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A B S T R A C T

The objective of this study is to activate autophagy in hepatocellular carcinoma for the enhancement of its cellu-
lar degradation. Liposomes incorporated chitosan in the core used to improve the stability of lecithin and in-
crease the niacin loading efficiency. Additionally, curcumin as a hydrophobic molecule entrapped into liposomal
layers and used as a face layer to minimize the release of niacin in physiological pH 7.4. Folic acid-conjugated
chitosan was used to facilitate the delivery of liposomes into a specific location of cancer cells. TEM, UV Visible
spectrophotometer, and FTIR confirmed the successful liposomal formation and good encapsulation efficiency.
Based on the cellular proliferation of HePG2, the results revealed that there was a significant inhibition of growth
rate of HePG2 after 48 h of incubation at a concentration of 100 μg/mL by 91 % ± 1 %, P ≤ 0.002 (pure niacin),
55 % ± 3 %, P ≤ 0.001 (pure curcumin), 83 % ± 1.5 %, P ≤ 0.001 (niacin NPs), and 51 % ± 1.5 %
P ≤ 0.0001 (curcumin-niacin NPs) of relative to the control. Increasingly, The expression of mRNA of mTOR was
significantly increased by 0.72 ± 0.08 P ≤ 0.001, 1 ± 0.1, 0. P ≤ 0.001, 5 ± 0.07 P ≤ 0.01, and 1.3 ± 0.02
P ≤ 0.001 folds) in pure niacin, pure curcumin, niacin NPs and curcumin -niacin NPs, respectively, relative to
the control with an expression of 0.3 ± 0.08. Additionally, the expression of p62 mRNA was significantly in-
creased by 0.92 ± 0.07 P ≤ 0.05, 1.7 ± 0.07 P ≤ 0.0001, 0.72 ± 0.08 P ≤ 0.5, and 2.1 ± 0.1 P ≤ 0.0001
folds relative to that of the control with an expression of 0.72 ± 0.08. The results highlight the efficient therapies
of biomaterials derived from natural sources that can be used in cancer therapies instead of traditional
chemotherapies.

1. Introduction

Hepatocellular carcinoma (HCC) is the most invasive cancer cell
type among many cancer cells because of its strong angio-invasive po-
tential and drug resistance [1]. HCC has the highest incidence of spe-
cific cancer cases in Egypt. In 2020, HCC had an estimated incidence of
20 % (27,895 cases) among 134,632 cancer cases [2]. Doxorubicin,
irinotecan, gemcitabine, 5-fluorouracil, and sorafenib have been used
to treat HCCs. However, HCCs are chemotherapeutic resistant because
of their high expression of the P-glycoprotein gene product, dihydropy-
rimidine dehydrogenase, and the multidrug resistance gene, MDR-1
[3]. Autophagy is an intracellular process that facilitates the degrada-
tion of dysfunctional cytoplasmic components using endogenous lyso-
somes [4]. Under abnormal conditions such as hypoxia, cell starvation,
and lack of growth factors, autophagy can be activated, resulting in the

degradation of intracellular contents [5,6]. It reported that niacin can
increase the NAD+/NADH ratio inducing therapeutic normalization of
NAD+/NADH balance through autophagy. This process has provided
new insights into activating autophagy in human breast adenocarci-
noma cells, ovarian, pancreatic, and prostate cancer cells [7]. Our hy-
pothesis aimed to activate autophagy in the HePG2 cell line using a
combination of niacin and curcumin loaded targeted chitosan liposo-
mal formulation. Chitosan is used widely in biomedical applications be-
cause of its biodegradability, good biocompatibility, and non-toxic
properties. Therefore, chitosan can improve mucoadhesive properties
and anticancer drug efficiency [8]. Folic acid (FA), one of the most
common ligands, can be attached to a high-affinity binding receptor.
Therefore, folate receptors are highly expressed in several human can-
cers [9–12]. In the current study, niacin and curcumin as natural com-
pounds were inserted onto liposomal layers formed by 3-sn-
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phosphatidylcholine of soy lecithin and cholesterol. Lecithin vesicles
were prepared by the thin film hydration method as described previ-
ously and summarized in Table 1 [13,15–27]. In literature reports, 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) was used to improve the stability of
lipid layers [18]. However, lecithin is still an attractive natural material
due to its wide availability, low cost, and it's safe for pharmaceutical
applications [27]. To improve the liposomal structure, chitosan was in-
corporated into the inner face of liposomal layers allowing lecithin as a
negatively charged mixture of phospholipids to be attached strongly
with the positively charged amino group of chitosan.

2. Materials and methods

2.1. Chemical reagents

Cholesterol was obtained from LANXESS, Germany; Soy lecithin and
chitosan from Sigma-Aldrich Inc., nicotinic acid from Central drug
house, FA from LOBAL Chemie, and curcumin LR from SDFCL. Chi-
tosan, acridine orange, ethidium bromide, ethanol, and chloroform
were purchased from Sigma Company, Egypt.

2.2. Fabrication of free liposome, niacin NPs, and CUR-niacin NPs

Liposomes were prepared by the thin film hydration method de-
scribed by [13]. Curcumin and other drugs were added separately dur-
ing fabrication as described by [18,23] with modification. Briefly, a
mass of 20 mg of soy lecithin was dissolved in 0.5 mL chloroform and
mixed with 14 mL of absolute ethanol with stirring for 10 min at 70 °C.
After that, 100 mg of niacin dissolved in 2 mL of 1 N NaOH was added
slowly into 2 mL of chitosan (5 mg/20 mL) under continuous stirring
for 10 min. The niacin-chitosan solution was added to soy lecithin. Ad-

ditionally, a volume of 35 mL of cholesterol dissolved in 0.5 mL chloro-
form was added and the mixture was continuously stirred for a further
20 min. The solvent was removed by the rotary evaporators at 70 °C
and then the hydration process was carried out with 10 mL of phos-
phate buffer saline (pH 7.2). For functionalization, 5 mg folic acid dis-
solved by 20 μL NaOH(1 N) was mixed in a brown bottle under a stirrer
with 0.25 mg/1 mL chitosan for 3 h. After that, the mixture was dia-
lyzed against distilled water for 24 h with water removal each 6 h. The
mixture was further lyophilized and stored. 14 mL of folic acid-
conjugated chitosan was added to the mixture before stirring for an-
other 20 min. The formed nanoparticles were dialyzed against distilled
water for 24 h before they were stored at −20 °C for lyophilization. The
resultant nanoparticles were freeze-dried on Martin Christ lyophilizer
at −58 °C and 0.3 mbar for 72 h.

