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Abstract: In this study, the cellular synergistic and antagonistic effects of mixing tartrazine (TZ) with
curcumin (CUR) or curcumin-nanoparticles (CUR-NPs) were investigated. The in vivo adminis-
tration of TZ, CUR, CUR-NPs, and TZ mixed with CUR or CUR-NPs at 75:25 or 50:50 ratios were
tested. The results indicated that CUR and CUR -NPs reduced the cytotoxicity effects of TZ on skin
fibroblast BJ-1 (ATCC® CRL-2522™) normal cells. However, among the tested materials, CUR-NPs
had highest in vitro and in vivo antioxidant activity compared to TZ. Furthermore, CUR-NPs and
CUR exhibited anticancer activity against HepG-2 liver cancer cells via apoptosis induction. The key
apoptosis protein genes Caspase-3, p53, and Bax were upregulated, whereas Bc-2, which exhibits
anti-apoptosis activity, was downregulated. Our results indicated that the nano-formulation of CUR
alters its physicochemical properties, including the size and shape, and increases its antioxidant
and anticancer properties. CUR-NPs also overcome the side effect of using TZ as a yellow color
and food preservative additive, due to its reduced toxicity, oxidative stress, and carcinogenicity.
In agreement with our previous findings, CUR and CUR-NPs were able to protect against cellular
oxidative stress by stimulating endogenous antioxidant defense enzymes, including superoxide
dismutase (SOD), catalase (CAT), reduced glutathione (GSH), glutathione peroxidase (GPx), and
glutathione-S-transferase (GST). We conclude that the nano-formulation of CUR exhibits economic
benefits as a new strategy to use CUR as a food additive at the cellular level.

Keywords: food additives; tartrazine; curcumin; apoptosis; p53; oxidative stress; nano-curcumin

1. Introduction

In general, food additives are natural substances added in low concentrations to
manufactured food in order to improve flavor, color, texture, and preservation [1]. A
wide range of synthetic food additives have been used in food processing for economic
purposes [2–4]. The FAO/WHO mark food additives with E code numbers for their
worldwide identification [5,6]. Several reports indicated that some food additives exhibit
human health side effects and place limits on their use [7,8]. In developing countries, there
has been an increase in the use of synthetic colors due to their lower cost and stability [9].
Curcumin (CUR) is a widely available natural food colorant and preservative food additive
extracted from turmeric (Curcuma longa). CUR displays several therapeutic properties,
including antioxidant and anticancer activity [10,11]. Several in vivo and in vitro studies
have reported that CUR exhibits a strong antioxidant effect against different forms of
free radicals [12,13]. In addition, CUR exhibited high efficiency as an anti-inflammatory
in vivo [10]. It has also been reported that CUR is a potent anticancer agent that reduces
the proliferation of different human cancer cell lines via apoptosis induction, including that
of HepG-2, Caco2, and MCF-7. Tartrazine (TZ; E102) is a synthetic yellow dye derived from
coal tar that is used as a food additive and in pharmaceutical and cosmetic products. In
developing countries, TZ is used as a saffron substitute [9–14]. The acceptable daily intake
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(ADI) of TZ recommended by the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) is 0–7.5 mg/kg [15]. Several reports have indicated that TZ causes ROS generation
and oxidative stress in vivo [16,17]. In this context, TZ also induces oxidative stress and
causes cellular damage by inhibiting antioxidant defense enzymes and enhancing lipid
peroxidation in vivo [18]. In this study, we examine the synergistic effects of curcumin and
nano-curcumin as a natural food dye against the toxicity induced by TZ as a synthetic food
dye at the cellular level.

2. Materials and Methods
2.1. Ethical Approval

This study was ethically approved by the Institutional Review Board of the Health
Sciences Colleges Research on Human Subjects, King Saud University College of Medicine
(E-20-4585) on 12 February 2020.

2.2. Chemicals and Supplies

All chemicals used in this study were purchased from Sigma (MA, USA) and Fluka
(Buchs, Switzerland) and were of analytical grade.

