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Abstract: In the present study, luteolin (LTN)-encapsulated chitosan (CS) coated nanostructured lipid
carriers (NLCs) were formulated using the melt emulsification ultrasonication technique. NLCs were
optimized by using the 33-QbD approach for improved in vitro efficacy against breast cancer cell
lines. The optimized LTN-CS-NLCs were successfully characterized by different in vitro and ex vivo
experiments as well as evaluated for cytotoxicity in MDA-MB-231 and MCF-7 cell lines. The prepared
LTN-CS-NLCs showed particle size (PS), polydispersity index (PDI), and entrapment efficiency (%EE)
in the range between 101.25 nm and 158.04 nm, 0.11 and 0.20, and 65.55% and 95.37%, respectively.
Coating of NLCs with CS significantly increased the particle size, encapsulation efficiency, and zeta
potential changes positively. Moreover, slow-release rate of LTN was achieved during 24 h of study
for LTN-CS-NLCs. In addition, optimized LTN-CS-NLCs showed significantly higher mucoadhesion,
gastrointestinal stability, and intestinal permeation compared to non-coated LTN-NLCs and LTN
suspension. Furthermore, LTN-CS-NLCs showed statistically enhanced antioxidant potential as
well as dose and time-dependent cytotoxicity against MDA-MB-231 and MCF-7 cells compared
to uncoated LTN-NLCs and pure LTN. On the basis of the above findings, it may be stated that
chitosan-coated LTN-NLCs represents a great potential for breast cancer management.

Keywords: luteolin; chitosan; nanostructured lipid carriers; coating; cytotoxicity; breast cancer

1. Introduction

Breast cancer (BC) is the most frequently diagnosed solid tumor and the second
leading cause of cancer death after lung cancer. Among women, breast cancer accounts
for almost 30% of all newly diagnosed cancer cases [1,2]. The uncontrolled malignant
cell growth at the inner lining of breast ducts leads to the development of BC. Age, seX,
breast condition, estrogen level, and family history are the major factors related to a higher
risk for the development of BC [3]. Furthermore, postmenopausal women are considered
to have more risk. Up to 7 per cent of breast cancers are diagnosed in women under
40 years of age and less than 4 per cent in women under 35 years of age [4]. At present,
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the primary treatment for breast cancer is surgical resection, and it is supplemented by
other treatments including radiotherapy, chemotherapy, endocrine therapy, and biological
therapy. Unfortunately, the efficacy of both conventional and biological therapies is stymied
by factors including poor pharmacokinetics, drug instability, low selectivity, dose-limiting
toxicities, and the development of resistance [5-7]. Therefore, the development of new
chemotherapy agents remains an important priority for the treatment of BC.

Luteolin (LTN) is a light yellow-colored crystalline flavonoid present in a number of
medicinal plants. Many biological activities like antimicrobial, antioxidant, anticancer, anti-
inflammatory, antiviral, and heart-protective effects have been reported [8,9]. Antibacterial
activity against several organisms like Bacillus subtilis, Escherichia coli, and Staphylococcus
aureus has also been reported. It inhibits nucleic acid and protein synthesis, and damage
to the bacterial cell wall, as it inhibits biofilm formation [10,11]. Recently, LTN has shown
excellent anticancer activity in a variety of solid tumors by induction of apoptosis and cell
cycle arrest, and by inhibiting cell proliferation [12]. However, its application in delivery
systems is limited due to limited aqueous solubility and stability in gastrointestinal media
as well as low bioavailability [13].

In the last 3 decades, a variety of nanoparticles as drug delivery systems have been
extensively employed for the oral delivery of different phytochemicals owing to their
unique characteristics and advantages [14,15]. Among them, nanostructured lipid carriers
(NLCs) are considered to be the best drug delivery system for improved oral drug delivery.
NLCs are solid matrix-based nanocarriers prepared with biodegradable and biocompatible
materials and help to improve the oral bioavailability of the encapsulated drug by improv-
ing its gastrointestinal stability, drug loading, and drug release [16]. NLCs surfaces can be
modified with the cationic charged mucoadhesive polymer to get distinctive mucoadhesion
with absorption enhancing characteristics.

Chitosan (CS) is a natural, non-toxic, biodegradable, and biocompatible cationic
polymer extensively used for oral delivery systems. It has unique physicochemical charac-
teristics such as its mucoadhesive as well as intestinal permeability enhancing properties.
In addition, CS has shown excellent stability in hostile gastrointestinal fluids [17,18]. Sur-
face modification of NLCs with CS offers various unique advantages, such as provide
a positive charge to the NLCs that enhances adhesion to the intestinal mucosa and also
increases the drug retention on the target site [19]. CS also helps to open the tight junction
of the intestinal membrane which promotes drug absorption. Therefore, a CS coating
significantly increases the residence time of NLCs at the target site which leads to enhanced
bioavailability of encapsulated drugs [20].

