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Abstract

Purpose
Resistance to chemotherapeutic drugs is the main limitation of cancer therapy. The combination use of
anticancer agents and Galangin (a naturally active �avonoid) ampli�es the effectiveness of cancer
treatment. This study aimed to prepare Arginyl-glycyl-aspartic acid (RGD) containing nanostructured lipid
carrier (NLC-RGD) to improve the bioavailability of Galangin and explore its ability in improving the anti-
cancer effects of doxorubicin (DOX).

Methods
Galangin loaded-NLC-RGD was prepared by hot homogenization method and characterized by diverse
techniques. Then, cytotoxicity, uptake, and apoptosis induction potential of prepared nanoparticles beside
the DOX were evaluated. Finally, the expression level of some ABC transporter genes was evaluated in
Galangin loaded-NLC-RGD treated cells.

Results
Nanoparticles with appropriate characteristics of the delivery system (size: 120 nm, PDI: 0.23, spherical
morphology, and loading capacity: 59.3 mg/g) were prepared. Uptake experiments revealed that NLC-RGD
promotes the accumulation of Galangin into cancerous cells by integrin-mediated endocytosis. Results
also showed higher cytotoxicity and apoptotic effects of DOX + Galangin loaded-NLC-RGD in comparison
to DOX + Galangin. Gene expression analysis demonstrated that Galangin loaded-NLC-RGD
downregulates ABCB1, ABCC1, and ABCC2 more e�ciently than Galangin.

Conclusion
These �ndings indicated that delivery of Galangin by NLC-RGD makes it an effective adjuvant to increase
the e�cacy of chemotherapeutic agents in cancer treatment.

1. Introduction
Despite the persistent advancement of anti-cancer therapy, as well as growing understanding of the
molecular signaling behind cancer, current therapeutic procedures are unreliable (Sobot et al., 2016,
Soheilifar et al., 2018). Chemotherapy is the common usual treatment for advanced cancer. However,
resistance to chemotherapeutic drugs is the principal limitation of cancer therapy (Lin et al., 2020). One
of the main reasons of drug resistance is overexpression of ATP-binding cassette (ABC) transporters
(Perla-Lidia et al., 2021). ABC transporters pump chemotherapeutic drugs out of cells, thereby reduce the
intracellular concentration of drugs and diminish their anticancer activity (MF Gonçalves et al., 2020).
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Therefore, downregulation or inhibition of ABC transporters may enhance the effects of
chemotherapeutic agents and made them more e�cient in low doses, results in a reduction of
chemotherapy side effects. Accumulating evidence shows the positive role of �avonoids in enhancing the
e�cacy and toxicity of chemotherapy drugs by interaction with the ABC transporters (Li and Paxton,
2013). Galangin (3, 5, 7-trihydroxy�avone) is an Alpinia galangal root extracted �avonoid whose
apoptotic effects have been con�rmed in different types of cancer (Wen et al., 2020). It is reported that
combination use of anticancer drugs with Galangin (GA) ampli�es the success of disease management.
For example, combination of GA with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
sensitizes lung cancer cells to TRAIL treatment (Han et al., 2016). Furthermore, it has shown that the
presence of GA potentiated the apoptotic effect of Cisplatin against the lung cancer cells (Yu et al., 2018).
Despite GA's bene�ts in cancer therapy, its e�cacy has been restricted by low water solubility, lack of
oxidative stability, insu�cient bioavailability, poor intestinal absorption, and �rst-pass metabolism (Zhu
et al., 2018). Therefore, employing an e�cient delivery system may overcome GA's limitations and can
broaden its clinical application. Nanoparticle-based drug delivery systems protect the encapsulated drugs
from demolition and deliver their cargos to the cancerous cells either via ligands-mediated active
targeting or via passive targeting through enhanced permeability and retention (EPR) mechanism (Raj et
al., 2019). Recently, Arginyl-glycyl-aspartic acid (RGD) containing nanostructured lipid carrier (NLC-RGD)
has been introduced as a suitable drug carrier due to their high loading capacity, improved stability, easy
preparation, low toxicity, and targeted delivery (Hajipour et al., 2018, Hajipour et al., 2019). NLCs are
relatively new lipid-based delivery systems formed by mixing solid and liquid lipids with aqueous
surfactant dispersion (Czajkowska-Kośnik et al., 2021). The e�cacy of NLCs can be improved by coating
their surface with ligands for speci�c receptors localized on the cancerous cells (Khajavinia et al., 2012).
RGD sequence is recognized by different types of integrins (especially avb3 integrin) and facilitates the
uptake of RGD-containing nanoparticles by integrin-mediated endocytosis (Cao et al., 2015, Liu et al.,
2017). This investigation aimed to provide GA loaded-NLC-RGD to overcome the therapeutic limitation of
GA and evaluate its potential to improve the effects of doxorubicin on the human lung cancer cell line.
Moreover, the effects of GA on gene expression of some ABC transporter were studied to discover the
probable mechanisms by which GA overcome the drug resistance.

