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Proposed model of NSAID loaded and polymer coated NLC alongwith its 

dependence of size (�), PDI (�), release rate (�) and absorption maxima (�) as 

well as its morphology and antibacterial activity 
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Effect of Polymer Charge on the Formation and 

Stability of Anti-inflammatory Drug Loaded 

Nanostructured Lipid Carriers: Physicochemical 

Approach 

Manish Sapkota,1 Gourab Karmakar,2 Prasant Nahak,2 Pritam Guha,2 Biplab Roy,2 Suraj 
Koirala,1 Priyam Chettri,3 Kalipada Das,4 Takeshi Misono,5 Kanjiro Torigoe,5 Amiya Kumar 
Panda2,* 

Nanostructured lipid carriers (NLCs), with potential drug delivery capabilities, were formulated using 
soylecthin (SLC), tristearin (TS) and palmitic acid (PA) in the absence and the presence of two anti-
inflammatory drugs, diclofenac sodium (DNa) and indomethacin (IMC). Tween 60 was used as stabilizer 
separetely in combination with sodium carboxymethyl cellulose (NaCMC, anionic), polyethylene glycol 
(PEG, nonionic) and N, N, dimethyl-N-dodecyl derivative of hydroxyethyl cellulose (LM200, cationic). 
Both DNa and IMC substantially decreased size and increased polydispersity index (PDI) of the NLCs. 
Hydrodynamic parameter, viz., size, zeta potential and polydispersity index as well as the thermal 
behaviour of the NLCs depended on the type and charge of the added polymers. Weak interactions 
between drug and lipid matrices in the bulk mixtures were established through FT-IR studies. NLC 
formulations exhibited lower entrapment efficiency and loading content in case of DNa compared to 
IMC due to the higher ionic nature of the former drug. Polymers  influenced the entrapment efficiency 
and loading ability of the NLCs in case of both DNa and IMC. 85% of the entrapped DNa was released 
from the NLC, compared to 54% release in case of IMC; the drug release rate were higher for PEG and 
NaCMC coated systems. LM200 delayed the drug release process with respect to NaCMC and PEG. 
Both DNa and IMC loaded NLCs inhibited the growth of gram positive bacteria, Bacillus 

amyloliquefaciens. It was concluded that the physicochemical properties of NLCs could effectively be 
modified by using polymers; thus the biomimetic characteristics of lipids and architectural advantage of 
polymers can be combined to yield a superior drug delivery system. 

1. Introduction 
Colloidal drug delivery systems have great potentials for their 
capability to decipher the issues related to pharmacokinetic and 
pharmacodynamic profiles of a large number of therapeutic agents. 
Such systems include microemulsion, micelle, nanosuspension, 
polymeric nanoparticle and liposome, etc.1 Another classic group of 
drug delivery systemts include the liquid crystalline aggregates, 
more commonly known as cubosomes2-12 and hexosomes.13-15 While 
the cubosomes are discrete, nanostrucutred particles with 
bicontinuous liquid crystalline phases, hexosomes are aqueous 

dispersions of inverted type hexagonal phase.16-18 Cubosomes are 
attractive vehicles for loading and delivering different 
drugs.11 Solid lipid nanoparticles (SLNs) and nanostructured lipid 
carriers (NLCs) combine the advantages like targeted drug delivery, 
biocompatibility and sustained release, etc.19 Besides, they can 
surmount toxicity, poor loading and stability issues related to drugs, 
as experienced by other colloidal systems.19 Solid lipid nanoparticles 

(SLN) are aqueous colloidal dispersions of physiologically tolerated 
lipid components (solid at both physiological and room temperature) 
stabilized by  emulsifiers.20 Shortcomings of the SLNs include poor 
drug loading and expulsion during storage. In order to dispel the 
limitations, NLCs were introduced in late 1990s. NLCs are modified 
SLNs, where the highly ordered solid lipid matrices are replaced by 
spatially incompatible lipid blends with an aim to introduce more 
internal defects.21 NLCs, therefore, can have improved performances 
compared to other colloidal carriers for which they are widely being 
explored.19 Although NLCs are one of the most efficient available 
carrier systems, however, its major drawbacks include poor 
incorporation of hydrophilic molecules, higher lipid modification 
and aggregation due to the presence of spatially incompatible lipids, 
thus hindering their market availability. 

Utility of nanocolloidal drug delivery system largely depends 
on its physicochemical stability and in vivo performance. Much 
interests have recently been focused on developing polymer 
stabilized nanoparticles providing core/shell architecture to improve 
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the stability and its surface chemistry.22 Polymeric stabilizers, alone 
or in combination with surfactants, have been attached via 
physisorption or chemisorption on the surface of metal 
nanoparticles,22 liposomes,23 SLN24 and even NLCs25 in order to 
improve structural stability, drug delivery capability and 
biocompatibility, etc. Enhanced stability, induced by added 
polymers, largely depends on its structural and electrical properties, 
concentration and thickness of the adsorbed layer.26 Furthermore, 
polymer charge can influence the stability of NLCs. Nonionic 
polymers (e.g., polyethylene glycol, poloxamers, polyvinyl alcohol, 
etc.) sterically stabilize the NLCS.27 On the other hand, 
polyelectrolytes can interact electrostatically to provide electrostatic 
stabilization in addition to the steric stabilization. The electrostatic 
stabilization involves repulsive interaction between particles 
carrying similar charge.23, 28, 29 

In spite of its projected manifold applications, reports on 
polymer stabilized NLCs are scanty; large number of reports 
available in the literature are focused on the in vivo stabilization and 
surface functionalization.22 Furthermore, no systematic studies have 
been made to compare the effect of charge and concentration of 
different polymers on the formation and stability of NLCs to the best 
of our knowledge. Thus studies on the effect of polymers, viz., 
nonionic (polyethylene glycol-2000, PEG), anionic (sodium 
carboxymethyl cellulose, NaCMC) and cationic (hydrophobically 
modified cationic derivative of hydroxyethyl cellulose, LM200) 
separately in combination with a nonionic surfactant Tween 60 were 
considered to be significant. Both PEG and NaCMC are of GRAS 
status and have widespread uses in biomaterials and have been 
approved by FDA as excipients (FDA Inactive Ingredients Database) 
for use in the pharmaceutical formulations, cosmetics and food grade 
products.30 They have also been extensively explored for their 
potentials in the formulation and stabilization of other nanoparticles. 
LM200, similar to NaCMC, is a modified cellulose derivative and 
has been widely used in hair care products.31 However, little work 
has been done with this biocompatible cationic polysaccharide in the 
nanoparticle based drug delivery systems. 

