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Abstract: Gefitinib (GEF) is utilized in clinical settings for the treatment of metastatic lung cancer.
However, premature drug release from nanoparticles in vivo increases the exposure of systemic
organs to GEF. Herein, nanostructured lipid carriers (NLC) were utilized not only to avoid premature
drug release but also due to their inherent lymphatic tropism. Therefore, the present study aimed
to develop a GEF-NLC as a lymphatic drug delivery system with low drug release. Design of
experiments was utilized to develop a stable GEF-NLC as a lymphatic drug delivery system for the
treatment of metastatic lung cancer. The in vitro drug release of GEF from the prepared GEF-NLC
formulations was studied to select the optimum formulation. MTT assay was utilized to study the
cytotoxic activity of GEF-NLC compared to free GEF. The optimized GEF-NLC formulation showed
favorable physicochemical properties: <300 nm PS, <0.2 PDI, <—20 ZP values with >90% entrapment
efficiency. Interestingly, the prepared formulation was able to retain GEF with only ~57% drug release
within 24 h. Furthermore, GEF-NLC reduced the sudden exposure of cultured cells to GEF and
produced the required cytotoxic effect after 48 and 72 h incubation time. Consequently, optimized
formulation offers a promising approach to improve GEF’s therapeutic outcomes with reduced
systemic toxicity in treating metastatic lung cancer.
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1. Introduction

Tyrosine kinases play an important role in cell proliferation by affecting signaling
pathways, DNA repair, and programmed cell death [1]. Therefore, tyrosine kinase inhibitors
are used during the treatment of different types of cancer [2]. Among them, gefitinib (GEF,
abbreviations listed in Table S1) is approved for the treatment of non-small cell lung
cancer [3]. It belongs to class II according to biopharmaceutical classification systems, with
a Log p value of (3.2); it is highly hydrophobic with low solubility [2]. GEF has an oral
bioavailability of around 44%, which delays its onset of action and requires increasing
the dose [4]. This results in several GEF-related undesirable side effects such as hepatic
dysfunction, anorexia, stomatitis, vomiting, diarrhea, and nausea [3]. Moreover, GEF
resistance limits its effective clinical application [1].

Nanotechnology is proposed as an effective approach to resolve the therapeutic prob-
lems of anticancer agents by increasing drug solubility and bioavailability [3]. The encap-
sulation of therapeutic agents within nanocarriers enhances drug biodistribution to the
targeted cells [5]. This could be achieved during the treatment of cancer where nanopar-
ticles are inherently distributed to tumor tissues based on enhanced permeability and
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retention phenomena [6]. Upon oral administration, the lipid-based nanocarriers, consist-
ing of long-chain fatty acids, predominantly follow the track of the chylomicron absorption
pathway through the lymphatic system [7,8]. The administrated lipids stimulate bile salt
secretion, which encourages the formulation of colloidal emulsion within the intestinal lu-
men and enhances drug bioavailability [9]. Furthermore, negatively charged nanoparticles
are susceptible to lymphatic delivery via M cells [10], which evades first-pass metabolism
and increases drug bioavailability [7].

Solid lipid nanoparticles (SLNs), nanostructure lipid carriers (NLCs), liposomes, self-
nano-emulsifying drug delivery systems, emulsions, and other lipid-based drug delivery
systems have been utilized to enhance drug dissolution, bioavailability, and increase drug
absorption through the lymphatic system [11,12]. Among them, NLC formulations have
several advantages, including sustained drug release, high drug entrapment efficiency, the
possibility of large-scale production, and superior stability compared to other lipid-based
formulations. The internalization of NLCs into cancer cells is quicker compared with other
lipid-based formulations [13]. NLCs are composed of liquid oils and solid lipids in the
internal core, surrounded by surfactants as a stabilizer. The presence of liquid oils decreases
the degree of solid lipid crystallinity, which avoids drug expulsion and instability during
storage [14,15]. NLC formulations promote drug oral absorption via selective uptake
through the enterocytes or the payer’s patch [16]. It has been reported that tyrosine kinase
inhibitors loaded into NLCs improves their therapeutic efficacy and organ drug targeting
and reduces the side effects [17].

The present work aimed to develop NLCs as an effective drug delivery system that
could enhance GEF therapeutic outcomes in lung cancer management. In the current study;,
stearic acid (SA) was used as the solid lipid during the fabrication of NLC formulations.
Three different types of liquid oils (oleic acid, glycerol monolinoleate, and soybean) were
investigated; namely, long-chain fatty acids (LCFA), long-chain monoglyceride (LCM),
and long-chain triglyceride (LCT), respectively. The impact of different liquid oils (LCFA,
LCM, and LCT) at different solid lipid: liquid oil ratios (SL/LO) on the physicochemical
properties of plain NLC was studied using Design of Experiments (DOE). The optimized
plain NLC formulations were loaded with GEF (GEF-NLC) and characterized in terms of
particle size (PS), polydispersity index (PDI), zeta potential (ZP), drug loading, entrapment
efficiency, and stability. Moreover, the cytotoxic activity of GEF-NLCy cra) and free GEF
were investigated based on the viability of A549 cells as a model for lung cancer (using an
MITT assay).

2. Results and Discussion
2.1. Solubility of GEF in Liquid Oils

GEF solubility in LCFA, LCM, and LCT was 207.54 + 14.63, 42.42 + 5.71, and
0.41 £ 0.02 mg/g, respectively. The detected maximum solubility of GEFs in LCFA was
attributed to the acid microenvironment generated with the free carboxylic group. This
resulted in the protonation of the amino group of weak basic GEFs, which enhanced its
solubilization [9]. In addition, GEFs exhibited higher solubility in LCM compared with
LCT as a result of the self-emulsification properties of the former [8]. The obtained results
were in alignment with the findings shown by Dhairyasheel et al., who reported that GEF
solubility depends on the type of liquid oils. Maximum GEF solubility was detected in
LCFA, while it was minimum in the case of LCT [18]. Likewise, Shahba et al. studied the
solubility of a weakly basic drug in SNEDDS formulations. The results revealed that maxi-
mum drug solubility was achieved in SNEDDS formulations containing LCFA compared
to their ester counterparts [19].

2.2. Effect of Independent Variables on the Responses

The prepared formulations were characterized in terms of physicochemical properties,
including PS, PDI, and ZP, as shown in Table 1. DOE software was utilized to statistically
analyze the effect of independent variables on each response separately based on different
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mathematical models (linear, 2FI, Cubic, and Quadratic). The design type and model were
selected based on a step-by-step design wizard (Design-Expert® version13, Stat-Ease Inc.,
Minneapolis, MN, USA). Table 2 shows the selected models for each response based on
the ANOVA analysis with a high correlation coefficient, high F-value, non-significant lack
of fit, high adjusted and predicted R2 (difference < 0.2), and high adequate precision. The
effect of the two independent variables on each response is discussed separately.

Table 1. Physicochemical properties of suggested plain NLC formulation based on the DOE model.

Factors Responses
Forrgulation Xq: Solid Lipid: . Yy
ode Liq‘uid Lipid Liczluic}{}iipi d Y;: PS (nm) Y,: PDI Y3: ZP (mv) Aggregation
Ratio (SL/LO) upon Storage
9 0.33 LCFA 189.6 0.139 —31.1 Yes
8 0.70 LCFA 207.7 0.129 —29.8 Yes
1.68 LCFA 216.1 0.134 —31.1 No
12 1.68 LCFA 229.6 0.152 —28.9 No
4 2.65 LCFA 235.3 0.162 -31.7 No
2.65 LCFA 225.6 0.15 —-30.4 No
1 0.68 LCM 235.1 0.262 —31.4 Yes
14 0.68 LCM 244.5 0.248 —29.5 Yes
17 1.67 LCM 375.3 0.267 —294 Yes
3 2.63 LCM 390.6 0.261 —30.4 Yes
6 2.63 LCM 399.1 0.349 —28.1 Yes
13 0.33 LCT 220.7 0.175 —22.7 No
10 1.00 LCT 219.5 0.195 —23.8 No
15 1.67 LCT 292.9 0.211 —23.5 No
16 1.67 LCT 215.2 0.19 —21.8 No
11 2.33 LCT 318 0.215 —21.9 No
2 3.00 LCT 279.9 0.211 —234 No

LCFA: long-chain fatty acid, LCM: long-chain monoglyceride, LCT: long-chain triglyceride, PS: particle size, PDI:
polydispersity index, ZP: zeta potential.

