 2.5, and 5 µm/ml) for 24, 48 or 

72 h at 37 °C in a humidified atmosphere containing 5% CO2. Untreated cells 

served as control. The cell growth inhibition studies were performed by MTT 

assay and the absorbance of this colored solution can be quantified by measuring 

at a certain wavelength (HepG2, Huh-7 and HCT at 540 nm and AGS cells at 

492nm) by microplate manager (Reader type: Model 680 XR Bio-Rad 

laboratories lnc.). IC50 values for all the cell lines were determined for 24 and 

48hrs. 

 

3. Results and discussion 

3.1. Disperions / solution behavior of the NLCs 

3.1.1. Dynamic light scattering (DLS) studies 

The average hydrodynamic diameter (dh), polydispersity index (PDI) and 

zeta potential (Z.P.) are the physical characteristics of the colloidal dispersion for 
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the evaluation of the drug carriers. The influence of the PEG on dh, PDI and Z.P. 

values of different NLCs was assessed keeping the weight % of TS: OA and TS: 

PEG-25-SA/PEG-55-SA: OA fixed at 80:20 and 40:40:20 respectively and using 

Tween 80 (200 mg) as the dispersion medium as well as the stabilizer. The 

resulting non-PEGylated NLC and PEGylated NLCs were TS+OA, TS+PEG-25-

SA+OA, and TS+PEG-55-SA+OA. 

Table 1. Photon correlation spectroscopy dimensional analysis, entrapment efficiency 

and drug loading capacity of blank as well as orcinol glucoside loaded non - PEGylatd 

and PEGylated NLCs. 

Formulations SIZE 

(nm) 

PDI ZP EE% DL% 

TS+OA 160±3 0.30±0.003 -20.4±0.3 – – 

TS+-PEG-25-

SA+OA 

182±5 0.15±0.001 -8.5±0.5 – – 

TS+PEG-55-

SA+OA 

186±4 0.14±0.006 -8.1±0.7 – – 

TS+OA+OG 230±2 0.37±0.012 -13.5±0.1 93.70±1.7 4.52±0.04 

TS+-PEG-25-

SA+OA+OG 

203±4 0.19±0.009 -9.5±0.2 99.62±1.5 4.74±0.07 

TS+PEG-55-

SA+OA+OG 

207±6 0.18±0.013 -9.2±0.6 99.30±0.9 4.73±0.09 

N= 3: Mean±SD 

OA: Oleic acid: common in all the systems; TS: tristearin; PEG-25-SA: polyethylene 

glycol - 25 stearate; PEG-55-SA; polyethylene glycol - 55 - stearate; PDI: Polydispersity 

index; EE: encapsulation efficiency; DL: drug loading; Blank NLC: NLC with no drug; 

OG+NLC: NLC with drug (5mg). 

 
The size distributions curve (data not shown) as well as from the PDI 

values shown in Figure 2 were revealed that the particles were fairly 

monodispersed. Sizes of the non-PEGylated NLC and PEGylated NLCs ranged 

from 160 to 230 nm with a unimodal distribution. The dh-time profiles for NLC 

formulations have been presented in Figure 1; dh values were mainly dependent 

on the PEG. NLC formulations were studied upto 120 days. As shown in Table1, 

particle sizes of TS+OA, TS+PEG-25-SA+OA, and TS+PEG-55-SA+OA were 

found to be 160 ± 3 nm, 182 ± 5 nm, and 186± 4 nm respectively. 

From the Table 1, it was found that the size of PEGylated NLCs were 

higher than those of the non-PEGylated NLCs. The average diameters also 

increased which suggests that the PEG chains are located on the surface of the 

NLC55. Incorporation of orcinol glucoside (OG) into PEGylated and non-

PEGylated NLC resulted, significant effects on the particle size and the PDI 
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values. Incorporation of OG into PEGylated NLCs the size was found to be 203 

nm and 207 nm for OG-PEG-25-SA NLC and OG-PEG-55-SA NLC 

respectively. However, in case of OG loaded in non-PEGylated NLC the size was 

found to be 230nm. Hence the drug loaded PEGylated and non-PEGylated NLC 

size was higher than the corresponding bare PEGylated and non-PEGylated 

NLCs. 

 

Figure 1. Variation in the hydrodynamic diameter (dh)–time profile of NLCs (black): 

TS+OA; (red): TS+PEG - 25 - SA+OA; (blue): TS+PEG - 55 - SA+OA; (dark yellow): 

TS+OA+OG; (wine): TS+PEG - 25 - SA+OA+OG and (olive): TS+PEG - 55 - 

SA+OA+OG. 100mg NLC was dispersed in 200mg Tween 80 in each case. OG 

concentration was (5mg). Temp. 25 °C. 

 

The size enhancement was more prominent in case of non-PEGylated NLC. This 

could be attributed to the fact that due to the amphiphilic nature of the drug, the 

accumulated drug form shell enriched type NLC with conventional NLC as base.  

 

Figure 2. Variation in the polydispersity index (PDI)–time profile of NLCs (black): 

TS+OA; (red): TS+PEG - 25 - SA+OA; (blue): TS+PEG - 55 - SA+OA; (dark yellow): 

TS+OA+OG; (wine): TS+PEG - 25 - SA+OA+OG and (olive): TS+PEG - 55 - 

SA+OA+OG. 100mg NLC was dispersed in 200mg Tween 80 in each case. OG 

concentration was (5mg). Temp. 25 °C. 
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However, in case of PEGylated NLCs, the hydrophilic head group of PEGylated 

lipids assists the drug molecules to reside in the lipophilic part of the PEGylated 

NLCs. Thus, partitioning of the drug in lipophilic part of the formulation gets 

increase. As the drug was getting inserted into the morphological defects of the 

NLC, the size enhancement was not higher in comparison to the conventional 

NLCs. 

The analysis of zeta potential was a useful way in order to predict the 

physical storage stability of colloidal carriers. The zeta potential value was 

affected by the presence of the PEG chains; the zeta potential of TS+PEG-25-SA 

NLC and TS+PEG-55-SA NLC (-8.5±0.5 and - 8.1±0.7 mV) respectively, are 

lower than those of the non-PEGylated NLC (-20.4±0.3 mV) as presented in 

Figure 3. The results indicated that a strong negative charge of NLC surface is 

partially neutralized by PEG coating. Rationally, tristearin nanoparticles 

presented a marked negative charge due to the presence of anionic lipids in their 

composition. This negative charge was reduced in the case of PEG-coated 

nanoparticles due to the extension in the plane of shear produced by the presence 

of this polymer on the surface56,57.  

 

Figure 3. Variation in the zeta potential (Z.P.)–time profile of NLCs (black): TS+OA; 

(red): TS+PEG - 25 - SA+OA; (blue): TS+PEG - 55 - SA+OA; (dark yellow): 

TS+OA+OG; (wine): TS+PEG - 25 - SA+OA+OG and (olive): TS+PEG - 55 - 

SA+OA+OG. 100mg NLC was dispersed in 200mg Tween 80 in each case. OG 

concentration was (5mg). Temp. 25 °C. 

 

It also can be explained that the steric stabilization effects resulting from Tween-

80 avoid aggregation of the nanoparticles in the PEGylated NLCs system. 
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Meanwhile, the stability of the lipid suspension could be further improved by 

hydration of hydrophilic Tween 80 coating58. 

In case of OG loaded PEGylated and non-PEGylated NLCs the zeta 

potential value was found to be -13.5±0.1, - 9.5±0.2 and -9.2±0.6 mV for 

TS+OA+OG, TS+OA+PEG-25-SA+OG and TS+OA+PEG-55-SA+OG NLCs. 

In case of OG loaded PEGylated NLCs no significant zeta potential variation was 

observed. However, in case of non-PEGylated NLC marked decreased zeta 

potential values was noted. This could be explained by the fact that in case of 

conventional NLC, the surface accumulated drug mask the surface charge, hence 

reduced the magnitudes of zeta potential. On the contrary, due to the 

accumulation of the drug in the morphological defects, no significant variation in 

zeta potential values was noticed for drug loaded PEGylated NLCs. 

 

3.2. Morphology studies 

3.2.1. TEM, SEM and AFM studies 

TEM and SEM images were performed in order to investigate the 

morphology, shape and size of the bare as well as OG loaded PEGylated and 

non-PEGylated NLCs. Figure 4 (TEM) and (SEM) shows the image of non-

PEGylated NLC and PEGylated NLCs.  

 

Figure 4. TEM and SEM images of (A and G) TS+OA, (B and H) TS+PEG-25-SA+OA 

and (C, I) TS+PEG-55-SA+OA NLC respectively; (D, E and F) are the corresponded 

orcinol glucoside loaded formulations.  

From the TEM and SEM micrographs, it was evident that particles were 

spherical in shape and homogeneously distributed with size ranging between 160 

and 230 nm. It was found that the size of the NLCs as determined from the TEM 
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and SEM image analysis correlated well with the particle size data that was 

obtained from DLS31,59. As shown in the representative images of the bare as well 

as OG loaded non-PEGylated NLCs and PEGylated NLCs shown in the Figure 4, 

all NLCs showed spherical morphology and smooth surface. This also indicates 

that all the systems are monodispersed, and incorporation of OG did not seem to 

cause morphological changes as was observed by DLS. 

 

Figure 5. AFM images of (I) TS+OA (II) TS+PEG-25-SA+OA and (III) TS+PEG-55-

SA+OA NLC formulations. (A)  Two-dimensional images,(B) Three-dimensional images 

and (C and D) section analysis. 

Further surface morphology of bare as well as OG loaded non-PEGylated 

and PEGylated NLCs comprising TS+OA, TS+PEG-25-SA+OA, TS+PEG-55-

SA+OA and TS+OA+OG, TS+PEG-25-SA+OA+OG, TS+PEG-55-SA+OA+OG 

respectively were evaluated by AFM analysis in detail. AFM tapping mode 

images are shown in Figure 5 and 6, showing both planner and 3D images in 

terms of height. The shape of non-PEGylated and PEGylated NLCs was found 

spherical and smooth surface which is similar to TEM and SEM analysis. NLCs 

were separate from each other indicating the absence of aggregated species. The 

particle size range of 160 - 230 nm (Figure 5 and 6) obtained with AFM was in 

comparison to TEM, SEM and DLS results. The average height of closely packed 

non-PEGylated and PEGylated NLCs were found 30 to 40 nm.  
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Figure 6. AFM images of (I) TS+OA+OG (II) TS+PEG-25-SA+OA+OG and (III) 

TS+PEG-55-SA+OA+OG NLC formulations. (A)  Two-dimensional images, (B) Three-

dimensional images and (C and D) section analysis. 

3.3. Differential scanning calorimetri(DSC) investigations 

DSC studies were carried out in order to investigate the influence of 

orcinol glucoside on the melting, polymorphic transition and crystallization 

behavior of the NLCs as well as to perceive the possibility of modification in the 

crystallization process with and without PEG-25/55- stearate. The phase 

transition temperature (Tm) of the individual components viz., tristearin , PEG-

25-SA, PEG-55-SA, oleic acid, and the drug orcinol glucoside  were recorded 

separately and were found to be 60.88, 43.61, 51.66,14.63 and 122.17 °C 

respectively as shown in Figure 7. 

In case of the physical mixtures (where the components were dissolved 

in appropriate organic solvents and then dried under vacuum), the sharp peak of 

OG, which appeared at122.17 °C in its pure state disappeared as demonstrated in 

Figure 8. This indicates complete solubilization or amorphous state of orcinol 

glucoside in the lipid matrix60,61. Initially, physical mixture of lipids viz., lipids 

(TS+OA), lipids + OG, lipids + polymer, and lipids + polymer + OG were 

evaluated and the results are presented in Figure 9 (panel C and D). The 

endothermic Tm values of the physical mixture of TS+OA, TS+OA+OG, 

TS+PEG-25-SA+OA, TS+PEG-25-SA+OA+OG, TS+PEG-55-SA+OA and 

TS+PEG-55-SA+OA+OG appeared to be 61.43, 59.04, 57.13, 55.69, 57.83 and 

56.06 °C however, the exothermic Tm values were found to be 44.38, 41.29, 
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39.83, 37.12, 38.64 and 35.91 °C respectively as presented in Figure 9 ( panel C 

and D respectively) . 

 

Figure 7. DSC heating thermograms of orcinol glucoside and the pure lipid components; 

systems mentioned inside the figure.  Scan rate: 2.5 °C min-1. 

 

The Tm value of the TS+OA+OG, as well as TS+OA+PEG-25/55-SA+OG 

however, decreased significantly with OG incorporation into lipid as well as 

polymer - lipid, which indicates the change in the crystal order structure of the 

lipid matrix; this may be attributed to OG entrapment in the case of NLCs. In 

addition TS+OA+OG mixture, as well as TS+OA+PEG-25/55-SA+OG although 

the peak was broader compared to the corresponding physical mixture of TS+OA 

and TS+OA+PEG-25/55-SA mixture as shown in the Figure 9 (panel C and D 

respectively), which may be attributed to the entrapment of OG in the NLCs.  

 

Figure 8. Representative DSC thermograms of (red) TS+OA+OG and (black) TS+PEG-

25-SA+OA+OG, 80: 20:5 and 40:40:20:5 mg/mg/mg/mg) comprising physical mixture.  

Scan rate: 2.5 °C min-1. 

 

In comparison to the bulk OG + lipid and OG + PEG-25/55-SA + lipid, 

both the melting point and enthalpy of all NLC formulation decreased. The 

endothermic peak maximum of bulk TS+OA+OG, TS+OA+PEG – 25 – SA+OG 
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and TS+OA+PEG-55-SA+ OG lipid decreased from 59.04, 55.69, 56.06 to 

52.43, 52.46 and 51.62 °C, however, the exothermic peak maximum the values 

were 41.29, 37.12 and 35.91 °C to 26.11, 26.51 and 25.16 °C when the 

corresponding systems were formulated as NLCs. Such decrease in the melting 

point can be explained by the small particle size in the nanometer range, the 

higher specific surface area, and stabilized by aqueous surfactant58,62,63. The 

melting point depression owing to the reduction of particle size to the nanosize 

range can be attributed to the Kelvin effect which is described by the Thomson 

equation  as well as due to the presence of drug31,63,64. 

 

Figure 9. DSC endothermic (panel A) and exothermic curves (panel B) of bare as well as 

orcinol glucoside-loaded non-PEGylated and PEGylated NLCs: (red) TS+OA, (blue) 

TS+OA+OG, (pink) TS+PEG-25-SA+OA, (dark yellow) TS+PEG-25-SA+OA+OG, ( 

brown) TS+PEG-55-SA+OA  and (green) TS+PEG-55-SA+OA+OG.Panel C and panel 

D are the physical mixture of corresponded NLC. An orcinol glucoside concentration was 

5 mg. The scan rate was 2.5 °C/min. 

Both the endothermic and exothermic peak were considered in order to 

determine the other associated thermal parameters, viz. change in enthalpy(∆H), 

change in heat capacity (∆Cp) and width of half height at the peak (∆T1/2). The 

DSC endothermic and exothermic thermograms of free as well as orcinol 

glucoside loaded non-PEGylated and PEGylated NLCs viz. TS+OA, 

TS+OA+OG, TS+PEG – 25 – SA+OA, TS+PEG – 25 – SA+OA+OG, TS+PEG 

– 55 – SA+OA, and TS+PEG – 55 – SA+OA+OG NLCs are presented in Table 

2. 

 

Considering the drug free systems, significant changes in the Tm values were 

noted between non-PEGylated and PEGylated NLC. In case of drug free system 



150 
 

for endothermic and exothermic thermograms, the Tm values were 53.13, 52.73, 

52.67 °C and 27.76, 27.09, 27.19 °C for TS + OA, TS + PEG – 25 – SA + OA 

and TS + PEG – 55 – SA + OA respectively. 

 

Table 2. Temperature for maximum heat flow (Tm), change in enthalpy (ΔH), the width 

at half peak height (ΔT1/2), heat capacity (ΔCp) and crystallinity index of orcinol 

glucoside loaded PEGylated and non - PEGylated NLCs. 

Heating thermogram 

Formulations Tm / °C ΔH/kcal.mol-1 ∆T1/2 / °C ΔCp/kcal.mol-

1C-1 

% CI 

NLC-B 53.13 13.41 3.23 4.15 17.19 

NLC-OG 52.43 9.54 3.43 2.78 12.23 

NLC-PEG-25-

SA 

52.73 12.82 4.03 3.18 16.44 

NLC-PEG-25-

SA-OG 

52.46 11.1 5.04 2.20 14.23 

NLC-PEG-55-

SA 

52.67 12.92 4.24 3.05 16.56 

NLC-PEG-55-

SA-OG 

51.62 11.23 5.25 2.14 14.40 

Cooling thermogram 

Formulations Tm / °C ΔH/kcal.mol-1 ∆T1/2 / °C ΔCp/kcal.mol-

1C-1 

%CI 

NLC-B 27.76 20.84 3.79 5.50 62.70 

NLC-OG 26.11 11.11 3.97 2.80 33.42 

NLC-PEG-25-

SA 

27.09 15.15 4.15 3.66 45.58 

NLC-PEG-25-

SA-OG 

26.51 6.23 4.87 1.28 18.74 

NLC-PEG-55-

SA 

27.19 10.19 4.69 2.17 30.66 

NLC-PEG-55-

SA-OG 

25.16 4.67 4.91 0.96 14.05 

OA: Oleic acid: common in all the systems; TS: tristearin; PEG-25-SA: polyethylene 

glycol - 25 stearate; PEG-55-SA; polyethylene glycol - 55 - stearate; OG: orcinol 

glucoside. 

 

The significant decrease in Tm value with incorporation of polymers could be 

attributed to the fact that the PEG chain incorporated / interacted into the lipid 

matrix. Wide peaks indicate the presence of multicrystalline entities in the NLC 

formulation. The effect of polymers on the thermal behavior of NLCs were 

further scrutinized as shown in the Table 2. From the results, it implies that the 
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∆T1/2 values were higher for PEGylated systems over non-PEGylated system. 

Results further support our proposition as already mentioned previously65,66. 

Interaction of the lipidic core by hydrocarbon chain of PEG -25/55-stearate, 

resulted in increasing the crystal imperfection, led to increase the ∆T1/2 values. 

Changes in enthalpy values for the PEGylated NLCs were lower than the 

corresponding non-PEGylated NLC. Increase in multicrystallinity with adding 

PEG - 25/55 - SA would effectively result in decreased ∆H value. Similar trend 

was observed for change in heat capacity (∆Cp) profile, further supports our 

proposition63. Crystallinity index (CI) is another DSC derived thermal parameter 

which can highlight the effect of PEG- 25/55 - SA and drug on the molecular 

packing of the NLC components. The pegylated NLC crystallinity decreased 

with adding PEG- 25/55- SA. This was due to the interaction / incorporation of 

PEG – 25 / 55 – SA into the lipidic components. 

Furthermore, in order to investigate the impact of OG on the PEGylated 

and non-PEGylated NLC, the associated thermal parameters were also evaluated. 

In case of drug loaded PEGylated and non-PEGylated NLC systems the phase 

transition temperature (Tm values), change in enthalpy (∆H) and change in heat 

capacity (∆Cp) and crystallinity index (CI) were appreciably decrease with 

incorporation of drug could be explained due to the incorporation of drug in to 

the NLCs. Nevertheless, the ∆T1/2 values were higher with addition of drug in to 

PEGylated and non-PEGylated systems as demonstrated in Table 2. Results 

further support our proposition.  

 

3.3. Determination of drug entrapment efficiency and loading capacity 

Entrapment efficiency (EE) and drug loading (DL) are two important 

characteristics to assess the efficiency of carriers. The higher EE and DL 

represent more powerful ability of carriers. In the present work, the EE of OG-

NLC, OG-PEG-25-SA-NLC and OG-PEG-55-SA-NLC were 93.70. ± 1, 99.62 ± 

1.5, 99.30 ± 0.9% and the DL were 4.52 ± 0.04, 4.74 ± 0.07, 4.73 ± 0.09% 

respectively, also summarized in Table 1 along with other data. These data 

clearly showed that OG-PEG-25-SA-NLC / OG-PEG-55-SA-NLC had excellent 

drug-loading capacity over OG-NLC.  However, compared with OG-NLC, the 

EE and DL of OG-PEG-25-SA-NLC / OG-PEG-55-SA-NLC were evidently 

higher. Since the components and the preparation method of OG-PEG-25-SA-



152 
 

NLC / OG-PEG-55-SA-NLC and OG-NLC were the same, except PEG-25-SA/ 

PEG–55-SA instead of TS partially, incorporation of PEG-25-SA/ PEG-55-SA in 

lipid matrix resulted in higher EE% and DL% as compared with OG-NLC might 

be attributed to the use a combination of highly ordered with less ordered lipids, 

which caused numerous crystal defects in solid matrix and provided much 

imperfections to accommodate more drug molecules during the formation of 

nanoparticles. Therefore, the amount of drug incorporated in OG-PEG-25-SA-

NLC / OG-PEG-55-SA-NLC higher considerably15. 

 

3.5. In vitro release studies 

The in vitro release behavior of OG from PEGylated, non-PEGylated 

NLC dispersion and native OG were studied by conventional dialysis diffusion 

method using cellulose as a membrane31. The cumulative percentage release of 

native OG, OG-NLCs, OG-PEG-25-SA-NLC and OG-PEG-55-SA-NLC 

dispersion over 48 h are shown as in Figure 10. OG showed 94.21, 82.18, 71.48, 

60.39% for pH 7.4; 95.99, 85.18, 68.41, 63.17% for pH 6.8; and 92.86, 81.65, 

69.54, 62.71% for pH 1.2 release from the free OG, OG-NLCs, OG-PEG-25-SA-

NLC and  OG-PEG-55-SA-NLC dispersion respectively. The total amount of the 

drug released from the PEGylated NLCs was significantly lower than the non-

PEGylated NLC as well as OG solution. Analogous studies were carried out 

using the OG separately in the absence of PEGylated and non-PEGylated NLC. It 

has been established that the diffusion of drug across the dialysis membrane was 

not the limiting step of the overall diffusion process67. From the result, it might 

be suggested that the OG in the PEGylated-NLCs released steadily over the given 

period, while the native OG showed more rapid release of OG than OG 

PEGylated and non-PEGylated NLC. These indicate that release of OG 

incorporated in PEGylated NLCs were retarded predominantly compared to the 

same in non-PEGylated NLC as well as OG solution. Thus, the PEGylated NLC 

dispersion could be a useful carrier with better control of OG release.  

Biphasic release behavior was observed for all the PEGylated and non-

PEGylated OG-NLCs as established by the initial burst release within 2 h (61.20, 

37.94, 27.05, 24.87% for pH 7.4; 62.33, 39.49, 29.59, 27.21% for pH 6.8; and 

54.49, 35.49, 26.31, 24.14% for pH 1.2) from the free OG, OG-NLCs, OG-PEG-
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25-SA-NLC and  OG-PEG-55-SA-NLC dispersion respectively followed by a 

sustained release for 48h. Results revealed that the initial burst release of OG was 

higher with non-PEGylated NLCs as shown in the Figure 10 as compared to the 

PEGylated NLCs. This could be due to covering effect of coating layer. Coating 

the surface leads to a decrease in the burst release effect compared to non-

PEGylated NLCs because the adsorbed orcinol glucoside on lipid surface slowly 

releases from PEG 25/55-SA coated NLCs. Following the initial burst, the 

systems provided a sustained and controlled release of the orcinol glucoside. This 

control release might be attributed to the PEG coating on the TS+PEG-25/55-

SA+OA+OG NLCs surface acting as the hydrophilic shield surrounding NLC, 

due the incorporation of PEG-25/55-SA or affinity of the drug for the lipids as 

well as the absence of degradation of the lipid matrix under the in vitro release 

conditions55,68-71. The initial burst release decreases because of higher thickness 

of modified NLCs based on Fickian diffusion55,69-71. Moreover, in order to 

investigate whether pH is an important factor on drug release, orcinol glucoside 

loaded PEGylated, non-PEGylated NLC dispersions and free OG were studied in 

different simulated gastrointestinal solutions: pH 1.2 gastric solutions, pH 6.8 

intestinal solutions and blood pH 7.4 as presented in Figure 10. Results indicated 

that the drug release in different pH for PEGylated and non-PEGylated NLC 

systems showed similar trends. 