Diclofenac sodium (DNa, [2-[(2,6-dichlorophenyl) amino] 
phenyl] acetate, sodium salt) and indomethacin (IMC, 1-(p-
chlorobenzoyl)-5-methoxy-2-methyl-3-indolylacetic acid), are the 
nonsteroidal anti-inflammatory drugs, most widely used in the 
treatment of acute and chronic inflammation as well as different 
types of pains.32 They have also been explored for their anti-
proliferative effects on tumor cells and anti-bacterial activities.33 
However, they share common side effects, viz., gastrointestinal (GI) 
ulcer, renal damage and impaired platelet function34. In order to 
minimize the side effects, studies on these two drugs in terms of 
their compatibility in surface modified NLCs are considered to be 
significant. 

In the present work,  surfactant-polymer stabilized NLC 
formulations were prepared with a blend of soylecithin (SLC), 
tristearin (TS) and palmitic acid (PA). Effect of polymer (PEG, 
NaCMC and LM200) charge and concentration on the 
physicochemical properties of NLCs were explored. Apart from the 
nature of carrier, inherent property of the bound drug can also affect 
the carrier; thus two drugs, DNa and IMC were used whereby their 
effects on the NLCs were studied. All the systems were 

characterized by analyzing their size, polydispersity index (PDI) and 
zeta potential (through dynamic light scattering), morphology 
(electron microscopy) and thermal (differential scanning 
calorimetry) analyses. Systems were further exploited to study its 
drug encapsulation efficiency, release profile and activity against 
gram positive bacteria (Bacillus amyloliquefaciens). It is believed 
that such comprehensive set of studies can explore the suitability of 
different polymers to effectively modify the physicochemical 
properties of anti-inflmmatory drug loaded NLCs. 

 

2. Experimental section 
2.1 Materials 
The following chemicals were purchased: glyceryltristearate 
(tristearin, TS, Sigma-Aldrich, USA), soylecithin (SLC, 
Calbiochem, Germany), Palmitic acid (PA) and 
polyoxyethylenesorbitanmonostearate (Tween 60, Sisco Research 
Laboratory, India); sodium carboxy methyl cellulose (NaCMC, 
Merck Limited, Mumbai, India), polyethylene glycol-2000 (PEG, 
Alfa Aesar, Lancester, U.K). N,N-dimethyl-N-dodecyl derivative of 
hydroxyethyl cellulose (LM200) was a generous gift from the Centre 
for Surface Science, Dept. of Chemistry, Jadavpur University, 
Kolkata, India. Indomethacin (IMC)  and diclofenac sodium (DNa) 
were kindly provided by Florid Laboratories Pvt. Ltd, Nepal and 
Torrent Pharmaceuticals, Sikkim, India respectively. All the 
chemicals used were stated to be ≥99% pure and were used as 
received. HPLC grade solvents and double distilled water with a 
specific conductance of 2 - 4 µS were used in preparing the 
solutions. 
 
2.2 Preparation of NLCs 

NLCs were prepared by hot homogenization followed by 
ultrasonication method.35 Required amount of lipids (TS, SLC and 
PA) were dissolved in chloroform-methanol mixture (3:1, v/v); 
solvent was removed using a rotatory evaporator. The thin film thus 
obtained was melted at 75 °C followed by the addition of hot 
aqueous Tween 60 solution maintained at the same temperature. The 
coarse emulsion was exposed to high speed dispersion for 1 h; the 
obtained pre-emulsion was further processed with a probe sonicator 
(Takashi U250, Takashi Electric, Japan) at 150 W/(20-25) kHz 
maintaining the same temperature for a period of 1h to produce 
nanoemulsions, which were allowed to cool down at room 
temperature and stored at 4 °C to obtain NLCs. 

Total lipid concentration in the dispersion was maintained at 1 
mM in a molar ratio of SLC: TS: PA, 2:2:1. 10 mM Tween 60 was 
used alone or in combination with the polymers as stabilizer. 
Formulations were either prepared as drug free or loaded (0.1, 0.2 
and 0.3 mM). All the polymers were initially mixed with surfactant 
solution and then added to the formulation whereas the drugs used 
were initially dissolved in chloroform+methanol system along with 
the lipids. 

 
 

2.3 Characterization of the prepared NLCs 
Hydrodynamic diameter (dh), zeta potential (Z.P.) and polydispersity 
index (PDI) values were measured by a dynamic light scattering 
spectrometer (Nano ZS 90, Malvern, UK). Scanning electron 
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microscope (FEI Quanta-200 MK2, Oregon, USA) and freeze 
fractured transmission electron microscope (H-7650, Hitachi Science 
Systems Ltd., Japan) were used for the morphological investigations. 
Interaction between the drugs and lipid matrices were studied by 
means of FT-IR spectrometer (Spectrum RX I, Perkin Elmer Inc, 
USA). All the thermal analyses were performed using DSC 1 STARe 

system (Mettler Toledo, Switzerland). Absorption spectra of the 
drugs in solvents of different polarity and in NLCs were recorded 
using a UV-vis spectrophotometer (UVD-2950, Labomed Inc., 
USA). 
 