2.3. Curcumin Nanoparticle Preparation

Curcumin loaded to nanoparticles were prepared according to the method described
by [19] with slight modifications. In brief, 50 g polyethylene glycol 6000 (PEG 6000) were
melted at 60 ◦C on a hotplate stirrer in a clean flask. While stirring, 10 g of curcumin dis-
solved into 15 mL of methylene chloride and 1 mL of Tween 80 was added dropwise to the
melted PEG (10 drops/min). Then, the mixture was sonicated for 15 min using an ultrasonic
processor. The mixture was allowed to cool at −4 ◦C for 24 h and completely ground in a
refrigerated mortar. Finally, the product was sieved using a stainless-steel sieve (230 mesh),
stored at 25 ± 0.5 ◦C in an airtight container, and used for the subsequent bioassay.

2.4. Nano-Curcumin Characterization

The morphology and particle size of the curcumin-NPs was visualized using a trans-
mission electron microscope TEM (JEM 2100 HRT, Japan). The association level between
curcumin and materials during nanoparticle production was evaluated using Fourier trans-
form infrared spectroscopy FTIR (VERTEX 80v, Bruker, Germany) at 4 cm–1 resolution
and a measurement scale range of 4000–400 cm−1 [20]. A particle size analyzer (Nano-ZS,
Malvern Instruments Ltd., UK) was used to evaluate the surface charge of the NPs at 25
◦C, as indicated by the zeta potential value; the NP dimensions, expressed in terms of
Z-average size (d); and the polydispersity index (PDI).

2.5. Cytotoxicity and Anticancer

All the cell lines used in this study were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Colorectal adenocarcinoma (HCT-116, ATCC
CCL-247) and hepatocellular carcinoma (HepG2, ATCC HB-8065) human cancer cell lines
were used in this study, along with a normal cell line, skin fibroblast BJ-1 (ATCC CRL-2522).
Cell lines were cultured in DMEM/high glucose supplemented with 2 mM L-glutamine,
10% FBS and 1% penicillin/streptomycin kept in a Corning 75 cm2 u-shaped canted neck
cell culture flask with vent cap (Corning, New York, NY, USA). Then, sub-confluent cultures
(70–80%) were trypsinized (trypsin 0.05%/0.53 mM EDTA) and split depending on the
seeding ratio [20,21].

2.6. MTT Assay for Cell Viability, Proliferation and Cytotoxicity

Cells (1 × 105/well) were plated into 100 µL of medium/well in 96-well plates (Hi
media). After 48 h incubation, the cell reached the confluence. Then, the media was replaced
with RPMI-1640 media containing different concentrations (0.5, 1, 2.5, 5, and 10 µg/mL) of
TZ, CUR, and CUR-NPs. After removal of the sample solution and washing with phosphate-
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buffered saline (pH 7.4), 20 µL/well (5 mg/mL) of 0.5% 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide cells (MTT) phosphate-buffered saline solution was added.
After 4 h incubation, 0.04 M HCl/isopropanol were added. Viable cells were determined
by the absorbance at 570 nm with reference to absorbance at 655 nm. The concentration
required for a 50% inhibition of viability (IC50) was determined by graphical presentation.
The absorbance at 570 nm was measured with a microplate reader (Bio-Rad, Richmond,
CA, USA) using wells without samples containing cells as blanks. All experiments were
performed in triplicate. The effect of the samples on the proliferation of cancer and normal
cell lines was expressed as the cell viability using the following formula [22]:

Cytotoxicity % = 100 − A570 of treated cells/A570 of control cells × 100%.

2.7. Antioxidants Activity
2.7.1. 1-di-phenyl-picryl hydrazine (DPPH) Radical Scavenging Activity

The antioxidant activity of TZ, CUR, CUR-NPs and TZ mixed with CUR or CUR-NPs
at 25:75 and 50:50 ratios was measured using the method of Shin (2012) with modifications.
Briefly, 1 mL containing 5 µg of each sample or mixture was vortexed with 3 mL DPPH
(0.004% dissolved in methanol). Then, the mixture was shaken and incubated under dark
conditions at 37 ◦C for 30 min. The absorbance at 517 nm was measured, compared to vitamin
C as a standard, and the scavenging activity was calculated using the following equation:

DPPH• scavenging activity (inhibition %) = [(Ac − As)/Ac] × 100

where Ac is the absorbance of the DPPH solution and As is the absorbance of the sample.

