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Abstract. The aim of this research was to advance solid lipid nanoparticle (SLN) preparation methodology
by preparing glyceryl monostearate (GMS) nanoparticles using a temperature-modulated solidification
process. The technique was reproducible and prepared nanoparticles without the need of organic solvents.
An anticancer agent, 5-fluorouracil (5-FU), was incorporated in the SLNs. The SLNs were characterized
by particle size analysis, zeta potential analysis, differential scanning calorimetry (DSC), infrared spec-
troscopy, atomic force microscopy (AFM), transmission electron microscopy (TEM), drug encapsulation
efficiency, in vitro drug release, and in vitro cell viability studies. Particle size of the SLN dispersion was
below 100 nm, and that of redispersed lyophilizates was ~500 nm. DSC and infrared spectroscopy
suggested that the degree of crystallinity did not decrease appreciably when compared to GMS. TEM
and AFM images showed well-defined spherical to oval particles. The drug encapsulation efficiency was
found to be approximately 46%. In vitro drug release studies showed that 80% of the encapsulated drug
was released within 1 h. In vitro cell cultures were biocompatible with blank SLNs but demonstrated
concentration-dependent changes in cell viability to 5-FU-loaded SLNs. The 5-FU-loaded SLNs can
potentially be utilized in an anticancer drug delivery system.
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INTRODUCTION

Colloidal drug delivery systems, namely, oil-in-water
emulsions, liposomes, micelles, microparticles, and nanoparti-
cles, offer new opportunities for targeting drugs and pharma-
ceuticals (1–3). Solid lipid nanoparticles (SLNs) have
demonstrated superiority in certain aspects over other types
of colloidal carriers (4). SLNs consist of spherical lipid parti-
cles in the nanometer size range. They offer several advan-
tages in drug delivery due to their small particle size, large
surface area, and ability to modify their surface properties
easily. SLNs are used for controlled and targeted delivery, to

improve bioavailability, to improve drug stability against en-
zymatic degradation, and for the incorporation of hydrophilic
and lipophilic drugs (5).

Recently, several research groups have developed SLN
technology as an alternative to other colloidal carriers, and their
studies improved methods for preparing SLNs (1,6,7). The most
prevalent production technique used to prepare SLNs is via
high-pressure homogenization. However, some potential disad-
vantages of this process are chances of metal contamination,
high polydispersity, thermal degradation of sensitive drugs, and
the presence of supercooled melts (4). Two other widely used
production techniques are the microemulsion method (8) and
the solvent evaporation by precipitation in o/w emulsions (9).
The microemulsion method is highly sensitive to minor changes
in composition and thermodynamic variables. The solvent evap-
orationmethod utilizes organic solvents that are toxic and harm-
ful to the environment. Therefore, there is a need for a simple,
robust, less energy-consuming, and organic solvent-free method
that is easy to scale up for large-scale SLN production. This was
the rationale to develop the temperature-modulated solidifica-
tion method for preparing SLNs reported in this research work.

An area of application that is being researched extensive-
ly using SLN-based formulations is anticancer drug delivery.
Hydrophilic and lipophilic anticancer agents have been incor-
porated in SLNs (10,11). SLNs facilitate formulation of lipo-
philic and poorly water-soluble drugs and hence will enable

1 Department of Pharmacy Practice, College of Pharmacy and
Pharmaceutical Sciences, University of Toledo, 3000 Arlington
Avenue, MS1013, Toledo, Ohio 43614, USA.

2 Department of Pharmaceutical Sciences, School of Pharmacy,
Cedarville University, 251N. Main St., Cedarville, Ohio 45314, USA.

3Department of Science and Mathematics, College of Arts and
Sciences, Cedarville University, 251 N. Main St., Cedarville,
Ohio 45314, USA.

4 Department of Medicinal and Biological Chemistry, College of
Pharmacy and Pharmaceutical Sciences, University of Toledo,
3000 Arlington Avenue, MS1013, Toledo, Ohio 43614, USA.

5 To whom correspondence should be addressed. (e-mail:
jerry.nesamony@utoledo.edu)

AAPS PharmSciTech, Vol. 15, No. 6, December 2014 (# 2014)
DOI: 10.1208/s12249-014-0168-x

1530-9932/14/0600-1498/0 # 2014 American Association of Pharmaceutical Scientists 1498



delivering such drugs through otherwise unfeasible routes of
administration. Chemotherapeutic agents used in primary and
palliative care of various cancers are normally administered
intravenously. The chemotherapeutic regimen is intensive and
involves multiple agents. As soon as chemotherapy is initiated,
severe side effects such as nausea and vomiting, alopecia, etc.
occur in patients. Thus, additional pharmacologic agents have
to be administered to minimize patient discomfort and pro-
mote adherence. High doses of anticancer agents are given
intravenously to maintain a therapeutic concentration of the
drug at the cancerous lesion. However, blood carries these
agents to healthy tissues and organs, producing undesirable
side effects. In addition to these challenges, cancer cells tend
to develop resistance to cancer drugs, leading to decreased
therapeutic efficacy. SLN-based anticancer drug delivery has
demonstrated the ability to address many of these challenges
in in vitro experiments, cell and tissue culture studies, and
animal testing (10–12). This is the rationale to incorporate
an anticancer agent in the developed SLNs for future potential
application in colorectal cancer therapy. Although colorectal
cancer is treatable surgically, recurrence following surgery is a
major problem and in general leads to poor prognosis and
high mortality (13,14). There is currently a need to advance
the therapeutic options and formulations available to treat
colorectal cancer.