2. Material And Methods

2.1. Materials
Fluorescein dye, Galangin, Dimethyl sulfoxide (DMSO, 99.9%), Fetal Bovine Serum (FBS), 4′,6-diamidino-2-
phenylindole (DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Phosphate
buffered saline, Roswell Park Memorial Institute (RPMI) 1640 Medium and Trypsin (0.25 % EDTA
solution) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glyceryl palmito stearate (Precirol VR
ATO 5), DSPE-PEG (2000) amine, and Miglyol were obtained from Gattefosse (St-Priest, France). The
human lung carcinoma (A549) cell line was acquired from National Cell Bank, (Pasteur institute, Iran).

2.2. Preparing GA loaded-NLC-RGD
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For production of GA loaded-NLC-RGD, hot homogenizer method along with ultra-sonication was used. In
this regard, primarily, DSPE-PEG (2000) Amine and RGD were dissolved in DMSO and stirred for 24 h.
Next, the mixture was dialyzed against Milli-Q water (membrane tubing, molecular weight cut-off 1000
Da) for 2 days. Then, the �nal solution was lyophilized to obtain RGD-PEG-DSPE product. In the next step,
GA was dissolved in 1 ml ethanol, added into the liquid phase (Miglyol and precirol® ATO 5) at 70°C. The
aqueous phase was prepared by dissolving RGD-PEG-DSPE and poloxamer 407 (as surfactant) in water
and was added dropwise to the lipid phase under high speed homogenizing at 20,000 rpm speed (Silent
Crusher M, Heidolph, Germany) for 18 min. then, the nanoemulsion was sonicated with the frequency of 2
kHz (10 % power, 1 min sonication, and 1 min rest). At last, the oil/water nanoemulsion cooled down at
25°C to allow recrystallization and NLC-RGD production. The products were coded as the A1-A7 with the
different compositions of lipids.

2.3. Characterization of GA loaded-NLC-RGD

2.3.1. Particle size, Zeta potential, and Morphology
Samples were diluted with distilled water (1:10) and were assessed using a photon correlation
spectroscopy (PCS) (Nano ZS, Malvern Instruments, UK) to determine the particle size and zeta potential
by measuring the intensity variations overtime of a laser beam (633 nm).

The morphology of the GA loaded-NLC-RGD particles was revealed via scanning electron microscopy
(SEM) (SEM-TESCAN MIRA3-FEG). Samples were dropped on a copper grid and then sputtered with a
gold coating before imaging.

2.3.2. Loading capacity and physical stability
To evaluate the encapsulation e�ciency (EE) and loading capacity (LC), the UV-visible spectrophotometer
(UV160-shimadzo -Japan) was utilized. For this purpose, the calibration curve of GA was plotted
according to the concentrations of 5–50 µg/ml. In the next step, the unloaded GA was separated from GA
loaded-NLC-RGD by using the Amicon �lter (molecular weight cutoff: 30 kDa, Millipore, UK), and optical
density of unloaded-GA was measured by UV-visible spectrophotometer at λmax 267 nm. Finally, the
concentration of unloaded-GA was calculated based on the calibration curve formula. Following
equations were used to calculate the EE and LC.