2.7.2. In Vivo Antioxidant Activity

The total antioxidant potency was determined using a cellular antioxidant assay kit
(Abcam ab242300) according to the manufacturer’s instruction. In brief, HepG-2 and Bj-1
cells were seeded in a 96-well plate treated with 5 µg/mL for each treatment compared
to its respective control. After 24 h of treatment, cells were incubated with cell-permeable
DCFH-DA fluorescence probe dye and the bioflavonoid Quercetin as a control. After
incubation for 30 min, the cells were washed, and radical generation was initiated by
adding Free Radical Initiator. The radical converted non-fluorescent DCFH-DA to highly
fluorescent DCF. Higher antioxidant potency increases the scavenging for free radicals, and
therefore inhibits DCF formation in a concentration-dependent manner. Thus, fluorescence
is measured over time in a standard microplate fluorometer, and the antioxidant values
were calculated by the following equation:

In vivo antioxidant activity (%) = [(Fc − Fs)/Fc] × 100

where Fc is the fluorescence of DCF and Fs is the fluorescence of the sample.
The antioxidant values were compared to Quercetin to determine the antioxidant

activity within the cell.

2.7.3. Determination of p53, Bax, Caspase-3 and Bcl-2 Protein Levels

Cellular levels of the key apoptosis marker protein p53, caspase-3, Bax, and Bcl-2
were investigated 24 h post-treatment with the IC50 of TZ, CUR, CUR-NPs and the TZ and
CUR or CUR-NP mixture. Briefly, HepG-2 and Bj-1 cells were seeded at a concentration of
2 × 103 cells/well in 6-well plates for 24 h. The media were replaced by media containing
treatments, and the incubation was continued for another 24 h. The collected cells were
lysed and centrifuged at 10,000 rpm for 20 min at 4 ◦C. The protein concentration was
measured in the supernatant by Bradford protein assay (8). A volume containing 50 mg
of total protein was incubated with 5 mL of caspase substrate in 100 mL of the reaction
buffer at 37 ◦C for 1 h in the dark. Caspase-3 activity was determined by a microplate
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reader at 405 nm using a caspase-3 colorimetric assay kit (Abcam, ab39401) according to
the manufacturer’s instructions [23].

The in vitro protein level measurement of apoptotic marker p53, Bcl-2-associated X
(Bax), and antiapoptotic marker B-cell lymphoma-2 (Bcl-2) in cell lysate was assessed by
Enzyme-Linked Immunosorbent Assay Simple Step (ELISA) (ab207225, ab119506, and
ab199080; Abcam) according to the manufacturer’s instructions [24–26].

2.7.4. In Vivo Oxidative Stress Enzymes Determination

To test the effect of TZ, CUR, and CUR-NPs on the activity of oxidative stress enzymes
in vivo, HepG-2 and BJ-1 cells were seeded in RPMI-1640 medium into cell culture flask
plates (in quintuplicates), with 1 × 106 cells per flask, and incubated at 37 ◦C under a
humidified atmosphere of 5% CO2 for 48 h. The cell medium in the flasks was then
changed to serum-free medium (SFM) containing 10 µL/mL of yogurt extract. After
48 h of incubation, the cell cultures were trypsinized (trypsin 0.05%/0.53 mM EDTA).
The collected cells were washed in PBS, centrifuged at 2000 rpm for 5 min at 4 ◦C and
resuspended in 1 mL PBS containing 0.1% Triton X-100. After sonication in a 1.5 mL
microcentrifuge tube on ice for 2× 10 s at 100 Hz (Vibra-cell, Sonics & Material), cells were
centrifuged at 14,000 rpm for 30 min at 4 ◦C. Enzyme activity was tested in the supernatant.
The cell culture enzyme activity of superoxide dismutase (SOD), catalase (CAT), reduced
glutathione (GSH), and glutathione peroxidase (GPx) was determined according to the
manufacturer’s instructions of colorimetric kits ab65354, ab83464, ab142044, ab102530
Abcam, respectively.

2.8. Statistical Analysis

Data were statistically analyzed using the Costal statistical package data according to
Anonymous (1989).

