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ARTICLE INFO ABSTRACT

Keywords: Sunitinib (SUN) is an effective and extensively used anticancer agent, but its application is greatly limited by its

Lung cancer adverse and undesirable systemic toxic effects. The targeted delivery of SUN could reduce systemic toxicity while

Sunitinib maintaining local anti-tumoral efficacy. In this research, a novel nanostructured lipid carrier (NLC) modified

g?r;f)mucmre‘j lipid carrier with biotin has been designed to overcome this limitation. SUN loaded biotin targeted NLCs (biotin-SUN-NLCs)
10tin

were prepared by emulsion-solvent diffusion and evaporation method and optimized using irregular factorial
design. The morphology of optimized NLCs was studied using SEM. The cytotoxicity of free SUN, SUN-NLCs, and
biotin-SUN-NLCs and blank NLCs was evaluated on A549 cells by MTT assay. The optimized formulation pre-
sented spherical particle with a mean size of 125.50 nm, 85.10% EE, zeta potential of 10.23 mV, drug release
efficiency of about 62.85% during 8h and PdI < 0.3. Cytotoxicity of biotin-SUN-NLCs was significantly en-
hanced compared to that of free SUN and SUN-NLCs. The Flow cytometry and fluorescent microscope demon-
strated that the biotin-NLCs exhibited higher cellular uptake in A549 human lung cells than non-targeted NLCs.
In conclusion, it can be suggested that biotin-SUN-NLCs have advantages and potential for targeted lung cancer

Active targeting

therapy.

1. Introduction

Lung cancer is a one of the most leading cause of cancer related
death in both primary and metastasis neoplasms. Non-small cell lung
cancer (NSCLC) is the most common type of lung cancer and accounts
for approximately 85% of lung cancer [1]. The prognosis of lung cancer
treated with conventional treatment such as surgical resection, che-
motherapy, radiotherapy is unsatisfactory. Most anticancer drugs dis-
tribute non-specifically throughout the body and can be harmful to
healthy cells, leading to systemic toxicity and severe side effects.
Therefore, to minimize side effects the novel, harmless and efficient
treatments would be desirable. In the past decade, nano based drug
delivery systems (DDS) have been extensively investigated for cancer
treatment because nanoparticles (NPs) containing drug not only can
increase stability of drugs during their transport in blood circulation but
also protect normal tissues from toxicity. NPs can prolong blood cir-
culation time, alter drug biodistribution profile, and allow passive

tumor targeting via enhanced permeability and retention (EPR) effect
[2]. Lipid NPs including liposomes, nanostructured lipid carriers (NLCs)
and solid lipid nanoparticles (SLNs) are considered as one of the most
promising DDS due to bio-acceptable, biodegradable nature of these
systems, sustained release behavior, and possibility of production on
large industrial scale [3]. NLCs have received growing scientific at-
tention as an improved generation of SLNs to improve cancer treatment.
NLCs are composed of solid lipid core along with certain content of
liquid lipid (oil) which leads to amorphous state and imperfect lipid
structure. Liquid lipids reduce polymorphic transition of solid lipid
from disordered crystal structure to ordered crystal lattice resulting in
decreasing or preventing common problems associated with SLNs such
as drug leakage during storage and limitation in drug loading capacity
[3]. Passive targeting is a prerequisite for NPs localization in the tumor
interstitium occurs by the EPR effect. To promote uptake of NPs by
cancer cells, active targeting can be an effective approach and can be
achieved by surface modification of NPs with small targeting ligands
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such as biotin which widely overexpressed in many cancer cells such as
lung cancer [4,5]. Several studies demonstrated that biotin-conjugated
drug carriers exhibited high specificity in the receptor-mediated process
and significantly increased the cytotoxicity of chemotherapeutic agent.
For example, biotin-targeted Pluronic P123/F127 mixed micelles con-
taining niclosamide showed enhanced cytotoxicity against A549 lung
cancer cells [4]. SUN is a multi-targeted tyrosine kinase inhibitor with
antitumor and anti-angiogenic activities. SUN blocks platelet derived
growth factor receptor subtypes and all three vascular endothelial
growth factor receptor subtypes (KIT, FLT3, and CSR-1R), glial cell line
derived neurotropic factor receptor and colony stimulating factor 1
receptor which have a main role in tumor proliferation, angiogenesis
and metastasis [6]. SUN has been successfully investigated for the
treatment of imatinib resistant gastrointestinal stromal tumors, ad-
vanced renal cell carcinoma and progressive, well-differentiated pan-
creatic neuroendocrine tumors. Moreover, SUN exhibited clinical ac-
tivity against NSCLC [7]. However, its application is greatly limited by
its adverse and undesirable systemic toxic effects such as, fatigue,
nausea, diarrhea, Heart burn, taste changes, severe cutaneous toxicity,
hypertension, cardiac disorder, blood clot and low blood count [8]. The
targeted delivery of SUN could reduce systemic toxicity while main-
taining local anti-tumoral efficacy. Consequently, this study was in-
tended to formulate and optimize a novel targeted NLCs containing
SUN. To this end, we conjugated biotin as a target moiety on the
stearylamine inserted in NLCs. Then, physicochemical properties such
as particle size distribution, zeta potential, surface morphology, en-
capsulation efficiency (EE), drug release profile, cellular uptake effi-
ciency and cytotoxicity against A549 cells were investigated.

