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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
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 the area of the alveolar interface 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

tension near zero during compression, presence of other
fluid lipids are also essential in order to re-spread the compressed 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 monolayer 8−10）.
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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）.
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 materials, which leak from the capillaries into the fluid lining of
the lung, inactivates 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 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 cholesterol 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 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 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 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 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®）dispersion and 10 and 20 wt％ of foetal 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 litre of double distilled 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 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 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＋cholesterol, 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 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 buffer17）. The BLES-cholesterol mixture was re-suspended in a saline buffer, by vortexing above 30℃, to obtain multi-lamellar vesicles as observed 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 extracted 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 Spectrometry（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 additives were not arbitrary since these concentrations are
patho-physiologically relevant as noticed in diseased as
well as in the normal lung surfactant lavages11, 19）. 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 tempera-

ture of 23℃, except Raman spectroscopy, which were conducted 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 dispersions were injected thorough a rubber valve into a cylindrical 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 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/
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 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 LangmuirBlodgett 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
studies 25, 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 films 30）. 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 ad1335
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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 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/
sec17）. Monolayers were deposited on flat surfaces of mica,
and were imaged with a Nanoscope IIIa atomic force microscope（ 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 Nanoscope software in contact mode 25−27）. 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 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 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 representative average spectrum. The shortest time（1 minute per
degree）for collection was chosen to prevent sample evaporation and drying15）. 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℃）, 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（Voyager-DE TM）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
3.1 Composition of Serum and Surfactant
To identify lipid components of whole FCS, both MALDITOF 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. This is the parent ion peak for
lecular wt. of DPPC＋H＋）
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［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 possibly cholesterol ester fragments as shown in Fig. S1（c）.
These lipids and there fragments were also previously detected 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 their percent
composition.
Lipid Classes
Hydrocarbons
Steryl esters/wax

Lipid Composition (%)
5.86
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
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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 detection34, 35）. With this method,
a lipid mixture（serum）, was separated using silicic acid
coated quartz rods and then quantified using flame ionization detection35）to measure the lipid classes present35）.
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（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 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.
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 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 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
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

Fig. 1 A
 dsorption 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.
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
（γ min）to 30 mN/m compared to the low values for pure
1337
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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

2
Fig. 2 S
 urface tension-area isotherms of 5 cycles of dynamic compression-expansion at a rate of 2 mm /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 addition of similar amounts of LDL（Fig. 2
（f）and 2
（g）
）. Addition of cholesterol in physiological amounts
（10％）
resulted
films,
in γ min values comparable to BLES
（γmin〜1 mN/m）
［Fig. 2（ d）and 2（ e）］. When cholesterol was added in
excess（ 20 wt％）the γ min 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 expansion of monolayer films are shown in Fig. 3. Each experi-

Fig. 3 E
 ffects 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.

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 significantly alter BLES surface activity is consistent with the
present experimental data. Increasing the amount of cholesterol 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 cholesterol 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 compression 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 calculation was previously applied to dysfunctional as well as
normal LS films19）. These studies had shown that for dysfunctional films of LS, large area compressions were required to drop γ compared to significantly smaller areas req u i r e d f o r n a t i v e s u r f a c t a n t o r B L E S a l o n e 1 7 , 1 9 ）.
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 γ 14）.
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 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
1339
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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

Fig. 4 R
 epresentative 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 µ m ×10 µ m (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.

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）phase 37）. 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 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 Fig. S3）, the height of the BLES gel
domain was found to be 〜1.2 nm higher than the surrounding 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. 5a R
 epresentative 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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Fig. 5b-d

R epresentative 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.

films. BLES gel domains were clearly disrupted in films
with the additives. As evident from Fig. 5
（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 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％ cholesterol 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 homogenous 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 respectively, 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

Fig. 5e-g

R epresentative 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.

surrounding fluid phase. When serum was added to BLES,
hole like structures appeared along with some spiky structures 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 cholesterol 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
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Fig. 6 V
 ibrational wave number shift for BLES
compared to (a) BLES + serum, (b) BLES +
cholesterol 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.
them. Cholesterol, added in excess（20 wt％）, prevented
domain formation to occur, and the homogenous film appearance was again observed.
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 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 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 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 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（Fig. S3, supplementary
section）, 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 region at different temperatures are shown in Fig. S4. These Raman
peaks, for specific phospholipids and their bond vibration
designations, have been determined previously by others38, 39）.
（νs CH2）, at
As shown in Fig. S4, the symmetric CH2 stretch
, at 2890 cm−1,
2850 cm−1, the asymmetric stretch（νas CH2）
, at 2930 cm−1 were
and the symmetric CH3 stretch（νs CH3）
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 temperatures lower than 25℃, narrowing of the band was observed. 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 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℃）however, the hydrocarbon
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chains were more gel-like or rigid with trans- conformation9, 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 ν s CH 2 peak versus temperature, small
changes in conformation were seen, as shown in Fig. 6.
cm−1）was plotted
The wave number of the νs CH（2850
2
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 elsewhere9, 15）.
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 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 measured 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 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
（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 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.