The aim of the present study was to investigate the feasi-
bility of preparing glyceryl monostearate (GMS) nanoparti-
cles by using a novel temperature-modulated solidification
process and to evaluate its potential as an anticancer drug
delivery system. 5-Fluorouracil (5-FU), an anticancer drug,
was incorporated as a model drug in the SLNs. 5-FU is an
antimetabolite chemotherapeutic agent used in chemotherapy
of colorectal, stomach, breast, and pancreatic cancer (15). It is
used topically in the form of a cream for the treatment of
actinic (solar) keratoses and some basal cell carcinomas of
the skin (16). 5-FU is an analog of naturally occurring pyrim-
idine uracil, and it is metabolized via the same metabolic
pathways as uracil (17). As a pyrimidine analog, it is trans-
formed inside the cell into various cytotoxic metabolites. The
latter are then incorporated into DNA and RNA, finally
inducing cell cycle arrest and apoptosis by inhibiting the cell’s
ability to synthesize DNA (16,18).

MATERIALS

GMS and D-trehalose, anhydrous, acetonitrile (HPLC
grade) and ethanol (HPLC grade) were purchased from Fish-
er Scientific (Pittsburg, PA); Tween 80 (polyoxyethylene (19)
sorbitan monooleate) and 5-FU were purchased from Spec-
trum Chemical Manufacturing Corporation (New Brunswick,
NJ), and Amicon Ultra-15 centrifugal filter units were pur-
chased from EMDMillipore (Billerica, MA). Deionized water
was obtained from the central deionized water line in our
laboratory.

METHODS

Preparation of 5-FU-Loaded SLNs

An accurately weighed quantity of 5-FU was added to 1 g
of GMS and equilibrated at 75°C for 48 h at 1,500 rpm after

placing in a thermostated shaker. Tween 80 was added to the
drug-GMS mixture and vortexed to obtain a homogenous
dispersion. Deionized water was heated to the same temper-
ature as the molten lipid phase. The molten lipid phase was
then dispersed into the heated deionized water, placed in an
ice bath, and stirred at 4,000 rpm for 45 min by a high-shear
mixer (model L5M-A, Silverson, USA). The resulting SLN
dispersion was used for further characterization. To isolate the
SLNs, an aliquot of the aqueous SLN dispersion was placed in
a 100-kDa Amicon Ultra-15 centrifugal filter unit and centri-
fuged at 7,830 rpm for 30 min and temperature-maintained at
15°C in a centrifuge 5430R (Eppendorf AG, Hamburg, Ger-
many). The SLNs retained by the filter were collected and
redispersed in deionized water before lyophilization. Anhy-
drous trehalose, equivalent to the amount of GMS, was used
as cryoprotectant. The mixture was frozen quickly at −75°C in
a freezer and lyophilized for 72 h in the lyophilizer (FreeZone
2.5-l benchtop freeze dry system, Labconco, MO, USA) at
−49°C and vacuum-maintained at 0.120 mBar. SLNs with no
added drug were prepared by an identical procedure after
excluding the drug addition step. The lyophilized samples
were collected and stored in a dessicator for further
characterization.

Drug Encapsulation Efficiency

An aliquot of lyophilized 5-FU-loaded SLNs was dissolved
in 5 ml 50/50 HPLC-grade ethanol/HPLC-grade water and
vortexed at 3,000 rpm. The solution was then filtered through
a 0.45-μm non-sterile, solvent-resistant polytetrafluoroethylene
(PTFE) syringe filter (Fisher Scientific Products, USA). Twenty
microliters of the filtrate was injected directly into and analyzed
by reverse-phase high-performance liquid chromatography
(HPLC) using Waters HPLC e2695 separation module
equipped with a photodiode array detector (Waters 2998). A
C18 column (Waters symmetry column, 3.5 μm, 4.6×75 mm)
was used as the stationary phase. The mobile phase composition
consisted of pH 7 phosphate buffer and USP/acetonitrile/etha-
nol (60:20:20 v/v) and had an isocratic flow rate of 0.6 ml/min at
35°C. 5-FU was detected at 264 nm, and Empower 3.0 software
was used for data analysis. A calibration curve of pure 5-FU in
water was used for quantification. The amount of 5-FU incor-
porated in SLNs (entrapment efficiency) was calculated using
the following formula:

%Entrapmentefficiency ¼ Calculated5‐FUcontent� 100
Theoretical5‐FUcontent

Particle Size Determination

Particle size analysis was performed in a dynamic light
scattering instrument (DLS) (Nicomp 380 ZLS, Particle Sizing
Systems, CA) after suitably diluting with deionized water. The
aqueous SLN dispersion before lyophilization and lyophilized
SLNs redispersed in deionized water were taken in disposable
borosilicate glass culture tubes (VWR Scientific Products).
The particle size was determined by placing the sample-filled
tubes in the path of a helium neon laser of wavelength 658 nm
at 23°C, and data were collected at a scattering angle of 90°.
Three measurements of 8 min each were performed, and the
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proprietary software available with the instrument was used to
calculate the size and expressed as a volume-weighted
diameter.