2. Materials and methods
2.1. Materials

SUN base was provided by Parsian Pharmaceutical Co (Iran).
Pluronic F127 (PF127), coumarin 6 (C6), biotin, cholesterol (Chol),
stearylamine, anhydrous dimethyl sulfoxide (DMSO), 4- N-hydro-
xysuccinimide (NHS), dicyclohexylcarbodiimide (DCC), and dialysis
bag (molecular cut off 12000 Da) were purchased from Sigma (US).
Labrafac was obtained from BASF (Ludwigshafen, Germany). For cell
culture study, A549cell line was provided from Iranian Biological
Research Center (Iran). 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT) were from Sigma Company (USA). Trypsin,
fetal bovine serum (FBS), phosphate buffer saline (PBS), Dulbecco's
Modified Eagle Medium (DMEM), penicillin, and streptomycin were
purchased from Gibco Laboratories (USA).

2.2. Synthesis of biotin-stearylamine (B-SA) conjugate

B-SA conjugate was synthesized via the reaction of the activated
carboxyl group of biotin with the amine group of stearylamine in the
presence of DCC and NHS. For this coupling, biotin (700 mg, 2.8 mmol)
was dissolved in the anhydrous DMSO. Then, DCC (693 mg, 3.4 mmol)
and NHS (387 mg, 3.4 mmol) were added, and the mixture was stirred
at room temperature under nitrogen atmosphere for 8 h. The resulting
white solid byproduct, dicyclohexylurea, was removed via centrifuga-
tion. Then, the supernatant was added dropwise through a syringe to
the solution of stearylamine (772mg, 2.3mmol) in the anhydrous
DMSO. The reaction mixture was stirred for further 24 h at room tem-
perature in the same condition as previous. Finally, the mixture was
lyophilized to get the product. The chemical structure of B-SA conjugate
was approved using 'H NMR (Bruker, Biospin, AC-400, Mannheim,
Germany) and FTIR (WQS-510/520, Raileigh, China) spectra.

2.3. Preparation NLCs

NLCs containing SUN were prepared by the emulsion-solvent
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diffusion and evaporation method as previously described [9]. The total
amount of lipid was employed were 60 mg of which 10% was B-SA
conjugate and depending on the formulation code, labrafac was con-
stituted 15% or 30% and Chol made up the remaining 75% or 60% of
the lipid. For biotin-SUN-NLCs preparation, the desired amount of Chol,
labrafac, B-SA conjugate along with 6 mg or 12mg of SUN were dis-
solved into mixed organic solvent of ethanol and acetone (1:1, v/v).
Meanwhile, PF127 in concentration 0.5 or 1% w/v was dissolved in
30 mL of distilled water. The two phases were heated separately to the
same temperature (at 60 °C). Then, the organic solution was added
dropwise using an injection needle into hot aqueous solution of PF127
and stirred with a magnetic stirrer for 5minat 800 rpm. After the
coarse emulsion is formed, the mixture was further sonicated using a
probe sonicator (bandelin, Germany) for 2minat 50 W. In the final
step, the obtained nanoemulsion (O/W) was cooled down at room
temperature and mixed on magnetic stirrer for 3h to permit solvent
evaporation. To optimize conditions of the technical procedure, irre-
gular full factorial design was employed for preparation of biotin-SUN-
NLCs. Four different factors each at 2 levels including lipid/drug ratio
(w/w), aqueous/organic phase ratio (v/v), liquid lipid to total lipid
ratio (w/w) and surfactant concentration were studied (Table 1).
Table 2 illustrates the twelve formulations were investigated. The
evaluated response were particle size, polydispersity index (PdI), zeta
potential, EE %, release efficiency % during 8 h (REg%). The experi-
mental factors and factor levels were chosen on the basis of the result of
various initial trials. For the statistical data analysis and determine the
contribution effect of each factor, Design Expert software (version 10,
US) was used. Analysis of variance (ANOVA) was performed to con-
clude the significance of the factor and their interaction.

