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Nowadays, breast cancer is considered one of the most upsetting malignancies among females.
Encapsulation of celecoxib (CXB) and prodigiosin (PDG) into zein/sodium caseinate nanoparticles
(NPs) produce homogenous and spherical nanoparticles with good encapsulation efficiencies (EE

%) and bioavailability. In vitro cytotoxicity study conducted on human breast cancer MDA-MB-231
cell lines revealed that there was a significant decline in the IC50 for encapsulated drugs when
compared to each drug alone or their free combination. In addition, results demonstrated that

there is a synergism between CXB and PDG as their combination indices were 0.62251 and 0.15493,
respectively. Moreover, results of scratch wound healing assay revealed enhanced antimigratory
effect of free drugs and fabricated NPs in comparison to untreated cells. Furthermore, In vitro results
manifested that formulated nanoparticles exhibited induction of apoptosis associated with reduced
angiogenesis, proliferation, and inflammation. In conclusion, nanoencapsulation of multiple drugs
into nanoparticles might be a promising approach to develop new therapies for the managing of triple
negative breast cancer.

Globally, Breast cancer is the most frequent cancer among females and the second leading cause of mortal-
ity after lung cancer'. In 2018, breast cancer caused more than 7000 deaths and more than 100,000 new cases
were diagnosed?. This disorder is a multifactorial disease in which many risk factors might contribute to its
progression®. The first line therapy for breast cancer is usually chemotherapy which can be administrated solely
or in combination with radiation or surgery*. However, chemotherapeutic drugs usually have several drawbacks
including; drug resistance, recurrence and diverse systemic negative side effects’. Consequently, there is a great
demand to develop new therapy regimens with new drugs such as multi-target inhibitors which could be a single
drug with multiple inhibitory effects or combinational therapy of more than one drug so as to simultaneously
hit more than one pathway all at once®.

Celecoxib (CXB); 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] benzene sulfonamide, is
a well-known anti- inflammatory drug, selective COX-2 inhibitor and non-steroidal anti-inflammatory drug
(NSAID)’. It is available in the market in an oral dosage form which was initially approved by the FDA and it
was launched by Pfizer, Inc. (New York, NY, USA) in 1999%. Cyclooxygenase 2 (COX-2) is well-known to be
overexpressed in breast cancer cells leading to excessive conversion of arachidonic acid into prostaglandin E2
(PGE2). This reaction causes progression of breast cancer by several mechanisms including; antitumor immunity
suppression, induction of proliferation and angiogenesis. COX-2 also plays a critical role in immune-suppression
as it increases infiltration of CD8+ in breast cancer tissue’. Meanwhile, it was previously reported that inhibi-
tion of COX-2 causes induction of apoptosis via activating caspase 3 and suppressing survivin which is an anti-
apoptotic protein'®!!. CXB exerts its antitumor effect on different breast cancer cell lines depending upon COX-2
(the main inflammatory marker) by inhibiting cell growth and blood supply to tumor cells'?. CXB is also able to
inhibit canonical Wnt/B_Catenin pathway and PI3-K/PDK1/Akt pathway which in turn can inhibit cancer cell
survival, angiogenesis, proliferation and migration'*'%. Moreover, CXB can induce apoptosis by both COX-2
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dependent and independent pathways'>. Unfortunately, CXB has several side effects like other NSAID ranging
from mild gastrointestinal tract discomfort to cardiac toxicity, lack of efficient tumor targeting, besides being a
more potent anticancer agent when utilized as an adjuvant therapy not as a monotherapy?®.

Prodigiosin (PDG) is a secondary metabolite microbial red pigment which is produced by a limited group
of microorganisms including; Serratia spp., Pseudomonas and Streptomyces'®". It is a naturally occurring tri-
pyrrylmethene compound which is insoluble in water and soluble in organic solvents such as acetonitrile and
DMSO (dimethyl sulfoxide)'®. It was isolated from Serratia species for the first time by Kraft 1902'°. PDG has
four possible anticancer mechanisms as it can cause (1) cell cycle arrest, (2) change in intracellular pH, (3) induc-
tion of mitochondrial-mediated apoptosis and (4) cleavage of cancerous cell's DNA by inhibiting topoisomerase
relaxation via DNA intercalation®. In addition, this pigment has antifungal, antibacterial, antiproliferative, and
immunosuppressive effects??2. All these actions collectively can cause cancer cell death?. PDG also inhibits
several pathways such as PI3K/AKT/m-TOR and Wnt/B_Catenin pathways causing further inhibition of cell
survival, angiogenesis, proliferation and migration®*?. PDG is also expected to inhibit COX-2 like celecoxib
and rofecoxib, which was proved by an in silico molecular docking study®. Although, PDG seems to be a potent
antitumor agent in different cell lines, however, its hydrophobicity and extremely low bioavailability was found
to hinder its application as an antitumor agent?’.

Combinational therapy can afford several benefits in cancer therapy such as simultaneous effect on multiple
signaling pathways, reducing the required dose from each drug and hence, reducing their possible side effects?.
Green nanotechnology is the use of natural or biocompatible components in the synthesis of nanocarriers as they
have many privileges such as being biodegradable and non-toxic and the fact that they can provide sustained
drug release and increased bioavailability®. In general, Nanoparticles (NPs) having size range from 1 to 100 nm
can be efficiently taken up by tumor cells since tumor cells have unique features including; leaky blood vessels
and weak lymphatic drainage which can permit efficient entrance of NPs into cancer cells via a phenomenon
known as enhanced permeability and retention (EPR) effect®*>!.

Zein is a proline rich water insoluble protein extracted from maize, and it is generally recognized as a safe
(GRAS) molecule, so it is thought to be suitable for fabrication of nanocarriers that can encapsulate hydrophobic
drugs®!. Zein NPs have been fabricated by several methods like antisolvent precipitation, heat-induced self-
assembly and pH-induced self-assembly techniques. However, naked zein NPs are relatively unstable, therefore,
they are usually coated by another protein or polysaccharide polymers®. Sodium caseinate (Na CAS) is an
amphiphilic and stable protein extracted from milk. It is also biocompatible, GRAS and biodegradable so it was
previously utilized in coating of zein NPs*.

As both drugs; CXB and PDG are poorly soluble in water with low bioavailability, they can be-loaded into
NPs in order to improve their aqueous solubility'®**. CXB was previously encapsulated into several nanocar-
riers such as casein NPs, chitosan-fucoidan NPs, polylactide-Co-Glycolide NPs, inulin-based Nano micelles,
PEGylated liposomes and solid lipid NPs**~*. Due to the hydrophobicity of PDG, it was-loaded into several
nanocarriers such as; grafted p-cyclodextrin, chitosan magnetic NPs, chitosan nanospheres, selenium NPs and
B-casein coated lactoferrin NPs*~#2 It was also-loaded in implantable biomedical device made from poly-di-
methyl-siloxane (PDMS) which contains thermosensitive Poly(N-isopropylacrylamide) and it was also-loaded
into hybrid nanofiber made from poly(p,L-lactic-co-glycolic acid) (PLGA) with gelatin or Pluronic F127 for local
management of triple negative breast cancer cell line**4,

In this study, bacterial PDG and CXB were co-loaded into zein(core)/Na. caseinate (shell) NPs. Zein NPs were
coated with Na caseinate to increase the stability of the formulated zein NPs. Both drugs were used together to
hit multiple pathways to overcome drug resistance of triple negative breast cancer. Cytotoxicity of both free and
formulated drugs was determined by MTT assay against MDA-MB-231 human breast cancer cells. In addition,
the migration of cancer cells after treatment with free or-loaded drugs was assessed by scratch wound healing
assay. Moreover, Ki-67 was measured as a proliferative marker using flow cytometry assay. Angiogenesis, inflam-
mation, and apoptosis were also assessed by measuring the angiogenic marker, vascular endothelial growth factor
(VEGF); PGE2 was measured as a function of COX-2 and the apoptotic marker; caspase3 by ELISA technique.

Results
Production and characterization of prodigiosin from S. marcescens
The maximum amount of prodigiosin was achieved on peanut media after 48 h at 28 °C which is consistent with
previous research!”*. At the end of the extraction, the prodigiosin yield was approximately 250 mg from 1 L
of culture medium. The purification of the microbial pigment by gravity column chromatography was about
92%**6, Spectroscopic analysis of PDG showed that it displayed different spectrum and solution color according
to the examined pH (Fig. 1a and b). In acidic condition (pH 2), it exhibited pink color with maximum absorbance
at 530 nm, while in neutral condition (pH 7), the maximum absorption peak intensity decreased to reach 1%,
and the color turned into red. In alkaline condition (pH 9), the maximum absorption was shifted to 465 nm with
a yellow color. Furthermore, PDG was also characterized by TLC and it exhibited Retention factor (RF) of 0.9
which was consistent with the RF of standard PDG as previously reported in the literature as shown in (Fig. 1¢)*®.
The extracted pigment showed Fourier transform infrared (FTIR) spectrum with a broad stretching band at
3417 cm™ (-OH & -NH stretching of pyrrole ring), aromatic ~CH attached to methylene-O showed a stretching
band at 2950 and 2844 cm™!, C=, and alkynes showed a weak stretching band at 2130 cm™. A medium stretching
band was determined at 1655 cm™ relating to (C=C & C=N bending), a weak bending band at 1460 cm™'(C-C
aromatic), 1402 cm™! (C-N aromatic), 1113 cm™!(C-O or C-N aromatic), 1020 cm™! (C-H, aromatic) and at
777 cm™ (alkyl-C) were also observed. Finger print regions of standard PDG as reported in literature were
observed at 1655 cm™ (C=N or C=N) at 1402 cm™! (C-N aromatic), 1113 cm™! (C-O aromatic), 1020 cm™!
(C-H2 aromatic) and 777 cm™* (C-alkyl), indicating the presence of (-C-O-C-) linked to aromatic pyrrole
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Figure 1. Characterization of the extracted bacterial prodigiosin (PDG). UV-VIS spectrum of PDG (a),
different coloration of PDG at different pH values (b), purified PDG on thin layer chromatography (TLC) plate
(c), Fourier transform infrared (FTIR) spectrum of PDG (d), high performance liquid chromatography (HPLC)
spectrum of purified PDG (e).

ring*~*. As shown in Fig. 1d, FTIR spectrum revealed that the extracted pigment contains pyrrole, methylene,
alkane, and alkene, which are in accordance with the spectrum of the standard PDG. Moreover, high performance
liquid chromatography (HPLC) analysis of PDG confirmed the purity of the extracted pigment showing a single
peak with retention time of about 1.3 min (Fig. le).

Preparation of PDG/CXB-loaded zein/ Na CAS NPs

Zein was used as hydrophobic core for encapsulation of CXB/PDG due to their hydrophobicity and low water
solubility. Lower water solubility of this protein creates more supersaturation, which increases the rate of nuclea-
tion and formation of smaller NPs. Sodium caseinate has good emulsifying and stabilizing properties when it
is used as a coating agent in aqueous solution. Caseinate has negative charge and it can adsorb easily onto the
surface of positively charged zein NPs resulting in more stable colloidal NPs*’. Zein/caseinate mass ratio 1:1
was the most optimum formulation as it renders the best encapsulation efficiency (EE%) and particle size (PS).
Different ratios showed low EE% and PS°'.