Zeta Potential Measurements

Zeta potential measurement was performed in the DLS
instrument operated in the electrophoretic light scattering
mode (ELS) (Nicomp 380 ZLS, Particle Sizing Systems,
CA). The SLN dispersion and redispersed lyophilized SLN
samples were placed in standard glass cuvettes and the zeta
potential measured at 23°C and a scattering angle of −14.06°
using a helium neon laser of wavelength 658 nm. Three mea-
surements of 1 min each were performed to calculate the
mean value of zeta potential.

Differential Scanning Calorimetry (DSC)

Thermal behavior of SLN samples and the physical state
of 5-FU in the SLNs were analyzed using a differential scan-
ning calorimeter (PerkinElmer Diamond DSC, CT) equipped
with an intercooler 1P. Samples of pure 5-FU, pure GMS,
blank lyophilized SLN, and 5-FU-loaded lyophilized SLN
were run on DSC. For DSC measurements, 20-μl aluminum
pans containing 8–10-mg samples were sealed by crimping.
The samples were placed in the DSC furnace, and thermo-
grams were recorded by subjecting the samples to a thermal
program using a heating rate of 10°C/min in the temperature
range from 10 to 350°C under nitrogen purge gas maintained
at a flow rate of 20 ml/min. All samples were run in triplicate.
The data were analyzed using Pyris Manager (v 1.3) software.

Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectra were acquired in a Varian Excalibur FTS
4000 FTIR instrument. The samples were spread as a thin
layer on a Germanium 45° trough plate and placed in an in-
compartment horizontal attenuated total reflectance (HATR)
accessory (Pike Technologies, Madison, WI, USA) kept in the
sample chamber of the FTIR instrument. The scans were
performed over the wavenumber range of 6,000 to 400 cm−1

at a rate of 20 Hz.

Atomic Force Microscopy (AFM)

AFM studies were done in a Nanosurf easyScan 2 Flex
AFM system (Nanosurf AG, Switzerland), and data analyses
were performed in the accompanying easyScan 2 software.
The instrument was tested for XY calibration using a silicon
substrate grid containing an array of silicon oxide squares of
height 100 nm separated by 10 μm. An aqueous suspension of
a particular sample was placed in circular mica disks (Tedpella
Inc., Redding, CA) and equilibrated at room temperature for
24 h. This left a dried sample on the mica disks for analysis.
Formulations that were prepared in this manner included
aqueous nanosuspension of blank SLNs before lyophilization,
aqueous nanosuspension of redispersed lyophilized blank
SLNs, aqueous nanosuspension of 5-FU-loaded SLNs before
lyophilization, and aqueous nanosuspension of redispersed
lyophilized 5-FU-loaded SLNs. The samples were analyzed
in the dynamic force tapping mode that enables the

instrument to choose the optimal vibration frequency to be
used during measurements. The frequency range that is avail-
able for use in this mode is 15 to 500 kHz.

Transmission Electron Microscopy (TEM)

The shape and internal matrix of individual nanoparticles
were visualized using transmission electron microscopy
(Hitachi HD-2300 scanning transmission electron microscope,
Hitachi High Technologies America, IL). Samples were pre-
pared by placing a drop of the suitably diluted sample onto a
Formvar/Carbon 400-mesh copper grid (Ted Pella, CA) and
dried at room temperature for 15 min to leave a thin film
before removing the excess sample with a lint-free wipe. The
prepared grid was equilibrated overnight at room temperature
prior to processing via TEM. The images were procured in the
phase contrast mode.

In Vitro Drug Release Studies from SLNs

In vitro drug release studies from lyophilized 5-FU-load-
ed SLNs were performed in phosphate buffer saline (PBS) of
pH 7.4. Four hundred milligrams of lyophilized 5-FU-loaded
SLNs was dispersed in 2 ml of PBS (pH 7.4) and placed in a
sealed regenerated cellulose membrane bag (dialysis mem-
brane with molecular weight cutoff of 12–14 kDa,
Fisherbrand® regenerated cellulose dialysis tubing, 44-mm
diameter). The dialysis membrane was then placed in a beaker
containing 200 ml of PBS, pH 7.4, and maintained at 37±0.5°C
in a water bath under magnetic stirring of 100 rpm. At
predetermined time intervals, 2-ml samples were withdrawn
from the beaker and replaced with fresh PBS. The samples
were filtered through a 0.45-μm non-sterile, solvent-resis-
tant PTFE syringe filter (Fisher Scientific Products, USA).
Twenty microliters of the filtrate was injected directly into
and analyzed by the HPLC method described in the “Drug
Encapsulation Efficiency” section. All experiments were
performed in triplicate, and results were reported as
mean±standard deviation.

