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ABSTRACT
Purpose Lung cancer is the leading cause of cancer-related
deaths. The aim of this study was to design solid lipid core
nanocapsules (SLCN) comprising a solid lipid core and a
PEGylated polymeric corona for paclitaxel (PTX) and erloti-
nib (ERL) co-delivery to non-small cell lung cancer (NSCLC),
and evaluate their physicochemical characteristics and in vitro
activity in NCI-H23 cells.
Methods PTX/ERL-SLCN were prepared by
nanoprecipitation and sonication and physicochemically char-
acterized by dynamic light scattering, transmission electron
microscopy, differential scanning calorimetry, X-ray diffrac-
tion, and Fourier-transform infrared spectroscopy. In vitro re-
lease profiles at pH 7.4 and pH 5.0 were studied and analyzed.
In vitro cytotoxicity and cellular uptake and apoptosis assays
were performed in NCI-H23 cells.
Results PTX/ERL-SLCN exhibited appropriately-sized
spherical particles with a high payload. Both PTX and ERL
showed pH-dependent and sustained release in vitro profiles.
PTX/ERL-SLCN demonstrated concentration- and time-
dependent uptake by NCI-H23 cells and caused dose-
dependent cytotoxicity in the cells, which was remarkably
greater than that of not only the free individual drugs but also

the free drug cocktail. Moreover, well-defined early and late
apoptosis were observed with clearly visible signs of apoptotic
nuclei.
Conclusion PTX/ERL-SLCN could be employed as an op-
timal approach for combination chemotherapy of NSCLC.

KEY WORDS Erlotinib . paclitaxel . solid lipid core
nanocapsules . non-small cell lung cancer

ABBREVIATIONS
ABS Acetate buffer solution
DDAB Didodecyldimethylammonium bromide
DLS Dynamic light scattering
DMEM Dulbecco’s Modified Eagle’s medium
DMSO Dimethyl sulfoxide
DSC Differential scanning calorimetry
EGFR Epidermal growth factor receptor
ERL Erlotinib
FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum
FTIR Fourier-transform infrared spectroscopy
GMS Glyceryl monostearate
HPLC High-performance liquid chromatography
LC Loading capacity
LE Loading efficiency
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli

um bromide
MWCO Molecular weight cut-off
NSCLC Non-small cell lung cancer
PBS Phosphate-buffered saline
PDI Polydispersity index
PEG Poly(ethylene glycol)
PTX Paclitaxel
SCLC Small cell lung cancer
SL Soya lecithin
SLCN Solid lipid core nanocapsules
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TEM Transmission electron microscopy
TKI Tyrosine kinase inhibitor
XRD X-ray diffraction

INTRODUCTION

Lung cancer is the most common cause of cancer-related
death worldwide in men, and the second in women, only
behind breast cancer. In the developed countries, however,
it is the most common cause of cancer-related death even in
women (1). Non-small cell lung cancer (NSCLC) is one of the
two main types of lung cancer, the other being small cell lung
cancer (SCLC), and accounts for nearly 85% of all of the lung
cancer cases (2). The standard treatment strategy of NSCLC
includes surgery in tandem with adjuvant chemotherapy, with
or without radiotherapy, depending on the disease stage and
characteristics (3). The chemotherapeutic agents that have
been reported to exhibit varying degrees of therapeutic suc-
cess at different stages of NSCLC include cisplatin,
gemcitabine, paclitaxel, docetaxel, irinotecan, erlotinib,
pemetrexed, vinblastine, vinorelbine, etoposide, and mitomy-
cin C among others, either as single agents or in various com-
binations (4–25). As compared with single-agent therapy,
combination therapy in NSCLC has been reported to be con-
siderably efficacious with higher response rates and longer
time to progression (26,27).