Table 2. ANOVA analysis of the measured responses for the selected models.

Selected Degree of  Adjusted Predicted

Response F-Value p-Value

Model Freedom R? R?
PS 2FI 2 0.8346 0.7771 5.97 0.0175
PDI Linear 3 0.8838 0.8246 3591 <0.0001
ZP Linear 3 0.9184 0.8868 61.03 <0.0001

PS: particle size, PDI: polydispersity index, ZP: zeta potential.

221.PS

PS of the prepared plain NLC formulations ranged from 189.6 to 399.1 nm (Table 1).
Figure 1A shows the effect of both independent variables on the PS of plain-NLC. Increasing
SL/LO for all types of liquid oils resulted in a significant increase (p < 0.05) of plain-NLC
PS (Table 3 and Figure 2). Additionally, liquid oil type showed a significant effect (<0.05)
on plain-NLC PS at the same SL/LO. According to the type of liquid oil, the droplet size
of NLCs were arranged in the following order: LCFA < LCT < LCM, providing that the
SL/LO was constantly maintained (Table 3 and Figure 2). The PS of the plain NLC for each
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liquid oil (LCFA, LCM, and LCT) could be calculated from the final equations (in terms of
actual components), Equations (1)—(3), respectively:
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Figure 1. The effect of independent variables, solid lipid: liquid oil ratio and type of liquid oil on the
measured responses (A) particle size, (B) PDI, and (C) zeta potential of plain NLC. Red, green, and
blue colors represent the curves of a formulation containing LFCA, LCM, and LCT, respectively.

Table 3. ANOVA of the quadratic model presenting the correlation (p-value) between independent
formulation variables and measured physicochemical properties (PS, PDI, and ZP).

X1: p-Value of Solid Lipid: X2: p-Value of Type of
Response Liquid Oil Ratio Liquid Lipid
PS 0.0003 0.0001
PDI 0.0151 <0.0001
VAY 0.6680 <0.0001

PS: particle size, PDI: polydispersity index, ZP: zeta potential.

The intestinal transport of nanoparticles predominantly depends on their PS. Smaller
particles are mostly uptaken via enterocytes through receptor-mediated endocytosis or
phagocytosis processes [20]. In addition, nanoparticles less than 500 nm in size could be
delivered to the lymphatic system through M cells [10]. The decrease in PS resulting from
the decreasing SL/LO could be attributed to a reduction in the viscosity of the formulation.
Therefore, the distribution of energy within the media during the production process
was enhanced. In alignment with the obtained results, different research has shown that
decreasing SL/LO resulted in the decreased PS of prepared NLC formulations [16,21,22].
The increased PS of plain-NLC-containing LCT compared to LCFA could be attributed to
increasing the degree of FAs esterification. In accordance with our findings, other studies
demonstrated that the replacement of LCFA with LCT significantly increases PS [23,24].
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Figure 2. Graphical representation of the effects of (A) solid lipid: liquid oil ratio and (B) type of
liquid oil on droplet size. Red dotted horizontal line and plus sign represent the average value over
factor B at the focused point of factor A = 1.665, respectively. Green dotted lines represent 95% CI
bands. Red circles and black squares represent design points and predicted values, respectively.

2.2.2. PDI

All the prepared formulations were homogenously distributed with a PDI value of
less than 0.4. The PDI of the prepared NLC formulations ranged from 0.128 to 0.162, 0.258
t0 0.349, and 0.175 to 0.234 for SA/LCFA, SA/LCM, and SA/LCT lipid core as shown in
Table 1. Figure 1B shows the effect of both independent variables on the PDI of plain-NLC.
Increasing SL/LO for all types of liquid oils resulted in a significant increase (p < 0.05) of
plain-NLC PDI (Table 3 and Figure 3). Additionally, liquid oil type showed a significant
effect (<0.05) on plain-NLC PDI value at the same SL/LO. According to the type of liquid
oil, the PDI value of plain NLC was arranged in the following order: LCFA < LCT < LCM,
providing that the SL/LO is maintained constant (Table 3 and Figure 3). The final equations
(in terms of actual components), Equations (4)—(6), could be utilized to predict actual PDI
for plain-NLC consisting of liquid oil (LCFA, LCM, and LCT, respectively):

PDI (LCFA) = 0.118 + (0.0158 x SL/LO) (4)
PDI (LCM) = 0.251 + (0.0158 x SL/LO) (5)
PDI (LCT) = 0.173 + (0.0158 x SL/LO) (6)

Nanoparticles with PDI values of less than 0.3 are considered homogeneously dis-
tributed in the measured PS value [9]. The decrease in PDI value resulting from the
decreasing SL/LO could be attributed to a reduction in the viscosity of the formulation.
This allows homogenous distribution of energy and produces plain NLC with a low PDI
value [9,25].
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Figure 3. Graphical representation of the effects of (A) solid lipid: liquid oil ratio and (B) type of
liquid oil on PDI. Red dotted horizontal line and plus sign represent the average value over factor B
at the focused point of factor A = 1.665, respectively. Green dotted lines represent 95% CI bands. Red
circles and black squares represent design points and predicted values, respectively.

223.7ZP

Table 1 showed that the ZP values for all plain NLC formulations ranged from —21.8
to —31.7 mV. Figure 1C shows the effect of both independent variables on the ZP value of
plain-NLC. However, SL/LO showed an insignificant effect (p > 0.05) on the ZP of plain
NLC (Table 3 and Figure 4). On the other hand, the liquid oil type showed a significant effect
(p <0.05) on ZP at the same SL/LO. The NLC ZP was arranged in the following order: LCFA
< LCM < LCT, providing that the SL/LO was constantly maintained (Table 3 and Figure 4).
The ZP value of any plain NLC for any liquid oil (LCFA, LCM, and LCT) could be obtained
from the final equations, (in terms of actual components), Equations (7)—(9), respectively.

ZP (LCFA) = —30.71 + (0.13 x SL/LO) @)
ZP (LCM) = —29.98 + (0.13 x SL/LO) 8)
ZP (LCT) = —23.07 + (0.13 x SL/LO) o)

The surface charge of nanoparticles plays a crucial role in the lymphatic delivery of
nanoparticles. It was found that nanoparticles with neutral or negative ZP values are more
susceptible to lymphatic uptake through M cells [10]. The surface charge of nanoparticles
is predominantly affected by the type of lipid esterification. It was found that increasing
the degree of glycerol esterification resulted in a significant increase in ZP value. This is
attributed to the negative charge produced by the free carboxylic group in the free FA [26].
The present results are in agreement with various studies that showed that NLC prepared
from LCFA has a ZP value less than LCM and LCT [27,28]. This is attributed to the presence
of acidic components that produced nanoparticles with lower ZP values. This resulted from
the dissociation of acidic groups and produced a more negative value on the surface [29].
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Figure 4. Graphical representation of the effects of (A) solid lipid: liquid oil ratio and (B) type of
liquid oil on zeta-potential value. Red dotted horizontal line and plus sign represent the average value
over factor B at the focused point of factor A = 1.665, respectively. Green dotted lines represent 95%
CI bands. Red circles and black squares represent design points and predicted values, respectively.

2.3. Stability of Plain NLC Formulations

The prepared plain NLC formulations were stored in the refrigerator at 4 °C for
3 months to study their stability. Table 1, response Y,, shows the aggregation of the
prepared plain NLC formulations. Plain NLC formulations comprising LCM showed
remarkable particle aggregation within 1-2 days. Formulations comprising LCFA showed
particle aggregation within the first week, except for formulations (codes 4, 5, 7, and 12),
which contained a high SL/LO (>1.68) (Table 1). The instability of plain NLCs consisting of
low SL/LO could be attributed to the presence of a free carboxylic group in the liquid state
for LCFA. This could alter the interfacial properties of plain NLCs and encourage particle
aggregation [30]. Therefore, increasing the SL/LO could result in decreased mobility of the
plain NLC core, which enhances its stability. On the contrary, all formulations comprising
LCT showed PS that was maintained below 400 nm within the 90-day storage time. This
could be attributed to the conjugation of fatty acids with glycerol, which decreases its
activity on the interfacial and surface properties.

