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Abstract: Of all disorders, cancer ranks as one of the most fatal, causing up to 10 million fatalities in
2020. Chemotherapeutic drugs represent efficient therapy for a wide range of human cancers. The major
obstacle in applying chemotherapy is the accompanying severe side effects. In the present study, nano-
encapsulated bioactive compounds in the dietary supplements products with folate-targeting activity
and pectin were designed to enhance the anticancer activity of two different formulas of nanoparticles:
ND+F-dox (folic acid + doxorubicin in one capsule) and NDF-dox (folic acid, and doxorubicin in two
separate capsules). Treatment of cancer cells with the two formulas significantly inhibited their
proliferation in a concentration-dependent way with 1C50 values of 4.44, 36.15 ug/ml in the case of
HepG2 cells and 2.36, 22.58 pg/ml in MCF-7 cells, respectively. The formulas had high selectivity by
reporting very low toxicity with MCF10A normal cells. The anticancer effect of current formulas was
due to a significant elevation of DNA damage as NDF-dox and ND+F-dox significantly increased
percentages to 20.49, and 46,48%, respectively. The formulas significantly induced apoptosis by
upregulating apoptotic BAX and downregulating anti-apoptotic Bcl2 simultaneously with high
selectivity and specificity. The present research offers compelling proof that ND+F-dox succeeded in
boosting the anticancer efficacy of doxorubicin and a successful prospective strategy to lessen
doxorubicin toxicity by targeting cancer cells, increasing its application for cancer treatment.

Keywords: BCL-2; BAX; nano-encapsulated; doxorubicin; safe chemotherapy; alternative
therapy.
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1. Introduction

Almost ten million cancer patients died globally in 2020, making it the top cause of
death. In 2023, nearly 2 new million cancer cases and more than half a million cancer deaths
occurred [1]. In the World Cancer Report 2020, breast cancer was the most predominant (2.26
million cases) [2]. Almost all human cancers are successfully treated with chemotherapy [3].
One of the most effective chemotherapeutic drugs is doxorubicin (dox), which is efficient
against many cancers [4]. Unfortunately, dox is associated with negative side effects resulting
from the widespread provision of free drugs without distinction [5,6]. So, focusing dox in tumor
cells and decreasing its concentrations in normal tissues could improve the clinical application
of dox by limiting its systemic toxicity. Nanotechnology can achieve such a goal as it has the
potency to reduce chemotherapeutic toxicity by designing functionalized particles for targeted
treatment [7,8].
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Another way to minimize dox toxicity resulting from nonspecific systemic distribution
of free drugs is the combinational use of multiple drugs, which provides many possible
favorable outcomes for synergism, including low toxicity due to lower applied doses while
maintaining high efficacy and low chances of drug resistance [9]. Pharmacological
combinations are the most popular choice for treating chronic, incapacitating disorders [10,11].
The idea of a combination will be more favorable when the treatment plan includes
chemotherapy and natural extract, which proves its potency as an anticancer agent. For a long
time, natural extracts were employed widely in medicine. Several popular medications are
made of natural substances or their derivatives. They have been reported as effective anticancer
and anti-inflammatory agents [12,13]. Designing nanoparticles with a natural extract delivery
system could strengthen their therapeutic efficacy. According to recent research, the
bioavailability of natural compounds can be considerably increased by nanoparticles both in
vitro and in vivo [14,15].

Of these natural extracts, pectin is an acidic heteropolysaccharide of plants and can be
found in oranges or apples. Fruit pectin is important for gelling or thickening foods and
stabilizing acid-based milk beverages. It has an advantage as a natural substance, as it can be
ingested naturally. According to pectin's therapeutic effects and low toxicity, it has wide
applications in the food and pharmaceutical industries [16]. Pectin has been reported as an
anticancer agent in different cancer types, such as breast, head, and prostate cancer [17]. The
anticancer effect of pectin is due to the anti-inflammatory properties induction of apoptosis
through reducing the expression of anti-apoptotic Bcl2 protein expression with high selectivity
to tumor cells, which is the greatest advantage of pectin over other synthetic anticancer
medications [18,19]. In addition, pectin was demonstrated to have antioxidant and antibacterial
activities [20,21]. Pectin is altered by a recently identified chemical mechanism, which releases
pectin fragments throughout intestinal digestion. The resulting fragments adhere to and inhibit
galectin 3 (Gal-3), preventing tumorigenesis [22].