Paclitaxel (PTX) is a cytotoxic agent that binds to the β-
tubulin subunit of the microtubules and thereby interrupts
mitotic spindle formation, causing mitotic arrest at the G2/
M interphase of the cell cycle. It has been widely used as the
first-line therapy for advanced NSCLC both as a single-agent
and in combination with other cytotoxic agents. While com-
binations of PTX with platinum-based agents have been
widely used, severe toxicity associated with such combinations
has largely discouraged their use. Recently, molecular-
targeted agents have demonstrated synergistic therapeutic ad-
vantages in combination with PTX, and therefore have been
evaluated as adjuvants in early NSCLC (28,29). Erlotinib
(ERL) is an epidermal growth factor receptor tyrosine kinase
inhibitor (EGFR-TKI) that improvedmedian survival, quality
of life, and related symptoms in advanced and metastatic
NSCLC (30). Combination of ERL with chemotherapeutic
agents has been suggested as a viable option for the treatment
of NSCLC, especially in EGFR mutation-positive cases (31).
ERL and PTX or carboplatin combinations in an intercalated
regimen have been reported to show high progression-free
survival rate in NSCLC patients with activating-EGFRmuta-
tions (32).

Nanoparticle drug delivery systems, ever since their emer-
gence, have revolutionized the field of drug delivery for cancer
therapy. For combination chemotherapy, these nanoparticle
systems can provide additional advantages of improved

efficacy and safety. These systems offer the capability to con-
trol or modify the drug release behavior, which can be utilized
to optimize the pharmacokinetics, biodistribution, and stabil-
ity of the chemically as well as pharmacologically disparate
drugs (33,34). Nanoparticles are innately capable of long plas-
ma circulation, which can be further enhanced by surface
modification with hydrophilic polymers such as polyethylene
glycol (PEG). Additionally, further appropriate modifications
can be employed to engineer stimuli-responsive or targeted
carrier systems (35). Thus, nanotechnology can provide
long-circulating, specifically-targeted systems that are respon-
sive to the tumormicroenvironment and capable of controlled
release of combination chemotherapeutic drugs at fixed ratios
or independently tuned rates, which is not possible with free
drug combinations.

Various nanoscale architectures have been employed for
chemotherapeutic delivery over the years, including
polymer-derived systems and lipid-based systems such as lipo-
somes, with mixed results. Liposomes, for instance, have been
reported to offer innumerable advantages to tumor delivery of
chemotherapeutic agents. However, major limitations related
with stability and scale-up of liposomes have restricted their
clinical application (36,37). On the other hand, polymeric
nanoparticles, despite exhibiting high stability, are not as bio-
compatible as lipid-based nanoparticles and often exhibit low
degree of encapsulation of therapeutic agents (38). Hence,
recently the focus has shifted towards hybrid systems, compris-
ing of both lipid and polymeric components, with the aim to
combine the advantages of both the system while overcoming
their individual limitations (39). In the present study, we have
attempted to assemble solid lipid core nanocapsules (SLCNs)
for co-delivery of PTX and ERL as chemotherapeutic com-
bination. These PTX- and ERL-co-loaded SLCN (PTX/
ERL-SLCNs) consist of solid lipid cores, which accommodate
both PTX and ERL, and block copolymer coronae with
PEGylated exterior.

MATERIALS AND METHODS

Materials

Paclitaxel (PTX) was acquired from Shaanxi Top Pharm
Chemical Co. Ltd. (Xi’an, China), and Erlotinib (ERL) from
LC Laborator ies (Woburn, MA, USA). Glyceryl
monostearate (GMS) was procured from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan), soya lecithin (SL) from
Junsei Chemical Co. Ltd. (Tokyo, Japan), poloxamer 188
(PX188) from BASF (Ludwigshafen, Germany), mPEG1K-b-
PLD10 (methoxy-poly(ethylene glycol)-block-poly(L-aspartic
acid sodium salt, mPEG-b-pAsp) from Alamanda Polymers
(Huntsville, AL, USA), and Didodecyldimethylammonium
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bromide (DDAB) and coumarin 6 from Sigma-Aldrich (St
Louis, Missouri, USA).

