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precipitate in physiological conditions, their colloidal stability
needs to be improved before any preclinical development.
Synthetic lipid molecules, however, can offer numerous
advantages. For example, the chain length of the lipid can be
varied to accommodate a variety of drugs with wide molecular
weight and size ranges. The head group of the lipid molecule can
be modified to increase colloidal stability and bioavailability and
to lower the cytotoxicity. Most importantly, synthetic lipids can
be modified with a target-specific agent to increase the specificity
of the SLN toward a particular disease site.

The SLN can play an important role in delivering CUR into
disease sites with enhanced bioavailability and improved overall
effects. The present study is primarily aimed at developing CUR-
loaded SLNs with enhanced storage stability. Therefore, in this
study, we have designed and developed two lipids 4-N-(n-
tetradecanoylamino)butyric acid (C14-GABA) and 4-N-(n-
tetradecanoylamino)-2-hydroxybutyric acid (C14‑GAHBA)
(see Figure 1 for structures) for the preparation of CUR-loaded
SLNs. In designing C14-GABA, two biocompatible molecules,
such as myristic acid and γ-aminobutyric acid (GABA), were
conjugated via a hydrolyzable amide linkage. In the same way, S-
(−)-γ-amino-2-hydroxybutyric acid (GAHBA) and myristic
acid were conjugated to obtain C14-GAHBA. GABA is a
nonprotein amino acid and is found in bacteria, plants, and
vertebrates.31,32 GABA was found to be a chief inhibitory
neurotransmitter in the central nervous system. The chemical,
physiological, and pharmacological roles of GABA have been
reviewed in the literature.33,34 The incorporation of biomole-
cules like fatty acids and GABA is expected to make C14-GABA
(or C14-GAHBA) cells viable. Also, the chiral head group of C14-
GAHBA can enhance the interaction of the SLN with chiral
molecules. Thus, the modification of the −COOH group of the
fatty acid with a γ-amino acid is expected to enhance the
biocompatibility and bioavailability of the SLN. Further, the
presence of −CONH−, −OH, and free −COOH groups in the
structure of the lipid will enhance the storage stability of the SLN
suspension. Further, the C14-GAHBA lipid is also expected to
increase the degradation rate by allowing the water molecules to
penetrate easily into the pores of the matrix, leading to enhanced
drug release. In order to demonstrate improved entrapment
efficiencies and release profiles of the C14-GABA- and C14-
GAHBA-based SLNs, CUR-loaded SLNs (CUR-SLNs) were
prepared and characterized. The physical and chemical stability
of the SLN formulations was investigated. The in vitro release
kinetics of CUR were also studied. The in vitro cytotoxicity of
free CUR and CUR-SLNs against human breast cancer cells
(MCF7) and human prostatic adenocarcinoma cells (PC3) was
investigated.

■ EXPERIMENTAL SECTION
Materials. S-(−)-γ-amino-α-hydroxybutyric acid (GAHBA), γ-

aminobutyric acid (GABA), n-tetradecanoyl chloride, egg-lecithin
(EL), curcumin (CUR), and poly(vinyl alcohol) (PVA, MW = 14 kDa)
were purchased from Sigma-Aldrich (Bangalore, India). Tween 40
(T40), Tween 60 (T60), and Tween 80 (T80) were obtained from Alfa
Aesar (Kolkata, India). Tetrahydrofuran (THF) was purchased from

Merck (Mumbai, India). Analytical-grade hydrochloric acid and
triethylamine (TEA) were procured from SRL (Mumbai, India).
Dimethyl sulfoxide (DMSO-d6) and chloroform-d (CDCl3) were
purchased from Cambridge Isotope Laboratory. Ethanol (EtOH),
methanol, THF, and TEA were dried and freshly distilled before use.
For the preparation of aqueous solutions, Milli-Q water (resistivity
>18.2 MΩ cm) was used.

Lipids C14-GABA and C14-GAHBA were synthesized and purified
according to the reported procedure, the details of which are available in
the Supporting Information (SI). FTIR, 1H NMR, 13C NMR, and
HRMS spectra (see Figures S1−S4), which can be found in the SI, were
used to determine the chemical structure of the lipids.