Moreover, Vitamin E gained popularity in the late twentieth century as an anticancer
substance through the control of the protein kinase C as well as of other kinases such as
PI3K/Akt, ERK-MAPK, and cyclin-dependent kinases [23]. Also, Omega-3 fatty acids from
fish oil bring many health benefits usable for cancer patients. In addition to their well-known
anti-inflammatory effects, they have the potential to act synergistically with chemotherapy and
increase tumor radiosensitivity [24]. A dietary supplement with a specific proportion of the
previously mentioned natural constituents could control chronic diseases and associated
complications [25]. Also, incorporating nano-encapsulated bioactive compounds in dietary
supplements makes their handling easier for consumers, with the advantage of water-solubility
properties, which guarantee high absorption and good bioavailability [26]. Thus, In the present
study, we designed two different formulas of nanoparticles with pectin-folate-targeting activity
to enhance the anticancer activity of doxorubicin while reducing its unfavorable side effects.
Also, the formation of nano-encapsulated bioactive compounds for retarding cancer with a
dietary supplement jelly form is our point of view.

2. Materials and Methods

2.1. Nano formulation of capsules.

Nanoencapsulation was done in accordance with Mahmoud et al. [26] with a few
alterations:
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2.1.1. W/O Nano-emulsion.

There were two prepared formulas for nano-emulsion. ND+F-dox: pectin, fish oil, and
folic acid + doxorubicin (in one capsule). Second NDF-dox: pectin, fish oil, folic acid, and
doxorubicin (in two separate capsules). W/O nano-emulsions were prepared by spontaneous
emulsification. In short, a magnetic stirrer (VELP, Germany) was used to mix Span 80 and FA
(folic acid) solution at 500 rpm (either alone or in conjunction with doxorubicin). The aqueous
phase was then created by adding Span 80 dropwise to the fish oil phase while swirling
magnetically at 1500 rpm: oil and a solution of surfactant made up the composition.

2.1.2. Biopolymer solution preparation.

To make 100 g of solutions, 2.5 g of pectin powder was dissolved in boiling deionized
water. Concurrently, 10 g of WPC powder was dissolved in 45 ml of deionized water to create
aqueous whey protein concentrate solutions. A magnetic stirrer was used to gently mix the
solutions for at least thirty minutes. After mixing pectin and WPC solutions, the mixture was
left overnight at room temperature to hydrate the biopolymers fully. The maltodextrin solution
(75 ml) was added last.

2.1.3. W/O/W Nano-emulsion.

The W/O emulsion and biopolymer solution were combined and blended using a prop-
ultrasonic (SONICS, Vibra-cell, VCX750, USA) and a high-speed homogenizer (CAT,
Unidrive 1000 D, M. Zipperer GmbH, Germany) at a speed of 20,000 rpm.

2.1.4. Spray drying of emulsions.

A spray drier (B-290, Buchi) fitted with a pressure air atomizing nozzle at 2.5 bar air
pressure, an intake air temperature of 180 5°C, an exit air temperature of 90 5°C, and a feed
flow rate of 450 ml/h converted the produced emulsion solutions into encapsulated powder. Up
to a subsequent examination, the dry powder was gathered and kept at 4°C in dark, sealed
containers.

2.2. Droplet size measurement.

With the use of a particle size analyzer (Nano-ZS, Malvern Instruments Ltd., UK), the
samples' average diameter, size distribution, and zeta potential were determined. Before
evaluation, the nanocapsule suspension was subjected to a 30- to 60-minute sonication cycle
to measure its size distribution and zeta potential. Four measurements of each suspension were
made using various refractive indices. A refractive index was employed to distinguish and
describe each component separately for prepared capsules, including pectin, whey protein,
doxorubicin, and folic acid.

2.3. Scanning electron microscopy of encapsulated powders.

Following the scattering of the nano-encapsulated powders over a two-sided sticky
tape, a thin coating of gold was applied. Then, using a field emission scanning electron
microscope (S-4160 Cold Field-Emission SEM, QUANTA, FEG 250, Thermo Fisher
Scientific, USA) at an accelerated voltage of 320 kV, morphological characteristics of the
particles were seen and photographed at 6000.
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2.4. Fourier transforms infrared spectroscopy (FTIR).