Preparation of Solid Lipid Core Nanocapsules

PTX/ERL-SLCNs were prepared by a two-step process com-
prising nanoprecipitation and sonication. Briefly, GMS
(60 mg) was melted at 55°C, mixed with SL (15 mg) and
DDAB (5 mg), and dissolved in methanol (2 ml). PTX and
ERL (5 mg each) were then added to this methanolic solution,
cooled, and stirred to dissolve. To an aqueous solution of
PX188 (50 mg in 10 ml), the above solution was added using
a 3-ml syringe over 5 min while stirring at 1000 rpm, followed
by an additional 10-min stirring. The resulting solid lipid
nanoparticles were washed in a dialysis bag (MWCO =
3.5 kDa) against distilled water for 24 h. Lastly, 1 ml of
12 mg/ml mPEG-b-pAsp was added to the above aqueous
dispersion of solid lipid nanoparticles and the mixture was
subjected to moderate sonication for 30 min, followed by un-
disturbed standing overnight. This resulted in formation of
PTX/ERL-SLCN, with a solid lipid core containing PTX
and ERL as anticancer agents, and a polymeric encapsulating
shell having PEGylated exterior. For blank solid lipid
nanocapsules (SLCN), the above procedure was repeated
without the addition of the drugs, whereas for coumarin 6-
loaded SLCN (Cou-SLCN), the chemotherapeutic drugs
were replaced with coumarin 6.

Particle Size and ζ-Potential Characterization

Dynamic light scattering (DLS) technique was used to esti-
mate the hydrodynamic particle size and the ζ-potential of
PTX/ERL-SLCN. For DLS measurements, PTX/ERL-
SLCN, sufficiently diluted in distilled water, was taken in a
cuvette and placed inside a Nano-S90 ZetaSizer (Malvern
Instruments, UK). The ZetaSizer, equilibrated at a tempera-
ture of 25°C, measured the DLS characteristics of the nano-
particles at a scattering angle of 92o. All the measurements
were carried out in triplicates.

Drug Loading and Loading Efficiency

The loading capacity (LC) and loading efficiency (LE) of PTX
and ERL in PTX/ERL-SLCN were determined based on
following equations:

LC ¼ WD= WC þWDð Þ � 100

LE ¼ WD=WDo � 100

Where WD, WC, and WDo represent weight of the drug load-
ed in the carrier, weight of the carrier, and weight of the initial
drug input, respectively. The weight of PTX and ERL loaded
in the carrier was determined using HPLC. Agilent 1260

Infinity HPLC set-up was used with Inertsil ODS-3 column
(5 μm, 4.6 × 150 mm). Same mobile phase consisting of ace-
tonitrile and 20 mM aqueous monopotassium phosphate so-
lution (52.5:47.5 v/v) was used for both drugs. It was main-
tained at a flow rate of 1ml/min and a column temperature of
25 ± 0.5°C. Aliquots (20 μL) of the samples were injected into
the column and the detection was made at a wavelength of
227 nm for both drugs.

Transmission Electron Microscopy

The morphological features of PTX/ERL-SLCN were stud-
ied by transmission electron microscopy (TEM). The nano-
particles were stained with 2% w/v phototungstic acid and
then placed over a carbon film-coated copper grid. The grid
was placed under an infrared lamp to allow the sample to dry.
The TEM images were captured using an H7600 transmis-
sion electron microscope.

Physical State Characterization

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed by
using a DSC-Q200 differential scanning calorimeter (TA
Instruments, USA) on freeze-dried PTX/ERL-SLCN,
freeze-dried blank SLCN, and free powdered drugs (PTX &
ERL).Weighed amounts of the samples were taken in hermet-
ic aluminum sample pans, and the pans were sealed and
placed inside the calorimeter. The samples were then heated
at the rate of 20°C/min over a range of 40 to 240°C in a
dynamic nitrogen atmosphere.