To evaluate the stability of prepared nanoparticles, GA loaded-NLC-RGD was stored for 2 months at 4–
8°C. After this period the particle size and percentage of released GA were assessed.
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2.4. Cell viability assay
Human A549 cells were seeded in 96-well plates (104 cells/well) and cultivated in RPMI 1640 medium
containing 10 % FBS at 37°C in 5 % CO2 overnight. After the attachment of cells to the plate, they were
treated with GA, DOX, and combination of DOX and GA in the free form and loaded in either NLC or NLC-
RGD. After 48 h, the cell media were exchanged with 150-µL fresh media including 50 µL of MTT solution
(3 mg/mL), and incubated for 4 h at cell culture incubator. Finally, to solve the blue formazan crystals,
175 µL of DMSO and 25 µL Sorensen's glycine buffer were added to each well and optical density (OD)
values were recorded at 570 nm using a microplate ELISA reader (ELX 800, Biotek, USA).

2.5. Cellular uptake
To study the cellular uptake, �uorescein was used for labeling the developed nanoparticles. For this
purpose, 0.01% w/w �uorescein regarding the weight of the lipids was added to the formulation.
Afterward, the unloaded �uorescein was removed by the Amicon® �lter (molecular weight cutoff 30 kDa,
Millipore, UK) using centrifuging at 4000 rpm for 20 min and washed several times with PBS. A549 cells
(3×105 cells/mL) were seeded and incubated for 24 h in six-well plate to reach 90% con�uence. In the
next step, the cells were treated with �uorescein containing NLC with and without RGD for 4 h. Finally, the
cells were washed twice with PBS and trypsinized to explore the �uorescein uptake using a FACS Calibur
�ow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) and �uorescence
microscope (Olympus microscope Bh2-RFCA, Japan). To avoid �uorescence dequenching of �uorescein,
these experiments were performed in dark.

2.6. Assessment of apoptosis percentage by �ow
cytometry
Fluorescein isothiocyanate (FITC) labeled annexin V assay was used to determine apoptosis percentage
of cells when treated with GA and GA loaded-nanoparticles. For this purpose, A5459 cells were treated
with 1 µM DOX, 1 µM DOX + 61 µM GA or equivalent doses of GA loaded nanoparticles. After 24 h, cells
were trypsinized, washed, and were incubated with 200 µl of binding buffer containing 5 µl FITC-labeled
Annexin V in a dark room for 15 min. Then, 500 µl binding buffer was used to wash the cells. Next, cells
were incubated with 200 µl binding buffer containing 5µl propidium iodide (PI) for 5 min at room
temperature. Finally, a FACS Calibur �ow cytometer (Becton Dickinson Immunocytometry Systems, San
Jose, CA) was used to assess the apoptosis and necrosis rate.

2.7. Analysis of apoptotic nuclei by DAPI staining
To analyze, the effects of GA and GA loaded-NLC-RGD on DNA fragmentation and nuclear condensation,
the nucleus of A549 cells was stained with DAPI �uorescence dye. In the �rst step, cells were seeded on
coverslip at the density of 4 × 105 per well, then treated with 1 µM DOX + 61 µM GA or equivalent doses of
GA loaded nanoparticles at 37°C. After 24 h, cells were washed with PBS and �xed using
paraformaldehyde (4%) for 20 min at room temperature. Next, the cells permeabilized using 0.1% (w/v)
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Triton X-100 for 15 min and stained with DAPI solution (Sigma, USA) for 40 min in a dark room. Finally,
the stained cells were washed twice with cold PBS and the apoptotic morphological alteration of cells
was captured using a �uorescence microscope (Bh2-RFCA, Olympus, Japan).