General Instrumentation. An InstInd (Kolkata, India) melting
point apparatus was used for melting point measurements. The pH
measurements were performed on a digital pH meter (Model 111,
India). Deionized water was obtained from a Milli-Q water purification
system (IQ 7000, Merck Life Science Private Limited, Bengaluru,
India). A PerkinElmer RX1 FTIR spectrometer was used for recording
FTIR spectra. A Shimadzu UV-2450 (Japan) spectrophotometer was
used for the measurements of UV−vis spectra. The measurements of
1H and 13C NMR spectra were performed on an AVANCE DAX-500
(Bruker, Sweden) 500 MHz NMR spectrometer. HRMS spectra were
recorded on a 6545XT AdvanceBio LC/Q-TOF system (Agilent
Technologies, Germany). Fluorescence emission spectra of CUR were
recorded at an excitation wavelength (λex) of 425 nm on a Hitachi F-
7000 (Japan) spectrofluorometer.

Dynamic Light Scattering and ζ-Potential Measurements. A
Zetasizer (Nano ZS 90, Malvern Instruments, Malvern, U.K.) dynamic
light scattering (DLS) spectrometer was used to measure the mean
particle size (z-average) and polydispersity index (PDI). The ζ-
potential of the SLN dispersion was also measured by determining the
particle electrophoretic mobility using the same DLS system. The SLN
formulation was suitably diluted with Milli-Q (IQ 7000, Merck Life
Science Private Limited, India) water to weaken opalescence before the
measurement. The dilute SLN dispersion was further filtered through a
0.22 μm cellulose membrane filter.

Microscopy. Atomic force microscopy (AFM) measurements were
performed a Nanoscope IIIA (Digital Instruments) in tapping mode
under ambient conditions. For the sample preparation, a diluted 5 μL
sample was placed on a glass slide and allowed to dry.

The morphology and shape of the blank and CUR-loaded SLNs were
investigated by a transmission electron microscope (TEM) (TecnaiG2

20 S-Twin, FEI, Netherlands). A diluted 4 μL SLN dispersion was drop-
cast on a 400-mesh carbon-coated copper grid and allowed to stand for
1 min. The excess solution was carefully blotted off with tissue paper
and allowed to dry overnight in vacuum desiccators before measure-
ments.

Differential Scanning Calorimetry (DSC). A calorimeter DSC
Q200 (PerkinElmer Instruments) was used for the measurements.
Blank SLN or CUR-SLN powder was accurately weighed into
aluminum pans, hermetically sealed, and measured against an empty
reference pan. The pan was heated, and the thermogram was recorded
in the temperature range of 50−200 °C at a heating rate of 10 °C/min.

SLN Preparation. SLNs were prepared using C14-GABA and C14-
GAHBA as solid lipids by hot homogenization and ultrasonication
methods.35 Solid lipid (100 mg) and CUR (5−20 mg) mixtures were
allowed to melt and mix in a hot water bath maintained at 85−90 °C. A
pure surfactant or surfactant mixture was dissolved in Milli-Q water and
heated to 85−90 °C in a water bath while stirring. The hot surfactant
solution (10 mL) was poured slowly into the lipid melt and stirred at
800 rpm for 5 min using a magnetic stirrer while maintaining the
temperature at around 85−90 °C. The hot o/w emulsion was then

Figure 1. Chemical structure of curcumin, C14-GABA, and C14-GAHBA.
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sonicated for 10 min by use of a probe sonicator (Oscar Ultrasonics,
Mumbai, India) to reduce the size of primary oil droplets. The hot
nanoemulsion thus obtained was immediately dispersed in an equal
volume (10 mL) of ice-cold water (or aqueous PVA solution) and
stirred at 1200 rpm for 10 min using a magnetic stirrer. The same
procedure was followed for the preparation of blank SLN without CUR.
The CUR-to-lipid ratio was varied to prepare SLNs of different
compositions. The details of the formulations are provided in Tables 1
and 2.

Determination of Encapsulation Efficiency. The encapsulation
efficiency (EE) of SLN formulations was estimated spectrophoto-
metrically by measuring the absorbance of CUR at a wavelength of 425
nm using a UV−vis spectrophotometer (Shimadzu UV-2450, Japan).
The amount of unencapsulated drug in the SLN was removed by
centrifugation at 8900 rpm for 60 min at 4 °C. Then, the samples were
diluted in methanol, and absorbance was recorded. The EE was
calculated using the following formula

w wEE(%) ( / ) 100e i= × (1)

where wi indicates the initial weight of the drug and we indicates the
amount of drug entrapped in the nanoparticles.