In Vitro Cell Viability Studies in Human Colorectal
Adenocarcinoma (Caco-2) Cell Culture

Caco-2 cells (ATCC HTB-37) were grown as a monolayer
culture in Eagle’s minimum essential medium (EMEM) (Fish-
er Scientific, Pittsburg, PA) supplemented with 20% (v/v) fetal
bovine serum (FBS) containing Earle’s balanced salt solution,
non-essential amino acids, 2 mM L-glutamine, 1 mM sodium
pyruvate, and 1,500 mg/l sodium bicarbonate. Cells were in-
cubated in 5% CO2 atm at 37°C for 96 h. Cells were passaged
when 75% confluent by trypsinization (0.05% trypsin-0.02%
EDTA solution) and seeded at approximately 50,000 cells per
well in sterile, polystyrene 24-well plates (Costar®, USA).

Cells were allowed to adhere for 96 h and media replaced
by the appropriate experimental and control formulations for
2 h. Three groups of wells were utilized in this study. One
group of wells had cells exposed to nutrient medium, another
group of cells was treated to various aliquots of blank SLNs,
and the third group of cells was exposed to various aliquots of
5-FU-loaded SLNs. A 1:10 dilution of blank SLN and 5-FU-
loaded SLN was prepared separately in DMEM medium.
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Five-, ten-, fifteen-, and twenty-microliter aliquots of each
were then introduced into wells exposed to a particular treat-
ment. Eight wells received a particular aliquot of the SLN.
After 2 h of exposure, each well was washed with 100 μl of
PBS. The cells were detached by adding 50 μl trypsin solution
containing 0.05% trypsin and 0.02% EDTA and incubating
for 3 min. After 3 min, 200 μl EMEM was added, and the
contents of each well were transferred to microcentrifuge
tubes and centrifuged at 1,000×g for 5 min. The supernatants
were removed and the pellets resuspended in 300 μl EMEM.
Ten microliters of each dispersion was mixed with 10 μl 0.4%
trypan blue, and 10 μl of this mixture was transferred to a
counting slide and observed under Luna automated cell coun-
ter (Logos Biosystems, Korea). A one-way ANOVA (p<0.05)
was used, and post hoc analysis was performed using
Dunnett’s t test to evaluate the statistical differences between
cell viability data between various groups tested.

RESULTS AND DISCUSSION

Preparation of SLNs

The aim of this research was to develop SLNs via a
temperature-modulated solidification process. The particle
size of aqueous SLN dispersions was evaluated by DLS to test
the influence of various preparation parameters on the parti-
cle size. As the amount of lipid in the formulation increased, a
concentration-dependent increase in particle size was ob-
served after the lipid concentration exceeded a threshold
value. By keeping the surfactant concentration constant and
changing the lipid concentration sequentially in trial formula-
tions, it was determined that the minimum quantity of surfac-
tant needed to produce a nanosuspension was twice the parts
by weight of the lipid present. A series of lipid/surfactant (w/w)
mixtures (in the range from 1:2 to 1:5) were prepared and
evaluated. The particle size was found to decrease with an
increase in surfactant concentration but plateaued off once a
critical surfactant concentration was reached. A particle size
reduction of up to 20% was observed before leveling off. This
is consistent with research reported by other groups and the
observation that the presence of surfactant reduces the interfa-
cial tension between the lipid and water and facilitates solid
particle formation during the cooling phase of SLN preparation
(20). However, the largest particle size observed when the least
amount of surfactant was used was 70±3 nm. This result led to
the choice of a composition containing the least amount of
surfactant to limit potential surfactant-related toxicities later
during cell culture and animal studies. The volume of water used
as the dispersion medium did not significantly affect particle
size. For a particular lipid/surfactant mixture, the influence of
the volume of dispersion medium used was studied by system-
atically increasing the volume of water in units of 50 ml up to
300 ml. The particle size of the nanosuspension remained at
approximately 65 nm through the entire range, demonstrating
that the nanosuspension produced from the initial dispersion
does not undergo further size change. It was hence noted that
the initial lipid/surfactant/water dispersion was possibly a
microemulsion and particle size remained unchanged since
microemulsions are in principle infinitely dilutable (19). In the
optimized formulation, a lipid to surfactant ratio (w:w) of 1:2
was used, 150 ml deionized water was used as the dispersion

medium, and the nanosuspension obtained was stirred for
45 min.