2.4. Characterization of biotin-SUN-NLCs

The mean particle size, Pdl, and zeta potential of developed biotin-
SUN-NLCs were determined with size/zeta potential analyzer (ZEN
3600 Malvern, U.K) at 25 °C after 5 fold dilution with distilled water.
All test performed triplicate.

2.5. Morphology of biotin-SUN-NLCs

Scanning electron microscope (SEM) images were utilized for ex-
amining the morphology of NLCs. For this purpose, sample were ap-
plied on a metal stubs and then coated with thin layer of gold under
argon gas atmosphere. Afterward the samples were analyzed with an
upper detector.

2.6. Encapsulation efficiency

For determination of EE of SUN in the NLCs, centrifuge technique
was used. 0.5 mL of each biotin-SUN-NLCs formulation was transferred
into Amicon microcentrifugation tubes (cutoff 10 000 Da, Ireland) and
centrifuged (Microcentrifuge Sigma 30 k, UK) at 14 000 rpm for 10 min.

Table 1
Different factors and their levels investigated by irregular full factorial design in
production of biotin modified NLCs loaded with SUN.

Independent variables levels Dependent variables
I I
Lipid/drug ratio (w/w) 5 10  Particle size (nm)
Aqueous to organic phase volume ratio 5 10  Polydispersity index
w/v)
Oil content (% total lipid) (w/w) 15 30  Zeta potential (mV)
Surfactant concentration (%) 05 1 Encapsulation efficiency

(%)
Release efficiency (%)
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Table 2
Composition of different studied biotin modified NLCs loaded with SUN pro-
duced by irregular full factorial design.

Formulations Lipid/ Aqueous to Oil content  Surfactant
drug organic phase (% total concentration (%)
ratio volume ratio lipid)

D505L15S0.5 5 5 15 0.5

D1005L15S0.5 10 5 15 0.5

D10010L15S0.5 10 10 15 0.5

D505L30S0.5 5 5 30 0.5

D5010L30S0.5 5 10 30 0.5

D10010L30S0.5 10 10 30 0.5

D5010L15S1 5 10 15 1

D1005L15S81 10 5 15 1

D10010L15S1 10 10 15 1

D505L30S1 5 5 30 1

D5010L30S1 5 10 30 1

D1005L30S1 10 5 30 1

D: Lipid/Drug ratio O: Aqueous/organic phase ratio L: Labrafac/lipid ratio S:
Pluronic F127 (%).

The un-encapsulated drug in supernatant was determined by measuring
the UV absorbance at 432 nm using a UV-VIS spectrophotometer. After
calculating the quantity of free drug, the drug EE in the NPs were de-
termined using following equations:

e =

2.7. Invitro drug release

total amount of drug added — free drug

)X 100

total amount of drug added D)

The in vitro release study was carried out using dialysis method.
Briefly, the appropriate amount of drug-loaded NLCs were placed in a
dialysis bag (molecular cut off 12000 Da, Sigma, US.) which were
sealed at both the ends and dialyzed against PBS (pH 7.4) containing
0.1% Tween 80 to provide sink condition. At predefined intervals, 1 mL
of receiving buffer solution was withdrawn and replaced with equal
volume of fresh PBS. Finally, the amount of SUN released was de-
termined at 432nm by a UV spectrophotometer. The parameter of
REg% was used to compare release profile and calculated by equation

(2):

jl;l y. dt
v100.t

REg %= X 100

(2)

Where y is the released percent at time t.

2.8. Cell viability assay

The cytotoxicity of free SUN, SUN-NLCs, and biotin-SUN-NLCs and
blank NLCs was evaluated on A549 cells by MTT assay. The cells were
seeded at a density of 5 x 10> cells/well in 96-well plates. After 24 h of
incubation, they were incubated with different samples at the equiva-
lent SUN concentrations varying from 0.5 to 4 ug/mL for 48 h. At the
end of incubation time, MTT solution (20 pl, 5mg/ml) was added to
each well, and the cells were incubated for another 4 h at 37 °C. Then,
the medium was removed, and 150 pl of DMSO was added to each well
to dissolve formazan crystals. The absorbance at 570 nm was measured
using a microplate reader. Finally, the cell viability % was determined
using equation (3). The cells treated with the same amount of PBS were
taken as the negative control and the blank culture medium was used as
the control. The statistical analysis of data was done using ANOVA by
STATISTICA 18 (Statsoftl, Inc.) software.
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Cell viability%
_ Mean absorbance of sample — mean absorbance of blank