4 Discussion
Studies published, over the last three decades, on the

surfactant inhibition by serum proteins have been conducted 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 techniques 37−41）. However studies have also
shown that the protein mediated inhibition is concentration dependent as in the case of albumin, and that such inhibition 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 integral 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 surfactant 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-C 43）. 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 cholesterol 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 cholesterol 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 deoxygenated cholesterol,［molecular wt, M.W., of cholesterol – OH
, and is the major
＝386 – O
（16）
＝370 or cholesterol＋H＋］
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 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 constituent 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 concentrations 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, nonprotein 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％ completely inactivates surfactant such as BLES9, 11）.
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, 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 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 48）. 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 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.18）, 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 films15）. Competitive adsorption described serum
proteins that formed a film or parts of the film at the airwater 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 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 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.
Some conflicting results have been experienced in a
study by Gunasekara et al. in 200839）. 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 pre-formed 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 proteins 39）. This contradicted the
previously reported result11, 17）. 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 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 compression. 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 disaturated phospholipids（DPPC）and thus prevented the low
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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.
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 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, 23）.
It was suggested however, that this fluidity of the phospholipid may disrupt such films from reaching low γ upon compression 11）. 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 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
noted9）. This study pointed out that both the normal and
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）.
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 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 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 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, 37, 47）. The term squeeze out 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 non-lipid 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 values23, 37）.
In comparison, Fig. 2（ d）, BLES＋cholesterol（10％）
（Fig. 2
（e）
）
.
shows different isotherms than those with 20％
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 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 γ 11, 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 conformation48, 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（palmitoyloleyl-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 environment 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 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 γ19）.
By examination of the C15 values as seen in Fig. 3, 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.
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 remnants 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-adsorbed 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 monolayer in a fluid state 11）. 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 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 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 formation 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 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 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 perpendicular 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 preparation, as well as its low intensity laser prevents samples
from local heating or photo degradation. Raman spectroscopy 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 vibrations peaks at the 2000-3000 cm−1 range28−31）. Figure 6 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 upshift 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
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 surfactant or by the lipids ability to be tightly packed.
The bilayer phase changes observed from the order parameter 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 exchange, 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 bilayers 48, 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 interaction of these serum materials with BLES compared to cholesterol in normal or excess amounts. It is possible that the
apo-proteins 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 esters45）. 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.

5 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 patho-physiological 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, is currently 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 composition 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 structure-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 100C400C, 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.
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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
Received 15th December 2014
Accepted 2nd March 2015

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

DOI: 10.1039/c4ra16434b

considered to have prospects as novel drug carriers for controlled/sustained release to improve the time
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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.
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These include the polymeric nanoparticles,16 micellar nanoparticles,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 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 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 typically 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.29 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 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 properties 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 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 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$HCl)
are frequently used as local anaesthetics for topical application.24,38,39 Both LIDO and PRO$HCl are frequently used in
order to get relieves from pain itching, burn and cutaneous
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inammation, etc.40 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 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 drastically 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 hydrochloride derivative. We tried to ensure the validity of this
rationalism for NLC formulation using LIDO and PRO$HCl. In
order to prolong the anaesthetic eﬀect and reduce dose
frequency as well as the skin irritation caused by the high dose
of anaesthetics, such formulations are considered worthy to be
investigated.
The present study endeavours to investigate the eﬀect of
hydrocarbon chain length of the stabilizers (herein Tween 40
and Tween 60) on the formulation and physicochemical properties of NLC. NLCs were prepared by mixing sorbitan tristearate (Span 65), soy lecithin and stearic acid by way of hot
homogenization technique in the absence and presence of
varying amount of two local anaesthetics, LIDO and PRO$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 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$HCl can be circumvented by incorporating them in
NLC which are expected to release the anaesthetic in controlled
and prolonged fashion at the site of action, even when present
in high dose.
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2.1. Materials
Sorbitan tristearate (Span 65, 99%) was purchased from S. D.
Fine-Chem Ltd., India. [(2R)-2,3-Di(tetradecanoyloxy)propyl]-2(trimethylazaniumyl) ethyl phosphate (soy lecithin, SLC, 98%)
was a product from Calbiochem, Germany. Stearic acid (99%) as
well as the nonionic surfactants polyoxyethylene (20) sorbitanmonopalmitate (Tween 40) and polyoxyethylene (20) sorbitanmonostearate (Tween 60), all of 98% purity, were purchased
from Sisco Research Laboratory, India. Lidocaine (LIDO, 98%),
procaine hydrochloride (PRO$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 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, 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 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
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(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
min1 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 reference 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 precipitated. The amount of free drug in the supernatant was quantied 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
 100
weightintotal


