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The aim of this study was to investigate the cytotoxicity of paclitaxel solid lipid nanoparticles (SLN) modified
with stearic acid octaarginine (SA-R8-PTX-SLN) as well as the cellular uptake of coumarin-6-loaded SLN
modified with SA-R8 (SA-R8-C6-SLN) in human lung cancer cells, A549. SLN were prepared using a
film dispersion method; and then their particle size, zeta potential, morphology, bound efficiency of SA-
R8, drug loading efficiency, and in vitro release were characterized. SA-R8-PTX-SLN and SA-R8-C6-SLN
were incubated with A549 cells to measure their cytotoxicity and cellular uptake, respectively. The results
indicated that the cytotoxicity of SA-R8-PTX-SLN was enhanced significantly with the increasing amount of
SA-R8 and the cellular uptakes of SLN increased with the incubated concentrations and the incubated time
of SLN. In contrast, SA-R8-SLN could significantly enhance the cellular uptake of SLN and the cytotoxicity
of PTX in A549 cells. These in vitro results suggest that SA-R8-SLN could be proposed as alternative drug
delivery system.

1. Introduction

Cell-penetrating peptides (CPPs), also known as protein trans-
duction domains (PTDs), are relatively short peptides consisting
of 5 to 40 amino acid residuals with the ability to cross the plasma
membrane and enter the cell interior. CPPs can also promote the
intracellular delivery of covalently or non-covalently conjugated
bioactive cargoes, such as drugs (Aroui et al. 2010a; Aroui et al.
2010b); peptides and siRNA (Endoh and Ohtsuki 2009); proteins
and nucleic acids (Deshayes et al. 2008); metal complexes (Rijt
et al. 2011); micelles (Sawant and Torchilin 2009); liposomes
(Qin et al. 2011); and nanoparticles (Lee et al. 2011). Among
CPPs, arginine-rich derivatives of the HIV Tat (RKKRRQRRR)
are the most widely studied Tat peptide (Barnes and Shen 2009;
Takayama et al. 2009; Walrant et al. 2011; Yang et al. 2008).
Interestingly, homopeptides consisting of 7 to 9 arginines dis-
play higher cellular uptake compared to the Tat peptide itself
(Wender et al. 2000). The addition of fatty acid (FA) to the
polyarginines dramatically improves the cellular uptake of pol-
yarginines (Futaki et al. 2001; Katayama et al. 2011; Mae et al.
2009).
Solid lipid nanoparticles (SLN) that consist of a solid phase
lipid core surrounded by particle stabilizers are a relatively
new class of drug carrier. In recent years, SLN have attracted
increased attention because of their favorable features, such as
controlled drug release and targeting, protection against chem-
ical degradation, no carrier biotoxicity, and the potential to be
scaled up for industrial production (Müller et al. 2000; Wiss-
ing et al. 2004). However, there are few studies on the uptake
of CPP-modified SLN; thus, in the current work, we developed
coumarin-6-loaded SLN and investigated whether or not CPP
could enhance the uptake of SLN in A549 cells.

Paclitaxel (PTX), a diterpenoid isolated from the needles and
bark of Taxus brevifolia, has been used in the treatment of a
wide variety of human malignancies, including breast cancer,
ovarian cancer, and non-small cell lung cancer (Panchagnula
1998). Numerous studies on SLN as carriers of PTX have been
published in recent years (Lee et al. 2007; Li et al. 2011; Wu
et al. 2010; Yuan et al. 2008). Nevertheless, the effect of CPP
on the cytotoxicity of PTX-loaded SLN in vitro on A549 cells
has not yet to be reported.
The aim of this study is to evaluate the cellular uptake of SLN
with and without stearic acid octaarginines (SA-R8) as well as
the cytotoxic effect of PTX-loaded SLN on the human non-small
lung cell cancer cell line, A549. The characterization of SLN,
such as particle size, zeta potential, bound efficiency of SA-
R8, drug entrapment efficiency, drug loading (DL) and in vitro
drug release, have been studied in detail. The effects of CPP in
enhancing SLN cellular uptake and cytotoxity of PTX-loaded
SLN in A549 cells have also been investigated.