Physicochemical characterization of PDG/CXB-loaded zein/ Na CAS NPs

Free proteins and blank zein/Na CAS NPs exhibited in their FTIR spectrum the most obvious peaks of amide I
at (1655-1645) cm™' owing to C=0 stretching vibration and amide I at (1540-1530) cm™ owing to N-H bend-
ing with C-N stretching vibrations. Also, a peak for hydroxyl group was observed at 3451 cm™, CH, bending at
1448 cm™ and stretching of CH; and CH, were located at 2925 and 2963 cm™, respectively. The region between
1000 and 1400 cm™" referred to the side chain of amino acids*"*2. The reported finger print regions of PDG were
observed in the spectrum and they were consistent with our isolated pigment*~*. CXB revealed a mild stretching
peak of -NH at 3300-3600 cm™’, a stretching peak of NH, at 1636 cm ™, a stretching peak of S=O at 1348 cm™*
and a stretching peak of C-F at 1230 cm™**. FTIR spectrum of CXB/PDG-loaded NPs exhibited the major peaks
of CXB and PDG which appeared in the range of 3250-3750 cm™. Also, no significant shift was observed in
the characteristic peaks of both drugs, while some other peaks disappeared due encapsulation of drugs into the
hydrophobic core of the prepared NPs (Fig. 2a)*"".

Thermal behavior of free CXB, blank NPs and CXB/PDG-loaded zein/Na CAS NPs were further analyzed
by differential scanning calorimetry (DSC). Upon heating, CXB was converted from an amorphous state into
crystalline at 65.95 °C (exothermic peak) and some energy was released (Fig. 2b). As the heating continued,
CXB began to melts at 165.41 °C (endothermic peak) and finally decomposes at 349.04 °C (endothermic peak)**.
Differential scanning calorimetry (DSC) thermogram of CXB/PDG-loaded NPs and blank NPs showed only one
exothermic peak at 68+ 0.5 °C which may refer to crystallization of NPs*>. Due to encapsulation of both drugs
within zein/Na CAS NPs in an amorphous state or as molecular dispersion within the core of the particles, the
endothermic peaks of both CXB and PDG in the DSC thermograms were completely absent’’.

The average particle size (PS) of blank zein/Na CAS NPs was found to be 144.7 +2.696 nm with poly disper-
sion index (PDI) of about 0.201 +0.027 with zeta potential of about — 33.1 mV. Dual loading of PDG and CXB
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Figure 2. Fourier transform infrared (FTIR) spectra of free prodigiosin (PDG), free celecoxib (CXB), sodium
caseinate (Na CAS), zein/Na CAS NPs and CXB/PDG-loaded NPs (a), differential scanning calorimetry (DSC)
thermogram of free CXB, zein/Na CAS NPs and CXB/PDG-loaded NPs (b).

into zein/Na CAS NPs resulted in an increase in the PS to 171.2+3.535 nm and PDI value was 0.142+0.043
without any significant change in zeta potential value (- 34.9 mV), suggesting the stability of the prepared NPs,
as for a stable NPs suspension, its zeta potential must be at least 20 mV which can provide sufficient repulsion
between NPs and hence can prevent their aggregation (Fig. 3a, b)*°.

Morphological examination by transmission electron microscope (TEM) revealed that prepared dual drug-
loaded NPs were spherical in shape and a diameter of about 151 nm with a characteristic core/shell structure

Scientific Reports |

(2024) 14:181 | https://doi.org/10.1038/s41598-023-50531-4 nature portfolio



www.nature.com/scientificreports/

Intensay (%)

Figure 3. Particle size of celecoxib/prodigiosin-loaded NPs (a), Zeta potential (b), transmission electron
microscope (TEM) micrograph of celecoxib/prodigiosin-loaded NPs; scale bar is 200 nm (c).

comprised of zein as the hydrophobic core surrounded by hydrophilic Na CAS shell (Fig. 3c). The diameter of
NPs measured by TEM was smaller than the hydrodynamic PS (about 171.2 +3.535 nm) due to the presence of
an outer water shell around the NPs in case of measuring the hydrodynamic PS%.

Encapsulation efficiency (EE %) of PDG was 82.44% +2.05 and CXB was 74.57% +2.97. Drug loading (DL)
% of PDG and CXB were 3.65% and 3.52%, respectively. Encapsulation of a drug into nanocarrier depends on
the drug dose and the nature of both the drug and the utilized polymers included in the synthesis of nanocarrier.
As shown in (Fig. 4a, b), the obtained EE% of PDG and CXB were good even though hydrophobic drugs usually
have low EE as previously reported®®*. Zein is an amphiphilic protein which can form hydrophobic core suitable
for encapsulation of hydrophobic drugs®. PDG as an anticancer drug is effective at low dose, while CXB requires
a higher dose to exert its anticancer effect. Consequently, the obtained EE% and DL% make zein/Na CAS NPs
a suitable carrier for co-encapsulation of PDG and CXB?>%8%,

In vitro drug release
In vitro release profile of free CXB revealed that 25.9% of the free drug was released after 5 h, then it started to
precipitate in PBS at pH 7.4 due to its hydrophobicity and low dissolution rate in water®*®!. While formulated
CXB revealed a sustained release profile as only 5.9% was released after 5 h. This small amount of released
drug might be due to adsorption of some drug molecules on the outer surface of the NPs*'. After 24 h, 47.6%
of CXB was released and 100% release was achieved after 72 h. Regarding PDG, it did not exhibit any release
in PBS buffer even after its supplementation with 3% Tween-80 due to its extreme hydrophobicity As shown in
(Fig. 4¢)'®%2. As a result, the release medium was selected to be PBS with 50% ethanol at both pH 7.4 and 5.4.
Addition of ethanol into PBS was found to fasten the release of CXB from the NPs with increased release in
the acidic medium in comparison to the neutral medium (Fig. 4d). At pH 7.4, about 30% of CXB was released
after 4 h but at pH 5.4, 55% was released and almost 100% of encapsulated CXB was released at pH 7.4 and 5.4
after 24 h. In vitro release profile of PDG showed that free PDG was precipitated after 4 h of incubation, while-
loaded PDG showed sustained release as only about 23% was released at the first four h, then 90% was released
after 24 h followed by 100% release after 48 h. Furthermore, there was no change in the release profile of PDG
in different pH as shown in (Fig. 4e).

The hydrodynamic particle size, PDI and zeta potential of dual drug-loaded NPs were measured after 24
h incubation in PBS; pH 7.4 and PBS; pH 5.4 supplemented with 50% ethanol. As shown in supplementary
Fig. 1(S1), results revealed that at pH 7.4, there was a decrease in the size of NPs from 171.2+3.535 to 156 +7.800.
This decline in the PS might be related to release of about 90% of the encapsulated drugs. However, there was
slight increase in the PDI value from 0.142 +0.043 to 0.352+0.0175, which could be attributed to formation of
some aggregates with a percent of about 10% due to presence of ethanol that could cause partial solubilization
of zein protein and aggregation sodium caseinate®. Zeta potential of dual drug-loaded NPs was — 30.2 mV.

At pH 5.4, there was also a decrease in the size from 171.2+3.535 to 137.7 £ 6.885 nm, which might also be
due to release of about 90% of the drug. In case of acidic medium, there was a significant increase in the PDI level
from 0.142 +0.043 to 0.633 +0.032(~ 4-fold increase) due to formation of large aggregates with percent of about
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Figure 4. High performance liquid chromatography (HPLC) spectrum of encapsulated celecoxib (CXB) (a),
prodigiosin (PDG) (b), In vitro release profile of CXB in PBS at pH 7 (c). CXB in PBS; pH 7.4 and 5.4 with 50%
ethanol (d), PDG in PBS; pH 7.4 and 5.4 with 50% ethanol (e).

25%. High percent of aggregates was formed in acidic medium due to presence of sodium caseinate protein as
a coat for the dual drug-loaded NPs, which is reported to have an isoelectric point of about 4.26, which is very
close to the pH of the release medium and might induce formation of large aggregates®*®*. Zeta potential of dual
drug-loaded NPs was — 29.8 mV. Moreover, the model of drugs release from prepared nanoformulation was
determined by analyzing the results of in vitro release experiment with model-dependent methods. The results
are shown in supplementary table 1 and supplementary Figs. 2 and 3.

In vitro blood hemolysis

As shown in Fig. 5, Hemolysis % which caused by the utilized amount of the formulated NPs (0.5 and 1 mg) were
1.5% and 4.9% respectively. Hemolysis was also estimated by examination of the morphology of RBCs under
the light microscope. From the results obtained, it was observed that most of RBCs in the positive control group
were empty and shrunk with hemoglobin released from the cells. While most RBCs in negative control group
and most of the examined concentrations of CXB/PDG-loaded NPs were still maintaining their proper shape
with small fraction of hemolyzed cells.

In vitro cytotoxicity study

The cytotoxic effect of CXB/PDG-loaded NPs was examined in triple negative breast cancer cell line (MDA-
MB-231). The ICs, of free PDG was found to be 21.396 ug mL™! and that of free CXB was found to be
92.602 pg mL!, while ICy; of free combination drugs (CXB/PDG) was found to be 10.8195 pug mL™ for each
drug as shown in Table 1. The inhibitory effect of the free combination was found to be in a dose-dependent
manner (Fig. 6a). Encapsulation of PDG and CXB into zein/Na CAS NPs was found to enhance their cytotoxic
effect in comparison to free combination by decreasing the percentage of viable cells especially at high doses. For
instance, using 20 ug mL™" of either drug in dual-loaded NPs had a cell viability of only 9.47 + 1% compared to
38.59+ 1.6% when using a mixture of free drugs at same concentration (free combination). Moreover, blank NPs
didn’t demonstrate any cytotoxic effect on MDA-MB-231 cells with a cellular viability % of more than 100+7%.

Effect of PDG, CXB and their combination on the morphology of MDA-MD-231 cell line

As shown in Fig. 6b, there were some morphological changes and an increase in the amount of apoptotic cells
upon cell treatment (especially in case of CXB/PDG-loaded NPs group). Cells were treated with 5 pg/mL of
PDG, CXB, free combination, blank NPs and CXB/PDG-loaded NPs. There was an observed large amount of
cell debris and apoptotic bodies in CXB/PDG-loaded NPs. There was a great reduction in the dose of CXB and
PDG upon treating of cancer cell by their free combination or CXB/PDG-loaded NPs due to a possible syner-
gism between CXB and PDG as the CI of free combined drugs and CXP/PDG-loaded NPs were 0.62251 and
0.15493, respectively.
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Figure 5. In vitro blood hemolysis of celecoxib/prodigiosin-loaded NPs (CXB/PDG-loaded NPs). Black arrows
represent non hemolyzed red blood cells (RBCs) and red arrows represent hemolyzed RBCs; Scale bar is 10 um

(a), % of released hemoglobin (b), an image showing incubated RBCs with different formulation concentrations
(c). Results are expressed as mean + SD.

Dose Dose
Drug/Combo Clvalue | PDG (ugmL™) | CXB (ugmL™)
CXB 21.396
PDG 92.6024
Free CXB/PDG 0.62251 10.8195 10.8195
CXB/PDG-loaded NPs 0.15493 2.69277 2.69277

Table 1. Calculated IC;, and combination index (CI) by Compusyn software of celecoxib (CXB), prodigiosin
(PDQG), free CXB/PDG and CXB/PDG-loaded NPs.