Therefore, the present study was designed to formulate and optimize LTN-NLCs on
the basis of particle size, polydispersity index (PDI), and entrapment efficiency. Optimiza-
tion of LTN-CS-NLCs was conducted by 33-Box-Behnken Design (BBD). The optimized
formulation (LTN-NLCs) was further coated with cationic charged chitosan (LTN-CS-
NLCs) and evaluated for drug release, permeation study, surface morphology, stability
study, and mucoadhesive study. Finally, the anticancer activity of optimized LTN-CS-NLCs,
LTN-NLCs, and pure LTN was assessed in human MDA-MB-231 and MCF-7 breast cancer
cell lines by MTT assay.

2. Materials and Methods
2.1. Materials

Luteolin (LTN) was procured from Beijing Mesochem Technology Co. Pvt. Ltd.
(Beijing, China)”. Chitosan (MW- 100,000-300,000 Da; degree of deacetylation 85%; vis-
cosity 20 cp) and tocopheryl polyethylene glycol succinate (TPGS) were procured from
Sigma-Aldrich, Saint Louis, USA. Glyceryl monostearate (GMS; solid lipid), and Capryol 90
(liquid lipid) was provided by Gattefosse (Saint-Priest, France) as a gift sample. Poloxamer-
188 (P-188; surfactant) was received as a gift sample from BASF Corporation, Mumbai,
India. The experiment was performed with Milli Q water obtained from the laboratory. All
other chemicals and reagents used were of AR grade.
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2.2. Cell Lines

The cell line study was performed on MDA-MB-231and MCF-7 breast cell lines. The
cells were procured from the National Centre for Cell Science, Pune, India. The cells were
cultured in streptomycin (100 mg/mL) with Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS; 10%), penicillin 100 U/mL in a specific condition. Finally, the cells
were sub-cultured to get 80-90% growth for the experiments.

2.3. Experimental Design

In the present study, LTN-NLCs were optimized by 3%-BBD technique to get a robust
composition. The software (Design Expert 12.0; Stat-Ease Inc., Minneapolis, MN, USA)
was used to optimize the prepared NLCs (i.e., LTN-CS-NLCs). The three independent
factors used for the study were lipid (X;; 2—4% w/v), P-188 (Xp; 1-2% w/v), and sonication
time (ST) (X3; 3-5 min) as depicted in Table 1. The impact of three independent variables
was examined by the dependent variables [(particle size (PS) in nm as Y7), (PDI as Y>),
and (entrapment efficiency (EE) in % as Y3)]. The formulation design showed fifteen
experimental compositions with three center points. The point prediction method was used
to select the optimized LTN-CS-NLCs. Based on the minimum PS, PDI, and maximum EE.
The statistical analysis was used to assess the independent variables affecting the responses
as well as the interaction between the factors.

Table 1. Various independent and dependent variables used in the Box-Behnken design for the
preparation of chitosan coated luteolin nanostructured lipid carriers (LTN-CS-NLCs).

Factors Levels Used, Actual (Coded Factor)
Independent variables Low (—1) Medium (0) High (+1)
X; = Concentration of lipid (%) 2 3 4
X, = Concentration of P-188 (%) 1 1.5 2
X3 = Sonication time (min) 3 4 5
Dependent Variables Goal
Y7 = Particle size (PS; nm) Minimize
Y, = Polydispersity index (PDI) Minimize
Y3 = Entrapment efficiency (EE; %) Maximize

2.4. Formulation of LTN-CS-NLCs

LTN-CS-NLCs were formulated by the melt emulsification ultrasonication technique
as per the reported procedure with slight modification [21]. Glyceryl monostearate (solid
lipid; melting point: 66 °C) and Capryol 90 (liquid lipid) were selected to make the lipid
matrix. Accurately weighed lipid (X1; 2-4% w/v) was melted at 70 °C and LTN (20 mg) was
added to prepare homogeneous and uniform lipid phase. The aqueous phase was prepared
with P-188 (as a surfactant; X5; 1-2% w/v), and TPGS (0.25% w /v as a stabilizer) in 10 mL
of previously prepared 0.2% w/v CS and heated to the same temperature. CS solution (0.2%
w/v) was prepared by dissolving 20 mg of CS in 10 mL of 1% acetic acid solution (pH 5.0)
with continuous stirring for 30 min. The surfactant solution was added dropwise to the
melted lipid phase with constant stirring at 750 rpm. The prepared sample was stirred for
30 min to get a transparent emulsion. In the end, the obtained transparent emulsion was
further probe sonicated (Hielscher, Ultrasound UP-50 H, Teltow, Germany) (X3; 3-5 min) to
obtain nanosized NLCs. LT-NLCs were prepared with the same composition and condition
without the addition of chitosan (CS).

2.5. Characterization
2.5.1. Particle Characterization

The prepared LTN-CS-NLCs and LTN-NLCs were characterized for PS, PDI, and
zeta potential (ZP). The size of diluted samples (100 fold) were measured in zeta sizer
(Malvern Instruments, Worcestershire, UK). ZP of optimized nanoparticles was assessed
to determine the charge on NPs surface. The surface morphology of selected LTN-CS-
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NLCs and LTN-NLCs was evaluated on transmission electron microscope (TEM, JEO-1010,
Tokyo, Japan)) at 160 kV voltage. The samples were stained with phosphotungstic acid and
visualized under the microscope at high resolution. The micrographs were captured and
visualized with the help of imaging viewer software.