2.8. RNA extraction and analysis of gene expression
Real-time PCR (RT-PCR) was used to assess the effects of GA and GA loaded nanoparticles on the
expression of ABCB1, ABCC1, ABCC2, and ABCG2. In brief, A549 cells were treated with either 61 µM GA
and GA loaded-NLC-RGD for 48 h. Then, total RNA was extracted by Trizol reagent (Invitrogen Corporation,
Carlsbad, California, USA) based on the manufacturer’s protocols. Following the RNA quanti�cation by
NanoDrop (ND-1000, NanoDrop Technology, Australia), Takara Bio Inc Complementary DNA (cDNA)
synthesis Kit was used to cDNA synthesis. Finally, 1µL of each cDNA sample, 1 µL (10 PM/µL) of each
primer were mixed with 7 µL of SYBR-Green Master Mix and Real-time PCR (RT-PCR) was run by the
Magnetic Induction Cycler (MIC) real-time PCR detection system (BioMolecular Systems, Sydney,
Australia). Primer sequences were presented in Table 1. The Pfa� method was used to normalize the
expression of target genes regarding housekeeping gene (GAPDH) expression.

Table 1
Primers sequences

Gene Forward Primer

(5' to 3' direction)

Reverse Primer

(5' to 3' direction)

Products size (bp)

ABCB1 TGACAGCTACAGCACGGAAG TCTTCACCTCCAGGCTCAGT 131

ABCC1 GGGCTGCGGAAAGTCGT AGCCCTTGATAGCCACGTG 80

ABCC2 TACCAATCCAAGCCTCTACC AGAATAGGGACAGGAACCAG 104

ABCG2 TTCGGCTTGCAACAACTATG TCCAGACACACCACGGATAA 128

GAPDH GACAGTCAGCCGCATCTTCT TTAAAAGCAGCCCTGGTGAC 127

2.9. Statistical analysis
All of the data were described as the mean ± standard deviation. Statistical analyses were completed
using student t-test and ANOVA analyses of variance. Less than 0.05 p-value was considered as
signi�cant.

3. Results

3.1. Preparation and characterization of GA loaded-NLC-
RGD
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The several formulations (Table 2) of GA loaded-NLC-RGD were assessed to reach the optimum
characteristic. Based on the size, polydispersity index (PDI), and loading capacity, optimum formulation
contained 120 mg Precirol as a central substance of nanoparticles, 15 mg Miglyol as a stabilizer, and 75
mg Poloxamer as a surfactant. As shown in Fig. 1a, mean size of the optimum formulation was 119.4
nm with 0.23 PDI. The result of zeta potential analysis showed that the surface charge of prepared
nanoparticles at the original pH 7.4 is -15 mV (Fig. 1b). Scanning electron microscope (SEM) imaging
con�rmed that prepared nanoparticles have a spherical morphology and nano-sized scale (Fig. 1c). The
original data are presented as supplementary �le 1, 2 and 3.

Table 2
Composition and characteristics of prepared nanoparticles.

Formulation

Code

Precirol

mg))

Miglyol
(mg)

Poloxamer

(mg)

RGD-PEG-
DSPE (mg)

Size

(nm)

PDI EE

(%)

LC

(mg/g)

F1 150 20 80 2 316.2 0.61 89.7 
± 5.3

53.8 ± 
3.2

F2 150 15 60 2 281.7 0.47 82.8 
± 5.5

55.2 ± 
3.7

F3 150 15 130 2 344.0 0.59 90.2 
± 6.7

45.8 ± 
3.4

F4 80 10 80 5 245.1 0.38 80.6 
± 9.0

71.1 ± 
7.9

F5 120 20 80 5 138.5 0.21 78.2 
± 9.4

53.3 ± 
6.4

F6 120 15 100 5 153.2 0.34 84.2 
± 6.6

53.7 ± 
4.2

F7 120 15 75 5 119.4 0.23 83.1 
± 4.3

59.3 ± 
3.0

PDI: polydispersity index, EE: encapsulation e�ciency, LC: loading capacity, RGD-PEG-DSPE: Arginyl-
glycyl-aspartic acid -distearoyl-sn-glycero-phosphoethanolamine-N-[amino (polyethylene glycol)]

3.2. Drug loading and physical stability
Encapsulation e�ciency and loading capacity for optimum formulation were calculated 83.1 ± 4.3 % and
59.3 ± 3.0 mg/g respectively. During the 2 months storage at 4–8°C, we observed any signi�cant change
in clarity and phase separation of the optimum formulation. Furthermore, the size (127.1 nm) and PDI
(0.25) of stored nanoparticles were not signi�cantly different from freshly prepared nanoparticles
(Fig. 1d). During this period, less than 10 % of GA were released from NLC-RGD (supplementary �le 4).