2.4. Selection of the Optimum Formulation and Validation of DOE

DOE was used to select the formulations with desirable physicochemical properties.
Formulations containing LCM were excluded from the suggested formulation to avoid
instability during storage. Regarding LCFA, plain NLC formulations with low SL/LO
were unstable, and remarkable particle aggregation was observed. Therefore, during
the selection of the optimized formulation containing LCFA, the criteria were as follows:
SL/LO (1.68-3, maximize, and high priority), type of liquid oil (LCFA), PS, PDI, and ZP
(minimize). Even though low SL/LO produces smaller particles, high priority to high
SL/LO was selected to enhance formulation stability. In the case of LCT, it was observed
that formulations with a low SL/LO of 0.33 showed remarkable particle aggregation after
GEF loading, which indicated drug expulsion. This is attributed to the presence of GEF in
SA as a result of low solubility in LCT. Therefore, the selection criteria of LCT formulation
were chosen to maximize the SL/LO ratio as follows: SL/LO (maximize, and higher
priority), type of liquid oil (LCT), PS, PDI, and ZP (minimize). Both GEF-NLC cpa) and
GEF-NLC (1 ct) with 3 SL/LO were suggested by DOE and subjected to further evaluation.
However, all the optimized formulations (with 3 SL/LO) showed acceptable PS (<300 nm),
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even after drug loading (no drug explosion occurred). Accordingly, the decision was made
based on balancing between different formulation attributes; in particular, PS and stability.
Tables 4 and 5 show the results for the plain NLCcpa) and plain NLCy ct) optimized
formulations, respectively. The actual measurements of both formulations were close to the
predicted values of responses and fell within 95% prediction intervals.

Table 4. Validation of the experimental design model (SL/LO = 3, Plain-NLC1 cpa))-

Response n SD Prlf;e‘::fd SE Pred 95% PILow  DataMean  95% PI High
PS 3 27.40 238.89 26.2 181.3 252.7 296.5
PDI 3 0.023 0.162634 0.018 0.123 0.183 0.202
zpP 3 1.068 —30.314 0.86 —32.2 —29.6 —28.5
PS: particle size, PDI: polydispersity index, ZP: zeta potential.
Table 5. Validation of the experimental design model (SL./LO = 3, Plain-NLCt cT))-
Response n SD Pr;/;lel::led SE Pred 95% PI Low Data Mean  95% PI High
PS 3 27.40 301.1 26.0 243.8 268.1 358.3
PDI 3 0.023 0.220 0.016 0.185 0.193 0.256
zr 3 1.068 —22.68 0.85 —245 —22.3 —20.8

PS: particle size, PDI: polydispersity index, ZP: zeta potential.

2.5. Effect of Drug Loading

The physicochemical properties of plain NLCs (LCFA and LCT) and GEF-NLC (LCFA
and LCT) are shown in Figure 5. It was found that the PS of GEF-NLC cpa) was not
significantly (p > 0.05) changed upon drug loading, while it was significantly (p < 0.05)
increased upon GEF loading into plain NLC (LCT). Similarly, ZP showed insignificant
change (p > 0.05) upon GEF loading into plain NLC (LCFA), while it significantly (p < 0.05)
increased from —22 to —17 upon GEF loading into plain NLC (LCT). In addition, both
formulations showed high drug content above 2 mg/mL, with remarkable entrapment
efficiency above 90% (Table 6).

325.0 Composition of lipid phase core
SA/LCFA SA/LCT
3000 - 9 © g 3
z z z z
E - : & : &
< 2750 = ©] = ]
2 I 0.0
2
£ 250.0
& £-10.0
£
225.0 =
£-200
2
200.0 = -~
Plain-NLC GEF-NLC Plain-NLC GEF-NLC 3 30,0 _I_
SA/LCFA SA/LCT
Composition of lipid phase 400

Figure 5. Influence of GEF loading on (A) PS and (B) ZP of different plain NLC formulations. Data
were expressed as the mean £ SD, N = 3, p-value significant at ** 0.01.



Molecules 2023, 28, 448

9 of 20

Table 6. Drug content and EE% of GEF-NLC cpay and GEF-NLC(; cT)-

Formulation Drug Content (mg/mL) EE (%)
GEF-NLC1 cpa) 213 +£0.48 94.48 +2.14
GEF-NLCcT) 2.09 £0.75 91.94 + 3.08

The insignificant increase in the PS of plain NLC (LCFA) after the incorporation of GEF
could be attributed to the solubilization of GEF in LCFA. However, the PS of GEF-NLC  cr)
was significantly larger than the corresponding plain-NLC cT). This could be attributed
to the low solubility of GEF in LCT and its presence in SA. The presence of GEF in solid
lipids instead of liquid oil resulted in the disruption of SA crystallization. In a similar
context, Sherif et al. found that the incorporation of a drug within a solid lipid resulted
in a disruption in SA crystallinity [2]. Regarding ZP, the incorporation of GEF resulted
in increased ZP value in the case of GEF-NLC cT). This resulted from the neutralization
effect produced by positively charged GEF on the negative charge of SA. These results
are concurrent with Shahba et al., who found that loading of the weakly basic drug in a
lipid-based formulation containing LCFA increased ZP value [31].

2.6. PXRD

Visualization of an internal crystalline pattern of a lipid core is very difficult. Therefore,
a solidified film of processed SA, processed SA: LCFA (3:1), and processed SA: LCT (3:1)
was prepared to resemble SL/LO, which was used to prepare GEF-NLC; cga) and GEF-
NLC cT), respectively. The lipids were melted and left to cool to study the impact of liquid
oil on SA crystallinity. Figure 6A—C show that both liquid oils were able to disrupt SA
crystallinity while it was remarkable with LCT. The effect of both liquid oils on the crystal
morphology was further examined following crushing and mild graining of solidified lipids
to obtain fine crystals for SEM examination. The SEM study suggests that the processed SA
has a crystalline structure, while the crystallinity was reduced after the addition of LCFA
and LCT (Figure 6D-F). Moreover, the degree of crystallinity was reduced in the case of SA:
LCT (3:1) when compared with SA: LCFA (3:1).

For further examination, the prepared crushed films of processed SA, processed SA:
LCFA (3:1), and processed SA: LCT (3:1) were subjected to PXRD as shown in Figure 7A.
PXRD of processed SA shows a high-intensity peak at 6.8, 21.7, 24.3, and 38.1°, along with
moderate-intensity peaks at 4.5, 11.0, 11.2, 44.3, and 77.5°. The processed SA: LCFA (3:1)
and processed SA: LCT (3:1) were prepared to resemble the SL/LO that is used to prepare
GEF-NLC( cra) and GEF-NLC (1), respectively. The intensity of peaks for SA: LCFA
(3:1) at 4.5, 6.8, 11.0, 11.2, and 24.3° was reduced, while peaks at 38.1, 44.3, and 77.5° were
slightly increased with no effect on the peak at 21.6°, although a similar observation was
detected with SA: LCT (3:1) at the peak range 4.5°—24.3°, while the peaks at 38.1, 44.3, and
77.5° completely disappeared. It is clear from the crystalline pattern that LCT was able to
disturb SA crystallinity when compared with LCFA. This could be attributed to the lower
melting point of LCT (—16 °C) when compared with LCFA (13-16 °C).

The present findings are in accord with the observation of Galvao et al., who studied
the effect of liquid oil on three different solid lipids, including SA. The reported PXRD
revealed that liquid oil incorporation resulted in decreased crystallinity of SA [32]. Likewise,
Lin et al. prepared three different NLC formulations consisting of Antarctic krill oil as
the liquid oil and three types of solid lipids. The degree of all solid lipid crystallinity in
NLC formulations was significantly reduced compared to its pure form [33]. Additionally,
Das et al. found that the incorporation of liquid oil with solid lipids resulted in a significant
reduction in the crystalline pattern of solid lipids [34].
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Figure 6. Morphological appearance and SEM image of crushed crystals of (A,D) SA, (B,E) SA: LCFA
(3:1), and (C,F) SA:LCT (3:1). The agents were physically mixed and heated to obtain a melted lipid
mixture and then cooled in the refrigerator.
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The crystallinity of GEF, processed SA, GEF-NLC; cga), and GEF-NLC; cT) are repre-
sented in Figure 7B to evaluate the degree of GEF and SA crystallinity within GEFE-NLC
formulations. PXRD of GEF shows high-intensity peaks at 38.1° and 44.3°, in addition to
multiple peaks with moderate intensity at 19.4, 24.2, 26.4, and 77.5°. A PXRD graph of both
NLC (LCFA) and NLC (LCT) showed peaks at 6.7, 21.7, and 24.3° with high intensity, and
4.5 and 11.1° with moderate intensity. Most importantly, the GEF characteristic peaks at 38.1
and 44.3° completely disappeared in the prepared GEF-NLC formulations. This indicates
the presence of the drug in the amorphous state within NLC formulations. In harmony
with the obtained results, various studies showed that the incorporation of lipophilic drugs
in NLC resulted in a significant reduction in drug crystallinity degree [35,36].

