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A B S T R A C T

Rosuvastatin calcium (RCa) is a very efficient antihyperlipidemic agent, however, being a BCS class II drug,
results in poor oral bioavailability. The present study focused on the enhancement of oral bioavailability of RCa
with solid lipid nanoparticles (SLNs). Physicochemical properties of the particles were evaluated by particle size
(PS), polidispersity index (PDI), zeta potential (ZP), DSC, FT-IR, XRD, 1H NMR analyses. Entrapment efficiency
(EE), drug loading capacity (DL), in vitro release and release kinetics were also analyzed. Safety and efficacy of
the formulations were analyzed by cytotoxicity, permeability and pharmacokinetic studies. PS values were
ranged between ∼134 and 351 nm with homogenous size distribution (PDI∼ 0.130–0.33) and ZP data were
valued within the range of ∼−17mV to −41mV. The SLN2 formulation showed the best cytotoxicity test
results and had medium permeability (Papp 5.72×10−6 cm sec−1) while pure RCa resulted in low permeability
(Papp 3.08× 10−7 cm sec−1). According to the stability analyses (3 months) 5 ± 3 °C and 25 ± 2 °C were
found suitable storage temperatures for SLNs. Pharmacokinetic studies confirmed significant improvement in
Cmax (1.4 fold) and AUClast (8.5 fold) by SLNs in comparison with the pure drug indicating the enhanced bio-
pharmaceutical performance of the RCa loaded SLNs.

1. Introduction

Acute coronary syndromes (ACS) are the major health problems and
leading cause of death and disability worldwide. Low-density lipopro-
tein cholesterol (LDL-C) is one of the most studied risk factors for ACS,
and it is now well established that there is a direct correlation between
the levels of plasma LDL-C and the risk of coronary artery diseases.
Reduction in plasma LDL-C level is a fundamental treatment for the
prevention of ACS. Over the past 20 years, the results of many large-
scale, randomized clinical trials have shown that use of statin therapy to
lower LDL-C concentrations can significantly reduce the incidence of
mortality, major coronary events, stroke and the need for revascular-
ization in a broad spectrum of patients (Cheng, 2004; Fabbri and
Maggioni, 2009; Sahebkar and Watts, 2013).

Rosuvastatin calcium (RCa); member of ‘superstatin’ group is a BCS
class II drug having low bioavailability (20%) due to first-pass effect as
well as binding to plasma proteins (88%) and its crystalline structure

reduces its aqueous solubility (Martin et al., 2003; Suares and
Parbhakar, 2016). Some pharmaceutical technologies such as solid
dispersions, inclusion complexes, nanocrystal technology, liquisolid
technology, microemulsion technology, liquid self-nanoemulsifying
drug delivery system (SNEDDS), solid SNEDDS and solid lipid nano-
particles (SLNs) have been investigated in order to enhance solubility,
dissolution rate and bioavailability of RCa (Demirel et al., 2014;
Alshora et al., 2016; Beg et al., 2017; Dudhipala and Veerabrahma,
2017).

SLNs are new generation solid nanometer-scale delivery systems
where the oil phase has been substituted by a solid lipid. They are
mostly made of triglycerides, partial glycerides, fatty acids, steroids and
waxes that are biocompatible, biodegradable, with low toxicity
(Trucillo and Campardelli, 2019). SLNs exhibit unique characteristics
such as small particle size, large surface area and the interaction of
phases at the interfaces, and are appealing for their capability to en-
hance the delivery of pharmaceuticals, neutraceuticals and different
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materials (Reddy and Shariff, 2013). SLNs have been proposed for
different administration routes, such as oral, topical, ophthalmic, in-
halation and nasal administration as well as parenteral injection
(Olbrich et al., 2002; Başaran et al., 2010; Sznitowska et al., 2017).
Studies have shown that encapsulation of drugs in SLNs will not only
ensure their controllable release, but also protect the incorporated drug
from enzymatic degradations which results in the improvement of their
absorption. SLNs enhances the bioavailability of the drug with longer
retention and exposure durations at the targeted sites (Hanumanaik
et al., 2013; Dara et al., 2019; Wang et al., 2019).

In this study RCa was incorporated into stearic acid (SA) and tri-
palmitin (TP) based SLNs for the enhancement of poor oral bioavail-
ability. Since SLNs are one of the most preferred drug delivery systems
when the aim is the enhancement of the oral bioavailability, sure there
are studies about the incorporation of RCa to SLNs with both SA
(Beniwal and Choudhary, 2017; Himavarshini and Sumaharshan, 2017;
Singh et al., 2018) and TP (Suvarna et al., 2015). In our study nano-
particles were formulated by hot homogenization technique using high
shear homogenization to avoid organic solvents and to formulate safer
formulations. Detailed critical evaluations with cytotoxicity, perme-
ability and pharmacokinetic studies were performed. Physicocemical
properties were evaluated in detail and analyses results revealed the
highest oral bioavailability of RCa approx. 8.5 fold with SA based SLN2
formulation was achieved (Suvarna et al., 2015; Gadad et al., 2016;
Singh et al., 2018).