Loading content% ðLCÞ ¼

Wa  Ws
Wa þ Ws  Wl

(1)


 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 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
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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 anaesthetics. 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 hydrocarbon 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 formulations, 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

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.
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Scheme 1 Proposed model for the organization of lipids and drugs in
the NLC formulations stabilized by Tweens.

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 homogeneous than the other. It was also observed that in case of
PRO$HCl the PDI values did not appreciably change with time,
however for LIDO loaded systems signicant increase in PDI
value with time was noticed. Size of the NLCs decreased with
increasing LIDO concentration for Tween 40 stabilized systems.
On the contrary increasing concentration of LIDO resulted in
the size enhancement for Tween 60. This can further be rationalized on the basis of hydrocarbon packing of the Tweens in
the NLC core. The drug LIDO, being amphiphilic in nature,
enhances the adsolubilization of Tween 40 over the NLC
surface. However, in case of Tween 60, addition of LIDO, which
prefers to get deeply inserted into the NLC, will result in the
swelling of the NLC core; subsequently sizes of the formulations
were enhanced. Almost similar eﬀect was noticed in case of
PRO$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 graphically 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. 2 Inﬂuence of LIDO and PRO$HCl on the (Z.P.) of NLCs (Span 65
+ SLC + SA, 2 : 2 : 1 M/M/M) dispersed in Tweens. Systems: B, LIDOTween 40; O, LIDO-Tween 60; ,, PRO$HCl-Tween 40 and P, 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 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.
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

Fig. 3 Representative TEM images of LIDO loaded NLC dispersion in
Tween 40 (A) and PRO$HCl loaded NLC dispersion in Tween 40 (B).
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Fig. 4 DSC cooling curves of LIDO (panel A) and PRO$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 min1.

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. 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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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, LIDOTween 40; P, LIDO-Tween 60; B, PRO$HCl-Tween 40 and ,,
PRO$HCl-Tween 60.

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$HCl, the
Tm value did not change appreciably with varying drug. Diﬀerence in the Tm values among LIDO and PRO$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$HCl. Thus the melting point are expected to decrease due
to the added drug. For PRO$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, especially 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 formulations, 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.
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While for LIDO loaded NLCs, the DH values decreased monotonously, however in case of PRO$HCl the DH values did not
change appreciably with added drug. Increase in multicrystallinity with increasing drug concentration would eﬀectively result in decreased DH value. As LIDO is capable of
perturbing the lipid core structure, its progressive addition
would result in the decrease of DH values. On the other hand,
PRO$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
 100
enthalpyðblank NLCÞ  concentration lipidphase ð%Þ

(3)

Eﬀects of LIDO and PRO$HCl on diﬀerent formulations are
shown in Fig. 6. NLC crystallinity (with respect to the corresponding blank formulation) progressively decreased with
increasing LIDO concentration. This was due to the adsolubilization of the lipidic components by LIDO; which resulted in
the soening of the packed lipidic components. In case of
PRO$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. 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;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 the medium, 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
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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.
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3.6. In vitro release kinetics

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. 7

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 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 signicant diﬀerence in the
drug loading content among the diﬀerent formulations. The

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. 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.

This journal is © The Royal Society of Chemistry 2015

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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Fig. 10 In vitro cumulative PRO$HCl release from NLC (5 mM, Span 65

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 h1 and
10.25 h1 for Tween 40 and Tween 60 respectively. However in
case of PRO$HCl, release rate constants were found to be
40.03 h1 and 41.93 h1 in NLCs stabilized with Tween 40 and
Tween 60 respectively.