Migration assay

The anti-migratory potencies of CXB, PDG, free combination (CXB/PDG), CXB/PDG-loaded NPs and blank
zein/Na CAS NPs were estimated by scratch wound healing assay on MDA-MB-231 cell line. The width of
the wound was measured at zero time and after 24 h. As shown in Fig. 7a and b, the percentage of wound clo-
sure in the control group, zein/Na CAS NPs group and CXB-treated group were 79.22+3.3%, 67.9+6.3% and
79.36+6.7%, respectively, without any significant difference between them. The most pronounced inhibition
of cancer cell migration was observed when cells were treated with free PDG, free CXB/PDG and CXB/PDG-
loaded NPs group as the percentage of wound closure were 49 +6.7%, 55.75 £ 1.1%, 43.2 + 1.5%, respectively.
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Figure 6. Cellular viability upon treating cells with celecoxib/prodigiosin-loaded NPs (CXB/PDG-loaded NPs)
in comparison to free combination or control groups (a), morphological changes of MDA-MB-231 cell line by
treating with 5 ug/mL of free prodigiosin (PDG), free (CXB), free CXB/PDG, zein/Na CAS NPs and CXB/PDG-
loaded NPs in comparison with control group (b). Black arrows represent cellular debris. Results are expressed
as mean = SD.

In vitro antitumor efficacy

Effect of CXB, PDG and their combination on Ki-67

Results manifested that there was a significant difference in Ki-67 positive cells in all treated group except for
zein/Na CAS NPs (67.645 + 1.20%) which was comparable with the control untreated group (66.26 £2.30%).
The % of Ki-67 in cells treated with free PDG, free CXB/PDG and CXB/PDG-loaded NPs were 21.43 +4.37%,
21.27+1.67% and 21.285 +0.90%, respectively, which were significantly reduced in comparison to cells treated
with free CXB which displayed about 51.4 +0.50% (Fig. 8a, b).
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Figure 7. Scratch wound healing assay on MDA-MB-231 cell line at Zero time and after 24h upon incubation
with 10 g of zein/Na CAS NPs, free celecoxib (CXB), free prodigiosin (PDG), free CXB/PDG and CXB/PDG-
loaded NPs (a), wound closure % of treated and untreated groups (b). Values are represented as mean + SD,
n=3. Statistical analyses were done using one-way ANOVA followed by Post Hoc Test (Tukey). (a) P<0.05 vs
control, (b) P<0.05 vs zein/Na CAS NPs, (c) P<0.05 vs free CXB, (d) P<0.05 vs free PDG, (e) P<0.05 vs free
CXB/PDG and (f) P<0.05 vs CXB/PDG-loaded NPs.

Effect of CXB, PDG and their combination on COX-2 expression level

As shown in Fig. 9a, there was an obvious inhibitory effect on COX-2 when cells were treated with free CXB,
free PDG, free CXB/PDG and CXB/PDG-loaded NPs with PGE2 concentration of about 33 +3.0 pg mL™,
51.5+3.5 pgmL™, 62.5+4.5 pg mL™" and 45.5+ 1.5 pg mL™', respectively compared to 80 +2.0 pg mL™! for
positive control. Most significant inhibition was in CXB treated group followed by CXB/PDG-loaded NPs treated
group which exhibited an enhanced anti-inflammatory effect when compared to free PDG or free CXB/PDG.

Effect of CXB, PDG and their combination on VEGF expression level

As shown in (Fig. 9b), the most significant inhibition of VEGF level was observed in PDG-treated group which
was 84.5+2.5 pg mL™, followed by CXB/PDG-loaded NPs (93 +3 pg mL™"), free CXB/PDG (100+2 pg mL™") and
free CXB (108 +4 pg mL™") compared to untreated control group which exhibited about 227.5+10.5 pg mL™". The
inhibition effect of CXB/PDG-loaded NPs was more than free CXP/PDG, which might be due to the enhanced
cellular uptake and increasing bioavailability of drugs inside cancer cells.

Effect of CXB, PDG and their combination on apoptosis

Activity of CAS 3 was measured as function of the amount of p-Nitroaniline (pNA) after hydrolysis of p-nitroan-
ilide by caspase 3. As shown in Fig. 9¢, there was a significant increase (p <0.0001) in caspase 3 activity in free
CXB, free PDG and free CXP/PDG-treated group which exhibited concentrations of about 10 £0.30, 12.85+0.35,
11.45+0.15 uM pNA min™' mg protein™!, respectively, compared to control group which displayed activity of
about 5.75+0.55 uM pNA min~' mg protein~'. Combination of CXB and PDG in their free form or their co-
encapsulation in zein/Na CAS NPs resulted in enhanced the anticancer effect of both drugs. The most significant
increase in the activity of the apoptotic biomarker; caspase 3 was in case of CXB/PDG-loaded NPs treated group
(14.5+0.35 pM pNA min~! mg protein™).

Discussion

Peanut media provide maximum production amount of prodigiosin as it contains large amount of saturated
fatty acids which plays a vital role in hyperpigmentation of S. marcescens. Beside that peanut powder is costless
growth media. PDG color was found to change according to the pH of the solvent. This reversible shift in color
might occur due to the formation of Na salt with nitrogen atom of pyrrole ring of the pigment and it depends
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Figure 8. Dot plots of ki-67 antibody analysis of control, zein/Na CAS NPs, and 10 pg of free celecoxib (CXB),
free prodigiosin (PDG), free CXB/PDG and CXB/PDG-loaded NPs-treated MDA-MB-231 cell line (a). Results
were normalized according to the negative control. Relative change in ki-67 positive cells measured by flow
cytometry (b). Values were represented as mean +SD and n = 3. Statistical analyses were done using one-way
ANOVA followed by Post Hoc Test (Tukey). (a) P<0.05 vs control, (b) P<0.05 vs zein/Na CAS NPs, (c) P<0.05
vs free CXB, (d) P<0.05 vs free PDG, (e) P<0.05 vs free CXB/PDG and (f) P<0.05 vs CXB/PDG-loaded NPs.

also on [H*] concentration'®'#%67, From the obtained result, it can be concluded that the extracted pigment is
prodigiosin.

Dual drug-loaded zein NPs were prepared by antisolvent method in which; CXB, PDG and zein were co-
dissolved in 85% ethanol and dropped into water and while evaporation of ethanol, hydrophobic zein will be
changed into zein NPs but with low stability especially in long term storage*”. Consequently, zein NPs can be
coated by another natural biopolymer like pectin or caseinate to increase their colloidal stability. However,
caseinate was found to be better than pectin as pectin coatings usually yields larger particle size*?. The prepared
NPs showed good PS with zeta and sustained release because of their encapsulation into the hydrophobic core
of the NPs and high miscibility of both drugs with the core of zein NPs due to their high hydrophobicity as PDG
and CXB have log P values of about 5.16° and 3.5, respectively.
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Figure 9. Prostaglandin E2 (PGE2) in cell culture (a), vascular endothelial growth factor (VEGF) in cell culture
(b) and caspase 3 activity in cell lysate in treated and untreated group (c). Data were expressed as mean +SD and
n=3. Statistical analyses were done using one-way ANOVA followed by Post Hoc Test (Tukey). (a) P<0.05 vs
control, (¢) P<0.05 vs free CXB, (d) P<0.05 vs free PDG, (e) P<0.05 vs free CXB/PDG and f P<0.05 vs CXB/
PDG-loaded NPs.

The most fitting release kinetic model for CXB and PDG in PBS supplemented with 50% ethanol release
media at different pH was the first order kinetic model which depends on Noyes-Whitney equation which refers
to dissolution of drugs that might occur during release process (actual surface of material cannot be constant
during dissolution)®. The good linearity obtained from the results could be attributed to dependency of drug
release rate on the concentration of drug within the core of the NPs, which means that the amount of released
drug will decrease by reducing its concentration. In other words, release media will diffuse through matrix and
forces drug to be released”.

Regarding release profile of CXB in PBS; pH 7.4, the kinetic model which fitted release profile of CXB in
PBS at pH 7.4 was Higuchi model which depends mainly on diffusion of the encapsulated drug from the inner
core of NPs into release media’’. Moreover, other factors might affect this model including; amount of the drug
inside NPs is higher than its solubility, drug diffusion might occur in one dimension, particles of the drug are
much smaller than thickness of the carrier or the swelling or dissolution of the nanocarrier is weak’. From
these results, it can be concluded that presence of ethanol in the release media altered the kinetic behavior of
the drug release. In case of PBS only, CXB was able diffuse from NPs into the release media, but PDG was not
able to do so, might be due to its high lipophilicity. In case of media supplemented with ethanol, the media was
able to diffuse into the inside of the NPs causing release of both CXB and PDG as shown in supplementary file.

Hemocompatibility of NPs is an important issue for developing a biocompatible nanocarrier for drug deliv-
ery purposes. When NPs are administrated intravenously, they interact with blood protein and form protein
corona. Consequently, interaction between blood components and NPs must be taken into consideration. There
are multiple factors which might affect the interaction between NPs and RBCs causing blood hemolysis. These
factors include; charge, size, shape, and composition of NPs. For instance, positively charged NPs have a high
tendency for electrostatic interaction with negatively charged RBCs membrane leading to release of hemoglobin
from erythrocytes”~7>. The resulted Hemolysis % ware less than (5%) which considered as safe and prove hemo-
compatibility of the formulated NPs*°. The prepared nanoformulation has no effect on RBCs due to the nega-
tive charges on the surface of CXB/PDG-loaded NPs which caused repulsion with negatively charged RBCs’®.
In addition, Hydrophilic nature of Na CAS shell which surround zein NPs also participate in reducing RBCs
hemolysis of the resultant formulation®.

From cytotoxicity results, the enhanced cytotoxic effect of dual drug-loaded NPs might be related to the ability
of Na CAS outer shell to improve stability and enhance cellular uptake of zein NPs via increasing the amount
of the negative charge, which as a result might improve the interaction with the cancerous cell membrane’™.
The superiority of CXB/PDG-loaded NPs in reducing viable cell % and induction of apoptosis could be due to
enhanced cellular uptake of NPs. For instance, NPs with size less than 200 nm are supposed to be uptaken by
cells via clathrin-mediated endocytosis, besides enhanced permeability and retention effect (EPR), while NPs
with size more than 200 nm will enter the cells by caveolae-mediated pathway”’. Moreover, positively charged
NPs have higher cellular uptake in comparison to neutral and negatively charged NPs. Enhanced cytotoxic effect
of CXB/PDG-loaded NPs is due to adsorption of caseinate onto the surface of zein NPs which might decrease
interfacial tension leading to enhanced interaction of zein NPs with the cell membrane and increased its cel-
lular uptake’®78. Although the obtained results from the MTT assay suggested that the anticancer effect of each
drug was at different ratio. However, when the cells were treated with drug-loaded NPs, the DL% ratio 1:1, from
PDG: CXB, not 1:4. This was done to compensate the slow release of both drugs; especially PDG from the nano-
formulation. In addition, in vitro released studies showed that CXB was released at higher rate in comparison to
PDG, which suggests the concentration of liberated CXB will usually be higher than that of PDG.

Metastasis is an important factor in cancer progression. In general, cellular migration is a multistep process
including; protein degradation of extracellular matrix, cancer cells” entry into blood circulation, followed by their
migration through blood stream and finally adherence into other secondary organs”. Both CXB and PDG are
known to inhibit Wnt/B-Catenin and PI3K/AKT pathways which have a vital role in several processes such as
proliferation, migration, cell survival and self-renewal of cancer stem cell****%°. The most detected inhibition of
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cancer cell migration was observed when cells were treated with free PDG, free CXB/PDG and CXB/PDG-loaded
NPs group. Although, the inhibition of migration by CXB/PDG-loaded NPs has the most pronounced effect but
not significantly different from free PDG, which proved that nanoencapsulation of PDG does not effect on its
antimigratory effect which be attributed to the sustained release of both drugs from the core of the NPs and this
inhibition is expected to increase if it was incubated for a longer time®'. The enhanced inhibition of migration
might be obtained by small size of the resulted NPs and increased cellular uptake’®. Chunbai et al.*2. reported
that negative charge on the surface NPs which have size ~ 150 nm tends to be accumulated inside tumor cell.

