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This study aims to develop sunitinib niosomal formulations and assess their in-vitro anti-cancer efficiency against
lung cancer cell line, A549. Sunitinib, a highly effective anticancer drug, was loaded in the niosome with high
encapsulation efficiency. Collagen was coated on the surface of the niosome for enhanced cellular uptake and

Sunmmb' prolonged circulation time. Different formulations were produced, while response surface methodology was
Drug delivery system .. .. . s . .
Collagen utilized to optimize the formulations. The stability of the formulations was evaluated over a 2-month period,

revealing the importance of collagen coating. MTT assay demonstrated dose-dependent cytotoxicity for all for-
mulations against lung cancer cells. Scratch assay test suggested antiproliferative efficacy of the formulations.
The flow cytometry data confirmed the improved cytotoxicity with enhanced apoptosis rate when different
formulations used. The 2D fluorescent images proved the presence of drug-containing niosomes in the tumor
cells. The activation of the apoptotic pathway leading to protein synthesis was confirmed using an ELISA assay,
which specifically evaluated the presence of cas3 and cas7. The results of this study indicated the anti-
proliferative efficacy of optimized niosomal formulations and their mechanism of action. Therefore, niosomes
could be utilized as a suitable carrier for delivering sunitinib into lung cancer cells, paving the way for future
clinical studies.

Protein-coating

1. Introduction

Lung cancer accounts for the highest mortality rate among men and
women worldwide (Siegel et al., 2014). It has been estimated that 85 to
90% of all lung cancer cases are caused by non-small cell lung cancer
(NSCLQ), while the remaining 10% are caused by small cell lung cancer
(Molina et al., 2008). The main treatment option for NSCLC patients is
chemotherapy, which is inoperable in 85% of cases (Provencio et al.,
2011). A 5-year survival rate of 1-14 % was observed for patients
treated with traditional cytotoxic chemotherapy at advanced stages of
NSCLC (Farasati Far et al., 2022b; Wang et al., 2010). Traditional

* Corresponding authors.

chemotherapy drugs lack target specificity, which has led to molecularly
targeted therapies (Stella et al., 2012).

Niosomes are composed of an aqueous core, and a lipid bilayer
comprising nonionic surfactants and cholesterol (as lipids). Employing
such structure, one could load both hydrophilic and hydrophobic agents,
the former in the aqueous core, and the latter in the lipid bilayer. By
formulating the biocompatible ingredient in the design of niosomes,
they could be even more biocompatible than other conventional nano-
carriers. The niosomal formulation can be devised in a way to develop
stimuli-responsive carriers, such as pH-sensitive niosomes that burst
under acidic conditions. Such sensitivity is of great interest in cancer
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Scheme 1. Schematic presentation of collagen coated nanoniosome containing sunitinib. (A) Preparation and (B) surface modification of nanoniosomes by thin-layer
hydration method. (C) in vitro drug release under various pH conditions (5.4 and 7.4), (D) Improvement of sunitinib bioavailability by collagen coating, (E) Improve
uptake of lung cancer cells through encapsulation by niosome. SUV: small unilamellar niosomes; MLV: multilamellar niosomes.

Table 1
Vesicle size, EE%, and PDI of Different Niosomal Formulations Containing sunitinib. Data are represented as Mean + SD, n = 3.
Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3
std’ Run Drug content Surfactant: Cholesterol Lipid: Drug Size EE Release (PBS 7.4)
unit mg molar ratio molar ratio nm % %
8 1 15 1 30 328.302 99.0247 65.1022
12 2 10 2 30 345.969 95.5725 58.9478
7 3 5 1 30 243.945 95.933 58.9086
6 4 15 1 10 201.474 98.4771 67.905
5 5 5 1 10 191.178 88.1462 49.6966
4 6 15 2 20 287.182 92.5855 58.1834
1 7 5 0.5 20 357.552 88.9908 42.4642
14 8 10 1 20 218.439 96.7046 61.29
3 9 5 2 20 261.963 91.9263 46.933
10 10 10 2 10 232.479 86.0553 52.47
13 11 10 1 20 223.821 97.478 60.2806
2 12 15 0.5 20 376.857 91.5555 54.822
11 13 10 0.5 30 409.328 93.8936 59.673
9 14 10 0.5 10 318.847 81.7087 52.1956
15 15 10 1 20 219.141 97.9209 63.495

! Standard order.

targeting therapy, as the cancerous microenvironment has been proved
acidic due to oversecretion of lactic acid by aerobic glycolysis. Addi-
tionally, it has been shown that several cancer types, including NSCLC,
overexpress epidermal growth factor receptors (EGFRs) (Alharbi et al.,
2022). Using these properties, one could significantly enhance the de-
livery and release of drugs with the least side effects (Garg et al., 2022).

The inherent attachment of some types of proteins to the surface of
niosomes has proven to be highly effective in developing targeted drug-
loaded therapeutic agents (Honarvari et al., 2022; Karooby and Gran-
payeh, 2019). Additionally, it is widely known that adding certain
molecules to the niosome membrane can modify their in vivo activity,
rendering niosomes highly flexible and effective in therapeutics effi-
ciency (Torchilin, 2005). Lipid exchange with high-density lipoproteins
(HDL) leads to niosome breakdown and peroxidation, followed by
macrophage absorption and the fast clearance of niosomes from the
bloodstream (Pradhan et al., 2018). Nonetheless, it has been shown that

the presence of cholesterol, gangliosides, poly(ethylene glycol) (PEG),
protein like collagen (Extracellular matrix protein), and polysaccharides
like chitosan can effectively decrease the rates of these interactions,
prolonging the niosome circulating time (Shi et al., 2021).

It has been shown that PEGs or gangliosides extend their half-life by
creating a super hydrophilic layer on the niosome surface, preventing
the binding of unspecific plasma proteins. In addition, such species on
the niosome surface reduce electrostatic charges, thereby preventing
this kind of interaction (Fu et al., 2021).

Sunitinib malate (SUNI) inhibits multiple tyrosine kinases and shows
strong antitumor and antiangiogenic properties (Escudero-Ortiz et al.,
2022). Various (pre)clinical studies have shown that SUNI is effective
against a variety of solid tumors such as breast, colon, neuroendocrine,
and lung (Vazquez et al., 2021). SUNI has been studied in conjunction
with imatinib to treat advanced renal cell carcinoma, progression-
resistant gastrointestinal stromal tumors, and well-differentiated
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Fig. 1. Three-dimensional response surface plots of Niosomal Formulations for A) size, B) EE, and C) EE as a function of the parameters (lipid concentration and

surfactant/cholesterol ratio).

neuroendocrine tumors of the pancreas (Westerdijk et al., 2021). Suni-
tinib is a multitargeted inhibitor of several tyrosine kinase receptors,
including VEGF, PDGF, and c-KIT, among others. Its anti-angiogenic
effects are primarily attributed to its ability to block the VEGF recep-
tor, thereby inhibiting the formation of new blood vessels for tumor
growth and metastasis. Additionally, sunitinib can also inhibit the pro-
liferation of lung cancer cells by targeting other tyrosine kinase re-
ceptors, such as PDGF and c-KIT, which are involved in cancer cell
survival and growth. These anti-angiogenic and anti-proliferative effects
of sunitinib make it a promising candidate for the treatment of lung
cancer. This disease is often characterized by an increase in angiogen-
esis, which could be disrupted by the sunitinib’s ability through block-
ing the VEGF receptor signaling. Furthermore, sunitinib has shown
promising results in clinical trials for the treatment of advanced non-
small cell lung cancer, which is the most common type of lung cancer
(Wang and Tang, 2023). In addition, sunitinib showed clinical activity
against NSCLC. In animal and human studies, the pharmacokinetic
profile of sunitinib is well documented (Speed et al., 2012). Sunitinib

concentrations in cancer patients have been reported to be 20-30 ng/ml
and to achieve maximum plasma levels within 5-7 h (Malnoe et al.,
2022). In vivo bioavailability of sunitinib is limited because of its poor
water solubility. Therefore, loading SUNI into niosome may enhance its
solubility, bioavailability, and local anti-tumor efficacy while reducing
the systemic toxicity.