3. Results
3.1. CUR-NPs Characterization
3.1.1. Transmission Electron Microscope (TEM)

The results of TEM analysis indicated that the average particle size of CUR-NPs was
40 nm less than curcumin and the PEG-NPs control (Figure 1). Drug nano-formulations
have been implicated in physicochemical alterations, e.g., of particle size, solubility, and
shape. Such alterations elicit changes in various pharmaceutical characteristics, such as
drug release patterns, efficiency, and cytotoxicity [19,27]. However, nanoparticles enhance
drug delivery to target organisms and reduce the toxic effects on non-target organisms [28].

Figure 1. Transmission electron microscope TEM micrographs of unloaded control (left panel A),
CUR-loaded PEG-NPs (right panel B and C).

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum of PEG/CUR nanocomposites compared to curcumin are shown
in Figure 2. The curcumin-loaded PEG shows the characteristic bands of the pure blend
with some slight band shifts. These results indicate that the spectrum of PEG nano-carrier



Catalysts 2021, 11, 1203 5 of 11

bands was loaded in CUR-NPs. In addition, the spectrum of CUR showed two main
peaks corresponding to the CUR spectrum loaded in CUR-NPs at 3512 and 1738 cm−1.
However, no new bands at the FTIR spectrum of CUR-NPs were observed compared to
blank PEG-NPs, indicating that chemical reactions between CUR and other ingredients
occurred. The stretching vibration at 3627 cm−1 corresponding to OH/NH2 groups shifted
to 3649 cm−1, indicating that the CUR bonded to the functional groups of the PEG. As the
peaks of the CUR-loaded nano-carrier spectrum overlapped with CUR and PEG-NPs, this
shows that there was an interaction between CUR and the other nanomaterials.

Figure 2. Fourier-transform infrared spectroscopy (FTIR) spectrum of CUR-NPs, CUR and PEG-NPs.

3.1.3. Particle Size Distribution

Particle size and zeta potential are a limiting factor of nano-medicine effectiveness
in terms of drug delivery and stability levels. The zeta potential provides an indication
of the surface charge of particles [29]. Analysis of the particle size (nm), PDI, and zeta
potential (mV) revealed that the diameter of CUR-NPs and PEG-NPs was in the range of
360–393 nm. The discrete values of particle size, PDI, and zeta potential were 393.7 nm,
0.445, and –36.79 mV for CUR-NPs, and 360.9 nm, 0.588, and –33.50 mV for PEG-NPs,
respectively.

3.1.4. Cytotoxic and Anticancer Activity

The cytotoxic and anti-proliferative potency of TZ, CUR, and CUR-NPs against HepG-
2 cancerous cells and Bj-1 normal cells showed that TZ had a cytotoxic effect on Bj-1
normal cells, and a slightly cytotoxic effect was observed due to CUR treatment (Table 1).
Thus, the nano-formulation of CUR reduced the cytotoxic effect of CUR. TZ exhibited
anti-proliferation activity against HepG-2 cells, and CUR and CUR-NPs also inhibited
cell growth. However, CUR-NPs showed a high cell mortality compared to curcumin.
Taking into account the high cytotoxic activity of TZ, these results indicate that the nano-
formulation improved the anticancer properties of CUR.
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Table 1. Viability and cytotoxic activity of TZ, CUR and CUR-NPs.

*Concentration 0.5 µg/mL 1.0 µg/mL 2.5 µg/mL 5.0 µg/mL 10.0 µg/mL

Bj-1 Cells

TZ 93.14 ± 2.15 89.94 ± 3.82 87.86 ± 3.44 77.29 ± 3.76 65.92 ± 2.15
CUR 96.01 ± 3.65 91.12 ± 2.14 87.98 ± 3.13 85.17 ± 3.85 79.13 ± 2.73

CUR-NPs 97.81 ± 3.11 95.71 ± 1.76 93.36 ± 2.22 91.05 ± 1.24 89.71 ± 2.42

HepG-2

1-6 TZ 75.31 ± 1.35 72.23 ± 3.48 67.36 ± 4.93 48.97 ± 3.25 39.23 ± 2.96
CUR 68.1 ± 2.21 58.54 ± 2.31 46.36 ± 4.93 31.23 ± 2.01 16.06 ± 1.34

CUR-NPs 61.89 ± 3.02 50.13 ± 2.56 35.44 ± 2.15 22.23 ± 1.55 8.72 ± 1.06
*Media containing different concentrations (0.5, 1.0, 2.5, 5.0 and 10.0 µg/mL) of TZ, CUR and CUR-NPs.