2. Materials and methods

2.1. Materials

Rosuvastatin Calcium and Ketoprofen were kindly gifted byAbdi
İbrahim İlaç (İstanbul, Turkey); Stearic Acid, Phosphatidylcholine,
Tween® 80, Acetonitrile, Formic Acid were purchased from Sigma-
Aldrich (Steinheim, Germany); Tripalmitin was the product of Fluka
(Cedex, France); Caco-2 Cell line (American Type Culture Collection
(USA); Dulbecco's Modified Eagle's Medium, Fetal Bovine Serum,
Penicillin/Streptomycin, Hank's Balanced Salt Solution, were the pro-
ducts of Biochrom AG (Berlin, Germany); HEPES and Trypan Blue were
purchased from Sigma (USA); Dimethyl Sulphoxide (cell culture grade)
and Thiazolyl Blue Tetrazolium Bromide were from AppliChem GmBH
(Darmstadt, Germany); Ketamine and Xylazine were from EGE-VET
(İzmir, Turkey); Heparin was the product of Mustafa Nevzat İlaç Sanayii
A.Ş., (İstanbul, Turkey); Sprague Dawley Rats were provided by
Eskişehir Osmangazi University Medical and Surgical Experimental
Animals Implementation and Research Center (MSEAIRC). All other
chemicals used were analytical grade.

2.2. Preparation of SLNs

SLNs were prepared by the hot homogenization technique with high
shear homogenization using ultra-turrax (IKA T25, USA) (Mäder and
Mehnert, 2001; Ekambaram and Abdul Hasan Sathali, 2011). Briefly;
lipid was heated up to 10 °C above its melting point and RCa was added
to the molten lipid with different concentrations. Surfactant solution
was heated up to same temperature. Hot aqueous surfactant solution
was added to the clear homogenous hot lipid phase to avoid the lipid
loss, and homogenization was carried out by using ultra-turrax homo-
genizer for three minutes at 9500 rpm. Ultrasonication for 10min at
20% amplitude (VCX 130 PB, USA) was applied during the cooling
stage at 4 °C in an ice bath. Table 1 shows the compositions of the
formulations. Non-ionic surfactant Tween® 80 (T80) was used in SLN1-
SLN3 formulations. It was reported that the use of surfactants as com-
binations might prevent particle agglomeration more efficiently com-
pared to one surfactant alone therefore the mixture of T80 and am-
photeric surfactant phoshatidylcholine (PTC) was used for SLN4 (Mäder
and Mehnert, 2001). Hot homogenization technique was selected to

avoid the organic solvents to formulate safer formulations.

2.3. Physicochemical characterization analyses of SLNs

Malvern Zetasizer Nano-ZS (England) was used to measure particle
size (PS), polydispersity index (PDI) and zeta potential (ZP) of SLNs.
Samples were prepared by diluting proper volume of SLNs dispersion in
distilled water of 50 µS cm−1 with 0.9% NaCl constant conductivity and
mixed by vortex (Müller and Heinemann, 1993). For each formulation
three analyses were performed at 25 °C.

Prior to the structural analyses the formulations were lyophilized by
Lyovac-GT 2 laboratory freeze-dryer (Leybold Heraeus GmbH,
Germany). Melting transitions and heat capacity changes were analyzed
using differential scanning calorimetry (DSC; Shimadzu DSC-60,
Japan). Constant amount of lyophilized SLN samples were put in alu-
minum crucibles and purged with inert nitrogen gas at the flow rate of
50mL min−1. The thermograms were obtained at 30–350 °C with an
increase rate of 10 °C min−1. The crystalline sytucture of SLNs were
also evaluated by X-ray diffraction (XRD; Rikagu, D/Max-3C, Japan)
analyses. Samples were exposed to CuKα radiation (40 kV, 20mA) and
scanned from 2° to 40°, 2θ at a scanning rate 2° min−1. For the de-
termination of possible interactions between the drug and the lipids,
Fouirer Transform Infrared Spektrofotometer (FT-IR; Perkin Elmer
Spectrum 2000, UK) spectra were recorded at the wavelength range of
4000–500 cm−1 and also nuclear magnetic resonance (1H NMR; Bruker,
Ultra Shield CP MAS NMR 500MHz, Germany) spectra of SLNs were
also obtained to verify the modifications in the pure RCa and solid li-
pids during the formulation stages.

2.4. Determination of encapsulation efficiency and drug loading capacity

For the determination of RCa in the samples a validated HPLC
(Shimadzu, LC 20-AT, Japan) method was used (Kumar et al., 2006).

Analyses of RCa was conducted using C18 column (250× 4.6mm,
5 μm), maintained at 25 °C. Mobile phase was a mixture of formic acid
(0.05M) and acetonitrile (55:45; v/v). Analyses were performed at a
flow rate of 1.0mL min−1 of with an injection volume of 20 μL for in
vitro and permeability test (100 μL for in vivo studies) with detection
wavelenght at 240 nm (Kumar et al., 2006). For the reliabiliy of the
data, validation studies of the HPLC method were performed. Analytical
parameters such as linearity, precision, accuracy, specificity, and sen-
sitivity were analyzed and statistically evaluated using the International
Harmonization Committee (ICH), analytical process validation guide-
lines (ICH Q2B, 1996; ICH Q2A (R2), 2005).

For the determination of encapsulation efficacy (EE) and drug
loading capacity (DL) Eqs. (1) and (2) were used respectively
(Kheradmandnia et al., 2010).

= ×EE
Drug in precipitate
Total added drug

% 100
(1)

=

+

×DL
Drug in precipitate

Drug in precipitate Added excipients
% 100

(2)

For the determination of EE and DL the accuratetly weighted SLNs

Table 1
Compositions of SLNs.

Code RCa (mg) SA (g) TP (g) T80 (g) PTC* (g) Bidistilled water (mL)

SLN1-P – 1.960 – 1 – 50
SLN1 40 1.960 – 1 – 50
SLN2-P – 1.980 – 1 – 50
SLN2 20 1.980 – 1 – 50
SLN3-P – – 1.980 1 – 50
SLN3 20 – 1.980 1 – 50
SLN4-P – – 1.995 0.5 0.5 50
SLN4 5 – 1.995 0.5 0.5 50
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were dispersed in 2mL of ethanol. Obtained solution was filtered using
0.2 µm nylon filter, and the amount of RCa in the filtrate was analyzed
by HPLC.