+ SLC + SA, 2 : 2 : 1 M/M/M). Systems: PRO$HCl loaded dispersion in
Tween 40 (B), Tween 60 (,) and free PRO$HCL 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.

4. Summary and conclusion

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 reected 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 kHt0.5

(4)

Korsemeyer–Peppas model: F ¼ kktn

(5)

Hixson–Crowell model: F ¼ 100[1  (1  kHCt)3]

(6)

First order model: F ¼ 100(1  ek1t)

(7)

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-t 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 S2
(ESI†). Release kinetics for both the drugs followed
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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 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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and N. Škalko-Basnet, Int. J. Pharm., 2013, 456, 49–57.

This journal is © The Royal Society of Chemistry 2015

RSC Advances

27 A. C. Silva, A. Kumar, W. Wild, D. Ferreira, D. Santos and
B. Forbes, Int. J. Pharm., 2012, 436, 798–805.
28 J. You, F. Wan, F. de Cui, Y. Sun, Y.-Z. Du and F. Q. Hu, Int. J.
Pharm., 2007, 343, 270–276.
29 S. A. Wissing, O. Kayser and R. H. Muller, Adv. Drug Delivery
Rev., 2004, 56, 1257–1272.
30 K. Bhaskar, C. Krishna Mohan, M. Lingam, V. Prabhakar
Reddy, V. Venkateswarlu and Y. Madhusudan Rao, Drug
Dev. Ind. Pharm., 2008, 34, 719–725.
31 S. Khurana, N. K. Jain and P. M. Bedi, Life Sci., 2013, 93, 763–
772.
32 H. Yuan, L.-L. Wang, Y.-Z. Du, J. You, F.-Q. Hu and S. Zeng,
Colloids Surf., B, 2007, 60, 174–179.
33 X.-G. Zhang, J. Miao, Y.-Q. Dai, Y.-Z. Du, H. Yuan and
F.-Q. Hu, Int. J. Pharm., 2008, 361, 239–244.
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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.mol1C-1

Lidocaine loaded NLC in Tween 40
0.0
35.61
2.01
5.83
10.40
0.2
35.53
2.16
4.77
8.63
0.5
34.77
1.96
4.89
6.12
1.0
35.07
2.02
4.57
5.95
1.5
35.40
2.14
4.00
5.18
2.0
34.51
2.08
3.27
3.18
2.5
34.39
2.08
2.91
2.65
Lidocaine loaded NLC in Tween 60
0.0
32.58
3.15
8.00
5.85
0.2
32.55
3.51
6.13
5.18
0.5
32.33
3.27
5.26
4.95
1.0
32.18
2.92
4.64
3.78
1.5
31.97
2.32
3.62
2.58
2.0
31.71
2.20
3.53
2.38
2.5
31.02
2.08
1.87
1.23
Procaine hydrocloride loaded NLC in Tween 40
0.0
35.61
2.01
5.83
10.40
0.2
32.60
2.02
2.89
4.36
0.5
32.38
2.00
2.56
3.76
1.0
32.08
2.34
2.75
3.28
1.5
32.18
2.10
2.46
3.12
2.0
32.45
2.02
2.38
3.01
2.5
32.40
2.01
2.31
2.83
Procaine hydrocloride loaded NLC in Tween 60
0.0
32.58
3.15
8.99
5.85
0.2
32.07
4.09
5.09
3.79
0.5
32.34
3.68
4.74
3.79
1.0
32.61
3.49
4.68
3.74
1.5
32.71
3.29
4.59
3.72
2.0
32.91
3.24
4.54
3.58
2.5
32.85
3.29
4.55
3.40
DSC measurements were performed on day one of sample preparation.

CI ( %)
100
81
83
78
68
56
49
100
76
65
58
45
44
23
100
49
43
47
42
40
39
100
63
59
58
57
56
56

1

Table S 2. Drug release kinetics profiles of LIDO and PRO.HCl loaded NLCs.
Formulation

Korsemeyer-Peppas

Higuchi

Hixson-

First order

Crowell
r2

k

LIDO-T40

0.99

6.84

LIDO-T60

0.95

PRO.HCL-T40
PRO.HCl-T60

n

r2

k

r2

k

r2

k

0.283

0.98

2.35

0.93

0.001 0.93

0.002

10.25

0.333

0.91

4.47

0.87

0.002 0.90

0.007

0.99

40.03

0.178

0.75

15.51 0.76

0.031 0.93

0.393

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.