X-Ray Diffraction

X-ray diffraction (XRD) characterization of freeze-dried
PTX/ERL-SLCN, freeze-dried blank SLCN, and the free
powdered drugs was performed by using a vertical goniometer
and X-ray diffractometer (X’pert PRO MPD diffractometer,
The Netherlands). Ni-filtered CuKα-radiation scattered in the
crystalline regions of the samples were recorded at room tem-
perature over a diffraction angle (2θ) range of 10° to 60° at a
scanning rate of 5°/min, a voltage of 40 kV, and a current of
30 mA.

Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectra of freeze-dried
PTX/ERL-SLCN, freeze-dried blank SLCN, and free pow-
dered drugs were recorded by using Nicolet Nexus 670 FTIR
Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The spectra were recorded by using attenuated total
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reflectance (ATR) method over a wavelength range of 550 to
4000 cm−1 and at a resolution of 16.

In Vitro Drug Release Study

The in vitro release patterns of PTX and ERL from PTX/
ERL-SLCN at pH 7.4 and pH 5.0 were studied by diffusion
method. Briefly, 2 ml of PTX/ERL-SLCN was taken in a
dialysis bag, which was clipped at both ends and kept in a
50 ml centrifuge tube containing 25 ml of phosphate buffered
saline (PBS, pH 7.4) or acetate buffer solution (ABS,
pH 5.0). For analysis of PTX and ERL, 0.5 ml of the
release medium was withdrawn at fixed intervals, which
was replaced each time with an equal volume of fresh
medium. The amounts of PTX and ERL contained in
each of the samples were determined by HPLC analysis,
as discussed above. Statistical evaluation of the drug
release kinetics was performed by using KinetDS soft-
ware whereby the resulting release equations were fitted
to a number of release model equations and the regres-
sion coefficient and rate constant in each case was
determined.

In Vitro Cytotoxicity Assay

MTT assays were performed on NCI-H23 human lung ade-
nocarcinoma (non-small cell lung cancer) cell lines. Firstly,
PTX, ERL, and PTX and ERL in various molar combina-
tions in PTX/ERL-SLCN (5:1, 2:1, 1:1, 1:2, 1:5) were used to
determine the optimum molar ratio for combining PTX and
ERL in PTX/ERL-SLCN, based on the IC50 of combination,
to obtain maximum inhibition of the cancer cells. Thereafter,
MTT assay was conducted using PTX/ERL-SLCN contain-
ing PTX and ERL in the optimized molar ratio; free PTX,
free ERL, and PTX/ERL cocktail combined in the above
optimized ratio were used to investigate their inhibitory po-
tential on the proliferation of NCI-H23 cells. Briefly, 1 × 104

cells, suspended in high glucose DMEM supplemented with
10% FBS, were seeded in each well of a 96-well plate. The
plates were incubated overnight at 37°C to allow the cells to
adhere to the well surfaces. Then, the growth medium was
replaced with various dilutions of PTX, ERL, PTX/ERL,
and PTX/ERL-SLCN solutions prepared in growth media.
The plates were again incubated at 37°C for 48 h, following
which the drug-containing media were removed.
Subsequently, the wells were washed with PBS and 100 μL
aliquots of 1.25 mg/ml MTT in serum-free DMEM were
added to each well. After 3-h incubation at 37°C, 100 μL
DMSO was added to each well, and the number of viable
cells was ascertained by measuring the absorbance at
570 nm on a microplate reader (Multiskan EX, Thermo
Scientific). The absorbance values were utilized to calculate the

cell viability using the following formula: cell viability = (Asample /
Acontrol) × 100%, where A represents absorbance at 570 nm.

Cellular Uptake Analysis

FACS Analysis

Fluorescence-activated cell sorting (FACS) analysis was used
to study the cellular uptake of SLCN in NCI-H23 cells. The
cells (2 × 105/well) were seeded in a 6-well plate, incubated
overnight at 37°C, and treated with Cou-SLCN by varying
the drug concentration and incubation time to determine the
concentration- and time-dependence of cellular uptake,
followed by incubation at 37°C. Thereafter, the cells were
washed twice with PBS, detached from the well surfaces,
and re-dispersed in 1 ml of PBS. The cells were then imme-
diately subjected to FACS analysis by using FACS Verse (BD
Biosciences, CA, USA). Untreated cells were used as internal
control.