2.3. Characterization

The encapsulating niacin NPs and curcumin-niacin NPs were char-
acterized by using Scanning Electron Microscope (SEM), Fourier Trans-
form Infrared Spectroscopy (FTIR), Zeta Potential, and UV–Vis spec-
troscopy.

2.3.1. Scanning electron microscopy (SEM)
For SEM analysis, lyophilized niacin NPs and curcumin-niacin NPs

were put onto a template of SEM. Samples were sputtered with a 5 nm
gold layer and measurements were conducted under 5 kV-accelerating
potential electron beam by using SEM (JEOL, JSM–IT 100). Images
were processed by using the software SEM/JSM 5000.

Table 1
Describes the previous published reports on liposomal formulations, their methods and chemical used in fabrication.

Methods Chemicals Result Refs

Naeem et al.,
2015

Thin film hydration
method

Lecithin (phosphatidylcholine) from soybean Good dispersion and high stability [13]

Cheng, et al.,
2017

pH-driven method, the thin
film method, and the
ethanol injection method.

Phospholipid [Lipoid S75, consisting mainly of
phosphatidylcholine (70 %), phosphatidylethanolamine
(10 %) and lysophosphatidylcholine (2 %)]

The CLs prepared by the thin film method displayed high
bioaccessibility but poor storage stability, and those prepared
by the ethanol injection method were stable during storage but
showed low bioaccessibility.

[14]

Li et al., 2018 Thin film evaporation. Phospholipid, cholesterol, pluronic and curcumin Showed sustained release.improved thermal and pH stability.
Increased bioaccessibility.

[15]

He et al., 2018 Thin-film evaporation
method

Cholesterol (CH) and soybean phosphatidylcholine,
Thiamine (TH) and niacin (NA), stearamine

Sustained, mild hypoglycemic effect [16]

De Leo et al.,
2018

Micelle-to-vesicle transition Ethanol, Sephadex G-50 medium, cholesterol, curcumin,
oleic acid,

very stable, showing a low tendency to aggregate both at 4 °C
and 25 °C.

[17]

Huang, et al.,
2019

Thin-film evaporation
method

Egg yolk phosphatidylcholine, 2,2-Diphenyl-1-
picrylhydrazyl (DPPH), Tween 80, Curcumin and
resveratrol

Exhibited high encapsulation efficiency, and improved stability
for these beneficial compounds.

[18]

Schmitt et al.,
2020

Thin-film evaporation
method

Cholesterol, dipalmitoylphosphatidylcholine, curcumin Sustained drug release at physiological pH [19]

Wei et al.,
2020

Thin film hydration Curcumin (CURC) Phospholipids (soybean lecithin for
injection use, with phosphatidylcholine content >70 %)
Cholesterol

liposomal CURC is still more stable in an acidic external
environment

[20]

López-
Machado et
al., 2021

Thin-film hydration
method

Egg yolk phosphatidylcholine (PC) and cholesterol,
polysorbate 80and curcumin

Better skin deposition of liposomal curcumin [21]

Estephan et
al., 2021

Solvent evaporation
method

Curcumin, chitosan and diarachidonyl phosphatidyl choline Chitosan changes membrane permeability of liposomes [22]

Song et al.,
2022

Thin–film hydration
method

Soybean lecithin, cholesterol, DP, curcumin, Tetrandrine Liposomes can improve the solubility of CUR and Tetrandrine,
break the restrictions on their clinical application due to their
chemical properties and increase anticancer activity

[23]

Quach et al.,
2022

Thin-film method Curcumin, soy lecithin, ginger oil, cholesterol and tween 80 The addition of ginger oil in the lipid phase with lecithin
allowed the formation of functional lipid nanoparticles

[24]

Othman et al.,
2022

Thin film hydration
method

Curcumin, 1,2-dimyristoyl-sn-glycero-3-phosphocholine study suggests that by applying different layers on the liposome
surface, the drug release and anti-cancer activity of curcumin
can be enhanced

[25]

De Leo V et
al., 2023

Thin-film evaporation
method

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000]
Cholesterol

Increase the oral bioavailability of both Curcumin and
Hydroxytyrosol

[26]
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2.3.2. Zeta potential and DLS measurements
The electrophoretic mobility of samples was determined by photon

correlation spectroscopy (Brookhaven) by using a Zeta Nano Sizer. All
measurements were performed at 25 °C. The following five successful
running measurements were taken for analysis.

2.3.3. UV–vis spectroscopy
The absorbance of samples was measured using a JASCO V-770 UV

Visible Absorbance Spectrophotometer. 500 μl of the fabricated assem-
bly was diluted into 4 mL with distilled water and then scanned at
200–800 nm. The data were analyzed by the Origin 8 program (https://
www.originlab.com/).

2.3.4. Fourier transform infrared spectroscopy (FTIR)
FTIR experiments were carried out by a JASCO Fourier Transform

Infrared Spectrometer (JASCO, JAPAN, model no. AUP1200343) used
to identify the structure of individual molecules and the composition of
molecular mixtures in the range of 400–4000 cm−1 using the KBr pellet
method. For all the tests, at least three scans per sample were recorded
on different regions, and representative spectra were analyzed.

2.4. Determination of encapsulation efficiency and in vitro drug release
study

After centrifugation of encapsulated NPs, the supernatant was used
to measure the loading capacity of the loading niacin and curcumin us-
ing a UV–visible spectrophotometer. Therefore, the pure niacin and
curcumin were subjected to spectrophotometric analysis at 270 nm.
The concentrations of niacin and curcumin were determined separately
following their known serial concentrations at 10 μg to 60 μg
(R2 = 0.9967). The encapsulation efficiency (%) was calculated using
the following equation according to [20].

The in vitro release study was used to investigate the continuous
drug release with time in Phosphate Buffer Saline (PBS) (pH 7.4, repre-
senting the physiological environment) and PBS (pH 6.5, representing
the cancer environment) according to the method of Hanafy et al.
[11,12].

Briefly, 16 mg each of pure niacin, pure curcumin, niacin NPs, and
curcumin-niacin NPs were suspended in 10 mL PBS and transferred into
dialysis bags (molecular weight 12,000–14,000 Da). They were im-
mersed in a 40 mL release medium at 37 °C with continuous stirring at
100 rpm. After each incubating time, 3 mL was aspirated from each
baker to determine the quantity of niacin and curcumin released after
0,1,2,3,4,5,6,24,48,and72 h. The baker's solution was replaced after
every aspiration with the same volume of freshly prepared release
medium containing 1 % Tween 80 for >50 h. The absorbance of niacin
and curcumin was measured using a UV–Vis spectrophotometer at a
wavelength of 270 nm.