Mean absorbance of control — mean absorbance of blank

x 100 3)

2.9. Invitro cellular uptake study

C6 as a fluorescent probe was loaded into the targeted and non-
targeted NLCs and the cellular uptake was studied via fluorescence
microscope (CETI, Belgium) and flow cytometry (BD FACSCalibur, US).
The fluorescent NLCs were prepared in a same way as the NLCs loaded
with SUN, except SUN was replaced with 1 mg of C6. For flow cyto-
metry study, A549 cells were seeded in 12 well plates at the density of
2.5 x 10° per well and incubated overnight. After that, the cells were
treated with 200 ng/ml of C6 -NLCs or biotin-C6-NLCs at 37 °C for 3 h.
Subsequently, cells were washed three times with PBS, trypsinized, and
resuspended in PBS. Then, resulting cell suspension was analyzed by
flow cytometer.

For fluorescent microscopy study, A549 cells were seeded in 96 well
plates at the density of 2 x 10* per well and incubated at 37 °C for 24 h.
After 3 h incubation of cells with C6 -NLCs or biotin-C6-NLCs, cells were
washed three times with PBS, and then the cell monolayer was imaged
with fluorescent microscope.

3. Results and discussions
3.1. Synthesis and characterization of B-SA conjugate

The B-SA conjugate was successfully obtained in 71.8% yield. The
structure of B-SA conjugate was confirmed by 'H NMR and FTIR
spectra. Fig. 1 shows the "H NMR spectra of biotin, stearylamine and B-
SA conjugate in DMSO-de. The proton assignment of B-SA conjugate is
as follows: o (ppm): 0.9 (terminal methyl group of stearylamine),
1.2-1.7 (CH2, alkyl chain of stearylamine and Hj, H; and Hg of biotin
together), 2.1 (Hy), 2.6 (Hg»), 2.9 (Hg), 3.1 (CH2 of stearylamine next
to the amide group), 3.2 (Hg), 4.2 (Hg), 4.4 (Hp), 6.4-6.6 (Hp and He),
7.9 (Hp). Due to the amide bond formation bonding between the amine
group of stearylamine and the carboxyl group of biotin, the Hy
(2.2 ppm) of biotin which is next to the carboxyl group, has appeared
with a little up-field displacement (2.1 ppm). The CH2 group of stear-
ylamine, next to the amide group, has appeared almost in down field
(3.1 ppm) compared to the corresponding peak in stearylamine spec-
trum (2.6 ppm). Also, the signal related to the carboxylic proton of
biotin (Fig. 1 A) in 12ppm, was completely disappeared after the
conjugation with stearylamine (Fig. 1C). These spectral results are in-
dicated that stearylamine and biotin are covalently bonded to each
other. Fig. 2 shows the FTIR spectra of biotin, stearylamine, and B-SA
conjugate. In the FTIR spectrum of B-SA conjugate, we see the char-
acteristic absorption bands at 3306.36 cm~! (N-H str.), 2922 and
2851.24 cm ™! (aliphatic C-H str.), 1699.94 cm-1 (C=O str. of amide
group), 1644.02 cm ™! (C=O0, biotin residue) along with the other
specific bands for both of biotin and stearyl amine in the remaining area
of the spectrum. As we can see in Fig. 2 A, the absorption band of COOH
group in biotin at 1711 cm™! was disappeared in the spectrum of
product due to chemical bonding between the amine of stearyl amine
and the carboxyl group of biotin. Furthermore, a newly absorption band
around 1699.94 cm ™! (Fig. 2C) confirmed the amide bond between
biotin and stearyl amine. We measured degree of biotin conjugation to
stearylamine using the relative integral ratio of signals at 7.9 ppm for
stearylamine and 6.6 ppm for Biotin. The integral intensities reveal the
1:1 conjugating ratio for this reaction.

3.2. Characteristics of NLCs

Biotin-SUN-NLCs were prepared using the emulsion-solvent
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Fig. 1. 'H NMR spectra of (A) Biotin (B), stearylamine and (C) Biotin-stearylamine conjugate.

diffusion and evaporation method. Irregular factorial design was em-
ployed to evaluate the effect of several formulation parameters and
their interactions on properties of biotin-SUN-NLCs. A number of NP
formulations were prepared and the basic characteristics of the pro-
ducts such as particle size, Pdl, zeta potential, EE, and REg% were
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determined (Table 3). Percent contribution of each variable on SUN EE,
particle size, zeta potential and REg% in biotin-SUN-NLCs is also de-
picted in Fig. 3. The one factor graphs plotted by Design-Expert soft-
ware are shown in Figs. 4-8. In each graph, the effect of one variable
was investigated while other factors were in its middle level value.
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Fig. 2. FTIR of (A) Biotin (B), stearylamine and (C) Biotin-stearylamine conjugate.