Lyophilization is used extensively to recover SLNs from
aqueous media by averting possible Ostwald ripening and
hydrolysis reaction (4). During lyophilization of aqueous
SLN nanosuspensions, cryoprotectants have to be used to
preserve the physical integrity of the lipid nanoparticles (21).
Cryoprotectants have been shown to reduce aggregation and
prevent the SLNs from stress during the freeze-drying process
(22). Trehalose was used as the cryoprotectant in the present
study since the cryoprotective function of this sugar on SLNs
was extensively researched and reported by other researchers
(11,23,24). Through trial and error, it was determined that a
lipid to trehalose ratio of 1:1 produced solid and free-flowing
SLNs following lyophilization of the formulation reported in
this work.

Drug Encapsulation Efficiency

The HPLC method used to quantitate 5-FU was validat-
ed according to the ICH guidelines (25). The limit of detection
was determined to be 0.22 μg and the limit of quantitation was
0.74 microgram. The method was shown to give a linear
response over the concentration range of 1.5 to 50 μg/ml with
a correlation coefficient of 0.9999. The line equation that was
developed to calculate the drug in the injected samples was as
follows:

5−FU in microgram=ml ¼ Y þ 13; 074ð Þ=129; 136

where Y=peak area from the chromatogram.
In the present study, the accuracy of the HPLC method

was evaluated by a recovery assay through analyses of samples
containing known concentration of 5-FU. The mean recovery
from the accuracy testing was found to be 100.2% with a
relative standard deviation (%RSD) of 0.12. The intraday
precision expressed as a mean %RSD was determined to be
0.13 (intraday and interday).

Encapsulation efficiency was observed to be 46% with
the three drug amounts (30, 35, and 40 mg 5-FU added per
gram GMS) used during SLN preparation. No significant
increase in the encapsulation efficiency was observed by in-
creasing the concentration of 5-FU in the lipid, and hence,
30 mg 5-FU was used per gram of GMS in further studies.
Such behavior has been reported by other groups when
entrapping water-soluble drugs into SLNs (26). 5-FU is hydro-
philic and hence may be expected to partition into the aque-
ous dispersion medium during the preparation of SLNs,
producing the observed drug encapsulation efficiency plateau
(26). The encapsulation efficiency reported in this work is
moderate when compared to other studies, and this may be
due to the drug-lipid equilibration process used prior to prep-
aration of SLNs. Hydrophilic molecules in general exhibit low
entrapment efficiency in lipid matrices (6,27). Highly water-
soluble drugs partition into the aqueous phase during SLN
preparation. This aqueous partitioning is primarily responsi-
ble for the low entrapment efficiency. Lipid crystallinity also
plays an important role in determining the amount of drug
ultimately entrapped in the SLNs. When lipids solidify into
highly crystalline matrices, the opportunity for drug molecules
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to be incorporated within such ordered structures is dimin-
ished, leading to low entrapment efficiencies. The encapsula-
tion efficiency of water-soluble drugs in lipid matrices
increased when methods such as ionic interaction between
counter ions and charged drug molecule (28), conjugation of
drug molecule with lipids (29), complexation of drug mole-
cules with ionic polymers (30), and preparation of lipophilic
analogs were used (31). The utility of any of these methods in
our research remains to be investigated.

Particle Size

Particle size is a critical parameter for evaluation during
and after the formulation of SLNs. The particle size of aque-
ous blank SLNs before lyophilization was found to be 65±
23 nm. The particle size of aqueous 5-FU-loaded SLNs before
lyophilization was found to be 52±24 nm. Both particle size
distributions contained a second peak at or below approxi-
mately 10 nm and are attributed to the presence of Tween 80
micelles. Drug incorporation into the SLNs did not significant-
ly affect the particle size of the resulting formulation. The
lyophilization process increased the particle size of both the
blank and drug-loaded SLNs, but it remained in the nanome-
ter size range. Figure 1 shows the representative DLS data of
the aqueous 5-FU-loaded SLN dispersion before lyophiliza-
tion. The data shows a bimodal distribution with the peak at 8
±3 nm representing Tween 80 micelles, and the peak at 52±
24 nm represents the SLNs dispersed in the aqueous medium.
The amount of Tween 80 in the formulations is greater than
the critical micelle concentration of the surfactant, indicating
that the excess surfactant can potentially form micelles in the
aqueous medium used in the SLN dispersions. This type of
particle size distribution has been reported by Heydenreich
et al. when preparing and isolating SLNs containing Tween 80
and a cationic lipid (32). The cited work reported Tween 80
micelles at approximately 10 nm, and SLN sizes ranged be-
tween 150 and 300 nm depending on the method used for
purifying and isolating the SLNs. Figure 2 shows representa-
tive DLS data of lyophilized 5-FU-loaded SLNs redispersed in
water. The data demonstrates one peak at 225±74 nm
representing SLNs. The disappearance of the Tween 80 mi-
celle peak suggests that ultrafiltration that was used to purify
SLNs was able to remove excess surfactant from the prepara-
tion. The SLNs appear to have undergone an increase in size
with the lyophilization process. A moderate increase in parti-
cle size of SLNs following lyophilization has been reported by
other researchers (33). However, the long-term stability and
dispersibility of SLNs have been shown to improve when
cryoprotectants such as trehalose are used during lyophiliza-
tion (34). Similar characteristics were observed in the formu-
lation reported here as well. The lyophilized SLNs possessed
particles below the 500-nm size range and dispersed easily
when mixed gently with water.