2.7. In Vitro Release

Figure 8 shows the in vitro release profile of GEF from GEF-NLCycpa) and GEF-
NLC ct) formulations. Burst drug release was observed from GEF-NLC ct), where about
70% of the drug was released within the first two hours. In contrast, GEF-NLC 1 cpa)
showed a gradual drug release, where only 20% of the drug was released within the first
two hours. Moreover, a sustained drug release was observed where only about 50% of GEF
was released from GEF-NLCy cpa) within 24 h. It is worth mentioning that the dissolution
efficiency of GEF-NLC( cpa) was significantly (p < 0.05) lower than that of GEF-NLC cr).
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Figure 8. In vitro release of GEF from GEF-NLC( cpa) and GEF-NLC; c1y formulations. Data are
expressed as the mean &= SD, N = 3.

Based on the current solubility study, LCT shows limited GEF solubility. Hence, the
amount of LCT, present in GEF-NLCy cT), was not sufficient to dissolve 5% of the total
drug amount. Therefore, as shown in Figure 9, GEF was expected to be predominately
present in the solid lipid (SA—a crystalline moiety) rather than liquid oil in the case of
GEF-NLC(1ct)- Moreover, our PXRD study confirmed that the addition of LCT to SA
significantly disrupted its crystallinity and arrangement. Therefore, the drug was easily
released from the lipid core of GEF-NLC(ct). On the other hand, LCFA showed high
GEF solubility. Hence, GEF is expected to be distributed in both liquid oil (LCFA) and
solid lipid (SA) within GEF-NLC 1 cga) formulation (Figure 9). Moreover, the PXRD study
showed that LCFA was less able to disrupt SA crystallinity compared to LCT. Therefore,
the observed sustained release in the case of GEF-NLC cpa) could be explained by the
partial entrapment of GEF within LCFA.
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Figure 9. Schematic diagram of lipid core distribution of SA, LCT, LCFA, and GEF within GEF-
NLC ct), GEF-NLC 1 cpa), and GEF-SLN. LCT showed limited GEF solubility compared to LCFA.

In alignment with this hypothesis, previous studies evaluated drug release from NLCs
compared to SLNs (that are free of liquid oil). Zhang et al. and Thatipamula et al. reported
that NLCs showed a lower rate of drug release compared to SLNs. Both studies utilized
solid lipids and liquid oils with high drug solubility [37,38]. Moreover, in our previous
work, GEF-SLN formulation contained a solid lipid only where GEF was expected to be
homogenously distributed within SA (Figure 9). An in vitro release study revealed that
about 74% of the drug was released within 24 h [2]. Herein, about 50% GEF was released
within 24 h from GEF-NLC 1 cpa). These findings indicate that the drug is easily released
from solidified lipids compared to liquid oils. Moreover, burst drug release was not attained
with the GEF-NLC 1 cpa) formulation even with the addition of LCFA, which disrupts SA
crystallinity. This could be attributed to the superior effect of liquid oil incorporation on
drug solubilization within GEF-NLC cpa). It can be concluded that the addition of liquid
oil not only increases the stability of SLNs but also determines the drug release behavior of
drug-loaded NLCs. Finally, it is expected that GEF-NLC cga) could be an attractive option
for lymphatic delivery by nanoparticle uptake either via enterocytes or M cells during the
endocytosis process [27].

2.8. Stability of GEF-NLC Formulations

The PS of GEF-NLC; cpay and GEF-NLC cr) significantly (p < 0.05) increased from
260.6 and 282.1 to 305.8 and 458.7, respectively (Figure 10). However, the droplet size of
GEF-NLC 1 cra) was significantly (p < 0.05) lower than that of GEF-NLCy cr), irrespective
of storage time. Most importantly, the droplet size of GEF-NLCj cpa) remained <310 nm
for up to 90 days. Finally, the ZP value was negative during storage with no significant
difference (p > 0.05) in its value.

The significant increase in the PS of GEF-NLC ct) could be attributed to the predomi-
nant presence of GEF in solid lipids instead of liquid oil. This resulted in drug expulsion
from solid lipids owing to reported SA recrystallization during storage [2]. This is in accor-
dance with a previously reported study where the deformation of nanoparticles resulted in
particle aggregation [30]. However, the droplet size of GEF-NLC cpa) was significantly
(p < 0.05) lower than that of GEF-NLC cT), irrespective of storage time. Most importantly,
the droplet size of GEF-NLC cpa) remained < 310 nm for up to 90 days. This could be at-
tributed to the solubilization of the drug in liquid lipids or the migration of the drug during
solid lipid recrystallization to liquid oil. In alignment with the obtained results, Zhang et al.
found that the addition of liquid oil resulted in a significant improvement in nanoparticle
stability. The author referred this to as the reduction in drug expulsion from NLCs com-
pared to SLNs [37]. Therefore, it can be concluded that using liquid oil to formulate NLCs
with higher drug solubility could enhance the pharmaceutical stability of the prepared
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formulation. Therefore, GEF-NLC cpa) was selected as the optimized formulation based
on in vitro release and stability studies and then subjected to a cytotoxicity study.
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Figure 10. (A) Particle size and PDI and (B) zeta potential values of GEF-NLCcpa) and GEF-
NLCcT). Data are expressed as the mean + SD, N = 3.

2.9. In Vitro Cytotoxicity

The MTT assay was utilized to study the cytotoxic activity of plain NLC( cpa), pure
GEF, and GEF-NLC; cpa) on the growth of lung cancer cell lines. Figure 11A-C show
the effect of formulations at different concentrations on the cell viability following 24,
48, and 72 h incubation time, respectively. It was found that pure GEF and GEF-NLC
exhibited a cytotoxic effect in a strong concentration-dependent manner. In addition, the
ICsp of pure GEF was 11.16, 3.54, and 2.08 ng/mL following 24, 48, and 72 h incubation,
respectively (Figure 11). However, the ICsy of GEF-NLC was 15.05, 4.35, and 2.65 pug/mL
following 24, 48, and 72 h incubation, respectively (Figure 12). Both formulations showed
a significant decrease in ICsy upon increasing the incubation time. However, pure GEF
showed a significantly lower (p < 0.05) IC5y compared to GEF-NLC, only at 24 h incubation
(Figure 12). Interestingly, it showed no significant difference (p > 0.05) from GEF-NLC at
subsequent incubation intervals: 48 and 72 h. GEF-NLC( cpa) exhibited a gradual increase
in cytotoxic activity with time (as represented by a gradual decrease in ICsp).
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Figure 12. 1C5) of pure GEF and GEF-NLC(;cpa) following 24, 48, and 72 h incubation. Data are
expressed as mean + SD, N = 3, p-value significant at *** 0.001.

In the present study, the in vitro release study showed that GEF-NLC cga) exhibited a
sustained release profile, and this delays its cytotoxic activity. In this context, the cytotoxic
activity produced by GEF-NLC 1 cra) significantly increased following 48 and 72 h incuba-
tion time. The current results are in accordance with previous studies, which demonstrated
that lipid-based formulation decreases exposure of the cultured cells to cytotoxic agents
following 24 h incubation time. This feature could avoid premature drug release before
it reaches cancer cells [39,40]. Moreover, following 48 h incubation, GEF-NLCy cpa) had
an ICsy value equivalent to pure GEF with no significant difference. This is in agreement
with the sustained release profile that was observed in the in vitro drug release study. This
avoids drug release within GIT until the GEF-NLC cpa) formulation reaches cancer cells.
Moreover, the incorporation of lipid components within the prepared nanoparticles ensures
predominant cellular uptake via cancer cells with minimal systemic toxicity [17]. This is
in agreement with the previously reported studies which demonstrate that lipid-based
formulation is subjected to cancer cell uptake via overexpressed receptors [13,41]. More-
over, a further bio-distribution study showed that drug-loaded lipid-based formulation
comprising SA enhanced drug deposition in lung tissue following oral administration [42].
Collectively, the prepared formulation is not only expected to reduce systemic toxicity but
also increase GEF distribution to lung tissue, as well as the lymphatic system, during the
treatment of metastatic lung cancer. Further in vivo studies are still required to address
this issue.