2.5.2. Entrapment Efficiency (%EE) and Drug Loading (%DL)

%EE and %DL of optimized LTN-CS-NLCs and LTN-NLCs were determined by the
direct method as per the reported procedure with slight modification [18]. Free LTN was
collected after precipitation of the NPs using acetonitrile, followed by centrifugation at
20,000 rpm for 10 min at 4 °C. The pellets containing the entrapped LTN were dissolved
in dimethylsulfoxide (DMSO) and methanol solution in the ratio of 1:1 and heated at
70 °C. The quantity of LTN encapsulated within the NLCs matrix was determined by UV
spectrophotometer (Shimadzu 1700, Shimadzu Corp., Kyoto, Japan). The %EE and %DL of
prepared NLCs were calculated by the following equations:

Weight of LTN in pellete

%EE = 1
i Weight of LTN in the NL.Cs ~ ' 0°
%DL — We1ght. of LTN in pellete < 100
Weight of pellets

2.6. In Vitro Gastrointestinal Stability Study

The selected optimized LTN-CS-NLCs was evaluated for gastrointestinal stability as
per the published procedure [22,23]. The stability in simulated intestinal fluid (SIF) and
gastric fluid (SGF) was assessed. SGF was prepared by dissolving 100 mg of pepsin in
5 mL of water containing 0.35 mL concentrated HCI followed by the addition of sodium
chloride (100 mg) and volume adjustment (up to 50 mL) with water. Finally, the pH of
the solution was modified to 1.2 by the addition of concentrated HCl. SIF was prepared
by dissolving 340 mg of monobasic potassium phosphate in 10 mL of water followed by
the addition of 3.85 mL of 0.2 M NaOH and 500 mg of pancreatin. Finally, the volume
was increased to 50 mL, and the pH was adjusted to 6.8 by NaOH [22]. LTN-CS-NLCs (0.1
mL) were withdrawn and diluted up to 5 mL (1 in 50) in SIF and SGF and incubated at
37 °C. At a specific time (0, 2, 4, 8, 12 h) the sample was evaluated for PS, PDI, EE, and
surface morphology.

2.7. LTN Release Study

LTN release study was performed for LTN-CS-NLCs, LTN-NLCs, and LTN suspension
(control) in release medium SIF (900 mL, pH 6.8) at 37 °C. Optimized LTN-CS-NLCs and
LTN-NLCs (~5 mg of LTN) was placed in the dialysis bag (MW 12,000 g/mole) and dipped
into release medium with stirring speed of 100 rpm. At a specific time point, the released
content (5 mL) was withdrawn and replaced with the same volume. The collected samples
were filtered, diluted, and analyzed to quantify LTN content using UV spectrophotometer
(Shimadzu 1700, Shimadzu Corp., Kyoto, Japan). Further, the released data was fitted into
various kinetic models to analyze the mechanism of LTN release [24].

2.8. Mucoadhesion Study

The optimized LTN-CS-NLCs, LTN-NLCs, and LTN suspensions were evaluated
for mucoadhesion study to check the adsorption of mucin on the NLCs [25]. The mucin
solution (1 mg/mL) was prepared and mixed with the prepared formulations in 1:1 ratio.
The mixture was incubated at 37 °C for 2 h and then centrifuged at 13,000 rpm for 60 min.
The supernatant was taken, diluted appropriately, and analyzed spectrophotometrically
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(Shimadzu 1700, Shimadzu Corp., Kyoto, Japan) at 258 nm to calculate the free mucin
content. The formula used to calculate as given below [26].

Mucoadhesive efficiency = % x 100
0

where Cj = initial mucin content and C; = free mucin content.

2.9. Antioxidant Activity

The study was performed for optimized LTN-CS-NLCs, LTN-NLCs, and LTN sus-
pension to check the antioxidant potential by the reported procedure with slight modifica-
tion [27]. The stock solution (10 mg/mL) was prepared for all three samples in ethanol and
further diluted to make the concentration of 25-250 pg/mL. All the samples (500 uL) were
taken and transferred to 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution (0.02% in ethanol).
The samples were shaken for complete reaction and placed in the dark at 25 °C for 1 h.
The reaction took place between violet color DPPH and antioxidants. The violet color of
the solution turns colorless after the completion of the reaction. Similarly, this experiment
was repeated for placebo NLCs. The samples were examined spectrophotometrically (Shi-
madzu 1700, Shimadzu Corp., Kyoto, Japan) at 517 nm, and calculation was done using
the formula:

Absorbance of control — Absorbance of test

Radical Scavenging (%) = Absorbance of control x 100

2.10. Cytotoxicity Study

MTT assays of LTN-CS-NLCs, LTN-NLCs, and LTN suspension were performed to
check the per cent cytotoxicity [28]. This test works on the mechanism of the formation of
yellow tetrazolium salt to insoluble purple formazan crystals [29]. Both MDA-MB-231 and
MCEF-7 cells were seeded 24 h before the study. The cell counts 1 x 10° /well were taken for
the study, and different concentrations of each sample were incubated for 48 h and 72 h,
respectively. After that, cells were incubated with MTT (20 uL, 5 mg/mL in phosphate
buffer saline- PBS) in a fresh medium for 4 h under CO, incubator. The formed formazan
crystal was solubilized in DMSO (150 pL/well). The absorbance was noted at 570 nm on a
microplate reader (Bio Tek Instruments, Mumbai, India).