2.4 Drug entrapment efficiency and loading capacity studies 

Drug entrapment efficiency and loading content was determined by 
ultracentrifugation method. The resulting drug loaded NLC 
formulations were centrifuged at 10,000 rpm for 30 min maintained 
at a temperature of 4 °C such that the NLC-bound drug got 
sedimented leaving unbound one in the supernatant. The amount of 
free drug in the supernatant was estimated colorimetrically. 
Entrapment efficiency (EE) and drug loading capacity (DL) of NLCs 
were estimated using the mentioned equations:36 

�� � �� ���
��

	�	100																																											�1� 

� � �� ���
�� ��� ���

�	100																																						�2� 
 
where, Wa, Ws and WL are the weight of total drug, free drug in the 
supernatant and total lipid respectively. 
 
2.5 In vitro drug release and release kinetic studies 

In vitro release kinetics of the drug loaded in NLCs were evaluated 
using the standard dialysis bag method with 10 mM of Tween 60 as 
the release medium as described elsewhere.37 Released drugs were 
quantified colorimetrically at 276 nm and 320 nm for DNa and IMC 
respectively. Data obtained from the in vitro release studies were 
fitted to Higuchi, Korsmeyer-Peppas and Weibull release kinetic 
models, the equation for each model has been represented as:38 
 

Higuchi model:                               M� � k�t�/�            (3) 
 
Korsmeyer–Peppas model:            M� M� � k�⁄ t�           (4) 
 

Weibull model:                      M� M�⁄ � 1 � exp	!"��"#$�
%

& '           (5) 

 

where, M� is the amount of drug released in time (t), Mt / M∞ is the 
fraction of drug released, ‘n’ is the release exponent that 
characterizes the mechanism of drug release, kh and kk are release 
constants for Higuchi and Korsmeyer–Peppas equation respectively, 
t accounts for the time lag of the dissolution process. ‘a’ denotes a 

scale parameter that describes the time dependence; β describes the 

shape of the dissolution curve progression. 
 
 
 

2.6 Anti-bacterial susceptibility test 
The cup-plate method39 was adopted to study the antibacterial 
activity of both IMC and DNa loaded NLCs. The studies were 
carried out using two gram positive bacteria: Bacillus 

amyloliquefaciens and Bacillus subtilis and two gram negative 
bacteria: Pseudomonas putidaand Klebsiella pneumonia 

respectively. Nutrient broth and agar were used as culture media and 
solidifying agent.  In the pre-incubated plates, bacterial suspension 
(0.1 mL of 5 × 105 CFU mL-1) was homogeneously spread over the 
agar surface and then grooves of equal diameter (0.7 cm) were made. 
In the grooves, 100 µL NLCs were added. The plates were incubated 
at 37 °C for 24 h. Antibacterial activity was quantified by calculating 
the zone of inhibition. 
 

3. Results and discussion  
3.1. Dynamic light scattering studies 
Size and its distribution of NLCs are considered to be the markers of 
its physical stability during long-term storage.19, 40 DLS technique 
was used to determine the particle size and PDI value of all the NLC 
formulations during a storage period of 90 days at 4 °C. 
Representative size distribution curves have been shown in Fig. 1. 
Sizes of the NLCs ranged from 150 to 400 nm with unimodal 
distribution. 

 
Fig.1 Size distribution curve for the NLC (SLC+TS+PA, 2:2:1 M/M/M, 1 

mM) dispersed in aqueous Tween 60 (10 mM) medium at 25 °C. 

Effect of the charge and concentration of polymer as well as the 
drugs on the size variation of the different NLC formulations with 
time have graphically been represented in Fig.2, Fig.S1 and S2 
(supplementary section) respectively. The fluctuation in the 
hydrodynamic diameter was observed upto 10-15 days from the 
initial day of preparation which could be rationalized on the basis of 
the lipidic reorganization inside the NLC matrix. NLCs are prepared 
by using structurally different lipidic components. Due to 
dissimilarity and chain mismatch, structural reorganization among 
the lipidic components inside the NLC matrix is a very common 
phenomenon.41,42 Reorganization of the lipid molecules in the NLC 
matrix makes the core mobile and leads to the fluctuation in 
hydrodynamic diameter of the NLCs during storage time. It is also 
possible that there is more than one population of the nanoparticles 
in addition to the micelles formed in the presence of the nonionic 
stabilizer Tween 60. This rearrangement of the component generally 
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takes 10-15 days from the day of preparation in our experiments as 
evident from size fluctuation in NLCs for almost 15 days. However, 
stable dispersion was obtained after 15 days which is confirmed by 
uniform size vs. time profile in most of the cases. Subsequently, all 
the dispersions were found to be stable up to a period of 90 days.  

 
Fig.2 Variation in the hydrodynamic diameter (dh) of NLCs (SLC+TS+PA, 
2:2:1 M/M/M, 1 mM) dispersed in aqueous surfactant - polymer media (10 

mM Tween 60+0.01 wt% polymer) at 25 °C. Panel A: dh – time profile of 
drug free NLC; panel B: 0.2 mM DNa loaded NLC and panel C: 0.2 mM 
IMC loaded NLC.Systems: □, base NLC; ○, PEG-coated; ∆, NaCMC coated 
and , LM200 coated NLC respectively. 

PEG coated systems were found to be smaller than the base-
NLCs as also reported by others.43, 44 Because of its hydrophilicity 
PEG, along with Tween 60, allows rapid emulsification of oily phase 
by providing W/O interfaces which supports the formation of 
smaller particles. However, increase in size with increasing PEG 
concentration was due to the availability of PEG molecules to result 
in the expansion of interface.44 Due to similarity in the charges, poor 
film formation and non-uniform mass uptake led to large variation in 
size in case of NaCMC stabilized systems.45 Systems stabilized by 

LM200 were bigger than the other two polymers as well as the base 
system; increase in size was concentration dependent, as observed by 
other research groups.46 Electrostatic attraction between the cationic 
polymer and the anionic NLCs could lead to the deposition of the 
polymer on the surface of the NLC. Minimum variation in size and 
its distribution were experienced in the presence of 0.01 wt% 
polymer irrespective of their charges. Further studies, therefore, 
were carried out at this particular polymer concentration. 
Incorporation of DNa and IMC in NLC resulted marked effects on 
particle size and the PDI values. Both the drug loaded systems 
showed similar trend compared to drug free systems; reduction in 
size and increase in PDI value with increasing drug concentration, 
like others.47 