In light of the above-mentioned, the present work aims to prepare
SUNI-loaded niosomes coated with collagen and investigate their in vitro
activity in combating lung cancer cells, see Scheme 1. Therefore, we
investigated the feasibility of employing a closely associated protein
(collagen) to achieve a similar steric effect. To combat advanced lung
cancer cases, this study created and characterized the physicochemical
properties of drug-loaded nanoniosomes with a collagen coating.
Nanoniosomes loaded with drugs are less toxic because their collagen
coating facilitates endocytosis into cells. Over this, it can potentially be
an effective drug delivery system for treating lung cancer. In this study,
we report the new strategy of adding hydrophobically derivatized
collagen to the surface of the niosome to increase its stability and
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Fig. 2. FTIR spectra of samples and the ingredients used in the preparation of
formulations. The spectra show that nanoniosomes has been successfully
synthesized.

biodistribution, thereby enhancing cellular absorption and inducing
more apoptosis via the sunitinib anticancer drug.

2. Materials and methods
2.1. Materials

Chloroform, ethanol, Span 60, dimethyl sulfoxide (DMSO), choles-
terol, ultra-15 membrane (Amicon, MWCO 30,000 Da), and 1,2-
stearoyl-sn-glycerol-3-phosphoethanolamine-N-[folate(polyethylene
glycol)-2000] (ammonium salt) were supplied from Merck, Germany.
RPMI-1640 medium, trypsin-EDTA, trypan blue, DMEM, PBS, fetal
bovine serum (FBS), on 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), and penicillin/streptomycin 100x (P/S) were
all acquired from Gibco, USA. Collagen (Type II) and a dialysis mem-
brane (MWCO 12000 Da) were purchased from Sigma, USA. A549 cell
line was also received from Iran’s Pasteur Cell Bank. Sunitinib Maleate
was supplied from Selleck USA. The apoptosis detection kit consisting of
an annexin V/propidium iodide (PI) assay was supplied from Roche,
Germany. The necessary RNA extraction kit was received from Qiagen,
USA. The cDNA was synthesized with a Revert AidTM First Strand cDNA
Synthesis Kit (Fermentas, Vilnius, Lithuania).

2.2. Preparation of Sunitinib-Loaded niosomes

To develop sunitinib-loaded niosomes, a modified version of a thin-
layer hydration approach which was described in our earlier design was
used (Sahrayi et al., 2021). Sunitinib (10 mg), cholesterol (38 mg), and
span60 (57 mg) were all dissolved in chloroform (9 mL) and then
evaporated in a rotary evaporator (150 rpm, 60 °C, 40 min). PBS (1x) pH
7.4 was used to rehydrate the dried thin films at 25 °C (130 rpm, 30
min). After centrifugation (10000 rpm, 10 min), the obtained sunitinib-
loaded niosomes were redispersed by sonicating the pellet for 5 min
(10000 rpm, 10 min) with a consistent size distribution were obtained
by probe sonicating (300 Hz) the sample for 10 min. The samples were
stored in at 4 °C for further experiments. By omitting sunitinib from the
formulation, pure (drug free) niosomes were also prepared. For modi-
fication of niosome by collagen, a 2% (w/w) of collagen in PBS was
prepared to which the niosome dispersion (10 mg/mL) was added
dropwise under stirring conditions.

International Journal of Pharmaceutics 640 (2023) 122977
2.3. Entrapment efficiency

Using an Amicon Ultra-15 membrane, the solution containing the
drug-loaded niosomes was ultra-filtered at 4000 xg for 20 min (MWCO
30,000 Da). After placing 500 pL of the formulation in the cell’s inner
chamber, the assembly was centrifuged for 20 min at 4000 xg at 4 °C.
While the drug-loaded niosomes remained in the top compartment, the
accessible drug (i.e., unloaded) passed through the filter. UV-visible
spectrophotometry at 423 nm was used to calculate the free drug con-
centration in the device’s outer chamber (JASCO, V-530, Japan). The
following formulae were used to determine the encapsulation efficiency
(EE) and loading efficiency (LE). The following standard curve plotted in
Figure S1 was utilized to calculate drug concentration. The EE was then
calculated by the following Eq. (1):

Initial drug loaded — Free Drug

100
Initial drug loaded x

Encapsulation Efficiency (%) =

(€]
2.4. Invitro drug release study and kinetic models

10 mL of each drug-encapsulated nanoniosome sample was placed in
a dialysis bag (MWCO = 12 kDa) for the in-vitro drug release analysis.
PBS solution (50 mL, 1x, pH = 5, and 7.4) was used as the release media,
and the solution was then stirred slowly (50 rpm) at 37 °C. At certain
intervals, the PBS solution was discarded and replaced with new ali-
quots. The amount of drug released was calculated using the standard
curve equation mentioned above.

The release profile was examined using Higuchi, Korsmeyer-Peppas,
zero-order, and first-order release kinetic models. In these models, the
percentage of drug released is plotted against the square root of time, the
logarithm of time, and time itself, respectively. In the first-order model,
however, the released drug is plotted against the percentage of the drug
still in the system. The linear curve was determined using the regression
values of the correlation coefficient (r) from the plots generated by the
aforementioned models.

Dialysis bags have been used in the same release experiment con-
taining drug powder with comparable initial drug concentrations.

2.5. Instrumental characterization

Zeta-sizer equipment (Model Nano ZS3600, Malvern, UK) was used
to measure the niosomes’ average hydrodynamic particle size, particle
distribution index (PDI), and zeta potential at 25 °C. The absorbance of
the samples was measured with a UV-Vis spectrophotometer (Shimadzu
UV-1700 Pharma spec, Japan). The surface morphology of the formu-
lations was studied by field emission scanning electron microscopy
(FESEM), transition electron microscopy (TEM), and atomic force mi-
croscopy (AFM). For FESEM, a drop of the SUNI@Nio/Col dispersion
was placed on a silicon wafer and dried in a desiccator overnight. A thin
layer of gold was then sputtered onto the samples, and the coated
samples were analyzed by a field emission scanning electron microscope
(FESEM) (NOVA NANOSEM 450 FEI, USA). For TEM, a drop of the
formulation was placed on carbon-coated, 300-mesh copper grids, and
the excess sample was filtered off after 2 min with paper towels. Distilled
water was used as the eluent, while Uranyl acetate was used as the stain
of TEM samples at a concentration of 2%. A field emission TEM (TENAI
G2 F20, USA) was used at an acceleration voltage of 80 kV. To prepare
samples for AFM, 10 pL of diluted (1:20) dispersion of the formulations
were spread out on 1 cm? of glass slides and allowed to dry at room
temperature. The samples were viewed in an AFM equipped with a
Nanowizard II (JPK Instruments, Berlin, Germany) and low-stress silicon
nitride cantilevers (AppNano, USA) operating in AC mode at 66 k Hz
scan.
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Fig. 3. FESEM images of (a) SUNI@Nio and (b) SUNI@Nio/Col, TEM images of (c) SUNI@Nio and (d) SUNI@Nio/Col, and Size distribution histogram of (e)

SUNI@Nio and (f) SUNI@Nio/Col designed by ImageJ.
2.6. Stability studies

SUNI@Nio and SUNI@Nio/Col were tested for 60 days at 25 °C and
4 °C. The average hydrodynamic size (defined as Z-average), PDI, and
EE of the dispersions were measured on days 15, 30, and 60 since the
synthesis date and compared with the results obtained immediately after
the synthesis. It is of noteworthy that that the samples were kept un-
disturbed (without any shaking or mixing) during the stability test,
which is different from the release study conditions. Therefore, less
release is expected to be seen during the stability test.