Fourier transform infrared spectroscopy was used to analyze the materials' structural
makeup (FT-IR). The materials' infrared spectra were captured using an FT-IR
spectrophotometer manufactured by Shimadzu in Japan. Transmission mode was used to scan
the spectrum between 400 and 4000 cm™ of wavenumber. Prior to obtaining a spectrum, the
dehydrated samples were combined with KBr powder and compressed into a disc.

2.5. Cell lines.

Human Hepatocellular carcinoma cell line (HepG2), breast carcinoma cells (MCf-7),
and normal breast epithelial cells (MCF10A) were cultured in RPMI 1640 medium (Biowest),
including 10% fetal bovine serum, L-glutamine (0.03%), penicillin (100 U/ml) and
streptomycin (100m g/ml). Cells were placed at 37°C with 5% CO:2 in a humidified
environment. Adherent cells were seeded in a monolayer culture and regularly passaged with
Trypsin/EDTA twice/week.

2.6. Cytotoxicity assay.

Cytotoxicity of doxorubicin, NDF-dox, and ND+F-dox were evaluated in HepG2,
MCF-7, and MCF10A using 3 (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [27]. HepG2 and MCF-7 cells were cultured (1x10%) in a 96-well plate for 24h.
After that, Cells were exposed for 48h to different doses of the selected treatment options (final
doses in the wells ranged from (3.125 -50 ug/ml) to assess the inhibitory effect for different
extracts. After the treatment period, the cells were exposed to MTT for 4h, and the resulting
formazan crystals were dissolved using ten percent SDS/0.01 M hydrochloric acid. The
absorbance was read at 570 nm with reference to 690 nm.

(absorbance of treated cells) 100

0 Vi =
% viable cells (absorbance of untreated cells)

were utilized to investigate the 1C50 values of the tested extracts, according to Yan and
Caldwell [28].

2.7. DNA fragmentation.

DNA Fragmentation was used to measure the percent of degraded DNA after different
treatments, according to Gibb and Gercel-Taylor [29]. After treatment of HepG2 and MCF-7
with 50% of 1C50 doses of doxorubicin, ND+F-dox, and NDF-dox for 48 h, we collected all
cell pellets then re-suspended in the lysis buffer and incubated for half an hour at 48°C. After
that, tubes were centrifuged at 13,000xg for fifteen minutes at 4°C. Then, pellets were re-
suspended in TE buffer and were precipitated by the addition of 25% Trichloroacetic Acid
(TCA) and centrifugation at 500xg for 10min at 4°C, then the supernatant was discarded.
Finally, tubes were heated at 100°C, cooled, and centrifuged at 300xg for fifteen minutes at
4°C. Degraded DNA was measured by diphenylamine (DPA) reagent.

OD of supernatant ( )
(OD of supernatant + OD of pellet)

Percent of fragmented DNA =
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2.8. Quantitative RT-PCR.

Extraction and purification of RNA from cells was done by Qiagen’s miRNeasy
MiniKit (Hilden, Germany). The Revert Aid Reverse Transcriptase kit (Thermo Scientific)
accomplished the reverse transcription of extracted RNA. Quantitect SYBR Green PCR
reagents did real-time PCR on a Light Cycler Agilent Mx3000P, and the internal control
GAPDH was used for normalization. Cycle thresholds (CTs) were measured, and fold changes
were calculated using the 2-AACt way. RT-PCR primers were provided by Qiagen: Bcl2 (Cat#
QT00025011), BAX (Cat# QT00102536), and GAPDH (Cat# QT00079247).

2.9. Statistics.

The results were displayed as mzsd after doing triplicate assays independently. To
analyze the obtained data, we used one one-way ANOVA test and Tukey’s multiple
comparison test. Data is considered significant when p<0.05.

3. Results and Discussion

3.1. Water/oil/water emulsion.

Emulsions are the potential new encapsulating and delivery technology for
pharmaceuticals or bioactive chemicals. Their benefits have been highlighted, including
controlled release and chemical stability of encapsulated substances. Doxorubicin nano-
emulsion formation resulted in coordinating a W/O/W double emulsion by encasing the oil
molecules around doxorubicin and/or folic acid in a WPC membrane. All of the molecules
were then encased in yet another layer of pectin to generate a large molecule that encapsulates
the small molecules inside, as illustrated in Figure 1. That structure allows more protection for
its ingredients, as well as the protection of all body organs from doxorubicin hazards.