3. Materials and Methods
3.1. Materials

Gefitinib (GEF) was purchased from Beijing Mesochem Technology Co., Ltd., (Beijing,
China). Pluronic-F68 was purchased from Sigma Aldrich, (St. Louis, MO, USA). Stearic
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acid (SA) was purchased from BDH, (Poole, UK). Oleic acid (LCFA) was obtained from
Avonchem, (Cheshire, UK). Maisine 35-1 (LCM) was purchased from Gattefossé, Saint
Priest, France. Soybean (LCT) was generously provided by John L. Seaton & Co., Ltd.,
Croda International Plc., (East Yorkshire, UK).

3.2. Solubility Study of GEF in Liquid Oils

The solubility of GEF was measured as previously described by Pandey et al. with
minor modification. Briefly, an excess amount of GEF was placed in a screw-capped glass
vial containing around 1 gm liquid lipid (LCFA or LCM or LCT) and magnetically stirred
for 72 h at room temperature. At the end of the experiment, the mixture was centrifuged for
10 min at 15,000 rpm and drug concentration in the supernatant was measured using the
developed UPLC method. The solubility of GEF in each oil was measured in triplicate [36].

3.3. Design of Experiments (DOE)

A randomized response surface study with a quadratic I-optimal model (Design-
Expert® version 13, Stat-Ease Inc., Minneapolis, MN, USA) was used to analyze the effect
of independent variables on the designated response [43]. The study involved the assess-
ment of the two independent variables—solid lipid: liquid oil ratio (SL/LO) and type of
liquid oil—in terms of their impact on the physicochemical properties of the prepared
plain NLC. Response surface methodology (RSM) was used to investigate the effect of the
independent variables (X; and X;) on a range of dependent variables, including PS (nm),
PDI, ZP (mV), and aggregation upon storage, designated as Y1, Yo, Y3, and Yy, respectively.
Appropriate models were selected by comparing p values and coefficient of determina-
tion (R?) values. The range of each variable was selected as follows: (SL/LO = 0.33-3)
and (type of liquid oil = LCFA, LCM, and LCT). Seventeen plain NLC formulations were
prepared as suggested by the DOE (Table 1). The correlation of factors with response
variables was then fitted into different mathematical models (linear, quadratic, cubic, or
special cubic) [44]. Analysis of variance (ANOVA) was applied to determine the signifi-
cance of each design model, independent variables, and their interactions [45]. For each
response, the optimum model was selected based on whether it showed a high correlation
coefficient, a high F-value, a non-significant lack of fit, high adjusted and predicted R2
(difference < 0.2), and high adequate precision [46,47]. Response surfaces were constructed
using the obtained equations to aid in the selection of the optimized formulation based
on PS, PDI, and ZP. Response surface plots were generated to visualize the simultaneous
effect of each variable on each response parameter. Afterward, a desirability function
using Design Expert (version 13) was applied to optimize factors for desirable responses.
The suggested optimized formulations were prepared and considered as a checkpoint to
evaluate the accuracy of the design. The predicted values of each response were determined
and compared to their corresponding actual values.

3.4. Preparation of Plain NLC and GEF-NLC

The ultrasonic melt-emulsification method was utilized to prepare plain NLC and
GEF-NLC as previously reported by Harisa and Badran [48]. Table 1 shows the composition
of each formulation based on DOE suggestions. Briefly, the lipid phase was prepared by
placing the predetermined amount of solid lipid (SA) and liquid oil (LCFA or LCM or
LCT) in a cylindrical beaker to prepare plain NLC. The aqueous phase was prepared by
dissolving 200 mg of Pluronic-F68 in 20 mL of distilled water. Both beakers were heated
up to 80 °C at the same time. Primary emulsion was obtained following the mixing of the
preheated aqueous phase and preheated lipid phase at 5000 rpm. The obtained primary
hot microemulsion was subjected to ultrasonication for 3 min at 80% voltage efficiency
(10 s of sonication followed by 5 s resting period). For preparing GEF-NLC, 40 mg of pure
GEF was added to the lipid phase and the mixture was subsequently subjected to similar
preparation steps of plain NLC. The obtained plain NLC and GEF-NLC were instantly
placed in the refrigerator for 10 min until cool.
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3.5. Physicochemical Characterization
3.5.1. PS, PDJ, and ZP

A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was utilized to measure
the physicochemical properties of prepared formulations. Each formulation was diluted in
distilled water (1:1000) and evaluated at 25 °C. Dynamic Light Scattering (DLS) and Laser
Doppler Velocimetry (LDV) modes were utilized to measure PS, PDI, and ZP. Each value
was shown as an average of three independent replicates where each replicate involved six
measurements [48].

3.5.2. PXRD

The PXRD spectra of the GEF, processed SA, GEF-NLC cra), and GEF-NLCcT)
were examined to evaluate the molecular state of SA and GEF crystallinity after preparing
GEF-NLC. Moreover, a mixture of lipid core of GEF-NLC cpa) and GEF-NLC cT) was
mixed and melted then cooled to obtain processed SA: LCFA (3:1) and processed SA: LCT
(3:1), respectively. This was performed to confirm the effect of liquid oil on SA crystallinity
within lipid core of NLC. An X-ray diffractometer (Ultima IV, Rigaku Inc. Tokyo, Japan)
was used with a scanning rate of 0.5/min in the scanning range of 3-180°. The characteristic
peak of each sample was assessed by collecting the data using monochromatic radiation
(CuKe 1, A = 1.54 A), operating at a voltage of 40 kV and current of 40 mA [49].

3.5.3. Drug Content

To determine the amount of drug present in a specific volume of formulation, GEF-
NLC was diluted (1:4) in distilled water. In a 10 mL volumetric flask, 1 mL of the formula-
tion was added while the remaining volume was completed with methanol. The obtained
dispersion was sonicated for 5 min and centrifuged at 15,000 rpm for 10 min. An aliquot
of the supernatant was diluted in acetonitrile (1:10) and subsequently analyzed using the
developed UPLC method.

3.5.4. Entrapment Efficiency (EE)

An indirect method was utilized to measure the EE% of the drug in GEF-NLC. Briefly,
a predetermined amount of the formulation was centrifuged for 30 min at 80,000 rpm to
precipitate GEF-NLC. The amount of the drug in the supernatant was measured using the
developed UV-UPLC method. EE% was determined using equation 10 [8,50]:

EE = (Total amount of GEF (mg) — Amount of GEF in the supernatant (mg))/(Total amount of GEF (mg)) x 100 (10)

3.6. In Vitro Release

In vitro release of GEF was performed using a previously described dialysis method
with minor modification [51]. The prepared formulation was diluted in phosphate buffer
(in a 1:4 ratio) to simulate intestinal conditions. The test was performed by placing the
formulation containing 0.5 mg of GEF inside a dialysis membrane bag (molecular weight cut
off: 12-14 kDa). This bag was sealed and placed in a beaker containing a preheated 100 mL
of simulated intestinal fluid (pH 6.8) containing 0.5% T-80. The beaker was continuously
shaken at 100 rpm at 37 & 1 °C in a thermostat shaker. Samples were withdrawn at 5, 10, 15,
30, 30, 60, 120, 240, 480, 720, 960, and 1440 min and an equal amount of dissolution media
was replaced. The withdrawn samples were centrifuged for 10 min at 10,000 rpm and the
amount of drug in the supernatant was determined using the developed UV-UPLC method.
Formulation performance was compared based on dissolution efficiency (DE)% [31].

3.7. Stability Study

During the stability study, the formulations were placed within a 20 mL glass vial with
a rubbery stopper. The stability of the prepared plain NLC formulations was evaluated in
terms of physicochemical properties upon storage at 4 °C for up to 3 months. Moreover,
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GEF-NLC cpa), and GEF-NLCy ct) were evaluated in terms of physicochemical properties
upon storage at 4 °C at 7-, 15-, 30-, 60-, and 90-day time intervals.