Decrease in size for the base-NLC loaded with DNa was more 
prominent than IMC loaded systems, which showed almost similar 
trend like the base-NLC. Both the drugs being amphiphilic, can be 
adsorbed on the NLCs. DNa being completely ionized, interacts at 
the interface and dehydrates the phospholipid or the ethylene oxide 
head group of the nonionic surfactant and thus reduction in the 
interfacial hydrodynamic curvature was observed.48, 49 Due to its 
lesser ionic nature, deeper penetration of IMC into the lipid surface 
during the solidification of lipid melt would prevent its interaction 
with the polar head groups to minimize the surface effect as 
observed for DNa. Increase in size with time for IMC loaded base-
NLC was due to the agglomeration of lipid matrix induced by the 
drug. IMC got excluded from the surface of NLC because of its 
increased hydrophilicity in the presence of PEG. Similar effect was 
observed for drug loaded NaCMC coated systems.50 LM200 caused 
significant size decrease for both the drugs which was due to the 
decrease in attractive electrostatic attraction between cationic 
polymer and lipid matrix in presence of the anionic drug.51 However, 
absence of any precipitate was due to adsolubilisation of the 
dissociated components into the bulk, aided by the surfactant present 
in the medium. Progressive decrease in size supports the existence of 
hydrophobic interaction in addition to electrostatic interaction 
between the polymer and lipid matrix. Nevertheless, a marked 
increase in size with time is related to the instability of the system, 
i.e., the formation of precipitates with time. 

Variation in polydispersity index (PDI) with time for all the 
systems has been represented in Fig. S1, S3 and S4 (supplementary 
section). Higher PDI values indicate the formation of differently 
sized particles. The free or unbound Tween 60 that forms micelles 
like entity with an average diameter of 8-10 nm (data not shown) and 
the increased mobility of the internal lipids and fluidity of the 
surfactant layer due to the presence of higher concentration of 
unsaturated soylecithin52 may account for the increased PDI. Further 
increase in PDI with time was due to the aggregation of the NLCs. 
Marked increase in PDI values with time in the presence of both the 
drugs (Fig. S1 and S4, supplementary section) suggest its 
destabilization effect on the NLCs. 

Zeta potential (Z. P.) of some representative formulations are 
shown in Fig. 3; results for all the other systems have been shown in 
the supplementary section (Fig.S5 and S6). Z. P. of the blank NLC 
was -11 mV in the begining ( day 1 of sample preparation). Negative 
zeta potential of the formulations could be rationalized by the 
presence of dissociated fatty acids. Palmitic acid was used as one of 
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the lipidic components of NLCs. Palmitic acid may undergo 
dissociation/ ionisation thereby enhancing the magnitude of the 
negative zeta potential. Fatty acids are very important component for 
NLCs because they are found to stabilize the lipid dispersion by 
enhancing the zeta potential value (through the dissociation of 
carboxylic head group). Observed lower magnitude of Z.P. indicates 
significant adsorption of the nonionic surfactant over the NLC 
surface which also provides good steric stabilization to the colloidal 
dispersion.40, 53 

 
Fig.3 Variation of the zeta potential of NLC in the absence and presence of 

non-steroidal anti inflamatory drugs with time at 25 °C. SLC+TS+PA, 2:2:1 
M/M/M, 1mM dispersed in aqueous surfactant - polymer media (10 mM 
Tween 60+0.01 wt% polymer) were used. Panel A: drug free NLC; panel B: 
0.2 mM DNa loaded NLC and panel C: 0.2 mM IMC loaded NLC. Polymers: 
□, base (no polymer); ○, PEG; ∆, NaCMC and , LM200. 

Magnitude of negative Z.P. further decreased (-4 mV) upon the 
addition of PEG; which was due to the shielding of charges by PEG, 
inherent property of this nonionic hydrophilic polymer.43 Such an 
observation also further supports the size reduction in the presence 
of PEG. Although the magnitude of Z.P. was reduced for PEG-NLC 
systems, the value increased with increasing PEG concentration. 

NaCMC-stabilized systems represent almost similar behaviour like 
the blank systems; however the magnitude Z.P. was higher than the 
blank suggesting probable adsorption of NaCMC on the NLC 
surface. Electrostatic interaction and the adsorption of LM200  over 
the NLC surface is evident from the reduction in the magnitude of 
the negative zeta potential upon increasing polymer concentration.54 
Magnitude of negative Z.P. for the blank and NaCMC-stabilized 
systems decreased with time when analyzed for a period of 80 days 
whereas the change was negligible for PEG and LM200. Results 
indicate the desorption of the anionic polymer from the NLC 
surface; on the contrary, nonionic and cationic polymers provide 
better stability to the NLC due to their lesser desorption probability. 
Z.P. for the drug loaded systems were also compared with drug free 
systems, as shown in Fig. 3. Incorporation of the drugs did not 
significantly alter the surface charge densities of PEG and LM200 
stabilized NLCs. Initial decrease in Z.P. values for both the drug 
loaded base and NaCMC-stabilized systems were observed which 
was due to the compression of the electrical double layer by the 
electrolytes upon the addition of weakly acidic drugs.55, 56 Increase in 
negative zeta potential was observed after 40 days for both the drugs 
except LM200.57 The negatively charged NLC surface promoted the 
expulsion of the drugs. 
 
3.2 Morphological studies 
Shape and surface morphology of base NLC, assessed after 20 days 
of preparation by scanning electron microscopy (SEM) and freeze 
fractured transmission electron microscopy (FF-TEM). Some 
representative images have been shown in Fig. 4 and Fig.5 
respectively.  

 
Fig. 4 Scanning electron micrograph of 0.2 mM DNa loaded NLC 
(SLC+TS+PA, 2:2:1) dispersed in aqueous Tween 60. Scale bars are 
mentioned in the images. 