4

A: ND+F-dox B: NDF-dox

Figure 1. Nano-incapsulated doxorubicin (A) nano dox with folic acid in the same capsule; (B) nano dox in the
capsule and folic acid in another capsule.

3.2. Encapsulated nano-doxorubicin with bioactive compound morphology by scanning
electron microscopy SEM.

SEM was used to depict the shapes and sizes of formulated capsules. Figure 2 shows
the microstructures of NDF-dox and ND+F-dox capsules. The WPC nanoparticles appeared in
sizes ranging from 507—-700 nm and made up the encapsulated powder. As illustrated in Figure
2, folic acid and doxorubicin particles were in the size 200-400 nm and 300-600 nm for both
NDF-dox and ND+F-dox capsules, respectively. These particles are wrapped with a pectin
layer to form particle sizes ranging from 900-2500 nm and 950-4000 nm for NDF-dox and
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ND+F-dox, respectively. The surface pores of all capsules appeared in the SEM microstructure.
NDF-dox and ND+F-dox had a more porous surface structure with hollow holes (Figure 2).
This shape enabled high release and solubility, which were expected given the capsule's
improved surface air permeability [30].

(b)
Figure 2. Scanning electron microscopy (SEM) images of (a) NDF-dox; (b) ND+F-dox.

3.3. Zeta size and potential of nano-pectin and nano-doxorubicin.

Bioavailability, stability, and solubility of oral administration of dietary supplement
capsules could be predicted using the size and dispersion of particles. The size and distribution
of the nanocapsules were measured using the dynamic light scattering (DLS) method, which is
the most effective technique for examining the size distribution profile of materials suspended
in solution [31]. Screening analysis of samples by DLS using the reflective index to
differentiate the particles was applied. Results, as shown in Figure 2, indicate that all formulas
of ND+F-dox capsules consisted of large particles wrapped with whey protein membrane;
every large particle consisted of a number of small particles wrapped by pectin membrane.
Nano-dox capsule (ND+F-dox) powder had a minuscule diameter of 344.5 nm (large capsule),
while the small capsule consisted of doxorubicin + folic acid in one capsule at the diameter of
69.11 nm and 64.7 nm. On the other side, the Nano-dox capsule (NDF-dox) powder had a
minuscule diameter of 485 nm (large capsule), while the small capsule consisted of doxorubicin
and folic acid in two separate capsules at a diameter of 113.8 nm for folic acid and 54.23 nm
for doxorubicin. Meanwhile, the particle size of doxorubicin powder without any treatments
was 643.4 nm.

Although the physicochemical properties of powders may be modified by varying
particle sizes, the encapsulated powders' finer and smaller particles can help increase their
solubility and dispensability. To achieve acceptable stability, nanosuspensions must typically
be electrostatically stabilized at a minimum zeta potential of 30 mV. Additionally, in the event
of the interaction of the steric and electrostatic forces, 20 mV of zeta potential is enough. This
is due to the fact that the hydrophilic surfactant coat can increase the emulsion's stability by
further hydrating the surface layer [32]. The treated samples' zeta potentials had a strong
negative charge of 51.03 and 48.28 for ND+F-dox and NDF-dox, respectively. This suggests
that the sample of nanocapsules showed greater stability in aqueous dispersion. This
demonstrates that it was thought the nano-loaded polymer system would be stable. These
results were consistent with those of Guo et al. [33], who showed that polysaccharides, such
as pectin and soybean soluble polysaccharides (SSPs), are difficult to establish a stable
colloidal or emulsion system other than at the electro-kinetic potential. Polysaccharides also
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have a propensity to coagulate or flocculate. Also, Dox-loaded polymer capsules had a lot of
surface area because polymer molecules were trapped inside them, which may be why the
negative charge on the capsules' surfaces was amplified.