3.3. Cell viability MTT assay
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Cell viability study revealed that IC50s of GA, GA loaded-NLC, GA loaded-NLC-RGD on human lung
carcinoma A549 cells are 162.3, 151.0, and 123.4 µM, respectively (Fig. 2a). According to Fig. 2b, DOX
inhibits the A549 cell proliferation at IC50 of 3.5 µM. These results also showed that, mixture treatment of
the A549 cells with 61 µM GA (IC20) + 1 µM DOX, 61 µM GA loaded-NLC + 1 µM DOX and 61 µM GA
loaded-NLC-RGD + lµM DOX results in 50.65%, 45.88%, 31.13% cell viability, which indicates that GA
loaded-NLC-RGD + DOX is 19.52% and 14.75% more cytotoxic than GA + DOX and GA loaded-NLC + DOX
respectively (Fig. 2c and 2e). MTT analyzing data are presented as supplementary �le 5.

3.4 Cellular uptake of nanoparticles
Uptake of prepared nanoparticles into cancerous cells was investigated based on the �uorescence
intensity of Fluorescein dye using �ow cytometry (Fig. 3a) and �uorescent microscope imaging (Fig. 3b).
As shown in Fig. 3a, cellular uptake of GA loaded-NLC-RGD is signi�cantly higher than those of GA
loaded-NLC, suggesting that RGD facilitates nanoparticle absorption into cells. Fluorescence microscopy
imaging con�rmed the obtained results from �ow cytometry and showed that the �uorescence intensity
of cells treated with GA loaded-NLC-RGD was more than those of cells treated with GA loaded-NLC
(Fig. 3b). Original data are presented as supplementary �le 6.

3.5 Cell apoptosis
Annexin V/PI staining was performed to assess the effects of Galnagin loaded-NLC-RGD on DOX-induced
apoptosis in A549 cells. Flow cytometry graphs (Fig. 4a) showed that co-treatment of A549 cells with
DOX and GA enhances the apoptosis compared to DOX alone (37.77 % vs 30.0%). Results also con�rmed
that adjuvant effects of GA loaded-NL-RGD (49.58 %) were higher than GA loaded-NLC (37.36%) and free
form of GA (37.77%). The obtained results showed that delivery with NLC-RGD is more capable compared
to NLC (supplementary �le 7).

3.6 DAPI Staining
Nucleus condensation and chromatin fragmentation of cells as apoptosis signs were compared between
cells treated with DOX, DOX + GA, DOX + GA loaded-NLC, and GA loaded-NLC-RGD. DAPI staining
con�rmed the results of apoptosis experiments and showed that at an equal time and concentration,
DOX + GA loaded-NLC-RGD induce DNA degradation more remarkably than DOX + GA and DOX + GA
loaded-NLC (Fig. 4b).

3.7 Expression of ABC transporter
To investigate the GA effects on the expression of the ABC transporter family, the mRNA level of
important members of the ABC transporter family were assessed in GA treated lung cancer cells. Within
each sample, the mRNA level of each gene was normalized to GAPDH mRNA level, as a housekeeping
gene. As shown in Fig. 5 (a, b, c), treatment of A549 lung cancer cells with GA or GA loaded-NLC-RGD,
downregulate the expression of ABCB1, ABCC1, and ABCC2 in comparison with the untreated group
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(control). However, we didn’t �nd any alteration in the expression of ABCG2, when cells were treated either
with the GA or GA loaded-NLC-RGD (Fig. 5d). These results also demonstrated that the effect of GA
loaded-NLC-RGD on downregulation of ABCB1, ABCC1, and ABCC2 is more than GA (supplementary �le
8).