 

Figure 10. In vitro cumulative release of orcinol gluoside from NLCs. 

Composition of NLCs: (black squares) free OG, (red circles) 

TS + OA + OG, (blue up triangles) TS + PEG – 25 – SA + OA + OG and  (green down 

triangles) TS + PEG – 55 – SA + OA + OG in PBS panel A (pH 7.4), panel B (pH 6.8) 

and panel C (pH 1.2) at 37 ± 0.1 °C. Error bars represent 

the standard deviation (SD) of three different release experiments. 
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The obtained drug release data were fitted with 4 common release 

kinetics models: (i) Korsemeyer-Peppas (ii) Higuchi model (iii) Hixson-crowell 

and (iv) First order by using DDSolver 1.0, an Add-In program for modeling and 

comparison of drug release mechanism profiles72. The highest regression values 

(r2) have been used to decide the best fit model among all the four models. The 

release rate constant and regression co-efficient were calculated from the slope of 

the appropriate plots. The results are summarized in Table 3. Release kinetics for 

all the NLCs followed Korsemeyer–Peppas model. The regression coefficient (r2) 

values of Korsemeyer–Peppas model for all the NLCs were 0.99. The release 

exponent (n) determined from Korsemeyer–Peppas model for all the NLCs were 

found to be less than 0.5 suggesting that the release mechanism was controlled by 

Fickian diffusion in all the systems. The release rate constants of TS+OA+OG, 

TS+PEG-25-SA+OA+OG and TS+PEG-55-SA+OA+OG comprising OG-NLCs 

were 24.26 h-1, 17.69h-1 and 15.95h-1 respectively.  

Table 3. Drug release kinetics profiles of orcinol glucoside loaded PEGylated NLCs and 

non - PEGylated NLCs. 

Formulation Korsemeyer-Peppas 

 

Higuchi Hixson-       

Crowell 

First order 

 r2 k n r2 k r2 k r2 k 

PEG-55-SA+ 

OG-NLC 

0.99 15.95 0.295 0.95 7.87 0.95 0.005 0.97 0.018 

PEG-25-SA+ 

OG-NLC  

0.99 17.69 0.283 0.96 8.72 0.96 0.006 0.97 0.025 

NLC+OG 0.99 24.26 0.319 0.98 10.93 0.94 0.014 0.95 0.082 
*r2=regression coefficient, k= release rate constant, n=diffusional exponent. 

 

3.6. In vitro cytotoxicity of OG-NLCs 

To evaluate the cytotoxicity of orcinol glucoside when administered as 

free forms or loaded in conventional NLC and   PEG-25/55-SA coated NLCs, in 

vitro cytotoxicity assays were carried out on GIT cell lines such as hepatocellular 

carcinoma cell line HepG2, hepatocyte-derived carcinoma cell line Huh-7, 

human colorectal carcinoma cell line HCT-116and human gastric 

adenocarcinoma AGS cells by performing the MTT assay. The cytotoxicity of 

the free drug and drug encapsulated in conventional NLC and   PEG-25/55-SA 

coated NLCs, in vitro cytotoxicity assays were carried out on gastric cell lines as 
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shown in Figure 11 – 13 respectively. The biocompatibility of the bare NLCs was 

investigated in our previous studies31.  

 

Figure 11. In vitro cytotoxicity activity of free orcinol glucoside on the viability of 

Hepatocellular carcinoma cell line (HepG2), hepatocyte-derived carcinoma cell line 

(Huh-7), colorectal carcinoma cell line (HCT-116) andgastric adenocarcinoma (AGS) 

cells. Cell was grown and treated for 24h. Experiments were performed in triplicate, with 

the results showing the mean and standard deviation of the triplicate of each group.  

Herein, the biocompatibility of PEG-25/55-SA coated NLCs was further 

investigated by formulating NLCs using the same conditions in absence of the 

drug in order to ensure that the cytotoxicity was caused by the OG itself and not 

by components of the formulated NLC; cells were incubated with blank  

PEGylated NLCs. 

 

Table 4. IC50 value of pure orcinol glucoside (OG), OG loaded non-PEGylated NLC 

(OG-NLC), PEG-25-SA coated OG loaded NLC (OG-P1-NLC) and PEG-55-SA coated 

OG loaded NLC (OG-P2-NLC) for Hepatocellular carcinoma cell line (HepG2), 

hepatocyte-derived carcinoma cell line (Huh-7), colorectal carcinoma cell line (HCT-

116) andgastric adenocarcinoma (AGS) cells. 

Formulation HepG2 

IC50 (µg) 

Huh-7 

IC50 (µg) 

HCT-116 

IC50 (µg) 

AGS 

IC50 (µg) 

 

Free OG 70.71 

 

84.61 

 

26.79 

 

77.13 

OG-NLC  4.79 

 
 3.96  3.78 2.03 (48h) 

OG-p1-NLC  2.26 

 
 2.19  1.91 1.32 (48h) 

OG-p2-NLC 2.5 

 
 2.24  1.64  2.10 
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No significant cytotoxicity of the blank PEGylated NLCs were observed after 72 

hr of incubation on the gastric cell lines studied, even at the highest 

concentration. The results are displaced in Figure 12 – 13, which suggested that 

PEGylated NLCs were safe drug carrier70.  

The IC50 values of free OG and OG encapsulated in conventional NLCs 

and PEG-25/55-SA coated NLCs after 24 h, and 48 h incubation were measured 

and compared in order to assess the cytotoxicity activity of OG delivered by 

NLCs for gastric cell lines. The IC50 values of the free OG and OG loaded in 

conventional NLC (OG-NLC) and PEG-25/55- SA coated NLC (OG+PEG-25-

SA + NLCs, OG+PEG-55-SA + NLCs) were shown in Table 4 at 24 h and 48 h 

for Hepatocellular carcinoma cell line HepG2, hepatocyte-derived carcinoma cell 

line Huh-7, human colorectal carcinoma cell line HCT-116and human gastric 

adenocarcinoma AGS cells. The IC50 values of the OG- NLCs, OG- PEG-25-SA-

NLC and OG- PEG-55-SA-NLC   at 24 h and 48 h of incubation were 

significantly lower than that of the free OG for all the cell lines.  

 

Figure 12. In vitro cytotoxicity activity of representative PEG coated bare NLC (▬) and 

orcinol glucoside loaded with different NLCs: TS+OA (▬); TS+PEG-25-SA+OA (▬) 

and TS+PEG-55-SA+OA (▬) on the viability of HepG2 and HUH7 cell. Cell was grown 

and treated for 24h, 48h and 72h. Experiments were performed in triplicate, with the 

results showing the mean and standard deviation of the triplicate of each group.  

Moreover, the IC50 values of the OG- PEG-25-SA-NLCs and OG- PEG-55-SA-

NLsC at 24 h and 48 h of incubation were appreciably lower than the 

conventional OG-NLCs for all the cell lines, which suggested that the 

cytotoxicity of the OG-PEG- 25-SA-NLCs and OG- PEG-55-SA-NLs were 

significantly higher than the conventional OG-NLC as well as free OG. The 
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minimum IC50 values and higher cytotoxicity for the OG- PEG-25-SA-NLCs and 

OG - PEG-55-SA-NLs for all the cell lines could be attributed to the fact that the 

increased intracellular drug concentration through avoiding RES recognition, 

mainly by modifying the NLC surface by PEG to minimize the interaction with 

opsonins or increased intracellular drug concentration via the transport of OG 

loaded PEGylated NLCs as well as sustained release and smaller size as reported 

by others73-76.  

Furthermore, as observed from the Figure 12 and 13 the cell cytotoxicity 

increased when either the concentration of OG-PEG-25/55-SA NLCs were 

increased or the incubation time was extended. These results indicated that the 

cytotoxicity of OG against gastric cell lines occurred in a concentration and time-

dependent manner. This dominance may mainly be caused by better 

internalization of the OG-PEG-25/55-SA NLCs and the sustained release of OG 

inside the cancer cells76. Besides to the above mentioned achievements it is 

worthwhile to stress that OG non-PEGylated as well as PEGylated NLCs showed 

a remarkable cytotoxicity in gastrointestinal tract cancer cells. OG NLCs thus 

hold the promise in treating GItract cancer issue, and this aspect should be 

extensively exploited in cancer treatment. 

 

Figure 13. In vitro cytotoxicity activity of representative PEG coated bare NLC (▬) and 

orcinol glucoside loaded with different NLCs: TS+OA (▬); TS+PEG-25-SA+OA (▬) and 

TS+PEG-55-SA+OA (▬) on the viability of HCT116 and AGS cell. Cell was grown and 

treated for 24h, 48h and 72h. Experiments were performed in triplicate, with the results 

showing the mean and standard deviation of the triplicate of each group. 
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4. Summary and conclusions 

In this study, orcinol glucoside loaded conventional as well as PEGylated NLCs 

were successfully formulated for GItract cancer targeting. The findings reveal the 

influence of PEG-25/55- stearate on particle size, polydispersity index, zeta 

potential, drug encapsulation efficiency, in vitro release behavior and in vitro 

cytotoxicity of the formulations. Spherical morphology with smooth surface was 

experienced for all the formulations. Significant difference in crystal structure 

between conventional and PEGylated NLCs were noted whereby the crystallinity 

of OG was lost due to its incorporation in the NLCs. Release of the drug was 

sustained for all the NLCs; PEGylated NLCs exhibited slower drug release than 

non-PEGylated NLCs. The most valuable findings from this report is the 

significant difference between the cytotoxicity of free OG and OG loaded in 

PEGylated and non- PEGylated NLCs, which demonstrates the superiority of 

OG-NLCs over free OG in penetrating cell membrane. OG in PEGylated NLCs 

showed comparable cytotoxicity in GIT cell lines such as Hepatocellular 

carcinoma cell line HepG2, hepatocyte-derived carcinoma cell line Huh-7, 

human colorectal carcinoma cell line HCT-116and human gastric 

adenocarcinoma AGS cells, and enhanced anticancer activity. Conclusively, 

orcinol glucoside could be a potent anticancer drug candidate for gastrointestinal 

tract cancer and both PEGylated and non- PEGylated NLCs formulated in the 

present study may be used as potential oral delivery systems for OG with 

improved anticancer activity.  
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     SUMMARY AND CONCLUSION 

 

Detail studies involving the composition, functionality and structure of 

the adsorbed BLES films in the absence and presence of three additives, viz., 

cholesterol, low density lipoprotein (LDL) and serum protein were performed. 

The study includes the pathophysiological amount of these materials found in 

lungs in disease. The additives altered the bilayer and film packing, surface 

activity and structures of surfactant, suggesting possible molecular rearrangement 

and disordering of surfactant in disease. Since excess cholesterol or its esters may 

actually arrive inside the lung through LDL transport, it is cholesterol that is the 

most potent inactivator of LS, than leaked soluble serum proteins, since lipids are 

far more hydrophobic and more difficult to remove from films during dynamic 

cycling. Whole serum, serum proteins and its lipid components may specifically 

interact with the surfactant films and bilayers by either separate mechanisms, or 

synergistically. In future studies, specific lipid components of serum such as 

HDL, one of the major studies requires the specific separation of serum lipid and 

serum protein fractions and observing their structure function correlations in 

inactivating surfactant. The specific molecular rearrangements observed in our 

study of domains in films need to be further explored in detecting the exact 

composition of the variety of domain structures using possibly fluorescently 

labeled cholesterol, LDL and serum proteins. However these studies need to be 

conducted in a manner using similar sets of biophysical methods which yield 

structure function correlates of bilayers and films, as well as uses 

pathophysiological amounts of materials, so that an over simplification of the 

models in previous studies can be rectified. 

While considering the lipids mixtures as novel drug delivery system, 

nanostructured lipid carriers (NLCs) were formulated by using Span 65, soy 

lecithin and stearic acid dispersed in aqueous Tween 40 or Tween 60 solution. 

Tween 60 provides better stabilization than Tween 40 because of its longer 

hydrocarbon chain. Hydrocarbon chains of Tween 60 could penetrate to greater 

extent than Tween 40 into the NLC matrices. TEM study confirmed the spherical 

morphology of the NLCs with smooth surface. Higher amount of LIDO could be 
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encapsulated into the NLC than PRO.HCl. LIDO resides in the core of the NLC 

for its relatively higher hydrophobic nature. PRO.HCl, being ionic, preferentially 

adsorbs over the NLC surface. Apart from the DLS studies, DSC and 

spectroscopic investigations on the drug loaded NLC further supported such 

proposition. Because of its larger lipophilicity LIDO could be entrapped to 

greater extent compared to PRO.HCl. In vitro drug release study revealed that the 

lipidic matrices could act as promising vehicles for two most widely used local 

anaesthetics with controlled and prolonged release. Biphasic release behaviour 

was experienced by all the combinations. In order to further explore the viability, 

the formulations may be subjected to in vitro studies under biological condition. 

Besides, the in vivo studies as well as some clinical trials are warranted which are 

considered as the future perspectives.  

The impact of saturation and unsaturation in the fatty acyl hydrocarbon 

chain on the physicochemical properties of nanostructured lipid carriers (NLCs) 

was investigated to develop delivery systems loaded with the anticancer drug, 

ursolic acid (UA). The findings reveal the influence of saturated and unsaturated 

lipids and fatty acids on the particle size, polydispersity index, ζ potential, 

encapsulation efficiency, in vitro release behavior and in vitro cytotoxicity of the 

formulations. The studies of surface pressure (π) − area (A) isotherms of pure 

components, mixed lipids, and mixed lipids with ursolic acid suggest that ursolic 

acid alters the interfacial organization of lipids. The spherical morphology of 

NLCs with a smooth surface was observed for all the formulations. Significant 

differences in crystal structure between NLCs comprising saturated and 

unsaturated lipids were noted, whereby the crystallinity of UA was lost because 

of its incorporation into the NLCs. Release of the drug was sustained for all the 

NLCs; unsaturated lipids exhibited drug release faster than that of saturated 

components. The most useful finding from this report is the significant difference 

between the cytotoxicity of free UA and UA-loaded NLCs, which demonstrates 

the superiority of UA-loaded NLCs over free UA in penetrating the cell 

membrane. UA in saturated and unsaturated lipids and fatty acid comprising 

NLCs showed comparable cytotoxicity in human leukemic cell line K562 and 

melanoma cell line B16 and enhanced anticancer activity. Conclusively, both 

saturated and unsaturated lipid-containing NLCs formulated in this study may be 

used as potential delivery systems for UA with improved anticancer activity. 
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Orcinol glucoside-loaded nanostructured lipid carrier (NLC) coated with 

polyethylene glycol - 25/55 - stearate (PEG-25/55-SA) were formulated and 

evaluated for oral delivery of orcinol glucoside (OG) to improved in vitro 

cytotoxicity against GIT cell lines such as Hepatocellular carcinoma (HepG2), 

hepatocyte-derived carcinoma (Huh-7), humancolorectal carcinoma (HCT-116) 

and human gastric adenocarcinoma AGS cells. The findings reveal the influence 

of PEG-25/55- stearate on particle size, polydispersity index, zeta potential, 

encapsulation efficiency, in vitro release behavior and in vitro cytotoxicity of the 

formulations. Spherical morphology with smooth surface was experienced for all 

the formulations. Significant difference in crystal structure between conventional 

and PEGylated NLCs were noted whereby the crystallinity of OG was lost due to 

its incorporation in the NLCs. Release of the drug was sustained for all the 

NLCs; PEGylated NLCs exhibited slower drug release than non-PEGylated 

NLCs. The most valuable findings from this report is the significant difference 

between the cytotoxicity of free OG and OG loaded in PEGylated and non-

PEGylated NLCs, which demonstrates the superiority of OG-NLCs over free OG 

in penetrating cell membrane. OG in PEGylated NLCs showed comparable 

cytotoxicity in GIT cell lines such as Hepatocellular carcinoma (HepG2), 

hepatocyte-derived carcinoma (Huh-7), human colorectal carcinoma (HCT-116) 

and human gastric adenocarcinoma AGS cells, and enhanced anticancer activity. 

Conclusively, orcinol glucoside could be a potent anticancer drug candidate for 

gastrointestinal tract cancer and both PEGylated and non-PEGylated NLCs 

formulated in the present study may be used as potential oral delivery systems for 

OG with improved anticancer activity. 

As extension of the present work, specific lipid components of serum 

such as HDL, one of the major studies requires the specific separation of serum 

lipid and serum protein fractions and observing their structure function 

correlations in inactivating surfactant are considered to be significant. Besides 

the potential of nanostructured lipid carrier (NLC) as drug delivery system the in 

vitro and in vivo study in different cancer cell line and cancer animal models 

respectively are warranted in order to ensure the superiority of the formulated 

drug delivery systems.  
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1  Introduction
Pulmonary or lung surfactant（LS）is secreted by the al-

veolar type II epithelial cells1）. From its secreted bilayer 
form（lamellar bodies）LS transforms into tubular myelin 
and gets adsorbed at the air–liquid interface to form a 
tightly packed monomolecular film. The film reduces the 
surface tension to low value as the area of the alveolar in-
terface decreases upon expiration. The mono-molecular 
film becomes compressed to near 0 mN/m value and this 
prevents alveolar collapse and maintains air-way patency. 
Lipids are the main components of pulmonary surfactant. 
Among them, dipalmitoylphosphatidylcholine（DPPC）and 
phosphatidylglycerol（DPPG）are the most characterized 
and abundant phospholipids. While DPPC（40-50 wt％ of 
the lipid pool）is responsible for maintaining the surface 
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tension near zero during compression, presence of other 
fluid lipids are also essential in order to re-spread the com-
pressed film easily2, 3）. Beside the phospholipids, there are 
four surfactant associated proteins, SP-A, SP-B, SP-C and 
SP-D. While SP-A and SP-D are hydrophilic, the other two 
surfactant proteins（SP-B and SP-C）are hydrophobic and 
attenuates the surface tension of LS4, 5）. The most abundant 
neutral lipid in pulmonary surfactant is cholesterol, 
amounting to 5-10 wt％（or 10-20 mol％）of the phospholip-
ids6）. Even though the presence of cholesterol in surfactant 
has long been recognized, however, little is known about its 
function2, 6, 7）. Some studies suggests that in the presence of 
the hydrophobic surfactant proteins cholesterol is essential 
for fluidity control6）, surface tension reduction and adsorp-
tion of other phospholipids onto the monolayer8－10）. 

Abstract: Lung surfactant is a complex mixture of lipid and protein, responsible for alveolar stability, 
becomes dysfunctional due to alteration of its structure and function by leaked serum materials in disease. 
Serum proteins, cholesterol and low density lipoprotein (LDL) were studied with bovine lipid extract 
surfactant (BLES) using Langmuir films, and bilayer dispersions using Raman spectroscopy. While small 
amount of cholesterol (10 wt%) and LDL did not significantly affect the adsorption and surface tension 
lowering properties of BLES. However serum lipids, whole serum as well as higher amounts of cholesterol, 
and LDL dramatically altered the surface properties of BLES films, as well as gel-fluid structures formed in 
such films observed using atomic force microscopy (AFM). Raman-spectroscopic studies revealed that 
serum proteins, LDL and excess cholesterol had fluidizing effects on BLES bilayers dispersion, monitored 
from the changes in hydrocarbon vibrational modes during gel-fluid thermal phase transitions. This study 
clearly suggests that patho-physiological amounts of serum lipids (and not proteins) significantly alter the 
molecular arrangement of surfactant in films and bilayers, and can be used to model lung disease. 

Key words:   lung surfactant dysfunction, BLES, LDL, cholesterol, serum protein, Langmuir films, Raman-spectroscopy, 
AFM
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However previous studies also suggest that excess choles-
terol also has deleterious effects, e.g., it retards the 
achievement of minimum surface tension to near zero 
value during complete film compression and decrease of 
post collapse re-spreading11）. 

In adult respiratory distress syndrome（ARDS）and acute 
lung injury（ALI）elevated levels of serum materials such as 
soluble proteins and some lipids are found in the extracted 
LS. These LS are also found to have reduced surface activi-
ty, although the cause for this is not clear11）. An early study 
by Haas and Longmore showed that although the lung can 
produce cholesterol much larger in amount than its own 
requirement, the main mechanism used in the production 
of surfactant cholesterol is the use of lipoprotein cholester-
ol supplied form the blood, since about 2 wt％ of the cho-
lesterol is from endogenous synthesis12）. Other studies 
have established that lipoproteins such as low density lipo-
proteins（LDL）not only supply cholesterol to surfactant but 
also affect the secretion of surfactant from the type-II 
cells1, 6, 13）. 

Previous studies have shown that cholesterol present in 
LS in physiological amounts has no deleterious effect on LS 
function9）. However in ARDS and ALI some serum materi-
als, which leak from the capillaries into the fluid lining of 
the lung, inactivates LS. Most previous studies have sug-
gested that it may be serum soluble proteins which can in-
activate surfactant, however in vitro studies require very 
high amounts of proteins to provide such inactivation. It is 
known that some serum proteins which leak from the capil-
laries into the fluid lining the lungs may render LS inactive. 
However some recent studies have suggested that excess 
amounts of cholesterol or other serum lipid components 
are far more potent inhibitor of LS8－10）. Previous studies on 
serum albumin, C-reactive protein, fibrinogen and others 
have shown that these proteins affect the structure-func-
tion properties of LS in very high non-patho-physiological 
amounts when studied in vitro15－18）. However there are 
evidences that serum protein levels in pathophysiological 
lungs only increase by three folds, which cannot inactivate 
surfactant. In an earlier study we have shown that choles-
terol levels in such lungs only increases by two fold, and 
completely inactivates surfactant19）. In another study we 
have also observed that whole serum is a far more potent 
inactivator of LS than its soluble protein fraction17）.

Bovine lipid extract surfactant（BLES）a clinically used 
surfactant developed in Canada is used for treating pa-
tients with ARDS11）. The material contains all surfactant 
lipids and proteins except the hydrophilic SP-A and SP-D, 
and the neutral lipid cholesterol, which are synthetically 
removed. This allows in vitro studies with BLES with 
various increments of cholesterol or serum proteins8－11）. In 
a previous study we have used foetal calf serum（FCS）with 
BLES and have found that the serum（with its lipids and 
proteins）is 200 times more potent inactivator of LS than its 

protein component albumin17）. FCS is very similar in com-
position to human serum. Human serum mainly consists of 
albumin, fibrinogen, CRP, globulin among other proteins, 
and also ions, amino acids, sugars（fructose and glucose）as 
well as serum lipids and lipoproteins such as LDL20－22）. 

In this study we have investigated the normal and patho-
physioligcal amount of FCS, and serum lipids（cholesterol 
and LDL）with BLES using a set of correlated biophysical 
and structural methods previously used to study surfactant 
dysfunction mainly with proteins15－17）. Detailed Iatrascan 
and Matrix Assisted Laser Desorption/Ionization –Time of 
Flight（MALDI-TOF）suggested the exact composition of 
BLES and FCS lipid components. Langmuir surface balance 
and adsorption studies suggested the alterations of surface 
activity of the BLES by FCS lipids, as well as Atomic Force 
Microscopy（AFM）suggested the structural alteration of 
the gel-fluid domain distribution in such functionally 
altered films. Raman-spectroscopy was applied to such 
BLES/additive bilayer dispersions used to form such 
surface films, to suggest alteration of molecular packing of 
the surfactant phospholipid chains in such bilayers from 
monitoring hydrocarbon vibrational modes during thermal 
transitions.