In Vitro Drug Release Kinetics. An in vitro drug release study was
performed using the dialysis method. The dialysis bag (Mw cutoff 14
kDa) was soaked in deionized water for 24 h before use. A 2 mL volume
of CUR-SLN suspension was added to a dialysis bag. The sealed bag
was placed in a beaker containing 50 mL of phosphate buffer pH 7.4
containing 2.5% T80 maintained at 37 °C. A 3 mL volume of the
dissolution media was removed at regular intervals and replaced with
the same volume of fresh medium to maintain the condition of the
release medium. The samples were appropriately diluted, and the
amount of CUR released was measured by spectrophotometric analysis.

In Vitro Cytotoxicity Assay. An in vitro cell cytotoxicity study of
CUR-SLN was performed using human prostatic adenocarcinoma cell
line PC3 (ATCC, CRL-1435) and human breast carcinoma cell line
MCF7 (ATCC HBT-22) using the methodology described earlier.36

The cell lines were obtained from Cell Repository, NCCS, Pune. Cells
were grown in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% FBS, 1% L-glutamate, and 80 μg/mL

gentamycin sulfate. Cells were maintained and cultured in 25 cm2

flasks and incubated in 5% CO2 in humidified air at 37 °C.
The cytotoxic potential of CUR-SLNs was assessed using MTT

reduction37 in PC3 and MCF7 cell lines. Briefly, 1 × 104 cells per well
were seeded in 96-well plates and incubated overnight. Twelve hours
later, cells were treated with CUR (5−40 μg/mL), CUR-SLN (5−40
μg/mL), or blank SLN for 24 h. As CUR was dissolved in DMSO, the
highest effective concentration of DMSO in the treatment groups was
used as the vehicle control. Cells were washed with PBS and incubated
further for 3 h with 100 μL of 0.5 mg/mL MTT. The formazan crystals
formed were dissolved in 100 μL of 10% SDS for 2 h, and absorbance
was measured at 570 nm using a microplate spectrophotometer (iMax,
BioRad). Each treatment was carried out in triplicate, with each
experiment being repeated at least twice. For the MTT assay, the
relative cell viability (%) compared to the control cells was calculated
using the following equation

A Acell viability(%of the sample) ( / ) 100sample control= × (2)

where Asample and Acontrol are the absorbance values obtained for cells
treated with SLN and for cells incubated with the culture medium,
respectively. A histogram of different drug formulations versus percent
cell viability was plotted.

Software and Statistical Data Analysis. All statistical analyses
and plotting were performed by OriginPro8 software. NMR spectra
were analyzed by MestReNova v7.1.0-9185 software (Mestrelab
Research S.L). ChemDraw Ultra v12.0.2.1076 software (Cambridge-
soft, PerkinElmer Informatics) was used as a drawing tool for chemical
structures and reaction schemes. Measurements were done in triplicates
to check the reproducibility of the results. Average values and standard
deviations (SDs) were calculated, and the results were represented as
mean ± SD, wherever possible.

■ RESULTS AND DISCUSSION
Selection of Lipids and Surfactants. For SLN-based

formulations, the materials should be pharmaceutically accept-
able, nonirritant, and generally regarded as safe (GRAS). Also,
for SLN formulations, a higher solubility of the drug in the lipid

Table 1. Mean Hydrodynamic Diameter (dh), Polydispersity Index (PDI), ζ-Potential (ZP), and Storage Stability of
Nanodispersions Containing 0.5% (w/v) C14-GABA or C14-GAHBA Lipids in the Presence of T80, T60, T40, EL, and PVA

surfactant (% w/v)

T80 T60 T40 EL PVA dh (nm) PDI ZP (mV) storage stability

2.5 130 ± 5 0.226 −29 ± 4 45 days
2.5 470 ± 30 precipitation observed after 1 day

2.5 560 ± 140 precipitation observed after 1 day
2.0 0.5 44 ± 7 0.317 −36 ± 5 precipitated after 3 days
2.0 0.5 154 ± 9 0.313 −19 ± 2 stable for up to 15 days
1.0 >2000 precipitation observed after 2 days
1.5 620 ± 50 precipitation observed after 3 days
2.0 235 ± 5 0.479 −18 ± 2 precipitation observed after 5−6 days

a2.5 200 ± 5 0.484 −21± 3 precipitation observed after 2−3 days
aPrepared using C14-GABA lipids.