3.8. In Vitro Cytotoxicity

Human non-small-cell lung cell line (A549) was obtained from DSMZ Leibniz Insti-
tute (German Collection of Microorganisms and Cell Cultures Braunschweig, Germany).
It was utilized to study the cytotoxic activity of plain NLC(cpa), pure GEF, and GEF-
NLC . cra) [39]. The cytotoxic activity of a drug-free carrier against the A549 cell line was
evaluated using plain NLC, where an equivalent volume to GEF-NLC was incubated with
cultured cells. The cells were cultured in a DMEM culture medium supplemented with
1% v /v penicillin-streptomycin and 10% v/v FBS (Gibco; USA) and maintained in the
incubator at 37 °C with 5% CO,. Briefly, about 1 x 10° cells were cultured in each well
using a 96-well for 24 h before the experiment. The plain NLC, pure GEF, and GEF-NLC
were incubated with cultured cells at different concentrations (2.5-20 pug/mL). The effect
of each formulation was tested at three time intervals (24, 48, and 72 h) to study its effect
over time. At a predetermined interval, 50 ug of MTT was added to the cells and incubated
for 4 h in the dark at 37 °C. Next, the formazan product was solubilized with acidified iso-
propanol and the absorbance was measured at a wavelength of 570 nm using a microplate
reader (Bio-Tek, Winooski, VT, USA). IC50 was calculated through the contraction of the
dose-response curve. Cell viability (%) was calculated by dividing the optical density of
the treated sample by the optical density of the untreated sample and then multiplying
by 100.

3.9. Statistical Analysis

Physicochemical properties of plain NLC and GEF-NLC were statistically evaluated
using SPSS software, Version 26. PS, ZP, IC50, and DE% were compared using an indepen-
dent t-test (for data with two sets), while a two-way ANOVA test was used to assess the
stability of different GEF-NLC formulations upon storage. One-way ANOVA was used to
compare IC50 at different time intervals. Data were expressed as mean + SD. p-value < 0.05
was used as the criterion for significance.

4. Conclusions

The present study introduced an experimental design and optimization of GEF-NLC
for the treatment of metastatic lung cancer. Decreasing the SL/LO ratio significantly
reduced PS and PDI. The use of LCFA as a liquid oil led to decreased PS, PDI, and ZP
values. In contrast to the burst release of GEF-NLCy ct) (*70% within 2 h), GEF-NLC (1 cpa)
was able to control GEF release (=57% up to 24 h). In vitro cytotoxicity revealed that
GEF-NLC (1 cpa)y modulates the cytotoxic activity of GEF on A549 cells. Therefore, NLC
is a promising strategy to improve the therapeutic impact of GEF in the treatment of
lung cancer. GEF-NLC 1 cpa) could open new research avenues for improving the GEF
therapeutic profile in the treatment of lung cancer with lowering side effects. Further in vivo
studies are required to study the bio-distribution of prepared GEF-NLC 1 cpa) formulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28010448 /s1, Table S1: list of abbreviations.

Author Contributions: Conceptualization, A.Y.S., G.I.H. and FEK.A.; methodology, A.Y.S., W.Q.
and G.LH.; software, A.Y.S. and G.I.H.; validation, A.Y.S. and G.LH.; formal analysis, A.Y.S. and
A.AS,; investigation, A.Y.S.; resources, G.L.LH. and A.A.S; data curation, A.Y.S.,, GI1H. and A.AS;;
writing—original draft preparation, A.Y.S. and G.LH.; writing—review and editing, GI1.H., A.A.S.
and FK.A.; visualization, A.Y.S., W.Q. and G.I.H.; software supervision, G.I.H. and FK.A.; project
administration, G.L.H. and FK.A,; funding acquisition, G.I.H. and EK.A. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/molecules28010448/s1
https://www.mdpi.com/article/10.3390/molecules28010448/s1

Molecules 2023, 28, 448 18 of 20

Funding: The authors extend their appreciation to the Deanship of Scientific Research, King Saud
University, for funding through Vice Deanship of Scientific Research Chairs, Kayyali Chair for
Pharmaceutical Industry, Department of Pharmaceutics, College of Pharmacy, for funding the work
through Grant Number AG-2022-2.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yin, Y; Yuan, X.; Gao, H.; Yang, Q. Nanoformulations of small molecule protein tyrosine kinases inhibitors potentiate targeted
cancer therapy. Int. J. Pharm. 2020, 573, 118785. [CrossRef] [PubMed]

2. Sherif, AY,; Harisa, G.I,; Alanazi, FK.; Nasr, FA.; Algahtani, A.S. PEGylated SLN as a Promising Approach for Lymphatic
Delivery of Gefitinib to Lung Cancer. Int. |. Nanomed. 2022, 17, 3287. [CrossRef] [PubMed]

3.  Bhattacharya, S. Genotoxicity and in vitro investigation of Gefitinib-loaded polycaprolactone fabricated nanoparticles for
anticancer activity against NCI-H460 cell lines. J. Exp. Nanosci. 2022, 17, 214-246. [CrossRef]

4. Wang, ].; Wang, F; Li, X,; Zhou, Y.; Wang, H.; Zhang, Y. Uniform carboxymethyl chitosan-enveloped Pluronic F68/poly (lactic-
co-glycolic acid) nano-vehicles for facilitated oral delivery of gefitinib, a poorly soluble antitumor compound. Colloids Surf. B
Biointerfaces 2019, 177, 425-432. [CrossRef] [PubMed]

5. Sherif, A.Y.; Harisa, G.I.; Alanazi, FK,; Youssof, A.M. Engineering of exosomes: Steps towards green production of drug delivery
system. Curr. Drug Targets 2019, 20, 1537-1549. [CrossRef]

6. Tang, L, Li, J.; Zhao, Q.; Pan, T.; Zhong, H.; Wang, W. Advanced and innovative nano-systems for anticancer targeted drug
delivery. Pharmaceutics 2021, 13, 1151. [CrossRef]

7. Chaturvedi, S.; Verma, A.; Saharan, V.A. Lipid Drug Carriers for Cancer Therapeutics: An Insight into Lymphatic Targeting, P-gp,
CYP3A4 Modulation and Bioavailability Enhancement. Adv. Pharm. Bull. 2020, 10, 524-541. [CrossRef]

8.  Patel, P; Patel, M. Enhanced oral bioavailability of nintedanib esylate with nanostructured lipid carriers by lymphatic targeting:
In vitro, cell line and in vivo evaluation. Eur. J. Pharm. Sci. 2021, 159, 105715. [CrossRef]

9. Nayek, S.; Raghavendra, N.; Kumar, B.S. Development of novel S PC-3 gefitinib lipid nanoparticles for effective drug delivery in
breast cancer. Tissue distribution studies and cell cytotoxicity analysis. J. Drug Deliv. Sci. Technol. 2021, 61, 102073. [CrossRef]

10. Sharma, M.; Gupta, N.; Gupta, S. Implications of designing clarithromycin loaded solid lipid nanoparticles on their pharmacoki-
netics, antibacterial activity and safety. RSC Adv. 2016, 6, 76621-76631. [CrossRef]

11. Béttger, R.; Pauli, G.; Chao, P.-H.; Fayez, N.A.; Hohenwarter, L.; Li, S.-D. Lipid-based nanoparticle technologies for liver targeting.
Adv. Drug Deliv. Rev. 2020, 154, 79-101. [CrossRef] [PubMed]

12. Patel, V,; Lalani, R.; Bardoliwala, D.; Ghosh, S.; Misra, A. Lipid-based oral formulation strategies for lipophilic drugs. AAPS
PharmSciTech 2018, 19, 3609-3630. [CrossRef] [PubMed]

13.  Shao, Z.; Shao, J.; Tan, B.; Guan, S.; Liu, Z.; Zhao, Z.; He, F; Zhao, ]. Targeted lung cancer therapy: Preparation and optimization
of transferrin-decorated nanostructured lipid carriers as novel nanomedicine for co-delivery of anticancer drugs and DNA. Int. |.
Nanomed. 2015, 10, 1223. [CrossRef] [PubMed]