2  Materials and Methods
2.1  Materials

Samples were prepared with supplied exogenous lung 
surfactant, Bovine Lipid Extract Surfactant（BLES®）disper-
sion and 10 and 20 wt％ of foetal calf serum（FCS）, choles-
terol, and low density lipoprotein（LDL）. The clinically 
used BLES suspension（27 mg/mL）was a generous gift from 
Dr. Dave Bjarnson of BLES® Biochemicals Inc.（London, 
Ontario, Canada）and was used without further modifica-
tion. FCS（7 mg/mL）, LDL（5 mg/mL）, and cholesterol
（crystalline form）were all purchased from Sigma-Aldrich 
Inc.（USA）, and were used as received. HPLC grade sol-
vents, chloroform and methanol, were purchased from 
Fischer Scientific（Ottawa, Ontario, Canada）. Most samples 
were studied in the buffer using 0.15 M NaCl-Trizma®. HCl 
buffer at pH 7 to maintain optimum pH and ionic condi-
tions for LS. The NaCl-Trizma®. HCl buffer used in this 
study was prepared by the addition of 150 mM NaCl and 5 
mM（～0.08 g）Trizma hydrochloride in 1 litre of double dis-
tilled water and the pH was adjusted to 7 by titrating with 
0.1M NaOH15）. Each sample was prepared by incubating 
desired amount（10 and 20 wt％）of FCS, cholesterol and 
LDL with appropriate amounts of BLES followed by thor-
ough mixing. Small aliquots were diluted appropriately 
with buffer to be used for all monolayer and bilayer model 
studies. This was done to ensure that the similar stock of 
samples was used in all experiments and to avoid heteroge-
neity of sample concentration and composition. 
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All solution preparation and experiments were conduct-
ed using double distilled water（ddH2O）. Glassware used 
were washed by perchloric acid followed by rinsing with 
ddH2O and were dried for 2 hrs. at 180℃ to remove any 
organic and surface active impurities23）.

2.2  Lipid extraction of samples 
While conducting the monolayer, AFM, Raman and some 

mass spectrometric studies on BLES and BLES＋choles-
terol, BLES was extracted in hydrophobic solvents from 
aqueous dispersions according to the Bligh and Dyer 
method24）. Briefly, in this method, 0.8 mL of BLES disper-
sion（27 mg/mL）was mixed with 3 mL of chloroform : 
methanol（3:1, v/v）, in a test tube and homogenized by me-
chanical shaking. One part of chloroform along with one 
part of double distilled water was added then and again 
vortexed to ensure uniform mixing. The mixture was then 
centrifuged for 2-3 minutes at 1000 rpm in order to sepa-
rate the organic and aqueous layers. The organic phase at 
the bottom layer was carefully taken out into a glass vial 
with a glass pipette without disturbing the aqueous layer. 
This extraction process was repeated with remaining 
aqueous layers using 2:1 chloroform-methanol. All organic 
extracts were kept in a single vial. It was then placed under 
nitrogen gas flow to dry and kept overnight in a vacuum 
desiccator to make it free from trace amounts of organic 
solvent. Cholesterol was added to BLES and after the addi-
tion the sample was suspended in the chloroform-methanol 
mixed solvent, which was then dried under nitrogen gas 
and re-suspended in a saline buffer17）. The BLES-cholester-
ol mixture was re-suspended in a saline buffer, by vortex-
ing above 30℃, to obtain multi-lamellar vesicles as ob-
served using electron microscopy by methods discussed 
elsewhere19）. To identify the lipid components of both FCS 
as well as LDL, the lipid portions of each sample were ex-
tracted by using modified Bligh and Dyer method17, 24）. The 
organic layer of each was dried under nitrogen and the 
residue was then used for analysis by Matrix-Assisted 
Laser Desorption Ionization-Time of Flight Mass Spectrom-
etry（MALDI-TOF MS）using 0.5 M 2,5-dihydroxybenzoic 
acid（DHB）matrix. 

2.3  Methods
Pure BLES as well as BLES in the presence of 10 and 

20％ serum or cholesterol or LDL were chosen for the 
present set of studies. Selections of these amounts of addi-
tives were not arbitrary since these concentrations are 
patho-physiologically relevant as noticed in diseased as 
well as in the normal lung surfactant lavages11, 19）. Adsorp-
tion, surface tension-area isotherm and AFM measure-
ments were performed to investigate the function and 
structure of monolayer films, whereas the use of Raman 
spectroscopy was to examine the bilayer phases. Experi-
ments were performed at a controlled ambient tempera-

ture of 23℃, except Raman spectroscopy, which were con-
ducted in the temperature range 10-40℃. The studies 
were conducted with this ambient temperature since AFM 
studies could not be performed at higher temperature, as 
well as the Langmuir surface balance had a subphase 
volume of 5 litre, which cannot reach higher temperature 
equilibrium without surface evaporation. A previous study 
on higher temperatures suggested that there are no major 
or significant differences in adsorption and surface tension 
changes between ambient and physiological temperatures 
for BLES17）. 
2.3.1  Adsorption kinetics studies

Adsorption experiments were carried out by surface 
tension study（plate detachment method）. Sample disper-
sions were injected thorough a rubber valve into a cylindri-
cal teflon cup of 5 mL capacity and a surface area of 6.28 
sq. cm15）. Samples were homogenized by constant stirring 
and adsorption of sample to the interface was determined 
by the drop in surface tension, by using a Wilhelmy plati-
num dipping plate. 
2.3.2  Langmuir Surface Balance Studies

A Langmuir-Wilhelmy balance（Applied Imaging, London, 
England）was used to record the surface tension（γ）– area 
isotherm for the adsorbed films. This balance has an initial 
open area of 500 cm2, which was large enough to allow 
compression of films to lower γ values very close to 1 mN/
m15－17）. A motorized leak-proof rectangular teflon tape 
barrier was used to compress and expand the monolayer 
films while a platinum Wilhelmy plate hanging from a force 
transducer detected the change of γ17）. Prior to beginning 
each experiment, the trough was thoroughly cleaned with 
chloroform : methanol（3:1, v/v）mixture and then with 
ddH2O. Each time the interface was suctioned off and the 
trough was dried. The trough was filled with ddH2O to sim-
ulate an air-water interface. BLES and BLES＋10 and 20 
wt％ samples of serum or LDL or cholesterol（systems）dis-
persions were allowed to form adsorbed films with an initial 
γ drop close to 60 mN/m. Compression and expansion of 
monolayer films were conducted at a rate of 2 mm2/sec. 
Compression allowed the lipid monolayer to undergo a 
fluid to gel phase transition. Details of the Langmuir-
Blodgett method using this trough have been previously 
published15－17）. This balance was also used to deposit films 
using Langmuir-Blodgett transfer technique at various γ 
on pre-immersed freshly cleaved mica substrate for AFM 
studies25, 26）. Adsorbed films were compressed to the 
desired γ values. Pre-immersed mica disc was then verti-
cally lifted out off the subphase with an upstroke of 1 mm/
sec in order to get the Langmuir-Blodgett films30）. A stan-
dard surface tension vs. percent film area protocol was 
adopted for showing the surface tension-area isotherms 
data instead of the standard surface pressure-area per 
molecule isotherms. This was done due to technical diffi-
culties in calculating the exact area per molecule of “ad-
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sorbed” films as well as comparing the γ data with some 
previous studies using captive bubble methods, where 
surface area data are redundant and can not be calculated 
with accuracy9）. The details of the techniques and physics 
of the Langmuir Balance and trough have been previously 
published25）.
2.3.3  Atomic Force Microscopy（AFM）

Langmuir-Blodgett deposits of BLES, with or without ad-
ditives, were used for structural studies using AFM. A 
teflon dipping head with three freshly cleaved mica disks 
was lowered into the water subphase before the sample 
film was made. Compression（2 mm2/sec）from ～60mN/m 
to stepwise decrease of three desired surface tensions（52, 
42 and 32 mN/m, respectively）was conducted and the 
compression was kept stopped during each deposition. 
When the desired surface tension was attained, the dipping 
head was slowly retracted vertically at a rate of 1 mm2/
sec17）. Monolayers were deposited on flat surfaces of mica, 
and were imaged with a Nanoscope IIIa atomic force micro-
scope（AFM, Digital Instruments, CA, USA）. A silicon 
nitride tip, attached to a cantilever was laterally moved 
across the surface of the deposited sample by the Nano-
scope software in contact mode25－27）. Samples were imaged 
within two hours from the films being deposited to prevent 
dehydration17）. The images were processed using IGOR Pro 
software（WaveMetrics, Portland, Oregon, USA）to produce 
2D, 3D and sectional images, similar to those obtained 
using Nanoscope IIIa software. To easily compare domain 
sizes and heights, each field size, Z-scale and deposited 
surface tensions of all samples were kept reasonably close 
to the best of our ability. At least 3-4 random spots were 
scanned for each sample and the best representative 
images are displayed.
2.3.4  Raman Spectroscopy

In the present study a Raman Spectral-microscope
（RMS）（LABRAM confocal microscope, Horiba Jobin Yvon, 
Edison, NJ, USA）with a grating of 1800 grooves/mm was 
used. A Leica microscope with a long working distance ob-
jective（50X）attached to the spectroscope with a Peltier 
CCD detector allowed for direct imaging of the samples 
while collecting spectra at different temperatures of heat-
ing-cooling cycles. A 532nm green laser（diode pumped 
solid state laser）line was excited to yield the spectra. Each 
spectrum had an accumulation time of 6-20 seconds and 
was passed through the D0 filter to find the best represen-
tative average spectrum. The shortest time（1 minute per 
degree）for collection was chosen to prevent sample evapo-
ration and drying15）. Samples were taken in a small glass 
cuvette and were placed in the sample chamber of the mi-
croscope. The temperature was controlled by a thermo-
stated water bath（5-50℃）, and spectrum collected for 
each 2℃ increments of heating or cooling to induce phase 
transitions. Details of similar methods have been published 
previously15, 28－31）.

2.3.5  MALDI-TOF MS
For Matrix Assisted Laser Desorption-Ionization time of 

flight mass spectrometry（MALDI-TOF MS）studies on lipid 
analysis an applied Biosystems voyager system 1027（Voy-
ager-DETM）mass spectrometer was used to analyze the 
lipid components of BLES, LDL and serum lipid extracts to 
specifically measure the difference of cholesterol and cho-
lesterol esters in these samples, as well as some studies 
were followed up using Iatroscan. 100 μL of samples dis-
solved in chloroform: methanol（3:1, v/v）were injected in 
the MALDI by the methods discussed in detail elsewhere 
and the profiles obtained as intensity as a function of mass/
charge（m/z）32）. 

3  Results
3.1  Composition of Serum and Surfactant

To identify lipid components of whole FCS, both MALDI-
TOF and IATRO-Scan studies were carried out. BLES 
extract was also used in MALDI-TOF mass spectrometry. 
Figure S1 shows the spectra for（a）BLES,（b）serum lipids 
and（c）LDL. BLES exhibits an intense peak at 735 m/z（mo-
lecular wt. of DPPC＋H＋）. This is the parent ion peak for 
DPPC, confirming that BLES contains mostly DPPC. The 
other peaks in 700-800（m/z）range are for other phospho-
choline classes especially the fluid 16:0/18:1 PC. In order to 
investigate the lipid classes comprising whole serum［Fig. 
S1（a）］, the spectra suggests a variety of lipids but showed 
the high intensity peak of cholesterol at approximately 369 
m/z. Cholesterol is not detectable as a whole molecule, but 
detectable only upon the elimination of water as shown in 
Fig. S1（b）34）. The highest peak for LDL samples are possi-
bly cholesterol ester fragments as shown in Fig. S1（c）. 
These lipids and there fragments were also previously de-
tected by others32, 33） and our Iatrascan results support 
these findings. The data from the Iatroscan of serum are 

Table 1　Iatroscan data of serum: the components 
present  in  serum and thei r  percent 
composition.

Lipid Classes Lipid Composition (%)
Hydrocarbons  5.86
Steryl esters/wax 37.85
Ketones  2.90
Triacylglycerols  6.51
Free fatty acids 11.51
Alcohols  4.90
Sterols  6.14
Acetone mobile polar lipids  3.30
Phospholipids 21.02
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also shown in Table 1 where the serum lipids were extract-
ed from the FCS. The highest amount of lipids was stearoyl 
esters（37％-cholesterol ester）and phospholipids（21％）. 
The Iatroscan method combined thin-layer chromatogra-
phy and flame ionization detection34, 35）. With this method, 
a lipid mixture（serum）, was separated using silicic acid 
coated quartz rods and then quantified using flame ioniza-
tion detection35） to measure the lipid classes present35）. 

3.2  Adsorption Isotherms
Adsorption isotherm of BLES in the absence and pres-

ence of serum, LDL and cholesterol is presented as a func-
tion of time（Fig. 1）. Adsorption of lipids onto the air-water 
interface over time（seconds）was recorded by monitoring γ 
continuously for 300 seconds. Measurements were carried 
out in the presence of 10 and 20 wt％ serum, cholesterol 
and LDL with BLES keeping the total volume constant by 
dilution with buffer. Each adsorption curve represents the 
average of three replicate experiments, with the standard 
deviation represented by error bars. Results are also sum-
marized in Table 2. Pure BLES adsorbed（γ ≈ 20 mN/m）
within 100 seconds on to the air-water interface. With the 
addition of serum and LDL to BLES γ shifted to higher 
values and after 300 seconds observed γ value of these two 
systems were almost double that of pure BLES. The ad-
sorption of BLES did not change significantly with the ad-
dition of cholesterol. These results suggest that serum and 
LDL did not allow BLES to be adsorbed rapidly（to equilib-
rium γ）to the air-water interface. It should be noted that 
physiological amounts of cholesterol（10 or 20％）had no 
significant effects on adsorption. 

3.3  Langmuir Surface Balance Studies
Multiple compression and expansion cycles of the ad-

sorbed films of BLES and BLES-serum, BLES-LDL and 
BLES-cholesterol was performed and compared. The same 
concentration of sample lipid（100 μg/mL）per group was 
added in each of the three trials, and the films were formed 
by initial adsorption of the dispersions. Compression-ex-
pansion cycles were carried out at a speed of 2 mm2/Sec 
after initial equilibrium adsorption of the films to ～62 mN/
m. Figure 2 compares compression-expansion isotherms of
（a）BLES in buffer with（b）10wt％ serum,（c）20 wt％ 
serum,（d）10 wt％ cholesterol,（e）20 wt％ cholesterol,（f）
10 wt％ LDL, and（g）20％ LDL. Pure BLES film, when fully 
compressed, could attain the γ to a minimum of near ～1 
mN/m value from an initial value of 60 mN/m. Upon addi-
tion of serum to BLES, there occurred a drastic shift of the 
minimum surface tension to higher values（30 mN/m）. Ad-
dition of LDL resulted in similar behavior as in the case of 
serum. No significant change was observed in presence 
10wt％（physiological amount）cholesterol compared to 
pure BLES. But excess（20wt％）cholesterol lifted the 
minimum to a γ～15 mN/m. Such an observation implies 

that excess cholesterol significantly obstructs BLES’ 
ability to reach a low γ, but not as much as serum or LDL. 

Upon addition of serum to BLES（Fig. 2（b） and 2（c））, 
there occurred a significant increase in the minimum γ
（γmin）to 30 mN/m compared to the low values for pure 

Fig. 1　Adsorption isotherms (γ vs. time) of BLES 
dispersions in the presence of 10 and 20 wt% (a) 
LDL, (b) cholesterol, and (c) serum at 25±1℃. 
Each plot is an average of 3 independent 
experimental sets. Standard deviation is shown 
by the error bars of n=3 experiments. 
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Table 2　 Summary of the equilibrium surface tension data for the adsorbed BLES films in the presence of 
different additives at 25℃.

Adsorbed sample films
Surface tension (γ /mNm－1) at 1, 150 and 300 sec of adsorption to air-water interface

γ1 γ150 γ300

BLES 71 35 25
BLES+10wt% Serum 73 58 53
BLES+20wt% Serum 74 61 59
BLES+10wt% Cholesterol 70 21 31
BLES+20wt% Cholesterol 65 26 27
BLES+10wt% LDL 73 59 56
BLES+20wt% LDL 72 59 50

Fig. 2　Surface tension-area isotherms of 5 cycles of dynamic compression-expansion at a rate of 2 mm2/sec for (a) 
pure BLES, (b) 10 wt% serum, (c) 20 wt% serum, (d) 10 wt% cholesterol, (e) 20 wt% cholesterol, (f) 10 wt% 
LDL and (g) 20 wt% LDL adsorbed films. Each experiment was conducted in triplicate and the best 
representative graph from a single experiment is shown for clarity. All isotherms were plotted as percentage of 
film area change versus surface tension (γ). The downward arrow shows the direction of compression and the 
upward of expansion.  
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BLES. Changes in γmin were also observed upon the addi-
tion of similar amounts of LDL（Fig. 2（f） and 2（g））. Addi-
tion of cholesterol in physiological amounts（10％）resulted 
in γ min values comparable to BLES（γmin～1 mN/m）films, 
［Fig. 2（d） and 2（e）］. When cholesterol was added in 
excess（20 wt％）the γmin could not attain low surface 
tension（15 mN/m）. Results suggest that excess cholesterol 
affects BLES ability to reach a low γ, however the effect 
was not as dramatic as that of serum or LDL. It is evident 
from the results that the serum, LDL and cholesterol 
impair the ability of BLES films to lower γ. Isotherms of 
BLES＋10wt％ serum and BLES＋20wt％ serum are 
shown in Fig. 2（b） and 2（c）. The inhibitory effects are 
clearly evident in both the cases. There occurred no 
change in the isotherm plateau area, suggesting that the 
material did not undergo ‘squeeze out’ phenomena and 
therefore could not be removed easily even after multiple 
cycling. 

Histograms of the minimum and maximum γ that were 
attained during the fifth cycle of compression and expan-
sion of monolayer films are shown in Fig. 3. Each experi-

ment value shown in the bottom panel of Fig. 3 the average 
of triplicate experiments, where initial values, close to ～
60 mN/m increased to ～70 mN/m after the fifth cycle. The 
data shown in the bottom panel of Fig. 3 suggest that upon 
addition of 10 and 20 wt％ serum, the minimum γ increased 
to ～28 and ～30 mN/m respectively, clearly demonstrating 
that serum prevented the surface activity of BLES films to 
reach low γ. Figure S2（a） further shows that contrary to 
data obtained on serum and BLES films, addition of 10％ 
cholesterol resulted in the appearance of a minimum γ 
close to that of BLES. The fact that the natural amount of 
cholesterol present in surfactant of the lung does not sig-
nificantly alter BLES surface activity is consistent with the 
present experimental data. Increasing the amount of cho-
lesterol to 20 wt％ resulted in the increase of γmin to ～15 
mN/m, and thus rendered the BLES film inactive. However, 
the effect was not as significant as that of serum or LDL. A 
quantitative statistical analysis using the significance t-test
（p＞0.99）indicated that the serum and LDL data were 
within the confidence limit to that observed for pure BLES. 
These data suggest that LDL and serum are extremely 
potent inhibitors of surfactant in adsorption and surface 
tension lowering ability. 

Compressibility of BLES and BLES＋serum or cholester-
ol or LDL films were calculated by obtaining C15 values as 
discussed elsewhere15, 17, 19）. Briefly, the C15 values suggest 
the total film area（compressibility）required to drop the 
surface tension of the films by 15 mN/m during film com-
pression from an initial value of 45 mN/m ［Fig. 3（top）］.
The greater the percent（％）area change, for the equivalent 
drop of γ, the more incompressible the films are. This cal-
culation was previously applied to dysfunctional as well as 
normal LS films19）. These studies had shown that for dys-
functional films of LS, large area compressions were re-
quired to drop γ compared to significantly smaller areas re-
quired for  nat ive surfactant or  BLES alone17, 19）. 
Requirement of large areas of compression indicates that 
probably materials, which inhibit LS surface activity, 
cannot be easily removed from the surface film either by 
‘squeeze-out’ or by subphase vesicle formation. It was dif-
ficult to remove the serum as well as other component
（cholesterol）from dysfunctional surfactant by repeated 
cycling and thus such films could not achieve low γ14）. 
Figure 3（top panel）shows the C15 values calculated from a 
γ change from 45 to 30 mN/m（the change of total area）
since serum and LDL films could not be compressed below 
30 mN/m even at maximal compression. As shown in the 
bar graph（Fig. 3, bottom panel）, in order to lower BLES 
films γ by 15 mN/m, the film had to be compressed only by 
15％ area（highly compressible）. The lowest compressibili-
ty（or highest incompressibility）was exhibited by BLES in 
the presence of serum and LDL where these films required 
45％ and 30％ compression respectively. When cholesterol 
was added to the films, such films were found to be further 

Fig. 3　Effects of serum, cholesterol and LDL on 
compressibility of BLES films based on mean 
%pool area compression required for a surface 
tension drop of 15 mN/m (C15 values). Serum 
and LDL had to be compressed twofold more in 
area than the ones of pure BLES. 



P. Nahak, K. Nag, A. Hillier et al.

J. Oleo Sci. 63, (12) 1333-1349 (2014)

1340

difficult to compress than pure BLES. 

3.4  Atomic Force Microscopy（AFM）Studies
The samples previously used in film functionality studies 

were deposited on freshly cleaved mica substrates by 
Langmuir-Blodgett transfer technique and were examined 
using contact mode AFM. The images shown in Fig. 4 are 
representative images of BLES and BLES＋10 and 20 wt％ 
serum or cholesterol or LDL films compressed to a surface 

tension of 52 mN/m prior to being deposited on mica. It is 
evident from the images that upon compression, the mono-
layer films had undergone the transition from fluid（liquid 
expanded）to gel（liquid condensed）phase37）. The gel 
domains were formed upon compression of films at 52 mN/
m. In Fig. 4（a）, the BLES domains appeared brighter（or 
higher than surrounding phase）, compact and more circu-
lar in shape. This was caused by the formation of a more 
compact organization of lipid molecules in the gel phase. 
Based on representative section analysis of corresponding 
figures（as shown in Fig. S3）, the height of the BLES gel 
domain was found to be ～1.2 nm higher than the sur-
rounding fluid phase. Comparing Fig. 6（a）-（g）, it was 
evident that even though all the images were taken with 
the deposits at 52 mN/m, there appeared large differences 
in surface heterogeneity due to the composition of the 

Fig. 4　Representative contact mode AFM images of 
Langmuir-Blodgett film deposited (imaged in air 
in contact mode) at equivalent γ of 52 mN/m for 
(a) Pure BLES, and BLES in presence of (b) 10 
wt% serum, (c) 20 wt% serum, (d) 10 wt% 
cholesterol, (e) 20 wt% cholesterol, (f) 10 wt% 
LDL, and (g) 20 wt% LDL. Image field sizes 
shown were taken at 10 μm×10 μm (X-Y 
plane) and height differences (Z plane) are 
shown by the 10.0 nm bar, indicated in (a). The 
condensed domains are about 1.2 nm above the 
surrounding fluid regions. The bright regions 
represent condensed gel domains and other 
structures which are 0.5-1 nm higher than the 
surrounding phase. Each frame represents a scan 
area of 10 μm×10 μm.