Fluorescence Microscopy

For fluorescence microscopy, the cells (2 × 105) were seeded in
a 12-well plate, incubated overnight at 37°C, treated with
Cou-SLCN at various drug concentrations and incubation
times. Subsequently, all wells were washed twice with PBS.
The cells were then observed under an inverted fluorescence
microscope (Nikon Eclipse Ti, Nikon, Japan), and images
were captured and analyzed by using NIS-Elements BR
4.20.00 microscope imaging software (Nikon, Japan).

Apoptosis Assay

FITC-annexin V/ propidium iodide (PI) apoptosis kit (BD
Biosciences, San Jose, CA) was used to study the apoptosis of
NCI-H23 cells after treatment with PTX/ERL-SLCN.
Briefly, 3 × 105 cells per well were seeded in a 6-well plate
and incubated overnight at 37°C. The cells were treated
with PTX, ERL, PTX/ERL, and PTX/ERL-SLCN
(with drug concentration equivalent to 2 μg/ml). After
24-h incubation at 37°C, the cells were washed twice
with cold PBS, detached from the well surfaces, and
dispersed in 90 μL of 1X annexin V binding buffer.
FITC-annexin and PI (2.5 μL each) were added, and
the cells were incubated at room temperature in the
dark for 15 min. Finally, 900 μL of 1X annexin V
binding buffer was added and the cell samples were
analyzed on a BD FACS Verse Flow Cytometer (BD
Biosciences, San Jose, CA, USA). Untreated cells were
used as an internal control. At least 10,000 events were
acquired and analyzed per sample.
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Hoechst Imaging Assay

Hoechst imaging assay was performed to determine any signs
or morphological changes in NCI-H23 cells while undergoing
apoptosis. Cells (3 × 105 per well) were seeded in a 6-well plate
and incubated at 37°C overnight to ensure adherence of the
cells to the well surface. Thereafter, the growth media were
removed and the cells were treated with adequate dilutions of
PTX, ERL, PTX/ERL, and PTX/ERL-SLCN in fresh me-
dia. After 24-h incubation, the media were discarded and the
cells were washed twice with PBS. Hoechst 33,342 (Sigma-
Aldrich) staining solution (2 ml; 2.5 μg/ml) was added to each
well and the plate was incubated in the dark at room temper-
ature for 10 min. Finally, the staining solution was removed,
the cells were washed with PBS, and images were taken using
a fluorescence microscope.

RESULTS AND DISCUSSION

Preparation of PTX/ERL-SLCN

PTX/ERL-SLCN consisted of a cationic solid lipid core, co-
loaded PTX and ERL as combination chemotherapeutic
agents, and a polymeric corona composed of PEG-pAsp.
The cationic solid lipid nucleus was fabricated by a 2-step
process comprising nanoprecipitation and sonication. Then,
a polyanionic mPEG-b-pAsp layer was coated over the cat-
ionic solid lipid nucleus by electrostatic interaction, resulting
in the formation of PTX/ERL-SLCN. The particle size and
polydispersity index (PDI) of the cationic nuclei were largely
affected by four variables, namely, organic/aqueous phase
volume ratio, weight percentage of the drugs (relative to the
weight of the carrier), percentage of DDAB, and percentage of
Poloxamer 188 (relative to the aqueous phase), which were in
accordance with previous reports (40,41). The changes in par-
ticle size and PDI in response to changes in these four vari-
ables are illustrated in Fig. S1. The ζ-potential of the cationic
nuclei varied primarily in response to changes in percentage of
DDAB, and percentage of Poloxamer 188, as shown in Fig.

