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ABSTRACT
Purpose Solid lipid nanoparticles (SLNs) have been proposed as
a colloidal carrier system that could enhance the oral bioavailability
of curcumin. However, a burst release of the loaded drug, which
occurs in acidic environments, has been a main obstacle to the
oral delivery of curcumin by using SLNs as a carrier system. We
hypothesized that a quarternized chitosan derivative could be
used for acid-resistant coating to stabilize the SLNs and circum-
vent the burst release.
Methods N-trimethyl chitosan (TMC) was synthesized and de-
termined by 1H-NMR and FT-IR. To investigate the details of
chitosan and TMC surface modification on SLCNs composed of
palmitic acid, cholesterol, TPGS and curcumin, a number of
factors such as optimized SLNs composition, solid state charac-
terization, stability, cell viability, in vitro release in GI conditions,
curcumin oral bioavailability and brain distribution studies, were
evaluated.
Results The TMC-SLCNs exhibited prolonged stability in room
and refrigerated conditions, controlled drug release in simulated
intestinal fluid, significantly higher oral bioavailability, and brain
distribution of curcumin than free curcumin, chitosan and non-
coated SLCNs.
Conclusions These finding suggests that the TMC-SLCNs is a
promising nanocarrier system for oral delivery and brain distribu-
tion of curcumin.

KEY WORDS coating . curcumin .N-trimethyl chitosan . oral
drug delivery . solid lipid nanoparticles

ABBREVIATIONS
CH-SLCNs Chitosan coated solid lipid nanoparticles
DSC Differential scanning calorimetry

FT-IR Fourier transform-infrared spectroscopy
H-NMR Proton nuclear magnetic resonance

spectroscopy
HPLC High performance liquid chromatography
LC-MS/MS Liquid chromatography – tandem mass

spectroscopy
MTTreagent (3-[4, 5-dimethyl –thiazol-2-yl]-2,

5-diphenyl tetrazolium bromide)
PXRD Powder X-ray diffraction
SLCNs Curcumin-loaded solid lipid nanoparticles
SLNs Solid lipid nanoparticles
TGA Thermogravimetric analysis
TMC N-trimethyl chitosan
TMC-SLCNs N-trimethyl chitosan coated solid lipid

nanoparticles
TPGS D-α-tocopheryl polyethylene glycol 1,000

succinate

INTRODUCTION

Curcumin, a lipophilic polyphenolic compound extracted from
Curcuma longa, exhibits a broad range of biological and pharma-
cological activities, including anti-amyloid, anti-oxidant, anti-
malarial, anti-inflammatory, anti-HIV, and anti-tumor proper-
ties (1,2). Curcumin is a well-known multitherapeutic and che-
motherapeutic agent with demonstrated effectiveness against
various types of cancer, including tumors of the lung, breast,
head-neck, bone, prostate, and gastrointestinal tract (3). Despite
its valuable therapeutic effects, clinical use of curcumin is restrict-
ed by pharmacokinetic obstacles such as poor oral bioavailability
due to low water solubility, instability at neutral and alkaline pH
values, extensive metabolism, and rapid elimination (4).

Over the last few decades, considerable attention has been
focused on designing novel drug delivery carrier systems that
would enhance the oral bioavailability of lipophilic drugs.
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SLNs are among the most popular drug delivery systems and
have been reported to have potential for sustained delivery of
orally administered lipophilic drugs. In addition to their non-
toxic nature and high payload capacity, SLNs, as a
nanocarrier system, have the ability to augment the solubility,
bioavailability, and stability of the drug they carry (5,6).
However, variable release patterns of drug-loaded SLNs in
the gastrointestinal tract have been a major obstacle to their
wide application for oral delivery of lipophilic drugs. Drug-
loaded SLNs exhibit a burst release of drugs in the acidic
environment of the stomach lumen (pH 1–3) and a sustained
release in the intestinal environment (pH 6.8–7.4) (7–9).
Considering all these concerns, as well as the positive aspects
of SLN formulations, we designed surface-modified SLNs that
minimize the burst release of the carried drug in the gastric
milieu.

Chitosan, a cationic natural polysaccharide derived from
deacetylated chitin, exhibits excellent properties for biological
applications, including high biocompatibility, biodegradability,
mucoadhesivity, low toxicity, and antimicrobial activity (10). It is
soluble at acidic pH conditions, and its protonated form is only
active as an absorption enhancer in acidic environments.
Chitosan is a weak base and a sufficient amount of acid is
required for conversion of the glucosamine units into the water
soluble positively charged form. Usage of chitosan for potential
oral drug delivery applications is limited by its low solubility in
neutral and alkaline environments (11) and the tendency of
chitosan molecules to aggregate and lose their positive charge
in solutions at physiological pH. Recently, a broad range of
chitosan based biomaterials have been developed and utilized
in novel drug delivery systems based on chemical modifications
of chitosan (12). Methylation of chitosan introducing trimethyl
groupmoieties into the polymer backbone significantly improved
the aqueous solubility (13). TMC, a quaternized chitosan deriv-
ative, shows excellent aqueous solubility over a wide pH range, in
addition to mucoadhesive and absorption-enhancing properties
at neutral pH (14). Among the plethora of polymeric materials,
TMC, a water soluble cationic polyelectrolyte is useful for the
delivery of therapeutic drugs via various route including intrave-
nous, peroral (15), intranasal (14), buccal (16), ocular (17), pul-
monary (18) and rectal routes (19). Earlier, many therapeutic
moieties including antioxidants, enzymes, vaccines, antimicro-
bials, and small molecules has been successfully encapsulated and
administered in vivo. It has also been reported that TMC can
decrease the transepithelial electrical resistance (TEER) of
CaCo2 cell monolayers and enhance the oral delivery of vaccine
(20), insulin (21), cispaltin (22), DNA (23), curcumin (24) and
peptides/proteins (12,25). We hypothesized that TMC could
provide an acid-resistant alternative to unmodified chitosan for
the formation of stable SLNs that will not exhibit burst release.