2. Investigations, results and discussion

2.1. DL and bound efficiency of SA-R8

The amount and the binding efficiency of SA-R8 attached to the
SLN were related to the initial SA-R8 concentration. As shown
in Table 1, the amount of SA-R8 attached to the SA-R8-C6-SLN
showed no significant difference from SA-R8-PTX-SLN with
the same SA-R8 concentration. The absolute amount of SA-R8

attached to SLN increased with the increased initial input SA-R8,

while RBE decreased with the increased amount of SA-R8.
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Table 1: Absolute amount (AA), relative binding efficiency (RBE) and drug loading (DL) of SA-R8 attached on the coumarin-6 and
PTX-SLN with different initial input SA-R8. n = 3

Amount of SA-R8 (mg/mL) C6-SLN PTX-SLN

AA (mg/mL) RBE (%) DL (%) AA (mg/mL) RBE (%) DL (%)

0.5 0.387 ± 0.003 77.47 ± 0.50 8.83 ± 0.05 0.385 ± 0.009 77.07 ± 1.70 8.59 ± 0.17
1 0.647 ± 0.021 64.67 ± 2.08 13.92 ± 0.38 0.575 ± 0.007 57.53 ± 0.65 12.31 ± 0.12
2 0.843 ± 0.021 42.17 ± 1.04 17.41 ± 0.36 0.818 ± 0.020 40.88 ± 0.98 16.63 ± 0.33

2.2. DL and EE determination

The DL values of coumarin-6 and PTX were about 0.01% and
2.0%, respectively, as shown in Table 2. The EE values of
coumarin-6 and PTX were higher than 90%. The addition of
SA-R8 slightly decreased the DL capacity and had no significant
effect on the EE of SLN (P>0.05).

2.3. Characterization of SLN

The characteristics of counmarin-6-loaded SLN and PTX-
loaded SLN such as zeta potential (�), mean particle size and
polydispersity index (PDI) are listed in Table 2. Zeta potential
is a key factor in evaluating the stability of colloidal dispersion.
The repulsion among the nanoparticles with the same type of
surface charge provides additional stability. In general, a system
could be considered a stable formulation when the absolute value
of zeta potential was above 30 mV due to electric repulsion. Most
of the absolute values of zeta potential for counmarin-6-loaded
SLN and PTX-loaded SLN were lower than 30 mV, suggesting
that the SLN obtained in the present study did not have sufficient
electrostatic stabilization. However, poloxamer188 or Tween 80
on the surface of SLN could provide additional steric stabiliza-
tion. The zeta potential of C6-SLN and PTX-SLN changed from
negative to positive after modifying with SA-R8. Meanwhile, the
zeta potential of SLN modified with SA-R8 was a concomitant
increase with the increase of the absolute amount of SA-R8.
As shown in Table 2, the particle size of counmarin-6-loaded
SLN and PTX-loaded SLN ranged from 100 nm to 150 nm,
which were preferred to accumulate in tumors due to their
enhanced permeability and retention (EPR) effect (Kohane
2007). The particle size of PTX-loaded SLN were higher than
that of counmarin-6-loaded SLN with the same lipid matrix,
which might be due to the increase in the amounts of solid phase
produced by the incorporation of PTX into SLN (Yuan et al.
2008). However, there was no significant change in particle size
and PDI of SLN after the SA-R8 modification.
The AFMs of non-modified and modified SLN are shown in
Fig. 1. Both appeared as quasi-spherical shapes. The particle
sizes of PTX-SLN and 8 wt% SA-R8-PTX-SLN were about 200
and 150 nm. These values were larger than those measured by
the Zetasizer, which could be explained by the fact that fusion
phenomena occurred during the preparation of ATM samples
(Su et al. 2011; You et al. 2007). Furthermore, the particle size
of SA-R8-PTX-SLN measured by AFM was smaller than that
of PTX-SLN. It might be due to the interaction of SA-R8 with
the SLN, which increased the stability of the nanoparticles and
protected them against flattening, here the gel was dried on the
mica surface (Gualbert et al. 2003).