2.5. In vitro release studies

A modified dialysis bag diffusion method was used to carry out the
in vitro release of RCa from SLNs formulations (Adilya et al., 2014). A
definite dispersion volume of the formulations that equivalent to same
amount RCa respectively were transferred to a dialysis bag. The dialysis
bag was put in a beaker contained 50mL phosphate buffer of pH 6.8 at
37 ± 0.5 °C with a stirring speed of 100 rpm (Balakumar et al., 2013;
Singh et al., 2018; Hirpara et al., 2018; Al-Shdefat et al., 2020). At
predetermined time intervals (0.5, 1, 2, 3, 4, 6, 8, 12 and 24) 0.5 mL
samples were taken and the same amount of fresh medium fluid was
added to maintain sink conditions. The samples were analyzed by
HPLC. The analyses were repeated in triplicate.

In vitro release analyses results were evaluated by DDSolver soft-
ware program for the determination of the similarity factor (f2) of the
release profiles (Zhang et al., 2010).

2.6. Cytotoxicity and in vitro permeation studies

Thiazolyl blue tetrazolium bromide (MTT) analyses were carried out
on Caco-2 cell line (with a passage number range of 25–30) for the
determination of the cytotoxicity of the formulations prepared. Cells
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) con-
taining 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 50
units/mL penicillin and 50 μg/mL streptomycin. Hank's Balanced Salt
Solution (HBSS) pH 7.4 containing 10mM HEPES was used for transient
studies. Cells were seeded in 96-well plates at 5×103cells/well, left to
grow. After 24 h cells were incubated with 100 μL of serum-free
medium containing serial dilutions of the tested SLN formulations
(SLN2-P, SLN2, SLN4-P, SLN4). Cells were incubated with the SLN
formulations for 24 h, then culture medium was removed and MTT
solution was added to the wells and plates were incubated for 4 h. MTT
dye in wells were removed and 200 µL of dimethyl sulfoxide (DMSO)
was added to the wells to solubilize formazan crystals. Optical densities
of wells were measured at 570 nm with a microplate reader (VERSAmax
Molecular Devices Corporation, Sunnyvale CA, USA) for the determi-
nation of cell viability (%) (Yong et al., 2016).

= ×Cell viability(%)
number of viable cells/mL(sample)

average number of viable cells/mL(control)
100

(3)

Permeation studies were carried out on Caco-2 cell lines (Yavuz
et al., 2010; Netsomboon et al., 2016) with selected formulations ac-
cording to the MTT analyses results. In permeation studies, the re-
plicated Caco-2 cells were counted with trypan blue and the inserts
(ThinCert ™, 12 wells, 1.0 μm por diameter) were added (6×104 cells/
insert). Cells were incubated with 5% CO2 at 37 °C. Cells were allowed
to grow without any treatment for three days with changing the
medium of the flask with fresh medium everyday. At the end of 21 days,
cell monolayer integrity was tested by measuring transepithelial elec-
trical resistance (TEER) with Millicell®-ERS (Merck, USA). When the
resistance reached the range of 400–600 Ωcm2, cell monolayer was
used for transport studies (Yavuz et al., 2010; Netsomboon et al., 2016).

Culture medium was replaced from each well by 0.5 mL and 1mL
pH 7.4 HBSS containing 10mM HEPES in the apical and basolateral
side of the well and the cell monolayers were subsequently equilibrated
for 30min at 37 °C and these medium were thrown away. Formulations
were prepared in HBSS containing 0.5 μM DMSO which contain 50 μM
of RCa (0.5 mL) and were added to the apical side of the monolayer.
The basolateral portion was supplemented with 1mL of pH 7.4 HBSS
containing 10mM HEPES. Plates were placed in a horizontal shaker and

incubated at 37 °C for 2 h at 60 rpm. Two hours later, 1 mL samples
were taken from the basolateral compartment and the samples were
stored at −20 °C until being analyzed by the HPLC.

Calculation of the apparent permeability coefficient (Papp) for the
pure RCa and the studied formulations was carried out using the fol-
lowing Eq. (4).

= × × ×
−P (cm sec ) V dC /dt A Capp

1
R R Do (4)

where Papp is an apparent permeability coefficient, VR is a volume of
receiver chamber, A is the surface area of the permeability barrier
(cm2), CDo is the initial drug concentration in the donor chamber, and
dCR/dt is the change in concentration of the compound in the receiver
compartment over time (Blaser, 2007).

2.7. Stability studies

Considering the characterization, MTT and permeability test ana-
lyses results SLN2 was selected for stability studies. The formulation
was put in a hermetically closed glass containers and were stored at
three different conditions (5 ± 3 °C, 25 ± 2 °C and 40 ± 2 °C) (ICH
Q1A-R2, 2003). At predetermined periods (day of production, 30th,
60th, and 90th day) the PS, PDI, ZP and remained RCa % were eval-
uated. All analyses were repeated in triplicate.

2.8. Pharmacokinetic studies

As well as the stability studies SLN2 formulation was selected also
for the pharmacokinetic studies. Sprague Dawley rats (250–300 g)
which were obtained from the Eskişehir Osmangazi University, Medical
and Surgical Experimental Animals Implementation and Research
Center (MSEAIRC) were used in this study. The animals were housed in
a temperature controlled room (22 ± 2 °C; with a light/dark photo-
period of 12:12) with free access to food and water. To avoid the pos-
sible interactions with food only water was given to the animals for 12 h
prior to the application. Animal care and research protocols were
planned according to the principles of Guide for the Care and Use of
Laboratory Animals (NIH Publication No: 85-23, revised in 1985) and
study protocol was approved by Eskişehir Osmangazi University Local
Ethical Committee (No: 561/2016).