The lipid matrix derived from physiological lipid compo-
nents reduces the danger of acute and chronic toxicity (5).
Palmitic acid, cholesterol and TPGS [GRAS (generally

regarded as safe) grade], and their application for the delivery
of active ingredient is approved by regulatory authorities. The
addition of TPGS as an emulsifier and stabilizer to lipid based
formulations may enhance the solubility, oral bioavailability
and stability of entrapped compounds (26). In this study,
SLCNs were formulated using palmitic acid (CH3 (CH2)14
COOH), cholesterol, TPGS, and curcumin, and their ability
to enhance the solubility, stability and oral bioavailability of
curcumin was tested using in vitro and in vivo assays. The
comparative physicochemical characteristics, physical stabili-
ty, release, and pharmacokinetics of non-modified SLCNs,
CH-SLCNs and TMC-SLCNs were studied for the designing
a novel drug carrier system suitable for oral administration of
curcumin (Fig. 1). In order to enhance the potential applica-
tion of curcumin against Alzheimer’s disease and brain glio-
mas, we further analyzed curcumin concentration in the
whole brain, capillary fraction (the pellet) and a supernatant
fraction of brain parenchyma.

MATERIALS AND METHODS

Materials

Chitosan (molecular weight, 15 kDa) was purchased from
Polysciences, Inc. (Warrington, PA, USA). Curcumin, resver-
atrol internal standard, and N-methyl-2-pyrollidinone (NMP)
were purchased from the TCI Co., Ltd (Tokyo, Japan).
Salbutamol, methyl iodide, sodium iodide, sodium hydroxide,
sodium chloride, palmitic acid and, TPGS were purchased
from Sigma- Aldrich Co. (St. Louis, MO, USA). Cholesterol
was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). The solvents acetonitrile (Avantor, PA,
USA) and water (Fisher Scientific Korea Ltd, Korea) were
of HPLC grade. All other chemicals and reagents used in this
study were of analytical grade and used without further
purification.

Preparation and Characterization of TMC

TMC polymer was synthesized and characterized according
to the previously established procedure (14), with the two-step
methylation pathway depicted in Fig. 2a. Briefly, 1 g of
chitosan and 2.4 g of sodium iodide were dissolved in a
mixture of 40 mL of NMP and 6 mL of 15% aqueous sodium
hydroxide solution in a heated water bath at 60°C with
stirring. Once chitosan was dissolved, 6.5 mL of methyl iodide
was added to the reaction mixture and stirred for 1 h. The
product was precipitated using 200 mL of an ethanol/diethyl
ether mixture. Isolated by centrifugation, and washed with
diethyl ether. The product was dissolved in 20 mL of deion-
ized water and 125 ml of 1 M HCl was added to change the
counterion from iodide to chloride. Synthesis of TMC with a
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high degree of quaternization required additional steps: be-
fore precipitation, 3 mL of methyl iodide and 3 mL of 15%
sodium hydroxide were added to and the mixture stirred for
another 1 h. For the highly quaternized TMC, the final
reaction product was dissolved in 20mL of 10%NaCl (instead
of HCl) to exchange the iodide. The resulting product
was precipitated by centrifugation after ethanol addition
and washed with diethyl ether. After drying at 40°C
under vacuum, TMC was obtained as a white, and
water- soluble solid.

The 1H-NMR spectrum of the purified TMCwas acquired
with a Bruker 600 MHz Nuclear Magnetic Resonance
Spectrometer (Bruker Analytik, Germany). A 2 mg sample
of the polymer product was dissolved in 700 μL of D2O for
analysis. The extent of N-trimethyl group incorporations,

considered an index of the degree of quaternization
(DQ) was determined by 1H-NMR using the following
equation:

DQ ¼ CH3½ �3
H½ � � 1

9

� �
� 100

where, [CH3]3 is the integral of the peaks corresponding to
the nine hydrogen atoms from the trimethylated amino
groups at 3.3 ppm, and [H] is the integral of 1H peaks
between 4.7 and 5.7 ppm (reference signals), representing
the hydrogen atom bound to the C-1 of the glycopyranose
ring of the glucosamine (20).

FT-IR spectra of chitosan and TMC were recorded using
four scans obtained using a spectrophotometer (Bruker

Fig. 1 Schematic illustration of surface modification on SLCNs with chitosan and TMC for curcumin oral delivery.

Fig. 2 Scheme for the synthesis of TMC (a); 1H-NMR (b) and FT-IR spectra (c).
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Analytik, Rheinstetten, Germany) operating in the region
from 4,000 to 500 cm−1 with a resolution of 2 cm−1.

Preparation and Characterization of SLCNs

Optimization of SLCNs Composition

SLCNs were prepared by high-shear homogenization and
ultra-sonication technique (27), with the compositions of
SLCN formulations evaluated and presented in Table I.
Briefly, the lipid phase palmitic acid and cholesterol were
heated to 5–10°C above their melting point to completely
melt the lipid. Curcumin was dispersed into the melted lipid
phase. The preheated aqueous solution containing TPGS was
added to the lipid phase and homogenization was performed
using Ultra-Turrax homogenizer (IKA-Werke, Staufen
Germany) for 5 min at 11,000 rpm. The resulting pre-
emulsion was sonicated using a probe sonicator (Vibracell
VCX130; Sonics, USA) for 5 min. The resulting SLCNs were
lyophilized by using freeze-drying (Scan Vac, South Korea)
and stored at 4°C for further experiments.

Particle Size, Polydispersity Index (PDI) and Zeta Potential
Analysis

The SLCNs were dispersed in distilled water at appropriate
concentrations. The mean particle size, poly dispersity index
(PI), and zeta potential were measured using the zeta potential
and particle size analyzer ELSZ-1000 (Photal OTSUKA
Electronics, Tokyo, Japan) based on the dynamic light scat-
tering method. All measurements were performed in
triplicate.

Determination of Encapsulation Efficiency and Loading Capacity

Following SLCN synthesis, the quantity of unencapsulated
curcumin was measured by ultracentrifugation with
Amicon® filter tubes (Millipore, Carrigtwohill, Ireland).
Briefly, 500 μL of SLCNs was transferred into a 0.5 mL of
centrifugal filter tube and centrifuged at 14,000 rpm for
30 min at 4°C. The amount of unencapsulated curcumin in
the supernatant was determined byHPLCwith UV detection.
The encapsulation efficiency (EE) and loading capacity (LC)
were calculated using the following equations:

Encapsulation efficiency EEð Þ ¼ TCur−SCur
TCur

� 100

Loading capacity LCð Þ ¼ TCur−SCur
TL

� 100

where TCur is the total amount of curcumin in the
SLCNs, SCur is the amount of curcumin measured in
the supernatant, and TL is the total mass of lipids in the
SLCNs.