The percentage of cumulative drug release was measured using the
constructed standard calibration curve. The mean release of three mea-
surements was used to evaluate the drug release for each point.

where Pt = Percentage release at time t, e P (t – 1) = Percentage
release prior to‘t’.

2.5. Characterization of FA

FA conjugated chitosan was characterized by using FTIR, and UV
visible spectrophotometer. Additionally, the concentration of FA-
attached liposomes was measured by using a UV–Vis spectrophotome-
ter. Firstly, the calibration curve of standard FA in 1 mg/mL NaOH was
prepared with a concentration range of 25–150 μg/mL
(y = 0.0225× + 0.1085; R2 = 0.9939). After the encapsulation
process, the supernatant was used to detect the loading capacity of the
FA conjugation using the following equations: The concentration of
non-conjugated FA (supernatant) (μg/mL) = (slope × ab-
sorbance) ± intercept.

2.6. Stability of nanoparticles in different media

Stability of niacin NPs and CUR -niacin NPs was investigated in dif-
ferent media (distilled water, saline, and DMEM cell culture medium
with 5 % FBS) by measuring their hydrodynamic diameter and polydis-
persity index (PDI) after their incubation for 1 day and 5 days. The re-
sult was taken by Brookhaven at 25 °C. Each measurement was per-
formed using at least three sets of 10 runs.

2.7. In vitro assays

2.7.1. Cytotoxicity (MTT) assay
To assess the effect of curcumin, niacin, niacin NPs, and curcumin-

niacin NPs on HePG2 tumor cell growth, cell viability was evaluated by
the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazolium-bromide
(MTT; Sigma-Aldrich Inc., St. Louis, MO, USA) assay. Briefly, after drug
exposure, 5 mg/mL of MTT was added to each well and the reaction
was allowed to proceed for 3–4 h at 37 °C. The culture medium was
then removed and precipitated formazan crystals were dissolved by
adding 200 μL DMSO. The absorbance of each well was measured at
570 nm and directly correlated to the number of remaining viable cells.
Absorbance data were normalized to the percentage of control cells and
then they were graphed [28].

2.7.2. Autophagy assay by using flow cytometry
Autophagic cell death was assayed using acridine orange lysosomal

stain coupled with flow cytometric analysis. After the cells were treated
with test compounds for 24 or 48 or 72 h and chloroquine (10 μM) for
24 or 48 or72 h as a positive control, 105 cells were collected by
trypsinization and washed twice with ice-cold PBS (pH 7.4). Cells were
stained with acridine orange (10 μM) and incubated in the dark at 37 °C
for 30 min. After they were stained, cells were injected into a ACEA
Novocyte™ flowcytometer (ACEA Biosciences Inc., San Diego, CA,
USA) and acridine orange fluorescent signals were analyzed using FL1
signal detector (λex/em 488/530 nm). For each sample, 12,000 events
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were acquired and net fluorescent intensities (NFI) were quantified us-
ing the ACEA NovoExpress™ software (ACEA Biosciences Inc., San
Diego, CA, USA). The NFI were detected in two directions, namely, the
forward scatter (FSC), which is proportional to cell size and the side
scatter, which is proportional to cell granularity [29]. The data were
analyzed by Image J program https://imagej.nih.gov/ij/
download.html.

2.7.3. Evaluation of gene expression using RT-PCR
Total ribonucleic acid (RNA) was extracted by the Trizol reagent

(Invitrogen, Carlsbad, CA) following the manufacturer's protocol [30].
Complementary DNA (cDNA) was synthesized from RNA using a first-
strand cDNA synthesis kit (Fermentas, Vilnius, Lithuania), following
the manufacturer's protocol. The thermocycler for cDNA synthesis was
set up at 37 °C for 30 min. Quick PCR (qPCR) was performed using an
Applied Biosystems 7300 Real Time PCR System (Applied Biosystems,
Branchburg, NJ, USA) at three conditions, 95 °C for 5 min, 45 cycles at
95 °C for 30 s, and 60 °C for 1 min. The Expression levels of mRNA
were normalized to the GAPDH gene as endogenous control. The rela-
tive differences between the control and treatment groups were deter-
mined. Primers and probes for the qPCR were designed using Allele ID
6. All primers are listed in Table 2.

2.8. Cancer bio-image

HePG2 cells were seeded into 24 multiwell microplates (104 cells/
well). The cells were grown in 500 μL DMEM High Glucose (4,5 g/l)
supplemented with 5 % l-Glutamine, 10 % fetal bovine serum, and 5 %
penicillin/streptomycin in a humidified atmosphere with 5 % CO2 at
37 °C. After 24 h, 50 μg pure niacin, niacin NPs, pure curcumin, cur-
cumin-niacin NPs were added to each well separately and incubated in
a humidified atmosphere of 37 °C, 5 % CO2. HepG2 cells were fixed
with 4 % paraformaldehyde before washing with PBS, pH 7.2. Cells
were stained separately using different dyes such as AO/EB, PI, and
DAPI (nuclear stain) for 30 min and then washed twice. Images were
captured by fluorescence microscopy [31].

3. Results

3.1. Characterization

Chitosan can increase cellular penetration due to its ability to open
the tight junctions of the epithelial cells. Hence, it facilitates both the
paracellular and transcellular transport of drugs. In the small intestine,
chitosan can adhere to the mucus layer forming a complex through
ionic or hydrogen bonding as well as through hydrophobic interactions
[32]. A literature review reveals the advantages of liposomes coated by
chitosan in protecting their layers and facilitating their cellular pene-
tration [22]. To improve liposome stability, chitosan was incorporated
into the inner core of liposomal layers by mixing it with lecithin during
fabrication. In previous work, Ginger Oil was mixed with Lecithin dur-
ing fabrication to increase the stability of the liposomal layers [24]. For
the first time, chitosan alone or chitosan attached niacin was inserted
into the inner core of liposomes allowing lecithin as a negatively
charged mixture of phospholipids to be attached strongly with the posi-
tively charged amino group of chitosan. This strategy might increase

Table 2
Forward and reverse primers of the selected genes.
Gene name Forward primer (5′-3′) Reverse primer (5′-3′)

Atg7 CAGTTTGCCCCTTTTAGTAGTGC CCAGCCGATACTCGTTCAGC
p62 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG
mTOR ATTCAGATCGCTGGCAGCCT CCCTGTGTTCAGCACCTCCA
Beclin1 CCATGCAGGTGAGCTTCGT GAATCTGCGAGAGACACCATC
GAPDH GGTGAAGGTCGGAGTCAAC AGAGTTAAAAGCAGCCCTGGTG

the loading capacity of niacin and improve liposomal structure. Addi-
tionally, chitosan-conjugated folic acid is used to coat the liposomal for-
mulation as well. Chitosan-coated liposomes were assembled into a 3D
structure (Fig. 1; A–C) & Scheme 1). Since the TEM image observed the
morphological appearance of niacin NPs and CUR-niacin NPs as a
spherical shape.