3.1.5. Antioxidant Activity

In vitro antioxidant activity was measured by the potential scavenging of DPPH
radicals. In this assay, we tested the scavenging activity of TZ mixed with CUR or CUR-
NPs at ratios of 25:75 and 50:50 at 5 µg/mL compared to their respective controls. CUR-NPs
displayed higher antioxidant activity compared to CUR and TZ (63.14% vs. 45.22% and
36.23%, respectively). CUR-NPs also increased the scavenging activity of TZ against DPPH
radicals (Table 2). Increasing the mixing ratio to 50:50 in TZ:CUR-NPs ameliorated radical
scavenging activity. The cellular antioxidant activity of Bj-1 and HepG-2 cells subjected to
treatment was also tested, and the results indicated that in Bj-1 normal cells treated with
CUR-NPs, cellular antioxidant activity was increased by about 30% compared to untreated
cells. In BJ-1 cells, the highest cellular antioxidant activity occurred after 24 h of CUR-NPs
treatment with antioxidant activity of 49.15%, followed by CUR treatment, which achieved
an antioxidant activity of 26.49%, while TZ treatment exhibited the lowest antioxidant
activity compared to the control. In agreement with previous in vitro antioxidant data, TZ
mixed with CUR-NPs also showed an increase in the cellular antioxidant activity compared
to TZ and TZ mixed with CUR, indicating that CUR-NPs and TZ act synergistically. By
contrast, in HepG-2 cells, CUR has more cellular antioxidant activity either alone or mixed
with TZ. However, nano-formulated CUR was mixed with the nanocarrier at a ratio of 1:5.

Table 2. In vitro and in vivo antioxidant capacity.

Sample Bj-1 Cells HepG-2 DPPH

Control 19.93 ± 2.43 23.43 ± 2.23 -
TZ 21.42 ± 2.02 20.35 ± 2.14 36.23 ± 2.90

CUR 26.49 ± 3.15 18.14 ± 2.06 45.22 ± 2.19
CUR-NPs 49.15 ± 3.12 13.78 ± 1.23 63.14 ± 3.04

TZ:CUR 75:25 31.32 ± 2.13 19.34 ± 1.40 43.24 ± 1.80
TZ:CUR-NPs 75:25 38.18 ± 3.75 17.15 ± 2.05 51.43 ± 3.12

TZ:CUR 50:50 37.41 ± 3.14 17.56 ± 1.11 49.26 ± 2.34
TZ:CUR-NPs 50:50 43.86 ± 3.25 14.78 ± 1.03 57.78 ± 1.03

TZ, CUR, Nano-CUR, TZ + CUR 75/25 (3.75 µg:1.25 µg), TZ + Nano-CUR 75/25 (3.75 µg:1.25 µg), TZ + CUR
50/50 (2.5 µg:2.5 µg), TZ + Nano-CUR 50/50 (2.5:2.5 µg).

3.1.6. Effects on Oxidative Stress Enzymes

In order to reduce cell stress, several cellular antioxidant markers are produced. We
analyzed the impact of TZ, CUR, CUR-NPs, and their mixture on cellular antioxidant
enzymes activity. The activity of superoxide dismutase (SOD), catalase (CAT), reduced
glutathione (GSH), glutathione peroxidase (GPx), and glutathione-s-transferase GSH was
determined in cell lysate of Bj-1 and HepG-2 after treatments with 5 µg/mL of substances
alone or in a mixture. In Bj-1 normal cells, the levels of SOD, CAT, GSH, GPx, and GSH
were slightly decreased (p < 0.05) after 48 h treatments with CUR and CUR-NPs compared
to untreated cells (Table 3).



Catalysts 2021, 11, 1203 7 of 11

Table 3. Oxidative stress enzymes activity in Bj-1 and HepG-2 treated cells.