HPLC Analysis

The analytical technique used to quantify curcumin was based
on the method described with (28) minor modifications.
Briefly, An Agilent 1100 series HPLC system with a variable
wavelength detector was used for quantification of curcumin.
Sepax BR-C18 column (5 μm, 120 Å 4.6×150 mm) was used
with acetonitrile and water (1:1) (v/v) as the mobile phase.
Curcumin from different SLN formulations was analyzed
following the addition of resveratrol as an internal standard,
liquid-liquid extraction with ethyl acetate and dilution in the
appropriate volume of the mobile phase. A 20 μL aliquot was

Table I Development and Optimization of SLCNs (mean±S.D, n=3)

Formulation code Compositiona Particle size Zeta potential (mV) EE (%) LC (%)

Mean size (nm) PDI

P1 20 : 3 : 8 : 1 243.6±15.8 0.17±0.04 −28.57±1.31 93.23±0.06 4.05±0.01

P2 30 : 3 : 8 : 1 388.1±24.9 0.24±0.02 −29.15±2.05 92.96±0.11 4.04±0.01

P3 40 : 3 : 8 : 1 513.9±71.3 0.29±0.01 −30.37±1.29 92.83±0.05 4.03±0.01

C1 20 : 6 : 8 : 1 294.0±21.7 0.25±0.02 −29.62±0.80 93.20±0.10 4.05±0.01

C2 20 : 4 : 8 : 1 219.8±10.4 0.16±0.01 −28.83±1.83 93.16±0.05 4.05±0.01

C3 20 : 2 : 8 : 1 190.7±15.1 0.19±0.01 −28.34±1.11 93.10±0.10 4.04±0.01

T1 20 : 2 : 12 : 1 223.9±14.3 0.21±0.09 −26.80±1.76 92.70±0.06 4.03±0.01

T2 20 : 2 : 10 : 1 179.1±11.5 0.20±0.03 −26.60±0.57 93.07±0.06 4.04±0.01

T3 20 : 2 : 6 : 1 138.8±7.6 0.15±0.04 −29.67±1.20 93.13±0.11 4.05±0.01

T3-1 20 : 2 : 6 : 2 179.0±22.4 0.25±0.01 −29.97±1.38 64.96±0.32 2.82±0.01

T3-2 20 : 2 : 6 : 3 193.2±26.8 0.13±0.01 −28.40±0.91 41.80±0.46 1.82±0.01

a The SLCNs compositions are expressed as ratio of palmitic acid / cholesterol / TPGS / curcumin (w/w)
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injected onto the HPLC system and the curcumin content was
quantified at a wavelength of 425 nm. The data obtained were
processed using the Chem Station software (Agilent technol-
ogies, Santa Clara, CA, USA). Calibration curves based on
the ratios of areas of curcumin and resveratrol peaks to the
curcumin concentration were found to be linear in the con-
centration range between 0.5 and 90 μg/mL. Linear regres-
sion analysis revealed that the equation of the line of best fit
from the calibration graph was y=0.1226×−0.026, with a
good fit to the data (r2=0.99).

Solid State Characterization

PXRD Analysis

The crystallographic structure of samples was characterized
using powder X-ray diffractometer (PANalytical, Almelo,
Netherlands) with a copper anode (Cu Kα radiation, 40 kV,
30 mA). Curcumin, palmitic acid, lyophilized plain SLN and
SLCN samples were analyzed at ambient temperature, by
scanning from 1° to 100, 2θ at 0.05° step size, and step time
of 1.00 s.

DSC Analysis

The physical state and thermal behavior of the samples were
characterized using a Mettler DSC apparatus (Mettler
Toledo; Melbourne, Australia). For DSC measurements,
2 mg samples of each material (curcumin, palmitic acid, plain
SLNs, and SLCNs) were loaded individually onto a standard
aluminum pan and hermetically sealed. DSC analyses were
performed under dry nitrogen gas with a flow rate of 50 mL/
min, temperature range of 20–220°C, and scan rates of 10,
2.5, and 0.2°C/min.

TGA Analysis

The thermal decomposition of palmitic acid, curcumin, plain
SLNs and CLSNs was measured using a thermogravimetric
analyzer (Mettler Toledo, Greifensee, Switzerland). For each
analysis, a 2 mg sample was weighed and placed in an alumi-
num pan. TGA analyses were performed under increasing
temperature conditions (25°C to 500°C), with a heating rate
of 10°C/min and under 20 mL/min nitrogen flow.

Compatibility Study- FT-IR Spectral Analysis

The potential interaction between the solid lipid core and
incorporated drug was investigated using FT-IR studies
(Bruker Analytik, Germany). The FT-IR analysis of pure
curcumin, plain SLNs, and SLCNs were performed with a
resolution of 2 cm−1 in the range between 4,000 and
500 cm−1.

Preparation of TMC-SLCNs

The 20: 2: 6:1 w/w relative composition of palmitic acid,
cholesterol, TPGS, and curcumin was found to be optimal,
and was used for subsequent experiments. SLCNs were
surface-modified with TMC by surface charge interaction.
Solutions comprising equal volumes of negatively charged
SLCNs and cationic TMC (50:1, w/w) were dispersed in
distilled water and stirred for 10 h. Finally, TMC-SLCNs
were collected by centrifugation at 13,000 rpm for 30 min
and lyophilized. Similarly, CH-SLCNs were also prepared
and used as control.

Stability Studies

Storage Stability Over 90 Days

The stability studies evaluating all lyophilized SLNs formula-
tions were performed at different storage conditions and ac-
cording to the modified ICH guidelines. The lyophilized
samples were kept refrigerated temperature (2–8°C) and at
room temperature. Immediately following synthesis and after
45 or 90 days of storage, particle size, zeta potential and EE
were measured using the procedures described in the above
sections.