Zeta Potential

The zeta potential was measured for the blank and drug-
loaded aqueous SLN dispersion and lyophilized redispersed
SLNs. The zeta potential of the aqueous SLN dispersion prior
to lyophilization and lyophilized redispersed blank lipid nano-
particles was approximately −15 mV. GMS is a fatty acid ester

that may be expected to impart a negative surface charge on
the lipid particles, and thus, the blank SLN formulation pos-
sesses an overall negative zeta potential. The zeta potential for
5-FU-loaded SLN dispersion was found to be −11 mV, and the
zeta potential for redispersed lyophilized SLNs was approxi-
mately −25 mV. According to the classical DLVO theory that
explains colloidal stability, factors that influence particle ag-
gregation subjecting it to eventually sediment include solvent
potential, attractive potential due to van der Waals interac-
tions, and repulsive potential from electrostatic interactions.
Of these factors, electrostatic repulsion is the most widely
used method to modulate the stability of colloidal particles,
including SLNs (35,36). The aqueous stability of SLNs from
our work correlated with the zeta potential of a particular
formulation. After preparation, the particle size of the nano-
particles in aqueous SLN dispersion was found to remain
below 100 nm up to 24 h. This enabled us to decide how soon
the formulation should be subjected to lyophilization in order
to recover the SLN product. After lyophilization, when the 5-
FU-loaded SLN powder was redispersed in water, the parti-
cles remained stable for up to 48 h. This observation supports
the notion that the redispersed lyophilized 5-FU-loaded SLN
preparation should be used within 48 h of reconstitution.

Fig. 1. Representative DLS data of the aqueous 5-FU-loaded SLN
dispersion before lyophilization

Fig. 2. Representative DLS data of lyophilized 5-FU-loaded SLNs
redispersed in water
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DSC

The DSC thermograms of pure GMS (labeled a), pure 5-
FU (labeled b), lyophilized blank SLN (labeled c), and lyoph-
ilized 5-FU-loaded SLNs (labeled d) are presented in Fig. 3.
Pure GMS exhibits an endothermic thermal event attributed
to GMS melting with an onset of 65°C and a peak temperature
of 71°C (enthalpy of melting=158 J/g). Both the lyophilized
blank and 5-FU-loaded SLN samples exhibited a thermal
event corresponding to GMS melting at an onset of 51°C
and a peak temperature of 61°C. The enthalpy of melting
of GMS in lyophilized blank SLNs was 29 J/g, and that of
lyophilized 5-FU-loaded SLNs was 27 J/g. The broadening
of the GMS melting peak in SLNs suggests a potential
decrease in crystallinity of GMS in the nanoparticles. The
decrease in the onset and maximum temperatures associ-
ated with GMS melting can be attributed to the reduction
in particle size and corresponding increase in surface
area. This leads to a decrease in melting enthalpy when
compared to larger particulates, which require more en-
ergy to overcome lattice forces (37). The thermogram of
pure 5-FU exhibits its melting as a sharp endothermic
peak with an onset temperature of 282°C and a peak
maximum at 285°C (38). The thermogram of 5-FU-loaded
lyophilized SLN shows 5-FU melting in a small endother-
mic event with an onset temperature of 288°C and a peak
maximum at 289°C (enthalpy of melting=19 J/g). This
data provides evidence for the presence of entrapped 5-

FU in the drug-loaded SLNs and further indicates that a
fraction of the drug is present in the crystalline form.
Thermal events related to trehalose (cryoprotectant) were
found at 100, 111, 121, and 206°C in both the blank and
drug-loaded SLNs (39). DSC thermograms for the lyoph-
ilized SLN samples show an endothermic peak (endother-
mic overshoot) at approximately 350°C due to the
physical aging phenomena near the glass transition tem-
perature for trehalose (40).

Fig. 3. DSC thermograms of pureGMS (labeled a), pure 5-FU (b), lyophilized blank SLN (c), and lyophilized 5-FU-loaded SLNs (d)

Fig. 4. FTIR spectra of GMS (a), blank SLN (b), and 5-FU SLN (c)
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FTIR