Bj-1

Sample SOD
U/106 Cells

Catalase
U/106 Cells

GSH
U/106 Cells

GPX
U/106 Cells

GST
U/106 Cells

Control 1.93 ± 0.21 87.58 ± 2.73 45.34 ± 2.00 34.14 ± 2.30 13.84 ± 1.15
TZ 1.12 ± 0.18 55.39 ± 2.84 29.23 ± 2.45 19.13 ± 2.15 7.21 ± 2.15

CUR 1.81 ± 0.16 81.24 ± 2.61 38.12 ± 2.49 27.92 ± 3.01 14.11 ± 1.09
CUR-NPs 1.89 ± 0.19 85.56 ± 2.34 58.14 ± 2.74 36.13 ± 2.81 12.23 ± 1.24

TZ:CUR 75:25 1.42 ± 0.33 59.67 ± 3.12 36.28 ± 2.67 24.27 ± 2.27 7.98 ± 1.27
TZ:CUR-NPs 75:25 2.18 ± 0.25 64.35 ± 2.55 43.25 ± 3.02 29.25 ± 3.13 8.15 ± 1.12

TZ:CUR 50:50 1.67 ± 0.29 66.76 ± 3.10 41.21 ± 2.54 31.21 ± 3.23 9.89 ± 1.44
TZ:CUR-NPs 50:50 1.86 ± 0.19 79.98 ± 3.13 47.18 ± 2.73 35.28 ± 3.11 11.38 ± 1.31

HepG-2

Control 2.75 ± 0.35 55.32 ± 3.12 22.25 ± 1.39 25.36 ± 1.78 17.02 ±1.33
TZ 2.32 ± 0.45 49.46 ± 2.17 19.17 ± 2.43 17.45 ± 2.01 9.76 ± 0.86

CUR 2.88 ± 0.49 67.34 ± 2.25 43.49 ± 3.12 31.67 ± 1.78 24.82 ±1.58
CUR-NPs 3.12 ± 0.63 73.32 ± 3.64 48.06 ± 2.55 39.37 ± 1.62 28.09 ±2.11

TZ:CUR 75:25 3.21 ± 0.72 61.39 ± 3.31 39.37 ± 1.96 26.32 ± 1.84 21.94 ±2.31
TZ:CUR-NPs 75:25 3.97 ± 0.65 67.78 ± 2.78 56.64 ± 2.87 30.18 ± 2.05 25.05 ±1.24

TZ:CUR 50:50 2.67 ± 0.41 72.32 ± 2.32 49.76 ± 2.62 37.38 ± 2.62 26.17 ±1.65
TZ:CUR-NPs 50:50 2.66 ± 0.39 82.43 ± 4.01 57.24 ± 3.05 43.23 ± 2.08 29.86 ±2.05

A significant reduction in the activity levels of all enzymes was observed with the TZ
treatment alone, but when TZ was mixed with CUR or CUR-NPs, the enzyme activity levels
were significantly increased (Table 3). In the case of HepG-2, an increase in the oxidative stress
markers was observed, with the exception of cells treated with TZ. These findings suggest that
CUR and CUR-NPs have a synergistic effect with TZ and reduce the levels of oxidative stress
protection markers. These results were in agreement with the anticancer and antioxidant data
that were obtained.

3.1.7. Apoptotic Marker Protein Levels in Bj-1 and HepG-2 Treated Cells

It was hypothesized that anticancer activity is associated with apoptosis induction.
Apoptosis is a process controlled by several signal transduction pathways including p53, Bax,
caspase-3, and Bcl-2 proteins. In this context, the protein levels of p53, Bax, and Caspase-
3 protein markers were determined in Bj-1 and HepG-2 cells exposed to 5 µg/mL of TZ,
CUR, CUR-NPs, TZ:CUR 75:25, TZ:CUR-NPs 75:25, TZ:CUR 50:50, and TZ:CUR-NPs 50:50
compared with untreated cells (Table 4).

Table 4. Apoptosis marker protein levels in HepG-2 and Bj-1 treated cells.