 
Discrete, smooth and spherical shaped morphologies were noted. 
Results were more or less similar for the other formulations. 
Incorporation of drugs were found to show no characteristic 
amendment in the morphology of the NLCs. Some agglomerates 
were found due to the drying process during sample preparation. The 
average particle size of NLCs calculated from SEM as well as FF-
TEM studies ranged between 250-300 nm, which were smaller than 
the same as obtained by DLS studies. 
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Fig. 5 Freeze fractured electron micrograph (FF-TEM) of 0.2 mM NLC 
(SLC+TS+PA, 2:2:1) dispersed in aqueous Tween 60. Scale bars are 
mentioned in the images. 
 

The discrepancy in particle size is due to the difference in the 
measurement principles involved. DLS measures the hydrodynamic 
diameter in the solution phase whereas the electron microscopic 
measurements are carried out at complete dry condition which would 
lead to the little shrinkage of the radius of hydration and present 
particles with smaller size as compared to DLS.58 Electron 
microscopic (EM) techniques can easily provide accurate size 
measurements with sub-nanometer resolution. However, organic 
surface ligands are difficult to resolve owing to their low electron 
density, so the EM determined size mainly reflects the size of the 
core. In addition, the requirement of high vacuum for EM imaging 
calls for complicated sample preparation procedures that can result 
in nanoparticle aggregation. 

 

3.3 FT-IR studies 
FT-IR studies are useful in understanding the interaction between 
drug and lipidic components which, to a large extent, determines the 
physicochemical properties of the prepared lipid formulation. FT-IR 
spectra for pure drug and physical mixture of lipid matrix alone or in 
the presence of drugs (IMC and DNa) were obtained and analyzed in 
the region of symmetric and antisymmetric vibration of -CH2- group, 
carbonyl stretching region and phosphate group frequency region 
(Fig. S7). The lipid mixture exhibited characteristic band for O-H 
(stretch) at 3394 cm-1, methylene asymmetric and symmetric 
stretching at 2917, 2956 (shoulder) and 2850 cm-1 respectively; 
carbonyl (C=O) band at 1736 cm-1, wagging and twisting mode of 
CH2 was marked by the presence of large number of bands between 
1196-1302 cm-1, C=O stretch at 1180 cm-1, rocking mode of CH2 at 
717 cm-1.59-61Na shows the band characteristic of secondary amine 
groups (3388 cm-1), phenyl groups (1577 cm-1) and substituted 
phenyl group stretch (748 cm-1).62 On the other hand, IMC has 
bands characteristic of basically two carboxylic groups as observed 
at 1692 cm-1 for benzoyl vibration and at 1717 cm-1 for acid 

carbonyl stretching. These peaks are characteristic peaks for γ form 
of IMC because of the presence of the anhydride groups formed as a 
consequence of the interaction of the acidic hydrogen with the 
amide-carbonyl group of a second molecule. When lipids are 
separately mixed with DNa and IMC, a marked broadening of the 
peaks at 2917 and 2850 cm-1, assigned for methylene asymmetric 
and symmetric stretching respectively, were observed. These peaks 
are highly sensitive to the variation in intermolecular chain–chain 
interaction and can be taken as a probe for lipid order and packing.60 
Broadening of the bands suggests that both the drugs, being weak 
acids, are less ionized at this condition which can penetrate deeper 
into the NLC and thus are capable to interact with the acyl chain 
within the core leading to the increase in mobility of lipid matrix. 
This is further supported by the absence of any shift of the peaks of 
the phosphate group (1220-1260) cm-1 of phospholipids.63 The 
carbonyl group vibration comprised two bands: one at 1736 cm-1 

(non-hydrogen bonded) and 1728 cm-1 (hydrogen bonded). Carbonyl 
bonds are highly sensitive to hydrogen bonding and conformational 
effects.63 Upon incorporation of the drugs into the physical mixture, 
increase in the high frequency band with a broader peak in the 
frequency region of 1738-1740 cm-1 was observed, which was due 
to the dehydration of the carbonyl moiety upon interaction with 
DNa and IMC.63 

 

3.4 Differential scanning calorimetry (DSC) studies 
DSC curves for bulk lipid mixture and the NLC formulations in the 
absence and presence of the drugs as well as the polymers are shown 
in Fig. 6 and Fig. 7. A marked reduction in the temperature of  
 

 
     Fig.6 DSC thermogram of the physical mixture of lipid and base-NLC 

(SLC+TS+PA, 2:2:1 M/M/M, 5 mM dispersed in Tween 60, 10 mM).- - - -, 
heating curve of base-NLC; - - - -, cooling curve base-NLC; ▬, heating 
curve of the physical mixture and (▬), cooling curve of the physical mixture. 

Scan rate: 2 °C/min.  

maximum heat flow (Tm,  in the range of 19 – 20.5 °C) with the 
broadening in the thermograms were noted compared to the bulk 
physical mixture of the lipids (52 °C). Reduction in the Tm value was 
due to structural reorganization and subsequent generation of 
imperfections induced by Tween 60. According to Thomson 
proposition,56 decrease in Tm values is due to the decrease in size. 
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Appearance of both the exo- and endothermic peaks excludes the 
existence of supercooled entities. The heating endotherm appeared in 
the temperature range of 23-25 °C while the cooling exotherms were 
downshifted (19.3 - 20.4 °C) as also observed by others.64 The 
exothermic peaks were further analyzed because of its distinctness 
compared to the heating curves.  

 

Fig.7 DSC cooling thermograms of drug free and drug loaded NLCs. A, drug 
free; B, DNa loaded and C, IMC loaded. Systems for all the panel: ▬, base-
NLC ▬, PEG; ▬, NaCMC and ▬, LM200-stabilized NLC respectivly. 
Concentrations of NLCs: 5 mM, polymer: 0.05 wt% and drug: 1 mM. 

Temperature range 0-80 °C and scan rate: 2 °C/min. 