In this study the rats were divided into two groups of five animals,
where the first group was given 2.2mg kg−1 standard RCa aqueous
suspension and the second group was given SLN2 formulation (without
lyopilization) with the equal RCa dose orally using 16-gauge 75mm
round tip oral-feeding needle (Fine Science Tools, USA). Animals were
anesthetized using ketamine (90mg/kg; as anesthetic agent) and xy-
lazine (10mg/kg; as muscle relaxant). Blood samples (0.25mL) were
withdrawn from the rat’s tail at 0.5, 1, 2, 4, 6, 9, 24, 48, and 72 h after
treatment into eppendorf tubes containing heparin (as anticoagulant
agent) (Kumar et al., 2006).

A modified liquid-liquid extraction method was used for sample
preparation (Kumar et al., 2006). Briefly, blood samples were cen-
trifuged at 5000 rpm for 10min at 25 ± 1 °C for the separation of
plasma. Acetonitrile (ACN; 2mL) was added to the separated plasma
and vortexed for 2.5 min followed by sonication (5min) and cen-
trifugation (4500 rpm for 10min) respectively. Supernatant was sepa-
rated and samples were reconstituted using 200 µL mobile phase for
analysis by HPLC with ketoprofen as an the internal standard.

2.9. Statistical analyses

All experiments were performed in triplicate and analyses results
were expressed as mean ± standard error. The two-way analysis of
variance (ANOVA) was performed using GraphPad Prism 7 software
P < 0.05 was considered as statistically significant.
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3. Results and discussion

3.1. Physicochemical characterization of SLNs

SLNs mostly consist of solid lipid(s), surfactant(s) and water. The
term lipid is used here in a broader sense and includes triglycerides (e.g.
TP), partial glycerides (e.g. Imwitor), fatty acids (e.g. SA), steroids (e.g.
cholesterol) and waxes (e.g. cetyl palmitate) (Mäder and Mehnert,
2001). Substances used to prepare these nanoparticles are generally
recognized as safe compounds (GRAS ingredients); this aspect makes
SLNs preferantial carriers for human use (Righeschi et al., 2016).

In this study the effects of the type of components (lipid matrix and
surfactant) and concentration of active agent on the properties of SLNs
were evaluated. The characteristic properties of the prepared for-
mulations were summarized in Table 2.

In SLN composition, many different surfactants can be used (with
respect to charge and molecular weight) (Sznitowska et al., 2017;
Mäder and Mehnert, 2001). The non-ionic surfactant; T80 was used in
SLN1-SLN3 formulations. It was reported that the use of surfactants as
combinations might prevent particle agglomeration more efficiently
compared to one surfactant alone therefore the SLN4 was formulated
with the combination of T80 and PTC together (Mäder and Mehnert,
2001).

Considering the analyses results, the PS mean values of SA based
SLNs (SA-SLNs; SLN1, SLN2) and TP based SLNs (TP-SLNs; SLN3, SLN4)
were ranged between 134.37 ± 0.91 and 351.13 ± 1.39 with a
narrow PS distribution (PDI < 0.5) indicating the homogeneous dis-
persion which were correlated with the former statements (Table 2)
(Senthil Kumar et al., 2015; Oehlke et al., 2017).

Surface charge is an important factor, influencing the stability of
colloidal dispersion (Dudhipala and Veerabrahma, 2017). In our study
SLN formulations were negatively charged due to the anionic characters
of the lipids used (Righeschi et al., 2016). ZP values varied from
−17.03 ± 0.53 to−40.80 ± 1.2mV. Since the nanoparticles with ZP
values greater than +25mV or less than −25mV typically recognized
as stable due to strong electrostatic repulsions between particles and
aggregation can be occured in the dispersions with a low ZP values due
to Van Der Waal inter-particle attraction (Başaran et al., 2011; Senthil
Kumar et al., 2015). Therefore our ZP analyses results indicated a re-
latively good dispersion stability for both of the SLNs (Table 2).

EE of SA-SLNs (SLN1, SLN2) and TP-SLNs (SLN3, SLN4) were
ranged between ∼72% and ∼103%. SLN formulations prepared with
TP as lipid matrices resulted in higher drug incorporation capacity than
SA (Table 2). Such differences might be attributed to the structure of
the lipid. TP has a long triglyceride chain and produced less ordered
lipid crystals than SA which is composed solely of C18 carbon chains
therefore there is much space for the incorporation of the drug within
the polymeric matrix than in SA (Westesen et al., 1997; Hou et al.,
2003).

Care needs to be taken considering the risk of drug expulsion when
formulating SLNs with highly ordered crystalline lipids. Amorphous
structure gives possibilities to achieve higher incorporation rates
(Westesen et al., 1997; Hou et al., 2003). Therefore determination of
the degree of lipid crystallinity and the modification changes of the
lipids are very critical analyses for SLNs. DSC is widely used to

investigate the structural changes of the lipids (Mäder and Mehnert,
2001). In our study DSC analyses were also conducted. The thermo-
grams of the pure substances were used as references for the evaluation
of the structural changes during the formulation stages. RCa showed a
endothermic peak for water loss between the 75 and 80 °C, followed by
multiple endothermic melting peaks within the temperature range of
180–290 °C showing semicrystalline structure Fig. 1 (Beg et al., 2016).
SA and TP showed melting points of 72.20 °C and 65.29 °C respectively
and for the formulations, sharp peaks of the lipids were revealed in the
thermograms of the formulations whereas the peaks of RCa have dis-
appeared because it was fully dissolved in the lipid matrix (Fig. 1).