Wartewig and Neubert (41) have reviewed the use of FTIR
andRaman spectroscopy in pharmaceutical applications. In drug
delivery, FTIR-ATR has been used to study drug permeability,
drug release, and drug penetration into the stratum corneum.
The method was also adapted to obtain information related to

crystallinity of nanostructured lipid carriers (42). Figure 4 shows
the FTIR spectra of GMS (a), blank SLN (b), and 5-FU-loaded
SLN (c). The peaks at 2,915 and 2,852 cm−1 are attributed to the
C–H stretch in the –CH2 groups present in the acyl chain of the
fatty acid. The absorption band at 1,733 cm−1 is characteristic of
C═O stretching that is attributed to the carbonyl group present
in the fatty acid ester. The peak at 1,106 cm−1 is due to the C–O–
C stretching in the polar head group.Another characteristic band
is seen at 3,300 cm−1, which is due to O–H stretching from the
unesterified hydroxyl groups in the polar head group of the
glycerol moiety. The band visible at 1,250 cm−1 is due to C–O
stretch. The bands at 1,457 and 718 cm−1 are attributed to C–H
stretching in the long aliphatic chain of the fatty acid moiety. The
position, intensity, and shape of these characteristic IR bands
were used by Lin et al. to elucidate molecular, conformational,
and structural information related to SLNs (8,42). When the IR
spectra of GMS are compared to those of blank SLN and 5-FU-
loaded SLN, no significant change in position, shape, or intensity
of peaks related to GMS is seen. This implies that the lipid is
solidifying in the SLNs into a matrix that is similar in structure to
that of the original excipient. This finding has implications on the
nature and degree of drug release from the 5-FU-loaded SLNs.

AFM STUDIES

All samples demonstrated the presence of spherical and
near-spherical particles. AFM images of the aqueous SLN
dispersion containing 5-FU and not containing 5-FU indicated
the presence of particles with a mean size below 100 nm. In
Fig. 5a, which is the topography scan of the aqueous disper-
sion of blank SLNs before lyophilization, discrete spherical
particles can be seen along with some aggregates. These

Fig. 5. AFM images. a Topography scan of the aqueous dispersion of
blank SLNs before lyophilization. b 3D projection of lyophilized blank
SLNs. c Line fit AFM image of 5-FU-loaded SLNs before lyophilization.
d Topography scan image of 5-FU-loaded lyophilized SLNs

Fig. 6. TEM images of SLNs. a Blank SLN before lyophilization. b 5-FU-loaded SLNs before lyophilization. c
Blank SLN after lyophilization. d 5-FU-loaded SLNs after lyophilization
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aggregates were not recorded in the DLS measurements,
indicating that these may have formed during the AFM sam-
ple preparation stage. During sample preparation, a drop of a
particular nanosuspension was placed in circular mica plates
kept in a plastic chamber and allowed to dry at room temper-
ature. Due to the presence of the surfactant and low interfacial
tension, it is possible that several particles clustered together
when the sample was drying. Figure 5b shows the AFM data
obtained from lyophilized blank SLNs. The image is a 3D
projection of AFM data that has been processed using the
line fit filter available in the analysis software. The results
confirm DLS data that showed a moderate increase in particle
size observed after lyophilization. Figure 5c shows the line fit
AFM image of 5-FU-loaded SLNs before lyophilization. The
particles are similar in structure and morphology to blank
SLNs before lyophilization. The topography scan image of 5-
FU-loaded lyophilized SLNs is represented in Fig. 5d. The
increase in size observed following the lyophilization process

is visible in this data. The shape and texture of the particles do
not appear to be impacted by the presence of 5-FU.

TEM

The shape and surface morphology of blank and 5-FU-
loaded SLN dispersion and redispersed lyophilized SLNs were
studied using TEM. The TEM images of representative sam-
ples are shown in Fig. 6a–d. The size of the SLN samples was
found to concur with the particle size distribution data obtain-
ed from DLS experiments. All the lipid nanoparticles were
found to be more or less spherical in shape with a well-defined
periphery. In Fig. 6a, the SLNs visible in the field of view are
below 100 nm, as is the case in Fig. 6b. Only dense and solid
matrices are seen in TEM images procured in the phase
contrast mode, and hence, micelles or any other potential
nanostructures formed by the surfactant molecules are not
visible. The fibrous material seen in the image is from the
ultrathin carbon film on holey carbon support film coating
present in the 400-mesh copper TEM grid. The dark spherical
structures are the SLNs. TEM images of 5-FU-loaded SLNs
have been used by other researchers to analyze the structure
of SLNs (43). The lyophilized redispersed blank SLNs appear
to be less dense in the core, with a well-defined shell (Fig. 6c).
The lyophilized redispersed 5-FU-loaded SLNs demonstrate
approximately uniform density throughout the structure, indi-
cating a homogenous lipid matrix (Fig. 6d).

In Vitro Drug Release Studies

The in vitro drug release profile obtained from the dialy-
sis membrane experiment is shown in Fig. 7. The drug release
profile was characterized by an initial rapid release of up to
80% within 1 h, followed by continuous release of the drug
(44). The initial rapid release may be due to the drug being
located on or near the surface of the SLNs and is expected
since the SLNs have a large surface to volume ratio because of
their small size (44). The drug release beyond 1 h is attributed