Photostability

The photostability of lyophilized SLNs formulations were
evaluated using the protocol described by C.S. Mangolim
et al (29), with minor modification. The samples were placed
into a petri dish and exposed to ambient sunlight and visible
light for 0, 2 and 5 days. After exposure, specific quantity of
each sample was withdrawn, and the quantity of curcumin
was determined using HPLC-UV method.

In Vitro Release Studies

The cumulative release of curcumin from SLCNs and surface-
modified SLCNswas measured using the dialysis bag diffusion
technique as previously described (30,31), with minor modifi-
cations. SLN formulations containing 930 μg/mL curcumin
were dispersed in simulated gastric fluid (SGF, pH 1.2) and
simulated intestinal fluid (SIF, pH 7.4) solutions and trans-
ferred to a dialysis bag (molecular weight cutoff, 3 kDa). The
dialysis bag was sealed at both ends and immersed in a
receptor compartment containing the simulated medium.
Samples were shaken horizontally in a shaker at 37±1°C
and 50 strokes per minute. At predefined time intervals (0,
0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h) a 1mL sample of the medium
was taken from the receptor compartment and replaced with
the same volume of fresh medium to maintain sink conditions.
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All collected samples were analyzed using HPLC-UV
method.

In Vitro Cell Viability Studies

The antitumor efficacy of SLCNs formulations and non-toxic
effect of plain SLNs was evaluated against human breast
adenocarcinoma MCF-7 and mouse melanoma B16F10 cell
lines by performing the MTT assay. Briefly, the cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM),
which was supplemented with 10% (v/v) fetal bovine serum
(FBS), and 1% penicillin/ streptomycin, and kept at 37°C in a
humidified 5% (v/v) CO2 atmosphere in a sterile incubator.
The cells were seeded 3×104 cells well in a 96 well plate and
incubated at 37°C for 24 h. After incubation, 100 μL of the
medium containing SLCN formulations at concentrations
ranging from 1 to 20 μM were added to each well. After
incubation for additional 24 or 48 h, the culture medium
was replaced with 10 μL of 5 mg/mL MTT reagent and
incubated at 37°C for 2 h. The medium was discarded and
100 μL of DMSO was added to each well. The plates were
kept in the shaker to ensure the solubilization of formazan
crystals in DMSO. Finally, the absorbance was measured at
570 nm by using a microplate reader (BioTek, Winooski, VT,
USA). Relative cell viability was calculated from the absor-
bance of treated cells, by using non-treated cells as controls.
All experiments were performed with n=8.

Pharmacokinetic Studies

Animals and Dosing

For in vivo pharmacokinetic studies, 4 week old male Balb/c
mice weighing 20–25 g were used. All protocols involving
experimental animal were approved by the Institutional
Animal Ethics Committee of Gachon University, South
Korea. The mice were randomly divided into four groups
with n=3 in each group to minimize the variation between
individuals. One group of animals received 50 mg/kg free
curcumin diluted in 25% Tween 80 orally. The remaining
groups received 50 mg/kg curcumin administered orally as
SLN formulations comprising SLCNs, CH-SLCNs or TMC-
SLCNs. All SLNs formulations were dispersed in distilled
water just before oral administration. After administration,
20 μL of blood serial samples were withdrawn from the
saphenous vein at 0.25, 0.5, 0.75, 1, 2, 4, and 8 h. Blood
samples were collected in 0.5 mL of heparinized polythene
tubes and centrifuged for 10 min at 4,000 rpm and, 4°C to
obtain the plasma. Animals were sacrificed and decapitated at
8 h and the brains were carefully removed. All plasma samples
and brain tissues were stored at −80°C until further LC-MS/
MS analysis.

Quantification of Plasma and Brain Curcumin Content
by LC-MS/MS

To quantify the amount of curcumin in the brain tissue,
capillary depletion method was used (32). In brief, the brains
were homogenized (ten strokes) in 0.8 mL of RHB-buffer
using an ice-cold glass homogenizer. After addition of dextran
(1.6 mL of 26% solution) another homogenization (three
strokes) followed. The homogenate was separated into a su-
pernatant (brain parenchymal fraction) and pellet (containing
the vascular elements) by centrifugation for 15min at 4°C and
5,400 g. Whole brain homogenate and separated brain frac-
tions were analyzed for curcumin content after extraction.

Mouse plasma (10 μL) or brain homogenate samples
(40 μL) were mixed with 10 μL of salbutamol internal stan-
dard (200 ng/mL) containing mobile phase and 10 μL of
0.5M sodium hydroxide (to enhance the curcumin extraction)
by vortexing for 1 min, prior to liquid-liquid extraction with
250 μL of ethyl acetate to isolate curcumin. After centrifuga-
tion for 10 min at 4°C and, 10,000 rpm, the organic layer was
separated and evaporated to dryness under vacuum. Finally,
the evaporated residue was reconstituted in 20 μL of mobile
phase (acetonitrile and 0.01% formic acid, 50:50%, v/v)
vortexed for 1 min, and used for LC-MS/MS analysis.

We developed and validated a highly sensitive, specific LC-
MS/MS method for the quantitative analysis of curcumin in
mouse plasma and brain tissue samples (manuscript submitted
for publication). The Agilent HPLC (1100 series, Agilent
Technologies) system connected to a 6490 triple quadrupole
MS equipped with an ESI Agilent jet stream system was used
for the LC-MS/MS measurement of curcumin levels in
mouse plasma and brain homogenate samples. HPLC sepa-
ration was conducted on an analytical Sepax BR-C18 (5 μm,
120 Å 1.0×100 mm) column, with the column temperature
maintained at 30°C. The mobile phase consisted of acetoni-
trile and 0.1% formic acid (50: 50%, v/v) delivered at a
constant flow of 0.2 mL/min. The injected volume of each
sample was 2 μL.MS ionization was performed in the positive
ESI mode with argon as a; collision gas, 5 kV; capillary
voltage, 225°C gas temperature, 15.1 I/min gas flow, 40°C
source temperature, and collision energies of 14 and 12 eV for
curcumin and salbutamol, respectively. Analytes were quan-
tified using multiple reactions monitoring (MRM) to monitor
the ion transitions of 369–285m/z for curcumin, and 240–148
m/z for salbutamol.