2.7. Cytotoxicity assay

Using a colorimetric technique based on MTT, cytotoxicity of the
prepared samples was determined in human lung cancer cell lines
(A549). Briefly, cells were grown in RPMI-1640 (containing 1% P/S and
10% FBS; 5 x 10° cells/well in a 96 well plate) and incubated at 37° C
for 24 h in a 5% carbon dioxide atmosphere. The cell lines were then
exposed to various sample concentrations of the formulations for 48 h

before being analyzed. After 48 h of incubation at T = 37 °C in a 5% CO,
environment, the medium in each well was changed out for MTT (20 pL,
5 mg/mL). Formazan crystals produced by the living cells were dis-
solved by adding 100 L of isopropanol to the remaining supernatant.
Finally, the absorbance at 570 nm was recorded using an ELISA Reader
(Organon Teknika, Oss, Netherlands) to determine cytotoxicity by
comparing treated cells to untreated cells in the control group. Sunitinib
and empty nanoniosomes as the positive and negative controls,
respectively.

To ensure the sterility of our nanoniosomes, The prepared formula-
tions were filtered using a 0.22 pm syringe filter prior to each experi-
ment. This method of sterilization is commonly used in nanotechnology
and has been shown to effectively remove any potential bacterial or
fungal contaminants.

2.8. Flow cytometry

A549 cells were seeded at a density of 5 x 105 cells/well in 6-well
plates and then incubated overnight at 37 °C in 5% CO2 to ensure
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Fig. 4. AFM images (a) 2D image of SUNI@Nio, (b) 3D images of SUNI@Nio, and (c) Size distribution flowchart of SUNI@Nio, (d) 2D image of SUNI@Nio/Col, (e)

3D images of SUNI@Nio/Col, and (f) Size distribution flowchart of SUNI@Nio/Col.

complete attachment before the apoptosis/necrosis ratio could be
determined. Then, the cells were incubated for 48 h with the prepared
formulation at the IC50 concentration obtained above. After 48 h, the
cells were washed using sterile PBS (pH 7.4) and suspended in 1X
binding buffer supplied by the kit (Transgene Biotech ER101-01), and
the cells were investigated using Annexin V/propidium iodide (PI) test.
As a comparison, untreated A549 cells served as the standard. At last,
flow cytometry analysis was used to measure the percentage of dead and
live cells (FACSCalibur, BD Biosciences, Singapore).

2.9. Apoptotic gene expression analysis

SUNI@Nio and SUNI@Nio/Col were used to treat A549 cells for 24 h
at the ICsg concentrations. To isolate the RNA content of the treated
cells, the RNA extraction kit (Transgene Biotech) was used. The cDNAs
were extracted using the cDNA synthesis kit (Takara, Japan). The
expression levels of Bax, CDKN2A, B2M, Caspase 8 (Cas8), and Caspase 9
(Cas9) was analyzed by real-time PCR with B2M as the housekeeping

2.11. Hemocompatibility test

Blood samples were drawn into tubes containing 3.8% trisodium
citrate anticoagulant in a ratio of 9:1 (v/v). Test and control materials
were sterilized by autoclaving and were placed in contact with the
anticoagulated whole blood samples. The samples were incubated at
37 °C for 1 h under gentle shaking conditions. After the incubation
period, the samples were centrifuged at 3000 rpm for 10 min to separate
the red blood cells (RBCs) from the plasma. Next, varying concentrations
(1500, 1250, 1000, 750 and 500 pug.mL-1) of SUNI@Nio/Col in PBS (0.8
mL) were mixed with the RBC suspension (0.2 mL) and left undisturbed
for 12 h at room temperature. A negative control consisting of PBS was
also included. After 12 h, the percentage of hemolysis was determined
by measuring the absorbance of the supernatant at 540 nm using a
UV-visible spectrophotometer. The percentage of hemolysis was
calculated using Eq. (2). Data were analyzed using appropriate statisti-
cal methods, and results were expressed as mean + standard deviation
(SD).

Percent Hemolysis(%) : (sample absorbance — negative control absorbance /positive control absorbance — negative control absorbance) x 10 2)

gene for the reference point. Table S1 contains the primers utilized for
real-time PCR. Real-time PCR was carried out at 95 °C-10 min, 95 °C-15
s (35 cycles), and 72 °C-10 min. The products were separated by elec-
trophoresis on a 2% agarose gel from an amplified reaction volume of
20 pL using SYBR® Green Master Mix (Bio-Rad, USA). The icycler iQ
real-time detection system analyzed the data, and fold changes were
determined using the Ct value. Primers and Their Sequences Used in the
Real-Time PCR have been represented in Table S1.

2.10. 2D fluorescent scanning microscopy
2D fluorescent scanning microscopy (Model Leica TCS SP5 STED-

CW, Olympus, Germany) was carried out to visualize the permeability
variation, niosome uptake by the cells, apoptosis, and cell degradation.

2.12. In vivo study

2.12.1. In vivo study protocols and standards

In the current study, the in vivo experiments were performed strictly
according to the protocols of the National Committee for Ethics in
Biomedical Research. 20 female BALB/c inbred mice (weighing 18 + 2
g, 6-8 weeks) were randomly divided into four groups (5 mice/group).
Mice were kept under constant temperature (23 + 2C), 55% humidity,
and 12-h light-dark cycles.

2.12.2. Breast cancer induction and treatment

4 T1 cell line was used to induce breast cancer in mice. Briefly, after
counting the cells, 2 million cells were suspended in sterile PBS 1X and
then injected subcutaneously into the mice’s flank. The measurement of
tumor volume was performed with a digital caliper. When an initial
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tumor volume of 80 mm? appeared, the treatment was started using
SUNI@Nio and SUNI@Nio/Col formulations. The intravenous tail in-
jection method was used to deliver the drug formulations on days 1, 5
and 10. After 15 days, the mice were sacrificed; then, the tumors were
immediately excised and fixed in a 10% formalin buffer. Mice’s body
weight was measured every three days during the treatment. The tumor
volume measurements were firstly done at the beginning of treatment.
After 15 days, the tumors were collected and their size were measured at
the end. The calculation of tumor volume was done by the below
equation (Eq. (3)).

Volume = 1/2 x (widthz) x length 3)

2.12.3. In vivo study design

To investigate the efficacy of SUNI@Nio and SUNI@Nio/Col in vivo,
we used a murine tumor model. Female BALB/c mice were subcutane-
ously injected with cancer cells to initiate tumor growth. Once the tu-
mors reached a size of approximately 80 mm?, the mice were randomly
divided into three experimental groups with 5 mice in each group:

Group.1 - Cancer control. Group.2 - Mice treated with SUNI@Nio at
the dose of 10 mg/kg. Group.3 - Mice treated with SUNI@Nio/Col at the
dose of 10 mg/kg. The treatments were administered to the mice via
intravenous injection every two days for a total of 14 days. Tumor
growth was monitored by measuring tumor volume and body weight of

the mice throughout the treatment period. At the end of the study, the
mice were sacrificed, and the tumors were excised for further analysis.