3.4. Characterization of encapsulated powder by FTIR.

Upon comparing the FT-IR spectra of pectin that had been treated, significant
functional groups that had been found were observed, therefore validating crucial aspects of
the pectin configuration. The bands in the range of 800-1300 cm are known as the "footprint
of the pectin molecule” region, conjugated C-C double bonds. FTIR spectrum showed the
characteristic peaks of doxorubicin: at 835 cm™, 952 cm™, and 1309 cm™, the bending
vibrations of the amino group. The main absorption peaks of NDF-dox and ND+F-dox were in
1789, 1764, 1618, and 1309 cm™.

700 +

> Doxo, 643.4
600 -
500 4 whey protein,
485
E 400 - .
g wheyprotein, =D+
i ] 445 tin, 263.8
& 300 .\ ety
% pectin, 257.7 (D) (F)

200 1 e DOXO
100 Folic acid, 113.8
Folic acid, 69.11

whey protein pectin Folic acid Doxo

Formula

Figure 3. Zeta size distribution of formulas.

A non-destructive method for examining the functional groups in food matrices is the
FTIR method. Figure 4 shows the FTIR spectra of NDF-dox and ND+F-dox with whey protein,
pectin, and maltodextrin (3). The peak shows the double bond of an omega-3 unsaturated fatty
acid at 2400 cm®, which is present in all samples.

% Transmittance
g
7

Figure 4. FTIR spectrum of NDF-dox, ND+F-dox.

The peaks at 2925 and 2856 cm'%, on the other hand, are indicative of the hydrocarbon's
alkene and alkane stretch vibrations. In NDF-dox and ND+F-dox, the strength of these peaks
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was higher. The FTIR spectra of the capsules show two peaks at 3635 and 1554 cm™, which
are ascribed to the amide's asymmetric N-H (-NH**) and O-H stretchingThe whey protein’s
secondary structure's a-helix was shown by the amide peak at 1816 cm™ [34] (Dybing & Smith,
1991). Additionally, the primary component of whey protein is B-lactoglobulin (apex 57%),
which gives their amphiphilic molecules emulsifying qualities that can improve emulsion
stability, produce desired emulsion characteristics, and lessen the interfacial tension between
the hydrophilic and lipophilic phases. The peak shows the carbonyl stretching group of the
triacylglycerols in unsaturated fatty acids at 2408 cm™.

3.5. Cytotoxicity assay.

the anticancer effect of doxorubicin, ND+F-dox, and NDF-dox was investigated in
HepG2, MCF-7 and MCF10A normal cells. Cells without treatment were regarded as controls
(cell viability=100%). The viability of the HepG2 and MCF-7 cells decreased gradually with
the increase in drug concentrations. It can be observed that all drugs showed concentration-
dependent cytotoxicity (Figure 5). IC50 values were calculated and listed in Table 1. In the
case of HepG2 cells, the 1C50 values of dox, ND+F-dox, and NDF-dox were 8.71, 4.44, and
36.15 pg/ml, respectively while they were 5.59, 2.36, and 22.58 pg/ml respectively in case of
MCEF-7 cells. Regarding the normal breast cell model MCF10A cells, dox showed significantly
high toxicity (1C50:79.39 pg/ml) while the 2 formulas ND+F-dox and NDF-dox showed very
low toxicity (IC50:123.52 and 136.85 pg/ml respectively). It was investigated that dox and the
two formulas were able to inhibit cell growth significantly, where ND+F-dox was the best to
inhibit cancer cell proliferation by recording the least IC50 in both cancer cell lines. Results
indicated a high significant difference (p<0.001) between all groups compared to control
untreated HepG2 and MCF7cells. The specificity of our designed nano formulas against tumor
cells is highly important for clinical applications and validates its efficacy as a
chemopreventive or anticancer agent. The ability to accurately differentiate between cancer
and normal cells is another obstacle for any anticancer agent. Current data showed the
significantly low cytotoxic effect of the two formulas on MCF10A normal cells when
compared to MCF7 and HepG2 cancer cells, ensuring high specificity of ND+F-dox and NDF-
dox. This specific delivery may be due to folic acid, which allows tumor cell endocytosis by
identifying its counterpart, which is highly found in the tumor cell surface [35]. This provides
a healthier method for targeting cancer, as Cheng et al. [36] and Ditto et al. [37] reported. Also,
Scomparin et al. [38] recorded similar results for folic acid-modified doxorubicin nanoparticles
showing a specific target to cancer cells. Furthermore, the oil layer surrounding nanoparticles
in our study was covered by another layer of pectin, which may contribute to lower toxicity
against normal cells. This agrees with Yu et al. [39], who reported that Pectin-doxorubicin
conjugated macromolecule nanoparticles showed a long half-life, good hydrophilicity, and low
toxicity compared to dox.