2.4. In vitro release studies

Figure 2 illustrates the cumulative release profiles of coumarin-6
and PTX from SLN in pH 7.4 PBS with 0.1% (w/v) Tween 80 in
48 h. Both C6-SLN and PTX-SLN showed no burst drug release
and only 20% and 70% of coumarin-6 and PTX released in 48 h,

respectively. PTX was released from SLN in a sustained manner,
which could provide a possible continuous action against can-
cer cells. Meanwhile the release rates of coumarin-6 and PTX
from SA-R8-C6-SLN and SA-R8-PTX-SLN were all slower than
those of C6-SLN and PTX-SLN. In addition, the percentages of
coumarin-6 and PTX released decreased with the increasing of
the amount of SA-R8.
In order to investigate the release mechanism of SLN, the
Higuchi-, zero-, first-, Weibull model, and Korsmeyer-Peppas
(K-P) models were applied to simulate all those release profiles,
and the coefficient of determination (R2) was used to assess
the “fit” of a model equation (Costa and Sousa Lobo 2001). The
coumarin-6 and PTX release data were all fitted to Higuchi equa-
tions. The K-P model was developed by Korsmeyer (Korsmeyer
et al. 1983) and Peppas (1985) and described by Equation (1)

ft = atn (1)

where “a” was a constant incorporating structural and geometric
characteristics of the drug dosage form, “n” is the release expo-
nent that was indicative of the drug release mechanism, and the
function of “ft” is the fractional release of drug. When the n
value is between 0.5 and 1.0, the release mechanism is a mass
transfer following a non-Fickian model (Costa and Sousa Lobo

Fig. 1: AFM images of PTX-SLN (A) and 8 wt% SA-R8 modified PTX-SLN (B).
(AFM: Atomic force microscopy; PTX: Paclitaxel; SA-R8: Stearic acid
modified octaorginine)
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Table 2: The characterization of SLN (n = 3)

samples Size (nm) PDI � (mV) EE (%) DL (%)

C6-SLN 116.1 ± 6.0 0.247 ± 0.018 −23.0 ± 0.9 92.44 ± 3.28 0.01091 ± 0.00035
CPP1-C6-SLN 114.3 ± 6.7 0.236 ± 0.017 18.9 ± 1.3 95.06 ± 2.18 0.01030 ± 0.00021
CPP2-C6-SLN 109.2 ± 2.5 0.265 ± 0.005 28.2 ± 2.1 89.89 ± 1.95 0.00808 ± 0.00016
CPP3-C6-SLN 107.3 ± 0.6 0.261 ± 0.008 29.3 ± 4.5 94.00 ± 1.60 0.00810 ± 0.00013
PTX-SLN 134.7 ± 1.3 0.298 ± 0.055 −22.0 ± 2.4 97.06 ± 2.02 2.37 ± 0.05
CPP1-PTX-SLN 135.7 ± 2.9 0.244 ± 0.024 19.4 ± 2.8 93.01 ± 2.60 2.08 ± 0.06
CPP2-PTX-SLN 131.8 ± 4.9 0.246 ± 0.022 28.3 ± 3.6 92.23 ± 3.40 1.97 ± 0.07
CPP3-PTX-SLN 129.4 ± 4.8 0.264 ± 0.010 36.3 ± 5.8 93.39 ± 3.50 1.90 ± 0.07

2001). The n values of all release profiles were between 0.8 and
0.9, suggesting that several mechanisms may be involved in the
drug release from SLN.

2.5. Cytotoxicity

The cytotoxicity of blank SLN, SA-R8 modified blank SLN
and the mixture of Cremophor EL and ethanol are shown in
Fig. 3A. The percentage survival of A549 cells after expo-
sure to SLN and the mixture of Cremophor EL and ethanol
decreased significantly with increased concentration of vehi-
cles. The percentage survival of the cells after exposure to the

Fig. 2: In vitro drug release curves. (A) Coumarin-6 release from coumarin-6 loaded
SLN and coumarin-6 loaded SLN modified with SA-R8. (B) Paclitaxel (PTX)
release from paclitaxel loaded SLN and paclitaxel loaded SLN modified with
SA-R8. n = 3

mixture of Cremophor EL and ethanol were 35.77 ± 8.61%,
7.05 ± 1.65% and 2.73 ± 0.70% respectively, at 200 �g/ml,
400 �g/ml and 800 �g/ml. For SLN, at 200 �g/ml, the per-
centage survival was more than 80%, but at 400 �g/ml, this
decreased significantly with the increased amount of SA-R8 (P
< 0.05). The percentage survival of cells after exposure to blank
SLN as well as blank SLN with 8 wt%, 12 wt% and 16 wt%
SA-R8 were 93.00 ± 10.03%, 31.97 ± 5.98%, 26.09 ± 8.85%
and 3.86 ± 0.46%, respectively. At 800 �g/ml, the percentage