Table 2. Mean Hydrodynamic Diameter (dh), Polydispersity Index (PDI), ζ-Potential (ZP), and Encapsulation Efficiency (EE %)
of CUR-SLN Formulations Prepared Using Varying CUR/lipid Ratios at Room Temperature (∼25 °C)

formulation code CUR/lipid (w/w) dh (nm) PDI ZP (mV) EE(%) (±8)

SLN1 0.000 130 ± 5 0.226 ± 0.054 −29 ± 4
aSLN2 0.000 200 ± 5 0.484 ± 0.018 −21± 3
CUR-SLN1 0.050 142 ± 20 0.195 ± 0.017 −31 ± 2 96
CUR-SLN2 0.067 200 ± 30 0.342 ± 0.058 −26 ± 5 86
CUR-SLN3 0.100 233 ± 62 0.432 ± 0.096 −30 ± 2 98
aCUR-SLN4 0.100 225 ± 25 0.586 ± 0.086 −19 ± 5 90

aPrepared using C14-GABA lipids.
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is required so that the drug remains in the solubilized form. For
solubility determination, a fixed amount (0.1 g) of the solid lipid
was taken in different clear glass vials. Each vial was heated up to
90 °C to melt the lipid, and then solid CUR was added to each
vial in increments of 3 mg until the disappearance of CUR in the
melted lipid was observed. Thus, the solubility of CUR in the
C14-GAHBA melt was found to be about 10.7% (w/w), which is
either greater than or comparable to its solubility in other
lipids.38

Further, for a stable formulation, an optimum combination of
surfactants with low and high hydrophilic−lipophilic balance
(HLB) is required. The results of preliminary stability studies
using T40, T60, T80, and EL surfactants are summarized in
Table 1. It is observed that in the presence of the same amount
(2.5%, w/v) of T80, T60, or T40, the surfactant size and PDI
increased in order T80 < T60 < T40, and consequently, the
particles were found to be least stable when T40 was used, which
may be attributed to its shorter PEG chain length. T80 results in
steric stabilization of the SLN due to the interpenetration of long
PEG chains. This limits the freedom of the particles and prevents
them from associating with one another. However, the use of EL,
keeping the total amount of the surfactant constant, resulted in
the precipitation of the lipid on storage in less than 3 days.
Despite smaller particle sizes, the lowest storage stability of the
SLN suspension was due to the formation of large mixed
aggregates by the T80 and EL molecules. On the other hand, the
use of the same weight percentage of PVA as a viscosity modifier
increased the stability of the SLN suspension to 15 days despite a
slight increase in the size of nanoparticles. As the SLN
suspension was found to be most stable (45 days) in the
presence of only T80 (HLB 15), it was selected as the surfactant
for the SLN formulation.

SLN Formulation and Optimization. After the selection
of the lipid and the surfactant, the composition of the
formulation was optimized by selecting different proportions
of the lipid and T80 surfactant in the formulations and visual
observation of the physical stability. The reduction of surface
tension by increasing surfactant concentration facilitates particle
partition during homogenization and contributes to a reduction
of particle size.39 At lower surfactant concentrations, the SLN
suspension was observed to have lower storage stability (Table
1). In the presence of 2.5% (w/v) T80, the SLN suspension was
found to exhibit the highest stability (>1 month). Thus, the
optimum T80 concentration was found to be 2.5%. It should be

noted here that free −COOH and −OH groups present at the
lipid head also provide extra stability to the SLN suspension by
hydrogen bonding with water molecules in comparison to
natural fatty acids of comparable chain lengths. The effect of
−OH groups at the lipid head is also manifested by the higher
stability of SLNs constituted by the C14-GAHBA lipid in
comparison to SLNs made using C14-GABA (see Table 1).