Derived thermodynamic parameters of the DSC studies, viz., 
temperature of maximum heat flow ( Tm), peak width (∆T), changes 
in enthalpy (∆H), heat capacity (∆CP) and crystallinity index (CI) 
have been summarized in Table 1. Tm values passed through minima 
for 0.05 wt.% added polymers. Shift in the Tm values were in the 
range of 0.1 to 0.5 °C for different amount of added polymers; such  

Observations were indicative of insignificant interactions between 
the polymer and the lipid core. However, small increase in the peak 
intensity with increasing polymer concentration was due to its 
shielding effect. Significant interaction between the lipid matrices 
and the drugs could be established through the reduced Tm values 
upon the addition of drugs. Polymers significantly decreased the ∆H 
values of the NLC (76.03 kcal mol-1) which was due to the creation 
of lattice defects induced by the added polymer. Changes in the ∆H 
values of the NLCs were dependent on the type of polymer. In the 
lower concentration range, PEG significantly lowered the ∆H values. 
Results could be rationalized on the basis of marked decrease in size 
and crystallinity of the NLCs by PEG. In the higher PEG 
concentration region, increase in ∆H value could be explained on the 
basis of increased size of the NLCs. Unlike PEG, ∆H values 
continuously decreased with increasing LM200 concentration (from 
51.44 to 48.62 kcal mol-1). Increased size with added LM200 
resulted such kind of observations. Besides, electrostatic attraction 
between NLC and LM200 resulted in the formation of more 
organized structures. For NaCMC-stabilized systems, ∆H value 
passed through minimum with increasing polymer concentration, 
however, in a nonsystematic way. Combined DSC results thus 
suggest that the effect of polymers were significant at lower 
concentration; but the effect became insignificant in the higher 
polymer concentration range. Both the drugs suppressed the ∆H 
values; the effect was more prominent in case of IMC for its lower 
polarity and subsequent better insertion capability into the lipid 
matrices. 
 Width of the chain melting peak is a marker of the extent of 
crystallinity of the NLCs. Broadening of peak with added polymer is 
an indication for the probable formation of ultra-thin polymer layers 
of the NLCs. Observation could further be correlated with the 
observed change in ∆Cp values, which decreased with increasing 
polymer concentration. Extent of the depletion in the ∆Cp values 
followed the order: LM200 > PEG >NaCMC, which were in 
accordance with the extent of electrostatic attraction between NLC 
and the polymers. Increase in peak width was higher for IMC than 
DNa for obvious reason: polarity of the drugs. Furthermore, in an 
attempt to confirm the interaction of polymers as well as the drugs 
with NLCs, crystallinity index (CI) of the studied formulations were 
determined by considering the base NLC as the pure component 
(with 100% CI). Involvement of the polymers was clearly indicated 
by the reduced CI in all the cases. In addition, the reduction in CI 
value for the drug loaded formulations provided additional 
information regarding drug interaction with NLC. Reduction in CI 
values was significant for the drug incorporated systems. The results 
could be considered as signature of the interaction between the drug 
and NLC whereas the polymers only forms coat/layer surrounding 
the NLC, accompanied by Tween 60. The obtained results were 
further confirmed by the FT-IR as well as spectrophotometric 
investigations in the latter sections. However, to bit the final nail on 
this issue, further experiments like small and wide angle X-ray 
scattering (SAXS and WAXS) methods may be carried out which 
would provide important information on the effects of lipid 
composition, polymer type and penetration of drug on the crystalline 
structure.4, 65 These are considered to be the future perspectives of 
the present set of works. 
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Table 1. DSC data of different NLC formulations in the presence of drug and polymer. 
 

Polymer Wt% of polymer Tm/ °C ∆T/ °C ∆H/k cal. mol-1 ∆Cp/k cal/ mol/°C %CI 

NLC-

base 

- 19.98 6.36 76.03 11.95 100 

NLC-

PEG-

2000 

0.001 19.76 5.40 54.32 10.06 71.4 

0.01 19.77 6.08 57.23 9.41 75.2 

0.1 19.88 6.58 59.42 9.03 78.1 

NLC-

NaCMC 

0.001 19.31 5.06 54.98 10.87 72.3 

0.01 20.13 7.25 74.36 10.26 97.8 

0.1 20.43 6.98 72.84 10.44 95.8 

NLC-

LM200 

0.001 19.54 5.57 51.44 9.24 67.6 

0.01 19.88 5.22 49.95 9.57 65.6 

0.1 20.01 6.08 48.62 8.00 63.9 

Drug loaded systems coated with 0.01wt% polymer  

Drug Polymer      

DNa - 19.76 7.57 12.61 1.67 16.5 

PEG-2000 19.60 7.22 12.93 1.94 17.0 

NaCMC 19.32 7.80 14.30 1.66 18.8 

LM200 19.40 7.43 13.97 1.93 18.3 

IMC - 19.50 7.86 9.16 1.17 12.0 

PEG-2000 19.53 7.03 12.53 1.67 16.4 

NaCMC 20.07 6.32 11.32 1.98 14.8 

LM200 19.87 6.88 11.73 1.65 15.4 

0.2 mM drug was used in each case. Tm, temperature for maximum heat flow; ∆T, peak width; ∆H, enthalpy change and ∆Cp, heat capacity change. 1 mM 
NLC (SLC+TS+PA, 2:2:1 M/M/M) was dispersed in aqueous surfactant - polymer media (10 mM Tween 60+polymers). Scan rate: 2 °C/min 

 
 

3.5 Spectroscopic studies 
State of polarity of the drugs were evaluated by comparing the UV-
visible absorption spectra in NLCs with the same in solvents of 
different polarity. UV-visible absorption spectra of DNa and IMC in 
different solvents and in NLC are shown in Fig. 8. Dependence of 
absorption maxima (λmax) on the dielectric constant of the medium 
are also shown in Fig. S8. Absorption maximum (λmax) for DNa in 
NLCs was 281 nm, while in water it was at 276 nm. No such shift in 

the λ)&*&+,   (320 nm) was observed for IMC. Polarity of the drugs as 
established in NLCs, were found to be 19.79 and 20.1 for DNa and 
IMC respectively. Results suggest independence of the polarity 
effect of IMC. DNa being more ionic in nature, resides on the 
surface of the NLCs and are expected to be affected by the polarity 
of local environment. Similar shift in the absorption maximum of 
DNa to higher wavelength has been reported by Mehta et al.66 
Association of DNa with the polyoxyethylene moiety of Tweens 
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might have played a role in this regard. The drug molecules may get 
weakly intercalated on the surface of NLC. Thus, the 
microenvironment would be expected to be less polar resulting in a 

shift in λ)&*&+,  for DNa.  