Fig. 3: Viability of A549 cells. (A) the A549 cells were incubated with blank SLN,
SA-R8 modified blank SLN and the mixture of Cremophor EL and ethanol
respectively for 48 h; *: Significantly different from the mixture of
Cremophor EL and ethanol at P < 0.05. (B) The A549 cells were incubated
with PTX solution (Taxol), PTX-SLN, SA-R8 modified PTX-SLN
respectively for 48 h; *: Significantly different from Taxol at P < 0.05. (PTX:
Paclitaxel; SA-R8: Stearic acid modified octaorginine; Mean ± S.D., n = 5)
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survival of cells after exposure to SLN without SA-R8 was
54.06 ± 6.04, while exposure to SLN with SA-R8 showed lower
than 10% survival. In contrast, the cytotoxicity of the materi-
als prepared for SLN was significantly lower than that of the
mixture of Cremophor EL and ethanol (P < 0.05). The results
also showed that the materials prepared for SLN without CPP
was non-toxic before 400 �g/ml and had a certain cytotoxic-
ity at 800 �g/ml, which was consistent with previous literature
(Yuan et al. 2008). The fatty acid-modified octaarginine had no
cytotoxicity even at high concentration, but it could promote the
uptake of nanoparticles (Katayama et al. 2011), so it was sup-
posed that the SLN uptake increased with the increased amount
of SA-R8, resulting in gradually-enhanced cytotoxicity.
The viability of A549 cells exposed to PTX solution (Taxol),
PTX-SLN, and SA-R8-PTX-SLN after 48 h are shown
in Fig. 3B. The cytotoxicity of different formulations of
paclitaxel tested showed a dose-dependent manner and the
percentage survival of A549 cells after exposure to SA-
R8-PTX-SLN was decreased with the inceasing amount of
SA-R8. The 50% growth inhibition (IC50) values of cells for
Taxol, PTX-SLN and SA-R8-PTX-SLN with 8 wt% and 12
wt% SA-R8 were 2.133 ± 0.391 �g/ml, 2.551 ± 0.274 �g/ml,
1.139 ± 0.064 �g/ml and 0.806 ± 0.171 �g/ml respectively. In
additon, the percentage survival of A549 cells exposed SA-R8-
PTX-SLN with 16 wt% SA-R8 was about 0% at 0.5 �g/ml, so the
IC50 could not be calculated. The results showed that the cytotox-
icity of Taxol was significantly stronger than that of PTX-SLN
(P < 0.05), which may be due to the cytotoxicity of the diluent
Cremophor EL in Taxol. After PTX-SLN modified with SA-R8,
the cytotoxicity of SA-R8-PTX-SLN was significantly enhanced
versus Taxol and PTX-SLN(P < 0.05), which could be attributed
to the faster cellular uptake of SLN caused by the SA-R8.

2.6. Cellular uptake of fluorescent SLN

The cellular uptakes of C6-SLN and 8 wt% SA-R8-C6-SLN
were evaluated by employing fluorescent microscopy; the mea-
surement of fluorescent intensity was evaluated using a FACS
instrument. At first, A549 cells were incubated with different
concentrations of SLN for 6 h at 37 ◦C. Figs. 4A and 5A show
the cellular uptakes of SLN with and without SA-R8 in A549
cells against the incubated concentrations. The cellular uptakes
of SLN increased with the incubated concentrations of SLN at
the same incubation time, and the cellular uptakes of SA-R8-
C6-SLN were higher than those of SLN without SA-R8 in A549
cells (P < 0.05).
In order to study the time course of SLN uptake by cells, A549
cells were incubated with 90 �g/ml C6-SLN for 1 h, 3 h, 6 h,
12 h, and 24 h at 37 ◦C. Fig. 4B showed that the fluorescent
intensity of the cell cytoplasm enhanced as the incubation time
increased from 1 h to 24 h. A similar trend of SLN uptake by
A549 cells was observed by FACS analysis (Fig. 5B). Those
suggested that particle uptake of SLN was a time-dependent
process. SA-R8-C6-SLN enhanced the cell uptake compared to
the C6-SLN. The results also showed that the uptake of SA-R8-
C6-SLN at any time was always significantly higher than that of
C6-SLN (P < 0.05). This was consistent with previous studies
(Furukawa et al. 2011).
The effect of incubation temperature on the cellular uptake of
SLN was studied for A549 cells. The uptakes of 90 �g/ml SLN
by cells at 4 ◦C and 37 ◦C were visualized using fluorescent
microscopy. From Fig. 4C, it is evident that the fluorescence
intensity of cells incubated with SLN at 37 ◦C was higher than
that of cells incubated with SLN at 4 ◦C. To evaluate quan-
titatively the effect of incubation temperature on the cellular
uptake of SLN, fluorescence intensity was measured by FACS