Fig. 5a　Representative AFM images of films of BLES 
deposits taken at γ  = 52, 42, 32 mN/m 
respectively in each vertical panel. Each frame 
represents a scan area of 10μm×10 μm.
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films. BLES gel domains were clearly disrupted in films 
with the additives. As evident from Fig. 5（b） and （c） addi-
tion of serum resulted in the areas with holes as well as 
some areas with spiked（sharp height differences）domains 
in the center. Figure 5（d） shows that with the addition of 
cholesterol（10 wt％）, small micro domains（with heights of 
gel phase）were also formed, which disappeared upon the 
addition of higher amounts（20 wt％）of cholesterol as 
shown in Fig. 5（e）. Also as shown in Fig. 5, 10 wt％ cho-
lesterol films at further compression（γ＝42 mN/m）, larger 
fluid like domains with spiked centers were observed. 
Figure 5（f） shows no gel or other domains（hole-like）
structures, and the film shoed a more solid-like homoge-
nous appearance. From Fig. 5（f） and （g）, it becomes clear 
that higher amount of LDL（20 wt％）prevents BLES gel 
domain formation as well as appearance of the hole-like 
domains. The data collectively suggest that LDL, excess 
cholesterol and serum significantly perturbed the packing 
of gel lipids in BLES.

As shown in Fig. S3, the sections analysis of the 3D 
images of the films of at γ＝52, 42, and 32 mN/m respec-
tively, the height differences in these films between 
domains and holes can be measured. For BLES（a）, gel 
domains as high as 1.6 nm were formed in a continuum of 

surrounding fluid phase. When serum was added to BLES, 
hole like structures appeared along with some spiky struc-
tures inside the domains（Fig. S3（b） and （c））. The holes 
are ～2 nm in depth and the spiky domains are seen to be 
at a height range of 4-7 nm. Upon the addition of choles-
terol in smaller amounts as in（d）, further micro-domains 
appeared and became larger upon compression. Spiky 
centers were formed which then disappeared upon further 
compression, and the film turned more homogenous upon 
further compression. These domains were close to about 1 
nm high compared to the intermediate phase between 

Fig. 5b-d　Representative AFM images of films of 
BLES + 10% serum (b), 10% cholesterol (c) 
and 10 wt% LDL (d). Deposits were taken at 
γ = 52, 42, 32 mN/m respectively in each 
vertical panel. Upon addition of materials to 
BLES films, the gel domain (bright circular 
areas) formation is altered. Each frame 
represents a scan area of 10 μm×10 μm.

Fig. 5e-g　Representative AFM images of films of 
BLES with 20 wt% serum (e), 20 wt% 
cholesterol (f) and 20 wt% LDL (g). Deposits 
were taken at γ 52, 42, 32 mN/m respectively 
in each vertical panels. Upon addition of 
materials to BLES films, the gel domain 
(bright circular areas) formation is altered. In 
(e) and (g) the domains formed exhibit lower 
height profile compared to the surrounding 
phase, suggesting that these circular domains 
may be fluid in nature. Each frame represents 
a scan area of 10 μm×10 μm.
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them. Cholesterol, added in excess（20 wt％）, prevented 
domain formation to occur, and the homogenous film ap-
pearance was again observed. 

3.5  Raman spectroscopy studies
Raman spectroscopy can suggest specific bond vibra-

tions in a single phospholipid system or an average of 
signals from specific bonds（C-H, C-C, PO4）in a complex 

system such as BLES. Higher shift in wave number indi-
cates more fluidity or increasing number of gauche bonds, 
whereas lower shift indicates more trans bonds or more ri-
gidity of the hydrocarbon chains（28,31）. Both serum and 
LDL increased fluidity of the BLES films, while cholesterol 
had slight fluidizing（10 wt％）and rigidifying（20 wt％）
effects as shown in Fig. 6（a-c）. The CH2, CH3, and C-C 
skeletal bands could clearly be defined, as well as tempera-
ture dependent shifts in some of the bands which allow for 
a relative measurement of the phase transition of BLES 
and BLES with additives could be monitored16, 17）. This 
phase change monitoring allow correlating the structural 
features observed in films（due to the 2D lateral phase 
transitions induced by compression）with those that oc-
curred in the bulk（bilayer）material with the change of 
temperature, since the films were formed from such bilayer 
dispersions. The correlations suggested significant as 
serum or LDL.

In the spectra of the lipid class（Fig. S3, supplementary 
section）, the strongest peaks that were mostly evident in 
BLES were the bands from 2800-3000 cm－1. These corre-
sponded to the CH2 symmetric stretching and asymmetric 
stretching modes at 2850 and 2890 cm－1 respectively. 
These bands were sensitive to the trans-gauche conforma-
tion changes in the acyl chains of lipids. Another Raman 
band of similar interest was that of the CH3 symmetric 
stretch（2930 cm－1）and asymmetric stretch（2960 cm－1）, 
as it provided information from the interior core of the bi-
layers. The Raman spectra of BLES and BLES＋serum or 
cholesterol or LDL in the 2800-3000 cm－1 region at differ-
ent temperatures are shown in Fig. S4. These Raman 
peaks, for specific phospholipids and their bond vibration 
designations, have been determined previously by others38, 39）. 
As shown in Fig. S4, the symmetric CH2 stretch（νs CH2）, at 
2850 cm－1, the asymmetric stretch（νas CH2）, at 2890 cm－1, 
and the symmetric CH3 stretch（νs CH3）, at 2930 cm－1 were 
prominent for BLES and BLES＋10 wt％ serum, 10 wt％ 
cholesterol and 10 wt％ LDL systems. For BLES, in（a）, the 
νas, showed a trend for a broadening of the νas CH2 band 
with the increase in temperature from 25-40℃. For tem-
peratures lower than 25℃, narrowing of the band was ob-
served. Another trend was the shift in wave number of the 
νas CH2 peak with the increase in temperature, as shown in 
Fig. S4（b）-（d）. It was also evident from the intensity of 
the νas CH2 peak compared to the νs CH2 peak. At higher 
temperature intensity of νas CH2 was less than νs CH2 and it 
increased with decreasing temperature. The νs CH3 peak at 
25℃ was less intense than that of the νas CH2 peak, and as 
the temperature increased, so did the νs CH3 intensity.

These trends were consistent with a change in confor-
mation of the lipids as a function of temperature, where an 
increased fluidity of the hydrocarbon chain or gauche con-
formation had been observed at higher temperatures. At 
lower temperatures（10-25℃）however, the hydrocarbon 

Fig. 6　Vibrational wave number shift for BLES 
compared to (a) BLES + serum, (b) BLES + 
choles te ro l  and  (c )  BLES +  LDL.  The 
temperature range was from 10-40℃ for all 
graphs. Each graph is the mean of wave number 
shifts from three independent experiments and 
the error bars represent the standard deviation. 



Effect of Serum, Cholesterol and Low Density Lipoprotein on the Functionality and Structure of Lung Surfactant Films 

J. Oleo Sci. 63, (12) 1333-1349 (2014)

1343

chains were more “gel-like” or rigid with trans- conforma-
tion9, 15）. The effects of serum, cholesterol, and LDL on 
BLES however were not seen quite clearly from Fig. S4, 
due to high noise or low signal/noise ratio ascribed to 
protein auto-fluorescence expected from the serum soluble 
proteins or from apoproteins of LDL. Also any clear cut 
peaks from pure serum and LDL were not observed due to 
their high protein content. By plotting the shift of the wave 
number of the νs CH2 peak versus temperature, small 
changes in conformation were seen, as shown in Fig. 6. 
The wave number of the νs CH2（2850 cm－1）was plotted 
against temperature for the average of three independent 
experiments and the error bars represent standard devia-
tion. These plots can suggest the order parameters of the 
phospholipid chains as discussed in details elsewhere9, 15）. 
A shift in wave number towards higher frequency side indi-
cated more fluidity or higher number of gauche bonds, 
whereas lower shift indicated more trans bonds or more 
rigidity. The temperature induced changes in the wave 
number of the νs CH2 band of BLES＋serum, BLES＋cho-
lesterol and BLES＋LDL are shown with those of BLES in 
Fig. 6. For the BLES curve, a more sigmoid shaped plot 
was obtained which might be attributed to a broad phase 
transition observed between 10-40℃, the midpoint of the 
transition being about 27℃, which was previously mea-
sured by differential scanning calorimetry（DSC）15）. 

Figure 6（a） and （c） describe the fluidizing effects of 
serum and LDL, respectively, on BLES. The fluidizing 
effects were reflected from the increase in shift to higher 
wave numbers for all points on the curve throughout the 
temperature range. Upon addition of cholesterol however, 
the shifts of wave numbers were not so significant com-
pared to BLES alone. A slight shift to higher wave numbers 
were resulted in the 20 wt％ cholesterol system, however 
the effects were not significant, suggesting cholesterol 
might have rigidified as well as fluidized the system de-
pending on the temperature. The systems containing LDL
（Fig. 6（c））, as well as the ones with serum（Fig. 6（a））, 
clearly show a shift of all wave numbers of higher values 
suggesting a fluidizing effect of the BLES system with 
these additives. Therefore it could be concluded that both 
serum and LDL fluidized the bilayer, which in turn pre-
vented the formation of gel domains in films formed from 
such bilayers, and this might have affected LS function. 
Cholesterol seemed to increase fluidity of the gel phase at 
lower temperatures and to rigidify the fluid phase at the 
higher temperatures. The Raman studies directly showed 
that serum and LDL affected surfactant molecular packing 
in bilayers.

4  Discussion
Studies published, over the last three decades, on the 

surfactant inhibition by serum proteins have been con-
ducted using mainly surface tension measurements. These 
studies suggest that inhibition by soluble serum proteins 
such as albumin, fibrinogen, C- reactive protein（CRP）and 
others may be the major factors in surfactant inactivation 
in ARDS18, 36－41）. These proteins have been shown to inhibit 
surfactant function by inhibiting adsorption and ability of 
such surfactant films to reach low γ using various surface 
analytical techniques37－41）. However studies have also 
shown that the protein mediated inhibition is concentra-
tion dependent as in the case of albumin, and that such in-
hibition can be overcome by an increase in surfactant to 
protein ratio38－42）. However some recent studies including 
ours clearly suggest that the serum lipids are far more 
potent inhibitors of surfactant, at pathophysiological levels 
or those that are found in ARDS32, 42, 44）.

4.1  Cholesterol and Lung Surfactant
Previous studies have shown that cholesterol is an inte-

gral component of LS, found between 7-15％ in various 
mammalian systems9, 10, 39, 43, 44）. However, the physiological 
role of cholesterol is not clear to date, since the source of 
the material as well as its delivery route in LS has not been 
firmly established. Previous studies also indicated that 
radio labelled cholesterol and LDL is taken up by type II 
pneumocytes, however its insertion in the secreted surfac-
tant pool is complex. Some authors have shown that LDL 
cholesterol is mainly enriched in the outer lamella body 
limiting membrane, and this membrane does not reach the 
secreted surfactant pool during exocytosis5, 12）. There are 
also reports which suggest that cholesterol is segregated 
into two types of domains in combination with the porcine 
surfactant proteins SP-B and SP-C43）. It is not clearly 
known what the major role of the lipid is in LS function, let 
alone in dysfunction. In the studies by Gunasekara et al.9）, 
it has clearly been shown that a normal amount of choles-
terol does not affect the surface activity of LS. Others have 
shown that cholesterol actually allows the formation of a 
specific monolayer to bilayer squeeze-out phases9）, as well 
as allowing the function of surfactant proteins SP-B and 
SP-C by forming lipid-raft like structures43）. Some of our 
previous studies agree with the structure-function changes 
induced by normal cholesterol23）, however, whether choles-
terol mainly deactivates BLES is still an open question, 
since there are some differences in the interaction of LDL 
and whole serum with BLES compared to cholesterol with 
BLES. 

With the present level of knowledge it is also uncertain 
about the source of extra cholesterol from LDL and serum. 
The mass spectral data（Fig. S1）do not provide any clear 
idea about excess cholesterol. The bulk of cholesterol in 
LDL and probably in serum is supposedly to be found as 
cholesterol esters, the MALDI-TOF data shows that some 
of the cholesterol is mainly detected in its free form in the 
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serum lipid extract as well as LDL. The main peak in the 
mass spectra（Fig. S1）at 369 m/z is possible either the 
fragmented form of cholesterol ester or free cholesterol 
from some other source. Previous mass spectral study of 
LDL（33）also suggests that the 369 m/z peak is a deoxygen-
ated cholesterol, ［molecular wt, M.W., of cholesterol – OH
＝386 – O（16）＝370 or cholesterol＋H＋］, and is the major 
peak. The other major peak at 496 could possibly be frag-
ments of cholesterol ester33, 34）. The calculated number for 
complete cholesterol ester peak at 671 m/z is very small as 
well as contained an Na＋ ion and was difficult to detect in 
MALDI-TOF of LDL33）. A more recent study has shown that 
cholesterol esters are more potent inhibitors of BLES than 
free cholesterol45）.

4.2  Serum Lipids and Proteins
As our earlier studies suggest, serum has been proved to 

be a more（～200 times more）potent inhibitor than its con-
stituent proteins17）. The concentration of serum as little as 
2 wt％, added to BLES dispersions, could inactivate BLES 
in ways that would take tenfold soluble protein concentra-
tions or 500-1000 wt％15, 16, 22）. This gave some credence to 
the idea that there may be some other factors in serum 
that cause such potent inhibition, perhaps a lipid-like, non-
protein material. Another study by Panda et al.19） has 
focused on the alterations of lung surfactant composition 
as well as surface activity that occurred during lung injury. 
Not only were protein levels increased three fold but levels 
of cholesterol were also increased about two fold in such 
surfactant. Other studies confirmed this and showed that 
an elevated level of cholesterol from 10 to 20 wt％ com-
pletely inactivates surfactant such as BLES9, 11）.

Adsorption occurs when there is a propensity for the 
more hydrophobic regions on the outer surface of a mole-
cule to repel from interaction with the aqueous environ-
ment towards the air, while the hydrophilic portion would 
be drawn towards the aqueous environment4, 5, 41, 47, 49, 58）. 
Adsorption studies were conducted to determine the exact 
mechanism in which BLES surface activity is compromised 
by serum and its components. Adsorption of BLES and 
BLES＋additive mixtures（Fig. 1）showed that BLES＋
serum and BLES＋LDL samples had prevented adsorption 
of the BLES film to an equilibrium value（～25 mN/m）. For 
these samples γ values could not go below 50 mN/m. 
However BLES＋cholesterol samples, on the other hand, 
were able to reach equilibrium γ in a short time of adsorp-
tion, with very little effect compared to BLES alone. 

The inhibition of LDL and serum could perhaps be ex-
plained by competitive adsorption of specific components 
of serum or by prevention of the specific BLES lipids to be 
able to absorb48）. Since the Raman studies show that the 
bilayers of BLES were directly affected by serum and LDL, 
we would rather assume the latter idea. However, since the 
AFM studies show that serum and LDL caused dramatic 

changes in BLES film structure, it is reasonable to assume 
that some of the additive components could have competi-
tively adsorbed on the surface from such bilayers. Serum 
derived proteins as well as cellular lipids are normally 
surface active and can also adsorb onto the air-water inter-
face, forming films, just like LS. These materials are known 
to impair LS through specific biophysical interactions as 
suggested above. An earlier study by Holm et al.18）, showed 
that albumin and fibrinogen, by way of competitive adsorp-
tion, interfered with the adsorption of specific surfactant 
components to the air-water interface. A recent study of 
ours showed that fibrinogen adsorbs competitively to the 
air-water interface, as well aggregate the gel domains in 
BLES films15）. Competitive adsorption described serum 
proteins that formed a film or parts of the film at the air-
water interface and prevents or delays surfactant adsorp-
tion by occupying space in films or the air-water interface 
and preventing the surfactant aggregates from reaching 
the interface due to lack of space18）. The results from an in 
vitro study suggests such a mechanism15）. Using Wilhelmy 
balance and pulsating bubble surfactometer studies to 
measure adsorption, Holm et al.18） measured the attenua-
tion of the overall γ with surfactant alone or with the addi-
tion of inhibitors. It was found that albumin competed with 
LS for the air-water interface during adsorption when si-
multaneously added with the surfactant. 

Some conflicting results have been experienced in a 
study by Gunasekara et al. in 200839）. They examined two 
different mechanisms of surfactant inhibition: i）competi-
tion of the air-water interface and ii）impairment of the sur-
factant film by itself. They studied serum proteins, albumin 
and fibrinogen, in concentrations similar to those in dis-
eased lungs and when additives were added before or after 
formation of BLES films. In their study, minimal delay or 
rapid adsorption was noticed in BLES film formation with 
the presence of a pre-formed protein film. They concluded 
that surfactant inhibition was likely caused by a dysfunc-
tional film instead of inhibition by way of competitive ad-
sorption of the serum proteins39）. This contradicted the 
previously reported result11, 17）. This may be due to different 
surfactant concentrations used in the studies as well as in-
sertion of the proteins in the surfactant dispersions by dif-
ferent methods. However unlike these proteins, cell mem-
brane lipids and free fatty acids, such as oleic acid, are 
shown to also readily adsorb and penetrate the films and 
form mixtures with lung surfactant lipids22, 29, 33, 46）. Previous 
study on the effects of lysophosphotidylcholine（LPC）on 
lung surfactant show that, LPC-induced inhibition of LS 
due to interactions within the surfactant film during com-
pression. LPC was shown to readily adsorb and penetrate 
the film and efficiently mix with the film itself46）. In this 
study, it was mentioned that due to its conical or ‘wedged’ 
shape, LPC possibly perturbed the packing of the disatu-
rated phospholipids（DPPC）and thus prevented the low 
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surface tension values being achieved as in normal surfac-
tant films. This may be a possible mechanism by which 
cholesterol or its ester may interact with gel lipids in BLES.

4.3  Cholesterol and Structural Organization
As mentioned above, the effect of cholesterol on BLES 

adsorption was minimal. It has been previously shown that 
enhancement of adsorption rate of surfactant phospholip-
ids occurs to the equilibrium γ, by physiological levels of 
cholesterol. This is credited to fluidizing effects of choles-
terol on phospholipid mixtures high in DPPC content11, 23）. 
It was suggested however, that this fluidity of the phospho-
lipid may disrupt such films from reaching low γ upon com-
pression11）. However, Vockerath et al.41）, showed that 
normal cholesterol present in the surfactant can lower 
surface tension more efficiently than those seen in its 
absence.

In the present study, it is possible that excess cholesterol 
could not affect the adsorption rate but the ability of such 
surfactant films to reach low γ is significantly affected. This 
may have been with an increase in the fluidity of bilayer 
dispersions that would help in the rapid spreading of sur-
factant but would also make the LS film too fluid to lower γ 
upon compression as evident from the experimental 
results. In another previous study no difference in the be-
haviour of surfactant containing various amounts of choles-
terol with respect to adsorption（film formation）was 
noted9）. This study pointed out that both the normal and 
dysfunctional surfactants are able to reduce the γ to equi-
librium, but only a fully functional surfactant can achieve 
very low surface tension values upon compression. 
However most studies have shown that excess cholesterol 
can slightly impede surfactant adsorption rate7－10）.

Figure 2 showed the compression-expansion isotherms 
for BLES and BLES＋additive films. As evident from the 
plots, all materials except 10％ cholesterol prevent the 
BLES films reaching close to 1 mN/m surface tension. 
When 10％ cholesterol films are further compressed, there 
occurs indeed the formation of gel type domains along with 
some other ‘spiky’ centre. In a previous study we suggest-
ed that these spikes may also be possibly cholesterol crys-
tals squeezing-out of the films in air, and this may be a 
mechanism of small amounts of cholesterol remaining in 
the film upon expansion23, 25）. Somehow serum, cholesterol 
and LDL interact with the BLES lipids to prevent complete 
compression of the monolayer and also interact with the 
gel lipids to prevent LS films to reach a low γ. Cholesterol 
may somehow bind to some of the lipid components in the 
monolayer which in turn prevents the LS monolayer from 
fully functioning and the LS from reaching a low surface 
tension. Multiple compression-expansion cycles, on BLES
（Fig. 2（a））shows that the plateau region changes with in-

creasing number of cycles. This suggests that materials 
from films probably were ‘squeezed out’ and caused film 

refining with specific surfactant components as suggested 
by others1, 2, 37, 47）. The term ‘squeeze out’ refers to the 
removal of material above or below the plane of the air-wa-
ter interface. It was proposed that this ‘squeeze out’ 
process allows the removal of the non-lipid or other fluid 
phospholipid constituents off the lipid monolayer, thus al-
lowing for the enrichment of DPPC in such films. As more 
compression-expansion cycles are preformed, the more 
enriched with DPPC the monolayer becomes which allows 
the surfactant monolayer to achieve low γ values23, 37）. 

In comparison, Fig. 2（d）, BLES＋cholesterol（10％）
shows different isotherms than those with 20％（Fig. 2（e））. 
With BLES＋10％ cholesterol（as shown in Fig. 2（d））, a 
low γ value could be achieved, which agrees with the fact 
that the 10％ physiological amount of cholesterol naturally 
found in the LS, does not affect the film’s ability to reach 
very low γ. The plateau region for BLES＋20％ cholesterol
（Fig. 2（e））is, however different, since there appears no 
significant plateau（squeeze-out）region. This is due to the 
fact that when excess cholesterol is added, this excess 
cholesterol could not have been ‘squeezed out’ as easily 
as those of other components of LS. The attainment γmin for 
BLES＋10％ cholesterol（Fig. 2（d））is～5 mN/m, which is 
almost the same as for BLES alone, and lower than that for 
BLES＋20％ cholesterol（Fig. 2（e））which had a minimum 
γ of ～15 mN/m. This trend is also evident in Figs. 2（f） and 
4（g） with the addition of both 10％ and 20％ LDL to 
BLES. These results suggest that serum and LDL materials 
can uniformly mix well with the BLES lipids in films and 
cannot be easily removed. These results are in agreement 
with those found in a previously conducted study6）, where 
a captive bubble surfactometer（CBS）was used to investi-
gate the effects of addition of 10％（healthy lung）and 20％
（injured lung）by wt of cholesterol to BLES11）. It was found 
that with 10％ cholesterol added to BLES films, a low（close 
to 1 mN/m）value of surface tension, similar to normal LS, 
could have been sustained for a period of time. Samples 
that contained BLES＋20％ cholesterol however could not 
attain a low γ11, 19）. 

Cholesterol and LDL are difficult to remove since they 
are lipids. Cholesterol also has a high affinity for DPPC23）. 
The phospholipid DPPC having two saturated palmioyl 
chains can pack tightly in films（and thus produces gel 
domains）due to their chains being in the all-trans confor-
mation48, 49）. Cholesterol will normally fluidize these chains 
or cause packing perturbation and such films would not be 
expected to reach low γ7, 9, 23）. However, when present in 
physiological amounts, they may also rigidify the fluid 
chains of fluid phospholipids such as 16:0/18:1（palmitoyl-
oleyl-PC）which are also present in significant amounts in 
BLES（Fig. S1（b））. This balance of rigidity of chains in LS 
may be overturned by excess cholesterol, mainly since 
cholesterol is difficult to remove from the lipid environ-
ment either by increasing compression or multiple cycling 
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as evident from Fig. 3（a）. These effects are far more 
evident and dramatic for serum and LDL, suggesting possi-
bly cholesterol may not be the only factor in surfactant in-
hibition. Their inability to be removed would interfere with 
the tight packing of DPPC lipids as well as the DPPC gel 
domain formation in the surfactant monolayer. Previously 
hole-like domains and the absence of gel domain structure 
has been observed on dysfunctional surfactants which had 
about twice the amount of normal cholesterol and prevent-
ed films from reaching low γ19）. 