S2. The encapsulation efficiency of the drugs was dependent
on organic/aqueous phase volume ratio, weight percentage of
the drugs, percentage of DDAB, and percentage of
Poloxamer 188, as shown in Fig. S3. Correlations between
encapsulated drug and the above specified factors were con-
sistent with those reported in previous studies (42,43). The
optimized cationic nuclei exhibited a particle size of 121.0 ±
1.4 nm, with a PDI of 0.193 ± 0.022, and ζ-potential of 44.6
± 0.3 mV. The loading efficiencies of PTX and ERL were
92.9 ± 1.1% w/w and 90.3 ± 1.3% w/w, respectively for
10%w/w total initial drug input relative to the carrier weight;
the corresponding loading capacities were 4.4 ± 0.1% w/w
and 4.3 ± 0.1% w/w, respectively. The coating of the PEG-
pAsp polyanionic layer over the cationic solid lipid nucleus
was confirmed by the subsequent reversal of ζ-potential from
cationic to anionic with increasing amount of mPEG-b-pAsp
(44), as shown in Fig. S4. The schematic representation of
PTX/ERL-SLCN formulation is shown in Fig. 1.

Characterization of PTX/ERL-SLCN

DLS characterization of PTX/ERL-SLCN exhibited a hy-
drodynamic size of 195.9 ± 3.2 nm, with a PDI of 0.215 ±
0.025, and a ζ-potential of −29.8 ± 0.4 mV. TEM images
revealed spherical particles having dense core and distinctly
fainter corona, with particle sizes identical to those observed in
DLS characterization (Fig. 2a). These nano-size ranges of
PTX/ERL-SLCN are considered suitable to preferentially
accumulate into the tumors by enhanced permeability and
retention (EPR) effect (45,46). DSC thermograms of the free
powdered drugs (PTX and ERL) featured endothermic peaks
corresponding to their respective melting points, which were
absent in case of PTX/ERL-SLCN as well as in SLCN (Fig.
2b). Similarly, XRD scans of PTX and ERL featured sharp
crystalline peaks, while those of PTX/ERL-SLCN, as well as
SLCN, featured smooth peaks (Fig. 2c). Together, these re-
sults indicated that both the drugs were well encapsulated
within the nanoparticle matrix in amorphous or molecularly
dispersed state. FTIR spectra of PTX/ERL-SLCN showed
that all major peaks of the free powdered drugs were

Fig. 1 Schematic of paclitaxel- and erlotinib-co-loaded solid lipid core nanocapsules (PTX/ERL-SLCN). GMS, glyceryl monostearate; SL, soya lecithin; DDAB,
didodecyldimethylammonium bromide; PTX, paclitaxel; ERL, erlotinib; PX188, Poloxamer 188; PEG-pAsp, methoxypoly(ethylene glycol)-block-poly(aspartic acid).
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conserved and no extra peaks were observed (Fig. 2d), ruling
out chemical changes to the bound drugs as a result of drug
and carrier interactions.

Drug Release Characteristics

PTX and ERL showed sustained and pH-dependent in vitro
release from PTX/ERL-SLCN (Fig. 3). The release of both
PTX and ERL remarkably increased under acidic conditions
(pH 5.0) as compared to that under normal physiologic pH
conditions (pH 7.4). The cumulative drug release at 48 h for

Fig. 2 Physicochemical
characterization of paclitaxel and
erlotinib co-loaded solid lipid core
nanocapsules (PTX/ERL-SLCN): a)
Transmission electron microscopic
(TEM) images of PTX/ERL-SLCN;
(b) Differential scanning calorimetry
(DSC) thermograms; (c) X-ray
diffraction (XRD) diffractograms;
and (d) Fourier transform infrared
(FTIR) spectra of free PTX, free
ERL, blank solid lipid core
nanocapsules (SLCN), and PTX/
ERL-SLCN. The scale bar=
100 nm.