In order to ensure an optimum EE value, the CUR-to-lipid
ratio was varied. The SLN formulations thus prepared were left
at room temperature and at 4 °C for visual observation from
time to time. The formulations that did not exhibit the presence
of any unentrapped CUR or precipitation of the lipid were
considered to be stable. The relevant data are included in Table
2. As observed, the EE increases with the CUR-to-lipid ratio
reaching a maximum at 1:10 (w/w). The size of the SLN is also
observed to increase with an increase of CUR content, which led
to the decrease of storage stability of the CUR-SLN. The data
suggest that the combined method of hot homogenization and
ultrasonication is suitable for SLN preparation.

Drug Encapsulation. The synthesized lipid molecule is
biocompatible and biodegradable, and it has a suitable
hydrophobic core that provides an appropriate environment
for the entrapment of hydrophobic drugs in its core. In fact, the
lipophilic or hydrophilic nature of the bioactive material is an
important factor in achieving high encapsulation efficiency.
Thus, for drugs like CUR that have higher hydrophobicity and
hence have limited use in the clinical field, the SLN can play an
important role in delivering these hydrophobic drugs into
disease sites with enhanced bioavailability and improved overall
effects. In this study, due to the lipophilic nature of CUR, an
average EE of up to 98% was achieved (Table 2). This is higher
in comparison to that of CUR-SLN reported in the literature.38

The higher %EE can be associated not only with the long
hydrocarbon chain length but also with the presence of −OH
groups in the lipid structure. This is shown by the lower %EE of
CUR-SLN4, for which a nonhydroxyl lipid C14-GABA was used.

Drug−Lipid Interaction Studies. Due to the hydrophobic
interaction, CUR is expected to be encapsulated within the
hydrocarbon core of the SLNs. The CUR−lipid interaction was
investigated using FTIR, UV−vis, and fluorescence spectrosco-
py by comparing respective spectral changes. The FTIR spectra
of CUR, SLN1, and CUR-SLN3 are depicted in Figure S5. As
can be seen, the FTIR spectra of SLN1 and CUR-SLN3 are very
similar. In the FTIR spectrum of CUR-SLN3, the major

Figure 2. (a) UV−vis and (b) fluorescence spectra of CUR in heptane and water solvents, aqueous CUR-SLN3 suspension, and aqueous CUR-SLN3
suspension after 3 months.
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characteristic bands (ν(O−H), 3505 cm−1; ν(C�C), 1627
cm−1) corresponding to CUR disappeared. This is an indirect
confirmation of CUR encapsulation within solid lipid nano-
particles with a weak or no interaction between CUR and lipid
molecules in the SLN. This is also indicated by the UV−vis
spectra (Figure 2a) of free CUR in the n-heptane solvent and
CUR-SLN3 suspension in water. It can be seen that both spectra
appear at an almost similar position. A small broadening of the
CUR-SLN3 spectrum might be due to the different micro-
environments of CUR molecules within the SLN matrix. Since
the fluorescence spectrum is known to be more sensitive to
changes in the environment,40 we also measured the
fluorescence spectra (Figure 2b) of the aqueous suspension of
CUR-SLN3 and those of free CUR in n-heptane and water
solvents, respectively. As in the UV−vis spectrum, structured
emission bands are also observed in the fluorescence spectrum
of CUR in n-heptane. However, the emission spectra of free
CUR and CUR-SLN3 in water are broad and red-shifted relative
to those of free CUR in the n-heptane solvent. The broadness of
the spectrum clearly suggests that CUR molecules are not only
solubilized within the hydrocarbon core of the SLN but are also
entrapped near the surface of the SLN, where CUR molecules
can interact with water. The emission spectrum of CUR-SLN3
is, however, blue-shifted relative to the fluorescence spectrum of
free CUR in water. This is because the phenolic −OH groups of
CUR can undergo excited-state ionization in an aqueous
environment, giving rise to the formation of mono- and/or
dianion species.41 This clearly establishes the fact that CUR
molecules are also solubilized near the surface of the SLN
structure. However, active CUR is protected by the lipid matrix
and cannot be liberated unless the SLN undergoes erosion in the
physiological system.