By examination of the C15 values as seen in Fig. 3, it was 
evident that the compressibility of BLES films got dramati-
cally altered when serum or LDL were added. This might 
have been due to the competition of these materials with 
BLES for the formation of the monolayer or some portions 
of these materials may have somehow bound to BLES mol-
ecules and thus prevents the formation of a surface active 
film. Since serum and LDL contains proteins, it is possible 
that there may be a twofold mechanism of surfactant inhi-
bition.

4.4  Structure and Dysfunction
Atomic force microscopy（AFM）is a useful tool in 

imaging the structure（s）of biological systems, mostly due 
to its nano-scale resolution. Various previous studies have 
used the method to study lipid films as well as those with 
serum proteins7, 11, 15, 16, 27）. Our study examined the effects 
of serum or serum components in the formation of BLES 
domain. It was concluded that serum materials separately 
or in conjunction with one another can prevent BLES 
domain formation by interacting with the DPPC lipids or 
forming their own monolayer film. Deposits of the same 
samples used in the monolayer studies were taken at γ 52, 
42, and 32 mN/m, respectively. Representative AFM images 
have been presented in Fig. 4. Prevention of BLES domain 
formation was seen in all but the 10％ cholesterol deposit γ
＝42 mN/m. This was likely to do with the physiological 
amount of cholesterol that was found in the lung somehow 
helping to form these domains, such as lipid rafts in cell 
membranes. Evident from Fig. 4, serum and LDL were able 
to form areas of holes and also their own domains. The 
domains in the holes were due to components of serum 
and LDL preventing surface active components of LS to 
adsorb so that they could not form a surface active film. 
The hole-like areas were perturbed DPPC gel domain rem-
nants or separate domains of serum components（possibly 
cholesterol esters）or a combination of both of both17）.

The ‘spiky’ area seen in the various samples, especially 
BLES＋10％ cholesterol, could possibly be the cholesterol 
domains, or in other cases, some combination of perturbant 
and BLES lipids. Previous studies with low amounts of 
cholesterol（2-8 wt ％）in DPPC and BLES films, suggested 
that the lipid remains in the films at high compression by a 
unique mechanism rather than being directly removed 

from the film by squeeze-out to the subphase23, 25）, By AFM 
and fluorescence, it was observed that cholesterol in highly 
compressed films form multi-layer structures, as well a 
possibly crystallizes into solid forms, above the plane of the 
monolayer. Upon expansion these structures are re-ad-
sorbed or dispersed back in the films23, 25）.

Domain height is due to the tilting of the DPPC fatty acid 
chains in gel phase, more perpendicular with respect to the 
plane of the monolayer, compared to those in the fluid 
phase as shown in Fig. S3（a）. Cholesterol when added in 
excess completely abolished any domain formation. This 
was due to the fact that when cholesterol exceeds the 
DPPC concentration, the sterol may start to interact with 
the unsaturated lipids and thus completely keep the mono-
layer in a fluid state11）. Previous AFM and fluorescence 
studies suggest that normally soluble proteins or other 
bulky perturbants were preferably adsorbed in the fluid 
phase of lipid films because of the loose packing of the 
lipids in that phase15, 17）. This most often resulted in de-
creased size and amount of gel or condensed domains as 
the addition of the perturbant increased. An earlier study 
using fluorescence microscopy showed that high concen-
trations of serum had caused the formation of smaller 
BLES domains possibly due to its presence in the fluid 
phase which inhibited DPPC lipids to segregate into gel 
domains upon compression17）. Also in the present case the 
domains that were not probed, may have been formed by 
serum component. In agreement with these findings, an 
even earlier study showed how injuriously ventilated lungs, 
similar to diseased lungs, showed increases in serum 
protein and cholesterol19）. Detail mechanisms for the for-
mation of different types of domains in these “diseased” 
lungs was proposed in that study. In the present case, very 
few, if any, DPPC-rich domains were present at low surface 
tension（more compressed films）and these domains are no-
ticeably smaller and covered less of the total surface area, 
despite similar DPPC content. These intermediate domains 
were found to contain areas of some fluidity seen from 
non-exclusion of fluorescent probes19）. This is viewed as 
different types of domain height differences between the 
two phases in AFM（25）. The larger heights of the gel 
domains（circular areas）are due to tilting of the fatty acyl 
chains of the PLs in gel phase when there occurs a tighter 
packing induced by lateral compression of the films as well 
as due to the molecules’ orientation being more perpen-
dicular to the air-water interface11, 25）.

4.5  Bilayer Phase Changes 
Raman spectroscopy is a very useful technique to study 

various materials because it is a non-invasive method. It 
does not require the use of a probe, intensive sample prep-
aration, as well as its low intensity laser prevents samples 
from local heating or photo degradation. Raman spectros-
copy involves the study of vibrational modes of a system. It 
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can be used to study solids and even liquids and solutions 
because water is Raman inactive unlike Fourier transform 
infrared spectroscopy（FTIR）where water vibrations at 
3000 cm－1 and H-bonding suppress the hydrocarbon vibra-
tions peaks at the 2000-3000 cm－1 range28－31）. Figure 6 de-
scribes the variation in the Raman shift for adsorbed BLES 
film in the absence and presence of different additives. It is 
noted that there occurs an upshift in the νs CH2 peak posi-
tion with an increase in temperature. The shift in wave 
number in higher numbers implies an increase in the fluidi-
ty of the system. Since the fluidity of BLES bilayers gets 
directly affected by additives, it is assumed that the films 
formed from such bilayers would also lead to an increase in 
fluidity48, 49）. Serum and LDL addition seem to cause a more 
fluid bilayer at all temperatures and it is probably due to 
this fluidity that prevention of BLES domains formation 
occur in the films, thereby inactivating a functioning sur-
factant or by the lipids ability to be tightly packed. 

The bilayer phase changes observed from the order pa-
rameter profiles（Fig. 6）from the Raman spectra suggest 
that LDL and serum alters the fluidity of such membranes, 
however excess cholesterol does not show any significant 
effects. It is also puzzling to notice how the cholesterol or 
its ester in LDL directly affects the BLES bilayers, since 
the esterified form of cholesterol in LDL（or in serum LDL）
cannot directly enter BLES bilayers simply by lipid ex-
change, since in normal situations these are entered into 
type II cells by the receptor mediated pathway. Whatever 
be the case, certain materials from LDL and serum seem to 
cause fluidity changes of bilayers as detected in the Raman 
spectroscopy, and this causes possible structure-function 
changes in the films being adsorbed from such bilayers. 
Previous studies had shown that cholesterol can interact 
with SP-B and SP-C in LS bilayers which were present in 
BLES43）. Other studies using NMR and X-ray diffraction 
show cholesterol to slightly increase the order parameter 
of BLES bilayer in the gel phase albumin to induce specific 
fluid-like domains in such bilayers48, 49）. Although these 
studies do not suggest any clear cut mechanism of bilayer 
interactions of LDL and serum with BLES, our Raman data 
clearly suggest possibilities of different modes of interac-
tion of these serum materials with BLES compared to cho-
lesterol in normal or excess amounts. It is possible that the 
apo-proteins present in LDL as well as serum soluble pro-
teins such as albumin and others could have probably in-
teracted with SP-B/SP-C present in BLES and thus causes 
the changes in BLES bilayers, other than the effects 
already induced by cholesterol or its esters45）. There may 
possibly be a dual mechanism involved here requiring 
further investigation with serum or LDL protein compo-
nents. This could be considered as the future perspective. 

5  Summary and Conclusions
Complete physicochemical studies involving the compo-

sition, functionality and structure of the adsorbed BLES 
films in the absence and presence of three additives, viz., 
cholesterol, serum and LDL were performed. The study in-
cludes the patho-physiological amounts of these materials 
found in lungs in disease. The additives altered the bilayer 
and film packing, surface activity and structures of surfac-
tant, suggesting possible molecular rearrangement and dis-
ordering of surfactant in disease. Since excess cholesterol 
or its esters may actually arrive inside the lung through 
LDL transport, it is cholesterol that is the most potent in-
activator of LS, than leaked soluble serum proteins, since 
lipids are far more hydrophobic and more difficult to 
remove from films during dynamic cycling. Whole serum, 
serum proteins and its lipid components may specifically 
interact with the surfactant films and bilayers by either 
separate mechanisms, or synergistically. In future studies, 
specific lipid components of serum such as HDL, One of 
the major studies requires the specific separation of serum 
lipid and serum protein fractions and observing their struc-
ture-function correlations in inactivating surfactant, is cur-
rently undergoing in our laboratory. The specific molecular 
re-arrangements observed in our study of domains in films 
need to be further explored in detecting the exact compo-
sition of the variety of domain structures using possibly 
fluorescently labelled LDL, cholesterol and serum proteins. 
However these studies need to be conducted in a manner 
using similar sets of biophysical methods which yield struc-
ture-function correlates of bilayers and films, as well as 
uses patho-physiological amounts of materials, so that an 
over-simplification of the models in previous studies can be 
rectified.
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Figure S1: MALDI-TOF mass spectrometry spectra of (a) BLES and (b) serum lipids (c) LDL 

and (d) table of serum lipids by Iatroscan. For the BLES sample, DPPC was the most abundant. 

As for the serum lipid extract, cholesterol was the most abundant. Several other phospholipid 

classes are detected in the 700+ m/z range.   
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Figure S2. Effects of serum, cholesterol, and LDL on (a) minimum and (b) maximum surface 

tension achieved by BLES films for 5 cycles of compression-expansion. Three sets of 

independent experiments were performed and the graphs are indicative of the mean of each 

sample (n=3, error bars are standard deviation of the mean). The standard deviation is 

represented by error bars.  









 
 
Figure S3. Height differences (section analysis) between the gel and fluid phases of the AFM 

image of BLES + additive films at γ 52, 42, and 32 mN/m for (a) pure BLES and BLES with (b) 

10wt% serum, (c) 20wt% serum, (d) 10wt% cholesterol, (e) 20wt% cholesterol, (f)10wt% LDL 

and (g) 20wt% LDL. Both three dimensional (3D) and sectional analysis  
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Figure S4: Raman spectra of the 2800-3000 cm-1 range for (a) BLES, (b) BLES + 10wt% serum, 

(c) BLES +10wt% cholesterol, and (d) BLES + 10wt% LDL. Each graph is a representative of 

three different experimental trials. Similar trends were shown for BLES and BLES + 20wt% 

serum, 20wt% cholesterol, and 20wt% LDL samples. Temperature range indicated from 100C-

400C, and was chosen, since BLES shows a broad thermotropic (gel to liquid crystalline) phase 

transition between the range as well as a midpoint of transition at 270C as determined previously 

by Raman and scanning calorimetry (Nag et al., 2002). Note the shift of the 2848 cm-1 band at 

100C to 2855 cm-1 at 400C.  The shift is characteristic of the BLES system, melting from gel to 

liquid crystalline phase. The spectra in (b) had a large noise to signal ratio, which was similar to 

the ones observed for serum. This could be due to protein auto-fluorescence from the serum 

soluble proteins.  

 



Physicochemical studies on local anaesthetic
loaded second generation nanolipid carriers†
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This study aimed to investigate the effect of hydrocarbon chain length of nonionic surfactants, Tween 40

and Tween 60, on the physicochemical properties of nanostructured lipid carriers (NLCs). Two local

anaesthetics, lidocaine (LIDO) and procaine hydrochloride (PRO$HCl), were incorporated in the NLCs.

NLC formulations were prepared using sorbitantristearate (Span 65), soy lecithin (SLC) and stearic acid

(SA) in a 2 : 2 : 1 mole ratio employing the hot homogenization technique. The systems were

characterized by combined dynamic light scattering (DLS), transmission electron microscopy (TEM),

differential scanning calorimetry (DSC) and spectroscopic studies. The formulations were found to be

stable up to 60 days when kept at 4 �C. NLCs stabilized by Tween 60 were superior to the

corresponding Tween 40 based formulations. A spherical morphology with smooth surfaces was

evidenced by TEM measurements. DSC and polarity studies indicated that LIDO altered the crystallinity

of the lipid matrices as it could insert into the core of the NLC. Entrapment efficiency (EE) and loading

content (LC) studies revealed that Tween 60 stabilized NLCs have better drug loading capability than the

Tween 40 based formulation. Controlled and prolonged drug release was experienced by Tween 60

stabilized drug loaded NLCs as studied by in vitro release kinetics. The developed NLCs could thus be

considered to have prospects as novel drug carriers for controlled/sustained release to improve the time

duration of anaesthesia, especially for topical application.

1. Introduction

For decades, attempts have been made to develop promising
drug carriers associated with improved bioavailability,
increased therapeutic activities and sustained release using
lipid and polymeric nanoparticles.1–5 However, it has not yet
been possible to develop a single suitable drug delivery system
with all the advantages. Different types of drug carriers have
been designed using polymers, lipids and/or their composites;
each one having its own merits and demerits.4,6–14 Attempts
towards developing efficient drug delivery systems experienced
limited success in the pharmaceutical markets. The present day
drug delivery systems include nanoemulsion,13 polymeric
nanoparticle,8 liposome,9 solid lipid nanoparticle (SLN)15 and
nanostructured lipid carrier (NLC), a modied form of SLN.5

Hecht et al. and associates researchers have made a signicant
contribution in developing different drug delivery systems.

These include the polymeric nanoparticles,16 micellar nano-
particles,17 peptides,18 disaccharides moieties of bleomycin,19,20

etc. It has been found that some other peptide based drug
delivery systems, however, endure poor intracellular delivery
and target specic selectivity.18,21 The major drawbacks associ-
ated with nanoemulsions include its physical wavering due to
the partitioning of drug into the aqueous phase. Besides, the
controlled release cannot be assured due to the high mobility of
drug incorporated in the system.12,13,22 Polymeric nanoparticles
suffer from its precincts, viz., cytotoxicity during internalization
and degradation inside the cell, non feasibility of large scale
production, etc.16,17,23 Also the polymer based drug delivery
systems are susceptible to some chemical transformations, viz.,
hydrolysis during storage and the resulted metabolites may be
responsible for some serious toxicity.8,10,24,25 Although the
aforementioned limitations could successfully be overcome
with the advent of small molecule based drug delivery systems
and liposomes, however, such systems suffer from limitations
like the physical unsteadiness, drug leakage, non-specic
clearance, cellular penetration efficiency, selectivity and high
cost of the excipients, etc.9,19,20,25,26

Since 1990, solid lipid nanoparticles (SLNs) have extensively
been explored as potential drug carriers.2,15,27,28 SLNs are typi-
cally spherical particles with an average size between 100–1000
nm.29 The components of SLNs are biocompatible and
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biodegradable under physiological conditions that minimize
the risk of toxicity. The lipids used are solid under physiological
condition. It has been reported that the SLNs are capable to act
as suitable drug carrier, stable in gastrointestinal uids and
provide improved bioavailability to the drugs.1,2 SLNs form
highly crystalline lattice due to structurally (hydrocarbon chain)
similar lipids which subsequently can afford limited space to
drug molecules; this eventually results in the rapid drug
expulsion during storage. Such limitation of SLNs could be
overcome with the introduction of its modied form, known as
nanostructured lipid carriers (NLCs). NLCs usually comprise
structurally dissimilar lipidic components; the mismatch in the
hydrocarbon chain results in the generation of multicrystalline
lipid matrices. Presence of imperfection/void spaces can
accommodate signicant amount of drug. Subsequently, NLCs
can have high entrapment efficiency, loading content,
controlled drug release, long term physical stability, preserved
chemical degradation of drug during storage, etc.5,14,30–33 It has
also been reported that NLCs can act as suitable carriers for
both hydrophilic and lipophilic drugs.34 Because of their unique
particle size (100–1000 nm), internalization of such drug
delivery systems into the cells become efficient; this facilitates
site specic delivery of therapeutic agents.35,36 Research on
NLCs have thus gained signicant importance because of their
perspective, yet unexplored application potentials as drug
delivery systems for the different routes of administration with
an aim to improve the biodistribution and therapeutic
efficacy.5,31

Different types of monoglycerides, diglycerides, triglycerides,
waxes, phospholipids and fatty acids have extensively been used
to develop NLCs.29However, use of sorbitan tristearate (Span 65)
as one of the lipidic component in preparing NLCs is not
common in literature, in spite of its biocompatibility.37 It is not
unexpected that imperfection/void spaces in the NLC matrices
would exist if it is used in combination with soy lecithin and
stearic acid. Hydrocarbon chain of the stabilizers also has
pronounced effect on creating imperfections. The effect of
stabilizers on the solution phase behavior and thermal prop-
erties of NLC such as temperature of maximum heat ow (Tm),
peak width at half maxima (DT1/2), change in enthalpy (DH),
heat capacity (DCp) and crystallinity index (C.I.) have not
meticulously been investigated. The hydrocarbon chain
mismatch is expected to make the formulation as a novel carrier
for lipophilic, hydrophilic as well as amphiphilic drug mole-
cules. The study related to drug location in NLC is exceptional
in literature and more investigations are warranted in this
regard. Location of the drugs in the NLC could be predicted
with the help of spectroscopic as well as thermal investigations.
In addition, inuence of hydrocarbon chain length on the
entrapment efficiency, loading content and release kinetics are
not well established for this type of small molecules loaded in
NLC. Our present study is intended to explore such systems on
the basis of detailed physicochemical characterization.

Lidocaine (LIDO) and procaine hydrochloride (PRO$HCl)
are frequently used as local anaesthetics for topical applica-
tion.24,38,39 Both LIDO and PRO$HCl are frequently used in
order to get relieves from pain itching, burn and cutaneous

inammation, etc.40 They induce pain relief by blocking fast
voltage-gated sodium channels in the cell membrane of post-
synaptic neurons. Thus they prevent depolarization and inhibit
the generation and propagation of nerve impulses.41 LIDO and
PRO$HCl are marketed as Xylocaine® and Novocaine®
respectively.38,42 While considering the aforementioned dermal
applications, it is one of the essential condition that the drug
should preferably remain on the skin surface, thus minimizing
its side effects.43,44 Besides, in case of topical formulation, it
should be ensured that there should be adequate localization
of drug,40 as well as sustained release.38 In spite of a number of
available reports on local anaesthetics loaded drug delivery
systems, however, no such single system have been found to be
completely prudent in terms of topical applications. The major
drawbacks of local anaesthetics in topical applications are
characterized by cutaneous lesions, urticaria, edema, etc.43,44

However, the major concern using LIDO or PRO$HCl is its
penetration through skin which subsequently increase the
plasma level in blood.45 Studies demonstrated by different
researchers24,38,40 suggest that the severe side effects can dras-
tically be reduced when loaded in suitable drug delivery
system. Carafa et al.40 have made a comparative study on the
permeability of LIDO and its protonated form (LIDO$HCl).
They have found that for classical liposome formulations
permeability of hydrochloride derivative (LIDO$HCl) was less
than the corresponding free base. It was rationalized on the
basis that the free base, being more lipophilic, could permeate
through the hydrophobic membrane bilayer than the hydro-
chloride derivative. We tried to ensure the validity of this
rationalism for NLC formulation using LIDO and PRO$HCl. In
order to prolong the anaesthetic effect and reduce dose
frequency as well as the skin irritation caused by the high dose
of anaesthetics, such formulations are considered worthy to be
investigated.

The present study endeavours to investigate the effect of
hydrocarbon chain length of the stabilizers (herein Tween 40
and Tween 60) on the formulation and physicochemical prop-
erties of NLC. NLCs were prepared by mixing sorbitan tristea-
rate (Span 65), soy lecithin and stearic acid by way of hot
homogenization technique in the absence and presence of
varying amount of two local anaesthetics, LIDO and PRO$HCl.
Dynamic light scattering studies were performed to determine
the hydrodynamic diameter (dh), polydispersity index (PDI) and
zeta potential (Z.P.) of the NLCs. Thermal behaviour and the
associated parameters, viz., temperature of maximum heat ow
(Tm), crystallinity index (CI), enthalpy change (DH) and heat
capacity change (DCp) of the lipid matrices in the absence and
presence of the anaesthetics were evaluated by differential
scanning calorimetry (DSC). Location and subsequent state of
polarity of the drugs were investigated by UV-visible absorption
spectroscopy. Furthermore, entrapment efficiency (EE), loading
content (LC) and in vitro release kinetics of the drugs from the
NLCs were studied. It is believed that the limitations of LIDO
and PRO$HCl can be circumvented by incorporating them in
NLC which are expected to release the anaesthetic in controlled
and prolonged fashion at the site of action, even when present
in high dose.
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2. Experimental section
2.1. Materials

Sorbitan tristearate (Span 65, 99%) was purchased from S. D.
Fine-Chem Ltd., India. [(2R)-2,3-Di(tetradecanoyloxy)propyl]-2-
(trimethylazaniumyl) ethyl phosphate (soy lecithin, SLC, 98%)
was a product from Calbiochem, Germany. Stearic acid (99%) as
well as the nonionic surfactants polyoxyethylene (20) sorbi-
tanmonopalmitate (Tween 40) and polyoxyethylene (20) sorbi-
tanmonostearate (Tween 60), all of 98% purity, were purchased
from Sisco Research Laboratory, India. Lidocaine (LIDO, 98%),
procaine hydrochloride (PRO$HCl, 97%) and the dialysis bag
(12 kDa MWCO) were obtained from Sigma-Aldrich Chemicals,
USA. All the materials were used as received. HPLC grade
solvents from Merck, India were used. Double distilled water
with a specic conductance of 2–4 mS (at 25 �C) was used
throughout the experiment.

2.2. Methods

2.2.1. Preparation of NLCs. Nanostructured lipid carriers
(NLCs) were prepared by hot homogenization method followed
by ultrasonication.14,46 Quantitative amount of Span 65, SLC and
SA (2 : 2 : 1 M/M/M) was taken in a round bottom ask and was
dissolved in chloroform–methanol mixture (3 : 1, v/v). A thin
lm was generated in a rotary evaporator. The homogenized
thin lm was then heated at 70 �C (5–10 �C above the melting
point of all the lipidic components). Aqueous Tween solution
(10 mM, preheated was stirred at 1000 rpm using a magnetic
stirrer. The coarsely at same temperature) was then added to the
molten lipid mixture and emulsied dispersion was then
exposed to ultrasonication for an hour (Takashi U250, Tokyo,
Japan). The clear medium was then cooled down to room
temperature whereby the stable NLC formulation was achieved.
The total lipid concentration for all the formulations was kept
constant at 5 mM and 10 mM nonionic surfactants (Tween 40
and Tween 60) were used separately as the stabilizers. Different
formulations were prepared as either blank-NLC and LIDO or
PRO$HCl loaded NLC whereby the drug concentration was
varied in the range of 0.5–2.5 mM.