Table 3
Physical properties of different SUN loaded biotin modified NLCs.

Formulations Drug loading efficiency% Particle size (nm) Zeta potential, (mV) PdI Release efficiency,REg%
D505L1580.5 91.42 * 0.18 192.13 + 3.5 0.96 + 0.32 0.16 = 0.07 43.28 + 8.45
D1005L15S0.5 85.10 £ 2.05 125.5 + 5.26 10.23 + 0.62 0.22 + 0.04 62.85 £ 5.46
D10010L15S0.5 83.00 * 1.07 203.2 * 8.70 6.38 = 0.46 0.14 = 0.04 34.88 = 0.95
D505L.30S0.5 90.09 * 2.01 256.23 * 24.7 6.30 = 0.38 0.30 = 0.08 28.84 = 1.24
D5010L30S0.5 92.02 + 0.81 300.53 + 15.81 8.30 = 1.00 0.49 * 0.12 40.35 * 4.50
D10010L30S0.5 83.3 = 2.64 270.80 * 14.13 10.72 + 1.52 0.54 = 0.12 35.58 * 1.73
D5010L15S1 89.41 * 0.50 202.00 * 12.14 2.94 + 0.28 0.64 = 0.33 40.40 * 4.22
D1005L15S1 77.19 £ 2.99 216.36 = 4.53 10.22 = 1.01 0.12 = 0.05 64.47 + 1.62
D10010L15S1 67.28 * 5.42 168.66 + 8.26 13.56 + 2.33 0.51 = 0.04 35.90 * 3.84
D505L30S1 91.32 * 0.54 410.63 * 56.8 2.44 = 0.14 0.46 = 0.14 36.53 * 2.30
D5010L30S1 88.71 + 3.01 353.4 = 17.20 6.72 = 0.79 0.46 = 0.11 46.01 * 3.049
D1005L30S1 81.73 = 1.12 158 = 18.18 17.33 = 0.60 0.51 = 0.01 35.58 £ 2.45

D: Lipid/Drug ratio O: Aqueous/organic phase ratio L: Labrafac/lipid ratio S: Pluronic F127(%).

3.3. Particle size

Particle size is the most important characteristic of NPs determining
the amount of drug delivered to the tumor tissue through EPR effect.
The size of pores in tumor vasculature endothelium is tumor-dependent
ranging between 0.2 and 2 um, but in the majority of tumors, pore cut-
off sizes is about 380-780 nm. Based on the literature review, NPs with
a size less than 400 nm are ideal from the perspective of EPR. However,
particles smaller than 200 nm are required to get long circulation time
and prevent the removal of NPs from blood circulation by

reticuloendothelial system (RES) [10]. As depicted in Table 3, the mean
values of particle size of biotin-SUN-NLCs were in range of
125.5-410.63 nm. Design of experiment (DOE) result indicates surfac-
tant concentration (%), lipid/drug weight ratio, liquid lipid to total
lipid ratio and interaction between of each two pairs of factors have
significant effect on the particle size of NPs. The effect of each para-
meter on resulted particle size is given below:

Particle size +230.02 + 3295 A + 455 B — 47.79 C + 28.09
D — 28.37 AB — 21.28 AC + 32.02 BC + 26.66 BD — 24.29 CD
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Where A, B, C and D are surfactant concentration (%), liquid lipid to
total lipid ratio (w/w), lipid/drug ratio (w/w), aqueous/organic phase
volume ratio, respectively.