3. Results
3.1. Sunitinib-Loaded niosome formulations

The effect of varying the molar ratio of lipid to the drug, surfactant to
cholesterol, as well as drug content (as variables) on the physicochem-
ical properties of the niosomes was studied as listed in Table 1. Size, EE,
and release were measured as responses to changes in the variables.
Based on our previous work (Honarvari et al., 2022), Span 60 with either
10:1 or 20:1 lipid to drug molar ratio exhibited the most desirable
properties. In contrast to formulations made using a surfactant-to-
cholesterol molar ratio of 1:1, Span 60 formulations prepared using a
lipid to drug molar ratio of 10 were smaller and had greater EE. For this
reason, a lipid-to-drug molar ratio of 30 was used for the optimized
formulations.

According to the present study, the drug content (A), the molar ratio
of cholesterol: surfactant(B), and lipid: drug (C) and their respective sub-
feedbacks regarding size, entrapment efficiency (EE%), and release
profile were investigated for optimization (Fig. 1). Table 1 shows the
results of the Box-Behnken trials. The size of niosome varied in the range
of 191 to 409 nm. As seen, SUNI@Nio has an EE% ranging between
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Fig. 6. Comparison of the in vitro drug release profiles of (a) free sunitinib, and SUNI@Nio and (b) SUNI@Nio/Col, heat map of (c) SUNI@Nio and (d) SUNI@Nio/
Col. Each experiment replicated three. The data is shown as a mean standard deviation.

81.78% and 99.02% (the calibration plot of SUNI represented at
Figure S1). Thus, it could be assumed that EE% can be improved by
increasing the amount of drug and the ratios of surfactant: lipid and
lipid: drug. As shown in Table 1, The release was varied in the range of
42.46 to 67.90 %. In Fig. 2, the % release of niosome formulations is
plotted as a response surface. High drug concentrations and high molar
ratios between surfactant and cholesterol and lipid to drug boost the
release of drugs. Table 1 shows the variance analysis for particle size.
Due to its significant p-values, the response was defined as a quadratic
model. As a result, drug content strongly influenced the size, surfactant:
cholesterol molar ratio, and lipid: drug molar ratio. According to Table 1
independent variables A and C and their relationship to particle size are
explained in the regression equation for particle size. However, the
particle size was negatively affected by variable B (Fig. 2). The EE% was
statistically analyzed and independent factors A and C substantially
impacted the EE%. In addition to the F-value, the quadratic pattern has
also demonstrated a remarkable correlation. A, B, and C are independent
variables that have cumulative effects on EE%, as seen in Table 1. As
shown in Fig. 2, independent factors A and C significantly influenced %
release. The quadratic model was consequential in terms of its F-value.
According to Table 1, A, B, and C have incremental impacts on EE% as
disseminated in the regression equation for %release.

As a result, sunitinib-loaded niosomal formulations were formed
from the optimized sample coated with collagen. The size of this particle
was measured to be 78 nm. As a result of the coating, the size was
enhanced.

3.2. Characterization of niosomes

3.2.1. FTIR analysis

Fig. 2 shows FTIR spectra of different ingredients used for niosome
preparation as well as those of final formulations. The FTIR spectrum of
span 60 exhibited its characteristic absorption bands at 3431 cm ™!,
(O-H stretching), 1172 em™ ! (C-O stretching), 2928 em™ ! (C-H
stretching), 1730 cm! (C-O stretching) and 1460 cm~! (C-C stretch-
ing). Cholesterol displayed the bands at 2931 cm ™! (acetyl group), 2866
cm ! (symmetric CHs), 1770 cm ! (vinyl group), and 1055 em~! (C-O
group) (Khan et al., 2019). Collagen spectrum showed several charac-
teristic peaks at 3326 cm™! (N-H stretching), 1231 cm™! (C-N group,
vibration), 2860-2890 cm ! (C-H group, alkyl), 1669 cm™* (-NH-C = O
group) and 1190 cm™! (N-H absorptions of amide III group). In
particular, the niosomal formulation exhibits peaks associated with C-O
stretching (1172 cm’l), C = O stretching (1746 cm’l), C-H stretching
(2800-3000 cm’l), C-H symmetric stretching (1469 cm’l), aliphatic C-
N stretching (1000-1250 cm’l), and O-H stretching (3452 cm’l). For
collagen-coated niosome, the emerging collagen peaks at the final
structure of this formulation indicate successful coating of collagen. As
shown in Fig. 3, SUNI@Nio/Col showed similar peaks with peak and
intensity reduction with respect to SUNI@Nio/Col indicating sunitinib is
encapsulated in SUNI@Nio/Col. The peaks at 2860-2890 em™! (C-H
group, alkyl), and 1669 cm ™! (-NH-C = O group) is due to the loading of
sunitinib into the final formulation.
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Table 2
The release kinetic models and the parameters obtained for optimum niosomal
formulations containing sunitinib.

Formulations Zero- First- Higuchi  Korsmeyer-

order order Peppas

R*R?R? R? n
SUNI@Nio (pH: 7.4) 0.8253 0.9154 0.9241 0.913 0.4807
SUNI@Nio (pH: 5.4) 0.8026 0.9541 0.928 0.9463 0.441
SUNI@Nio/Col (pH: 0.8376 0.9262 0.9241 0.9555 0.5517

7.4)

SUNI@Nio/Col (pH: 0.7691 0.9098 0.928 0.94 0.4347

5.4)

3.2.1.1. The morphological study. The morphological properties of
SUNI@Nio and SUNI@Nio/Col were assessed using TEM and FESEM.
Fig. 3a-b shows FESEM micrographs of the SUNI@Nio and SUNI@Nio/
Col samples, which have a uniform globular structure characterized by a
smooth surface, exhibiting a mean longitude of<100 nm with no bulk
components. According to the histogram calculated by ImageJ software,
SUNI@Nio has a diameter of approximately 52.25 nm. Compared to
SUNI@Nio, there is a slight increase in particle size for SUNI@Nio/Col,
with an average particle size of about 71.34 nm. The presence of
collagen on the surface of SUNI@Nio/Col and the creation of a large
hydrophilic corona can result in such a size increment. TEM assessment
was conducted on the inner surface of SUNI@Nio and SUNI@Nio, as
shown in Fig. 4c-d. This image shows that the SUNI@Nio and SUNI@-
Nio/Col have a spherical shape with a successful collagen coating. Fig. 4
shows the AFM image of SUNI@Nio and SUNI@Nio/Col formulations.

As seen, the vesicles exhibited spherical shapes and considerable size
variations due to niosome fusion, which may be due to the interactions
between mica substrates and niosomes.

3.3. Stability study

Niosomes were tested for their physical stability by comparing their
size and the amount of drug maintained in the niosomes before and after
two months of storage at two different temperatures. According to
previous studies, niosomes are susceptible to swelling as water mole-
cules could penetrate the structure of the niosome, causing them to swell
and disintegrate during storage (Mehrarya et al., 2022; Moghtaderi
etal., 2022; Rezaei et al., 2022). A calibration curve for the SUNI@Nio/
Col was used to determine average size, PDI, and EE at different time
intervals and temperatures. As shown in Fig. 5a-d, the size of the
SUNI@Nio increased over the storage period. This size increase was
especially significant after 1 month at 25 C, indicating the lack of suit-
able stability. However, as for the SUNI@Nio/Col, the size remained
nearly constant even after 60 days of storage regardless of the storage
temperature. It should be noted, however, that PDI was increased over
storage time for both SUNI@Nio and SUNI@Nio/Col.

Regarding EE, temperature and storage time did not significantly
affect encapsulation efficiency. Overall, these results showed that the
prepared niosomal formulations can be safely stored for up to one month
without a significant loss in loaded drug and colloidal stability (Fig. Se-f).