Kinetic Data and Statistical Analysis

The plasma concentration-time data were analyzed and the
pharmacokinetic parameters, including maximum plasma
concentration (Cmax), corresponding time (Tmax), area under
the plasma concentration-time curve (AUC), elimination half-
life (t1/2), and mean residence time (MRT), were estimated
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using non-compartmental analysis (NCA) in WinNonlin soft-
ware (version 2.1, Pharsight, USA).

All data are presented as mean±S.D. Statistical signifi-
cance was evaluated using ANOVA combined with
Student’s ‘t’ tests, with analysis performed using Prism 4.0
software (Graph Pad software); p-values of 0.05 and below
were considered significant.

RESULTS

Synthesis and Characterization of TMC Polymer

TMC with varying DQ values was synthesized and charac-
terized as previously reported (14). Presence of N-trimethyl
groups in the synthesized chitosan derivative was confirmed
by 1H-NMR and FT-IR spectral analyses. Characteristic
peaks proving the presence of N-methylation were expected
in the region of 2.47–3.37 ppm. A signal was detected at
3.25 ppm, which was attributed to the quaternized sites
(Fig. 2b). TMC polymers with high DQ values 48% were
obtained by amending the reaction step as described above.

The four characteristic bands in the FT-IR spectra of
chitosan and TMC polymer correspond to the stretching
vibration of NH2 and OH combined peaks (3,425 cm−1),
C=O bonds of the acetamido groups (1,658 cm−1), N-H
bonds of the amino groups (1,564 cm−1), and C-H bonds of
methyl groups (1,479 cm−1). The FT-IR spectra of chitosan
and TMC were almost identical, with a distinguishing signal
representing the deformation vibration of C-H at 1,479 cm−1

observed only the in TMC spectrum (Fig. 2c). FT-IR spectral
analysis, therefore, indicated that the amino groups of chito-
san were substituted by methyl groups.

Development and Optimization of SLCNs

Mean particle size, zeta potential, EE, and LC of optimized
SLNs formulations are shown in Table I. The effect of
palmitic acid concentration on particle size was determined
by varying the concentration from 20 to 40 mg while keeping
the same quantity of cholesterol (2 mg) and TPGS (6 mg). The
results indicated that augmenting the palmitic acid concentra-
tion increased the particle size from 243.6±15.8 to 513.9±
71.3 nm. Larger particle size may be caused by the higher
viscosity of the dispersion medium at higher lipid concentra-
tions, resulting in to larger particle size distributions (33,34). In
addition, the surfactant is not able to completely cover the
surface of the lipid core at high lipid concentrations, resulting
in diminished emulsifying efficiency and supporting the parti-
cle agglomeration (35).

The curcumin EE was found to increase with increasing
amounts of cholesterol without significantly affecting themean

particle size. The cholesterol at this concentration will provide
additional space and sufficient rigidity to the nanoparticle
which will be embedded between the phospholipid molecules.
This will reduce the leakage of active therapeutic moiety from
the nanocarriers. Additionally, presence of optimized propor-
tion of cholesterol will act as a fluidizer or membrane rigidi-
fying agent that will further increase the EE. In our study, EE
increased in proportion to the mass of the lipid component,
likely resulting from the hydrophobic interactions and high
solubility of curcumin in palmitic acid and cholesterol.

The effect of relative amount of TPGS on particle size was
evaluated by varying the TPGS concentration from 6 to
12 mg while maintaining the amount of palmitic acid
(20 mg). High amounts of TPGS were found to result in an
increase in the mean particle size. This might be attributed to
the intrinsic thermodynamic instability of nanoparticles and
hydrophobic interactions between TPGS molecules might be
dominated, resulting in aggregation and increase in particle
size. Our observations revealed that at very low concentra-
tions, TPGS was adsorbed directly onto the surface of the
particles. However, at high concentration of TPGS, creation
of loops and tails and the compression of the emulsifier mol-
ecules at the surface of the solid lipid core were prominently
observed and eventually led to the formation of bridges be-
tween the SLNs.

The effects of different concentrations of the curcumin
loaded on the mean particle size and EE were evaluated using
concentrations from 1 to 3 mg. The SLCNs system was stable
up to 1 mg of curcumin with the solid lipid composition.
However, our evaluation showed that the particle size signif-
icantly increased and EE decreased at curcumin concentra-
tions above 1 mg. Each lipid evaluated was found to exhibit a
distinct drug loading capacity, with the addition of excess
amounts of drug leading to high levels of free, untrapped,
drug in the formulation. Ultimately, the SLN composition
comprising palmitic acid, cholesterol, TPGS, and curcumin
at 20, 2, 6, and 1 mg, respectively, was found to be optimal for
the formulation of small particles.

Surface Modification of SLCNs with TMC

Surface modification of the optimized SLCNs was performed
using chitosan or TMC. Due to the high electrostatic interac-
tion, chitosan or TMC were adsorbed onto the surface of
SLCNs. Surface modification was evaluated by comparing
the particle size and zeta potential of SLCNs before and after
surface modification (Table II and Fig. 3). SLCNs with surface
modification using chitosan or TMC presented with a greater
particle size (mean diameter 311.9±67.7 nm, 412.0±
79.7 nm), compared to that of the unmodified SLCNs (mean
diameter 138.8±7.6 nm), clearly confirming that chitosan or
TMC completely covered the surface of SLCNs.
Furthermore, addition of chitosan or TMC reversed the
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negative surface charge (zeta potential) of SLCNs from
−29.67±1.20 mV to 27.08±0.86 mV, or 35.70±1.03 mV,
respectively, confirming that the SLCN surface was modified.

Evaluation of Particle EE

The EE of the SLCNs, CH-SLCNs and TMC-SLCNs was
found to be 93.13±0.11%, 93.12±0.06% and 93.12±
0.08%, respectively. High lipophilicity of curcumin resulted
in high EE of the drug in the solid lipid core, possibly due to
the ability of palmitic acid and cholesterol to accommodate
highly lipophilic molecules.