 
Fig.8 UV-visible absorption spectra of 0.2 mM DNa (A) and IMC (B) loaded 

in NLC as well as in different solvents at 25 °C. Solvents / systems : ▬▬, 
chloroform; ▬▬, ethanol; ▬▬, DMSO; ▬▬, water and ▬▬, drug loaded 
NLC. 

 
3.6 Drug entrapment efficiency and drug loading capacity 

studies 
Entrapment efficiency (EE) and drug loading capacity (DL) of the 
surface modified NLCs were evaluated and the effect of polymer 
charge on the incorporation of both the drugs were also inspected. 
The obtained results have been summarized in Table 2. While 
considering the drug incorporation, systems were found to be similar 
to the lipid based lyotropic liquid crystal systems having cubic and 
hexagonal lamellar phases.9, 13 Due to the hydrophilic nature of DNa, 
its physical exclusion from NLC is higher that resulted in its lower 
EE and DL. Solid lipids in combination with the liquid or 
unsaturated lipids are used in preparing NLC. In case of hot 
homogenization approach, high temperature sonication of the 
formulation results in a nano emulsion dispersion comprising all the 
lipid melts including the drug. 

Table 2. Incorporation efficiency and loading capacity of NLC formulmation 
in the absence and presence of polymers for the drugs diclofenac sodium 
(DNa) and indomethacin (IMC)  

Formulations  DNa IMC 

EE% DL% EE% DL% 

NLC- base 65.9±0.8 5.2±0.1 70.8±0.7 6.2±0.1 

NLC-PEG2000 65.8±0.4 5.2±0.1 71.9±2.1 6.5±0.2 

NLC-NaCMC 58.4±0.9 4.6±0.1 71.7±2.3 6.3±0.3 

NLC-LM200 66.9±0.7 5.3±0.1 71.0±0.4 6.2±0.1 

1 mM NLC (SLC+TS+PA, 2:2:1 M/M/M) was dispersed in aqueous 
surfactant-polymer media (10 mM Tween 60 + 0.01 wt% polymer). 0.2 mM 
drug was used in each case. 

Upon cooling, nano droplets of the lipid melts start to solidify 
and form the NLC. This is known as the NLC hardening. During this 
hardening process, solubility of the incorporated drug in the lipid 
melt is reduced and some excess drug, especially the hydrophilic 
drugs, gets expelled from NLC. The drug expulsion due to the 
reduced drug solubility at the time of NLC hardening is known as 
physical exclusion phenomenon.67 However, high lipid solubility of 
IMC prevents the physical exclusion phenomenon during NLC 
hardening that explains its higher EE as well as DL.67 Charge of the 
polymers did not exhibit significant effect on the incorporation of 
IMC. IMC resides in the core of the NLC owing to its lipophilic 
nature and higher lipid solubility; thus, its interaction with the 
surface adsorbed polymer is improbable. In case of DNa, both EE 
and DL were remarkably influenced by the nature of polymer 
employed in the dispersion medium. The entrapment efficiency of 
DNa in base-NLC and PEG-NLC was almost similar. Minimum EE 
and DL was observed with NaCMC-NLC system which can be 
explained by the electrostatic repulsion between the negatively 
charged polymer and drug that leads to easier exclusion of the 
surface adsorbed negatively charged DNa. Formulation containing 
LM200 entrapped highest amount of DNa due to the tendency of 
positively charged LM200 to electrostatically bind the surface 
adsorbed DNa.68 

 
3.7 In vitro drug release studies 
Release profile of DNa and IMC from the NLCs have been shown in 
Fig. 9. NLCs markedly sustained the release of both the drugs; 
release profiles were dependent on the polymer. Maximum drug 
release of DNa from NLC was observed for PEG stabilized systems 
(85% after 96 h) and for IMC, both PEG and NaCMC stabilized 
systems showed maximum drug release profile (~50% after 96 h) 
whereas LM200 retarded the release of both the drugs. The drug 
loaded systems in absence of any polymer as well as PEG stabilized 
system showed intermediate behavior. Higher release for DNa was 
due to its greater hydrophilicity than IMC.69 Higher release profile 
for PEG comprising system was due to the decreased polarity of the 
release medium induced by the polymer.47 Sustained release of DNa 
from NaCMC stabilized system was comparatively less than the 
PEG which hints towards the formation of some drug loaded micelle 
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and enhanced viscosity of the system at low NaCMC 
concentration.70 The cationic polymer showed a further retarded 
release profile (compared to the nonionic and anionic polymers), 
indicating probable electrostatic interaction between the drugs and 
polymer. LM200, being a hydrophobically modified polymer, has 
distinct –C12H25 hydrophobic residue alongwith cationic quaternary 
ammonium centres;71 thus the hydrophobic nature of the polymer 
makes it less susceptible to hydration and may reduce the 
permeability of water into the nanoparticles which retards the release 
process. 
 

 

F   Fig.9 In vitro release profile of DNa (A) and IMC (B) from NLC 

(SLC+TS+PA, 2:2:1 M/M/M, 1 mM) matrices at 25 °C. 0.2 mMDNa and 
IMC were used. Systems: □ drug in Tween 60, ○, base-NLC; ∆, PEG; , 
NaCMC and , LM200 stabilized NLC. Each point was represented as mean 
± (S.D.) (n=3). 