2.2.2. Instrumentation. The mean particle size, poly-
dispersity index (PDI) and zeta potential (Z.P.) of the NLCs in
the absence and presence of the two drugs were investigated by
dynamic light scattering (DLS) studies (Zetasizer Nano ZS90,
ZEN 3690, Malvern Instrument Ltd., U.K.). Data were recorded
at 90� using a He–Ne laser (632.8 nm). Prior to measurement all
the samples were ltered using 0.45 mm cellulose nitrate
membrane. Considering apparent spherical geometry, surface
area of the NLC was calculated. Taking into account of the
average molecular cross sectional area of the individual lipidic
components, the NLC concentration was found to be of the
order of 25 nM for an overall 5 mM lipid concentration. It is also
assumed that at this fairly dilute concentration the inter particle
interaction was insignicant. Shape and morphology of the
NLCs were investigated by transmission electron microscopy
(TEM, Hitachi, Japan). UV-visible absorption spectra of drug
loaded NLCs were recorded by a UV-visible spectrophotometer

(UVD-2950, Labomed Inc., USA) in the range of 200–400 nm;
corresponding NLC without the drug was used as reference.
Thermal analyses were carried out using a differential scanning
calorimeter, DSC 1 STARe system (Mettler Toledo, Switzerland).
Samples were sealed in 40 mL standard aluminum pans and
were quickly equilibrated in the temperature range of 15–80 �C
within 15 min. DSC scan was performed with a scan rate of 2 �C
min�1 in the temperature range 15–80 �C under nitrogen purge
for both heating and cooling cycles. Corresponding surfactant,
used as stabilizer for NLC preparation, was used in the refer-
ence pan. Thermal parameters, viz., temperature of maximum
heat ow (Tm), peak width at half maximum (DT1/2), changes in
enthalpy (DH) and specic heat capacity (DCp) were evaluated
using DSC-STARe soware. Entrapment efficiency (E.E.) and
loading content (L.C.) of both LIDO and PRO$HCl loaded NLCs
were evaluated by measuring the free drug concentration in the
continuous phase of the NLC dispersion.47 Briey, 10 mL of
drug loaded NLC dispersion was centrifuged at 10 000 rpm for 1
h at 4 �C (REMI, India). The drug loaded NLC thus got precip-
itated. The amount of free drug in the supernatant was quan-
tied by measuring the absorbance at 264 nm and 293 nm for
LIDO and PRO$HCl respectively (absorbance maxima of the
drug in the Tweens). Entrapment efficiency (E.E.) and loading
content (L.C.) were subsequently calculated by the following
equation:47,48

% E:E: ¼ weightintotal � weightfreedrug

weightintotal
� 100 (1)

Loading content% ðLCÞ ¼
�

Wa �Ws

Wa þ Ws �Wl

�
� 100% (2)

where,Wa,Ws andWl were the weight of drug added in the NLC,
analyzed weight of drug in supernatant and weight of lipid
added in NLC, respectively. In vitro release kinetics was moni-
tored by conventional dialysis bag method using aqueous
surfactant solution as the release medium.14 Dialysis bag
(MWCO12 kDa) was soaked in the corresponding release
medium overnight. Freshly prepared 10 mL drug loaded NLC
dispersion was placed in the dialysis bag sealed and immersed
in a beaker containing 50 mL of release medium with constant
stirring. 2 mL of the aliquot was withdrawn at different time
interval and was replaced by 2 mL of fresh release medium to
maintain the sink condition. Quantication of LIDO and
PRO$HCl was made colorimetrically at 264 and 293 nm
respectively.

All the experiments, except the calorimetric studies, were
carried out at controlled room temperature (25 �C). An average
of three measurements has been reported for each set of
studies.

3. Results and discussions
3.1. DLS studies

Hydrodynamic diameter (dh), polydispersity index (PDI) and
zeta potential (Z.P.) values are some of the stability indicators of
NLC formulation.49 Effect of hydrocarbon chain length of the
Tweens and drug payload on dh, PDI and Z.P. values of different

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 26061–26070 | 26063

Paper RSC Advances

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
O

T
A

G
O

 o
n 

15
/0

7/
20

15
 1

1:
42

:4
2.

 
View Article Online

http://dx.doi.org/10.1039/c4ra16434b


NLC formulations were studied by DLS technique. dh–time
proles for different NLC formulations in the absence and
presence of the drugs have been presented in Fig. 1. dh values
were found to be dependent on the type of Tween surfactant as
well as on the nature and concentration of the local anaes-
thetics. NLC formulations were stable upto 60 days, aer which
phase separation of the components was noticed. Size of the
blank NLCs depended on the hydrocarbon chain length of
Tween. In case of Tween 40 stabilized NLC, size varied in the
range of 250–475 nm; for Tween 60 the values were in the range
of 43–75 nm. In both the cases dh values increased with time.
Increase in hydrodynamic diameter was due to the structural
reorganization of the lipidic components as well as the Ostwald
ripening process, common for the colloidal dispersions.50,51 Size
constriction, in case of Tween 60 stabilized systems, compared
to Tween 40, can be rationalized by considering the insertion of
the hydrocarbon chain of Tweens into the NLC matrices, as
proposed in Scheme 1. Because of its similarity in the hydro-
carbon chain length with the other lipidic components (stearic
acid and Span 65, both having C18 hydrocarbon chains), Tween
60 could get inserted in a better way than Tween 40. Size of the
drug loaded NLC formulations depended on type of the Tweens
used as well as the anaesthetics and its concentration. While
LIDO led to an overall increase in the size of the NLC formu-
lations, for PRO$HCl loaded systems, the effects were less
signicant. PRO$HCl, being ionic in nature, is expected to
reside on the palisade layer of the NLCs. On the contrary, LIDO,
being more lipophilic, is expected to get inserted into the lipidic
core to higher extent, which subsequently results in the size
enhancement of the NLCs. However, insertion of LIDO into the
NLC core resulted in an increase in polydispersity as well. In
fact, similar observations were experienced while considering
the PDI values of the formulations. Results are shown in Fig. S1

in the ESI.† It was observed that for PRO$HCl loaded NLCs PDI
values were lower than the LIDO loaded systems. Results clearly
suggest that PRO$HCl comprising systems were more homo-
geneous than the other. It was also observed that in case of
PRO$HCl the PDI values did not appreciably change with time,
however for LIDO loaded systems signicant increase in PDI
value with time was noticed. Size of the NLCs decreased with
increasing LIDO concentration for Tween 40 stabilized systems.
On the contrary increasing concentration of LIDO resulted in
the size enhancement for Tween 60. This can further be ratio-
nalized on the basis of hydrocarbon packing of the Tweens in
the NLC core. The drug LIDO, being amphiphilic in nature,
enhances the adsolubilization of Tween 40 over the NLC
surface. However, in case of Tween 60, addition of LIDO, which
prefers to get deeply inserted into the NLC, will result in the
swelling of the NLC core; subsequently sizes of the formulations
were enhanced. Almost similar effect was noticed in case of
PRO$HCl.

Like other colloidal dispersions, NLC formulations are also
charged which impart the kinetic stability.52 Effects of drug
concentration on the magnitude of zeta potential are graphi-
cally shown in Fig. 2. In all the cases zeta potential values were
negative, due to the presence of the dissociated form of stearic
acid. Magnitude of negative zeta potential values were higher in
case of Tween 60 stabilized systems, suggesting higher

Fig. 1 Hydrodynamic diameter (dh)–time profile of NLCs (Span 65 +
SLC + SA, 2 : 2 : 1 M/M/M) dispersed in Tweens in presence of varying
concentration of drugs. Panel A: LIDO loaded NLC in Tween 40; panel
B: PRO$HCl loaded NLC in Tween 40; panel C: LIDO loaded NLC in
Tween 60 and panel D: PRO$HCl loaded NLC in Tween 60. 5 mM NLC
was dispersed in 10 mM Tweens in each case. Drug concentration
(mM): B, 0; O, 0.5; ,, 1; C, 2 and :, 2.5. Temp. 25 �C.

Scheme 1 Proposed model for the organization of lipids and drugs in
the NLC formulations stabilized by Tweens.

Fig. 2 Influence of LIDO and PRO$HCl on the (Z.P.) of NLCs (Span 65
+ SLC + SA, 2 : 2 : 1 M/M/M) dispersed in Tweens. Systems: B, LIDO-
Tween 40;O, LIDO-Tween 60;,, PRO$HCl-Tween 40 andP, PRO.
HCl-Tween 60. Temp. 25 �C. 5 mM lipid in the absence and presence
of the drug was dispersed in 10 mM aqueous Tween solution.
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dissociation of the fatty acid. In case of Tween 60, NLC surface is
less masked by the hydrophobic environment because of its
better insertion capability (as proposed earlier). Subsequently
dissociation of the fatty acid becomes easier compared to Tween
40. Magnitude of the negative zeta potential increased with
increasing LIDO concentration. LIDO being amphiphilic in
nature results in the adsolubilization of the lipidic components
for which the dissociation of the fatty acid becomes easier.

In case of PRO$HCl, as it is positively charged, it is not
unexpected that it will mask the zeta potential through inter-
facial adsorption and charge neutralization. However such
systems were found to be equally stable as the LIDO loaded
systems. Steric stabilization by the Tweens could prevent the
agglomeration of such NLC formulations.

3.2. Transmission electron microscopy (TEM) study

Shape and morphology of the NLCs were checked by TEM in
order to get more information about particle size and shape.
Spherical and smooth surface morphology of the NLCs were
observed (Fig. 3).

NLCs were almost spherical in shape within 100–500 nm
range, which were reected with the size data determined by
DLS. Smaller size, as obtained by the TEM studies, was probably
due to the drying phenomena during sample preparation.

3.3. Differential scanning calorimetric (DSC) studies

Results on the DSC studies are presented in Fig. 4–6, Table S2
and Fig. S2 (ESI†) respectively. Fig. S2 (ESI†) demonstrates the
general pattern of the endothermic and exothermic peaks
during heating and cooling scans respectively for LIDO loaded
NLC dispersed in Tween 60 aqueous solution. While the heating
curve was broader and shallow, the cooling curve was well
dened, more pronounced, narrow and sharp. This kind of
observation is not uncommon in the literature.53 As the
exothermic peaks were more prominent, hence the cooling
curves were taken into account for further data analyses. The
exothermic peaks of the drug free as well as drug loaded NLC
formulations were comparatively broader compared to the
previously reported systems.39 DSC cooling curves for different
NLC formulations in the absence and presence of drugs are
shown in Fig. 4. In case of drug free systems, signicant

difference in the Tm values were noted between Tween 40 and
Tween 60 stabilized NLCs. Tm values were 35.61 �C and 32.58 �C
for Tween 40 stabilized system, and Tween 60 stabilized systems
respectively. Decrease in the Tm value with decreasing size could
be explained by Thomson proposition.47,54–56 It has already been
observed from the DLS studies that the NLCs stabilized by
Tween 40 were larger than the Tween 60 stabilized systems.
Therefore it is not unexpected that the smaller entities would
have lower melting temperature than the larger particles.

Fig. 3 Representative TEM images of LIDO loaded NLC dispersion in
Tween 40 (A) and PRO$HCl loaded NLC dispersion in Tween 40 (B).

Fig. 4 DSC cooling curves of LIDO (panel A) and PRO$HCl (panel B)
loaded NLC dispersed in Tween 40; LIDO (panel C) and PRO$HCl
(panel D) loaded NLC dispersed in Tween 60. 5 mM NLC with Span 65
+ SLC + SA, 2 : 2 : 1 M/M/M, was dispersed in 10 mM aqueous Tween
solution. Concentration of drug (mM): 1, 0; 2, 0.2; 3, 0.5; 4, 1.0; 5, 1.5; 6,
2.0 and 7, 2.5. Scan rate 2 �C min�1.

Fig. 5 Effects of drugs on the temperature of maximum heat flow (Tm,
panel A), width of half peak height (DT1/2, panel B), change in enthalpy
(DH, panel C) and heat capacity (DCp, panel D) of NLCs (Span65 + SLC
+ SA, 2 : 2 : 1 M/M/M). 5 mM lipid was dispersed in 10 mM aqueous
Tween solution. System B; LIDO loaded in Tween 40: O; LIDO
loaded Tween 60: ,; PRO$HCl loaded Tween 40: and C; PRO$HCl
loaded Tween 60.
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Tm values progressively decreased with increasing LIDO
concentration (Fig. 5 panel A). The effect was less pronounced
for Tween 40 comprising systems than the Tween 60. Blank NLC
formulations with Tween 60 exhibited lower Tm values and it
continued for the LIDO loaded systems. In case of PRO$HCl, the
Tm value did not change appreciably with varying drug. Differ-
ence in the Tm values among LIDO and PRO$HCl loaded
systems could be rationalized by the same proposition as
mentioned in the DLS studies. LIDO, being amphiphilic in
nature, can have higher penetration into the NLC core than
PRO$HCl. Thus the melting point are expected to decrease due
to the added drug. For PRO$HCl, as the drug resides preferably
on the NLC surface, hence it could not signicantly perturb the
packing of hydrocarbon chains in the NLCs. Studies on the
thermal behaviour of the drug loaded NLC formulations thus
could shed light on the location of the drugs.

Wide peaks indicate the presence of multicrystalline entities
in the NLC formulation. Effect of drug on the thermal behaviour
of NLCs were further scrutinized through the DT1/2–drug
concentration prole (Fig. 5 panel B). Herein DT1/2 represents
the peak width (thermal scan) at half maximum. Higher DT1/2
indicates multicrystallinity or crystal imperfection as well as the
mismatch/adsolubilization of the lipidic components, espe-
cially induced by drugs. Panel B of Fig. 5 implies that the DT1/2
values were higher for Tween 60 stabilized systems. Also for this
surfactant, the DT1/2 value for both the drugs decreased with the
increasing drug concentration. For Tween 40 based formula-
tions, variation in the DT1/2 values with drug concentration was
less signicant. Results further support our proposition as
already mentioned previously. Adsolubilization of the lipidic
core by LIDO resulted in the lowering of DT1/2 values. In case of
PRO$HCl loaded systems, as the drug was only adsorbed onto
the NLC surface, addition of this drug could not signicantly
alter the DT1/2 values.

Changes in enthalpy values for the drug free systems were
higher than the corresponding drug loaded NLC formulations
(shown in the panel C of Fig. 5). However the DH–drug
concentration proles were different for LIDO and PRO$HCl.

While for LIDO loaded NLCs, the DH values decreased monot-
onously, however in case of PRO$HCl the DH values did not
change appreciably with added drug. Increase in multi-
crystallinity with increasing drug concentration would effec-
tively result in decreased DH value. As LIDO is capable of
perturbing the lipid core structure, its progressive addition
would result in the decrease of DH values. On the other hand,
PRO$HCl predominantly resides on the NLC surface; hence its
impact on the hydrocarbon chain packing was less prominent.
Similar trend in the DCp vs. drug concentration prole (panel D,
Fig. 5) further supports this proposition.57

Crystallinity index (CI) is another DSC derived thermal
parameter which can highlight the effect of drug on the
molecular packing of the NLC components. Usually percentage
of crystallinity index is compared with respect to the drug free
system (blank NLCs are considered to be 100% crystalline). CI
value can be derived from the DSC data using the following
equation:58–60

CIð%Þ ¼

enthalpyðNLCÞ � 100

enthalpyðblank NLCÞ � concentration lipidphase ð%Þ � 100 (3)

Effects of LIDO and PRO$HCl on different formulations are
shown in Fig. 6. NLC crystallinity (with respect to the corre-
sponding blank formulation) progressively decreased with
increasing LIDO concentration. This was due to the adsolubi-
lization of the lipidic components by LIDO; which resulted in
the soening of the packed lipidic components. In case of
PRO$HCl although the CI values decreased initially, however as
the drug predominantly resides on the NLC surface, it hardly
could alter the molecular packing of the lipidic components.

3.4. UV-visible absorption spectral studies

UV-visible spectral study is a simple yet informative approach to
understand the localization of the drug loaded in NLCs. State of
polarity of the drugs and the local environment of the NLCs
were evaluated by spectroscopic analysis whereby the drug
molecules themselves were used as molecular probes. Absorp-
tion spectra of drug loaded NLCs were recorded in the wave-
length range 200–400 nm. Polarity of the local environment of a
drug incorporated in NLC can greatly affect its spectral
behavior;61,62 spectra of the drugs were also recorded in solvents
of different polarities to make comparisons. UV-visible spectra
of the drugs loaded in NLC as well as in different solvents are
shown in Fig. 7. Absorption maxima of the drugs were found to
be dependent on the polarity of themedium, as shown in Fig. S3
(ESI†). Spectra were suitably processed to determine the ET (30)
value (details are provided in the ESI†)63 of the continuous
medium (both the different solvents and drug loaded NLCs).
There occurred a blue shi in the absorption maxima of both
the drugs with decreasing solvent polarity. In case of LIDO
loaded NLCs, the absorption maximum (lmax) appeared at 239
nm, very close to that of LIDO in n-hexane. It suggests that LIDO
being more lipophilic in nature could reside in the NLC core. In

Fig. 6 Effects of drug concentration on the degree of crystallinity of
NLC (5 mM, Span 65 + SLC + SA, 2 : 2 : 1 M/M/M). Systems: O, LIDO-
Tween 40; P, LIDO-Tween 60; B, PRO$HCl-Tween 40 and ,,
PRO$HCl-Tween 60.
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case of PRO$HCl the lmax value appeared at 291 nm, which was
in between the lmax of PRO$HCl in methanol and ethanol. This
conrms the localization of the drug on a more hydrophilic
environment, herein on the surface of the NLCs.

3.5. Entrapment efficiency (EE) and loading content studies

Efficiency of an NLC formulation in terms of its use as a drug
vehicle depends on its ability to incorporate/load/entrap the
quantity of a drug. Results are summarized in Fig. 8. Tween 60
stabilized NLCs exhibited superior entrapment efficiency and
loading content compared to the Tween 40 stabilized systems.
Such a phenomenon could be explained on the proposition as
mentioned earlier.47,54,55 Because of ionicity, efficiency in
entrapping PRO$HCl was less than LIDO in both the NLC
formulations (Tween 40 and Tween 60). While considering the
effect of drug concentration it was observed that the entrap-
ment efficiency increased upto 0.5 mM, beyond which it did not
change appreciably. This was due to the saturation of NLCs with
respect to the drugs. There was no signicant difference in the
drug loading content among the different formulations. The

drug loading content increased almost linearly with the added
drug concentration (panel B). However, to address this issue in
a better way, further studies are warranted using other drugs
which is considered to be one of the future perspectives.

3.6. In vitro release kinetics

Release kinetics of an entrapped drug from the NLC matrix
need to be investigated in order to assess the efficacy of the
formulation. Drug release kinetics studies were performed by
the conventional dialysis bag method, where the membrane
retained the drug bound to the NLC and allowed the free drug to
diffuse out into the release medium.1 In vitro release behavior of
the drugs loaded the NLC matrices have been demonstrated as
the percentage of cumulative release in Fig. 9 and 10. LIDO and
PRO$HCl showed 95.63% and 100% of release within 144 and 5
h respectively in Tween 60 solution. Parallel measurements
were carried out using the anaesthetics separately in the
absence of NLC. It has been proposed by Carafa et al.40 that the
diffusion of drug across the dialysis membrane was not the
limiting step of the overall diffusion process. Release of both
the drugs in presence of NLC was retarded compared to the
same in absence of NLC as also reported by others.64,65 Initial
burst release, followed by a sustained/prolonged for both the
drugs loaded in NLCs are not uncommon.24 Thus, NLC systems
could be considered to have potential application for sustaining
the release of both the anaesthetics. Results revealed that the
release rate of LIDO was slower as compared to that of
PRO$HCl. This could be accountable to the fact that LIDO,
being more lipophilic in nature, is inserted into the lipid core.
On the contrary, PRO$HCl is interfacially adsorbed on the NLC
surface owing to its ionic nature. While considering the initial
burst release, it was observed that the process was complete
when about 43% and 30% of PRO. HCl was released from the
NLC in Tween 40 and Tween 60 respectively. The corresponding
time was found to be 40 min. In case of LIDO, the values were
9% in Tween 40 and 6% in Tween 60 comprising systems
respectively. In both Tween 40 and Tween 60, the initial burst

Fig. 7 UV-visible absorption spectra of 1 mM LIDO (panel A) and
PRO$HCl (panel B) loaded in NLC as well as solvents of different
polarity; at 25 �C. Systems: , n-hexane; , acetonitrile;

, chloroform; , ethanol; , methanol and ,
drug loaded NLC respectively.

Fig. 8 Dependence of entrapment efficiency (E.E.) (panel A) and
loading content (L.C.) (panel B) of NLC (5 mM, Span 65 + SLC + SA,
2 : 2 : 1 M/M/M) on the concentration of drugs. LIDO loaded NLCs
dispersed in: B, Tween 40; O, Tween 60; and PRO$HCl dispersed in
,, Tween 40 and P, Tween 60. Each value represents the mean �
(S.D.) (n ¼ 3). Temp. 4 �C.

Fig. 9 In vitro cumulative LIDO release from NLC (5 mM, Span 65 +
SLC + SA, 2 : 2 : 1 M/M/M). System: LIDO loaded NLC dispersion in
Tween 40 (B), Tween 60 (,) and free LIDO in Tween 60 (O). Each
point represents the mean � (S.D.) (n ¼ 3). Drug concentration was
kept constant at 0.5 mM in each case. Temp. 25 �C.
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release was complete within 2 h. Results further support better
stabilization of LIDO in the NLC than the PRO$HCl which may
be considered on the basis of its higher lipophilicity than
PRO$HCl. Amount of the released drugs depended on the type
of Tween surfactant. In case of Tween 40 stabilized system, 35–
67% of the entrapped drug was released compared to 62–93%
release for Tween 60 stabilized system. Higher loading capacity
and larger imperfections for Tween 60 stabilized NLCs (in terms
of hydrocarbon chain packing) compared to Tween 40, were
responsible for this phenomenon.47,54,60

Data of the drug release prole were suitably processed and
scrutinized for different release kinetics models such as First
order, Higuchi, Korsemeyer–Peppas, Hixson–Crowell models.
No formulations followed pseudo rst order kinetics as reec-
ted through the non-linear variation in the release proles
(Fig. 9 and 10). The obtained data were tted into following drug
release models by using DDSolver 1.0, and Add-In program for
modeling and comparison of drug dissolution proles:66

Higuchi model: F ¼ kHt
0.5 (4)

Korsemeyer–Peppas model: F ¼ kkt
n (5)

Hixson–Crowell model: F ¼ 100[1 � (1 � kHCt)
3] (6)

First order model: F ¼ 100(1 � e�k1t) (7)

where, F is the percentage of the drug released, kH, kk, kHC and
k1 are the release rate constants of Higuchi, Korsemeyer–Pep-
pas, Hixson–Crowell and First order model respectively, t
represents the time lag of the dissolution process, and n is the
release exponent obtained from Korsemeyer–Peppas model.
Among all the four models, the best-t model was decided
based on the highest regression values (r2) for all the formula-
tions. The release rate constant was calculated from the slope of
the appropriate plots and regression co-efficient were accord-
ingly determined. The results are summarized in Table S2
(ESI†). Release kinetics for both the drugs followed

Korsemeyer–Peppas model. The regression coefficient (r2)
values of Korsemeyer–Peppas model for LIDO loaded in Tween
40 and Tween 60 were 0.99 and 0.95 respectively. In case of
PRO$HCl, the (r2) values were 0.99 and 0.94 respectively. The
release exponent (n) determined from Korsemeyer–Peppas
model for LIDO and PRO$HCl in both Tween 40 and Tween 60
stabilized NLCs were found to be less than 0.5 indicating release
mechanisms being controlled by Fickian diffusion in all the
systems. Values of release rate constants of LIDO loaded in
NLCs for the Korsemeyer–Peppas model were 6.84 h�1 and
10.25 h�1 for Tween 40 and Tween 60 respectively. However in
case of PRO$HCl, release rate constants were found to be
40.03 h�1 and 41.93 h�1 in NLCs stabilized with Tween 40 and
Tween 60 respectively.