14.  Makoni, P.A.; Wa Kasongo, K.; Walker, R.B. Short term stability testing of efavirenz-loaded solid lipid nanoparticle (SLN) and
nanostructured lipid carrier (NLC) dispersions. Pharmaceutics 2019, 11, 397. [CrossRef] [PubMed]

15. Nasirizadeh, S.; Malaekeh-Nikouei, B. Solid lipid nanoparticles and nanostructured lipid carriers in oral cancer drug delivery. J.
Drug Deliv. Sci. Technol. 2020, 55, 101458. [CrossRef]

16. Fathi, H.A.; Allam, A.; Elsabahy, M.; Fetih, G.; El-Badry, M. Nanostructured lipid carriers for improved oral delivery and
prolonged antihyperlipidemic effect of simvastatin. Colloids Surf. B Biointerfaces 2018, 162, 236-245. [CrossRef]

17. Moradpour, Z.; Barghi, L. Novel approaches for efficient delivery of tyrosine kinase inhibitors. J. Pharm. Pharm. Sci. 2019, 22,
37-48. [CrossRef]

18. Dhairyasheel, G.; Adhikrao, Y.; Varsha, G. Design and development of solid self-microemulsifying drug delivery of gefitinib.
Asian J. Pharm. Technol. 2018, 8, 193-199. [CrossRef]

19. Shahba, A.A.-W.; Mohsin, K.; Alanazi, FK. Novel self-nanoemulsifying drug delivery systems (SNEDDS) for oral delivery of
cinnarizine: Design, optimization, and in-vitro assessment. AAPS PharmSciTech 2012, 13, 967-977. [CrossRef]

20. Zardini, A.A.; Mohebbi, M.; Farhoosh, R.; Bolurian, S. Production and characterization of nanostructured lipid carriers and solid
lipid nanoparticles containing lycopene for food fortification. J. Food Sci. Technol. 2018, 55, 287-298. [CrossRef]

21. Moghddam, SM.M.; Ahad, A.; Aqil, M.; Imam, S.S.; Sultana, Y. Optimization of nanostructured lipid carriers for topical delivery
of nimesulide using Box-Behnken design approach. Artif. Cells Nanomed. Biotechnol. 2017, 45, 617-624. [CrossRef] [PubMed]

22. Jawahar, N.; Hingarh, PK,; Arun, R.; Selvaraj, J.; Anbarasan, A.; Sathianarayanan, S.; Nagaraju, G. Enhanced oral bioavailability

of an antipsychotic drug through nanostructured lipid carriers. Int. ]. Biol. Macromol. 2018, 110, 269-275. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijpharm.2019.118785
http://www.ncbi.nlm.nih.gov/pubmed/31678384
http://doi.org/10.2147/IJN.S365974
http://www.ncbi.nlm.nih.gov/pubmed/35924261
http://doi.org/10.1080/17458080.2022.2060501
http://doi.org/10.1016/j.colsurfb.2019.02.028
http://www.ncbi.nlm.nih.gov/pubmed/30798063
http://doi.org/10.2174/1389450120666190715104100
http://doi.org/10.3390/pharmaceutics13081151
http://doi.org/10.34172/apb.2020.064
http://doi.org/10.1016/j.ejps.2021.105715
http://doi.org/10.1016/j.jddst.2020.102073
http://doi.org/10.1039/C6RA12841F
http://doi.org/10.1016/j.addr.2020.06.017
http://www.ncbi.nlm.nih.gov/pubmed/32574575
http://doi.org/10.1208/s12249-018-1188-8
http://www.ncbi.nlm.nih.gov/pubmed/30255474
http://doi.org/10.2147/IJN.S77837
http://www.ncbi.nlm.nih.gov/pubmed/25709444
http://doi.org/10.3390/pharmaceutics11080397
http://www.ncbi.nlm.nih.gov/pubmed/31398820
http://doi.org/10.1016/j.jddst.2019.101458
http://doi.org/10.1016/j.colsurfb.2017.11.064
http://doi.org/10.18433/jpps29891
http://doi.org/10.5958/2231-5713.2018.00031.4
http://doi.org/10.1208/s12249-012-9821-4
http://doi.org/10.1007/s13197-017-2937-5
http://doi.org/10.3109/21691401.2016.1167699
http://www.ncbi.nlm.nih.gov/pubmed/27050533
http://doi.org/10.1016/j.ijbiomac.2018.01.121
http://www.ncbi.nlm.nih.gov/pubmed/29402457

Molecules 2023, 28, 448 19 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

Pokharkar, V.; Patil-Gadhe, A.; Kaur, G. Physicochemical and pharmacokinetic evaluation of rosuvastatin loaded nanostructured
lipid carriers: Influence of long-and medium-chain fatty acid mixture. J. Pharm. Investig. 2018, 48, 465-476. [CrossRef]
Babazadeh, A.; Ghanbarzadeh, B.; Hamishehkar, H. Formulation of food grade nanostructured lipid carrier (NLC) for potential
applications in medicinal-functional foods. J. Drug Deliv. Sci. Technol. 2017, 39, 50-58. [CrossRef]

Rigon, R.B.; Gongalez, M.L.; Severino, P.; Alves, D.A.; Santana, M.H.; Souto, E.B.; Chorilli, M. Solid lipid nanoparticles optimized
by 22 factorial design for skin administration: Cytotoxicity in NIH3T3 fibroblasts. Colloids Surf. B Biointerfaces 2018, 171, 501-505.
[CrossRef]

Shahzadi, I.; Fiirst, A.; Knoll, P; Bernkop-Schniirch, A. Nanostructured Lipid Carriers (NLCs) for Oral Peptide Drug Delivery:
About the Impact of Surface Decoration. Pharmaceutics 2021, 13, 1312. [CrossRef]

Tiwari, R.; Pathak, K. Nanostructured lipid carrier versus solid lipid nanoparticles of simvastatin: Comparative analysis of
characteristics, pharmacokinetics and tissue uptake. Int. J. Pharm. 2011, 415, 232-243. [CrossRef]

Kraisit, P.; Sarisuta, N. Development of triamcinolone acetonide-loaded nanostructured lipid carriers (NLCs) for buccal drug
delivery using the Box-Behnken design. Molecules 2018, 23, 982. [CrossRef]

Elmowafy, M.; Shalaby, K.; Badran, M.M.; Ali, HM.; Abdel-Bakky, M.S.; Ibrahim, H.M. Multifunctional carbamazepine loaded
nanostructured lipid carrier (NLC) formulation. Int. ]. Pharm. 2018, 550, 359-371. [CrossRef]

Yang, Y.; Corona, A., III; Schubert, B.; Reeder, R.; Henson, M. A. The effect of oil type on the aggregation stability of nanostructured
lipid carriers. J. Colloid Interface Sci. 2014, 418, 261-272. [CrossRef]

Shahba, A.A.; Tashish, A.Y.; Alanazi, EK.; Kazi, M. Combined self-nanoemulsifying and solid dispersion systems showed
enhanced cinnarizine release in hypochlorhydria/achlorhydria dissolution model. Pharmaceutics 2021, 13, 627. [CrossRef]
Galvao, J.G.; Trindade, G.G.; Santos, A.J.; Santos, R.L.; Chaves Filho, A.B.; Lira, A.A.M.; Miyamoto, S.; Nunes, R.S. Effect of
Ouratea sp. butter in the crystallinity of solid lipids used in nanostructured lipid carriers (NLCs). J. Therm. Anal. Calorim. 2016,
123, 941-948. [CrossRef]

Lin, Y,; Yin, W.; Li, Y;; Liu, G. Influence of different solid lipids on the properties of a novel nanostructured lipid carrier containing
Antarctic krill oil. Int. J. Food Sci. Technol. 2022, 57, 2886—2895. [CrossRef]

Das, S.; Ng, WK_; Tan, R.B. Are nanostructured lipid carriers (NLCs) better than solid lipid nanoparticles (SLNs): Development,
characterizations and comparative evaluations of clotrimazole-loaded SLNs and NLCs? Eur. . Pharm. Sci. 2012, 47, 139-151.
[CrossRef] [PubMed]

Jansook, P; Fulop, Z.; Ritthidej, G.C. Amphotericin B loaded solid lipid nanoparticles (SLNs) and nanostructured lipid carrier
(NLCs): Physicochemical and solid-solution state characterizations. Drug Dev. Ind. Pharm. 2019, 45, 560-567. [CrossRef] [PubMed]
Pandey, S.S.; Patel, M.A.; Desai, D.T.; Patel, H.P.; Gupta, A.R.; Joshi, S.V.; Shah, D.O.; Maulvi, F.A. Bioavailability enhancement of
repaglinide from transdermally applied nanostructured lipid carrier gel: Optimization, in vitro and in vivo studies. J. Drug Deliv.
Sci. Technol. 2020, 57, 101731. [CrossRef]

Zhang, C.; Peng, F,; Liu, W.; Wan, J.; Wan, C.; Xu, H.; Lam, C.W,; Yang, X. Nanostructured lipid carriers as a novel oral delivery
system for triptolide: Induced changes in pharmacokinetics profile associated with reduced toxicity in male rats. Int. ]. Nanomed.
2014, 9, 1049.