Majority of active pharmaceutical ingredients (APIs) can exist in
different solid-state forms like polymorphs, solvates, and the amor-
phous state. These solid forms can differ widely in their physicochem-
ical properties, and thus can influence the quality, safety and efficacy of
the drug product (Shete et al., 2010). In addition to DSC, semi-crys-
tallinity of the drug was also determined using XRD analyses. XRD
spectra of pure drug and pure lipids, SLNs were shown in Fig. 2. XRD
pattern of RCa has indicated the semi-crystalline nature of the drug.
Sharp crystalline peaks at 2Θ scattered angles at 6.8, 21.6, 24.2 and at
19.2, 23.0 and 24.0 were revealed in the XRD diffractograms of SA and
TP respectively (Fig. 2). Decrease in the intensities of the peaks were
observed for SLN1-SLN3 showing that the degree of crystallinity was
being reduced (Fig. 2). For SLN4 formulation, crystalline state has been
completely transformed to amforphous state (Fig. 2) which results in
improved encapsulation efficiency (Table 2) (Li et al., 2016).

Interaction possibilities between SLN formulation components and
active agent were investigated by FT-IR analyses. Characteristic peaks
of RCa were detected at 2915, 1550, 1379, 1150 and 964 cm−1 (Fig. 3)
(Sathali and Nisha, 2013). Characteristic peaks of RCa were not ap-
peared in the spectra of SLNs showing that molecular dispersion of RCa
in lipid structures (Fig. 3) (Zhang et al., 1999; Agarwal et al., 2015).

NMR is a powerful tool to investigate dynamic phenomena and the
characteristics of nanocompartments in colloidal lipid dispersions.
NMR’s active nuclei of interest is 1H. Due to the different chemical
shifts, it is possible to attribute the NMR signals to particular molecules
or their segments. Simple 1H-spectroscopy permits an easy and rapid
detection of supercooled melts therefore 1H NMR spectroscopy analyses
were performed in order to reveal the ionic interaction between RCa
and solid lipids (Müller et al., 2000). The characteristic peaks were
observed at 0.9 ppm (due to CH3 group) and 1.3 ppm (due to CH2

group) for both SA and TP (Fig. 4) (Jenning et al., 2000). The in-
corporated RCa signal were not revealed in the 1H NMR specta of the
formulations however only slight broadening of the characteristic lipid
signals between 0.7–0.9, 1.0–1.5 ppm and 2.0–2.5 ppm for RCA loaded
SLNs suggesting that RCa was incorportaed into lipid matrix without
any chemical interaction with lipid structure (Fig. 4) (Polchi et al.,
2016).

3.2. In vitro release studies

RCa is a weak acid in nature; therefore it is in the ionic form in basic
media resulting in higher solubility values in buffers with high pH va-
lues when compared with low pH (1.2) buffers (Sarfraz et al., 2017).
Therefore in our study in vitro release studies were performed using

Table 2
Particle size (PS), polydispersity index (PDI), zeta potential (ZP), encapsulation efficiency (EE), and drug loading capasity (DL) of the SLN formulations (Mean ± SE;
n= 3).

Code PS (nm) PDI ZP (mV) EE (%) DL (%)

SLN1 351.13 ± 1.39 0.33 ± 0.03 −17.03 ± 0.53 71.50 ± 0.07 0.71 ± 0.01
SLN2 134.37 ± 0.91 0.13 ± 0.01 −18.77 ± 0.20 80.20 ± 0.06 1.57 ± 0.01
SLN3 240.20 ± 22.90 0.20 ± 0.00 −23.00 ± 1.50 103.10 ± 0.01 1.03 ± 2.00
SLN4 267.70 ± 18.70 0.30 ± 0.00 −40.80 ± 1.20 100.14 ± 0.65 0.25 ± 0.01
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dialysis bag method in phosphate buffer (pH 6.8) (Adilya et al., 2014;
Yenilmez et al., 2017).

The profiles of in vitro release studies of pure RCa and the SLNs
formulations as a function of time were illustrated in Fig. 5. In order to

evaluate controlled/sustained release potential of the SLNs, the in vitro
releases were monitored for 24 h (Fig. 5).

The release rate of pure RCa was 75.81% within 2 h and reached to
95.46% just after 6 h. For SLN formulations, sustained drug release
profiles were revealed in 24 h with initial burst releases within 6 h. The
release of a drug from the SLN can be influenced by structural differ-
ences of the lipid matrix, surfactant concentration and production
parameters (Müller et al., 2000). SLN1 and SLN2 displayed similar bi-
phasic drug release patterns with initial burst release within 6 h
(78.88% and 74.36% cumulative release rates for SLN1 and SLN2 re-
spectively), followed by relatively prolonged releases up to 24 h
(97.62% and 89.34% for SLN1 and SLN2 respectively) resembling that,
surface located RCa generates the burst release while drug-enriched
core gives posibility to prolong the release up to 24 h for both SLN1 and
SLN2 (Wissing et al., 2004; Kumar et al., 2012; Sathali and Nisha, 2013;
Kumar et al., 2020). Similarity factors (f2) of release profiles were
evaluated by DDSolver Program and analyses results revealed that
significant differences between the formulations and pure RCa release
profile (f2 factors of 30.36 and 30.38 for SLN1 and SLN2 respectively)
were obtained (Zhang et al., 2010).