Zeta potential represents a measure of system stability based on net
charge and systemic attraction or repulsion of developed NPs [33]. In
the current study, free liposomes, niacin NPs, and curcumin-niacin NPs
exhibited zeta potentials of −39 mV, −15 mV, and − 42 mV, respec-
tively. The results indicate that NPs had good stability and high assem-
bly. Additionally, curcumin-loaded niacin NPs improved the assembled
structure of niacin NPs providing clear interaction between moieties of
structure. The polydispersity index (PDI), used as an indicator of the
size distribution of NP systems, displayed narrow particle size distribu-
tions of 0.325, 0.359, and 0.379, respectively, for the three NP formula-
tions. The difference between the PDI of free liposomes and niacin NPs
was 0.034, and that between niacin NPs and curcumin-niacin NPs was
0.02 (Fig. 1; D).

The size of nanoparticles measured by dynamic light scattering was
567 nm, 261 nm, 100 nm, 160 nm, and 240 nm for free liposomes, free
niacin, niacin NPs, free curcumin, and CUR-niacin NPs, respectively
(Fig. 1; E).

UV visible spectrophotometer showed the main characteristic ab-
sorption of free niacin at approximately 210 and 260 nm. Whereas
niacin-loaded liposomes exhibited a peak at 220 nm and overlayed
peak with FA at 280 nm, curcumin-niacin NPs showed abroad peak be-
tween 326 and 389 nm related to overlayed absorption of curcumin
and FA (Fig. 1; F) [34].

FTIR is an effective analytical method used for detecting functional
chemical groups and characterizing covalent bonding information. In
the current study, the FTIR spectrum of cholesterol showed a broad
band at 3432 cm−1 indicating a stretching vibration of OH. The sym-
metric and anti-symmetric stretching vibrations in CH2 groups of alkyl
chains were measured at 2989 cm−1 and 2882 cm−1, respectively. A
strong band detected at 1716 cm−1 was attributed to the double bond in
the second ring of the cholesterol structure [35].

Similarly, the soy lecithin spectrum showed a broad and intense
band at 3400 cm−1 that was attributed to OH stretching. A strong band
detected at 1743 cm−1 was attributed to stretching vibrations of the
carbonyl ester bond. Phosphate groups were detected at 1220 cm−1 and
1032 cm−1 as anti-symmetric and symmetric modes (Fig. 2; A).

In the chitosan spectrum, FTIR showed NH and OH stretching vibra-
tions mostly at 3432 cm−1. The absorption bands at 2869 cm−1 were at-
tributed to C H symmetric and asymmetric stretching, respectively.
The presence of residual N-acetyl groups was confirmed by the bands at
1623 cm−1 (C O stretching of amide I) and the small band at
1582 cm − 1 that corresponds to N H bending of amide II. While
1349 cm−1 band assigned to (C N stretching of amide III), respec-
tively (Fig. 2; A).

A spectrum of folic acid alone showed a band at 1702 cm−1 that was
assigned to the carboxyl group of FA [36]. In the spectrum of folic acid-
conjugated chitosan, the chitosan amide I band was detected at
1623 cm−1 and the amide II band at 1555 cm−1. While the band located
at 1729 cm-1 was considered for carboxyl amide bond interaction.

The main characteristic peaks of folic acid-conjugated chitosan were
detected in the spectrum of free liposomes at 1729 cm−1 and 1623 cm−1

for carboxyl amide bond interaction [37].
In Fig. 2, the spectrum of free niacin showed stretching vibration of

C O (COO) at 1716 cm − 1. There was a broad band at 2440 cm − 1
that was attributed to C N of the pyridine ring [38]. In niacin NPs, the
FTIR spectrum showed main characteristic peaks of folic acid-
conjugated chitosan at 1729 cm−1 and 1623 cm−1 as main peaks for
carboxylic amino interaction. Curcumin showed its signature peaks at
3500 cm−1 (phenolic O H stretching vibration), 1628 cm−1 (aromatic
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Fig. 1. Characterization of the liposome NPs, niacin NPs, and curcumin(CUR)-niacin NPs. A: SEM images of pure niacin. B: TEM images of niacin NPs. C: TEM im-
ages of CUR-niacin NPs. D: Zeta potential measurement. E: Nanosizer and quality of NPs distribution of pure niacin, niacin NPs, CUR-niacin NPs. F: UV visible spec-
trophotometer of pure niacin, pure CUR, niacin NPs, and CUR-niacin NPs.

Scheme 1. Illustrates chemical structure of niacin attached chitosan and loaded liposomal targeted therapy.

moiety C C stretching), and 1501 cm−1 (C O and C C vibrations).
The FTIR spectrum of curcumin -niacin NPs showed a broad band at
3405 cm−1 that was attributed to the stretching vibration of phenolic
OH. The band at 1623 cm−1 was shifted to 1648 cm−1 and the band at
1541 cm−1 was shifted to 1557 cm−1 after curcumin interaction com-
pared to niacin NPs (Fig. 2; B).

The result confirms the successful formulation of liposomal struc-
ture and it is in agreement with results obtained by zeta potential and
UV visible spectrophotometer.

In the current study, the amount of FA-conjugated NPs was calcu-
lated from a standard curve of 1 mg/mL pure FA (R2 = 0.9939). After
encapsulation process, the supernatant was collected by centrifugation,
and the concentration of non-conjugated FA was estimated. The per-
centage of encapsulation efficiency of FA was detected as 87 ± 0.42 %
(Fig. 3; A–C). The result showed significant conjugation of FA with chi-
tosan-coated liposomes because of the amino contents of chitosan and
the good carboxylic activation of FA.

5
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Fig. 2. The FTIR spectra of A: Cholesterol, Phospholipid, Chitosan, Folic acid, FA-Chitosan, and Free liposomes. B: Niacin, Niacin NPs, curcumin, and CUR-Niacin
NPs.

Fig. 3. Determination encapsulation efficiency of folic acid attached surface of liposomes. A) Standard curve of folic acid. B) Folic acid calibrating curve. C) Ab-
sorbance of free folic acid in the supernatant.