4. Discussion
The present study con�rmed that the GA loaded-NLC-RGD could signi�cantly improve the anticancer
potential of DOX. Previously synergistic effects of Gallatin and the chemotherapeutic agents have been
reported in cancer treatment (Ren et al., 2016, Yu et al., 2018). However, low bioavailability and �avonoid
�rst-pass metabolism attenuate the anticancer effects of GA (Wu et al., 2011, Zhu et al., 2018). Based on
our results, NLC-RGD is an appropriate carrier for delivering GA into the adenocarcinoma human alveolar
basal epithelial cells. Nanoparticles in a size range of 30–200 nm are suitable for drug delivery (Hajipour
et al., 2021). Nanoparticles larger than 30 nm are easily omitted by the reticuloendothelial system, and
those smaller than 20 nm are removed by renal excretion (Hajipour et al., 2018). Zeta potential as an
indicator of nanoparticle surface charge controls the repulsive force among nanoparticles and the
stability of the drug delivery system (Hufschmid et al., 2019). It is also reported that neutral or faintly
negative ZP is more compatible to interact with the cell membrane (Lane et al., 2015). The Zeta potential
of prepared nanoparticles is high enough to provide acceptable stability, and also is not too negative to
prevent nanoparticles and cell membrane interaction.

To develop targeted nanoparticles, RGD was added to the formulation that can deliver the drug directly to
a cancer cell by binding to integrins. Given to overexpression of αvβ3 and αvβ6 integrin on the surface of
the A549 lung cancer cells (Heikkilä et al., 2009), the presence of RGD in NLC formulation increases the
cellular uptake of nanoparticles and enhances their therapeutic e�ciency (Yoo et al., 2019). Furthermore,
overexpression of integrins (RGDs receptors) in vascular endothelial cells of tumor tissue, makes RGD a
well-known tumor-targeting peptide (Nieberler et al., 2017). Moreover, given the key role of integrins in cell
adhesion and cancer development, RGD containing nanoparticles can inhibit metastasis by blocking the
integrins (Hajipour et al., 2019). Comparison accumulation of NLC with NLC-RGD in the cell in uptake
experiments established that RGD containing nanoparticles have a great binding a�nity to cancerous
cells. Due to the in-vitro nature of our study, all bene�cial aspects of nanoparticle delivery systems were
not observable. In in-vivo systems, NLC-RGD not only deliver their cargo by RGD mediated active
targeting, but also provide the drug accumulation into tumor tissue by EPR mediated passive targeting
(Kang et al., 2020). In addition, in in-vivo systems nanoparticles are absorbed by Peyer’s patches (M cells)
in the small intestine, which results in bypassing the liver and therefore decrease �rst-pass metabolism
(Kakran et al., 2011).

Cell viability and apoptosis experiments showed that co-treatment of A549 cells with GA and DOX is more
toxic and more apoptotic compared to DOX. These observations are in accordance with previous studies,
which reported that GA prevents cancer development by reversal of the Warburg effect (Ji et al., 2019),
motivate reactive oxygen species (ROS) mediated apoptosis, or the mitochondrial-dependent apoptosis
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pathway (Zhang et al., 2012), G0/G1 phase cell cycle arrest (Gwak et al., 2011), and inhibition of
multidrug resistance (MDR) (Lorendeau et al., 2014). In this regard, Yu et al. (Yu et al., 2018) showed that
GA decreases the Cisplatin resistance of human lung cancer cells and potentiates apoptosis via Bcl-2
suppression. Inactivating Akt and promoting the Caspase-3 pathway are other mechanisms by which GA
inhibits retinoblastoma cell proliferation (Zou and Xu, 2018). Given to Over-expression of speci�c ABC
transporters in several types of cancers and their roles in tumor-initiating (Muriithi et al., 2020), the main
aim of this study was to investigate the expression of ABC transporter under the in�uence of GA loaded
NLC-RGD. Downregulation or inhibition of the ABC transporter sensitizes cancer cells to chemotherapeutic
agents (Nanayakkara et al., 2018). To our knowledge, this is the �rst study that reports the
downregulation of ABCB1, ABCC1, and ABCC2 as another mechanism by which GA enhances the
apoptotic effects of DOX. However, in the opposite of these results, Critch�eld et al. (Critch�eld et al.,
1994) reported that GA stimulates P-glycoprotein e�ux of adriamycin in HCT-15 colon carcinoma cells.
There is no logical interpret for this controversial report. Our experiments also revealed that the effects of
GA on the expression of ABC transporter were strengthened when used in the form of GA loaded-NLC-
RGD, con�rming the appropriateness of prepared nanoparticles. Results showed that improved targeting
of GA makes the DOX more effective for apoptosis induction. Therefore, low doses of DOX can be more
effective for cancer inhibition, which in turn decreases the side effects of DOX.