The prominent proliferative marker: Ki-67 (proliferating cell nuclear antigen PCNA) is usually related to cell
proliferation and transcription of the RNA®. This nuclear protein is usually associated with poor prognosis and
low survival rate. Ki-67 is an important therapeutic target for cancer, as it is overexpressed in malignant cells but
rarely detected in normal cells, and hence its expression is commonly used as a prognostic marker to predict the
response of some patients towards specific treatments®-%. Celecoxib was reported to decrease Ki-67 expression
and prostaglandin E2 production in heavy smokers and reduce lung cancer risk?”. Therefore, CXB may exert its
anti-proliferative effect in breast cancer cells via both COX-2 dependent and COX-2 independent pathways’.
Furthermore, PDG was also reported to inhibit growth and proliferation of tumor cells?*. From our result,
there is a significant reduction in Ki-67 expressing cells when they were treated with PDG, free combination
and formulated NPs. The reduction in Ki-67 expressing cells may be due to the repression of tumor growth and
stimulation of apoptosis. However, CXB was found to be more effective when it is used as an adjuvant with other
anticancer agents such as PDG, otherwise, it might require a higher dose to exert an anticancer effect solely®.
CXB has no effect on proliferation of tumor cell, according to several studies. Even if it inhibits proliferation, it
will do so in a time and dose dependent manner®. These results suggested that CXB is a potent COX-2 inhibitor,
but it can’t exert an inhibitory effect on cancer cell proliferation especially at the low utilized dose.

Inflammation is considered as a hall marks of cancer progression. PGE2 (key mediator of inflammation), plays
a vital role in tumor development, invasion, inhibition of apoptosis, metastasis, angiogenesis and modulation of
antitumor immunity®. PGE2 first binds to a G-protein coupled receptors (GPCRs) called EP and divided into
EP-1, EP-2, EP-3, and EP-4 subclass. The biological function of PGE2 depends on the stimulation of specific
EP receptor. EP receptors influence cell response to PGE2 mainly via EP1-dependent migration and invasion,
EP2-induced angiogenesis, EP4-related migration, and EP3-mediated carcinogenesis. PGE2 was synthesized by
COX-2 is physiologically absent in normal cells and highly expressed in different types of carcinoma®. As a result,
inhibition of PGE2 production by inhibiting COX-2 can lead to down regulation of Wnt pathway, and hence
might inhibit the stemness properties of breast cancer cells. Additionally, PDG also is reported to be an effective
Wnt/B-Catenin pathway inhibitor by targeting several sites?. CXB exerts its anticancer effect by inhibiting tumor
initiation, proliferation, chemo-resistance of cancer cells and recurrence®. An in silico anti-inflammatory study of
PDG against CXB as COX-2 inhibitor revealed that PDG can interact with two amino acids; Leu321 and Tyr324
in the active site of COX-2 and has the highest fitness score compared to CXB, so it is supposed for PDG to act
as an anti-inflammatory effect, too®. From the current study, the anti-inflammatory effect of PDG was found to
be less than that of CXB. The most significant inhibition of COX-2 was observed in cells were treated with CXB
alone followed by the formulated NPs treated cells. The enhanced anti-inflammatory effect of the prepared NPs
might be due to their enhanced cellular uptake®.

Vascular endothelial growth factor is an important angiogenic factor included in tumor angiogenesis and
it is upregulated in many different types of tumors. CXB was reported to inhibit VEGF by hindering the bind-
ing between DNA and SP1 protein which is critically associated with VEGF expression. COX-2 inhibition by
CXB was also reported to reduce VEGF expression level’’. On the other hand, PDG was previously reported to
directly inhibit VEGF level in MDA-MB-231 cell line. Previous studies reported that, there was possible cross
talk between MMP-9, VEGE, and Ki-67°%. From our result, PDG was significantly inhibits VEGF expression level
which might explain why it significantly inhibits Ki-67 expressing cells.

Apoptosis can be triggered in tumor cells by either intrinsic or extrinsic pathways. The intrinsic pathway can
be initiated by permeabilization of the outer membrane of mitochondria followed by release of cytochrome C,
with apoptosome formation resulting in caspases activation. Extrinsic pathway needs an external stimuli such
as hypoxia or stroma to induce specific receptors on the cell membrane to activate adaptor proteins include;
fas-associated protein with death domain (FADD) and caspase 8 which can cause permeabilization of mitochon-
drial membrane and control release of cytochrome C like intrinsic pathway®®. Caspases are cysteine-aspartate
proteases that are essential to mediate programed cell death. Caspase 3 is considered as a significant molecule
for induction of either extrinsic or intrinsic apoptotic pathway and its activity is mostly measured as an indica-
tor for cancer cell death®.

Prodigiosin is known to intercalate with DNA and inhibit topoisomerase I and II in acute human T leukemia
and MCF-7 cell lines®. Wnt pathway could be a significant target in triple negative breast cancer (TNBC) which
is a subtype of breast cancer that lacks efficient therapeutic approaches®. Hyperactivation of Wnt signal pathway
leads to translocation and accumulation of B-Catenin inside the nucleus which can then serve as a transcription
factor for expression of target genes like cyclin D1 causing tumor growth and proliferation®. Dysregulation of
Wnt pathway is usually found in tumor cells and inhibition of this pathway might induce apoptosis, inhibit pro-
liferation, migration and cell survival'*. PDG was also found to decrease the antiapoptotic protein; survivin and
induce the pro-apoptotic protein; P53, which can cause cell cycle arrest and induction of apoptosis by increasing
caspase 3 expression in acute lymphoblastic leukemia cells®®. PDG also exerts its anticancer effect and overcome
drug resistance in TNBC by inhibiting PI3K/AKT/mTOR via decreasing the expression level of m-TOR?. PDG
and 5-FU -loaded probiotic bacterial ghost was found to induce apoptosis in colon cancer cell line via increasing
caspase 3 expression level®>. Moreover, PDG has a unique feature as it is not a substrate for multi-drug resistance
proteins like breast cancer resistance protein (BCRP) and multi drug resistance pumps (MDR) with no toxic
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effect on normal cells. It can also induce mitochondrial mediated apoptosis in MCF-7 and MDA-MB-231 breast
cancer cell lines regardless presence or absence of ABC transporter®”%.

Furthermore, CXB treatment was found to decrease the proliferation of estrogen receptors MCF-7 and MDA-
MB-231cells. CXB can induce a significant suppression in COX-2 levels in MDA-MB-231 cells, associated with
a decline in aromatase expression and proliferation of tumor cells. So, CXB may exert its antiproliferative effect
via induction of apoptosis in breast cancer cells by both COX-2 dependent and COX-2 independent pathways
as previously reported®. Combination of CXB and PDG in their free form or their simultaneous encapsulation
in zein/Na CAS NPs enhanced the anticancer effect of both drugs. This enhancement was revealed by significant
increase in the activity of the apoptotic biomarker; caspase 3 in case of CXB/PDG-loaded NPs-treated group
which might be related to better cellular internalization of the formulated NPs’8,

Conclusion

Zein and sodium caseinate biopolymers can be used to fabricate polymeric NPs instead of synthetic polymers
owing to their biocompatibility and minimal toxicity. In this study, zein/Na CAS NPs were fabricated and co-
encapsulated with CXB and PDG using a facile preparation technique. CXB/PDG-loaded NPs showed reduced
hemolytic rate with particle size of about 171.2+3.535 nm and zeta potential of about — 34.9 mV. The superior
antitumor activity of CXB/PDG-loaded NPs on MDA-MB-231was observed by the reduction in the combination
index of free CXB/PDG from 0.62251 to 0.15493 in case of their, suggesting a possible synergism between both
drugs. Furthermore, CXB/PDG-loaded NPs were found to induce apoptosis with increased caspase 3 activity,
inhibit proliferation with reduced ki-67 expression level, besides their potential to inhibit cellular migration and
angiogenesis. Collectively, this improved in vitro antitumor efficacy might be related to enhanced stability of the
negatively charged NPs, better cellular internalization, and hence enhanced accumulation and bioavailability
of drugs inside cancer cells.

Materials and methods

Materials

Celecoxib was kindly obtained as a gift from (El Borg pharmaceutical industries, Egypt). PDG was extracted
from Serratia marcescens. Zein, sodium caseinate, DMSO, methanol HPLC grade and CASP-3-C ELISA kit
were purchased from (Sigma Aldrich Inc., USA). Dulbecco’s modified Eagle’s medium (DMEM), Pierce BCA
protein assay kit, Alexa Fluor® 488 and Anti-Ki67 antibody were purchased from (Thermofisher Scientific Inc.,
USA). Penicillin/Streptomycin Solution (100x) and fetal Bovine Serum (FBS) were purchased from (Cegrogen
Biotech, Germany). RIPA2 lysis buffer was purchased from (BOSTER BIO Inc., China). Human VEGF antibody
kit Quatikine ELISA kit was purchased from (R&D technology Inc., USA). Human prostaglandin E2 ELISA kit
was purchased from (CUSABIO Inc., China). All other utilized reagents were from analytical grade, and they
were utilized without any modification.

Production and purification of PDG from S. marcescens

Serratia marcescens (a prodigiosin producing strain) was previously characterized and identified®. S. marcescens
was activated in 50 mL of preculture medium (10 g peptone, 10 g yeast extract, 2 g K,;HPO, and 10 g dextrose
per 1 L distilled water) in an Erlenmeyer flask and it was incubated in a shaking incubator (shaking incubator,
SI-100R, HUMAN lab, France) at 150 rpm and 28 °C for 18 h. To enhance prodigiosin production, 5 mL of
overnight S. marcescens culture was inoculated on 100 mL of 2% peanut medium, pH 7. The inoculated medium
was incubated in a shaking incubator at 180 rpm and 28 °C for 48 h in a 1L Erlenmeyer flask®. Extraction was
done according to Hubbard and Rimington'® with some modifications'®. In brief, 10% NaOH was added to the
culture (100 mL) and incubated in dark for 2 h, then equal volume of absolute ethanol was added and incubated
while shaking at 120 rpm for another 2 h. After that, equal volume of petroleum ether 60-80% was added frac-
tion by fraction in a separating funnel and it was allowed to stand for a while to be separated into two layers;
upper organic layer containing the pigment and lower aqueous layer which was re-extracted again. Finally, the
obtained pigment dissolved in the organic solvent was dried in oven at 37 °C and stored at — 20 °C till further
utilized. Purification of PDG was performed by using silica gel C18 reversed phase column which yield a good
pigment purity according to Anwar et al.>>*2,

Characterization of prodigiosin

UV-visible spectroscopy

Prodigiosin was first dissolved in absolute methanol, then the pH was adjusted to acidic range (pH =2) using 1M
HCI, basic range (pH =9) using 1% NaOH and it was also kept at neutral pH, then the three preparations were
scanned using a UV-visible spectrophotometer (Thermo scientific®, Evolution 300, USA) at wavelength range
from 400 to 600 nm with methanol as the blank®.