2.11. DAPI for Nuclear Staining

MDA-MB-231 and MCF-7 cells (10° cells/well) were cultured, treated with LTN-CS-
NLCs as well as LTN-NLCs, and incubated for 48 h. Following incubation, DMSO control
and treated cells were washed twice with PBS and fixed in glutaraldehyde (2.5%) for 20 min.
Subsequently, the cells were permeabilized in Triton X-100 (0.1%) for 15 min and stained
with DAPI (4',6-diamidino-2-phenylindole) for 20 min in the dark. After being washed 3
times with PBS, the nuclear morphology of cells was observed by fluorescence microscopy
(Olympus, Japan) [30].

2.12. Intestinal Permeation Study

The permeation experiment of LTN-CS-NLCs, LTN-NLCs, and LTN suspension was
conducted to determine the amount of drug permeated at specific times. The study was
performed on the goat intestine by the reported procedure with slight modification [31].
The fresh goat intestine was collected from the local slaughterhouse at an abattoir in a sterile
beaker and washed with Kreb’s solution to remove the food residues. The formulations
(~5 mg of LTN) were carefully placed in the intestinal sac, and both ends were ligated
tightly. The samples were placed in a beaker containing Kreb’s solution (250 mL) and
regularly oxygenated with 95% oxygen using an aerator. The released content (2 mL) was
taken at a specific time point and replaced with the same volume. The samples were filtered,
diluted, and quantified by using UV spectrophotometer (Shimadzu 1700, Shimadzu Corp.,
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Kyoto, Japan). The permeation flux and apparent permeability coefficient (APC; Papp) and
were determined for the formulations by the following equation.

Permeation flux

APC =
Surface area x Initial LTN content (Cp)

cm/min

2.13. Statistical Analysis

Experiments were conducted 3 times, and their findings were represented as average +
SD. Statistical analysis was performed with GraphPad Prism (version 7). Furthermore, the
data were analyzed statistically using ANOVA and Tukey’s test with the help of GraphPad
Prism, version 7. The differences were considered significantly or highly significantly
different from the control group when p < 0.05 and p < 0.01, respectively.

3. Results and Discussion
3.1. Optimization

The developed LTN-CS-NLCs were statistically optimized with 33-Box-Behnken
design. The impact of independent variables (X;, X5, and X3) was evaluated on the
dependent variables (Y7, Y, and Y3) using 3D response surface plot and contour plot
(Figure 1). Polynomial equations are used to assess the individual as well as the combined
impact of all three independent variables. The quadratic model is the ideal model for the
selected variables to show the effect individually as well as combinedly.

The independent variables lipid (% w/v, X1); P-188 (% w/v, X3) and ST (min, X3) were
taken at three levels {low (—1), medium (0), and high (+1)} to optimize LTN-CS-NLCs. The
concentration range taken to develop LTN-CS-NLCs as lipid (X1) as 2% (—1) to 4% (+1),
P-188 (X2) as 1% (—1) to 2% (+1) and ST 3 min (—1) to 5 min (+1). The design represented
15 formulations with 3 center points to analyze the error in the result of the same three
compositions. The minimal PS (Y7) was observed to be 101.25 nm (F14), and the maximal
PS was observed to be 158.04 nm (F8). The PDI (Y,) was obtained in the range of 0.115 (F2)
to 0.201 (F12), and the %EE (Y3) was obtained in the range of 65.55% (F14) to 95.37% (FS8).
The results obtained from the experiment, in other words, actual values, were observed to
be much closer to the predicted values, as represented in Table 2.

3.1.1. Effect of Lipid (X;), P-188 (X3), and ST (X3) on PS (Y1)

The polynomial equation indicating the relationship between the factors on PS (Y1) is
presented as follows:

Particle size (Y1) = +125.72 + 17.21X; — 2.43X, — 10.49X3 — 1.24X; X, + 2.58X1 X3
— 1.70X, X3 + 0.3513X12 + 6.77X52 + 6.15X3?