3.4. The release profile

This research aimed to evaluate how the niosomes structure affected
the vesicle’s drug release. The original study success in achieving this
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Fig. 8. Flowcytometry analysis of apoptosis in cells treated with SUNI@Nio and SUNI@Nio/Col. (a) Two-dimensional dot plots show the distribution of apoptotic
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with SUNI@Nio and SUNI@Nio/Col compared to untreated cells. (c) Statistical analysis graph displays the percentage of apoptotic cells in treated and untreated
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ideal drug release mechanism was a secondary goal attained through the
application of kinetic release models. The release profile of sunitinib
from the niosome was studied at various pH ranges for about 72 h.
Compared to the free sunitinib, the niosomes minimized the initial burst
release, with the latter releasing approximately 47-55% of the loaded
drug after 24 h, whereas the former released as much as 98% only after
8 h (Fig. 6). The term “release” may seem meaningless for free sunitinib
as it is not encapsulated, entrapped or loaded by any carrier and the only
restriction for it to be transported into the release media is its limited
water solubility. Nevertheless, as a control group, it could provide useful
information for comparison with other formulation to elucidate the roles
of niosome as well as collagen coating on a sustained release. As seen for
SUNI@Nio/Col, a 75% and 77% release rate were released after 48 h at
pH 5.4 and 55% and 59% after 48 h at pH 7.4, respectively. At pH values
of 7.4 and 5.4, the SUNI@Nio and SUNI@Nio/Col released 65%, 63%,
and 84, 78%. of the drug over 72 h, respectively. A decrease in pH
resulted in a considerable release of both drugs, as seen in Fig. 7a and b.
Niosomes often swell and disintegrate under acidic conditions, which
could be due to accelerated hydrolysis of surfactant at acidic pH
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conditions (Kishore et al., 2011).

Several kinetic models were considered to determine the release
kinetics and mechanism of the Sunitinib molecules from the niosome
structure at different pH values. It has been indicated that the Kors-
meyer—Peppas model ((Mt/Mo) = log Kkp + nlog) fits well for niosome
drug release, where n represents the method by which the drug is
released. Table 2 presents the parameters of the model and the coeffi-
cient (Rz) for all pH values studied. The release data were in accordance
with the Korsmeyer-Peppas kinetic model, with n = 0.4401 for
SUNI@Nio at pH = 5.4 (which indicates a Fickian diffusion mechanism).
For SUNI@Nio/Col at pH = 7.4, n was larger than 0.45, indicating the
anomalous diffusion mechanism. Therefore, the Korsmeyer-Peppas ki-
netic model was the most appropriate to analyze the release data for
both formulations (Table 2).

3.5. MTT assay

The MTT test was carried out to test the cytotoxicity of SUNI@Nio as
well as SUNI@Nio/Col. The results indicated that SUNI@Nio and
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SUNI@Nio and SUNI@Nio/Col. B2M gene was used as a reference (control) and
all genes were calculated as relative expression to this control. The graph shows
the expression levels of Bax, CDKN2A, Cas8, Cas9 after treatment with
SUNI@Nio and SUNI@Nio/Col compared to untreated cells. The bars represent
the mean =+ standard deviation of (each experiments triplicated). Data are
represented as mean + SD and n = 3; ****P < 0.0001, ***P < 0.001, **P <
0.01, *P < 0.05.

SUNI@Nio/Col have a great cytotoxicity against the A549 cells (Fig. 7).
Compared to free sunitinib, sunitinib-containing niosomes displayed
enhanced cytotoxicity against cancer A549 cells. There was a dose-
dependent antiproliferative effect in SUNI@Nio/Col. According to
several studies, drug-loaded carriers have a more significant cytotoxicity
than free drugs at equivalent concentrations (Asadi et al., 2022; Eshrati
Yeganeh et al., 2022; Farasati Far et al., 2021; Foroutan et al., 2022).
This is due to the fact that a free drug may be able to diffuse freely within
a cell. By encapsulating sunitinib molecules in niosomal formulations,
sunitinib molecules can be more effectively delivered to cancer cells.
Cancer cells have an acidic pH, which increases the drug release rate,
thereby resulting in fewer cells survival. The enhanced cytotoxicity of
niosomal formulations indicated their great potential for drug delivery.

3.6. Flow cytometry

Flow cytometry can detect apoptosis in its early stages by conju-
gating annexin V with fluorescein isothiocyanate (FITC). The penetra-
tion of the cellular membrane changes during other apoptosis steps, and
some staining colors become permeable to the cells, while the same
colors are not permeable to live cells. Staining DNA with PI during the
last steps of the apoptosis process makes it possible to distinguish be-
tween live and dead cells. Apoptosis steps can be classified using
different staining colors to distinguish between apoptotic, necrotic,
dead, and living cells. Different niosomal formulations were used in ICsq
concentrations for 24 h to measure different apoptosis steps in A549
cells, followed by flow cytometry using FITC and PI staining. Based on
Fig. 8, the control group (Q4 region) has a higher percentage of living
cells (96%) than other groups. The total apoptosis death is calculated
from Q2 + Q3. According to the results, the drug caused much more
apoptotic death in treated cells than it did in the untreated cells as a
control group. Furthermore, the total apoptosis induced by SUNI@Nio/
Col was 28% which is significantly higher than that in SUNI@Nio, Le.,
16%, further supporting the cytotoxicity results obtained above.
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3.7. Apoptotic gene expression analysis (RT-PCR)

All the formulations have inhibitory properties, influencing the
expression levels of several genes within the lung cancer cells. Real-time
polymerase chain reaction analysis was used to determine the tran-
scriptional levels of apoptotic B2M, Bax, CDKN2A, Cas8, and Cas9 genes
in treated malignant cells (Fig. 9). The expression levels of CDKN2A and
Bax were significantly higher in A549 cancer cell lines exposed to
SUNI@Nio and SUNI@Nio/Col for 24 h compared to the control group,
whereas the expression levels of Cas8, Cas9, and Bax were significantly
lower (Fig. 9). Also, Table S2 represent the SUNI@Nio and SUNI@Nio/
Col gene expression data.

3.8. Scratch assay

As tumor cell migration is one of the conditions for cancer metastasis,
the effect of SUNI@Nio and SUNI@Nio/Col niosomal formulation on the
motility of A549 cells was examined using a wound scratch experiment.
Using SUNI@Nio and SUNI@Nio/Col, the percentage of the total area
covered in the treated cells appeared to drop significantly when
compared to the blank group (non-transfected A549 cells; Fig. 10). In
addition, SUNI@Nio/Col showed more migration suppression compared
to SUNI@Nio, which demonstrated potent in vitro migration. In addi-
tion, the results showed that the empty niosome did not differ signifi-
cantly from the control in tests conducted just on cells (control).

3.9. ELISA test (Cas-3 and Cas-7 protein degradation-final apoptotic
pathway)

Caspases are a group of protease enzymes that play an important and
key role in the occurrence of inflammatory responses, differentiation,
and programmed cell death. These enzymes play an essential role in
initiating the cascade process of apoptosis and inducing it to cells. Their
dysfunction can cause diseases such as cancer. As a result, in cancer
treatment methods, one of the methods is the induction of apoptosis
through caspases cascade activity. Apoptosis, a form of programmed cell
death linked to the action of the caspase enzyme, plays a crucial role in
maintaining homeostasis in multicellular animals. This means that
direct imaging of apoptosis in living cells has the potential to improve
significantly disease diagnosis, drug development, and therapy moni-
toring. Direct apoptosis imaging, however, has not been fully verified,
particularly for live cells in in vitro and in vivo settings. In this study, we
tested the viability of a technique allowing us to see active Cas3 and
Cas7 in real time inside living cells. Furthermore, the cysteine-aspartic
acid proteases Cas3 and Cas7 can immediately execute apoptosis, and
subsequent execution of apoptosis requires sequential activation from
Cas8 or Cas9 activation (Fig. 11). For this reason, Asp-Gly-Val-Asp
(DEVD), a peptide substrate for Cas3 and Cas7, has been widely used
as a caspase-cleavable imaging probe for apoptosis imaging and the
tracking of caspase activity in tumor cells under in vitro settings (Shim
et al., 2017). Figure S2 represent the control standard calibration of
Cas3/Cas7 and the activity of SUNI@Nio and SUNI@Nio/Col.