3.2. In vitro drug release study and loading capacity

Niacin and curcumin-loaded liposomal formulation exhibited con-
tinuous release during incubation at time intervals. The mechanism by
which the drug can be released is mainly linked to the interaction of the
material matrix and drugs, dissolution, drug diffusion, and physiologi-
cal or chemical initiators [39].

In the current study, pure niacin and niacin-loaded liposomal for-
mulation exhibited better release at pH 6.5 than at pH 7.4. This is due
to the ability of niacin to be dissolved at lower pH. Niacin exhibited
lower release in physiological pH 7.4 (Figs. 4 & 5).

The results indicated that the microenvironment of a tumor can
stimulate niacin to be released out of a capsule. Because of its hy-

drophobic property, curcumin had a higher release at pH 6.5 than at
pH 7.4. The accumulative drug release of encapsulated niacin and cur-
cumin at pH 6.5 was about 60 % and 50 % after 72 h incubation re-
spectively. Such liposomal interactions can be ionized at acidic pH,
thereby releasing the drug effectively to target cancer cells.

Meanwhile, the accumulative release of niacin loaded liposomes
alone achieved 90 % after 72 h incubation. This is due to the hydropho-
bic behavior of CUR that could minimize the release of niacin. In con-
trarily, the accumulative drug release of encapsulated niacin and cur-
cumin at pH 7.2 was estimated at 15 % and 10 % after 72 h incubation.

In the current study, niacin and curcumin were released continu-
ously throughout the time of incubation compared to free niacin and
curcumin incubated separately. The results revealed the possible re-
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Fig. 4. A: Standard curve of curcumin. B: Standard curve of niacin. C: Graph of curcumin calibrating curve. D. Graph of niacin calibrating curve. E: UV visible spec-
trophotometer showed absorbance of niacin in supernatant compared to total free of niacin. F: UV visible spectrophotometer showed absorbance of CUR in super-
natant compared to total free of CUR.

lease of niacin and curcumin-loaded liposomal formulation after their
internalization (Fig. 6; A-B and Table 4).

The result is in agreement with Li et al. [15].who reported that
pluronics modified liposomes could slow in vitro release of curcumin.
While liposomes with no pluronics modification showed good release.
Additionally, the strong interaction between curcumin and liposomal
bilayers can minimize its release in physiological pH 7.4 compared to
pH.6.5. the current result was not in the line of De Leo et al. who
showed that curcumin-loaded liposome suspension (1 mL, pH 7.4) was
released completely after 200 min incubation with oleic acid at 25 °C
[17]. This is due to the absence of polymer modification in the liposo-
mal formulation.

Niacin loaded liposomal NPs obtained higher encapsulation effi-
ciency (EE%) reaching 96.2 ± 1.6 %. This is due to the interaction of
the niacin carboxylic group with an amino group of chitosan during
fabrication. Meanwhile, CUR-loaded niacin liposomal formulation
showed encapsulation efficiency reached 29 ± 2.3 % (Table 3). The to-
tal encapsulation efficiency (%) of Niacin/CUR entrapped liposomes
was calculated according to [40] and exhibited 89 %.

The polydispersity index (PDI) and nanosized values were used as
indicators to measure the stability of NPs incubated in different media.
Niacin NPs and CUR-Niacin NPs obtained narrow size distribution after
their incubation for 1 day and 5 days (Table 4). While their distribution
exhibits a high dispersity in size with very abroad distribution when
they were incubated in saline and DMEM for 1 day and 5 days. In con-
trast, CUR-Niacin NPs showed good stability in saline and DMEM. This
means that salts, minerals, glucose, protein, and the other content of
DMEM and saline could affect chitosan stability leading to protonate/
deprotonate of chitosan (amino groups) that causes aggregation. How-
ever, CUR inserted into the liposomal shell stabilizes NPs from any ag-
gregation [41].

3.3. In vitro studies

3.3.1. Cytotoxicity
The MTT assay is a popular colorimetric assay used extensively to

measure cell viability and cell proliferation. It depends on the meta-
bolic activity of nicotinamide adenine dinucleotide (NADPH)-
dependent cellular oxidoreductase enzymes. The tetrazolium dye of the
MTT reagent is reduced by the activity of this enzyme to its insoluble
form, formazan, which has a purple color. Formazan is dissolved in
DMSO and then the color is measured at 570 nm [42].

In this study, the MTT assay was used to estimate the percentage
growth rate after incubation of HePG2 cells with serial concentrations
(0.1,1,10,100, and 1000 μg/mL) of each of pure niacin, pure curcumin,
niacin NPs, and curcumin-niacin NPs. Based on cellular proliferation,
the results revealed that there was a significant inhibition of growth
rate after 48 h of incubation at a concentration of 100 μg/mL by
91 % ± 1 %, P ≤ 0.002 (pure niacin), 55 % ± 3 %, P ≤ 0.001 (pure
curcumin), 83 % ± 1.5 %, P ≤ 0.001 (niacin NPs), and 51 % ± 1.5 %
P ≤ 0.0001 (curcumin-niacin NPs) of relative to the control (Fig. 6;C).
The result was constant with [25] who reported that curcumin loaded
liposomes exhibited the highest percentage of cell growth inhibition,
with 90 % of cells killed within 72 h.

To confirm the potential therapeutic effect of CUR-niacin NPs and to
use them later on an animal cancer model, the half-maximal inhibitory
concentration (IC50) values for both Niacin pure, Niacin NPs, Cur-
cumin pure and CUR-Niacin NPs were detected by using serial concen-
trations (0.1, 1, 10, 100, 1000 μg/mL) (Fig. 7). The result showed that
Niacin pure and Niacin NPs have a low cytotoxic effect compared to
curcumin pure that was expressed its cytotoxicity at IC50:515 μg/mL.
For instance, the cytotoxicity was increased in HePG2 cell lines after
their incubation with CUR-Niacin NPs (IC50: 233 μg/mL). The result
confirms that niacin could increase the cytotoxicity of curcumin.
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Fig. 5. Release of free niacin, niacin NPs, free curcumin, and curcumin-niacin NPs at pH 6.5 and pH 7.4.

3.3.2. Autophagy assay using flow cytometry
Flow cytometry is a sophisticated instrument measuring multiple

physical characteristics of a single cell such as size and granularity si-
multaneously as the cell flows in suspension through a measuring de-
vice. Its working depends on the light scattering features of the cells un-
der investigation, which may be derived from dyes or monoclonal anti-
bodies targeting either extracellular molecules located on the surface or

intracellular molecules inside the cell [43]. Forward versus side scatter
(FSC vs. SSC) gating is commonly used to identify cells of interest based
on size and granularity (complexity). It is often suggested that forward
scatter indicates cell size whereas side scatter relates to the complexity
or granularity of the cell [44].