The impact of all three independent variables (X;, X5, and X3) have been illustrated
in the 3D and contour plots as depicted in Figure 1A. As per the polynomial equation
and Figure 1A, a considerable impact of each independent variable on PS (Y1) can be
observed. Gradual increment in the PS was observed with the increase in lipid (X;)
concentration. As the lipid concentration increases the emulsifying capacity of surfactant
decreases, which results in the aggregation of particles. The second variable P-188 (X3)
has depicted a negative impact of the PS. The increase in P-188 concentration from 1% to
2% w/v significantly (p < 0.05) decreases the PS. P-188 is a surfactant and stabilizer that
significantly decreases the interfacial tension between lipid and aqueous phases, and helps
to get small-sized emulsion [32]. At higher surfactant concentration, there was effective
stability of NLCs achieved due to a steric barrier to the NLCs surface. It protects small
NLCs particles by preventing aggregation [33]. Another probable elucidation for such
reduction in the PS might happen from ST (X3), which has a direct impact on PS. It helps to
reduce PS during the development of LTN-CS-NLCs.
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3.1.2. Effect of Lipid (X7), P-188 (X»), and ST (X3) on PDI (Y;)

The polynomial equation indicating the relationship between the factors on PDI (Y;)

is presented as follows:

Polydispersity index (Y3) = +0.1320 + 0.0227X; — 0.0081X, + 0.0041X3 + 0.0003X7 X, +

0.0117X; X3 + 0.0010X, X3 + 0.0168X;2 — 0.002X,2 + 0.0155X32

X2: P-188 (%)

T T
3 - 3 ! 14 1.6
X1: Lipid (%} X1: Lipid (%) X2: P-188 (%)

(A)

4
45 ks
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Figure 1. Cont.



Coatings 2021, 11, 158 8 of 17

e
::i‘,ozz:: 2>

SR TA

F
in

g i
1 2

3 . 1 12 14 16 18 2
X1: Lipid (%) X1: Lipid (%) X2: P-188 (%)

©

Figure 1. (A) Effect of independent variables lipid (X1), P-188 (X3), and sonication time (X3) on particle size (Y1). (B) Effect
of independent variables lipid (X;), P-188 (X»), and sonication time (X3) on PDI (Y3). (C) Effect of independent variables
lipid (X1), P-188 (X»), and sonication time (X3) on encapsulation efficiency (Y3).

The impact of all three independent variables (X1, X», and X3) has been illustrated
in the response surface plot as depicted in Figure 1B. As per the polynomial equation
and Figure 1B, a considerable impact of each independent variable was observed on PDI
(Y3). As the concentration of lipids (X;) increased, PDI also significantly increased. The
enhancement in PDI might be due to an increase in the heterogeneity of particles. Moreover,
P-188 (X2) showed a strong negative impact on the PDI. The surfactant significantly reduces
the interfacial tension between the lipid and aqueous phase that leads to the development
of uniform primary emulsion during the development of LTN-CS-NLCs. The third variable
ST (X3), is further responsible for an increase in the PDI due to the development of particles
of different sizes.

Table 2. Observed Box-Behnken experimental runs of LTN-NLCs with their actual and predicted experimental value.

Independent Variables Dependent Variables
Runs Xy X, X5 Y1 Y, Y;3
Actual Predicted Actual Predicted Actual Predicted
F1 3 1.5 4 126.84 125.72 0.131 0.132 83.46 82.36
F2 2 2 4 113.43 114.44 0.115 0.116 74.45 73.57
F3 4 1 4 154.73 153.73 0.178 0.177 87.96 88.84
F4 3 15 4 124.42 125.72 0.131 0.132 82.64 81.36
F5 3 1 3 148.16 149.86 0.150 0.151 83.68 81.85
F6 2 1.5 3 129.14 128.08 0.151 0.149 73.77 72.50
F7 2 1 4 117.46 116.82 0.131 0.132 68.48 69.59
F8 4 1.5 3 158.04 157.35 0.171 0.172 95.37 96.19
F9 4 2 4 145.75 146.39 0.163 0.161 94.29 95.19
F10 3 1.5 4 122.48 125.72 0.132 0.132 84.12 82.36
Fl11 3 1 5 132.35 132.29 0.158 0.156 72.96 72.11
F12 4 15 5 140.47 141.53 0.201 0.202 82.36 81.63
F13 3 2 5 125.72 124.02 0.143 0.142 79.88 78.71
F14 2 15 5 101.25 101.94 0.134 0.133 65.55 64.59
F15 3 2 3 148.35 148.41 0.131 0.132 89.13 90.28

X1 = concentration of lipid (%); X> = concentration of P-188 (%); X3 = sonication time (min); Y; = particle size (nm); Y = polydispersity index;
Y3 = entrapment efficiency (%).
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3.1.3. Effect of Lipid (X;), P-188 (X3), and ST (X3) on %EE (Y3)

The polynomial equation indicating the relationship between the factors on %EE (Y3)
is presented as follows:

Entrapment efficiency (Y3) = +82.36 + 9.72X; + 3.08X; — 5.15X3 + 0.09X1 X, — 1.20X1 X3 +
0.3675X, X3 — 1.61X72 + 0.5425X,2 — 1.49X52

The impact of all 3 independent variables (X1, X5, and X3) has been illustrated in
the response surface plot as depicted in Figure 1C. As per the polynomial equation and
Figure 1C, a considerable impact of each independent variable on %EE (Y3) was observed.
The gradual enhancement in the %EE was observed with the increase in lipid (X1) con-
centration. The increase in the lipid content provided more space for encapsulation of
the drug into the lipid matrix [34]. Similarly, an increment in P-188 (X3) concentration
gradually improves the %EE. The increment in the concentration of P-188 led to an increase
in the tendency of the drug to be entrapped in the lipid matrix resulting in improved %EE.
Furthermore, with an increase in ST (X3), %EE decreased significantly due to the reduction
in PS.