3.10. 2D fluorescent microscopy

2D fluorescent microscopy was used to examine how effectively the
niosomes penetrated and internalized into cancer cells. Using this
technology, researchers have also measured how well cancer cells up-
take niosomes (Honarvari et al., 2022). Since sunitinib has fluorescent
activity, there was no need to label the target cells before imaging.
Fig. 12 shows how two distinct color panels can be combined through
careful color mixing to reveal the co-localization of the drug and the
labeled cell and its subsequent internalization. The depth of the resulting
shade accurately reflects the degree to which the individual components
of the mixture are overlapping and co-localizing.
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Fig. 10. In vitro Scratch Wound Healing Analysis of A549 Cells. (a) Time-course images demonstrating the rate of scratch wound closure in A549 cells with control
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3.11. Hemocompatbaility test

Proper evaluation of the biocompatibility of materials intended for
use in the biomedical field is essential. One reliable and scientific
method for determining a synthetic material’s biocompatibility with
living systems is the hemolytic activity test (Yeganeh et al., 2022b).
Although most nanoparticles encounter blood at some point during their
path through the body, nanoparticle hemocompatibility is often over-
looked. These particles can affect the morphology of red blood cells
(RBCs), causing hemolysis when the cell membrane is ruptured, and the
cells are lysed. These negative interactions between nanoparticles and
the bloodstream can lead to increased inflammatory and autoimmune
diseases, infection, and malignancy by inciting the immune system to
suppress (Gong et al., 2020). In this study, the blood compatibility of
SUNI@Nio/Col was examined (Fig. 13). Hemolysis percentages lower
than 5% were obtained for for all concentrations of SUNI@Nio/Col
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(1500, 1250, 1000, 750, and 500 pg.mL’l) which is considered to be
safe (Li et al., 2016). Hemolysis percentages lower than 5% are
considered safe for all concentrations of SUNI@Nio/Col (1500, 1250,
1000, 750, and 500 pg.mL-1). The nanoformulation demonstrated a safe
system for hemolysis of human erythrocytes, possibly due to the inclu-
sion of Col, which facilitates NP escape from the reticuloendothelial
system and prevents macrophage scavenging.

3.12. Mice body weight and tumor volume

After the treatment period, the changes in mice’s weights and tumor
volumes were assessed. According to the results (Fig. 8E), the body
weight of mice treated with SUNI@Nio and SUNI@Nio/Col demon-
strated a statistically significant increase in comparison with the control.
However, no significant body weight changes were observed in
SUNI@Nio and SUNI@Nio/Col in comparison with each other. The



S. Dehghan et al.

Extrinsic lethal stimuli
v
(a)

FAS receptor

FADD

Pro-caspase-8

H
.

.

'

.

J Intrlnsw Iethal stimuli
.

:

.

.

:

: BH3- onIy proteins
.

.

.

.

.

:

.

.

.

Caspase-8

International Journal of Pharmaceutics 640 (2023) 122977

Fig. 11. ELISA analysis of Cas3 and Cas7 expression
in apoptosis pathways. (a) Depiction of the intrinsic
and extrinsic pathways leading to apoptosis through
activation of Cas3 and Cas7. (b) the statistical
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changes in breast tumor volume between the control group and either
SUNI@Nio and SUNI@Nio/Col, were considerable, and a significant
reduction was observed. In the comparison of SUNI@Nio and SUNI@-
Nio/Col, a significant decrease was observed (Fig. 14).

4. Discussion

This research aims to create a niosomal formulation of sunitinib that
may be used to specifically target and treat lung cancer. Table 1 displays
the range of niosomal formulations, each with its unique lipid-to-drug
molar ratio, and EE. The EE and particle size of a niosomal formula-
tion are highly dependent upon the utilized surfactants, cholesterol (i.e.
lipid), and their ratio, as these factors determine hydrophilic-lipophilic
balance (HLB) value which is the most important characteristic in nio-
some, liposome and emulsion formation. (Mehrarya et al., 2022). The
niosomes made up of Span 60 are relatively small due to the enhanced
hydrophilic-hydrophobic interaction between the encapsulated suniti-
nib, cholesterol, and the hydrophobic chain of the surfactant (Sahrayi
etal., 2021). Niosomes with a lipid-to-drug ratio of 10 were significantly
smaller than those with a ratio of 20. These findings corroborated pre-
vious research suggesting that increasing the lipid concentration could
increase the niosome size and the thickness of the lipid bilayer (Hon-
arvari et al., 2022). Size is one of the most important factors in how well
a drug is entrapped and how quickly it is released. According to previous

findings, This study showed that the size distribution is strongly affected
by changes in cholesterol levels, where larger vesicles were observed as
the cholesterol levels raised (Moghtaderi et al., 2022). As a measure of
niosome uniformity, the PDI value can be used to evaluate how stable
the system is and how consistent the particle size is (Mobaraki et al.,
2022). In a range from O to 1, the suspension with a lower PDI value is
more uniformly distributed. In addition to a narrow size distribution, the
homogeneous particles have a low propensity to agglomerate (Yeganeh
et al., 2022a). These results are in agreement with those of previous
studies on niosomes (Farmoudeh et al., 2020; Khan et al., 2020). In fact,
if the cholesterol concentration is high, changes in the bilayer structure
may occur, possibly resulting in decreased drug retention. To achieve
the highest loading and colloidal stability, it is important to choose an
appropriate cholesterol ratio to optimize EE and size simultaneously.
The size measured by FESEM, and TEM were found to be significantly
lower than the values obtained by Nano Zetasizer (DLS). The drying
procedure carried out in the sample preparation for FESEM, and TEM
images could be responsible for this discrepancy, as the particles could
shrink. As a result, FESEM and TEM can be used to calculate the average
size of niosomes. DLS, on the other hand, measures the hydrodynamic
diameter, which incorporates the core as well as any surface-bound or
adsorbate molecules (such as ions and water molecules) (Farasati Far
et al., 2022c; Sahrayi et al., 2022b; Yeganeh et al., 2022b). In other
words, the latter takes the dangling chains or swollen coated layer_ the
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Fig. 12. Intracellular uptake 2D-fluorescence images after 1 h of treatments at 37 °C with 95% humidity. Green panel represent fluorescein isothiocyanate (FITC)
channel. FITC is a commonly used fluorescent dye that emits green light when excited by the laser in 2D fluorescent systems. Propidium iodide (PI) is also commonly
used fluorescent dyes that emit red light when excited by the laser in a 2D fluorescent systems. They are often used to label and visualize cellular structures, proteins,
and other biomolecules in biological samples. The red channel in 2D fluorescent images is typically used to visualize the PI-labeled structures, and the information
captured in the red channel is usually combined with other channels, such as green channels, to form a composite color image.