4. Summary and conclusion

Nanostructured lipid carriers (NLCs) were formulated by using
Span 65, soy lecithin and stearic acid dispersed in aqueous
Tween 40 or Tween 60 solution. Tween 60 provided better
stabilization than Tween 40 because of its longer hydrocarbon
chain. Hydrocarbon chains of Tween 60 could penetrate to
greater extent than Tween 40 into the NLC matrices. TEM study
conrmed the spherical morphology of the NLCs with smooth
surface. Higher amount of LIDO could be encapsulated into the
NLC than PRO$HCl. LIDO resides in the core of the NLC for its
relatively higher hydrophobic nature. PRO$HCl, being ionic,
preferentially adsorbs over the NLC surface. Apart from the DLS
studies, DSC and spectroscopic investigations on the drug
loaded NLC further supported such proposition. Because of its
larger lipophilicity LIDO could be entrapped to greater extent
compared to PRO$HCl. In vitro drug release study revealed that
the lipidic matrices could act as promising vehicles for twomost
widely used local anaesthetics with controlled and prolonged
release. Biphasic release behaviour was experienced by all the
combinations. In order to further explore the viability, the
formulations may be subjected to in vitro studies under bio-
logical condition. Besides, the in vivo studies as well as some
clinical trials are warranted which are considered as the future
perspectives.
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1

Table S 1. Temperature for maximum heat flow (Tm), the width at half peak height (ΔT1/2), 

change in enthalpy (ΔH), heat capacity (ΔCp) and  percentage of crystallinity (C.I.) of blank as 

well as LIDO and PRO.HCl loaded NLC (5mM; Span 65+SLC+SA, 2:2:1 M/M/M).

[Drug]/ mM Tm/ ºC ΔT1/2/ ºC ΔH/kcal.mol-1 ΔCp/kcal.mol-

1C-1
CI ( %)

Lidocaine loaded NLC in Tween 40
0.0
0.2
0.5
1.0
1.5
2.0
2.5

35.61
35.53
34.77
35.07
35.40
34.51
34.39

2.01
2.16
1.96
2.02
2.14
2.08
2.08

5.83
4.77
4.89
4.57
4.00
3.27
2.91

10.40
8.63
6.12
5.95
5.18
3.18
2.65

100
81
83
78
68
56
49

Lidocaine loaded NLC in Tween 60
0.0
0.2
0.5
1.0
1.5
2.0
2.5

32.58
32.55
32.33
32.18
31.97
31.71
31.02

3.15
3.51
3.27
2.92
2.32
2.20
2.08

8.00
6.13
5.26
4.64
3.62
3.53
1.87

5.85
5.18
4.95
3.78
2.58
2.38
1.23

100
76
65
58
45
44
23

Procaine hydrocloride loaded NLC in Tween 40
0.0
0.2
0.5
1.0
1.5
2.0
2.5

35.61
32.60
32.38
32.08
32.18
32.45
32.40

2.01
2.02
2.00
2.34
2.10
2.02
2.01

5.83
2.89
2.56
2.75
2.46
2.38
2.31

10.40
4.36
3.76
3.28
3.12
3.01
2.83

100
49
43
47
42
40
39

Procaine hydrocloride loaded NLC in Tween 60
0.0
0.2
0.5
1.0
1.5
2.0
2.5

32.58
32.07
32.34
32.61
32.71
32.91
32.85

3.15
4.09
3.68
3.49
3.29
3.24
3.29

8.99
5.09
4.74
4.68
4.59
4.54
4.55

5.85
3.79
3.79
3.74
3.72
3.58
3.40

100
63
59
58
57
56
56

DSC measurements were performed on day one of sample preparation.

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2015
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Table S 2. Drug release kinetics profiles of LIDO and PRO.HCl loaded NLCs.

Formulation Korsemeyer-Peppas    Higuchi  Hixson-       

Crowell

First order

   r2   k   n   r2    k   r2    k   r2    k

LIDO-T40 0.99 6.84 0.283 0.98 2.35 0.93 0.001 0.93 0.002

LIDO-T60 0.95 10.25 0.333 0.91 4.47 0.87 0.002 0.90 0.007

PRO.HCL-T40 0.99 40.03 0.178 0.75 15.51 0.76 0.031 0.93 0.393

PRO.HCl-T60 0.94 41.93 0.256 0.86 0.271 0.90 0.036 0.92 0.446

*r2=regression coefficient, k= release rate constant, n=diffusional exponent.



3

Figure S 1. Variation in the polydispersity index (PDI) of NLCs (Span 65 + SLC + SA, 2:2:1 

M/M/M) with time in presence of varying concentration of drugs. Panel A: LIDO loaded NLC in 

Tween 40; panel B: PRO.HCl loaded NLC in Tween 40; panel C: LIDO loaded NLC in Tween 

60 and panel D: PRO.HCl loaded NLC in Tween 60. 5 mM NLC was dispersed in 10 mM 

Tween in each case. Drug concentration (mM) : Ο, 0; ∆ , 0.5; □, 1; ●, 2 and ▲, 2.5 . Temp. 25 

ºC.
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Figure S 2.  DSC heating (- - - -) and cooling (▬▬) thermogram of  2.5 mM LIDO  loaded 

NLC (5 mM, Span 65+SLC+SA, 2:2:1 M/M/M) dispersed in Tween 60 (10mM). Scan rate: 2 

ºC/min. 



5

ET (30)  value is defined as the molar electronic transition energy (ET) of dissolved probe 

molecule measured in kCal/mol at room temperature(25 ºC) and normal  pressure (1bar). It is 

expressed by the equation:

ET (30) = 28591/ λmax

where,  λmax is the wavelength of maximum absorption

Figure S  3. Dependence of absorption maxima (λmax) of LIDO (panel A) and PRO.HCl (panel 
B) on the ET30 scale of medium at 25 ºC.
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ABSTRACT: The impact of saturation and unsaturation in the fatty acyl
hydrocarbon chain on the physicochemical properties of nanostructured lipid
carriers (NLCs) was investigated to develop novel delivery systems loaded with
an anticancer drug, ursolic acid (UA). Aqueous NLC dispersions were prepared
by a high-pressure homogenization−ultrasonication technique with Tween 80 as
a stabilizer. Mutual miscibility of the components at the air−water interface was
assessed by surface pressure−area measurements, where attractive interactions
were recorded between the lipid mixtures and UA, irrespective of the extent of
saturation or unsaturation in fatty acyl chains. NLCs were characterized by
combined dynamic light scattering, transmission electron microscopy (TEM),
atomic force microscopy (AFM), differential scanning calorimetry, drug
encapsulation efficiency, drug payload, in vitro drug release, and in vitro
cytotoxicity studies. The saturated lipid-based NLCs were larger than unsaturated
lipids. TEM and AFM images revealed the spherical and smooth surface
morphology of NLCs. The encapsulation efficiency and drug payload were higher for unsaturated lipid blends. In vitro release
studies indicate that the nature of the lipid matrix affects both the rate and release pattern. All UA-loaded formulations exhibited
superior anticancer activity compared to that of free UA against human leukemic cell line K562 and melanoma cell line B16.

■ INTRODUCTION

Cytotoxic anticancer drugs are more reactive, more unstable,
and more diverse in terms of molecular structure and
physicochemical properties than other drug classes. At the
same time, their poor specificity and tendency to induce drug
resistance hinder the optimal performance in the case of
conventional chemotherapy. Cancer cells exercise a variety of
defense mechanisms at the cellular level to diminish the
activities of chemotherapeutic agents to which they are
exposed. These defense mechanisms are known as “cellular”
drug resistance. The most notable is the multidrug resistance
(MDR) phenotype, which involves active efflux of a broad
range of cytotoxic drug molecules out of the cytoplasm by
membrane-bound transporters.1−3 In recent years, it has
become more evident that the mere development of novel
drugs is insufficient to guarantee progress in drug therapy.
Nanodimensional drug delivery systems possess important

properties such as the increasing solubility of hydrophobic
drugs and the improvement of their bioavailability.4,5 Solid lipid

nanoparticles (SLNs) combine the advantages of emulsions,
liposomes, and polymeric nanoparticles; other favorable
qualities of SLNs include biocompatibility,6 improved solubility,
high bioavailability, controlled drug release,7,8 targeting effect
on brain,9 accessibility to large scale production,10 etc. It is
therefore not surprising that this relatively new class of drug
carriers is quickly being adopted for the delivery of various
anticancer compounds as the SLNs, comprising physiological
lipids, can minimize potential toxicity and enhance efficiency.11

However, because of the highly crystalline nature of pure solid
lipids or blends of solid lipids, drugs tend to be excluded,
leading to low loading capacity and drug expulsion during
storage. To overcome the limitations of SLNs, nanostructured
lipid carriers (NLCs) have evolved as alternatives. NLCs are
usually prepared from a mixture of spatially incompatible solid
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and liquid lipids. Assimilation of liquid lipids increases the
imperfections in the solid lipid matrix; furthermore, liquid lipids
can elevate the level of drug solubilization, allowing superior
accommodation for the hydrophobic drugs, which eventually
enhances the drug payload and reduces the level of expulsion of
the drug during storage.12−15 A blend of solid and liquid lipids
can form a stable NLC that remains in the solid state at body
temperature; thus, the drug release profile can be easily
modulated by varying the lipid matrix composition.16,17 More
important is the faster internalization of lipid nanoparticles into
cancerous cells, leading to greater potential in cancer
therapy.18−20

NLCs comprising a mixture of saturated (solid) and
unsaturated (liquid) triglycerides, phospholipids, and fatty
acids may be considered as an interesting alternative to
conventional combinations such as fatty acid and triglyceride, as
the blends are usually polycrystalline in nature and can enhance
physical stability, encapsulation efficiency, release behavior,
therapeutic efficiency, etc.17,19,21,22 Although a number of
reports about NLCs comprising saturated (solid) and
unsaturated (fluid/liquid) lipids are available in the liter-
ature,12−14,23 comparative studies describing the effect of
unsaturated lipids and saturated lipids on the physicochemistry
of NLCs are scarce. Thus, there has been ample research in the
field of NLCs, with special reference to the use of different
combinations of saturated and unsaturated lipids.
Ursolic acid (UA, 3β-hydroxy-urs-12-en-28-oic acid), a

natural pentacyclic triterpenoid found in different plant
species,24 possesses a wide range of bioactivities, viz., antitumor,
anti-inflammatory, antioxidant, antibacterial, antiviral, and
hepatoprotective effects.25−29 Recent studies have shown that
UA has potential antitumor effects and cytotoxic activity toward
various types of cancer cell lines.30−33 In spite of such potential,
the clinical application of UA is limited because of its poor
aqueous solubility, resulting in its low bioavailability and poor
in vivo pharmacokinetics. During the past decade, many
approaches have been developed to improve the solubility of
UA using polymeric nanoparticles,32−35 micronization,36 lipidic
nanoparticles,37,38 liposomes,30,39 salt formation,40 solid dis-
persions,40 inclusion complexes,41,42 microemulsions and nano-
crystals, etc.31 In spite of different attempts, it has not yet been
possible to develop a single optimal delivery system. Therefore,
the search for novel drug delivery systems is highly warranted
to improve the solubility, payload, and oral bioavailability of
UA. The aim of this study was to evaluate and compare the
saturated and unsaturated lipid comprising NLCs to determine
if differences in composition can alter the performance of these
systems. Saturated lipid [tribehenin (TB) and 2,3-di-
(docosanoyloxy)propyl docosanoate], unsaturated lipid (trier-
ucin (TE) and 2,3-bis{[(Z)-docos-13-enoyl]oxy}propyl (Z)-
docos-13-enoate], saturated fatty acid [behenic acid (BA),
docosanoic acid], and unsaturated fatty acid [oleic acid (OA),
(9Z)-9-octadecenoic acid] were used for these studies, keeping
the molar proportion of HSPC (hydrogenated soy phospha-
tidylcholine) constant for all the systems. Because the major
drawbacks of ursolic acid are lower drug loading and poor water
solubility, another objective was the development of UA-
encapsulated NLCs comprising different lipid matrices to
enhance drug loading, improve solubility, and increase oral
bioavailability.
Surface pressure−area isotherm studies of the pure and

mixed lipids as well as with ursolic acid in different
combinations were conducted to determine the nature of the

interactions between the lipids and the drug. Such studies can
also predict the location of the drug molecules. If UA molecules
prefer to stay at the interface of the NLCs, they would
definitely alter the surface pressure−area isotherm of the lipid
mixture. On the other hand, if the drug molecules prefer to stay
in the core of the NLCs, they would hardly have any impact on
the surface pressure−area isotherm of lipid mixtures. To
address this issue, surface pressure−area isotherms of the lipid
mixtures with varying amounts of UA were determined. The
influence of different lipids on the size, polydispersity index,
and ζ potential of NLCs was investigated in the absence and
presence of UA. Calorimetric studies of different formulations
in the absence and presence of UA were conducted with the
intention of determining the impact of the composition of
lipids as well as UA on the thermal behavior of NLCs. To
investigate the impact of saturated and unsaturated lipids on
UA entrapment efficiency (EE), loading content (LC) and
release kinetics of UA-loaded formulations were also assessed.
Finally, anticancer activities against human leukemic cell line
K562 and melanoma cell line B16 were evaluated to determine
the anticancer potential of UA-loaded NLCs. It is believed that
such a comprehensive study would eventually lead to the
formulation of novel drug delivery systems in the treatment of
cancer and to a clearer understanding of the fundamental
properties of NLCs.

■ MATERIALS AND METHODS
Materials. Ursolic acid (UA), tribehenin (TB), trierucin (TE),

behenic acid (BA), and oleic acid (OA) were purchased from TCI
Chemicals. Hydrogenated soy phosphatidylcholine (HSPC), a dialysis
bag (12 kDa molecular weight cutoff), DMEM, and RPMI 1640
medium with L-glutamine (Gibco), fetal calf serum, sodium pyruvate,
HEPES, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide], and trypsin were obtained from Sigma-Aldrich. Tween 80
was purchased from Sisco Research Laboratory. AR grade disodium
hydrogen phosphate (Na2HPO4·2H2O), sodium dihydrogen phos-
phate (NaH2PO4·2H2O), and sodium chloride (NaCl) were the
products of Merck Specialties Pvt. Ltd. Penicillins/streptomycin
(Biowest), gentamycin (Nicholas), dimethyl sulfoxide (DMSO),
sodium bicarbonate, and other chemicals/reagents were of analytical
grade and purchased from local firms. All the chemicals used were
stated to be ≥99% pure and used as received. Doubly distilled water
and high-performance liquid chromatography grade water were used
throughout the study. Human leukemic cell line K562 and mouse
melanoma cell line B16 were purchased from the National Facility for
Animal Tissue and Cell Culture (Pune, India). The K562 cells were
maintained in RPMI 1640, and B16 cells were maintained in DMEM
supplemented with 10% heat-inactivated FCS, 100 units/mL penicillin,
100 mg/mL streptomycin, and 100 μg/mL gentamycin. Both cultures
were maintained at 37 °C in a humidified atmosphere containing 5%
CO2. Mouse melanoma B16 cells are adherent in nature. During
subculturing of the cells, this adherence can be diminished by adding a
1× trypsin solution to the cell. In all the experiments, untreated
leukemic and melanoma cells were termed the control group.

Methods. Surface pressure (π)−area (A) isotherms of pure as well
as mixed monolayers (solvent spread) were obtained using a Langmuir
surface balance (Micro Trough X, Kibron, Helsinki, Finland). A
monolayer was generated by spreading an appropriate quantity of a
lipid solution dissolved in a 3:1 (v/v) chloroform/methanol mixture at
the air−water interface with a Hamilton microsyringe. The solvent was
allowed to evaporate for 15 min. After the generation and equilibration
of the monolayer film, the barriers were compressed at a rate of 5 mm/
min.

NLCs were prepared by the hot homogenization−ultrasonication
method as previously described.43 Briefly, quantitative amounts of
lipids (2:2:1 TB/TE:HSPC:OA/BA molar ratio) were dissolved in a
3:1 (v/v) chloroform/methanol mixture; the solvent was removed
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using a rotary evaporator. The thin film thus obtained was melted at 95
°C and dispersed in the preheated aqueous surfactant (Tween 80)
solution. The coarse emulsion was exposed to high-speed dispersion
for 1 h; the obtained pre-emulsion was sonicated for a period of 1 h
with a probe sonicator (Takashi U250, Takashi Electric) at 150 W/
kHz, maintaining the same temperature to produce nanoemulsions
that were allowed to cool to room temperature to produce the NLCs,
which were stored at 4 °C for further study. In the case of the drug-
loaded formulation, UA was premixed with the lipids while the thin
film was being generated. The total lipid concentration in the
dispersion was maintained at 5 mM in a 2:2:1 TB/TE:HSPC:OA/BA
molar ratio, and a 10 mM aqueous nonionic (Tween 80) surfactant
solution was used as a stabilizer. Different formulations, drug free or
loaded, were prepared. The drug concentrations were 0.125, 0.25, and
0.5 mM for all cases.
The mean particle size, population distribution, polydispersity

index, and ζ potential of the NLCs were measured in a dynamic light
scattering spectrometer using a Malvern Zetasizer Nano Series ZS90
instruments (Malvern Instruments, Malvern, U.K.) at 25 °C. The
shape, morphology, and surface topology of the NLCs were
investigated by transmission electron microscopy (TEM) (Hitachi,
Tokyo, Japan) and tapping mode atomic force microscopy (AFM)
(Nanoscope III, Bruker) studies.43 Calorimetric measurements were
performed using a differential scanning calorimetry (DSC) 1 STARe

system (Mettler Toledo). The DSC studies were performed in the
temperature range of −30 to 100 °C with a scan rate of 2.5 °C/min.
The phase transition temperature and other relevant thermal
parameters were evaluated from the obtained DSC thermograms of
respective samples using STARe Software version 11.00. The
entrapment efficiency (EE) and drug loading (DL) were determined
by the standard methods as reported previously.44 The UA content
was estimated with a UV spectrophotometer, measuring the
absorbance at 214 nm. The entrapment efficiency (EE) and drug
loading (DL) capacity of NLCs were calculated using the following
equations:

=
−

×
W W

W
EE% 100TC FC

TC (1)

=
−

− +
×

W W
W W W

DL% 100TC FC

TC FC TL (2)

where WTC, WFC, and WTL represent total amounts of UA, free UA,
and lipid, respectively. In vitro release of UA from the NLCs was
assessed using the standard dialysis bag method under sink conditions
over a 96 h period.
In Vitro Cytotoxicity Study of UA-Loaded NLCs. Log phase

K562 and B16 cells (1 × 105 cells, 100 μL cell suspensions) were
seeded in 96-well tissue culture plates. They were treated with freshly
prepared UA-loaded NLCs at different concentrations and different
incubation times at 37 °C in a humidified atmosphere containing 5%
CO2. Untreated cells served as the control. The cytotoxicity studies
were performed using the MTT assay, and the absorbance of the
colored solution was measured at a wavelength of 492 nm for K562
and at 570 nm for B16 cells by a microplate manager (reader type,
model 680 XR from Bio-Rad Laboratories Inc.). IC50 values were
obtained at 24 and 48 h for UA-loaded NLCs.

■ RESULTS AND DISCUSSION
Interfacial Behavior of Monomolecular Films. Surface

pressure (π)−area (A) isotherms were constructed for pure
components, mixed lipids, and mixed lipids in combination
with UA. In the case of the mixed lipid and UA combinations,
the lipid mixture was considered component 1 while UA was
considered component 2. Lift-off areas of TB, TE, HSPC, BA,
OA, and UA appeared at 75.14, 164.02, 93.61, 51.22, 78.87, and
106.17 nm2 molecule−1, respectively. Representative isotherms
are shown in Figure 1and Figure S1.

Addition of UA resulted in a downshift in the lift-off area of
the mixed monolayers; the downshift was more significant for
fluid lipids (TE/HSPC/OA and TE/HSPC/BA). The con-
densing effect of UA, analogous to that of cholesterol,45−48 was
due to the strong attractive hydrophobic and/or van der Waals
interactions between the lipids and UA molecules.
Monolayer mechanical properties can easily be assessed by

calculating the elasticity modulus (Cs
−1), which is the inverse of

the film compressibility defined according to the following
relation49

π= −− ⎜ ⎟⎛
⎝

⎞
⎠C A

A
d
d T

s
1

(3)

The profiles of the elasticity modulus versus the percent of
compressed area are shown in Figure 2.
For lipid mixtures in the absence of UA, maximal values were

observed at 85, 79, 46, and 37 mN m−1 for TB/HSPC/BA, TB/
HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA mixtures,
respectively. Cs

−1 values for UA/lipid mixed monolayers reveal
a major reduction in the maximum, ranging from 120 to 67 mN
m−1, from 95 to 65 mN m−1, from 75 to 30 mN m−1, and from

Figure 1. Surface pressure (π)−area (A) isotherms of (A) (black)
tribehenin, (red) trierucin, (green) HSPC, (blue) behenic acid,
(brown) oleic acid, and (orange) ursolic acid; (B) a TB/HSPC/BA
mixture; and (C) a TE/HSPC/OA mixture. Panels B and C describe
the π−A isotherm of the mixed monolayer in the absence and
presence of ursolic acid using water as the subphase. The mole
percents of ursolic acid with respect to the lipid mixture were (black)
0, (red) 2.5, (blue) 5, (brown) 10, (maroon) 30, (green) 50, and
(orange) 70. The temperature was 25 °C.

Figure 2. Variation of the inelasticity modulus (Cs
−1) with the percent

of compressed area for mixed monolayer systems: (A) TB/HSPC/BA,
(B) TB/HSPC/OA, (C) TE/HSPC/BA, and (D) TE/HSPC/OA.
The lipid mixture was component 1 [2:2:1 (m/m/m)], and ursolic
acid was component 2. The mole percents of ursolic acid with respect
to the lipid mixture were (black) 0, (red) 2.5, (blue) 5, (brown) 10,
(purple) 30, (maroon) 50, and (green) 70. The temperature was 25
°C.
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72 to 35 mN m−1 for TB/HSPC/BA, TB/HSPC/OA, TE/
HSPC/BA, and TE/HSPC/OA mixtures, respectively. Such a
decrease indicates a fluidizing effect of UA or the decreased
elasticity of the mixed lipid monolayer; the lower the maximal
value of the elasticity modulus, the higher the fluidity of the
monolayer.50 An alteration of the molecular area of the UA
molecule occupied in the monolayer, a change in the molecular
packing effectiveness, and/or a change in the membrane fluidity
may induce such modifications in the thermodynamic
parameters.
To gain further information about the interactions between

the lipids and UA molecules, the excess area (Aex), changes in
the excess free energy of mixing (ΔGex), and changes in the free
energy of mixing (ΔGmix) of the lipid/UA monolayers were
calculated from the π−A isotherms at different surface
pressures. The excess area determines if the mixing is ideal or
nonideal. The ideal area of mixing is calculated using eq 4:50

= +A x A x Aid 1 1 2 2 (4)

where x1 and x2 are the mole fractions and A1 and A2 the areas
per molecule of components 1 and 2, respectively. To estimate
the deviation from the ideal behavior, the excess area (Aex) was
calculated as50

= −A A Aex 12 id (5)

where A12 represents the experimentally obtained mean
molecular area. The Aex value of the pseudobinary monolayer
was calculated at different surface pressures (from 5 to 30 mN
m−1 with an interval of 5 mN m−1), as shown in Figure 3.