Fig. 3 In vitro release profiles of PTX and ERL from PTX/ERL-SLCN at
normal physiologic pH (7.4) and tumoral pH (5.0) conditions.

Fig. 4 (a) Values of combination index (CI) at IC50 for various molar ratios of
PTX/ERL combination in PTX/ERL-SLCN. The values have been represent-
ed as mean± SD. *, p<0.05; **, p<0.01. (b) In vitro dose-dependent
cytotoxicity of free PTX, free ERL, cocktail of free PTX and ERL (PTX/ERL,
1:1 w/w), and PTX and ERL co-loaded solid lipid core nanocapsules (PTX/
ERL-SLCN) in NCI-H23 cell line.
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PTX and ERL was 20.2 ± 3.3% and 17.6 ± 2.3% at pH 7.4,
and 33.9 ± 3.7% and 29.4 ± 2.4% at pH 5.0. This would effec-
tively translate to relative stability of the system in circulation
while showing enhanced drug release at the tumor site due to
the relatively acidic pH in the tumor microenvironment (47).
The disparity in release behavior based on pH of the release
environment could be attributed to the protonation of the car-
boxyl moiety of the polyaspartate (mPEG-b-pAsp) in the nano-
particle corona specifically under acidic environmental condi-
tions (44). Statistical evaluation of the drug release kinetics was

performed to explore and further elaborate the release mecha-
nisms. The regression coefficients (r2 values) and the rate con-
stants (K) of the fitted release equations to various model equa-
tions are shown in Table S1. All four release equations showed
best fit to Korsmeyer-Peppas model (r2>0.9), with release expo-
nents (n) of 0.81, 0.64, 0.89, and 0.74, respectively for release of
PTX at pH 7.4 and pH 5.0 and of ERL at pH 7.4 and pH 5.0.
This indicated non-Fickian or anomalous diffusion (n>0.5) that
could be due to drug diffusion from the carrier as well as disin-
tegration of the carrier itself (47,48).

Fig. 6 Fluorescence microscopic images showing time-dependent (b-d) and concentration-dependent (e-f) cellular uptake of coumarin 6-loaded solid lipid core
nanocapsules (Cou-SLCN) in NCI-H23 cells. (a) Untreated control, (b) 1 h, (c) 2 h, (d) 3 h, (e) 1 μg/mL, (f) 2 μg/mL, (g) 3 μg/mL. The scale bars = 50 μm.

Fig. 5 Fluorescence-activated cell
sorting (FACS) analysis to illustrate
(a) time-dependent, and (b)
concentration-dependent in vitro
cellular uptake of coumarin 6-
loaded solid lipid core nanocapsules
(Cou-SLCN) in NCI-H23 cells

Pharm Res (2018) 35: 96 Page 7 of 11 96



Cytotoxicity Characteristics

Combination index (CI) analysis revealed that PTX/ERL-
SLCN in all 5 M combinations of PTX and ERL (5:1, 2:1,
1:1, 1:2 and 1:5) resulted in synergic inhibition (CI < 0.9) of
the proliferation of NCI-H23 cell line (Fig. 4a). A PTX/ERL
molar combination of 1:1 showed maximum synergism (min-
imum CI). Therefore, 1:1 was selected as the optimum molar
combination ratio for PTX and ERL in PTX/ERL-SLCN,
and all further PTX/ERL-SLCN formulations contained the
drugs in the same ratio. MTT assay on NCI-H23 cells re-
vealed dose-dependent cytotoxicity of PTX, ERL, PTX/
ERL (1:1, molar ratio), and PTX/ERL-SLCN (Fig. 4b).
The cytotoxic effect exerted by PTX/ERL-SLCN was mark-
edly superior compared to those of PTX and ERL as well as
PTX/ERL cocktail. To verify these cytotoxic effects, IC50

values for each treatment group were calculated by using
standard equations (Table S2). The IC50 of PTX/ERL-
SLCN was almost 3-fold lower than that of free PTX, and
over 60-fold lower than that of free ERL. In contrast, while
the IC50 of PTX/ERL cocktail was numerically similar to that
of free PTX, it was over 20-fold lower than that of free ERL.
Furthermore, the IC50 of PTX/ERL-SLCN was almost 3-
fold lower than that of PTX/ERL cocktail.