Statistical analysis using Design Expert Software showed the most
effective factor on the particle size is surfactant concentration (Fig. 3).
According to Fig. 4a, by increasing PF127 concentration from 0.5% to
1%, particle size increased. This could be due to particle aggregation
induced by increasing the medium viscosity which accompanies in-
creasing PF127 concentrations. Furthermore, employing higher con-
centration of PF127 reduced the mixing speed during preparation
which in turn caused formation of larger NPs [11]. Emami et al. [12]
also observed that increasing emulsifier concentration from 0.25 to
0.5% decreased particle size, However, increasing emulsifier
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concentration more than 0.5% in the formulation resulted in a sig-
nificant increase in particle size. As it can be seen in Fig. 4b, increasing
lipid/drug weight ratio from level 1 to level 2 (decreasing drug content)
significantly decreased particle size. This finding is in accordance with
other investigations such as those conducted by Fathi and coworkers
[13] who reported increasing in size with incorporating higher amount
of hesperetin. This was explained with massive physical structure of
hesperetin which occupied a huge volume of NPs. The ratio of liquid
lipid to total lipid also significantly contributed on particle size. In-
crement of labrafac content increased mobility of the internal lipids and
fluidity of the surfactant layer which in turn increased particle size
(Fig. 4c). This observation is well correlated to Das et al. [14] study,
who demonstrated that enhancing percentage of liquid lipid increased
the particle size of clotrimazole loaded NLCs. PdI is the parameter that
gave us information about homogeneity of nanosuspension. The PdI is
dimensionless number ranged from O to 1. A small value of PdI, usually
less than 0.3, indicates that dispersion is monodisperse [15]. As de-
picted in Table 3, PdI was fluctuating between 0.12 and 0.64. Statistical
analysis using Design Expert Software showed that none of studied
factors significantly contributed on the PdI of biotin-SUN-NLCs.

3.4. Encapsulation efficiency

EE of biotin-SUN-NLCs varied between 67.28 and 92.02. Equation
(5) can be used to accurately predict EE of particles:

EE = +8540 — 299 A — 189 B — 585C + 035D — 154
AB — 2.39 AC — 1.64 BC + 1.06 CD 5)

As indicated in Fig. 3, EE was mostly influenced by lipid/drug
weight ratio. Increment of drug content significantly increased EE
(Fig. 5a) possibly due to good entrapment of drug in the lipids [9].
Surfactant content and aqueous/organic phase volume ratio and
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Fig. 7. SUN release profiles from each studied formulation of biotin-SUN-NLCs.

interaction between of each two pairs of factors were also significantly
affecting EE. EE decreased with increasing surfactant concentration
(Fig. 5¢) probably due to increase in the solubility of SUN in the aqu-
eous phase owing to the solubilization effect of the emulsifier [16].
Increasing aqueous/organic phase ratio also decreased the EE (Fig. 5d).
This could be attributed to rapid diffusion of the organic solvent mo-
lecules in water and subsequently fast partitioning of the drug mole-
cules into the aqueous phase before the droplet hardening occurred
[17]. This finding was in accordance with the previous study of Var-
shosaz et al. [18] who showed a decrease in valproic acid EE with in-
creasing aqueous/organic phase ratio.

3.5. Zeta potential

Zeta potential is the electric charge at the surface of particle and
considered as a key factor to evaluate the physical stability of colloidal
suspensions or emulsions. Particle aggregation is less likely to occur for
charged particles due to electric repulsion. It is known that zeta
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potential between + 5 and 15mV are in the region of limited floccu-
lation. Steric hindrance provided by sterically stabilizing surfactants
such as non-ionic surfactants also impact on particle stability. When the
surfactants are employed, even lower zeta potential value is sufficient
to ensure good colloidal stability [19]. As depicted in Table 3, the zeta
potential values of biotin-SUN-NLCs were positive and varied from 0.96
to 17.33. The positive charges on particles originated from projection of
amino groups of B-SA conjugates on the outer surface of the NLCs ex-
posed to the external phase. The following equation shows the effect of
each studied factor on zeta potential.

Zeta potential = +8.01 + 0.22A + 0.65B + 4.65C + 2.57D +
1.18AB + 1.65AC — 1.39BC — 0.54BD (6)

Analysis of zeta potential data revealed that the lipid/drug weight
ratio is the most effective (p < 0.05) variable on zeta potential of the
NPs (Fig. 3). DOE result indicated drug content, liquid lipid to total
lipid ratio, surfactant concentration in interaction with aqueous/or-
ganic phase volume ratio or drug content, aqueous/organic phase vo-
lume ratio in interaction with drug content had significant effect on the
zeta potential of NLCs. As shown in Fig. 6a, zeta potential value de-
creased when drug content in NLC was increased. As described earlier,
increasing drug content increased the particle size of biotin-SUN-NLCs.
The bigger particle size owned the lower charge density which might be
the result of smaller surface-to-volume area of larger particles [20]. The
zeta potential was also strongly influenced by the liquid lipid to total
lipid ratio. It is evident from Fig. 6b, zeta potential increased with in-
creasing liquid lipid to total lipid ratio. This could be related to change
in the crystalline structure and crystalline re-orientation of the lipid.
Given that different sides of a crystal can possess a different charge
density, variation in the crystalline structure and crystalline re-or-
ientation of the lipid may be led to change charges on the particle
surface [21].
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Fig. 8. The effects of different studied parameters on release efficiency of biotin-SUN-NLCs.
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3.6. In vitro drug release