In this study, the population of HePG2 cells was analyzed in two di-
mensions (forward scatter and side scatter) of flow cytometry after in-
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Fig. 6. A: Accumulative release of free niacin and Encap. Niacin at pH 6.5 and pH 7.4. B: Accumulative release of pure curcumin (CUR) and CUR-niacin NPs. C: Cell
viability assay. The data are shown as the means ± SD (n = 3). * p ≤ 0.05, and *** p ≤ 0.001.

Table 3
Characterization of niacin NPs and CUR-niacin NPs.
Drug release DLS (nm) Zeta potential

(mV)
PDI Encapsulated

Efficiency

Niacin from
Niacin NPs

100 ± 9 −15 ± 0.3 0.359 ± 0.2 96.2 ± 1.6 %

CUR from CUR-
Niacin NPs

240 ± 12 −42 ± 0.6 0.379 ± 0.25 29 ± 2.3 %

cubation for 48 h with pure niacin, pure curcumin, niacin NPs, and cur-
cumin-niacin NPs. The results of flow cytometry showed that the for-
ward scatter of AO-stained cells was shifted by 101 ± 1.2 μm and
96 ± 1.2 μm in pure niacin and niacin NPs, respectively relative to the
control. There was not any change in side scatter [45]. Indeed, forward
scatter is detected by a photodiode, which converts the light into an
electrical signal. The intensity of the produced voltage is proportional

to the diameter of the interrogated cell. For this reason, the shift of for-
ward scatter can be detected by the diameter of the interrogated cell
(μm).

In contrast, forward scatter was increased significantly by
181 ± 2.9 μm in HePG2 cells exposed to pure curcumin for 48 h. Addi-
tionally, the level of side scatter was increased relative to the control.
The results revealed an increase in the number of granularity. Granular-
ity indicates an increase in the number of autophagosomes [46]. Cur-
cumin-loaded niacin NPs obtained significant shifting to forward scat-
ter by 211 ± 1.2 μm and an increase in side scatter by 250 ± 1 relative
to the control (Fig. 8) [47].

While the light reflection off of the granules increases the intensity
of the SSC measurement and allows for discernment among many gran-
ulated cells. Thus discriminating of cells in side scatter can be propor-
tional to their granules number.

Table 4
Stability of niacin NPs and CUR-niacin NPs in different media.
Nanoparticles Distilled Water Saline DMEM

Hydrodynamic Size (nm) PDI Hydrodynamic Size (nm) PDI Hydrodynamic Size (nm) PDI

After 1 day
Niacin NPs 116 ± 4.3 0.352 ± 0.12 4154 ± 15 0.630 ± 0.3 1736 ± 22 0.415 ± 0.2
CUR-Niacin NPs 278 ± 5.8 0.336 ± 0.2 692 ± 13 0.360 ± 0.21 819.9 ± 19 0.417 ± 0.3

After 5 days
Niacin NPs 134 ± 3.2 0.096 ± 0.01 16,330 ± 32 0.171 ± 0.05 1918 ± 33 0.526 ± 0.4
CUR-Niacin NPs 265 ± 4.6 0.321 ± 0.1 460 ± 17 0.087 ± 0.03 779 ± 21 0.509 ± 0.34
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Fig. 7. IC50 of niacin pure, Niacin NPs, Curcumin pure and CUR-Niacin NPs on HePG2 cell lines.

Fig. 8. Flow cytometric analysis of forward and side scatter of HePG2 cells exposed to pure niacin, niacin NPs, pure curcumin (CUR), and CUR-niacin NPs.

Based on cell size and complexity, the populations of HePG2 cells
exposed to free niacin, free CUR, Niacin NPs, and CUR-Niacin NPs can
be differentiated. The result showed that HePG2 displayed an increase
in forward scatter and side scatter after their exposure to free CUR. It

means that CUR leads to increase cells size and leads as well to increase
number of granules inside the cytoplasm. While HePG2 cells exposed to
free niacin or niacin NPs exhibited a shift in forward scatter with no
change in side scatter. It means cell complexity and granularity disap-
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peared after exposure HePG2 to niacin or niacin NPs. Nevertheless,
niacin or niacin NPs caused a lower forward scatter. The result indi-
cates that niacin had markedly lower cell volume but did not affect cell
mass. The data is in agreement with the above results of cytotoxicity as-
say showing that the proliferation of HePG2 obtained 91 % ± 1 %,
P ≤ 0.002 (pure niacin) and 83 % ± 1.5 %, P ≤ 0.001 (niacin NPs)
compared to pure curcumin (55 % ± 3 %, P ≤ 0.001) and curcumin-
niacin NPs (51 % ± 1.5 % P ≤ 0.0001).

3.3.3. Evaluation of gene expression using RT-PCR
3.3.3.1. ATG7 (autophagy related 7). ATG7 is an essential autophagy
effector enzyme that, in concert with other ATG proteins, also regu-
lates immunity, cell death and protein secretion, and independently
regulates the cell cycle and apoptosis. The gene Atg7 is essential for
ATG12 conjugation, LC3 modification systems, and autophagosome
formation in mammals [48].

In this study, the relative expression level of ATg7 mRNA was signif-
icantly downregulated by 1.1 ± 0.1 P ≤ 0.0001, 0.73 ± 0.06
P ≤ 0.0001, 1.62 ± 0.07, P ≤ 0.01 and 0.73 ± 0.07, P ≤ 0.0001 folds
after treatment of HePG2 cells with pure niacin, pure curcumin, niacin
NPs, and curcumin -niacin NPs, respectively, relative to the control
(1.9 ± 0.1) (Fig. 9; A). These results were in accordance with those
published by [49] suggesting the activation of autophagy via the NRF-2
signaling pathway.

3.3.3.1.1. Beclin-1. Beclin-1 is the mammalian homolog of yeast
Atg6 involved in autophagy and tumor suppression, often deleted in
ovarian and breast cancer [50]. In this study, the treatment of HePG2
cells with pure niacin, pure CUR, Niacin NPs and CUR-niacin NPs re
significant reduction in the expression of Beclin1 mRNA by (2 ± 0.1
P ≤ 0.001, 1.7 ± 0.08 P ≤ 0.0001, 2.1 ± 0.1 P ≤ 0.004and

1.2 ± 0.07 P ≤ 0.00001folds) relative to the control (2.6 ± 0.07)
(Fig. 9; B).