3.1.4. Optimization by Point Prediction

The optimized LTN-CS-NLCs was selected on the criteria of small PS, PDI, and high
EE among 15 compositions. Upon “trading oft” different responses (Y1, Y2, and Y3) using
numerical desirability function, the optimized formulation composition (LTN-CS-NLCs)
prepared with lipid (X1; 3% w/v), P-188 (X»; 2% w/v), and ST (X3; 3 min) exhibited particle
size of 123.84 £ 3.72 nm, PDI of 0.13 £ 0.01, and EE of 83.74 + 4.68%, respectively. The
software examined an analysis of variance (ANOVA) for all three responses (Y1, Y, and
Y3), and the obtained data indicated that the quadratic model was well fitted (Table 3). The
selected formulation was further evaluated for drug release, permeation study, and cell
line evaluation.

Table 3. Summary of regression analysis for fitting data to different models.

Model R2 Adlll{;tEd Pre(Ii{lzcted SD R2 Adlj{gsted Pre;izlcted SD R2 Adlj{gsted Preiélzlcted SD
Response Particle Size (Y1) PDI (Y3) Encapsulation Efficiency (Y3)
Linear 0.9054 0.8796 0.8384 56  0.6644 0.5729 0.3886 0.014 0.9764 0.9699 0.9546 1.52
2F1 0.9176 0.8558 0.7336 6.1 07414 0.5474 0.0736 0.015 0.9823 0.9690 0.9273 1.54
Quadratic  0.9968 0.9909 0.9481 1.5 09979 0.9941 0.9663 0.002 0.9997 0.9992 0.9955 0.24

R2 = coefficient of correlation; SD = standard deviation.

3.2. Characterization
3.2.1. Particle Characterization

The PS, PDI, and ZP of the optimized LTN-CS-NLCs were observed to be 123.84 £
3.72nm, 0.13 £ 0.01, and +10.46 & 1.84 mV, respectively (Figure 2A,B). While uncoated
LTN-NLCs showed PS of 103.62 =+ 5.76 nm, PDI of 0.11 & 0.012, and ZP of —30.56 + 4.32
mV, respectively. The small PS and PDI are one of the crucial properties for improved oral
delivery. The low PDI value indicates a remarkable homogeneity of NPs. An insignificant
increase in PS was noticed while developing LTN-CS-NLCs due to CS coating. Furthermore,
CS coating leads to positive ZP from the negative ZP because of the cationic nature of CS
(Figure 2B). The coating of NPs with CS is a well-established technique to improve the oral
delivery of drugs [35].

3.2.2. Surface Morphology

TEM also confirmed the surface morphology of LTN-CS-NLCs (Figure 3). The pre-
pared delivery systems showed spherical shape particles with a smooth surface.
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3.2.3. %EE and %DL

LTN-CS-NLCs showed significantly higher %EE and %DL compared to uncoated
LTN-NLCs due to coating with CS. The optimized LTN-CS-NLCs and uncoated LTN-
NLCs showed encapsulation efficiencies of 83.74 & 4.68% and 75.58 £ 3.76%, respectively.
Whereas, the %DL was found to be 11.48 + 1.26% and 8.76 + 0.94% for LTN-CS-NLCs and
LTN-NLCs, respectively.

Size Distribution by Intensity Zeta Potential Distribution
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Figure 2. Particle characterization of LTN-CS-NLCs and LTN-NLCs (A) size and (B) zeta potential.

Figure 3. Particle surface morphology of (A) LTN-CS-NLCs and (B) LTN-NLCs.

3.3. In Vitro Gastrointestinal Stability Study

The potential impact of SGF and SIF on the stability of LTN-CS-NLCs is depicted
in Table 4 and Figure 4. Results of stability study of LTN-CS-NLCs in SIF demonstrated
excellent stability with insignificant change in PS, PDI, and %EE. However, changes in
PS, PDI, and %EE were observed in SGF after 12 h. In CS-NLCs, LTN could be continu-
ously released or accumulated in the intestine region of gastrointestinal tract (GIT), which
might lead to an increase in epithelial permeability, thereby promoting enhanced drug
absorption [36].

3.4. LTN Release Study

The release profiles of LTN from different formulations are depicted in Figure 5. LTN-
CS-NLCs and LTN-NLCs revealed a biphasic release behavior. A rapid release in 2 h
was found, after that a sustained LTN release up to 24 h was observed. The rapid LTN
release in the initial 2 h could be due to the faster dissolution of LTN adsorbed on the
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NLCs surface [37]. The sustained release was due to the encapsulated LTN in the inner
core of the lipid matrix that was released slowly by diffusion. Furthermore, LTN-CS-NLCs
showed a much-delayed LTN release in comparison to the uncoated LTN-NLCs due to
the CS coating. It protects the drug from desorption and diffusion [38]. The mechanism
of LTN release was analyzed by fitting the data into the different release kinetic models.
The Korsmeyer-Peppas model showed the highest correlation coefficient (R? = 0.9848).
Therefore, the Korsmeyer-Peppas kinetic model was considered as the best-fitted model to
explain the LTN release kinetics from LTN-CS-NLCs. Moreover, the exponent “n” of the
release mechanism from the Korsmeyer—Peppas model was calculated, and the value was
found to be 0.35, which stipulates Fickian diffusion mechanism from CS-NLCs.