Physical State Characterization

PXRD Studies

Powder-XRD patterns obtained by analysis of pure curcumin,
plain SLNs, SLCNs, and palmitic acid lipid matrix are pre-
sented in Fig. 4a. The powder-XRD diffractogram of pure
curcumin exhibits numerous sharp peaks at 2 scattered an-
gles, indicating its high crystallinity. By comparing the XRD

patterns of SLCN and curcumin, SLCN patterns do not
shown any crystalline peaks characteristic of curcumin, which
indicates that curcumin was completely dispersed in the amor-
phous ormolecular dispersion formwithin the crystal lattice of
the lipid matrices. Additionally, there was no noticeable dif-
ference in diffraction patterns between plain SLNs and
SLCNs indicating that the incorporation of curcumin into
the SLNs did not affect the nature of SLNs. The diffraction
patterns of SLCNs and lipid matrices were found to differ in
intensity and resolution of the peaks, which primarily depend
on factors such as particle size and quantity of sample (36).
Amorphous form of curcumin has been used in SLNs to
enhance the curcumin loading capacity, aqueous solubility,
and oral bioavailability (37,38).

DSC Analysis

DSC is an important method for qualitative investigation of
the physical states of free drug and drug encapsulated formu-
lation by measuring the temperature and energy variation at
the phase transition. DSC thermograms obtained by the
analysis of curcumin, palmitic acid, plain SLNs, and SLCNs

Table II Physicochemical Characterization of SLCNs (mean±S.D, n=3)

Group Formulation Particle size (nm) PDI Zeta potential (mV) EE (%) LC (%)

I SLCNs 138.8±7.6 0.15±0.04 −29.67±1.20 93.13±0.11 4.04±0.01

II CH-SLCNs 311.9±67.7a 0.24±0.02 27.08±0.86a 93.12±0.06 4.04±0.01

III TMC-SLCNs 412.0±79.7a 0.26±0.09 35.70±1.03a 93.12±0.08 4.04±0.01

a Significant difference with SLCNs (p<0.05)

Fig. 3 Distribution of particle sizes
of SLCNs (a), CH-SLCNs (b),
TMC-SLCNs (c); comparative
dispersibility of SLCNs and pure
curcumin in distilled water (d).
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are shown in Fig. 4b. The curcumin thermogram showed a
sharp endothermic peak at 183°C, corresponding to the melt-
ing point of curcumin and reflecting its crystalline nature. The
palmitic acid thermogram had a peak at 63°C, which is
related to the melting point of this lipid. The thermo-
gram of SLCNs did not have any endothermic peaks at
temperatures characteristic for curcumin, likely because
of the higher degree of curcumin miscibility or entrap-
ment within the solid lipid core. These findings are in
agreement with the results of our entrapment efficiency
analysis, which detected higher curcumin entrapment in
the lipid core. The endothermic peak corresponding to
the palmitic acid was slightly altered in SLCNs and
plain SLNs because of the transformation of the lipid to a
nanoparticle form and the presence of the drug, surfactant,
and formulation additives.

TGA Studies

TGA analysis was used to determine the thermal stability of
the free drug, lipids and drug embedded in the formulations.
As shown in Fig. 4c, SLCNs formulation showed high thermal
stability and negligible amount of mass loss at temperatures
between 0 and 100°C. Therefore, curcumin and SLNs prop-
erties will not change during experiments at elevated temper-
ature level.

FT-IR Spectral Analysis

The FT-IR spectra of pure drug, plain SLNs, and SLCNs are
presented in Fig. 4d. FT-IR spectra of plain SLNs, SLCNs,
and pure curcumin exhibit no peak shifting and no loss of
characteristic functional group peaks. Therefore, our FT-IR

analysis detected no interaction between curcumin and solid
lipid core, suggesting that curcumin is compatible with the
lipid component of SLNs as a drug formulation.

Stability Studies

Curcumin is recognized to be oxygen and photo sensitive,
making the maintenance of its stability at different storage
conditions a crucial parameter for its practical feasibility in
potential clinical applications. The physical stability of lyoph-
ilized SLN formulations was determined by measuring the
changes in particle size, zeta potential, and EE immediately
after preparation, and after 45 or 90 days of storage
under a range of conditions. No statistical difference was
observed in measured parameters between the SLNs for-
mulations kept refrigerated or at room temperature,
(p>0.05). After 0, 2 and 5 days of sun light and visible
light exposure, the lyophilized SLN formulations exhibited
that the curcumin remained stable from photodegradation
and enhanced its stability (Fig. 5a, b and c). Based on
these results showing excellent storage and photostability,
SLN formulations stored at either refrigerated and room
temperatures were used for subsequent studies and appli-
cations for active packaging.

In Vitro Release Studies

The in vitro release studies of curcumin from SLNs formula-
tions were conducted in two different releases media: simulat-
ed gastric fluid (SGF, pH 1.2) and simulated intestinal fluid
(SIF, pH 7.4). The cumulative release profile of curcumin is
presented in Fig. 6a and b. Curcumin release was pH-depen-
dent, with approximately 84.73±1.34% and 67.35±3.8% of

Fig. 4 Physical state of curcmin (a),
(b) palmitic acid (b), (c) plain SLNs
(c), and (d) SLCNs (d) evaluated by
(a) P-XRD (a), (b) DSC (b), (c)
TGA (c), and (d) FT-IR spectral
analysis (d)
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curcumin released from SLCNs in SGF and SIF after 24 h,
respectively. The formulation of curcumin in CH-
SLCNs resulted in release of 80.87±1.90% and 48.19
±5.08% in SGF and SIF in 24 h, respectively. With
both formulations the release rate of curcumin was
higher in SGF than in SIF. Release of curcumin from
TMC-SLCNs was negligible (8.71±0.36%) in SGF and
moderate (41.68±2.39%) in SIF.

Cell Viability Studies

The in vitro effect of SLCNs on cell viability was investigated in
MCF-7 and B16F10 cells by MTT assay. SLCNs were found
to exhibit concentration and time-dependent cytotoxic effects
on the cells. Cell viability (expressed as % of untreated
cells) following incubation with different SLCNs formu-
lations is presented in Fig. 7a and b. The treatment
with plain SLNs was found to exert no cytotoxic effects
on either of the studied cell lines. The inhibition of cell
growth by SLCNs was enhanced when the incubation
was prolonged from 24 to 48 h and SLCN concentra-
tion was increased 1 to 20 μM. SLCNs and surface-
modified SLCNs showed a stronger in vitro antitumor
effect compared to free curcumin. After 24 and 48 h of
incubation, SLCNs and surface-modified SLNs elicited
prolonged inhibitory effects on MCF-7 and B16F10
cells.