3.3.3.2. mTOR. Autophagy is controlled by the mechanistic target of
rapamycin (mTOR), a key player in nutrient sensing and signaling and
a classic example of a pleiotropic gene. mTOR acts upstream of tran-
scription factors such as FOXO, NRF, and TFEB, controlling protein
synthesis, degradation, and cellular growth, thereby regulating fertil-
ity as well as aging [51].

The results showed that the regulation of mTOR was overexpressed
in HePG2 cells. The expression of mRNA of mTOR was significantly in-
creased by 0.72 ± 0.08 P ≤ 0.001, 1 ± 0.1, 0. P ≤ 0.001, 5 ± 0.07
P ≤ 0.01, and 1.3 ± 0.02 P ≤ 0.001 folds) in pure niacin, pure cur-
cumin, niacin NPs and curcumin -niacin NPs, respectively, relative to
the control with an expression of 0.3 ± 0.08 (Fig. 9; C) and (Scheme 2)
[52].

3.3.3.2.1. p62. The protein p62 is an autophagy substrate that is
used as a reporter of autophagy activity. It also delivers ubiquitinated
proteins, such as tau, to the proteasome for degradation. In addition, it
can shuttle between the nucleus and cytoplasm to bind with ubiquiti-
nated cargoes and facilitate nuclear and cytosolic protein quality con-
trol. Other functions of p62 are gradually being discovered, emphasiz-
ing its importance in the proteolytic system [53].

Here, the overexpression of p62 mRNA was clearly shown after ex-
posure of HePG2 cells to pure niacin, pure curcumin, niacin NPs, and
curcumin-niacin NPs. The expression of p62 mRNA was significantly in-
creased by 0.92 ± 0.07 P ≤ 0.05, 1.7 ± 0.07 P ≤ 0.0001, 0.72 ± 0.08
P ≤ 0.5, and 2.1 ± 0.1 P ≤ 0.0001 folds relative to that of the control
with an expression of 0.72 ± 0.08 (Fig. 9; D) and (Scheme 2) [54,55].

Fig. 9. Relative gene expression of ATG7 mRNA, Beclin-1, mTOR and p62 in HePG2 exposed to pure niacin, niacin NPs, curcumin (CUR), and CUR-niacin NP. The
data are shown as the means ± SD (n = 3). * p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001.
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Scheme 2. Niacin can induce activation of mTOR, p62 and NRFs genes.

3.3.4. Cancer bio-image
3.3.4.1. AO/EB. The dual fluorescent stains (acridine orange/ethid-
ium bromide (AO/EB)) can be used to identify cellular morphologi-
cal changes associated with apoptotic and necrotic processes and au-
tophagy [9]. Based on membrane integration, EB can penetrate into
the cytoplasm and attach to DNA exposing nuclear alterations and
chromatin condensation. In normal cells, the green color is imparted
to DNA through AO intercalation in the presence of many acidic au-
tophagosomes (red color). In the current study, the morphological
alterations were visualized under fluorescence microscopy in pure
niacin, pure curcumin, niacin NPs, and curcumin-niacin NPs. AO/EB
showed a significant increase in cell size of HepG2 cells after their

incubation with pure niacin 33.68 ± 5.7, P ≤ 0.007), niacin NPs
(43.27 ± 7.6, P ≤ 0.002), pure curcumin (59.9 ± 10.8,
P ≤ 0.001), and curcumin - niacin NPs (32.54 ± 3.06,
P ≤ 0.0005) for 24 h relative to that of the control (22.74 ± 2.5).
Before that, cells were observed with a rounded/ or semi-rounded
shape emitting a slightly yellow color. In pure curcumin, nuclei of
treated HepG2 cells were condensed and emitted a yellow-orange
color. Curcumin-loaded niacin NPs exhibited nuclear degradation
and many neutral autophagosomes were seen in the cytoplasm (Fig.
10) [56].

3.3.4.2. Cellular uptake and targeting capacity. The fluorescence mi-
croscopy images demonstrated that curcumin-loaded niacin NPs and
niacin NPs accumulated in the cytoplasmic region of HepG2 cells. The
overlapped channels of fluorescence microscopy revealed that charac-
teristic yellow color resulting from the mixing of red (Rhodamine la-
beled capsules) and green (curcumin) accumulated in the cytoplasmic
region (Fig. 11) [57]. The targeting capacity was measured by the in-
tensity of accumulated NPs labeled by rhodamine. The corrected total
cell fluorescence intensity after exposure of HePG2 cells to niacin NPs
and curcumin -niacin NPs (with FA and without FA) was demon-
strated and analyzed by the Image J program. The mean integration
density was normalized to blank in the area of measurement. The re-
sults confirmed the accumulation of folic acid-conjugated NPs but not
the non-conjugated ones.

4. Discussion

The activation of autophagy in cancer cells might open new insights
into discovering and developing new strategies for cancer treatment be-

Fig. 10. Fluorescence microscopy showing morphology of HePG2 cells stained with AO/EB after their exposure to B: pure niacin, C: niacin NPs, D: curcumin(CUR),
and E: CUR-niacin NPs relative to A: control. F: Quantification of size surface area by using image J program.
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Fig. 11. Niacin NPs and curcumin (CUR)-niacin NPs were labeled with rhodamine. A: UV visible spectrophotometer showed conjugation of rhodamine with NPs. B:
Quantification of the corrected total cell fluorescence intensity after exposure of HePG2 cells to niacin NPs and CUR-niacin NPs (with folic acid and without folic
acid). D: Fluorescence microscopy images of HePG2 cells exposed to niacin NPs with folic acid (a-c) and niacin NPs without folic acid (d-f). E: Fluorescence mi-
croscopy images of HePG2 cells exposed to CUR-niacin NPs with folic acid (a-d), without folic acid (e-h). The data are shown as the means ± SD (n = 3)., ***
p ≤ 0.001.

cause of its ability to degrade intracellular cytoplasmic components by
using lysosomal enzymatic degradation of the same cell [58]. Niacin
can affect the mitochondrial complex 1 and enhance the NAD+/NADH
ratio as reported by [59] in human breast adenocarcinoma cells. Addi-
tionally, it activates the PI3K/Akt cascade in the A431 human epithelial
carcinoma cell line [60]. Vitamin B3 is an NAD+ precursor that can in-
crease intracellular NAD+ concentrations. It mainly exists in the form
of nicotinic acid (niacin), nicotinamide riboside, and nicotinamide
[61]. There is a correlation between the ratio of [NAD+]/[NADH] with
an increase in autophagy level [62].