The cumulative releases were valued as 31.96%, 33.53% and
21.50% at 0.5 h and 95.46%, 92.16%, 92.40% just after 6 h for pure

Fig. 1. DSC thermograms of RCa, SA, TP, SLN1-P, SLN1, SLN2-P, SLN2, SLN3-P,
SLN3, SLN4-P and SLN4.

Fig. 2. XRD spectra of RCa, SA, TP, SLN1-P, SLN1, SLN2-P, SLN2, SLN3-P,
SLN3, SLN4-P and SLN4.
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RCa, SLN3 and SLN4 respectively (Fig. 5) (Chantaburanan et al., 2017).
Drug release profiles of SLN3 and SLN4 were also compared with pure
RCa release profiles considering f2 factor. SLN3 formulation showed
higher similarity with pure RCa profile while significant differences
were revealed with SLN4 formulation (f2 factors of 75.37 and 45.81 for
SLN3 and SLN4 respectively).

Drug release profiles revealed that the RCa releases from TP-SLNs
(SLN3 and SLN4) were not as extended as SA-SLNs (SLN1 and SLN2)
most probably due to the differences in the amount of RCa located on
the outer surface of the nanoparticles. Analyses results showed that,
also the type of lipid has great influence on drug release characteristics
of the particles (Fig. 5) (Zur Muhlen et al., 1998; Müller et al., 2000;
Wissing et al., 2004; Sathali and Nisha, 2013; Chantaburanan et al.,
2017).

When single solid lipid matrix was used as a carrier material, the
incorporation of the drug was limited by the highly ordered lattice of
solid lipid matrix (Li et al., 2016). Since TP forms more ordered lipid
crystals than SA, the majority of the RCa located on the surface of the
TP-SLNs resulting in higher burst effect rates with poor prolonged re-
lease of the incorporated drug (Westesen et al., 1997; Hou et al., 2003;
Righeschi et al., 2016). From the drug release profiles, it is clear that
the prepared SLNs are suitable for the sustained delivery of RCa while
shortening tmax duration due to the rapid initial burst release (Din et al.,
2015; Kumar et al., 2020).

On the basis of the best properties in terms of PS, PDI, ZP, EE, DL
and release analyses results, SLN2 formulation was selected for further

stability and pharmacokinetic studies.

3.3. Cytotoxicity and in vitro permeation studies

For the determination of the effect of lipid type on cytotoxicity of
nanoparticles, SLN2-P, SLN2 and SLN4-P, SLN4 were selected as SA and
TP based SLNs respectively. The IC50 cytotoxic values as a result of the
MTT analyses were calculated to be 335.238 μM, 87.852 μM,
52.138 μM, and 52.137 μM for SLN2-P, SLN2, SLN4-P and SLN4 re-
spectively (Fig. 6). The cytotoxicity studies showed cell viability were
over 70%, 50% for SLN2-P, SLN2 and SLN4-P, SLN4 respectively for
50 µM concentration. According to the analyses results the SLN2 for-
mulation with the best cytotoxicity test results was selected for per-
meability studies (Fig. 6).

Schöler et al. (2002) reported previously that the cytotoxicity of
SLN is influenced by the lipid matrix and reduced cell viabilities of SLN
consisting of stearic acid is attributed to free stearic acid which is re-
leased after intracellular enzymatic degradation of these SLN. In cell
culture medium, at high SLN concentrations, protein-SLN interactions
are more likely to occur and thus an increased SLN aggregation is
possible (Schöler et al., 2002). According to Shah et al. (2016) cellular
uptake of SLNs was energy-dependent, and the endocytosis of SLNs was
mainly dependent on clathrin-mediated mechanisms. It is considered
that cellular uptake of SLN will decrease due to aggregation at high SLN
concentrations and thus intracellular enzymatic degradation of SLN will
decrease and relevant cytotoxicity will be reduced (Oh and Park, 2014;
Shah et al., 2016). Erratic dose-response curve of SLN-2 formulations in
our cell viability results may be attributed to the lower cellular uptake
of aggregated SLN (at high SLN concentration). Lower cellular uptake is
thought to lead a decrease in enzymatic degradation of SLN. Conse-
quently, the release of the free stearic acid which is the cytotoxic
component of SLN will be decreased hence the erratic cell viability
results.

The permeation studies carried out on pure RCa and SLN2. The
results of permeation studies after two hours indicated that the per-
meation of RCa from SLN2 formulations through tissue membrane were
better than the pure RCa. The Papp values for SLN2 and plain drug were
5.72×10−6 and 3.08×10−7 cm sec−1 respectively. Digestive lipids
comprised of dietary lipids such as fatty acids, glycosides, phospholi-
pids, cholesterol esters as well as various synthetic derivatives enhance
the transport of the drug through the intestine. Surfactants that are the
other formulation components of SLNs mitigate the intestinal efflux by
inhibition of the P-glycoprotein efflux pump therefore lipid nano-
particles have a major role in the enhancement of the drug transport
from the intestine (Neupane et al., 2013).

In general, substances with Papp values less than 1× 10−6 cm sec−1

are classified as low permeability substances while substances with Papp
values between 1×10−6 and 1× 10−5 cm sec−1 and Papp of> 1
×10−5 cm sec−1 are regarded as medium and highly permeable
substances respectively. In general, permeability profiles of model
drugs are the key determining factors for the assessment of the drug
permeability and according to the analyses results, pure RCa valued
within the low permeability range, while SLN2 resulted in the medium
permeability range (Yee, 1997). Analyses results indicated that SLN
formulation has enhanced the permeability of the incorporated drug
which probably result in enhanced clinical bioavailability.