State of Lipid Nanoparticles. For their use as drug delivery
systems, the lipid molecules in SLN should be in a solid state. In
order to verify this and determine the degree of lipid crystallinity
in the SLN, we performed a DSC analysis of the lipid, CUR, and
CUR-SLN3. The DSC thermograms are depicted in Figure 3,

and relevant data are included in Table 3. The DSC thermogram
of the C14-GAHBA lipid containing a 14C chain exhibits a
relatively broad endotherm peak (86.94 °C) with an onset at
74.84 °C, indicating melting of the amorphous lipid. The
difference between onset and melting points can be taken as a
measure of the peak width. The DSC thermogram of pure CUR,
however, shows a sharp peak (177.5 °C) with the onset at 170.4

°C. The melting point was observed to be slightly higher than
the reported melting point (173.1 °C), probably due to the
existence of both keto and enol forms. In contrast to pure lipids,
the thermogram of CUR-SLN3 shows a sharp endothermic peak
at 98.4 °C with the onset at 93 °C, confirming the melting of the
solid SLN. In fact, this is important for storage stability and
sustained drug release. Also, it is interesting to note that the
melting peak of CUR is not observed in the thermogram of
CUR-SLN3, which confirms its entrapment within the solid
lipid matrix of SLN. Also, it should be noted that the melting
point of the lipid in the CUR-SLN3 system is slightly higher,
which is opposite to what is expected for a colloidal system.42

The more significant enthalpy change in CUR-SLN3 relative to
the bulk lipid suggests a higher degree of lipid crystallinity in the
SLN. In other words, the lipid molecules exist in a more ordered
state in the SLN.

Size and Morphology of SLN. The histograms of
hydrodynamic size distribution are depicted in Figure 4, and
the hydrodynamic diameter (dh) and polydispersity index (PDI)
data are summarized in Table 1. According to the data in Table
1, the mean dh value of the SLN decreases with increasing T80
concentration. This is because of the reduction of surface
tension with increasing surfactant concentration that facilitates
particle partition during homogenization, leading to a reduction
of particle size. In the presence of 2.5% (w/v) T80, the size of
SLN was found to be the lowest. In fact, it has been reported that
the use of T80 results in stable emulsions and finer-sized SLNs.
At lower surfactant concentrations, the particle size is observed
to be higher. This is due to the higher melting point of the lipid,
which leads to less effective homogenization, resulting in bigger
particle sizes and wider size distributions. The data in Table 2
suggest that the hydrodynamic diameter of the nanoparticles
increases with increasing CUR concentration. This can be
attributed to the higher encapsulation efficiency, which leads to
an increase in size. The enlargement of SLN upon drug
encapsulation is also shown by the higher dh value of CUR-SLN4
in comparison to that of the corresponding blank SLN (SLN2).

The morphology of the SLN formulations was investigated by
recording the TEM and AFM images of both blank and CUR-
SLNs. The results are presented in Figure 5. The TEM pictures
in Figure 5a, b confirm that the blank and drug-loaded SLNs are
almost spherical in shape. Also, the size of blank SLN1 (90−100
nm) and CUR-SLN (80 nm) within the experimental error limit
is closely similar. A similar observation can also be made from
the AFM images in Figure 5c, d. The size of blank (43−61 nm)
and CUR-loaded (40−50 nm) SLNs is slightly smaller than the
corresponding value obtained from TEM pictures. However, the
particle size obtained from TEM and AFM measurements is
smaller than the corresponding value obtained from DLS
measurements, which gives the size of hydrated particles. In
contrast to DLS measurements, the TEM and AFM measure-
ments require drying of the sample for the preparation of the
specimen. Consequently, the micrographs of dried specimens
exhibit smaller particles.

Figure 3. DSC thermograms of the C14-GAHBA lipid and CUR-SLN3;
inset, DSC thermograms of CUR and CUR-SLN3.