Negative deviations from the ideality for Aex values were
recorded for all the lipids and for all mole percents of UA in the
entire studied surface pressure range, which indicate attractive
interactions among the components. The magnitudes of the
negative deviations were higher for the unsaturated lipid (TE)
than for the saturated lipid (TB), indicating better incorpo-
ration of UA into the mixed monolayer containing unsaturated
lipids.
The excess free energy that determines the degree of

deviation from the ideally mixed monolayer was calculated
using the following expression:50

∫ πΔ = − +
π

°G A x A x A[ ( )] dex
0

1 1 2 2 (6)

Changes in the free energy of mixing determine the
thermodynamic stability of the monolayers. It can be computed
from the excess free energy and the ideal free energy (ΔGid)
using eqs 7 and 8:50

Δ = Δ + ΔG G Gmix ex id (7)

where the ideal free energy (ΔGid) is given by

Δ = +G RT x x x x( ln ln )id 1 1 2 2 (8)

where R is the universal gas constant and T is the absolute
temperature. Negative ΔGex values, as shown in Figure 4,

indicate spontaneity in the mixing processes between the
components.47,50−52 ΔGex values were more negative at higher
surface pressures. The minimal ΔGex value was identified at 19,
52, 67, and 69 mol % UA for TB/HSPC/BA, TB/HSPC/OA,
TE/HSPC/BA, and TE/HSPC/OA mixtures, respectively, at a
π of 10 mN/m. These compositions, therefore, correspond to
the most stable lipid/UA mixed films. The surface pressure
increase in the loose packing density regimes, π ≤ 10 mN/m
(LE and LE/LC phase transitions), caused the ΔGex values of
all the lipid mixtures to become more negative, because of the
increase in the level of intermolecular attractive van der Waals
forces.
The decrease in the ΔGex with an increasing mole percent of

UA indicates the dependence of the packing of lipid molecules
on the relative proportion of UA. A negative ΔGmix value
implies spontaneity in the mixing processes and strong
interactions between the interfacial components, as shown in
Figure S2. Negative ΔGmix values were observed at all surface
pressures, thus suggesting spontaneous mutual miscibility
among the components. The minimal ΔGmix value was
obtained at 50 mol % UA and a surface pressure of 10 mN
m−1, corresponding to the composition of the monolayer with
the maximal thermodynamic stability.
The dipole moment of the film-forming materials and the

change in orientation of head or tail groups in the lipid
monolayer as well as of the water molecules in the subphase

Figure 3. Dependence of the excess molecular area (Aex) on the
relative proportion of ursolic acid in the (A) TB/HSPC/BA, (B) TB/
HSPC/OA, (C) TE/HSPC/BA, and (D) TE/HSPC/OA mixed
monolayer systems. The lipid mixture was component 1 [2:2:1 (m/m/
m)], and ursolic acid was component 2. The mole percents of ursolic
acid with respect to the lipid mixture were 0, 2.5, 5, 10, 30, 50, 70, and
100 at surface pressures of (○) 5, (△) 10, (▽) 15, (◇) 20, (left-
pointing triangles) 25, and (right-pointing triangles) 30 mN m−1. The
temperature was 25 °C.

Figure 4. Dependence of the change in excess free energy (ΔGex° ) on
the relative proportion of ursolic acid in the (A) TB/HSPC/BA, (B)
TB/HSPC/OA, (C) TE/HSPC/BA, and (D) TE/HSPC/OA mixed
monolayer systems. The lipid mixture was component 1 [2:2:1 (m/m/
m)], and ursolic acid was component 2. The mole percents of ursolic
acid with respect to the lipid mixture were 0, 2.5, 5, 10, 30, 50, 70, and
100 at surface pressures of (○) 5, (△) 10, (▽) 15, (◇) 20, (left-
pointing triangles) 25, and (right-pointing triangles) 30 mN m−1. The
temperature was 25 °C.
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during compression give the value of surface potential. The
surface potential−area measurements have been obtained to
gain information about the orientation of the film constituents.
Surface potential isotherms of pure components are shown in
Figure S3; the formation of mixed lipid monolayers on a
subphase containing pure water with and without varying
concentrations of UA is shown in Figure S4. The surface
potential−area profiles were more or less similar to the surface
pressure−area isotherms, further supporting the aforemen-
tioned propositions.
Dispersions and Solution Behavior of the NLCs.

Dynamic Light Scattering (DLS) Studies. The hydrodynamic
diameter (dh), polydispersity index (PDI), and ζ potential (ZP)
are some of the markers of colloidal dispersion determining its
stability as well as giving insight into the in vivo performance of
NLCs. NLCs comprising triglyceride, phospholipid, and fatty
acids were TB/HSPC/BA, TB/HSPC/OA, TE/HSPC/BA,
and TE/HSPC/OA mixtures. The TB/TE:HSPC:BA/OA
molar ratio was kept fixed at 2:2:1; the overall lipid
concentration was 5 mM dispersed in 10 mM aqueous
Tween 80. The size of NLCs ranged from 140 to 230 nm

with unimodal distributions. NLC formulations were studied up
to 100 days (Figure S5). Particles were found to be fairly
monodisperse, as revealed from the size distribution curves
(data not shown) as well as from the PDI values (Figure S6).
The sizes of TB/HSPC/BA, TB/HSPC/OA, TE/HSPC/BA,
and TE/HSPC/OA NLCs were found to be 220 ± 8, 190 ± 7,
174 ± 4, and 147 ± 5 nm, respectively, with size increasing in
the following order: TE/HSPC/OA < TE/HSPC/BA < TB/
HSPC/OA < TB/HSPC/BA [where the percentages of
unsaturation in the fatty acyl hydrocarbon chains were 60, 40,
20, and 0, respectively (Table 1)]. Stronger association among
the lipidic components in the case of unsaturated lipid and fatty
acid resulted in size constriction compared to that in the
saturated lipids.53,54 The DLS results thus could be correlated
with the monolayer studies; the extents of negative deviation
from ideality were higher among fluid lipids. An increasing
amount of UA increased the size of TB/HSPC/BA and TE/
HSPC/BA NLCs (Figure S5A,C). The lower multicrystallinity
in the case of the lipid systems with lower degrees of
unsaturation restricts the drug molecules mostly to reside on
the palisade layer of the NLC, which subsequently results in the

Table 1. Mean Sizes (dh), PDIs, � Potentials, Entrapment E�ciencies (EE%), and Loading Capacities (LC%) of Empty and
Ursolic Acid-Loaded NLCsa

formulation [UA] (mM) size (nm) PDI ZP (mV) EE% LC%

TB/HSPC/BA 0.000 207 ± 2 0.34 ± 0.01 −16 ± 0.4
0.125 208 ± 1 0.34 ± 0.009 −17 ± 0.6 78.38 ± 1.9 3.78 ± 0.04
0.250 210 ± 3 0.35 ± 0.001 −17 ± 0.5 83.55 ± 1.3 3.99 ± 0.09
0.500 235 ± 5 0.37 ± 0.003 −18 ± 0.4 83.63 ± 0.8 3.99 ± 0.03

TB/HSPC/OA 0.000 196 ± 3 0.38 ± 0.013 −19 ± 0.8
0.125 184 ± 5 0.38 ± 0.009 −15 ± 0.7 80.08 ± 0.9 3.88 ± 0.03
0.250 190 ± 7 0.38 ± 0.006 −17 ± 0.5 85.33 ± 1.5 4.09 ± 0.07
0.500 191 ± 4 0.40 ± 0.012 −18 ± 0.1 85.56 ± 1.7 4.09 ± 0.04

TE/HSPC/BA 0.000 174 ± 2 0.34 ± 0.009 −19 ± 0.4
0.125 183 ± 3 0.35 ± 0.013 −19 ± 0.3 92.97 ± 1.9 4.42 ± 0.07
0.250 191 ± 7 0.35 ± 0.024 −18 ± 0.7 94.05 ± 1.5 4.53 ± 0.02
0.500 180 ± 2 0.35 ± 0.005 −18 ± 0.2 94.36 ± 1.7 4.59 ± 0.06

TE/HSPC/OA 0.000 147 ± 5 0.31 ± 0.016 −20 ± 0.2
0.125 171 ± 3 0.34 ± 0.009 −20 ± 0.4 97.14 ± 1.8 4.67 ± 0.09
0.250 185 ± 7 0.35 ± 0.023 −20 ± 0.5 99.92 ± 1.3 4.76 ± 0.07
0.500 182 ± 4 0.31 ± 0.008 −19 ± 0.3 99.38 ± 1.5 4.76 ± 0.02

aN = 3 (mean ± SD). Abbreviations: HSPC, hydrogenated soy phosphatidylcholine (common in all the systems); TB, tribehenin; TE, trierucin; BA,
behenic acid; OA, oleic acid; LC, loading capacity. Drug concentrations of 0.125, 0.25, and 0.5 mM.

Figure 5. TEM images of (A) TB/HSPC/BA, (B) TB/HSPC/OA, (C) TE/HSPC/BA, and (D) TE/HSPC/OA NLC formulations. I and II denote
blank NLCs and ursolic acid-loaded NLCs, respectively.
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swelling of the NLC leading to an increase in dh. On the other
hand, in the case of more fluidic combinations (TB/HSPC/OA
and TE/HSPC/OA), there was an initial increase in size with
the addition of drug; the effect became insignificant with size
variation at higher drug concentrations (Figure S5B,D).
Better incorporation and drug solubilization in the case of

liquid lipids direct the drug to the core of the NLC, resulting in
a significant influence of the added drug on dh. In all cases, the
size of the NLC formulations increased with time probably
because of the tendency of the NLC formulations to coagulate.
PDI values of <0.5 indicate homogeneity of the NLC
formulation (Figure S6). A negative ZP was due to the
dissociation of fatty acid in NLCs (Figure S7). The extent of
dissociation of the incorporated fatty acid was higher for fluid
lipids, for which negative values of ZP were recorded. In
addition, the liquid lipid reduced dh and consequently
decreased the effective NLC surface area; thus, the ZP values
for the systems having larger amounts of liquid lipids were
higher. The effect of UA on the ZP of NLCs was not significant
because of its nonionic nature. In all cases, the magnitude of ZP
decreased with storage time (Figure S7), which was due to the
structural modification of lipidic components as well as the
Ostwald ripening/coagulation process, common for colloidal
dispersions.55

Morphological Studies. The size of NLCs, as evaluated from
TEM studies (Figure 5), could be well correlated with particle
size as determined by DLS measurements. NLCs were spherical
with a smooth surface in the case of TB/HSPC/BA and TB/
HSPC/OA formulations. While good contrast and distinct
images were visualized in the former category, however, in the
case of TE/HSPC/BA and TE/HSPC/OA formulations,
contrast and distinctness were somehow reduced. It might be
due the presence of a larger amount of liquid lipid in the NLC
formulation. The existence of individual and distinct particles
also indicates the monodisperse nature of the formulations, as
was also observed by DLS.56,57

Representative AFM images of TB/HSPC/BA and TE/
HSPC/OA NLCs are shown in Figure 6. NLCs were found to
be spherical with a smooth surface. NLCs were separated from
each other, indicating the absence of aggregated species. The
observed particle sizes (200−230 nm) were comparable to
those of the DLS and TEM studies. The particles were very
distinct (Figure 6, II-A and II-B), unlike TE/HSPC/OA NLCs,
whose size was found to be in the range of 160−200 nm, with
less contrast and distinctiveness. The TB/HSPC/BA and TE/
HSPC/OA NLC systems showed the observed vertical

dimension to be as large as 4.1 and 2.9 nm, respectively. This
could be explained by the presence of larger amounts of
unsaturated lipid in the second category of NLCs than in the
former.

Di�erential Scanning Calorimetric (DSC) Studies. Phase
transition temperatures (Tm) of tribehenin, trierucin, behenic
acid, oleic acid, hydrogenated soy phosphatidylcholine, and the
drug ursolic acid were found to be 82.9, 30.1, 81.4, 14.3, and
283.7 °C, respectively, as shown in Figure S8. The main
rationale of this study was to perceive whether the crystallinity
differed in the lipid matrices due to the presence of saturation
and unsaturation in their mixed states in the form of NLCs. In
case of the physical mixtures (where the components were
dissolved in organic solvents and subsequently dried under
vacuum), the sharp peak of UA, which appeared at 283.7 °C in
its pure state, disappeared (data not shown).
This indicates complete solubilization of the amorphous state

of ursolic acid in the lipid matrix.58 The thermal behavior of the
physical mixture of lipids and UA with lipids was also assessed
(Figure S9). Tm values of the TB/HSPC/BA, TB/HSPC/OA,
TB/HSPC/BA/UA, and TB/HSPC/OA/UA physical mixtures
appeared at 80.1, 80.4, 77.5, and 77.8 °C, respectively (Figure
S9A). Tm values of the TE/HSPC/BA, TE/HSPC/OA, TE/
HSPC/BA/UA, and TE/HSPC/OA/UA physical mixtures
were 27.9, 19.6, 27.8, and 20.0 °C, respectively (Figure S9B).
Table 2 describes the combined thermodynamic parameters,
derived from the DSC thermograms. The Tm value of the UA/
lipid mixture, however, decreased significantly upon loading of
UA into saturated lipid, which indicates a decrease in the
crystallinity of the lipid matrix; this may be attributed to UA
entrapment in the case of NLCs. On the other hand, the Tm

values of the UA/lipid mixture did not change much with
loading of UA into unsaturated lipid, although the peak was
broader compared to that of the corresponding physical
mixture of lipid, which may be attributed to the entrapment
of UA in the NLCs. The endothermic and exothermic peaks of
the physical mixtures of TB/HSPC/OA NLCs were shifted
from 80 to 64 °C and from 30 to 32 °C, respectively, in the
presence of UA (Figure S10). This shift was a combined effect
of the inclusion of Tween 80 (on the palisade layer) as well as
the drug into the core of NLCs. The endothermic peaks were
taken into account to derive other associated thermal
parameters, viz., changes in enthalpy (ΔH), heat capacity
(ΔCp), and width of the melting peak at half-maxima (ΔT1/2).
DSC heating curves of different lipid matrices, viz., TB/HSPC/

Figure 6. Representative AFM images of (I) TB/HSPC/BA and (II )TE/HSPC/OA NLC formulations. (A and B) Two-dimensional images, (C)
three-dimensional images, and (D) and section analysis.
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BA, TB/HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA
NLCs, in the presence and absence of UA are given in Figure
7.

Considering the drug free systems, significant changes in the
Tm values were noted between saturated and unsaturated lipids
as well as fatty acids. The Tm values were 80.1 and 80.4 °C for
TB/HSPC/BA and TB/HSPC/OA formulations, respectively,
but were 27.9 and 19.6 °C for TE/HSPC/BA and TE/HSPC/
OA formulations, respectively. The decrease in Tm with a
decrease in the size of NLCs could be explained by the
Thomson proposition.43 It has already been observed from the
DLS studies that the NLCs formulated by saturated lipid and
fatty acid were larger than the NLCs comprising unsaturated
lipid and fatty acid. It is not unexpected that the smaller entities
would have melting temperatures lower than those of the larger
particles.
In the case of TE/HSPC/OA and TB/HSPC/BA NLCs, the

phase transition temperature passed through maxima with an
increasing UA concentration. These results indicate that at
lower concentrations the drug molecules reside on the surface

of NLCs and at higher concentrations the drug molecules are
partitioned into the NLC core. In case of TE/HSPC/BA and
TB/HSPC/OA NLCs, a progressive decrease in the phase
transition temperature was observed with an increase in drug
concentration. Increased multicrystallinity, contributed by the
added drug, reduces the lowering of phase transition temper-
ature. The liquid lipids further help the drug molecules become
introduced into the core and enhance the multicrystallinity, as
further supported by the increasing ΔT1/2 with increasing UA
concentration. Incorporation of UA also increases ΔH and
ΔCp. The higher multicrystallinity led to the formation of
aggregated clusters; consequently, ΔH and ΔCp increase. In the
case of TB/HSPC/OA NLCs, the extent of cluster formulation
is lower because of the rigidity of NLCs. Hence, significant
enhancement of the phase transition enthalpy and heat capacity
was observed at the higher drug concentration for the said NLC
formulation.

Determination of UA Entrapment E�ciency and Drug
Loading Capacity. Entrapment efficiency (EE) and drug
loading (DL) capacity values, to estimate the quantity of UA
incorporated into the NLCs, are summarized in Table 1 along
with other data. The entrapment efficiency decreased in the
following order: TE/HSPC/OA > TE/HSPC/BA > TB/
HSPC/OA > TB/HSPC/BA (in accordance with the lip-
ophilicity and stronger associative interaction between drugs
and lipid molecules). Incorporation of the liquid fatty acid into
solid lipids causes a reduction in crystallinity, consequently
resulting in more imperfections in the lipid matrix and
providing more space for UA molecules.16,54,59,60 Thus, the
proposition of the DSC studies was further supported by such
results. The entrapment efficiency and drug loading results are
well correlated with monolayer studies. With an increasing
concentration of UA, a marked increase in the percentage of
encapsulated drug up to 0.25 mM was recorded, beyond which
it did not change appreciably.

In Vitro Release Kinetics for Release of Ursolic Acid from
NLCs. The cumulative percentage releases of UA from NLC
dispersions over 96 h are shown in Figure 8.

Values for the release of UA from the TE/HSPC/OA, TE/
HSPC/BA, TB/HSPC/OA, and TB/HSPC/BA formulations
of 87, 78, 71, and 64%, respectively, were recorded, as
presented in the inset of Figure 8. The release of UA from NLC
was dependent on NLC composition.61 A larger amount of UA
was released from the unsaturated lipid blends than from the
blends of saturated lipids.62 Native UA (without any NLC,
control) showed more rapid release than UA-loaded NLC,
indicating sustained release of UA incorporated into NLC

Table 2. Temperatures for Maximal Heat Flow (Tm), Widths
at Half-Peak Height (�T1/2), and Changes in Enthalpy (�H)
and Heat Capacity (�Cp) of Blank and UA-Loaded NLCs

formulation
[UA]
(mM)

Tm
(°C)

ΔT1/2
(°C)

ΔH
(kcal mol−1)

ΔCp (kcal
mol−1 C−1)

TB/HSPC/
BA

0.000 30.0 2.5 1.49 0.61

0.125 35.4 2.5 1.81 0.71
0.250 34.7 2.7 2.62 0.96
0.500 34.5 2.9 3.72 1.28

TB/HSPC/
OA

0.000 29.7 4.9 1.22 0.25

0.125 30.0 6.6 4.42 0.67
0.250 29.1 6.9 2.40 0.35
0.500 26.6 7.5 1.61 0.22

TE/HSPC/
BA

0.000 8.0 3.0 1.93 0.65

0.125 8.6 3.2 3.39 1.06
0.250 5.9 3.4 7.97 2.32
0.500 4.0 4.4 9.79 2.21

TE/HSPC/
OA

0.000 2.2 4.9 1.92 0.39

0.125 4.0 5.3 2.55 0.49
0.250 3.9 5.6 2.55 0.45
0.500 3.7 5.8 2.52 0.43

Figure 7. DSC heating curves of ursolic acid-loaded NLCs: (A) TB/
HSPC/BA, (B) TB/HSPC/OA, (C) TE/HSPC/BA, and (D) TE/
HSPC/OA. Ursolic acid concentrations of (1) 0, (2) 0.125, (3) 0.25,
and (4) 0.5 mM. The scan rate was 2.5 °C/min.

Figure 8. In vitro cumulative release of ursolic acid from NLCs.
Composition of NLCs: (green triangles) TB/HSPC/BA, (blue
squares) TB/HSPC/OA, (red triangles) TE/HSPC/BA, (black
circles) TE/HSPC/OA, and (maroon diamonds) free UA in PBS
(pH 7.4) and 1% (v/v) Tween 80 at 37 ± 0.1 °C. Error bars represent
the standard deviation (SD) of three different release experiments.
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compared to that of native UA. Thus, the NLC dispersion
could be a useful carrier with better control of UA release.
The two-step release was observed for UA loaded in all

NLCs, as evidenced by the initial burst release within 3 h (39,
31, 26, and 23%) followed by a sustained release up to 96 h
(87, 79, 71, and 64%). This could account for the fact that the
drug encapsulation efficiency in these NLCs (i.e., matrix type or
reservoir type) and surface properties both could affect the
release behavior of UA-loaded NLCs.16 The initial burst release
can be explained on the basis of the release of UA enriched in
the outer shell of NLCs.
In Vitro Cytotoxicity Studies. In vitro cytotoxicity assays

were conducted on human melanoma cell line B16 and
leukemic cell line K562 by performing the MTT assay for UA
upon administration in free forms or loaded in different NLCs,
as shown in Figure 9. Blank NLCs did not show any significant
cytotoxicity.
IC50 values at 24 h for free UA and UA loaded in TE/HSPC/

OA and TE/HSPC/BA NLCs were 7.7, 0.041, and 0.10 μM for
the B16 cell line and 224.38, 0.14, and 0.23 μM for the K562
cell line, respectively. However, the IC50 values of UA at 48 h
when it is loaded in TB/HSPC/OA and TB/HSPC/BA NLCs
were 0.062, 0.052, 0.09, and 0.19 μM for B16 and K562 cell
lines, respectively. Lower IC50 values of UA-loaded NLCs,
compared to that of free UA, suggest superior activity of the
drug-loaded NLC compared to that of the free drug.
Cytotoxicities of different UA-loaded NLCs comprising lipid
matrices are also important attributes because UA loaded in
TE/HSPC/OA and TE/HSPC/BA NLCs showed cytotoxicity
higher than that in TB/HSPC/OA and TB/HSPC/BA NLCs
in terms of concentration of UA and incubation time. The
minimal IC50 values, lower incubation times, and higher
cytotoxicities for TE/HSPC/OA and TE/HSPC/BA NLCs
against both the cell lines could be attributed to the fact that the
higher encapsulation efficiency, faster release, and smaller size
of the unsaturated lipid led to better internalization of the drug
into the cell.
Furthermore, the capability of the formulations increased

when either the concentration of UA-loaded NLCs was

increased or the incubation time was extended for UA-loaded
NLCs. The results indicated that the anticancer activity of UA
against both types of cells occurred in a concentration- and
time-dependent manner. This dominance may mainly be
caused by better internalization of the UA-loaded NLCs and
the sustained release of UA inside the cancer cells.32 It is worth
mentioning that UA-loaded NLCs showed remarkable
anticancer activities against K562 cells, which is otherwise a
multidrug resistant cell line. UA-loaded NLCs thus hold the
promise of overcoming multidrug resistance, and this aspect
should be extensively exploited in cancer treatment.

■ CONCLUSIONS

In this study, NLCs comprising saturated and unsaturated lipids
and containing pentacyclic triterpenoid ursolic acid were
successfully formulated. The findings reveal the influence of
saturated and unsaturated lipids and fatty acids on the particle
size, polydispersity index, ζ potential, drug encapsulation
efficiency, in vitro release behavior, and in vitro cytotoxicity of
the formulation. The studies of surface pressure (π)−area (A)
isotherms of pure components, mixed lipids, and mixed lipids
with ursolic acid suggest that ursolic acid alters the interfacial
organization of lipids. The spherical morphology of NLCs with
a smooth surface was observed for all the formulations.
Significant differences in crystal structure between NLCs
comprising saturated and unsaturated lipids were noted,
whereby the crystallinity of UA was lost because of its
incorporation into the NLCs. Release of the drug was sustained
for all the NLCs; unsaturated lipids exhibited drug release faster
than that of saturated components. The most useful finding
from this report is the significant difference between the
cytotoxicity of free UA and UA-loaded NLCs, which
demonstrates the superiority of UA-loaded NLCs over free
UA in penetrating the cell membrane. UA in saturated and
unsaturated lipids and fatty acid comprising NLCs showed
comparable cytotoxicity in human leukemic cell line K562 and
melanoma cell line B16 and enhanced anticancer activity.
Conclusively, both saturated and unsaturated lipid-containing

Figure 9. In vitro cytotoxicity activity of free ursolic acid (brown) and ursolic acid loaded with different NLCs, TB/HSPC/BA (red), TB/HSPC/OA
(blue), TE/HSPC/BA (orange), and TE/HSPC/OA (green), on the viability of B16 and K562 cells. Cells were grown and treated for 24, 48, and 72
h. Experiments were performed in triplicate, with the results showing the mean and standard deviation of the triplicate of each group. The
experiments were repeated three times with similar results.
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NLCs formulated in this study may be used as potential
delivery systems for UA with improved anticancer activity.
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