Thatipamula, R.; Palem, C.; Gannu, R.; Mudragada, S.; Yamsani, M. Formulation and in vitro characterization of domperidone
loaded solid lipid nanoparticles and nanostructured lipid carriers. Daru J. Fac. Pharm. Tehran Univ. Med. Sci. 2011, 19, 23-32.
Rohilla, S.; Awasthi, R.; Mehta, M.; Chellappan, D.K.; Gupta, G.; Gulati, M.; Singh, S.K.; Anand, K ; Oliver, B.G.; Dua, K,; et al.
Preparation and Evaluation of Gefitinib Containing Nanoliposomal Formulation for Lung Cancer Therapy. BioNanoScience 2022,
12,241-255. [CrossRef]

Ni, X.L.; Chen, L.X.; Zhang, H.; Yang, B.; Xu, S.; Wu, M.; Liu, J.; Yang, L.L.; Chen, Y.; Fu, S.Z,; et al. In vitro and in vivo antitumor
effect of gefitinib nanoparticles on human lung cancer. Drug Deliv. 2017, 24, 1501-1512. [CrossRef]

Makeen, H.A.; Mohan, S.; Al-Kasim, M. A ; Sultan, M.H.; Albarraq, A.A.; Ahmed, R.A.; Alhazmi, H.A.; Alam, M.I. Preparation,
Characterization, and Anti-Cancer Activity of Nanostructured Lipid Carriers Containing Imatinib. Pharmaceutics 2021, 13, 1086.
[CrossRef] [PubMed]

Wang, P; Zhang, L.; Peng, H.; Li, Y,; Xiong, J.; Xu, Z. The formulation and delivery of curcumin with solid lipid nanoparticles
for the treatment of on non-small cell lung cancer both in vitro and in vivo. Mater. Sci. Eng. C 2013, 33, 4802—4808. [CrossRef]
[PubMed]

Jones, B.; Goos, P. I-optimal versus D-optimal split-plot response surface designs. |. Qual. Technol. 2012, 44, 85-101. [CrossRef]
Buya, A.B.; Terrasi, R.; Mbinze, ] K.; Muccioli, G.G.; Beloqui, A.; Memvanga, P.B.; Préat, V. Quality-by-Design-Based Development
of a Voxelotor Self-Nanoemulsifying Drug-Delivery System with Improved Biopharmaceutical Attributes. Pharmaceutics 2021,
13, 1388. [CrossRef] [PubMed]

Valicherla, G.R.; Dave, K.M.; Syed, A.A.; Riyazuddin, M.; Gupta, A.P; Singh, A.; Wahajuddin, M.K,; Datta, D.; Gayen, ]J.R.
Formulation optimization of Docetaxel loaded self-emulsifying drug delivery system to enhance bioavailability and anti-tumor
activity. Sci. Rep. 2016, 6, 26895. [CrossRef] [PubMed]

Mukherjee, T.; Plakogiannis, EM. Development and oral bioavailability assessment of a supersaturated self-microemulsifying
drug delivery system (SMEDDS) of albendazole. |. Pharm. Pharmacol. 2010, 62, 1112-1120. [CrossRef]

Shahba, A.A.-W,; Sherif, A.Y.; Elzayat, E.M.; Kazi, M. Combined Ramipril and Black Seed Oil Dosage Forms Using Bioactive
Self-Nanoemulsifying Drug Delivery Systems (BIO-SNEDDSs). Pharmaceuticals 2022, 15, 1120. [CrossRef]


http://doi.org/10.1007/s40005-017-0342-8
http://doi.org/10.1016/j.jddst.2017.03.001
http://doi.org/10.1016/j.colsurfb.2018.07.065
http://doi.org/10.3390/pharmaceutics13081312
http://doi.org/10.1016/j.ijpharm.2011.05.044
http://doi.org/10.3390/molecules23040982
http://doi.org/10.1016/j.ijpharm.2018.08.062
http://doi.org/10.1016/j.jcis.2013.12.024
http://doi.org/10.3390/pharmaceutics13050627
http://doi.org/10.1007/s10973-015-4890-8
http://doi.org/10.1111/ijfs.15588
http://doi.org/10.1016/j.ejps.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/22664358
http://doi.org/10.1080/03639045.2019.1569023
http://www.ncbi.nlm.nih.gov/pubmed/30632399
http://doi.org/10.1016/j.jddst.2020.101731
http://doi.org/10.1007/s12668-022-00938-6
http://doi.org/10.1080/10717544.2017.1384862
http://doi.org/10.3390/pharmaceutics13071086
http://www.ncbi.nlm.nih.gov/pubmed/34371776
http://doi.org/10.1016/j.msec.2013.07.047
http://www.ncbi.nlm.nih.gov/pubmed/24094190
http://doi.org/10.1080/00224065.2012.11917886
http://doi.org/10.3390/pharmaceutics13091388
http://www.ncbi.nlm.nih.gov/pubmed/34575467
http://doi.org/10.1038/srep26895
http://www.ncbi.nlm.nih.gov/pubmed/27241877
http://doi.org/10.1111/j.2042-7158.2010.01149.x
http://doi.org/10.3390/ph15091120

Molecules 2023, 28, 448 20 of 20

48. Harisa, G.I; Badran, M.M. Simvastatin nanolipid carriers decreased hypercholesterolemia induced cholesterol inclusion and
phosphatidylserine exposure on human erythrocytes. J. Mol. Lig. 2015, 208, 202-210. [CrossRef]

49. Sherif, A.Y.; Harisa, G.I; Alanazi, FK; Nasr, F.A.; Algahtani, A.S. Engineered Nanoscale Lipid-Based Formulation as Potential
Enhancer of Gefitinib Lymphatic Delivery: Cytotoxicity and Apoptotic Studies Against the A549 Cell Line. AAPS PharmSciTech
2022, 23, 183. [CrossRef]

50. Baek, J.-S.; Cho, C.-W. Surface modification of solid lipid nanoparticles for oral delivery of curcumin: Improvement of bioavail-
ability through enhanced cellular uptake, and lymphatic uptake. Eur. J. Pharm. Biopharm. 2017, 117, 132-140. [CrossRef]

51. Srinivas, N.S.K.; Verma, R.; Kulyadi, G.P.; Kumar, L. A quality by design approach on polymeric nanocarrier delivery of gefitinib:
Formulation, in vitro, and in vivo characterization. Int. ]. Nanomed. 2017, 12, 15-28. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.molliq.2015.04.005
http://doi.org/10.1208/s12249-022-02332-7
http://doi.org/10.1016/j.ejpb.2017.04.013
http://doi.org/10.2147/IJN.S122729
http://www.ncbi.nlm.nih.gov/pubmed/28031710

	Introduction 
	Results and Discussion 
	Solubility of GEF in Liquid Oils 
	Effect of Independent Variables on the Responses 
	PS 
	PDI 
	ZP 

	Stability of Plain NLC Formulations 
	Selection of the Optimum Formulation and Validation of DOE 
	Effect of Drug Loading 
	PXRD 
	In Vitro Release 
	Stability of GEF-NLC Formulations 
	In Vitro Cytotoxicity 

	Materials and Methods 
	Materials 
	Solubility Study of GEF in Liquid Oils 
	Design of Experiments (DOE) 
	Preparation of Plain NLC and GEF-NLC 
	Physicochemical Characterization 
	PS, PDI, and ZP 
	PXRD 
	Drug Content 
	Entrapment Efficiency (EE) 

	In Vitro Release 
	Stability Study 
	In Vitro Cytotoxicity 
	Statistical Analysis 

	Conclusions 
	References