Table 4. Gastrointestinal stability of LTN-CS-NLCs in simulated intestinal fluid (SIF) (pH 6.8) and
simulated gastric fluid (SGF) (pH 1.2). (Mean =+ SD, n = 3).

Simulated Intestinal Fluids Simulated Gastric Fluids
Time (h) (SIF; pH 6.8) (SGF; pH 1.2)
PS (nm) PDI %EE PS (nm) PDI %EE
0 123.84 +£3.72 0.132 £ 0.02 83.74 + 4.68 123.84 +£ 3.72 0.132 £ 0.02 83.74 + 4.68
2 125.21 £4.54 0.135 £ 0.02 82.98 £5.14 129.97 +4.54 0.137 £0.03 81.91 £ 6.14
4 126.46 £+ 5.82 0.139 £ 0.02 82.72 £ 5.36 136.78 + 4.82 0.141 £ 0.03 80.17 £ 4.98
8 128.25 £+ 5.28 0.144 £0.03 82.57 £ 6.35 142.54 £+ 5.28 0.154 £ 0.04 77.15 £ 5.46
12 131.38 £+ 6.46 0.151 £ 0.03 81.91 £5.77 148.04 + 5.86 0.182 £ 0.05 73.74 £5.76
(A) Size Distribution by Intensity (B) Size Distribution by Intensity
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Figure 4. Images showing the gastrointestinal stability of LTN-CS-NLCs gastrointestinal fluids. Particle size distribution of
LTN-CS-NLCs in (A) SIF (pH 6.8) and (B) SGF (pH 1.2) at different time points. TEM micrographs of LTN-CS-NLCs in
(C) SIF (pH 6.8) and (D) SGF (pH 1.2) after 12 h.

3.5. Mucoadhesion Study

LTN-CS-NLCs revealed the higher mucoadhesive efficiency (70.46 + 3.32%) com-
pared to LTN-NLCs (22.58 =+ 1.86%) and LTN suspension (14.67 & 1.24%). The coating of
NLCs with CS provided a significantly higher binding efficiency to mucin because of the
electrostatic interactions between the positive charged CS and negatively charged mucin.
Furthermore, hydrogen bonding as well as hydrophobic interactions between CS and
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mucin are also responsible for improved binding efficiency [39]. The higher mucoadhesive
nature helps to achieve a longer residence time in GIT, therefore it will help to get the better
therapeutic efficacy of the drug.

100

—+~LTN-CS-NLCs -a-LTN-NLCs ——LTN Suspension
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Figure 5. Release profiles of LTN-CS-NLCs, LTN-NLCs, and LTN suspension.

3.6. Antioxidant Activity

DPPH is utilized to assess the antioxidant potential of a variety of drugs and drug
delivery systems [27]. The DPPH changes color when it reacts with proton donor groups.
Figure 6 represents the comparative antioxidant activity of LTN-CS-NLCs, LTN-NLCs, and
pure LTN suspensions. The antioxidant potential of all the samples is directly dependent
upon the LTN concentration. As the concentration of LTN increases, the antioxidant
potential of LTN-CS-NLCs, LTN-NLCs, and pure LTN also statistically increases. LTN-
CS-NLCs showed a maximum activity of 94.38 & 5.34%, while LTN-NLCs and pure LTN
depicted 76.24 £ 4.94% and 66.28 £ 4.28%, respectively. As per the observation, LTN-CS-
NLCs represented statistically (p < 0.05) elevated antioxidant activity in comparison to both
uncoated LTN-NLCs and pure LTN at all the tested concentrations. However, uncoated
LTN-NLCs also showed excellent antioxidant activity compared to pure LTN. The higher
antioxidant activity achieved by LTN-CS-NLCs and LTN-NLCs was due to the higher
solubility of LTN in lipid present in the NLCs.

3.7. Cytotoxicity Study

The potential outcomes of cytotoxicity study in MDA-MB-231 and MCF-7 cells are
represented in Figure 7.