(Fig. 5C). At 4 ◦C, the fluorescence intensity of cells incu-
bated by the C6-SLN and SA-R8-C6-SLN (8 wt%) decreased by
19.78 ± 11.40% and 31.11 ± 14.84, respectively, compared with
cells incubated with SLN at 37 ◦C, indicating that the obtained
SA-R8-SLN appeared to enter the cell via energy-dependent
transport (Maiolo et al. 2005).

3. Experimental

3.1. Materials

PTX was purchased from Shanghai Sunve Pharmaceutical Co., Ltd (Shang-
hai, China), while SA-R8 was purchased from Shanghai Gil Chemical
Co., Ltd (Shanghai, China). Soybean phospholipid was obtained from
Shanghai Taiwei Pharmaceutical Co., Ltd (Shanghai, China). Monostearin,
poloxamer188 and Tween 80 were purchased from Shanghai Chemical
Reagent Co., Ltd (Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) and coumarin-6 were obtained from
Sigma (St. Louis, MO, USA). Trypsin and RPMI Medium 1640 were pur-
chased from GibcoBRL (Gaithersberg, MD, USA). All other solvents were
of analytical or chromatographic grades.

3.2. Cell culture

A549 cells were cultured in RPMI1640 with 10% FBS and antibiotics, at
37 ◦C in a humidified atmosphere containing 5% CO2. These were sub-
cultured every 2 days with 0.25% trypsin.

3.3. SLN preparation

The PTX-loaded SLN were prepared using a modified film dispersion
method (Lu et al. 2006). Lipid matrix containing monostearin and soy-
bean phospholipid fixed at a mass ratio of 1:1 (w/w) and PTX (2.5 wt %
of lipid matrix) were dissolved in the chloroform (3 ml) at a 100 ml round-
bottomed flask. The organic solvent was vacuum-evaporated in a rotary
evaporator at 30 ◦C with 30 rpm for 1 h to form the lipid film. The lipid film
was dried overnight through evacuation in desiccators under reduced pres-
sure. A solution containing 0.1 wt% poloxamer188 and 0.1wt % Tween
80 was added under mechanical agitation (DC-40; Hangzhou Electrical
Engineering Instruments, China) until homogeneous crude emulsions were
formed. These emulsions were ultrasonicated by using a microtip probe
sonicator (Beidi-YJ, Nanjing Beidi Laboratory Apparatus Co., Ltd., China)
at pulse on 1.0 second and pulse off 1.0 second. This was done at 25%
amplitude for 30 min to form SLN dispersion. The untrapped drug was
removed by filtration through a 0.22 �m cellulose nitrate filter membrane.
Coumarin-6-loaded SLN was prepared with coumarin-6 (C6, 50 �g) instead
of PTX.
CPP-modified SLN were prepared using the incubation method (Homhuan
et al. 2009). SA-R8, with 12.5 wt %, 25 wt%, and 50 wt % of lipid matrix
respectively, were added into SLN dispersion under mechanical agitation at
4 ◦C for 12 h. The non-modified and modified SLN loaded with coumarin-6
and PTX were named as C6-SLN, CPP1-C6-SLN, CPP2-C6-SLN, CPP3-C6-
SLN, PTX-SLN, CPP1-PTX-SLN, CPP2-PTX-SLN, and CPP3-PTX-SLN,
respectively.

3.4. DL and bound efficiency of SA-R8

Aliquots of SA-R8-modified SLN dispersion (0.1 ml) were centrifuged
at 10,000 rpm for 10 min in an ultimate filtration tube (molecular weight
cut 10,000). The SLN pellet was then re-suspended with 0.1 ml distilled
water and was centrifuged (TGL-16C; Shanghai Anting Science Instru-
ments, China) twice. The non-bound SA-R8 in the bottom of the tube was
determined by HPLC by using an LC-10Avp Shimadzu pump and LC-10Avp
Shimadzu UV-VIS detector. A mixture of acetonitrile and water (51:49, v/v)
was used as the mobile phase. The chromatographic conditions employed
were as follows: Shim-pack CLC-ODS column with temperature at 30 ◦C
(5 �m, 150 mm, 6 mm i.d), flow rate of 1.0 ml/min, detection at 220 nm and
sample injected volume of 20 �l. The calibration curve for the quantification
of SA-R8 was linear over a range of standard concentrations of SA-R8 from
10 �g.ml−1 to 200 �g.ml−1, with a correlation coefficient R2 = 0.9997. The
limit of detection was 10 �g.ml−1. The relative binding efficiency (RBE)
and DL of SA-R8 attached to the SLN were calculated using Eq. (2) and
(3), respectively:

RBE(%) = (Wtotal − Wfiltered)/Wtotal ∗ 100% (2)

DL(%) = (Wtotal − Wfiltered)/(Wtotal − Wfiltered + WL) ∗ 100% (3)
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Fig. 4: Fluorescence images after the A549 cells were incubated with C6-SLN and SA-R8-C6-SLN. (A) The A549 cells were incubated with different concentrations of SLN for
6 h at 37 ◦C. (B) The A549 cells were incubated with 90 �g/ml of SLN for different time at 37 ◦C. (C) The A549 cells were incubated with 90 �g/ml of SLN for 6h at
37 ◦C and 4 ◦C. (C6: Coumarin-6; SA-R8: Stearic acid modified octaorginine; SA-R8-C6-SLN: C6-SLN modified with 8 wt% SA-R8)

where Wtotal is the weight of SA-R8 added in SLN, Wfiltered is the weight of
SA-R8 analyzed after filtration, and WL is the weight of lipid matrix added
in system.

3.5. Characterizations of SLN

The mean particle size and the zeta potential of the SA-R8-PTX-SLN and
SA-R8-C6-SLN diluted 20 times with distilled water were determined with
Zetasizer (3000HS, Malvern Instruments, UK). SLN morphology was char-
acterized by atomic force microscopy (AFM) (Veeco diNanoScope V, USA).
Before observation, one drop of properly-diluted SLN dispersion was placed
on the surface of a clean silicon wafer, and dried overnight at room temper-
ature. Then the sample was observed by the AFM with a 5 �m scanner in
contact mode.

3.6. DL capacity and entrapment efficiency (EE) determination

The EE of PTX was determined by the amount of PTX in SLN after filtra-
tion as previously described (Castro et al. 2009, 2007). Briefly, an aliquot
of the SLN dispersion was dissolved in methanol. The supernatant after
centrifugation (10,000 rpm for 10 min) was measured by HPLC using an
LC-10Avp Shimadzu pump and LC-10Avp Shimadzu UV-VIS detector. A
mixture of methanol and water (75:25, v/v) was used as the mobile phase.
The chromatographic conditions employed were as follows: Lichrospher
C18 column with temperature at 30 ◦C (5 �m, 250 mm, 4.6 mm i.d), flow
rate of 1.0 ml/min, detection at 227 nm, and injected sample volume of
20 �l. The calibration curve for the quantification of PTX was linear over a
range of standard concentrations of PTX from 0.1 �g.ml −1 to 50 �g.ml −1,
with a correlation coefficient R2 = 0.9999. The limit of detection was 0.1 �g.
ml−1.
Coumarin-6 loading capacity and EE of coumarin-6-loaded SLN were
measured by HPLC using an LC-10Avp Shimadzu pump and LC-10Avp
Shimadzu fluorescence detector set at Ex465 nm/Em503 nm. A mixture of
methanol and 2 mM ammonium acetate buffer (95:5, pH4.0) was used as
the mobile phase. The calibration curve for the quantification of coumarin-6

was linear over a range of standard concentrations from 0.05 ng.ml −1 to
20 ng.ml −1, with a correlation coefficient R2 = 0.9996. The limit of detec-
tion was 0.05 ng.ml−1. The sample preparation and other chromatographic
conditions were the same as the method of DL and EE determination for
PTX.
The drug (coumarin-6 or PTX) EE and DL of SLN were calculated from
Eq. (4) and (5), respectively:

RBE% = Wfiltered/Wtotal ∗ 100% (4)

DL(%) = Wfiltered/(Wfiltered + WL) ∗ 100% (5)

where Wtotal is the weight of drug added in SLN, Wfiltered is the weight of
drug analyzed after filtration, and WL is the weight of lipid matrix added in
system.