Fig. 7 shows the drug release profiles for each studied formulation.
To compare release profiles, REg% was calculated. Based on in-
vestigated results, the range of REg% was 28.84-64.47%. Fig. 3 shows
the most effective parameter on REg% was interaction of liquid lipid/
total lipid ratio and aqueous/organic phase volume ratio. Except the
interaction of surfactant concentration and liquid lipid/total lipid ratio
that did not have significant effect on the REg%, other main variables
and their interaction had significant effect on this parameter. The fol-
lowing equation shows the effect of each studied factor on REg%.

RE = +41.32 + 190 A — 455 B + 144 C — 426 D — 2.48
AC — 1.04 AD — 3.74 BC + 6.05BD — 2.30 CD ()]

As can be seen in Fig. 8a,b&c, REg% decreased when drug content,
labrafac/lipid ratio as well as organic/aqueous phase ratio increased
(P < 0.05). These changes also increased particle size. Larger particles
showed slower rate of drug release owning to decrease surface area of
NPs and increase length of the diffusion path that the drug had to travel
to reach dissolution medium. Taymouri and co-workers [20] also found
that reduction in particle size of nanomicelles increased release rate of
docetaxel. It can be seen from Fig. 8d, increasing in PF127 concentra-
tion in the external aqueous phase caused an increase REg% owing to
the solubilization effect of the emulsifier.

3.7. Optimization

The desirability function was determined using Design Expert
Software to achieve the optimized formulation. The optimum for-
mulation was based on the set criteria of maximum EE, maximum zeta
potential, minimum particle size, minimum PdI and REg% in the range.
Based on the modeling generated by Design Expert Software, the op-
timized formulation suggested by desirability of 75% was
D1005L15S0.5 that was prepared using 6 mg SUN, 45 mg Chol, 9 mg
labrafac and 6 mg B-SA conjugate when the surfactant level was almost
0.5% and the aqueous/organic phase ratio was 5. The optimized for-
mulation exhibited a particle size of 125.50 nm, EE of 85.10%, zeta
potential of 10.23 mV, drug release efficiency of about 62.85% during
8h and PdI of 0.22. As it can be seen in Fig. 9, optimized biotin-SUN-
NLCs were spherical with smooth surface. To evaluate the release ki-
netics and mechanism of release from optimized biotin-NLCs, SUN re-
lease data was studied by best curve fitting with different kinetic
models such as Higuchi, Baker-lonsdale, first order, zero order and
Korsmeyer-Peppas model. Considering the highest correlation coeffi-
cient, SUN release kinetics from optimized biotin-NLCs followed Hi-
guchi model (R? = 0.9805). The slopes obtained from the Korsmeier-
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Peppas model was found to 0.5783 indicating that the release was
mainly controlled by diffusion coupled with erosion (anomalous dif-
fusion mechanism). SUN loaded non-targeted optimized formulation
(non-targeted D1005L15S0.5) was also developed by replacing B-SA
conjugates with Chol as described in section 2.3. The characteristics of
non-targeted ones are summarized in Table 4. The release profile of the
drug from non-targeted NLCs was shown in Fig. 7. The slightly faster
release of drug from targeted D1005L15S0.5 could be related to smaller
particle size of these NPs compared to non-targeted ones. As particle
sized decreased, the contacting surface area of NPs increased and the
length of diffusion path decreased. As a result, the release rate drug
increased [20].

3.8. Cell viability assay

The cellular toxicities of free SUN, SUN-NLCs and biotin-SUN-NLCs
in A549 cells were studied by MTT assay which are known to express
high level of biotin [4]. As shown in Fig. 10, the cell suppression of all
drug loaded NLCs and free SUN increased in dose dependent manner, in
which biotin-SUN-NLCs had the highest cell cytotoxicity compared to
SUN-NLCs and free SUN. The increased cytotoxicity of biotin-SUN-NLCs
could be attributed to the fact that biotin-SUN-NLCs easily entered into
the cells via receptor mediated endocytosis. From the results, SUN-NLCs
also caused higher cytotoxicity compared to the free SUN at the same
concentration. The results well correlated with previous studies which
demonstrated higher cytotoxicity of lipid based NPs entrapping drug
compared to free drugs [22,23]. This may be attributed to the efficient
adherence of lipid NPs to the cell membrane, internalization inside the
cell by endocytosis and enhance intracellular drug accumulation.