Bj-1

Sample Caspas-3 pg.mL−1 P53
pg.mL−1

Bax
pg.mL−1

Bcl-2
ng.mL−1

Control 59.11 ± 1.82 76.13 ± 2.34 21.12 ± 1.11 2.12 ± 0.34
TZ 73.87 ± 2.33 93.23 ± 3.21 48.18 ± 3.24 3.13 ± 0.52

CUR 57.01 ± 3.31 81.32 ± 2.15 27.11 ± 2.43 2.34 ± 0.16
CUR-NPs 58.83 ± 2.27 74.23 ± 2.76 28.34 ± 1.88 2.23 ± 0.24

TZ:CUR 75:25 68.32 ± 2.87 88.32 ± 4.32 24.12 ± 1.65 2.51 ± 0.54
TZ:CUR-NPs 75:25 66.54 ± 3.21 79.35 ± 2.36 26.04 ± 2.13 3.05 ± 0.53

TZ:CUR 50:50 63.34 ± 1.96 82.32 ± 2.19 21.289 ± 1.33 2.41 ± 0.45
TZ:CUR-NPs 50:50 60.02 ± 1.48 77.98 ± 3.04 24.15 ± 1.09 2.56 ± 0.12

HepG-2

Control 68.23 ± 4.23 85.24 ± 3.17 31.34 ± 3.43 2.44 ± 0.57
TZ 85.02 ± 3.15 88.13 ± 3.45 39.69 ± 2.98 2.17 ± 0.35

CUR 113.81 ± 4.13 136.12 ±4.35 61.64 ± 3.11 1.72 ± 0.55
CUR-NPs 141.19 ± 3.78 168.04 ± 5.34 86.26 ± 3.64 1.09 ± 0.04

TZ:CUR 75:25 89.62 ± 4.33 113.28 ± 3.17 57.37 ± 3.82 1.78 ± 0.12
TZ:CUR-NPs 75:25 104.38 ± 4.25 132.45 ± 3.97 66.35 ± 3.24 1.45 ± 0.17

TZ:CUR 50:50 103.67 ± 3.78 129.97 ± 5.14 69.24 ± 3.45 1.47 ± 0.24
TZ:CUR-NPs 50:50 126.96 ± 4.24 147.12 ± 3.96 81.68 ± 3.53 0.79 ± 0.06
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By contrast, exposure to the abovementioned compounds or mixtures significantly
reduced Bcl-2. Our data also indicated that CUR and CUR-NPs are able to ameliorate the
side effects of TZ, thereby decreasing TZ cytotoxicity and enhancing apoptosis induction.

4. Discussion

Turmeric has long been recognized for its pharmaceutical properties and utility as
a food colorant. In addition, turmeric is a major source of CUR. It is a polyphenolic
compound that has been shown to exhibit antioxidant and anti-inflammatory properties
to treat metabolic syndromes, arthritis, anxiety, and hyperlipidemia. It has long been
used as a natural yellow color additive in foods. However, several synthetic yellow color
agents have also been used in food processing as an alternative to CUR. Many reports
have highlighted the side effects of these synthetic compounds, among which is tartrazine,
the most commonly used synthetic yellow color as a replacement for CUR. In this study,
we compared CUR and TZ in terms of their pharmaceutical benefits and cytotoxicity, and
nano-formulated CUR was also investigated.

We used TEM, FTIR, and zeta sizer to characterize CUR-NPs. TEM analysis indicated
that the size of CUR-NPs ranged from 35 to 100 nm and its surface morphology was smooth
and homogenous (Figure 1). The TEM results also indicated that curcumin nanoparticles are
homogeneously distributed in the polymer matrix [30]. FTIR spectrum analysis indicated
that curcumin was loaded into PEG and the spectrum has showed an integration between
PEG and CUR. However, the FTIR spectrum of the CUR-NPs did show some differences
from pure PEG-NPs (Figure 2). By comparing the spectrum of curcumin with CUR-NPs,
two absorption peaks at 3512 and 1738cm−1, corresponding to –OH and –NH stretching
vibrations, shifted to 3620 and 1821 cm−1 in the CUR-NPs spectrum. Previous reports
indicated that the FTIR spectrum of curcumin shows a peak at 3417 cm−1 that could be
attributed to the phenolic –OH stretching bands. Two sharp peaks at 2920 and 2852.2 cm−1

were ascribed to CH Stretching. The bands at 1706 cm−1 and 1641 cm−1 were due to
C=O and C=C stretching, respectively. In addition, the bands at 1464, 1105, and 723 cm−1

were ascribed to –OH vibrations, C-O-C stretching modes, and cis –CH vibrations of the
aromatic ring [31]. All these results reflect the chemical interaction between CUR and PEG.