coated collagen in this case_ into account for size measurement as they
too scatter the laser/light. Drug release kinetics are affected by bilayer
membrane fluidity and lipid composition. Furthermore, electrostatic
attraction/repulsion forces between the drug and surfactant are crucial
as they may become charged under physiological conditions (Farasati
Far et al., 2022a). In the first stage, sunitinib is released at a rapid pace,
and in the second stage, it is released at a slower rate (Bhia et al., 2021).
The early burst release can be ascribed to the dissociation of drug
molecules from the vesicle membrane, which was followed by a slower
phase due to slow drug diffusion across the bilayers (Bianchini et al.,
2019). Table 2 displays the R? values of various release kinetic models,
indicating that diffusion and erosion are the primary regulators of drug
release (Shaddel et al., 2022). The Higuchi equation models drug
diffusion. Drug release from a polymeric nanoparticle dosage form is
described and studied using the Korsmeyer-Peppas model because it
follows various kinetic modes, including diffusion, Fickian transport,
and non-Fickian transport. Key to the zero-order model, which describes
a system in which the rate of drug release is independent of drug con-
centration, is the process of dissolution. First-order rate equations cap-
ture concentration dependencies, such as the one that describes how
quickly a drug is released. The n value in the range of 0.43 to 0.85 also
suggests that the release is based on Fickian diffusion (Asadi et al.,
2022). Niosomes may be more stable when stored at 4 °C because the
bilayer is less likely to move around (Sahrayi et al., 2022a). Vesicle
fusion or aggregation may be linked to growth in size during storage
(Foroutan et al., 2022). Further increasing volume of lipid vesicles and
drug leakage at elevated temperatures may contribute to the decline in
EE % (Liu et al., 2019). Additionally, at elevated temperatures, the fatty
acid chain in the surfactant molecule melts, resulting in a decrease in the
vesicle thickness and higher chain mobility which is associated with a
greater diffusion rate (Shahgholi et al., 2022a). In addition, due to the
disorganized fatty acid chain of the surfactants, bilayer thickness de-
creases, and the diffusion rate increases when temperatures rise.
(Shahgholi et al., 2022b). Sunitinib tablets 37.5 mg qDay (GIST and
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RCC) have been approved by the US FDA for use in the initial treatment
of advanced or metastatic lung cancer (Blumenschein et al., 2012).
Moreover, a higher cytotoxic effect against cancer cells has been
observed when this drug has been formulated with niosome, requiring
one to use lower amount of drug, which is accompanied by less side
effect on healthy organs/tissues. The dose-response relationship be-
tween sunitinib and toxicity was observed in studies where cancer cells
were treated with either free sunitinib or a niosome loaded with suni-
tinib. Intriguingly, the data demonstrated that the cytotoxicity effect of
free sunitinib was less than that of sunitinib-loaded niosomes at the same
dose. These results might make sense if niosomal encapsulation of the
drug increased its antiproliferative activity. Niosomes devoid of drugs
had no cytotoxic effect on treated cells, as predicted. This result sub-
stantiated that niosomes are safe for use as a drug delivery mechanism in
humans. Sunitinib and sunitinib-loaded niosomes caused cytotoxicity in
A549 cells via inducing apoptosis, as shown by flow cytometric analysis.
The drug’s mechanism of action was not altered by the process of pre-
paring the niosomes. These findings corroborate previous research
showing that the ratio of pro- to anti-apoptotic proteins, such as those
encoded by the Bax and CDKN2A genes, is crucial for the development
and expansion of cancer cells (Chen et al., 2021). The amount of RNA
encoding CDKN2A was upregulated significantly. Increased expression
of proteins involved in apoptosis, like Bax and CDKN2A. Nanoparticles’
ability to localize and penetrate cells is an intriguing topic for further
research. Hybrid lipid polymer nanoparticles improve the anticancer
activity of sunitinib malate in lung cancer by entering cancer cells,
diffusing in the cytoplasm, and avoiding breakdown in endosomes
(Ahmed et al., 2022). Sunitinib improved drug delivery in pancreatic
neuroendocrine tumors was achieved via injectable hydrogels made of
CS modified with methacrylate groups (MA) (Keutgen et al., 2021).
Studies have shown that oxaliplatin-niosomes and paclitaxel-niosomes
are also effective drug delivery methods for treating colorectal cancer.
(El-Far et al., 2022). Results from confocal imaging indicated that, while
encapsulated sunitinib was mostly localized in the cytoplasm via the
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Fig. 13. The hemolysis percentage of SUNI@Nio/Col nanoformulation was evaluated in comparison to a positive control (SDS: sodium dodecyl sulfate) at varying
concentrations. Fresh whole blood samples were obtained from healthy human volunteers and were exposed to different concentrations (1500, 1250, 1000, 750 and

500 pg.mL™1) of SUNI@Nio.

endocytosis pathway, free sunitinib accumulated in the membrane of
cancer cells and entered slowly via a diffusion-limited transport mech-
anism (Lim et al., 2015). These studies corroborate our fluorescence
microscopy findings, which show that drug-loaded niosomes are more
effective at penetrating cancer cells and causing cell death (i.e., toxicity
and apoptosis).

In summary, previous studies on sunitinib drug delivery have pri-
marily focused on developing various types of nanocarriers, including
liposomes, polymeric nanoparticles, and solid lipid nanoparticles, to
enhance the solubility and stability of sunitinib, as well as to improve its
pharmacokinetics and efficacy. Many of these studies have reported
improved in vitro anticancer activity of sunitinib, but there remains a
need for a delivery system that provides both enhanced uptake and
controlled release of the drug in vivo.

Our study differs from previous studies in several keyways (Table 3).
First, we used nanoniosomes, a novel type of nanocarrier, to encapsulate
sunitinib. Unlike liposomes and polymeric nanoparticles, nanoniosomes
are composed of a mixture of phospholipids, cholesterol, and surfac-
tants, which gives them a unique combination of properties that are
well-suited for drug delivery. Second, we developed a controlled release
mechanism for sunitinib, which allows for more sustained exposure of
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the drug to cancer cells over an extended period of time. Also, our study
demonstrates improved uptake of sunitinib by cancer cells, which is a
critical factor in determining the overall efficacy of the drug. Overall,
our study provides new insights into the development of sunitinib-
loaded nanoniosomes as a promising drug delivery system. Our find-
ings demonstrate the potential of nanoniosomes to provide both
improved uptake and controlled release of sunitinib, leading to
enhanced in vitro anticancer activity compared to previous studies.
Finally, the present study investigated the in vivo efficacy of SUNI@Nio
and SUNI@Nio/Col against breast cancer in a mouse model. The results
indicated that the treatment with both SUNI@Nio and SUNI@Nio/Col
resulted in a significant reduction in tumor volume compared to the
control group, highlighting the potential anti-cancer activity of sunitinib
when delivered via niosomes. Moreover, the observed increase in body
weight of the treated mice suggests that the formulations were well-
tolerated and did not cause any significant toxicity. Interestingly, no
significant difference was observed in body weight changes between the
SUNI@Nio and SUNI@Nio/Col groups, indicating that the addition of
Col did not affect the safety of the formulation.
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minimizing body weight loss. The results suggest that SUNI@Nio/Col has potential as a targeted and safe therapy for cancer treatment. The sample size for each

group was n = 5.
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Table 3

An overview of the previous studies of sunitinib drug delivery.
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Study

Drug Delivery System

Outcome

Key findings

Disadvantages/Gaps Ref

Dolman et al. (2012)

Maitani et al. (2012)

Altintas et al. (2013)

Joseph et al. (2016)

Tran et al. (2016)

Scrivano et al. (2017)

Saber et al. (2017)

Yang et al. (2018)

Freitas et al. (2018)

Bianchini et al.
(2019)

Yongvongsoontorn

et al. (2019)

Otroj et al. (2020)

Han et al. (2020)

Streets et al. (2020)

He et al. (2020)

Cleland et al. (2020)

Razmimanesh et al.
(2021)