3.4. Stability studies

The selected formulation; SLN2, was stored at 5 ± 3 °C, 25 ± 2 °C
and 40 ± 2 °C in hermetically closed glass containers (to avoid the the
effect of relative humidity of the storage conditions) for stability studies
during the storage period of 3months. The stability of the particles
were evaluated with PS, PDI, ZP and remained RCa (%) analyses and
the analyses results were presented in Table 3.

Freshly prepared SLN2 formulation had 134.4 ± 0.91 nm mean PS

Fig. 3. FT-IR spectra of RCa, SA, TP, SLN1-P, SLN1, SLN2-P, SLN2, SLN3-P,
SLN3, SLN4-P and SLN4.
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(PDI= 0.13 ± 0.01) and at the end of 3months mean PS of SLN2
showed significant differences and the detected PS were
286.3 ± 5.55 nm (p≤ 0.0001); (PDI= 0.43 ± 0.01; p≤ 0.0001),
348.0 ± 6.35 nm (p≤ 0.0001); (PDI= 0.46 ± 0.01; p≤ 0.0001),

621.0 ± 16.6 nm (p≤ 0.0001); (PDI= 0.77 ± 0.02; p≤ 0.0001) for
the formulations kept at 5 ± 3 °C, 25 ± 2 °C and 40 ± 2 °C respec-
tively (Table 3). Despite the variations in PS, particles remained in
nanometer range during the storage period of 3months.

Fig. 4. 1H NMR spectra of RCa, SA, TP, SLN1-P, SLN1, SLN2-P, SLN2, SLN3-P, SLN3, SLN4-P and SLN4.
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Specific surface characteristics, morphology, and the smaller par-
ticle sizes are the key factors for enhanced oral bioavailability of the
incorporated drug. It has been reported that increase in surface area
due to the reduced particle size leads to enhanced absorption in the GIT
of active agents (Hirunpanich et al., 2008; Poovi and Damodharan,
2018).

ZP analyses revealed that SLNs were negatively charged due to the
characteristic properties of SA and TP. Freshly prepared SLN2 for-
mulation had −18.77 ± 0.20mV ZP value, while ZPs were recorded
as −36.43 ± 0.69mV (0.01 > p > 0.0001), −36.10 ± 0.98mV
(0.01 > p > 0.0001), −35.77 ± 0.78mV (0.001 > p > 0.0001)
for the formulations kept at 5 ± 3 °C, 25 ± 2 °C, and 40 ± 2 °C re-
spectively (Table 3). Colloidal dispersions are considered as physically

stable when their ZP values are greater than±30mV (Souto et al.,
2004). Analyses results revealed that despite significant changes in ZP
values (0.01 > p > 0.0001), formulations transformed to more stable
dispersions during the storage period of 3months with ZP values up to
∼−37mV (Table 3) (Souto et al., 2004).

In stability studies, the remaining amount of RCa % in the for-
mulations were evaluated. HPLC analyses results revealed that RCa
amounts were 98.10 ± 0.5%, 95.19 ± 1.6% and 65.35 ± 10.6% for
the formulations kept at 5 ± 3 °C, 25 ± 2 °C, and 40 ± 2 °C respec-
tively after 3months (Table 3). There are significant differences in the
remained RCa% values at 40 ± 2 °C indicating possible chemical de-
gradation to RCa impurity C (Machairas et al., 2018). The remained
RCa% values are not extensively changed for other temperatures with
valued as 98.10 ± 0.5 and 95.19 ± 1.6 for the formulations kept at
5 ± 3 °C and 25 ± 2 °C respectively. Changes in RCa amounts were
not exceeded limit of± 10% therefore formulations were regarded as
stable at 5 ± 3 °C and 25 ± 2 °C during the storage period of 3months
(Başaran et al., 2010; Lingayat et al., 2012).

Considering the physical and chemical changes, it can be concluded
that 5 ± 3 °C and 25 ± 2 °C seem to be better storage temperatures
than 40 ± 2 °C for SLN2 formulation considering short term
(3months) stability studies results.

3.5. Pharmacokinetic studies

Oral administration is the most preferred route for drug delivery
because of its simplicity, convenience, and patient compliance, espe-
cially in the case of repeated dosing for chronic therapies (Xu et al.,
2013). However, many of the drugs remained poorly absorbed when
administered by oral route, owing to the physicochemical properties of
the drug (e.g., pKa, solubility, stability, lipophilicity, polar-nonpolar
surface area, presence of hydrogen bonding functionalities and crystal
form) and factors related to the dosage forms (Agüeros et al., 2011).
The bioavailability of oral drugs is strongly influenced by two im-
portant parameters, solubility and permeability rates of the APIs
(Müller et al., 2006; Xu et al., 2013). In the past several years, SLNs
have been extensively investigated and developed as a potential na-
nocarriers for oral drug delivery. Similar to liposomes, lipid nanoe-
mulsions, and micelles, SLNs could improve oral absorption of many
drugs because of their higher encapsulation efficiency (Demirel et al.,
2001; Chai et al., 2016).

Pharmacokinetic studies were performed on male Sprague Dawley
rats to evaluate the efficiency of the selected SLN2 formulation on the
enhancement of the oral bioavailability of RCa. The actual dose range
for RCa in adults is 5–80mg orally once daily and the usual starting
dose for treatment is 10–20mg once a day (Rubba et al., 2009; Luvai
et al., 2012; http1–http3). It was reported that there were no mortalities
in rats given an oral dose of 1000mg kg−1 or 2000mg kg−1, and other
than depression of bodyweight at 2000mg kg−1 (http3) therefore
2.2 mg kg−1 standard RCa suspension and SLN2 formulation (with

Fig. 5. In vitro release analyses results of RCa from SLN formulations
(mean ± SE; n= 3).