In this study, the cell viability of BJ-1 and HepG-2 indicated that CUR-NPs have the
strongest anticancer activity against HepG-2 Cells, followed by CUR and TZ. Moreover, TZ
exhibited the strongest cytotoxic effect against Bj-1 normal cells (Table 1). The observed an-
ticancer activity against HepG-2 was specific, as marginal growth inhibition was observed
for BJ-1 normal cells. Similar results have been reported in a previous study that tested the
effect of CUR on the same HepG-2 hepatocarcinoma cell line that we studied [31].

We analyzed the antioxidant, anticancer, and oxidative stress enzyme induction of
CUR-NPs in comparison with CUR and TZ in vitro and in vivo. Curcumin has been shown
to improve the cytotoxic, antioxidant, and anticancer effects of synthetic food additive
TZ [32]. The levels of oxidative stresses protection enzymes in the cell lysate of Bj-1 and
HepG-2 treated with CUR-NPs, CUR, and TZ are shown in Table 3. The nano-formulated
CUR showed high potential for increased protection against oxidative enzymes compared
to the control. It has been reported that CUR increases antioxidant enzymes in the blood
such as superoxide dismutase (SOD) [32,33]. Many reports have found a significant effect
of purified curcuminoid supplementation on oxidative stress parameters including plasma
activities of SOD and catalase, and serum concentrations of glutathione peroxidase (GSH)
and lipid peroxides [33]. Notably, all of the studies included in that meta-analysis utilized
some sort of formulation to overcome bioavailability challenges, and four out of the six
used piperine. Several mechanisms are responsible for curcumin’s effect on free radicals. It
can scavenge different forms of free radicals, such as reactive oxygen species (ROS) and
reactive nitrogen species (RON); modulate the activity of GSH, catalase, and SOD enzymes
active in the neutralization of free radicals; and inhibit ROS-generating enzymes, such
as lipoxygenase/cyclooxygenase and xanthine hydrogenase/oxidase [34,35]. In addition,
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CUR is a lipophilic compound, which makes it an efficient scavenger of peroxyl radicals.
Therefore, like vitamin E, CUR is also considered a chain-breaking antioxidant [36].

In this study, protein levels of pro and anti-apoptotic results revealed that the CUR-NPs
and CUR mediated cytotoxic effect against HepG-2 cells proceeds by apoptosis induction,
as shown by the significant upregulation of pro-apoptotic marker proteins p53, Caspase-3,
and Bax (Table 4). Apoptosis is genetically controlled by either an intrinsic or extrinsic
pathway, both of which culminate in the proteolytic activation of caspase-3, the last en-
zyme that executes the characteristic hallmarks of apoptosis such as DNA fragmentation;
phosphatidylserine exposure, which causes reversion of the plasma membrane; and the
degradation of nuclear protein [37]. The effects of plant-derived phytochemicals have long
been suggested to be mediated by the induction of apoptosis and cell cycle arrest [22,38].

5. Conclusions

In this study, cellular synergistic and antagonistic effects of mixing CUR and CUR-NPs
with TZ were investigated against different cell lines. The combination of nano-CUR with
TZ overcame the side effects associated with using TZ alone. The cytotoxic activity of TZ
was improved by the application of the nano-formulation of CUR. The synergistic effect of
CUR and CUR-NPs with TZ reduced the levels of oxidative stress protection markers. The
obtained data also indicated that CUR and CUR-NPs were able to ameliorate the side effects
of TZ by decreasing its cytotoxicity and enhancing apoptosis induction. CUR and CUR-NPs
were able to protect against cellular oxidative stress by stimulating endogenous antioxidant
defense enzymes. We conclude that the nano-formulation of curcumin has potential as a new
strategy for using CUR as a food additive at the cellular level.
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