Thin layer chromatography (TLC)

Purified PDG was dissolved in methanol. Mobile phase was composed of methanol: ethyl acetate: chloroform
(6: 3:1; v/v/v). The mobile phase (10 mL) was put in a tight closed glass jar and left till saturation. Sample was
then spotted on TLC plate and allowed to be developed!®.
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FTIR analysis

Spectrum of PDG was performed using RXI FTIR spectrometer (Perkin Elmer, USA). The sample was mixed
well with KBr (IR grade), then the spectrum was recorded in the transmission mode at an ambient temperature
over the range of 4000-400 cm™'°.

Characterization of PDG by HPLC

Prodigiosin (5 mg mL™") was dissolved in acidified methanol, then 20 pL of PDG stock solution was injected into
YL9100 HPLC system (YOUNG LIN, Korea). The HPLC YL 9101 Vacuum degasser system was supplied with a
Premosil C18 column (5 um, 100 A, 4.6*150 mm). Mobile phase was methanol: ammonium acetate buffer; pH
3 (90:10; v/v) with flow rate 2 mL min~! and run time about 15 min*>1°!,

Preparation of CXB/PDG-loaded zein/Na CAS NPs

Dual drug-loaded Zein/Na CAS NPs were prepared by antisolvent technique as previously reported'®% In brief,
5 mg of both CXB and PDG were dissolved in 4.2 mL of absolute ethanol for 1 h at room temperature and
800 rpm (Wise Stir, MSH-30D, Korea), then 0.8 mL of distilled water was added, followed by addition of 50 mg
zein under magnetic stirring for 1 h at 800 rpm. In another beaker, 50 mg of Na CAS was dissolved in 15 mL
of distilled water at 500 rpm for 2 h. Afterwards, zein and the drugs mixture solution was rapidly added onto
Na CAS solution and the speed of stirring was increased to 1200 rpm and it was left for 3h to ensure complete
ethanol evaporation and formation of CXB/PDG-loaded NPs. Blank zein/ Na CAS NPs was prepared as the
abovementioned method but without drugs addition. Finally, the dual-loaded NPs solution was stored for fur-
ther characterization.

Physicochemical characterization of PDG/CXB-loaded zein/NA CAS NPs

FTIR spectroscopy

Spectra of CXB, PDG, zein, Na CAS, zein/Na CAS NPs and CXB/PDG-loaded NPs were recorded using RXI
FTIR spectrometer (Perkin Elmer, USA).

DSC analysis

Thermograms of free CXB, zein/Na CAS NPs and CXB/PDG-loaded zein/Na CAS NPs were recorded by using
(STD650, TA instruments, USA). About 2 mg of each sample were put in a sealed aluminum pan, then it was
heated at 10 °C min™! under nitrogen atmosphere with flow rate of 20 mL min™" (heat range 25-400 °C). An
empty aluminum pan was included as reference®..

Particle size (PS), polydispersity index (PDI) and zeta potential

The PS of both blank and dual-loaded NPs were measured by using Nano-ZS/ ZEN3600 zeta sizer (Malvern
Instruments Ltd., UK). Photon correlation spectroscopy (PCS) was used to quantify (PDI) and (PS) using non-
invasive backscattering equipment, the PS was measured at a 173° detection angle after dilution of each sample to
proper concentration using double filtered distilled water. Triplicates of each DLS measurement were performed
at an ambient temperature. In a universal folding capillary tube with platinum electrodes, each sample was diluted
by double filtered water for zeta potential measurements. Laser Doppler Anemometry (LDA) calculation of the
mean electrophoretic mobility was used to measure zeta potential values”.

Morphological examination by TEM

Freshly prepared CXB/PDG-loaded NPs were visualized by JEM-1400 Plus electron microscope (JOEL, Tokyo,
Japan) with accelerating voltage of 80 kV and magnification power 25 K. NPs solution was diluted at appropri-
ate ratio with purified deionized water and sonicated for 10 min, followed by staining with uranyl acetate and
spotting on a copper grid*..

Encapsulation efficiency and drug loading %

The EE% of CXB and PDG in NPs were measured directly by centrifugation of 1 mL of the formula at 12,000
rpm for 1 h (Hettich Mikro 120 centrifuge, AB Lab Mart, Malaysia), then the pellet was dissolved in 5 mL abso-
lute ethanol, and the drugs concentrations were measured by YL9100 HPLC system (YOUNG LIN, Korea). For
simultaneous determination of both CXB and PDG, a new HPLC method was developed with mobile phase 90:10
(% v/v; methanol: acidified water, pH3. The injection volume was 20 L with flow rate 1.5 mL min~". The HPLC
YL 9101 Vacuum degasser system was supplied with a Premosil C18 column (5 pm, 100 A, 4.6*150 mm). CXB
was detected at 250 nm and PDG at 530 nm with a total run time of 6 min. The EE% and DL % were measured
as follows:

EE% — Mass of encapsulated drug in NPs

100
Initial massof drug added * M

Mass of encapsulated drug

DL% =
° = Mass of encapsulated drugs + mass of NPs

x 100 @)
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In vitro drug release study

The release profiles of both free and-loaded drugs were determined using dialysis bag method in three different
release media including; PBS at pH 7.4, PBS: 50% ethanol at pH 7.4 and PBS: 50% ethanol at pH 5.4. 2mg of
each free drug or an equivalent amount of drug-loaded NPs were added into a presoaked dialysis bag (12-14 k
Da MWCO VISKING dialysis tubing, SERVA, Germany). After wards, the dialysis bag was immersed in 200 mL
release media and incubated in a shaking water bath (DKZ series shaking water bath, AZZOTA Corporation,
Zhejiang, China) at 100 rpm and 37°C. Two mL of each release medium was withdrawn at certain time interval
and compensated with 2 mL of fresh medium, then the amount of the released drug was estimated using HPLC
and calculated as follows:

A t leased d tti
Cumulative drug released % = mount of released drug at time * 100% (3)
Total amount of encapsulated drug

The model of drugs release from prepared nanoformulation was determined by analyzing the results of
in vitro release experiment with model-dependent methods. The drug release kinetic models including; first-
order kinetic, zero-order kinetic, Higuchi kinetic, and Korsmeyer-Peppas kinetic models were used in data
analysis. The determination of suitable kinetic model based on better linearity in terms of correlation coef-
ficient (R?). In zero order kinetic model, data obtained from the release study were plotted as cumulative drug
release % (%CDR) versus time (h). In this model, the rate of released drug was found to be independent on drug
concentration. In first order kinetic model, data obtained from the release study were plotted as log cumulative
drug remaining within NPs versus time (h). In Higuchi kinetic model, data obtained from the release study were
plotted as %CDR versus square root of time (h), while in Korsmeyer-Peppas model, data of the release study
were plotted as log %CDR versus log time (h)®.

In vitro blood hemolysis

Released hemoglobin from red blood cells (RBCs) was determined after incubation of CXB/PDG-loaded NPs
with erythrocytes as previously reported with some modifications®'. Fresh blood from a healthy Swiss albino
mouse was collected on EDTA-coated test tubes. The collected blood was then centrifuged at 3000 rpm (TJ-6
centrifuge, BECHMAN, USA) for 5 min. Afterwards, the clear plasma layer was discarded, and the RBCs pellet
were rinsed twice with saline. Red blood cells were diluted (1:10, v/v) with sterile saline, then 2 mL of diluted
RBCs suspension were mixed with an equivalent volume of CXB/PDG-loaded NPs (0.5 and 1 mg mL™!) and
incubated with gentle shaking at 37 °C for 1h. A blank was prepared for each concentration by dissolving an
equivalent amount of dual drug-loaded NPs in saline as PDG was measured spectrophotometrically at 535 nm'".
After incubation, the integrity and morphology of RBCs were examined by a light microscope (Zeiss Primo star
microscope, Germany) and the amount of released hemoglobin was determined by spectrophotometer at 545 nm
according to the following equation. Negative control was prepared by addition of 2 mL of diluted RBCs solution
with 2 mL saline (0% lysis). For positive control, saline was replaced with water (100% lysis).

. As - Anc
% Hemolysis = ————— % 100% (4)
Apc - Anc

Ag: absorbance of the sample, A, =absorbance of negative control., A, =absorbance of positive control.

In vitro anticancer efficacy

In vitro cytotoxicity study

The cytotoxic effect of free drugs, blank NPs and dual-loaded NPs were assessed by MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) assay depending on the conversion of MTT into formazan crystals via
mitochondrial activity of viable cells'®®. Human triple negative breast cancer MDA-MB-231 cells were purchased
from the American Type Culture Collection (ATCC), USA. Cells were seeded with concentration of about
7%10° cells well ™" in 96 well microtiter plate and incubated in CO,-incubator (Thermofisher, USA) at 37 °C and 5%
CO, for 24 h till reaching 80% confluency. Afterwards, the media in each well was replaced by 100 pL of culture
media containing CXB, PDG, free drugs combination, blank NPs, and dual drug-loaded NPs in concentration
range (0.1-20 pg mL™), followed by incubation for 72 h at the same conditions. Stock solutions of CXB and PDG
were prepared in DMSO (5 mg mL™!) individually and free combined drugs were also prepared in DMSO (5mg
CXB+5mg PDG in 1 mL). DMSO concentration in culture media was kept at less than 0.6% which was proven
to be safe for cells'®. Media containing drugs was replaced with 20 uL MTT solution (5 mg mL™) and incubated
for further 4 h under light protection. Media was discarded then replaced again with 150 uL. DMSO and left for
15 min while shaking at 100 rpm in order to solubilize formazan crystals. Absorbance of solubilized formazan
crystals was determined at 570 nm and 690 nm for background subtraction by microplate reader (Tecan, USA).
Cell viability of treated groups was expressed as a percentage in comparison to the control group®. The ICs; of
(CXB & PDG) and the combination indices of (free combined drug & dual drug-loaded NPs) were calculated
by COMPUSYN software version 1.

Migration assay

Migration of breast cancer cells was assessed by scratch wound healing assay. Briefly, cancer cells were grown
in 6-well plates for 24 h till confluency reached 80%. After that, a sterile tip was used to make a wound in the
cellular monolayer. Cells were then treated with zein/Na CAS NPs (equivalent amount to CXB/PDG-loaded
NPs), 10 uyg mL™! of CXB, PDG, free CXB/PDG or CXB/PDG-loaded NPs for 24 h. Images were taken using the
light microscope at zero time and after 24 h of treatment to monitor the wound closure. Image J software (NIH,
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Bethesda, MD) was used to analyze and measure width of the wounds before and after treatment. Wound closure

% was expressed relative to wound size before treatment as follows'*:

Wi — Wy

Wound closure % = * 100% (5)

W;: initial width of the wound, Wi final width of the wound.

Tumor growth biomarkers

Tumor cells were seeded in 6-well plates at a density of 3 x 10° cells well™! and they were allowed to grow for 24 h
till confluency reached 80%. After that, culture media was replaced by fresh media including 10 pg of CXB, PDG,
free CXB/PDG, CXB/PDG-loaded NPs or equivalent amount of zein/Na CAS NPs, followed by incubation for
72 h. After that, Ki-67 was measured as a biomarker for proliferation by Alexa Fluor® 488 Anti-Ki67 antibody
using flow cytometry (Thermofisher Scientific Inc., USA). The negative control was cells without antibody which
was used due to PDG autofluorescence with excitation at 543 nm and an emission at 570 which is within the range
of the labeled antibody'%. As an apoptotic marker, Caspase 3 activity was determined in cell lysate by CASP-3-C
ELISA kit (Sigma Aldrich Inc., USA) according to the manufacturer’s protocol. Cell lysate was prepared from
cell pellets via hydrolysis using RIPA2 lysis buffer (BOSTER BIO Inc., China). Total protein concentration was
determined in cell lysate by Pierce BCA protein assay kit (Thermofisher Scientific Inc., USA). Human vascular
endothelial growth factor (VEGF) and expression of COX-2 was measured as a function of human prostaglandin
E2 (PGE2) were measured by Quatikine ELISA kit (R&D technology Inc., USA) and human prostaglandin E2
ELISA kit (CUSABIO Inc., China), respectively according to the manufacturers’ protocol.