Fig. 6. Cell viability % of SLN2, SLN2-P, SLN4, and SLN4-P formulations
(mean ± SE; n= 3).

Table 3
Stability analyses results of SLN2 formulation after the storage period of 3 months (Mean ± SE; n= 3).

Code Storage temperature PS (nm) PDI ZP (mV) Remained RCa (%)

SLN2-Day 0 – 134.4 ± 0.91 0.13 ± 0.01 −18.77 ± 0.20 100 ± 0.0

SLN2 1st month 5 °C ± 3 °C 155.3 ± 6.38 0.23 ± 0.06 −19.10 ± 0.51 –
25 °C ± 2 °C 181.0 ± 1.53 0.26 ± 0.02 −28.10 ± 1.97 –
40 °C ± 2 °C 527.7 ± 11.8 0.41 ± 0.04 −36.43 ± 0.69 –

SLN2 2nd month 5 °C ± 3 °C 255.0 ± 6.10 0.37 ± 0.02 −28.10 ± 1.97 –
25 °C ± 2 °C 264.7 ± 8.65 0.44 ± 0.01 −30.77 ± 1.00 –
40 °C ± 2 °C 561.0 ± 23.5 0.60 ± 0.05 −37.43 ± 1.36 –

SLN2 3rd month 5 °C ± 3 °C 286.3 ± 5.55 0.43 ± 0.01 −36.43 ± 0.69 98.10 ± 0.5
25 °C ± 2 °C 348.0 ± 6.35 0.46 ± 0.01 −36.10 ± 0.98 95.19 ± 1.6
40 °C ± 2 °C 621.0 ± 16.6 0.77 ± 0.02 −35.77 ± 0.78 65.35 ± 10.6
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comparable amount of RCa) were given orally considering not exeeding
the toxic level. The plasma concentration profiles of pure RCa and SLN2
after a single dose with oral administration were shown in Fig. 7.

The results of pharmacokinetic studies indicated remarkably su-
perior drug absorption potential from SLN2 formulation with respect to
the pure RCa (8.5 fold increase). SLN2 showed significant improvement
(p≤ 0.0001) in the extent of drug absorption (AUClast and AUCtotal)
compared to pure RCa. In our former study almost 8 fold oral bioa-
vailability enhancement compared to the pure RCa was achieved with
RCa incorporated cyclodextrin-polyanhydride nanoparticles (Al-
Heibshy et al., 2019). Since the lipid based drug delivery systems en-
hance the lymphatic transport of the incorporated lipophilic drugs, the
success of SLN2 can be also attributed to enhanced lymphatic transport
of drug from SLN2 formulation and also it is possible to degrease the
applied doses with SLN formulations while maintaining comparable
drug plasma levels (Suresh et al., 2007; Rani et al., 2017).

The average AUClast and AUCtotal of pure RCa were 10.62 ± 2.12
and 12.00 ± 2.48 µg h mL−1 (mean ± SE) respectively, whereas for
SLN2, AUClast and AUCtotal were valued as 90.64 ± 5.74 and
98.87 ± 5.68 µg h mL−1 (mean ± SE) respectively. Almost 1.41, 2.06
and 2.46-fold improvement in Cmax, MRT and t1/2 were observed for the
SLN2 with respect to pure RCa, while tmax value (6 h) remained un-
changed. It has been widely reported that due to the characteristic
properties of the lipids and surfactants used for the formation of SLNs,
the lipids and the surfactants act as good permeation enhancers for the
drug and enhance the solubility of the drug in the GIT milieu while
reducing the first-pass metabolism of the drug by transportation of the
incorporated drug through a lymphatic route to the systemic circulation
(Neupane et al., 2013; Sznitowska et al., 2017). In this study pure RCa
concentration has reached the lowest plasma concentration point just
after 9 h while SLN2 showed very high RCa concentration at same point
showing that it is possible to extend repeated dose application period as
well as maintaining enhanced oral bioavailability of RCa which was the
main aim of the study.

4. Conclusions

In our study, RCa-loaded SLNs were successfully formulated by high
shear homogenization followed by ultrasonication technique. With the
avoidance of organic solvents and use of ingredients with GRAS status,
safer formulations were formulated. The physicochemical properties of
the RCa-loaded SLNs showed that the SLNs have PS in a nanometer
range with relatively high ZP values. The sustained release of RCa could
be achieved with SLNs with the ratio of 97.78% up to 24 h. The SA SLNs
exhibited less cytotoxicity effect than TP SLNs, therefore among the
formulations prepared, SA based SLN2 formulation was selected for
stability and pharmacokinetic studies. The SLN2 has enhanced the oral
bioavailability of RCa compared to the pure RCa (8.5 fold increase) and

able to provide sustained release profile up to 72 h in rats. According to
pharmacokinetic studies analyses results pure RCa concentration has
reached the lowest plasma concentration after 9 h while SLN2 showed
very high RCa concentration at same point showing that it is possible to
extend repeated dose application period as well as maintaining en-
hanced oral bioavailability of RCa which was the main aim of the study.
In stability analyses SLN2 formulation was found to be stable con-
sidering PS, PDI, ZP and remained RCa (%) at 5 ± 3 °C and 25 ± 2 °C
over 3months. As a conclusion SLN2 formulation has great potential on
the enhancement of the oral bioavailability of RCa while maintaining
the sustained release up to 3 days.
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