The ICso values of free SUN, SUN-NLCs, and biotin-SUN-NLCs in
A549 cells were 3.14, 2.17, and 1.66 ug/mL, respectively, which ex-
hibited better cellular cytotoxicity of biotin-SUN-NLCs in A549 cells. A
similar result was also reported for biotin-decorated pluronic” P123/
F127 mixed micelles used for niclosomide delivery compared to the
non-targeted micelles and free niclosomide [4].

In addition to biotin-SUN-NLCs and SUN-NLCs, the cytotoxicity of
drug free targeted and non-targeted NLCs, in the same concentration as
used for drug loaded NLCs was also investigated. As it can be seen in
Fig. 10, at low concentrations, the drug free non-targeted NLCs showed
negligible toxicity towards A549 cells, but at higher concentrations, a
little toxicity was seen with cell viability of near 70%. Drug free tar-
geted NLCs showed higher cytotoxicity than non-targeted ones due to
projection of positively charged B-SA conjugates on the surface of the
NLCs [24]. In agreement with our study, the study conducted by Var-
shosaz et al. [25] also showed that positively charged blank NLCs had
cytotoxic effects on K562 cells. This phenomenon may be also involved
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Fig. 9. SEM images of optimized biotin-SUN-NLCs.
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Table 4
Physical properties of SUN loaded targeted NLCs and non-targeted ones.

Journal of Drug Delivery Science and Technology 50 (2019) 237-247

Formulations Drug loading efficiency% Particle size (nm) Zeta potential, (mV) PDI Release efficiency,REg%
Non-targeted D1005L1550.5 78.56 * 1.98 238.00 * 6.92 -9.29 = 0.46 0.21 * 0.01 55.24 + 9.23
Targeted D1005L15S0.5 85.10 = 2.05 125.5 + 5.26 10.23 + 0.62 0.22 * 0.04 62.85 * 5.46
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Fig. 10. In vitro cellular toxicities of free SUN, SUN-NLCs and biotin-SUN-NLCs in A549 cells after 48 h incubation. *p < 0.05 vs. free drug, llp < 0.05 vs. SUN-

NLCs.

in higher toxicity of biotin-SUN-NLCs in comparison with SUN-NLCs
and free SUN. To compensate impaired safety of these nanocarriers,
increment of drug loading % or biotinylation of other fat soluble che-
micals such as cholesterol is needed.

3.9. Cellular uptake assay

For investigating the cellular uptake of developed NLCs, both biotin-
NLCs and NLCs were loaded with C6. C6 is an efficient compound
commonly used as a fluorescent probe for cellular uptake investigation
due to its unique properties such as high fluorescent intensity and small
leakage rate from NPs formulation [10]. Flow cytometry demonstrated
enhanced uptake of biotin-C6-NLCs by A549 cell compared with C6-
NLCs. Based on the geometric means of each histogram in Fig. 11,
A549 cells treated with biotin-C6-NLCs exhibited higher fluorescence
intensity than C6-NLCs, indicating that biotin decoration on particle
surface could considerably facilitate the uptake of NLCs by A549 cells
via receptor mediated endocytosis. Fluorescent microscope further
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Fig. 11. Flow cytometry profiles of A549 cell line after 3h of incubation with
biotin-C6-NLCs and C6-NLCs.
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Fig. 12. Fluorescence microscopic images of A549 cells after 3h incubation
with biotin-C6-NLCs and C6-NLCs.

confirmed efficient cellular uptake of biotin-NLCs. As it can be seen in
Fig. 12, the fluorescent intensity of biotin-NLCs related to the C6 that
entered into cells is more than that of the non-targeted NLCs.

4. Conclusions

In present study, we developed biotin functionalized NLCs for the
SUN delivery. B-SA conjugate was synthesized and confirmed by FTIR
and H NMR. The formulation variables were optimized using Design
Expert Software. The optimized biotin-SUN-NLCs showed acceptable
particle sizes with narrow size distributions. Besides, biotin-SUN-NLCs
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showed significantly higher cytotoxic effect in lung cancer A549 cells
overexpressing biotin receptor compared to that of non-targeted NLCs
and free SUN. The improvement of cellular uptake of biotin-SUN-NLCs
into A549 cells was also demonstrated. Taken together, biotin-SUN-
NLCs can be used as an efficient targeted chemotherapy to cure a
number of cancers overexpressing biotin receptors, including lung
cancer. However, further study is required to confirm the therapeutic
potential of biotin-SUN-NLCs in cancer therapy in vivo.
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