Cellular Uptake and Apoptosis

FACS analysis revealed excellent cellular uptake of Cou-
SLCN by NCI-H23 cell line. The extent of cellular uptake
appeared to progressively increase with time of incubation
and with increasing concentration (Fig. 5). The excellent up-
take of Cou-SLCN by NCI-H23 cell line was further con-
firmed by fluorescence microscopy, which showed similar
time- and concentration-dependent uptake (Fig. 6). A dense
green fluorescence, representing coumarin 6 loaded inside the
SLCN carriers, in the cytosolic region of the NCI-H23 cells
indicated that Cou-SLCN entered the cells, suggesting the
SLCN carriers are capable of effectively delivering the syner-
gistic combination of the cytotoxic drugs (PTX/ERL) specif-
ically into the cancer cells. The mechanism which commonly
regulates cellular uptake of particles below 200 nm is clathrin-
mediated endocytosis (49). Therefore, clathrin-mediated en-
docytosis is considered to be the plausible mechanism of up-
take of SLCN.

Early and late apoptosis of NCI-H23 cells in the control
group and in response to 24-h treatment with PTX, ERL,
PTX/ERL, and PTX/ERL-SLCN are shown in Fig. 7.
The percentage of cells in early and late apoptosis phase after
treatment with PTX/ERL-SLCN (51.3% and 20.5%,

Fig. 7 FACS analysis to demonstrate early and late apoptosis of NCI-H23 cells in (a) untreated control, (b) PTX, (c) ERL, (d) PTX/ERL, and (e) PTX/ERL-SLCN
treated groups
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respectively) was markedly higher than that not only after
treatment with the individual free drugs (15.0% and 7.3%
with PTX, and 6.9% and 6.5% with ERL) but also after
treatment with the PTX/ERL cocktail (33.4% and 11.8%).
These results corroborate with those of the cytotoxicity assay.

The apoptosis-related nuclear changes in NCI-H23 cells
after treatment with PTX, ERL, PTX/ERL, and PTX/
ERL-SLCN, as compared to the untreated control group,
were observed by fluorescence microscopy following staining
the nuclei with Hoechst 33,342 dye (Fig. 8). Nuclear fragmen-
tation, a discernible sign of apoptosis, was clearly visible in all
of the four treatment groups, including PTX, ERL, PTX/
ERL, and PTX/ERL-SLCN. The degree of nuclear frag-
mentation observed in PTX/ERL-SLCN-treated cells was
markedly higher than that in PTX, ERL, and PTX/ERL-
treated cells, which was fully consistent with the results of the
apoptosis assay.

CONCLUSIONS

PTX/ERL-SLCN exhibited excellent physicochemical attri-
butes, with nano-range particle size and high drug loading,
along with pH-dependent and sustained release characteris-
tics, all of which are highly suitable for drug delivery in cancer.
It showed highly synergistic in vitro inhibition of NCI-H23 cell
line, with remarkably lower IC50 than either of the free drugs.
The cancer cells showed high uptake of the carrier and this
was dependent on concentration and time of incubation. The
formulation resulted in well-defined early and late apoptosis of
the cancer cells with discernible signs of apoptosis-related
changes in the nucleus, which were of higher magnitude than
those resulting from the individual free drugs or the free drug
cocktail. Therefore, we suggest that PTX/ERL-SLCN could
be used as an optimal drug delivery carrier for effective che-
motherapy of NSCLC.

Fig. 8 Hoechst staining to illustrate apoptosis-associated nuclear changes in (a) untreated control, (b) PTX, (C) ERL, (d) PTX/ERL, and (e) PTX/ERL-SLCN
treated groups. The arrows indicate apoptotic nuclear fragmentation
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