Fig. 7. In vitro drug release data from SLNs

Fig. 8. In vitro cell viability data of SLNs in Caco-2 cell culture
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to diffusion of the drug dispersed in the lipid matrix (44).
Hydrophilic drugs exhibit the tendency to migrate to the
aqueous phase during SLN preparation, hence concentrating
at or near the surface of the particles exhibiting the initial
rapid release. The slower drug release from the SLNs later
may be due to the diffusion of the entrapped drug through the
lipid matrix (45,46). The initial amount of released 5-FU is
desirable to provide a high initial concentration of the drug
locally in the cancer cells following administration. The slow
and controlled release of the drug subsequently will allow for
sustained levels of the chemotherapeutic agent at the cancer
site. This may be beneficial therapeutically since SLNs and
other small particulates are capable of preferentially accumu-
lating within tumors via the enhanced permeability and reten-
tion effect (10,47). SLNs undergo degradation in the presence
of lipase enzyme, and hence, the 5-FU-loaded SLNs reported
here may be acted upon by lipases when administered orally.
When cyclosporine-containing SLNs were investigated for
potential use in ophthalmic delivery, no drug release was
observed in vitro in the absence of lipase/colipase complex
(48). The formulation demonstrated up to 28% drug release
in 90 min when the in vitro release study was performed in a
pH 7.4 buffer containing lipase/colipase complex. Studies
done by Olbrich et al. have also established that drug release
from SLNs can occur through diffusion and enzymatic degra-
dation of the lipid matrix by lipases (49,50). These studies
indicated that the nature of the lipid and surfactants affected
the degradation process. An interesting finding in cancer re-
search in recent years has been the identification of lipases
such as monoacyl glycerol lipase (MAGL) and their involve-
ment in altered metabolism in cancer cells (51,52). Given the
relevance of lipase-mediated biodegradation of SLNs, this
new insight into the pathogenesis and proliferation of cancers
offers new opportunities for the targeted delivery of therapeu-
tic material via SLNs to treat various cancers.

In Vitro Cell Viability Studies in Caco-2 Cell Culture

Results from the in vitro cell exposure studies performed in
Caco-2 cells are shown in Fig. 8. The automated cell counter
used in this study is equipped with a 5-MP digital camera that
captured the images shown in the figures. The technique utilizes
a dye exclusion method to analyze cell viability (53). When cell
suspensions are treated with trypan blue stain, viable and living
cells do not absorb the dye whereas dead cells are stained blue.
This difference in staining is attributed to changes in cell perme-
ability between live and dead cells (54). Cell viability of nutrient
medium-treated cells and blank SLN-treated cells was approxi-
mately 94%with no statistical differences observed between the
groups. This data demonstrates that the blank SLNs was toler-
ated by the cells and hence may be deemed as biocompatible in
Caco-2 cells in the concentration range tested. Other re-
searchers observed similar results when testing SLNs on vaginal
epithelial cell lines (6). However, the cells treated with 5-FU-
loaded SLN suspensions showed a concentration-dependent
decrease in viability. The cells exposed to 5 μl drug-loaded
SLN dispersion showed 92.4±0.9% viability. The cell viability
of the groups exposed to 10 and 15 μl decreased to 90.7±1.3 and
77.7±7.8%, respectively. The cell viability of the cells exposed to
20 μl further decreased to 66.5±9.5%. The viability data of 5-
FU-loaded SLN-treated cells (15 and 20 μl) were statistically

significant (p<0.05) when compared to cells exposed to nutrient
medium and blank SLNs. This result indicates that the 5-FU
entrapped within the SLNwas released and hence produced the
observed cell death. Similar concentration-dependent biological
effects were observed by other researchers investigating SLNs
prepared using stearic acid and cetyl palmitate (35,55). Similarly,
paclitaxel- and doxorubicin-loaded SLNs were found to possess
significant and potent anticancer effects when tested in in vitro
cell cultures (12).

CONCLUSION

In this study, SLNs were successfully prepared via a tem-
perature-modulated solidification technique. An anticancer
drug, 5-FU, was incorporated in the SLNs. The developed tech-
nique is simple and reproducible, prepares nanoparticles with-
out the need of high energy and organic solvents, and has the
potential to easily scale up for large-scale SLN production. The
particle size of SLN dispersion was approximately 66 nm, and
that of redispersed lyophilized SLNs was below 500 nm. The
SLN dispersions were lyophilized to stabilize the SLNs, and the
lyophilizates exhibited good redispersibility when gently mixed
with water. Morphological studies using TEM images showed
spherical to oval particles with well-defined periphery. A de-
crease in the enthalpy and onset temperature for the melting
point of GMS in the DSC thermograms is consistent with the
nanostructure of the SLNs. The drug encapsulation efficiency
was found to be approximately 46% and is attributed to the
water-soluble nature of 5-FU, leading to rapid partitioning into
the aqueous phase and hence decreased encapsulation into the
SLNs. In vitro drug release studies from redispersed lyophilized
SLNs showed that 80% of the encapsulated drug was released
within 1 h. In vitro cell culture studies demonstrated that the
blank SLNs were biocompatible in the concentration ranges
tested. 5-FU-loaded SLNs produced a concentration-dependent
decrease in cell viability in Caco-2 cell cultures. Future studies in
animal models will delineate compatibility and utility of these
formulations in biological systems.
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