It clearly demonstrated that LTN-CS-NLCs and LTN-NLCs showed statistically higher
concentration and time-dependent cytotoxicity compared to pure LTN at 48 hand 72 h
of study. The IC5¢ value of LTN-CS-NLCs, LTN-NLCs, and pure LTN was found to
be 35.66 £ 4.24 uM, 52.59 £ 5.47 uM, and 60.48 £ 5.83 uM, respectively, after 48 h of
treatment against MCF-7 cells (Figure 7A). After 72 h of treatment, the ICsy value of LTN-
CS-NLCs, LTN-NLCs, and pure LTN was found to be 20.65 & 2.56 uM, 32.38 &+ 3.72 uM,
and 41.61 £ 4.58 uM, respectively (Figure 7B). The ICsj value of the LTN-CS-NLCs, LTN-
NLCs, and pure LTN was found to be 11.48 £ 2.38 uM, 22.15 £ 3.96 uM, and 29.64 + 3.84
uM respectively, after 48 h of treatment in MDA-MB-231 cells (Figure 7C). After 72 h of
treatment, the ICs5y value of LTN-CS-NLCs, LTN-NLCs, and pure LTN was found to be
712 £1.89 uM, 12.57 &+ 3.12 uM, and 24.53 =+ 4.64 uM, respectively (Figure 7D). As per
the MTT assay study, a much better result was found in LTN-CS-NLCs treated cells. This
can be explained by the fact that LTN-CS-NLCs revealed significantly higher delayed LTN
release as compare to LTN-NLCs that produces excellent cellular response [40].
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Figure 6. Comparative antioxidant activity of LTN-CS-NLCs, LTN-NLCs, and pure LTN. Results are expressed as percentage
mean £ SD (n = 3). (ns- not significant, * represents p < 0.05 and ** represents p < 0.01).
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Figure 7. Comparative cytotoxicity study of LTN-CS-NLCs, LTN-NLCs, and pure LTN against (A) MDA-MB-231 cells
after 24 h; (B) MDA-MB-231 cells after 48 h; (C) MCF-7 cells after 24 h; (D) MCF-7 cells after 48 h. Results are expressed as
percentage mean + SD (n = 3). (ns- not significant, * represents p < 0.05 and ** represents p < 0.01).

3.8. DAPI for Nuclear Staining

The toxic effect of LTN-CS-NLCs on MDA-MB-231 and MCF-7 cells was also examined
by DAPI staining (Figure 8). DAPI is a nuclear stain that stains the unwound and damaged
DNA in the nucleus. The exposure of cancer cells to LTN-NLCs and LTN-CS-NLCs resulted
in significant changes in the morphology of the cell nucleus. It is clear from Figure 6 that
the control cells stained negative with DAPI and the cells treated with LTN-NLCs and
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LTN-CS-NLCs emitted bright blue fluorescence which shows condensed and fragmented
chromatin. In DAPI staining, the treated cells which are membrane-permeable selectively
stain the nuclear material emitting fluorescence of apoptotic cells leaving the viable cells
intact [41]. From the results obtained, it is can be concluded that LTN-CS-NLCs can serve
as a potential candidate in the management of breast cancer.

3.9. Ex Vivo Intestinal Permeation Study

Figure 9A,B clearly revealed a significantly higher amount of LTN permeated and
transported through the intestinal sac from optimized LTN-CS-NLCs and LTN-NLCs in
comparison to LTN suspension. As per our findings, LTN-CS-NLCs exhibited about 1.5-
and 4.3-fold higher Pap, compared to LTN-NLCs and LTN suspension. The reason for the
enhancement in P,pp was due to the presence of nonionic surfactant (P-188) in the NLCs as
an excipient, which is a potent P-glycoprotein efflux pump inhibitor that was present on
the mucous membrane of GIT. Furthermore, the mucoadhesive nature of LTN-CS-NLCs is
also led to the disruption in the tight junctions of the gastrointestinal mucosa. The positive
charge of CS-NLCs interacts with negatively charged gastrointestinal mucosa that helps to
the opening of tight junctions. Therefore, a significantly higher quantity of drug permeated
across the mucosa.

“CF". . .
“DA“BHI. . .

Control LTN-NLCs LTN-CS-NLCs

Figure 8. Image showing DAPI staining of control, LTN-NLCs, and LTN-CS-NLCs treated MCF-7 cells, and MDA-MB-231

cells (Magnification 10x).
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Figure 9. Ex vivo intestinal permeation profile of LTN-CS-NLCs, LTN-NLCs, and pure LTN suspension: (A) cumulative
amount of drug permeated (ug) vs. time, (B) cumulative drug transported (ug cm™2) vs. time.
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4. Conclusions

In summary, LTN-CS-NLCs were prepared and optimized for improved LTN delivery
and efficacy against breast cancer cells. The PS, PDI, and EE of the developed LTN-CS-
NLCs were found to be satisfactory. LTN-CS-NLCs showed excellent gastrointestinal
stability. TEM micrographs showed a spherical shape with a smooth surface. The CS
coating provided modulation in LTN release from the NLCs and exhibited a sustained
release profile for up to 24 h. There was significantly higher antioxidant activity found
with LTN-CS-NLCs as compared to LTN-NLCs and pure LTN. LTN-CS-NLCs exhibited en-
hanced dose and time-dependent cytotoxicity in breast cancer cells compared to LTN-NLCs
and pure LTN. Furthermore, LTN-CS-NLCs also depicted higher intestinal permeation
compared to LTN-NLCs and pure LTN suspension. Therefore, our developed CS-NLCs
of LTN represents excellent mucoadhesive nanoformulations to combat the challenges of
LTN for improved delivery and therapeutic efficacy against breast cancer.
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