Jafari et al. (2021)

Dendrimers

Pegylated liposomes

Albumin nanoparticles

Chitosan nanoparticles

Polymeric
nanocapsules

Hyaluronic acid
conjugates

Gold nanoparticles

Near-infrared light-
activatedliposomes

Solid lipid
nanoparticles

Polyethylene glycol
(PEG)-modified
liposomes

Micellar nanocarriers

Poly(lactide-co-
glycolide) (PLGA)
nanospheres

Cyclodextrin-based
nanoparticles

Polymeric micelle
nanoparticles

Lipid-based
nanoparticles

Dendrimers

Polymeric
nanoparticles

Hydrogel
nanocomposites

Improved targeting and
enhanced therapeutic
efficacy

Controlled release and
improved therapeutic
efficacy

Improved
pharmacokinetics and
anti-tumor efficacy

Improved stability and
targeting

Controlled release and
improved
pharmacokinetics

Improved targeting and
reduced toxicity

Enhanced therapeutic
efficacy and targeted
delivery

Controlled release and
improved therapeutic
efficacy

Improved oral
bioavailability

Controlled release and
improved
pharmacokinetics

Improved solubility and
stability

Improved therapeutic
efficacy and reduced
toxicity

Improved solubility and
stability

Improved stability and
controlled release

Improved therapeutic
efficacy and reduced
toxicity

Improved solubility and
stability

Improved solubility and
stability of sunitinib

Improved
pharmacokinetics and
reduced toxicity

Sunitinib was conjugated to dendrimers,
which showed improved targeting to
cancer cells and enhanced therapeutic
efficacy.

The pegylated liposomal system allowed
for the controlled release of sunitinib,
leading to improved therapeutic
efficacy.

Sunitinib was loaded into albumin
nanoparticles, resulting in improved
pharmacokinetics and anti-tumor
efficacy compared to the free drug.
Sunitinib was loaded into chitosan
nanoparticles, resulting in improved
stability and targeted delivery to cancer
cells compared to the free drug.
Sunitinib was loaded into polymeric
nanocapsules, allowing for controlled
release and improved pharmacokinetics
compared to the free drug.

Sunitinib was conjugated to hyaluronic
acid, allowing for improved targeting to
cancer cells and reduced toxicity
compared to the free drug.

Sunitinib was conjugated to gold
nanoparticles, resulting in enhanced
therapeutic efficacy and targeted
delivery to cancer cells.

The pH-sensitive liposomal system
allowed for the controlled release of
sunitinib, leading to improved
therapeutic efficacy.

The use of solid lipid nanoparticles
resulted in improved oral bioavailability
of sunitinib in both in vitro and in vivo
studies.

The PEG-modified liposomal system
allowed for the controlled release of
sunitinib, leading to improved
pharmacokinetics compared to the free
drug.

Sunitinib was conjugated to micellar
nanocarriers, resulting in improved
solubility and stability compared to the
free drug.

Sunitinib was encapsulated in PLGA
nanospheres, leading to improved
therapeutic efficacy and reduced
toxicity compared to the free drug.
Sunitinib was successfully encapsulated
in cyclodextrin-based nanoparticles,
which resulted in improved solubility
and stability compared to the free drug.
Sunitinib was loaded into polymeric
micelle nanoparticles, resulting in
improved stability and controlled
release of the drug.

Sunitinib was encapsulated in lipid-
based nanoparticles, leading to
improved therapeutic efficacy and
reduced toxicity compared to the free
drug.

Sunitinib was conjugated to dendrimers,
resulting in improved solubility and
stability compared to the free drug.
Sunitinib was successfully loaded into
polymeric nanoparticles, resulting in
enhanced solubility and stability
compared to the free drug.

Sunitinib was loaded into hydrogel
nanoparticles, resulting in improved
pharmacokinetics and reduced toxicity
compared to the free drug.
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Difficulty in large-scale (Dolman et al., 2012)

production

Limited stability under high
temperature conditions

(Maitani et al., 2012)

Potential immunogenicity of (Altintas et al., 2013)
the albumin nanoparticles and

challenges in maintaining

stability during storage

Reduced drug loading capacity ~ (Joseph et al., 2016)

Challenges in maintaining
stability during storage

(Tran et al., 2016)

(Scrivano et al.,
2017)

Challenges in maintaining
stability during storage and
potential immunogenicity of
the conjugate

Costly and complex synthesis
process

(Saber et al., 2017)

Reduced stability at extreme
pH conditions

(Yang et al., 2018)

Limited ability to target (Freitas et al., 2018)

specific tissues

Reduced stability under high
temperature conditions

(Bianchini et al.,
2019)

Challenges in controlling drug
release rate

(Yongvongsoontorn
et al., 2019)

Limited control over release
rate

(Otroj et al., 2020)

Potential for toxicity from the (Han et al., 2020)

use of cyclodextrins

Possible immune response to
the nanoparticle components

(Streets et al., 2020)

Limited control over release
rate

(He et al., 2020)

Difficulty in large-scale (Cleland et al., 2020)

production
Limited control over release (Razmimanesh et al.,

rate 2021)

Challenges in controlling drug ~ (Jafari et al., 2021)

release rate

(continued on next page)
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Table 3 (continued)
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Study Drug Delivery System  Outcome

Key findings

Disadvantages/Gaps Ref

Zhang et al. (2021) Metal-organic

frameworks

Enhanced solubility
and stability

Sunitinib was encapsulated in
metal-organic frameworks, resulting in
improved solubility and stability

Limited drug loading capacity
and challenges in maintaining
stability during storage

(Zhang et al., 2021)

compared to the free drug.

Ahmed et al. (2022) Hybrid nanocarriers Improved targeting and
enhanced therapeutic

efficacy

A hybrid nanocarrier system was
developed for sunitinib, resulting in
improved targeting to cancer cells and

Challenges in maintaining
stability and specificity during
the synthesis process

(Ahmed et al., 2022)

enhanced therapeutic efficacy compared
to the free drug.

Tavakoli et al. (2022) Liposomal

nanocarriers

Improved targeting and
therapeutic efficacy

Sunitinib was encapsulated in liposomal
nanocarriers, leading to improved

Challenges in maintaining
stability during storage

(Tavakoli et al.,
2022)

targeting and therapeutic efficacy
compared to the free drug.

Torabi et al. (2023) Controlled release and

improved targeting

Mesoporous silica
nanoparticles

Sunitinib was loaded into mesoporous
silica nanoparticles, allowing for
controlled release and improved
targeting to cancer cells compared to the

free drug.

Challenges in maintaining (Torabi et al., 2023)
stability during storage and
potential toxicity of the

nanoparticle

5. Conclusions

Niosomal sunitinib was shown to be an effective, safe, and sufficient
delivery method in the current investigation. In physiological settings,
the synthesized SUNI@Nio and SUNI@Nio/Col demonstrated a sus-
tained drug release pattern and had uniform nanoscale diameters. The
physicochemical characteristics and drug stability of encapsulated
sunitinib were improved, thereby enhancing the bioactivity of the drug.
The SUNI@Nio SUNI@Nio/COL formulations were shown to trigger
apoptosis in lung cancer cell lines (A549) in in vitro investigations, which
may have been caused by down-regulation or up-regulation of genes
associated with apoptosis. Nanotechnology-based intracellular delivery
of chemotherapeutic drugs relies heavily on the localization of niosomes
within the cells and their interaction with the viable cells. Therapeutic
benefits of niosomal formulations may be enhanced by their intercel-
lular localization and prolonged persistence inside cancer cells. This
study’s findings suggest a promising approach to developing a secure
and efficient tailored drug delivery system for the in-vitro treatment of
lung cancer.
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