Statistical analysis

Statistical analyses were conducted by using Graph Pad Prism version 6 software. Analysis of Variance was done
by one way ANOVA followed by Tukey’s Multiple Comparison (TMC) for pairwise comparisons between the
different groups. The significance of the resulting data was assessed at 5% level.

Ethical approval

Animal experiment was approved by ethics committee of the institute of graduate studies and research with the
Alexandria university ethics code (AU14-23061-1-2). All authors complied with the arrive guidelines and all
experiments were performed according to guideline and regulations. All authors consent to participate in this
manuscript. All the authors consent the publication of the manuscript. All authors declare that no competing
interests related to the work.

Data availability
All data in this study are publically available and the raw analysis data can be obtained by contacting the cor-
responding author upon request.

Received: 30 October 2023; Accepted: 20 December 2023
Published online: 02 January 2024

References

1. Sung, H. et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in
185 Countries. CA Cancer J. Clin. 71, 209-249. https://doi.org/10.3322/caac.21660 (2021).

2. Bray, E et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J. Clin. 68, 394-424. https://doi.org/10.3322/caac.21492 (2018).

3. Momenimovahed, Z. & Salehiniya, H. Epidemiological characteristics of and risk factors for breast cancer in the world. Breast
Cancer Targets Ther. 11, 151-164. https://doi.org/10.2147/BCTT.S176070 (2019).

4. Chopra, S. & Davies, E. L. Breast cancer. Med. U. K. 2020, 113-118. https://doi.org/10.1016/j.mpmed.2019.11.009 (2020).

5. Yip, C. H., Yarkoni, O., Ajioka, J., Wan, K. L. & Nathan, S. Recent advancements in high-level synthesis of the promising clinical
drug, prodigiosin. Appl. Microbiol. Biotechnol. 2019, 1667-1680. https://doi.org/10.1007/s00253-018-09611-z (2019).

6. Gowda, R, Jones, N. R, Banerjee, S. & Robertson, G. P. Use of nanotechnology to develop multi-drug inhibitors for cancer
therapy. J. Nanomed. Nanotechnol. 4, 1-36. https://doi.org/10.4172/2157-7439.1000184 (2013).

7. Vaish, V. & Sanyal, S. N. Role of sulindac and celecoxib in the regulation of angiogenesis during the early neoplasm of colon:
Exploring PI3-K/PTEN/Akt pathway to the canonical Wnt/B-catenin signaling. Biomed. Pharmacother. 2012, 354-367. https://
doi.org/10.1016/j.biopha.2012.01.004 (2012).

8. Rayburn, E. R, Ezell, S.]. & Zhang, R. Anti-inflammatory agents for cancer therapy. Mol. Cell. Pharmacol. 2009, 29-43. https://
doi.org/10.4255/mcpharmacol.09.05 (2009).

9. Li, J., Hao, Q., Cao, W,, Vadgama, J. V. & Wu, Y. Celecoxib in breast cancer prevention and therapy. Cancer Manag. Res. 10,
4653-4667. https://doi.org/10.2147/CMAR.S178567 (2018).

10. Sato, A. et al. Blocking COX-2 induces apoptosis and inhibits cell proliferation via the Akt/survivin- and Akt/ID3 pathway in
low-grade-glioma. J. Neurooncol. 132, 231-238. https://doi.org/10.1007/s11060-017-2380-5 (2017).

11. Vital-Reyes, V. et al. Celecoxib inhibits cellular growth, decreases Ki-67 expression and modifies apoptosis in ovarian cancer
cell lines. Arch. Med. Res. 37, 689-695. https://doi.org/10.1016/j.arcmed.2005.11.014 (2006).

12. Basu, G. D,, Pathangey, L. B., Tinder, T. L., Gendler, S. J. & Mukherjee, P. Mechanisms underlying the growth inhibitory effects
of the cyclo-oxygenase-2 inhibitor celecoxib in human breast cancer cells. Breast Cancer Res. 7, R422. https://doi.org/10.1186/
ber1019 (2005).

13. Basu, G. D. et al. Cyclooxygenase-2 inhibitor induces apoptosis in breast cancer cells in an in vivo model of spontaneous meta-
static breast cancer. Mol. Cancer Res. 2, 632-642. https://doi.org/10.1158/1541-7786.632.2.11 (2004).

14. Takahashi-Yanaga, F. & Kahn, M. Targeting Wnt signaling: Can we safely eradicate cancer stem cells?. Clin. Cancer Res. 16,
3153-3162. https://doi.org/10.1158/1078-0432.CCR-09-2943 (2010).

Scientific Reports | (2024) 14:181 | https://doi.org/10.1038/s41598-023-50531-4 nature portfolio


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21492
https://doi.org/10.2147/BCTT.S176070
https://doi.org/10.1016/j.mpmed.2019.11.009
https://doi.org/10.1007/s00253-018-09611-z
https://doi.org/10.4172/2157-7439.1000184
https://doi.org/10.1016/j.biopha.2012.01.004
https://doi.org/10.1016/j.biopha.2012.01.004
https://doi.org/10.4255/mcpharmacol.09.05
https://doi.org/10.4255/mcpharmacol.09.05
https://doi.org/10.2147/CMAR.S178567
https://doi.org/10.1007/s11060-017-2380-5
https://doi.org/10.1016/j.arcmed.2005.11.014
https://doi.org/10.1186/bcr1019
https://doi.org/10.1186/bcr1019
https://doi.org/10.1158/1541-7786.632.2.11
https://doi.org/10.1158/1078-0432.CCR-09-2943

www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Schénthal, A. H. Direct non-cyclooxygenase-2 targets of celecoxib and their potential relevance for cancer therapy. Br. J. Cancer
2007, 1465-1468. https://doi.org/10.1038/sj.bjc.6604049 (2007).

Song, M. J. et al. Purification and characterization of prodigiosin produced by integrated bioreactor from Serratia sp. KH-95. J.
Biosci. Bioeng. 101, 157-161. https://doi.org/10.1263/jbb.101.157 (2006).

Giri, A. V., Anandkumar, N., Muthukumaran, G. & Pennathur, G. A novel medium for the enhanced cell growth and produc-
tion of prodigiosin from Serratia marcescens isolated from soil. BMC Microbiol. 4, 11. https://doi.org/10.1186/1471-2180-4-11
(2004).

Hubbard, R. & Rimington, C. The biosynthesis of prodigiosin, the tripyrrylmethene pigment from Bacillus prodigiosus (Serratia
marcescens). Biochem. J. https://doi.org/10.1042/bj0460220 (1950).

Vijayalakshmi, K. & Jagathy, K. Production of Prodigiosin from Serratia marcescens and its antioxidant and anticancer potential.
Int. J. Adv. Res. Biol. Sci. 2016, 75-88 (2016).

Montaner, B. et al. DNA interaction and dual topoisomerase I and II inhibition properties of the anti-tumor drug prodigiosin.
Toxicol. Sci. 85, 870-879. https://doi.org/10.1093/toxsci/kfi149 (2005).

Kumar, A., Vishwakarma, H. S., Singh, J. & Kumar, M. Microbial pigments: Production and their applications in various indus-
tries. Int. J. Pharm. Chem. Biol. Sci. 5,203-212 (2015).

Paul, T. et al. A comprehensive review on recent trends in production, purification, and applications of prodigiosin. Biomass
Convers. Biorefin. 2022, 1409-1431. https://doi.org/10.1007/s13399-020-00928-2 (2022).

Pérez-Tomas, R., Montaner, B., Llagostera, E. & Soto-Cerrato, V. The prodigiosins, proapoptotic drugs with anticancer proper-
ties. Biochem. Pharmacol. 66, 1447-1452. https://doi.org/10.1016/S0006-2952(03)00496-9 (2003).

Wang, Z. et al. Prodigiosin inhibits Wnt/(-catenin signaling and exerts anticancer activity in breast cancer cells. Proc. Natl. Acad.
Sci. U. S. A. 113, 13150-13155. https://doi.org/10.1073/pnas.1616336113 (2016).

Anwar, M. M. et al. Prodigiosin/PU-H71 as a novel potential combined therapy for triple negative breast cancer (TNBC): Pre-
clinical insights. Sci. Rep. https://doi.org/10.1038/s41598-020-71157-w (2020).

Krishna, P. S. et al. In-silico molecular docking analysis of prodigiosin and cycloprodigiosin as COX-2 inhibitors. Springerplus
2, 1-6. https://doi.org/10.1186/2193-1801-2-172 (2013).

Zhao, Y. et al. Structure of prodigiosin from serratia marcescens njzt-1 and its cytotoxicity on tsc2-null cells. Food Sci. Technol.
41, 189-196. https://doi.org/10.1590/fst.35719 (2021).

Zhou, X. et al. Advances in nanotechnology-based delivery systems for EGFR tyrosine kinases inhibitors in cancer therapy.
Asian J. Pharm. Sci. 15, 26-41. https://doi.org/10.1016/j.ajps.2019.06.001 (2020).

Jahangirian, H., Lemraski, E. G., Webster, T. ., Rafiee-Moghaddam, R. & Abdollahi, Y. A review of drug delivery systems based
on nanotechnology and green chemistry: Green nanomedicine. Int. J. Nanomed. 2017, 2957-2978. https://doi.org/10.2147/IJN.
S127683 (2017).

Alai, M. S., Lin, W. J. & Pingale, S. S. Application of polymeric nanoparticles and micelles in insulin oral delivery. J. Food Drug
Anal. 23, 351-358. https://doi.org/10.1016/j.jfda.2015.01.007 (2015).

Sabra, S. A. et al. Self-assembled amphiphilic zein-lactoferrin micelles for tumor targeted co-delivery of rapamycin and wogonin
to breast cancer. Eur. J. Pharmaceut. Biopharmaceut. 2018, 156-169. https://doi.org/10.1016/j.ejpb.2018.04.023 (2018).

Li, M. & Yu, M. Development of a nanoparticle delivery system based on zein/polysaccharide complexes. J. Food Sci. 2020,
4108-4117. https://doi.org/10.1111/1750-3841.15535 (2020).

Madan, J. R., Ansari, I. N, Dua, K. & Awasthi, R. Formulation and in vitro evaluation of casein nanoparticles as carrier for
celecoxib. Adv. Pharm. Bull. 10, 408-417. https://doi.org/10.34172/apb.2020.049 (2020).

Dave, V. et al. Synthesis and characterization of celecoxib loaded PEGylated liposome nanoparticles for biomedical applications.
Nano-Struct. Nano-Objects 2019, 100288. https://doi.org/10.1016/j.nan0so.2019.100288 (2019).

Mandracchia, D. et al. pH-sensitive inulin-based nanomicelles for intestinal site-specific and controlled release of celecoxib.
Carbohydr. Polym. 181, 570-578. https://doi.org/10.1016/j.carbpol.2017.11.110 (2018).

Cooper, D. L. & Harirforoosh, S. Effect of formulation variables on preparation of celecoxib loaded polylactide-co-glycolide
nanoparticles. PLoS ONE https://doi.org/10.1371/journal.pone.0113558 (2014).