Conclusion
NLC-RGD is a suitable drug delivery system to convey GA into cancerous cells due to appropriate delivery
characteristics and specialized RGD mediated uptake mechanism. The potential of GA in downregulation
of ABC transporter leads to an increase of anticancer effects of chemotherapeutic drugs such as DOX.
Therefore, overcoming the therapeutic limitation of GA by NLC-RGD as a nanoparticle delivery system
makes it an effective adjuvant to enhance the e�cacy of chemotherapeutic agents in cancer therapy.
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Figures

Figure 1

Characteristics of GA loaded-NLC-RGD. a) Size and polydispersity index (PDI) of freshly prepared
nanoparticles, b) Zeta potential distribution of GA loaded-NLC-RGD, c) Transmission Electron Microscopy
(TEM) image of nanoparticles, d) Size and polydispersity index (PDI) of GA loaded-NLC-RGD after 2
months storage at 4-8 °C. (GA, Galangin; NLC-RGD, Arginyl-glycyl-aspartic acid-containing nanostructured
lipid carriers).
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Figure 2

Cell viability of human lung cancer cells (A549) after 48 h treatment with (a) GA and GA loaded
nanoparticles, (b) Diverse concentration of doxorubicin, (c) Combination of 1μM DOX and 61 μM GA in
free form and the form of loaded NLC and NLC-RGD. d) Phase-contrast image of cells when treated with
DOX and GA in free form and the form of loaded nanoparticles. Data are presented as mean ± standard
deviation (n=3) and asterisk indicates signi�cant differences between two groups at p <05. (DOX,
Doxorubicin; GA, Galangin; NLC, nanostructured lipid carriers; NLC-RGD, Arginyl-glycyl-aspartic acid-
containing nanostructured lipid carriers).
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Figure 3

Cell uptake study of NLC versus NLC-RGD. a) Fluorescence intensity graphs of �uorescein loaded NLC
and NLC-RGD. b) Fluorescent microscope imaging of A549 cells after 4 h incubation with �uorescein-
loaded NLC and NLC-RGD. (NLC, nanostructured lipid carriers; NLC-RGD, Arginyl-glycyl-aspartic acid-
containing nanostructured lipid carriers).
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Figure 4

a) Apoptosis �ow cytometry graphs of A549 cell when treated with DOX and GA in the free from and the
form of loaded NLC and NLC-RGD. Each graph shows the percentage of viable cells (bottom left
quadrant), early apoptotic cells (bottom right quadrant), late apoptotic cells (top left quadrant), and
necrotic cells (top right quadrant). b) DAPI stained cancerous cells following 48 h treatment of cells with
DOX and GA in the free from and the form of loaded into NLC and NLC-RGD. (DOX, Doxorubicin; GA,
Galangin; NLC, nanostructured lipid carriers; NLC-RGD, Arginyl-glycyl-aspartic acid-containing
nanostructured lipid carriers).
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Figure 5

Effects of GA and GA-loaded-NLC-RGD on the expression of ABC transporters genes (ABCB1, ABCC1,
ABCC2, and ABCG2) in human lung cancer cells. The effect of GA on downregulation of ABCB1, ABCC1,
and ABCC2 is intensi�ed when used in the form of GA loaded-NLC-RGD. Neither GA nor GA loaded-NLC-
RGD alters the expression level of ABCG2. The results were considered as the mean ± standard deviation
(n=3) and asterisk indicates signi�cant differences between two groups at p <05. (GA, Galangin; NLC-
RGD, Arginyl-glycyl-aspartic acid-containing nanostructured lipid carriers).
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