3.7. In vitro release studies

The in vitro release of coumarin-6 or PTX from SLN was investigated using
the membrane dialysis method. The SLN suspension in dialysis bags (7,000
Da molecular weight cut-off) was dialyzed in pH 7.4 phosphate buffered
saline (PBS) with 0.1% (w/v) Tween 80. Meanwhile, coumarin-6 or PTX
methanol solution was prepared as the control specimen. The temperature
and speed of the shaker were maintained at 37 ◦C and 100 rpm, respectively.
The experiments were carried out for 48 h in triplicate. At predetermined
time intervals, samples (1 ml) were withdrawn and replaced with equivalent
fresh medium. The samples were centrifuged at 10,000 rpm for 10 min, and
the supernatant was determined by HPLC method as described above.

3.8. SLN cytotoxicity

Cellular cytotoxicity was determined by an MTT dye reduction assay as
previously reported (Krieger et al. 2010; Ulbrich et al. 2011). A549 cells
(1 × 104/well) were seeded in a 96-well plate and cultured for 24 h. The
growth medium was removed, after which paclitaxel solution (Taxol), PTX-
SLN, SA-R8-PTX-SLN and blank SLN, the mixture of Cremophor EL and
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Fig. 5: FACS analysis of the cellular uptakes of fluorescent SLN in A549 cells. (A) The cellular uptakes after the A549 cells were incubated with different concentrations of SLN
for 6 h at 37 ◦C. (B) The cellular uptakes after the A549 cells were incubated with 90 �g/ml SLN for different time at 37 ◦C. (C) The cellular uptakes after the A549 cells
were incubated with 180 �g/mL SLN for 6 h at 37 ◦C and 4 ◦C. (*: Significantly different from the SLN without SA-R8 at P < 0.05; FACS: The fluorescence-activated cell
sorters; SA-R8: Stearic acid modified octaorginine; Mean ± S.D., n = 3)

ethanol with different concentrations in RPMI 1640 without FBS were added
and then incubated for 48 h. MTT (20 �l) PBS solution (5 mg/ml) was added
into each well, and cells were further incubated for 4 h. Formazan crystals
resulting from the MTT reduction were dissolved by adding 200 �l DMSO
after removing the unreduced MTT and medium. Finally, the plates were
shaken for 10 min, and the absorbance of formazan product was measured
at 570 nm using a microplate reader (BioRad, Model 680, USA). The per-
centage of cell survival was defined as the relative absorbance of treated
cells versus respective controls. All the experiments were performed in
triplicate.

3.9. Cellular uptake of SLN

Fluorescent microscopy was used to investigate the qualitative uptake of the
SA-R8-C6-SLN and the coumarin-6-loaded SLN without SA-R8(C6-SLN)
by A549 cells. A549 cells (1 × 105/well) in the growth medium were seeded
in a 24-well plate and cultured for 24 h. The growth medium was removed,
after which SLN with different concentrations (45, 90 and 180 �L/ml,
respectively) in RPMI1640 without FBS were added and incubated for dif-
ferent time periods and temperatures. The cells were then washed thrice
with PBS 7.4 and fixed by 4% para-formaldehyde in PBS (pH 7.4) at room
temperature for 30 min. Cells were washed thrice with PBS 7.4 and then
observed under fluorescent microscopy (Nikon, Tokyo, Japan).
The fluorescence-activated cell sorters (FACS) instrument (BD Biosciences,
Germany) was used to investigate quantitatively the uptake of the SA-R8-
C6-SLN and the C6-SLN by A549 cells. A549 cells (2 × 105/well) in the
growth medium were seeded in a 6-well plate and cultured for 48 h. The
growth medium was removed, after which the SA-R8-C6-SLN and the C6-
SLN with different lipid concentrations (45, 90 and 180 �l/ml, respectively)
in RPMI1640 without FBS were added and incubated for different time
periods and temperatures. The cells were then washed twice with PBS and
incubated with 0.25% trypsin in PBS for 1 min at 37 ◦C. The cells were
harvested and centrifuged at 1,000 rpm for 5 min. The cell pellet was then
suspended with 2 ml PBS followed by centrifugation. After an additional two
washes with PBS and centrifugation, the cells were suspended in 400 �l of

PBS and analyzed by a FACS instrument using 488 nm laser excitation and
a 515–545 nm emission filter. Each sample was analyzed for 10, 000 events.

3.10. Statistical analysis

Data were expressed as means of three separate experiments and were com-
pared by analysis of variance (ANOVA). P-value < 0.05 was considered as
statistically significant in all cases.
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