Table 1. IC50 values of different formulas in treated MCF7 and HepG2 cell lines.

Drug Cell line
MCF10A MCF7 HepG2
Dox 4.21*** 5.59*** 8.71***
ND+F-dox 79.39 2.36*** 4.44%**
NDF-dox 123.52 22.58** 36.15**

**: p<0.01, ***: p<0.001.
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Figure 5. Cytotoxic effect of different formulas on the viability of MCF7 and HepG2 cells.
3.6. DNA fragmentation.

To further evaluate whether induced cell death by the two formulas was accompanied
by nuclear DNA damage or apoptosis induction. The percentage of DNA fragmentation after
exposure to doxorubicin, ND+F-dox, and NDF-dox revealed that all used drugs have a
significant effect on DNA damage, as NDF-dox significantly elevated DNA damage
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percentages to 20.49%; however, doxorubicin and ND+F-dox, showed tremendous increase in
the percentage of fragmented DNA to reach 41.91% and 46,48% (Figure 6A). Based on these
results, the cancer cell death in our study is accompanied by DNA fragmentation, which is an
indication of apoptosis in which the chromosomal DNA is cleaved into oligo nucleosome-sized
fragments as an integral part of apoptosis [9,40,41]. Due to its evident role in mediating cell
death in response to cancer chemotherapy and radiation, apoptosis has recently attracted much
attention [42,43]. The high focus on apoptosis was also due to the discovery of many genes
that can regulate cell apoptotic processes [44].
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Figure 6. Mechanism of action of different formulas on MCF7 and HepG2 cells. (a) DNA fragmentation
ratio of cells after 48h treatment; (b) MRNA expression of BcL2 and BAX in MCF7 cells after 48h
treatment; (c) mMRNA expression of BcL2 and BAX in HepG2 cells after 48h treatment.

3.7. The Expression of the Apoptotic Marker Bcl-2 and Anti-Apoptotic Marker BAX attractive
targets in cancer therapy.

Identifying the mechanisms of apoptosis induction in cancer cells will greatly affect
cancer treatment. To further unveil the molecular mechanism of apoptosis enhancement by the
drugs, the expression of the apoptotic key effector B cell lymphoma-2 (Bcl-2), as well as the
https://nanobioletters.com/ 100f14
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anti-apoptotic marker BAX, was evaluated as they are important components of the apoptosis
process [45]. The pro-apoptotic BAX and BAK have the ability to obligate cells to apoptosis
by increasing the permeability of the mitochondrial membrane and initiating caspases, while
anti-apoptotic Bcl-2 was found to facilitate oncogenesis through cell death resistance [46,47].
In the current research, the Bcl-2 was significantly downregulated while pro-apoptotic BAX
was upregulated in a significant way after exposing cells to dox and ND+F-dox (Figure 6B,
C), which ensures the induction of apoptosis after different treatments used in the current study.

4. Conclusions

The previous results show that ND+F-dox is the best formula for anticancer effect and
specificity. Its efficacy is significantly higher than that of dox and the other formulas. It is well
documented that dox is associated with harmful effects involving the heart and liver due to its
high toxicity and low selectivity. As an alternative, ND+F-dox could decrease these harmful
effects of chemotherapy through the sustained release of anticancer drugs and active targeting
with high selectivity towards cancer cells. The difference in design between NDF-dox and
ND+F-dox may be the cause of the difference in efficacy. The presence of dox in the same
capsule with pectin, fish oil, and folic acid decreased the efficacy of dox significantly; however,
it is still a good anticancer agent with high specificity. The research presented here offers
convincing proof that ND+F-dox can improve the efficacy of dox, resulting in a significant
antiproliferative effect initiation of the apoptotic pathway with high specificity. This formula
could be a successful potential mitigation strategy to decrease the undesired effects of dox by
targeting cancer cells, therefore increasing its clinical application.
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