2

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.

3

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.

4

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.

5
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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
© 2016 American Chemical Society

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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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.

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 literature,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 dispersions,40 inclusion complexes,41,42 microemulsions and nanocrystals, 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 (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 UAencapsulated 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

■

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 phosphate (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 drugloaded 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:

EE% =

DL% =

WTC − WFC
× 100
WTC
WTC − WFC
× 100
WTC − WFC + WTL

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.

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 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
⎛ dπ ⎞
Cs−1 = −A⎜ ⎟
⎝ dA ⎠T

(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

(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.

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 id = x1A1 + x 2A 2

ΔGex° =

∫0

π

[A − (x1A1 + x 2A 2 )] dπ

(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
ΔGmix = ΔGex + ΔGid

(7)

where the ideal free energy (ΔGid) is given by
ΔGid = RT (x1 ln x1 + x 2 ln x 2)

(8)

where R is the universal gas constant and T is the absolute
temperature. Negative ΔGex values, as shown in Figure 4,

(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
Aex = A12 − A 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.

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, (leftpointing triangles) 25, and (right-pointing triangles) 30 mN m−1. The
temperature was 25 °C.

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, (leftpointing triangles) 25, and (right-pointing triangles) 30 mN m−1. The
temperature was 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:50
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Table 1. Mean Sizes (dh), PDIs,
Ursolic Acid-Loaded NLCsa
formulation

[UA] (mM)

TB/HSPC/BA

0.000
0.125
0.250
0.500
0.000
0.125
0.250
0.500
0.000
0.125
0.250
0.500
0.000
0.125
0.250
0.500

TB/HSPC/OA

TE/HSPC/BA

TE/HSPC/OA

Potentials, Entrapment E ciencies (EE%), and Loading Capacities (LC%) of Empty and
size (nm)
207
208
210
235
196
184
190
191
174
183
191
180
147
171
185
182

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2
1
3
5
3
5
7
4
2
3
7
2
5
3
7
4

0.34
0.34
0.35
0.37
0.38
0.38
0.38
0.40
0.34
0.35
0.35
0.35
0.31
0.34
0.35
0.31

PDI

ZP (mV)

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

−16
−17
−17
−18
−19
−15
−17
−18
−19
−19
−18
−18
−20
−20
−20
−19

0.01
0.009
0.001
0.003
0.013
0.009
0.006
0.012
0.009
0.013
0.024
0.005
0.016
0.009
0.023
0.008

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.4
0.6
0.5
0.4
0.8
0.7
0.5
0.1
0.4
0.3
0.7
0.2
0.2
0.4
0.5
0.3

EE%

LC%

78.38 ± 1.9
83.55 ± 1.3
83.63 ± 0.8

3.78 ± 0.04
3.99 ± 0.09
3.99 ± 0.03

80.08 ± 0.9
85.33 ± 1.5
85.56 ± 1.7

3.88 ± 0.03
4.09 ± 0.07
4.09 ± 0.04

92.97 ± 1.9
94.05 ± 1.5
94.36 ± 1.7

4.42 ± 0.07
4.53 ± 0.02
4.59 ± 0.06

97.14 ± 1.8
99.92 ± 1.3
99.38 ± 1.5

4.67 ± 0.09
4.76 ± 0.07
4.76 ± 0.02

N = 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.

a

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.

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 aforementioned 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
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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.

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/
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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 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 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 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.

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
0.250
0.500
0.000

35.4
34.7
34.5
29.7

2.5
2.7
2.9
4.9

1.81
2.62
3.72
1.22

0.71
0.96
1.28
0.25

0.125
0.250
0.500
0.000

30.0
29.1
26.6
8.0

6.6
6.9
7.5
3.0

4.42
2.40
1.61
1.93

0.67
0.35
0.22
0.65

0.125
0.250
0.500
0.000

8.6
5.9
4.0
2.2

3.2
3.4
4.4
4.9

3.39
7.97
9.79
1.92

1.06
2.32
2.21
0.39

0.125
0.250
0.500

4.0
3.9
3.7

5.3
5.6
5.8

2.55
2.55
2.52

0.49
0.45
0.43

TB/HSPC/
OA

TE/HSPC/
BA

TE/HSPC/
OA

BA, TB/HSPC/OA, TE/HSPC/BA, and TE/HSPC/OA
NLCs, in the presence and absence of UA are given in Figure
7.

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.

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

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.

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
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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.

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.

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

■

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
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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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