Table 3. Melting Parameters of CUR, C14-GAHBA, and CUR-
SLN3

sample
melting point

(°C)
onset
(°C)

peak width
(°C)

enthalpy
(J/g)

C14-GAHBA 86.94 74.84 12.10 69.971
CUR 177.5 170.4 7.10 107.52
CUR-SLN3 98.39 92.85 5.54 107.01
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Stability Studies. Often physical (aggregation) and
chemical instability phenomena are observed to appear when
SLNs are formulated as aqueous suspensions, which limits their
applications. Usually, lyophilization is used to overcome the
physical instability of SLN suspensions.43 To evaluate the ability

of the prepared formulation to retain its physical and chemical
characteristics, we performed stability studies, which recom-
mend the storage conditions to maintain the quality, safety, and
efficacy throughout the storage period of the developed
formulation. The particle size and PDI are important factors

Figure 4. Histograms showing the hydrodynamic size distributions of (a) SLN1, (b) CUR-SLN1, (c) CUR-SLN2, and (d) CUR-SLN3 in aqueous
suspension.

Figure 5. Upper panel: unstained TEM images of (a) blank SLN and (b) CUR-SLN3. Lower panel: AFM images of (c) blank SLN and (d) CUR-
SLN3.
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in judging the physical stability of nanocarriers. According to
data in Tables 1 and 2, the PDI of blank SLN1 is low, suggesting
higher physical stability of the suspension. The ZP that indicates
the surface charge density on the suspended SLNs in water is
also an important parameter for the determination of the
physical stability of the SLN suspension. A higher value of ZP
(positive or negative) suggests stability of the dispersion because
a higher charge resists aggregation. The higher negative value of
ZP (−29 mV) of the blank SLN1, as well as CUR-SLN
suspensions, suggests its sufficient stability. The negative ζ
potential of the SLN must be related to the partially ionized free
−COOH groups at the lipid head.

The stability of blank SLN1 at higher temperatures was also
investigated by turbidity (τ = 100 − %T, where T is the
transmittance) measurements. The transmittance of the dilute
SLN1 suspension was recorded at different temperatures in the
range of 25−70 °C. The plot of τ vs T (°C) is shown in Figure 6,

which shows a small decrease in turbidity with an increase in
temperature. This is due to the increase of the aqueous solubility
of lipids at higher temperatures, which leads to the dissolution of
nanoparticles in water. However, the SLN dispersion is quite
stable at the physiological temperature (37 °C).

Also, it can be found from the data presented in Table 2 that
the PDI value of the SLN1 suspension is observed to increase on
the incorporation of CUR, indicating the relatively lower
stability of the suspension. In the present work, the nano-
formulations were evaluated for mean %EE (stored at 4 °C).
The prepared aqueous suspension of SLN was stored in a closed
container at 4 °C and at room temperature (∼30 °C) for 3
months. The results are presented in Figure 6b (inset). Due to
the lipophilic nature of CUR, up to 98% EE was achieved, which
decreased to 93% after 35 days. As also reported by others, this
may be due to polymorphic transitions of the lipid matrices with
subsequent drug expulsion.44 This is indicated by the increase in
the PDI value on storage. Indeed, the movement of lipid chains
causes the diffusion of drug molecules from the SLN matrix.
This means that there is a loss of EE due to drug leaching during
storage.

It is also essential to test the chemical stability of encapsulated
drugs as it provides an indication of the variation in the quality of
the pharmaceutically active agent under the influence of
environmental conditions. Therefore, the thermal stability of
encapsulated CUR was studied in the temperature range of 25−

70 °C through the measurement of UV−vis absorption spectra.
The results are presented in Figure 6a (inset). It is observed that
the absorbance value for entrapped CUR gradually decreases
with an increase in temperature, suggesting slow thermal
degradation of CUR. This means that the lipid matrix protects
CUR from thermal degradation. Also, we measured the UV−vis
spectrum of the CUR-SLN3 suspension and compared it with
the spectrum of free CUR in PBS after 48 h. The spectrum of
CUR-SLN3 resembled that of the freshly prepared CUR-SLN
suspension in water even after 3 months (Figure 2a). The
corresponding fluorescence spectrum (Figure 2b) also looks
similar to that of a freshly prepared sample, suggesting good
storage stability of entrapped CUR. In contrast, the free CUR
spectrum exhibits a large change from the freshly prepared
sample, indicating its rapid degradation in PBS at room
temperature. These results show the significant protection
ability of the developed SLN from aqueous degradation of CUR.