In order to determine the suitable drug release kinetic model 
describing the dissolution profile, DDSolver 1.0, an Add-In Program 
for Modelling and Comparison of Drug Dissolution Profiles were 
used.38 The obtained release data were fitted into Higuchi, 
Korsmeyer-Peppas and Weibull equation, as mentioned earlier (eq. 
3-5). Rate constant value for the release process was calculated from 
the slope of the appropriate plots; the associated regression co-
efficient (r2) values were also evaluated, as shown in Table S1 
(supplementary section). Release of drug from NLCs followed 
Weibull and Korsmeyer-Peppas equations better than the Higuchi 
equation. However, some differences in the release profile ofIMC 

and DNa were also noted. IMC release profile was better correlated 
to all the three models applied with only a minute variation whereas 
a higher degree of variation for DNa release profile was observed 
where the (r2) value for Higuchi model did not fit well. Value of 
release exponent (n) which characterises the release mechanism as 
proposed by Korsmeyer and Peppas  was observed to be less than 
0.5 with minor variation for IMC loaded systems which suggests that 
the release of IMC from the lipid matrix was dominated by Fick 
diffusion whereas the (n) value for DNa loaded systems was 
observed to be (1>n>0.5) which suggests that the release of DNa 
from the NLCs was anamolous meaning non-Fickian diffusion 
behavior. It is proposed that as a result of contributions from 
diffusion and polymer erosion, i.e., contributed by the combination 
of dissolution and diffusion can be correlated to the poor fit of DNa 
release profile to Higuchi model. The release rate constant obtained 
from Higuchi model has been tabulated and revealed that the release 
rate followed an ascending order: LM200 < PEG < NaCMC < base 
NLC, or no polymer for IMC loaded systems. For DNa loaded 
systems the following sequence was observed LM200 < base -NLC 
< NaCMC < PEG. Results are in accordance with the observed 
release profile. The shape parameter, β, obtained from Weibull 
model for the IMC loaded systems represented a parabolic curve, 
i.e., case 3 whereas S-shaped curve was observed for DNa loaded 
systems with β value more than 1. 

 
3.8 Anti-bacterial activity studies 
Due to the increasing incidence of antibiotic resistance, different 
drugs apart from anti-microbial agents have been explored as 
possible alternatives and are referred to as non-antibiotics.72 Anti-
inflammatory drugs, apart from their anti-inflammatory effects, have 
also been explored for their anti-bacterial activities against both 
gram-positive and gram-negative bacteria. They are also reported to 
show synergistic effect when used in combination with antibiotics.33 
Thus in this study, the antibacterial activity of both DNa and IMC 
loaded NLCs against two different strains of each group, i.e., gram 
positive and gram negative bacteria were explored. Initially, 
minimum inhibitory concentration (MIC) of both the drugs against 
the studied strains of bacteria was determined experimentally by 
varying concentrations of drug from 1-10 mM. The results as 
observed showed no zone of inhibition for both the drugs against 
gram negative bacteria whereas both DNa and IMC were found to 
inhibit the growth of gram positive bacteria (Bacillus 
amyloliquefaciens) at a minimum concentration of 0.2 mM. As the 
drugs did not inhibit the growth of gram negative bacteria, further 
studies with different NLCs loaded with DNa and IMC in a 
concentration of 0.4 mM were carried out only against the strains of 
gram positive bacteria considering drug free NLCs as control. All 
the drug loaded systems were found to show significant antibacterial 
activities. No antibacterial activity was found with the systems 
devoid of both the drugs. The obtained distinct zone of inhibition (24 
h of incubation at 37 °C) for DNa and IMC loaded NLCs are shown 
in the Fig. 10. 

The percentage zone of inhibition was calculated for all systems 
studied and was found to be independent of the type of polymer. 
DNa exhibited better anti-bacterial activity against both the strains 
than the IMC. 49-53.5% area was inhibited in all the cases. Obtained 
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results clearly concluded the potential antibacterial activity of DNa 
and IMC loaded NLCs. However, further studies using other 
bacterial strains are required to explore the broad spectrum 
antibacterial activity of NLCs loaded with these drugs. 
 

 
 

Fig. 10 Antibacterial effect of drug loaded NLC on the growth of Bacillus 
amyloliquefaciens. Systems: B, control; D, DNa and I, IMC. Subscripts: b, 
base-NLC; p, PEG coated; c, NaCMC coated and L, LM200 coated NLCs. 

 

4. Conclusion 

Effect of cationic (LM200), anionic (NaCMC) and nonionic (PEG) 
polymers as well as two drugs DNa and IMC were investigated on 
the physicochemical properties of NLCs. Concentration and charge 

of polymers as well as the drugs greatly controlled the NLC 
behavior. 0.01 wt% polymer in combination with 10 mM aqueous 
Tween 60 was the optimum condition in stabilizing the NLCs. Both 
the polymers and the drugs generated imperfection in the packing of 
the NLC components. NaCMC exhibited anomalous behaviour 
probably due to the similarity in the electrical charges with NLCs; 
the disorderdness was markedly reduced in case of LM200 stabilized 
systems. Higher entrapment efficiency was experienced by IMC due 
to its greater lipophilicity than DNa. Effect of polymer charge on 
IMC loading was insignificant unlike DNa. Drug release from the 
lipid matrix was dependent on the polymer; PEG and NaCMC 
enhanced the release whereas LM200 delayed the sutained release of 
both the drugs. While the release of IMC was diffusion controlled, a 
combined diffusion and dissolution controlled process was 
experienced by DNa. Systems were found to exhibit substantial 
antibacterial activies towards gram positive strains. Further 
characterizations using cryo-TEM, X-ray scattering and atomic force 
microscopic studies are warranted to finaly conclude about the 
systems. Besides,  in vivo studies may be carried out which 
eventually would substantiate the potential of the systems as novel 
drug delivery agent with reduced toxicity for the conventional 
nonsteroidal anti-inflammetory drugs. 
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