Fig. 5 Comparative stability studies of SLCNs, CH-SLCNs, and TMC-
SLCNs evaluating particle size, zeta potential, and EE (%) following storage
under refrigerated (a) and room temperature (b) conditions. Curcumin
retention after 0, 2 and 5 days of exposure to sunlight and visible light (c).
Data are presented as mean±S.D (n=3).

Fig. 6 Release profiles of curcumin from SLCNs, CH-SLCNs, and TMC-
SLCNs in SGF (pH 1.2) (a) and SIF (pH 7.4) (b) evaluated up to 24 h.
Statistically, significant difference was observed in the release of curcumin from
SLCNs, CH-SLCNs, and TMC-SLCNs (***p<0.05) Data represent means
of cumulative percent curcumin release±S.D (n=3).

398 Ramalingam and Ko



Pharmacokinetic Studies

Improved Oral Bioavailability

To evaluate the pharmacokinetics of curcumin delivered
using different vehicles, three SLN formulations (SLCNs,
CH-SLCNs, and TMC-SLCNs) and a curcumin solution
were orally administered to mice. Plasma concentration-time
profiles of curcumin following oral administration of the for-
mulations are presented in Fig. 8a, b and Table III. The
curcumin suspension showed Cmax of 0.24±0.05 μg/mL at
0.5 h (Tmax) post administration, with the AUC0-8h value 0.27
±0.03 h.μg/mL. These results clearly illustrate the character-
istic drawbacks of the oral administration of curcumin, includ-
ing poor oral absorption, enzymatic degradation, and rapid
elimination. Conversely, curcumin administration in SLCNs
and CH-SLCNs elicited significantly higher Cmax values (0.58
±0.03 and 0.69±0.16 μg/mL for SLCNs and CH-SLCNs,
respectively),Tmax of 2 h for both formulations and the AUC0-

8h values of 1.85±0.36 and 2.08±0.49 h μg/mL for SLCNs
and CH-SLCNs, respectively. Of all studied formulations,

TMC-SLCNs displayed the optimal pharmacokinetic profile,
with Cmax of 1.21±0.12 μg/mL and AUC0-8h of 6.23±
0.75 h.μg/mL. Tmax of all SLCNs formulations tested were
found to be higher than the curcumin suspension.
Significantly higher MRT compared to the curcumin suspen-
sion was observed, likely due to the sustained release of
curcumin from SLNs. The AUC0-∞ measured following ad-
ministration of all SLNs formulations were significantly higher
than those observed following administration of the curcumin
suspension suggesting that SLNs could protect curcumin from
enzymatic degradation during the absorption process in the
GI tract. TMC-SLCNs exhibited a longer t1/2 (12.26±4.77 h)
compared to the CH-SLCNs, C-SLNs, and curcumin solu-
tion confirming the prolonged drug residence following ad-
ministration in TMC-SLCNs and longer absorption of
curcumin in the GI tract.

Improved Curcumin Concentration in the Brain

The curcumin distributed in whole brain homogenate as well
as in the pellet, and in the supernatant post oral administra-
tion was estimated at 8 h for curcumin suspension, SLCNs,
CH-SLCNs andTMC-SLCNs. Figure 8c shows the curcumin
distribution that were present in the brain fractions.
Curcumin suspension, the curcumin concentration was not
detectable in the homogenate. On the other hand, SLCNs,
CH-SLCNs and TMC-SLCNs showed a detectable curcumin
concentration in the homogenate, supernatant, and pellet
after 8 h post administration. The results showed that
curcumin from all the SLCNs formulations were chiefly dis-
tributed into the brain tissue than curcumin suspension. In
comparison to other formulations, TMC-SLCNs showed
higher curcumin concentrations in the homogenate and
supernatant.

DISCUSSION

Considering the practical benefits of SLN formulations and
the proven therapeutic efficacy of curcumin, the present study
aimed to develop a novel drug delivery carrier system that
would avoid the issues of decreasing the oral bioavailability of
curcumin and prevent the burst release of carried drugs from
the SLNs in acidic environments. In this study, SLN surface
modification with chitosan and TMC were developed and
investigated for enhancing the oral bioavailability of
curcumin. Highly quaternized TMC was synthesized from
chitosan by methylation. High DQ of methylated chitosan
supports the use of this material to enhance absorption (39).

Our SLNs were formulated with palmitic acid and had a
relatively small particle size (138.8±7.6 nm). Previous work has
established that fatty acids with C-14 to C-18 carbon chains

Fig. 7 In vitro cytotoxic effects of plain SLN, free curcumin, SLCNs, CH-
SLCNs, and TMC-SLCNs in human breast adenocarcinoma MCF-7 (a), and
mouse melanoma B16F10 (b) cell lines, evaluated by MTTassay following 24
or 48 h incubation.
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enhance intestinal absorption (40). From our studies, both the
entrapment efficiency and the drug loading capacity were en-
hanced when cholesterol was included in the SLNs formula-
tions. Cholesterol decreases the lipid fluidity and delays the drug
leakage from the SLNs. The choice of emulsifier is another
crucial parameter determining the stability of the SLNs formu-
lations. Despite its common use as an emulsifier, poly(vinyl
alcohol) (PVA) may be toxic when used in nanoformulations
due to the formation of an interconnected network at the
interface with nanoparticles, which makes PVA difficult to re-
move after emulsification (41). Hydrophilic–lipophilic balance
value in the 12–16 range is considered optimal for the

preparation of a stable O/W emulsion. In Comparison with
PVA, TPGS is an effective, safe alternative emulsifier with HLB
value (13.2) in the favorable range. Residual TPGS on the
surface of nanoparticles can be easily and completely removed
by washing, which permits the nanoparticles to be utilized for
subsequent surface modifications (41). Among several methods
available for the preparation of SLNs, combination of high
shear homogenization and ultrasonication is a rapid and
straightforward technique that effectively formulates mono-
dispersed SLNs. Following optimization of SLCNs composition,
particles were characterized for size, PDI, zeta potential, entrap-
ment efficiency, loading capacity, crystallinity, thermal stability

Fig. 8 (a) Plasma concentration-
time profiles of curcumin in plasma
and after oral administration of
different curcumin formulations to
mice at a dose of 50 mg/kg. (b)
TMC-SLCNs showed higher plas-
ma concentration and AUC to
curcumin solution (***p<0.05)
and other SLCNs formulations
(**p<0.05). (c). Curcumin distri-
bution in brain fractions were cal-
culated using brain to plasma ratio of
curcumin. The data suggest that the
brain distribution significantly in-
creased with TMC-SLCNs com-
pared to curcumin suspension
(***p<0.05) and other SLCNs
formulations (*p<0.05). Data
represents mean±S.E (n=3).