In Vitro Drug Release Kinetics. The in vitro release study
was performed at 37 °C in a release medium (PBS, pH 7.4)
containing 2.5% T80, and the leaching of CUR was monitored
for 38 h. The release profiles of CUR-SLN3 and CUR-SLN4 are
depicted in Figure 7. As observed, there is no significant release

of CUR in the case of CUR-SLN4. However, the maximum
attainable CUR release after 38 h in the case of CUR-SLN3 is
∼6%. At 37 °C, the SLNs are in the solid state and the mobility
of entrapped CUR molecules reduces, resulting in slow release.
The relatively low amount of CUR release indicates that the
nanoformulation is very stable with long shelf life, which
suggests that the SLN formulation can be used for sustained
release of CUR. For both CUR-SLN3 and CUR-SLN4, there is a
burst release followed by a slow release of CUR. The release
profiles, however, could not be fitted to any standard equations45

proposed for in vitro drug release. The initial burst release can be
attributed to the desorption of CUR from the surface of the
SLN. This is followed by a slow release, which is due to the
diffusion of CUR through the lipid matrix. The higher rate of
drug release in the case of CUR-SLN3 can be attributed to the
−OH group in the fatty acid chain that allows water molecules to
penetrate easily into the pores of the matrix, leading to greater
CUR release with respect to CUR-SLN4 particles consisting of
C14-GABA. A similar effect of hydroxyl groups has also been
reported in the literature.46

In Vitro Cytotoxicity Studies. CUR-SLN-induced cyto-
toxicity in both human breast cancer MCF7 and prostate cancer
PC3 cell lines was investigated by the MTT assay in the presence

Figure 6. Plot of turbidity of the SLN1 dispersion versus temperature;
insets: (a) degradation of CUR-SLN3 with temperature and (b)
variation of EE (%) of CUR-SLN3 with time.

Figure 7. In vitro drug release profiles of CUR-SLN3 and CUR-SLN4
in PBS containing 2.5% T80, pH 7.4 at 37 °C.
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of varying concentrations of CUR and their corresponding SLN
formulations keeping vehicle control and unloaded SLN1 as
references. Also, we performed the MTT assay for the pure C14-
GAHBA lipid. The cell lines were treated for 24 h with different
concentrations of CUR-SLN preparations along with the vehicle
control. The percent cell viability at various concentrations of
lipid, CUR, and CUR-SLN are presented in Figure 8. It is
observed that neither pure lipid nor the blank SLN1 has any
significant cytotoxicity. However, as shown in Figure 8a, CUR
induces cell death in a concentration-dependent manner in the
human breast cancer MCF7 cell line. The cytotoxicity is further
enhanced by ∼25.4 and 34.1% with 5 μM CUR-SLN1 and CUR-
SLN3, respectively. The enhancement of cytotoxicity is
persistent with a higher concentration of CUR-loaded SLN1
as well. The SLN1 alone, however, shows minimal cytotoxicity at
the working concentration of 5−40 μg/mL. As presented in
Figure 8b, a similar trend is also observed in prostate cancer cell
line PC3 with a significant increase in cytotoxicity in CUR-
loaded SLN groups (P < 0.001). Relevantly, different SLNs
alone show very low cytotoxicity pertaining to the earlier reports.

Thus, the synthesized lipid molecule and the SLNs prepared
from it are biocompatible.

■ CONCLUSIONS
In this work, a stable SLN formulation of CUR was prepared
using a semisynthetic lipid. The −OH group at the lipid head
was found to enhance the physical stability of the SLN
formulation. An entrapment efficiency of CUR close to its
solubility in the molten lipid was achieved. The results suggested
that the lipid matrix protects CUR from thermal and
environmental degradation in aqueous dispersions. Although
the synthesized lipid molecule and the SLNs prepared from it are
biocompatible, the MTT-based cytotoxicity assay shows that an
SLN1-encapsulated CUR delivery system significantly reduces
the proliferation/viability of human breast cancer MCF7 cells
and human prostatic adenocarcinoma PC3 cells in a dose-
dependent manner. This study indicates that CUR-SLNs could
be a potential chemotherapeutic formulation for breast cancer
therapy.

Figure 8. Lipid, CUR, blank SLN1, and CUR-SLN induced cytotoxicity in (a) MCF7 and (b) PC3 cells; results presented are the mean of SD (n = 3)
(**P < 0.001) when compared between CUR-only and CUR-SLN groups.
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