Alajami, H. N, Fouad, E. A., Ashour, A. E., Kumar, A. & Yassin, A. E. B. Celecoxib-loaded solid lipid nanoparticles for colon
delivery: Formulation optimization and in vitro assessment of anti-cancer activity. Pharmaceutics 14, 21. https://doi.org/10.
3390/pharmaceutics14010131 (2022).

Mabrouk, A. A. et al. Novel celecoxib-loaded chitosan-fucoidan nanoparticles as potential immunotherapy for oral squamous
cell carcinoma: Mechanistic insights. J. Drug Deliv. Sci. Technol. 81, 17. https://doi.org/10.1016/j.jddst.2023.104228 (2023).
Kassab, R. B. et al. Anticolitic activity of prodigiosin loaded with selenium nanoparticles on acetic acid-induced colitis in rats.
Environ. Sci. Pollut. Res. 29, 55790-55802. https://doi.org/10.1007/s11356-022-19747-1 (2022).

Rastegari, B., Karbalaei-Heidari, H. R., Zeinali, S. & Sheardown, H. The enzyme-sensitive release of prodigiosin grafted
B-cyclodextrin and chitosan magnetic nanoparticles as an anticancer drug delivery system: Synthesis, characterization and
cytotoxicity studies. Colloids Surfaces B Biointerfaces. 158, 589-601. https://doi.org/10.1016/j.colsurfb.2017.07.044 (2017).
Majumdar, S., Mandal, T. & Mandal, D. D. Chitosan based micro and nano-particulate delivery systems for bacterial prodigiosin:
Optimization and toxicity in animal model system. Int. J. Biol. Macromol. 222, 2966-2976. https://doi.org/10.1016/j.ijbiomac.
2022.10.072 (2022).

Agwa, M. M. et al. Development and validation of a robust analytical method to quantify both etoposide and prodigiosin in
polymeric nanoparticles by reverse-phase high-performance liquid chromatography. Anal. Methods 10, 2272-2280. https://doi.
0rg/10.1039/c8ay00030a (2018).

Akpan, U. M. et al. Prodigiosin-loaded electrospun nanofibers scaffold for localized treatment of triple negative breast cancer.
Mater. Sci. Eng. C 2020, 114. https://doi.org/10.1016/j.msec.2020.110976 (2020).

Danyuo, Y. et al. Prodigiosin release from an implantable biomedical device: Effect on cell viability. Adv. Mater. Res. 1132, 3-18.
https://doi.org/10.4028/www.scientific.net/amr.1132.3 (2015).

Picha, P, Kale, D., Dave, I. & Pardeshi, S. Comparative studies on prodigiosin production by Serratia marcescens using various
crude fatty acid sources-its characterization and applications. Int. J. Curr. Microbiol. Appl. Sci. 2, 254-267 (2015).

Sumathi, C., Mohanapriya, D., Swarnalatha, S., Dinesh, M. G. & Sekaran, G. Production of prodigiosin using tannery fleshing
and evaluating its pharmacological effects. Sci. World J. 2014, 1-8. https://doi.org/10.1155/2014/290327 (2014).

Patil, C. D,, Patil, S. V., Salunke, B. K. & Salunkhe, R. B. Prodigiosin produced by Serratia marcescens NMCC46 as a mosquito
larvicidal agent against Aedes aegypti and Anopheles stephensi. Parasitol. Res. 2011, 1179-1187. https://doi.org/10.1007/s00436-
011-2365-9 (2011).

Ragvendran, C. & Natarajan, D. Serratia marcescens (Enterobacteriaceae): An alternate biocon-trol agent for mosquito vectors
Aedes aegypti and Culex quinque-fasciatus (Diptera: Culicidae) 1. Original Article PTB Reports. Res. Microbiol. 2017, 14-20.
https://doi.org/10.5530/PTB.2017.3.3 (2017).

Rastegari, B. & Karbalaei-Heidari, H. R. Sulfate as a pivotal factor in regulation of Serratia sp. strain S2B pigment biosynthesis.
Res. Microbiol. 167, 638-646. https://doi.org/10.1016/j.resmic.2016.05.005 (2016).

Shirmohammadli, E, Nikzad, M., Ghoreyshi, A. A., Mohammadi, M. & Poureini, F. Preparation and characterization of zein/
sodium caseinate/xanthan gum complex for encapsulation of piperine and its in vitro release study. Food Biophys. 16, 254-269.
https://doi.org/10.1007/s11483-021-09668-w (2021).

Scientific Reports | (2024) 14:181 |

https://doi.org/10.1038/s41598-023-50531-4 nature portfolio


https://doi.org/10.1038/sj.bjc.6604049
https://doi.org/10.1263/jbb.101.157
https://doi.org/10.1186/1471-2180-4-11
https://doi.org/10.1042/bj0460220
https://doi.org/10.1093/toxsci/kfi149
https://doi.org/10.1007/s13399-020-00928-2
https://doi.org/10.1016/S0006-2952(03)00496-9
https://doi.org/10.1073/pnas.1616336113
https://doi.org/10.1038/s41598-020-71157-w
https://doi.org/10.1186/2193-1801-2-172
https://doi.org/10.1590/fst.35719
https://doi.org/10.1016/j.ajps.2019.06.001
https://doi.org/10.2147/IJN.S127683
https://doi.org/10.2147/IJN.S127683
https://doi.org/10.1016/j.jfda.2015.01.007
https://doi.org/10.1016/j.ejpb.2018.04.023
https://doi.org/10.1111/1750-3841.15535
https://doi.org/10.34172/apb.2020.049
https://doi.org/10.1016/j.nanoso.2019.100288
https://doi.org/10.1016/j.carbpol.2017.11.110
https://doi.org/10.1371/journal.pone.0113558
https://doi.org/10.3390/pharmaceutics14010131
https://doi.org/10.3390/pharmaceutics14010131
https://doi.org/10.1016/j.jddst.2023.104228
https://doi.org/10.1007/s11356-022-19747-1
https://doi.org/10.1016/j.colsurfb.2017.07.044
https://doi.org/10.1016/j.ijbiomac.2022.10.072
https://doi.org/10.1016/j.ijbiomac.2022.10.072
https://doi.org/10.1039/c8ay00030a
https://doi.org/10.1039/c8ay00030a
https://doi.org/10.1016/j.msec.2020.110976
https://doi.org/10.4028/www.scientific.net/amr.1132.3
https://doi.org/10.1155/2014/290327
https://doi.org/10.1007/s00436-011-2365-9
https://doi.org/10.1007/s00436-011-2365-9
https://doi.org/10.5530/PTB.2017.3.3
https://doi.org/10.1016/j.resmic.2016.05.005
https://doi.org/10.1007/s11483-021-09668-w

www.nature.com/scientificreports/

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

Zhang, S. & Han, Y. Preparation, characterisation and antioxidant activities of rutin-loaded zein-sodium caseinate nanoparticles.
PLoS ONE 2018, 13. https://doi.org/10.1371/journal.pone.0194951 (2018).

Joye, 1. J., Davidov-Pardo, G. & McClements, D. J. Encapsulation of resveratrol in biopolymer particles produced using liquid
antisolvent precipitation. Part 2: Stability and functionality. Food Hydrocoll. 49, 127-134. https://doi.org/10.1016/j.foodhyd.
2015.02.038 (2015).

Hwang, I. et al. Preparation of celecoxib tablet by hot melt extrusion technology and application of process analysis technology
to discriminate solubilization effect. Pharm. Dev. Technol. 25, 525-534. https://doi.org/10.1080/10837450.2020.1723023 (2020).
Sovizi, M. R. Thermal behavior of drugs: Investigation on decomposition kinetic of naproxen and celecoxib. J. Therm. Anal.
Calorim. 2010, 285-289. https://doi.org/10.1007/s10973-009-0668-1 (2010).

Koshy, O., Subramanian, L. & Thomas, S. Differential scanning calorimetry in nanoscience and nanotechnology. Thermal and
rheological measurement techniques for nanomaterials characterization. Int. J. Pharm. 2017, 109-122. https://doi.org/10.1016/
B978-0-323-46139-9.00005-0 (2017).

Alsakhawy, S. A., Baghdadi, H. H., El-Shenawy, M. A., Sabra, S. A. & El-Hosseiny, L. S. Encapsulation of thymus vulgaris essential
oil in caseinate/gelatin nanocomposite hydrogel: In vitro antibacterial activity and in vivo wound healing potential. Int. J. Pharm.
628, 122280. https://doi.org/10.1016/j.ijpharm.2022.122280 (2022).

Gittings, M. R. & Saville, D. A. The determination of hydrodynamic size and zeta potential from electrophoretic mobility and
light scattering measurements. Colloids Surfaces A Physicochem. Eng. Asp. 141, 111-117. https://doi.org/10.1016/S0927-7757(98)
00207-6 (1998).

Huang, C. et al. Celecoxib targets breast cancer stem cells by inhibiting the synthesis of prostaglandin E2 and down-regulating
the Wnt pathway activity. Oncotarget 8, 115254-115269. https://doi.org/10.18632/oncotarget.23250 (2017).

Harris, R. E. & Schwartzbaum, J. A. Celecoxib may be a viable treatment option for breast cancer patients not treated with
chemotherapy. Front. Oncol. 12, 65-67. https://doi.org/10.3389/fonc.2022.958308 (2022).

Elmansi, H. et al. Assessment of lipophilicity of newly synthesized celecoxib analogues using reversed-phase HPLC. BMC Chem.
13, 1-7. https://doi.org/10.1186/s13065-019-0607-6 (2019).

Hong, S. H., Dinh, L., Abuzar, S. M., Lee, E. S. & Hwang, S. J. Synthesis of celecoxib-eutectic mixture particles via supercritical
CO2 process and celecoxib immediate release tablet formulation by quality by design approach. Pharmaceutics 2022, 14. https://
doi.org/10.3390/pharmaceutics14081549 (2022).

Saleh, N. et al. Prodigiosin-functionalized probiotic ghosts as a bioinspired combination against colorectal cancer cells. Probiot.
Antimicrob. Proteins 2022, 16. https://doi.org/10.1007/s12602-022-09980-y (2022).

Podaralla, S. & Perumal, O. Influence of formulation factors on the preparation of zein nanoparticles. AAPS Pharm. Sci. Tech.
13, 919-927. https://doi.org/10.1208/s12249-012-9816-1 (2012).

Erxleben, S. W.J., Pelan, E. & Wolf, B. Effect of ethanol on the stability of sodium caseinate stabilised emulsions. Food Hydrocoll.
121, 107058. https://doi.org/10.1016/j.foodhyd.2021.107058 (2021).

Ghorbani Gorji, S., Ghorbani Gorji, E. & Mohammadifar, M. A. Effect of pH on turbidity, size, viscosity and the shape of sodium
caseinate aggregates with light scattering and rheometry. J. Food Sci. Technol. 52, 1820-1824. https://doi.org/10.1007/s13197-
013-1144-2 (2015).

Rizzo, V., Morelli, A., Pinciroli, V., Sciangula, D. & D’Alessio, R. Equilibrium and kinetics of rotamer interconversion in immu-
nosuppressant prodigiosin derivatives in solution. J. Pharm. Sci. 88, 73-78. https://doi.org/10.1021/js980225w (1999).

Castro, A. J., Corwin, A. H., Waxham, F. ]. & Beilby, A. L. Products from Serratia marcescens. J. Org. Chem. 1959, 455-459.
https://doi.org/10.1021/j001086a004 (1959).