In this study, our aim was to activate autophagy by using niacin and
to increase the number of autophagosome using curcumin. To achieve
this, curcumin and niacin-loaded targeted liposomes were character-
ized by TEM, FTIR, UV visible spectrophotometer, zeta potential, and
dynamic light scattering [63]. The results showed well formulation of
niacin-loaded targeted liposomes and curcumin-loaded niacin-targeted
liposomes observing a spherical shape with nanosized diameter under
TEM. The characteristic peaks of niacin adsorption were detected at
210 nm and 260 nm. These peaks were mainly shifted to 220 nm and

280 nm, respectively, after encapsulation (niacin NPs). Broad peaks
were shown at 326 nm and 389 nm for CUR curcumin–niacin NPs spec-
trum after addition of curcumin. These peaks were attributed to both
FA and curcumin adsorption. The functional chemical groups of cur-
cumin were distributed upon the spectrum of curcumin-niacin NPs. A
band at 3405 cm − 1 was a sign of stretching vibration of phenolic OH.
A band at 1623 cm − 1 was shifted to 1648 cm-1 and a band at
1541 cm − 1 was shifted to 1557 cm − 1 after interaction with cur-
cumin. Here, the MTT assay was used to explore the cytotoxicity of pure
niacin, pure CUR, niacin NPs, and CUR-niacin NPs. The results showed
a significant reduction in the growth of HePG2 cells by 91 % ± 1 %,
P ≤ 0.002; 55 % ± 3 %, P ≤ 0.001; 83 % ± 1.5 %, P ≤ 0.001; and
51 % ± 1.5 % P ≤ 0.0001, respectively, relative to that of the control.

Meanwhile, niacin NPs and CUR-niacin NPs exhibited good drug re-
lease as shown in (Table 5).

In order to understand the mechanism by which pure niacin, pure
curcumin, niacin NPs, and curcumin-niacin NPs can modulate cellular
pathway compared to untreated HePG2 cells, we used flow cytometry,
RT-PCR for gene expression, and dual fluorescent microscopy stains
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Table 5
The % of accumulative drug release after incubation for 72 h in physiological
pH 7.2 and microenvironment pH 6.5.
Niacin/CUR pH 6.5 pH 7.2

Niacin in combination 60 ± 2.3 % 15 ± 1.6 %
CUR in combination 50 ± 1.5 % 10 ± 1.4 %
Niacin encapsulated separately 80 ± 3.2 % 10 ± 0.9 %
Free Niacin 90 ± 3.4 % 10 ± 1.2 %

(AO/EB). Flow cytometric analyses of HePG2 cells showed a reduction
in forward scattering (an indication of cell size [64]) without any
change in side scatter. Curcumin-Niacin NPs significantly increased
side scatter (an indication of granularity [65,66]).

To explore the expression of gene mediated autophagy, regulation
of ATG7, Beclin 1, mTOR, and p62 were evaluated in HePG2 cells ex-
posed to pure niacin, pure curcumin, Niacin NPs, and curcumin-niacin
NPs relative to that of the control. The results showed significant reduc-
tion in the relative expression levels of ATG7 mRNA and Beclin-1. The
current results are in full agreement with those of [46] who reported
that nician can induce a reduction of gene expression of ATG5, ULK1,
ATG4B, Beclin, LC3B, and ATG7. Niacin can regulate NRF-2/HO-1 sig-
naling via activation of the GPR109A receptor. The activation of
GPR109A might promote autophagy via the NRF-2 signaling pathway
[46]. In contrast, the results showed a significant increase in the mTOR
in response to pure niacin, pure curcumin, Niacin NPs, and curcumin-
niacin NPs. This is mainly in agreement to the findings of [67] who re-
ported that autophagic recycling of cellular components results in the
reactivation of mTORC1.

Likewise, the expression of the mRNA p62 level, a protein encoded
by the sequestosome 1 gene (SQSTM1), was upregulated in HePG2 cells
exposed to pure niacin, pure curcumin, niacin NPs, and curcumin-
niacin NPs relative to that of the control. Similarly, HePG2 cells treated
with sorafenib showed a significant increase in p62 gene expression
[68,69]. In previous studies, expression of p62 was significantly upreg-
ulated in prostate cancer, gastric cancer, lung cancer, colorectal cancer,
pancreatic cancer, skin melanoma, and diffuse large b-cell lymphoma,
relative to that of normal tissues. Therefore, p62 can contribute to drug
resistance because of its ability to decrease the activation of autophagy,
thereby promoting the survival of HCC cells in sorafenib treated HePG2
cells [70]. In spite of its role in impairing autophagy, p62 activates Nrf2
and mTOR pathways that play a role in the direct activation of au-
tophagy via phosphorylation of the GPR109A receptor. The protein p62
is assembled on selective autophagic cargoes such as ubiquitinated or-
ganelles and subsequently phosphorylated in a mTORC1-dependent
manner, implying coupling of the Keap1-Nrf2 system to autophagy
[71].

The limitation of the CUR-Niacin NPs method was shown in the fab-
rication process. Since curcumin can induce aggregation in the liposo-
mal formulation at the time of the process. For this reason, the mixture
should be sonicated for 3 min. and curcumin should be added slowly.
The other limitation that could be highlighted here is related to the con-
centration of curcumin inside moieties of the liposomal formulation.
The loading capacity of curcumin was calculated as 29 %. Nevertheless,
this concentration is more logical mean because curcumin was encapsu-
lated in layers of liposome.

It can be summarized that the toxicity of chemotherapies was stud-
ied extensively for carboplatin, doxorubicin, irinotecan, carboplatin, vi-
norelbine, and topotecan which is due to their poor cellular adsorption
and low selectivity. For this reason, the application of drug delivery sys-
tems loaded with natural products in cancer treatment is highlighted
because of their simple and ease of fabrication. In this case, this strategy
can be used to overcome the limitations of curcumin in cancer therapy
because of its extremely low solubility in aqueous buffer, instability in
body fluids, and rapid metabolism.

5. Conclusion

Evidence suggesting a role of autophagy in drug resistance and pro-
moting survival of cancer cells is accumulating. Previous studies have
confirmed that niacin can increase intracellular NAD+ concentrations,
and activate NRF-2 and mTOR signaling pathways. These findings sug-
gest that niacin can induce autophagy by activating the GPR109A/
AMPK/NRF-2 signaling pathway. In this study, pure niacin, pure cur-
cumin, Niacin NPs, and curcumin-niacin NPs were used to treat HePG2
cells. The results confirmed the upregulation of mTOR and p62 expres-
sions and the downregulation of ATG7 and Beclin-1 expressions. Addi-
tionally, flow cytometric analysis and AO/EB microscopic image con-
firmed activation of autophagy [72–74].
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