Table III Pharmacokinetic parameters of curcumin after oral admisistration of curcumin solution, SLCNs, CH-SLCNs and TMC-SLCNs (mean±S.D, n=3)

Formulation Tmax (h) Cmax (μg/ml) AUC0-8h (h. μg/ml) AUC0-∞ (h. μg/ml) AUMC MRT (h) t1/2(h) Relative F (%)

Curcumin 0.5 0.24±0.02 0.27±0.02 0.31±0.02 0.30±0.01 1.13±0.07 1.11±0.19 1

SLCNs 2 0.58±0.02a 1.85±0.21a 6.01±1.11a 5.84±0.65a 3.16±0.01a 5.79±0.68a 6.85

CH-SLCNs 2 0.69±0.09a 2.08±0.28a 6.94±2.24a 6.53±0.76a 3.15±0.12a 5.19±0.86a 7.70

TMC-SLCNs 2 1.21±0.13a,b 6.23±0.43a,b 12.76±0.01a,b 22.87±1.71a,b 3.67±0.03a 12.26±2.75a,b 23.07

Tmax: Time tomaximum plasma concentration; Cmax: Maximum concentration; AUC(0-8h): Area under the curve up to the 8 h; AUC(0-∞): AUC up to infinite time;
AUMC: Area under the moment curve; MRT: Mean residence time; t1/2: terminal phase half-life

Relative F values are calculated as a ratio of AUC of the formulation to that of the curcumin
a Statictical significance with curcumin, p<0.05
b Statictical signifance with SLCNs, p<0.05
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and compatibility. The 20:2:6:1 relative composition of palmitic
acid, cholesterol, TPGS, and curcumin was identified as optimal
for the preparation of both CH-SLCNs and TMC-SLCNs.

Evaluation of particle sizes and zeta potentials confirmed
the surface modification on SLCNs. Our TMC-SLCNs ex-
hibited a relatively high positive zeta potential value (35.70±
1.03 mV) allowing long-term contact of SLNs with the epi-
thelium linings, as well as colloidal stability. No significant
differences in EE and LC of CH-SLCNs and TMC-SLCNs
were observed upon surface modification. This implies that
during the surface modification process, no drug was released
from the intact core. Furthermore, during the polyelectrolyte
assembly process, drug was retained either within the core or
within the polymer mesh on the surface. This is in addition to
the fact that large cavity size of our particles could accommo-
date larger quantities of drugs. All SLN formulations were
found to be stable when stored refrigerated, as well as at room
temperature. Furthermore, the oxygen and photosensitivity of
curcumin were significantly decreased by entrapping
curcumin into our SLN carrier system. The in vitro release of
curcumin from the SLNs formulations was evaluated in sim-
ulated GI conditions. The cumulative release of curcumin
from both SLCNs and CH-SCLNs was significantly higher
in acidic conditions compared to the basic medium, probably
because of the swelling of chitosan, protonation under acidic
condition, and the previously demonstrated burst release of
SLNs. Even though SLCNs and CH-SLCNs showed
sustained release in SIF, the burst release of curcumin in
SGF precludes the use of these formulations in oral drug
delivery systems. The surface modification of SLCNs with
TMC has been proposed as an approach to avoid burst
release of carried drugs. The excellent stability resulting from
the TMC-mediated protection of SLNs in acidic conditions
effectively prevents burst release of drugs in the gastric envi-
ronment. Since TMC, unlike chitosan, is a water soluble
polymer that remains soluble under intestinal pH conditions,
TMC SLCNs can be useful for controlled oral delivery of
curcumin.

Finally, we performed in vivo evaluations of the surface-
modified and other SLCN formulations to assess their poten-
tial for improving oral bioavailability and brain distribution of
curcumin in mice. TMC-SLCNs showed higher relative bio-
availability of curcumin (23.07%) in comparison to the
curcumin solution (1%). Compared to SLCNs and CH-
SLCNs, TMC-SLCNs were found to successfully protect the
SLNs from hostile GI environment. Surface modification with
TMCmay therefore protect SLNs in the stomach, resulting in
a sustained release of curcumin in the intestinal tract and
higher curcumin levels in the blood circulation. Hence,
TMC coated SLCNs and other SLCNs formulations im-
proved the curcumin concentration in brain as compare to
curcumin suspension. Thus, the results of the present study
proved that a large quantity of curcumin crossed the BBB

after oral administration and higher accumulation in the brain
parenchymal compartment than vascular pellet, thereby im-
proving its bioavailability. Higher plasma concentration and
brain distribution of oral curcumin administered as a TMC-
SLCN formulation could be a result of a number of factors.
Positively charged TMC have high affinity with negative sites
present on cell membranes because of ionic interaction.
Additionally, TMC-SLCNs may enhance the permeation of
curcumin through a paracellular transport mechanism by
opening the tight junction between epithelial cells and
sustained delivery of drug to the brain. Overall, the results of
our study suggest that TMC surface-modified SLNs might be
a promising nanocarrier system that can be used to improve
the oral bioavailability and brain distribution of curcumin.

CONCLUSIONS

We successfully prepared and characterized a trimethyl deriv-
ative of chitosan and developed a novel nanocarrier system of
SLN surface-modified with TMC, with potential application
for the oral delivery and brain distribution of curcumin. The
excellent stability resulting from the TMC-mediated protec-
tion of SLNs in acidic conditions effectively prevents burst
release of drugs in the gastric environment. In summary, this
study showed that TMC-SLNCs can be used as carrier par-
ticles to improve the oral bioavailability and brain distribution
of the curcumin. Further investigation of TMC-SLCNs in the
treatment of Alzheimer’s disease and brain gliomas by using
animal models will be performed to obtain in vivo data
supporting future clinical applications.
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