Suryawanshi, R. K., Patil, C. D., Koli, S. H., Hallsworth, J. E. & Patil, S. V. Antimicrobial activity of prodigiosin is attributable to
plasma-membrane damage. Nat. Prod. Res. 31, 572-577. https://doi.org/10.1080/14786419.2016.1195380 (2017).

Dash, S., Murthy, P. N., Nath, L. & Chowdhury, P. Kinetic modeling on drug release from controlled drug delivery systems. Acta
Pol. Pharm. Drug Res. 67,217-223 (2010).

Shafiei, F.,, Ghavami-Lahiji, M., Kashi, T. S. J. & Najafi, F. Drug release kinetics and biological properties of a novel local drug
carrier system. Dent. Res. J. (Isfahan) 18, 94. https://doi.org/10.4103/1735-3327.330875 (2021).

Xu, J., Xu, B., Shou, D., Xia, X. & Hu, Y. Preparation and evaluation of vancomycin-loaded N-trimethyl chitosan nanoparticles.
Polym. (Basel) 7, 1850-1870. https://doi.org/10.3390/polym7091488 (2015).

Karthikeyan, M., Deepa, M. K., Bassim, E., Rahna, C. S. & Raj, K. R. S. Investigation of kinetic drug release characteristics and
in vitro evaluation of sustained-release matrix tablets of a selective COX-2 inhibitor for rheumatic diseases. J. Pharm. Innov. 16,
551-557. https://doi.org/10.1007/s12247-020-09459-9 (2021).

Sagnella, S. & Mai-Ngam, K. Chitosan based surfactant polymers designed to improve blood compatibility on biomaterials.
Colloids Surfaces B Biointerfaces 42, 147-155. https://doi.org/10.1016/j.colsurfb.2004.07.001 (2005).

De-La-Harpe, K. M. et al. The hemocompatibility of nanoparticles: A review of cell-nanoparticle interactions and hemostasis.
Cells 2019, 8. https://doi.org/10.3390/cells8101209 (2019).

Vedantam, P, Huang, G. & Tzeng, T. R. J. Size-dependent cellular toxicity and uptake of commercial colloidal gold nanoparticles
in DU-145 cells. Cancer Nanotechnol. 4, 13-20. https://doi.org/10.1007/s12645-013-0033-8 (2013).

Boateng-Marfo, Y., Dong, Y., Ng, W. K. & Lin, H. S. Artemether-loaded zein nanoparticles: An innovative intravenous dosage
form for the management of severe malaria. Int. J. Mol. Sci. 22, 1-22. https://doi.org/10.3390/ijms22031141 (2021).

Alexis, E, Pridgen, E., Molnar, L. K. & Farokhzad, O. C. Factors affecting the clearance and biodistribution of polymeric nano-
particles. Mol. Pharmaceut. 2008, 505-515. https://doi.org/10.1021/mp800051m (2008).

Luo, Y, Teng, Z., Wang, T. T. Y. & Wang, Q. Cellular uptake and transport of zein nanoparticles: Effects of sodium caseinate. J.
Agric. Food Chem. 2013, 7621-7629. https://doi.org/10.1021/jf402198r (2013).

Sabra, S. A. et al. Magnetically guided self-assembled protein micelles for enhanced delivery of dasatinib to human triple-negative
breast cancer cells. J. Pharm. Sci. 108, 1713-1725. https://doi.org/10.1016/j.xphs.2018.11.044 (2019).

Sheikh, A. et al. The role of Wnt signaling pathway in carcinogenesis and implications for anticancer therapeutics. Hered Cancer
Clin. Pract. 12, 13. https://doi.org/10.1186/1897-4287-12-13 (2014).

Abdullah, N. A,, Mahmoud, H. E., El-Nikhely, N. A., Hussein, A. A. & El-Khordagui, L. K. Carbon dots labeled Lactiplantibacil-
lus plantarum: A fluorescent multifunctional biocarrier for anticancer drug delivery. Front. Bioeng. Biotechnol. 11, 1-17. https://
doi.org/10.3389/fbioe.2023.1166094 (2023).

He, C., Hu, Y, Yin, L., Tang, C. & Yin, C. Effects of particle size and surface charge on cellular uptake and biodistribution of
polymeric nanoparticles. Biomaterials 31, 3657-3666. https://doi.org/10.1016/j.biomaterials.2010.01.065 (2010).

Sun, X. & Kaufman, P. D. Ki-67: More than a proliferation marker. Chromosoma 2018, 175-186. https://doi.org/10.1007/s00412-
018-0659-8 (2018).

Li, L. T, Jiang, G., Chen, Q. & Zheng, J. N. Predic Ki67 is a promising molecular target in the diagnosis of cancer (Review). Mol.
Med. Rep. 11, 1566-1572. https://doi.org/10.3892/mmr.2014.2914 (2015).

Mannell, A. The role of ki-67 in breast cancer. South Afr. J. Surg. 54, 10-13 (2016).

Davey, M. G., Michael, J., Kerin, N. M. & Ajlsoh, F. Ki-67 as a prognostic biomarker in invasive breast cancer. Cancers Basel 13,
19. https://doi.org/10.3390/cancers13174455 (2021).

Mao, J. T. et al. Celecoxib decreases Ki-67 proliferative index in active smokers. Clin. Cancer Res. 12, 314-320. https://doi.org/
10.1158/1078-0432.CCR-05-1440 (2006).

Scientific Reports | (2024) 14:181 |

https://doi.org/10.1038/s41598-023-50531-4 nature portfolio


https://doi.org/10.1371/journal.pone.0194951
https://doi.org/10.1016/j.foodhyd.2015.02.038
https://doi.org/10.1016/j.foodhyd.2015.02.038
https://doi.org/10.1080/10837450.2020.1723023
https://doi.org/10.1007/s10973-009-0668-1
https://doi.org/10.1016/B978-0-323-46139-9.00005-0
https://doi.org/10.1016/B978-0-323-46139-9.00005-0
https://doi.org/10.1016/j.ijpharm.2022.122280
https://doi.org/10.1016/S0927-7757(98)00207-6
https://doi.org/10.1016/S0927-7757(98)00207-6
https://doi.org/10.18632/oncotarget.23250
https://doi.org/10.3389/fonc.2022.958308
https://doi.org/10.1186/s13065-019-0607-6
https://doi.org/10.3390/pharmaceutics14081549
https://doi.org/10.3390/pharmaceutics14081549
https://doi.org/10.1007/s12602-022-09980-y
https://doi.org/10.1208/s12249-012-9816-1
https://doi.org/10.1016/j.foodhyd.2021.107058
https://doi.org/10.1007/s13197-013-1144-2
https://doi.org/10.1007/s13197-013-1144-2
https://doi.org/10.1021/js980225w
https://doi.org/10.1021/jo01086a004
https://doi.org/10.1080/14786419.2016.1195380
https://doi.org/10.4103/1735-3327.330875
https://doi.org/10.3390/polym7091488
https://doi.org/10.1007/s12247-020-09459-9
https://doi.org/10.1016/j.colsurfb.2004.07.001
https://doi.org/10.3390/cells8101209
https://doi.org/10.1007/s12645-013-0033-8
https://doi.org/10.3390/ijms22031141
https://doi.org/10.1021/mp800051m
https://doi.org/10.1021/jf402198r
https://doi.org/10.1016/j.xphs.2018.11.044
https://doi.org/10.1186/1897-4287-12-13
https://doi.org/10.3389/fbioe.2023.1166094
https://doi.org/10.3389/fbioe.2023.1166094
https://doi.org/10.1016/j.biomaterials.2010.01.065
https://doi.org/10.1007/s00412-018-0659-8
https://doi.org/10.1007/s00412-018-0659-8
https://doi.org/10.3892/mmr.2014.2914
https://doi.org/10.3390/cancers13174455
https://doi.org/10.1158/1078-0432.CCR-05-1440
https://doi.org/10.1158/1078-0432.CCR-05-1440

www.nature.com/scientificreports/

88. Dai, Z.-]. et al. Antitumor activity of the selective cyclooxygenase-2 inhibitor, celecoxib, on breast cancer in Vitro and in Vivo.
Cancer Cell Int. 12, 53. https://doi.org/10.1186/1475-2867-12-53 (2012).

89. Sun, X. & Li, Q. Prostaglandin EP2 receptor: Novel therapeutic target for human cancers (Review). Int. . Mol. Med. 42, 1203-
1214. https://doi.org/10.3892/ijmm.2018.3744 (2018).

90. Finetti, E et al. Prostaglandin E2 and cancer: Insight into tumor progression and immunity. Biol. Basel 9, 1-26. https://doi.org/
10.3390/biology9120434 (2020).

91. Daoyan, W. et al. Celecoxib inhibits vascular endothelial growth factor expression in and reduces angiogenesis and metastasis
of human pancreatic cancer via suppression of Sp1 transcription factor activity. Cancer Res. 64, 2030-2038. https://doi.org/10.
1158/0008-5472.CAN-03-1945 (2004).

92. Batelja-Vuletic, L. et al. Comparison of androgen receptor, VEGF, HIF-1, Ki67 and MMP9 expression between non-metastatic
and metastatic stages in stromal and tumor cells of oral squamous cell carcinoma. Life 11, 336. https://doi.org/10.3390/lifel
1040336 (2021).

93. Carneiro, B. A. & El-Deiry, W. S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 17, 395-417. https://doi.org/10.
1038/s41571-020-0341-y (2020).

94. Boice, A. & Bouchier-Hayes, L. Targeting apoptotic caspases in cancer. Biochim. Biophys. Acta Mol. Cell Res. 1867, 15. https://
doi.org/10.1016/j.bbamcr.2020.118688 (2020).

95. Kazi, M., Trivedi, T., Kobawala, T. & Ghosh, N. The potential of wnt signaling pathway in cancer: A focus on breast cancer.
Cancer Transl. Med. 2, 55-66. https://doi.org/10.4103/2395-3977.181437 (2016).

96. Sam, M. R. & Pourpak, R. S. Regulation of p53 and survivin by prodigiosin compound derived from Serratia marcescens con-
tribute to caspase-3-dependent apoptosis in acute lymphoblastic leukemia cells. Hum. Exp. Toxicol. 37, 608-617. https://doi.
org/10.1177/0960327117718052 (2018).

97. Soto-Cerrato, V., Llagostera, E., Montaner, B., Scheffer, G. L. & Perez-Tomas, R. Mitochondria-mediated apoptosis operating
irrespective of multidrug resistance in breast cancer cells by the anticancer agent prodigiosin. Biochem. Pharmacol. 2004,
1345-1352. https://doi.org/10.1016/j.bcp.2004.05.056 (2004).

98. Elahian, F. et al. The anticancer agent prodigiosin is not a multidrug resistance protein substrate. DNA Cell Biol. 32, 90-97.
https://doi.org/10.1089/dna.2012.1902 (2013).

99. Faraag, A. H., Ahmed, H., El-Batal, I. & El-Hendawy, H. H. Characterization of prodigiosin produced by Serratia marcescens
strain isolated from irrigation water in Egypt. Nat. Sci. 15, 55-68. https://doi.org/10.7537/marsnsj150517.08 (2017).

100. Chauhan, R., Choudhuri, A. & Abraham, J. Evaluation of antimicrobial, cytotoxicity, and dyeing properties of prodigiosin
produced by Serratia marcescens strain JAR8. Asian J. Pharm. Sci. Clin. Res. 10, 1-5. https://doi.org/10.22159/ajpcr.2017.v10i8.
18173 (2017).

101. Tao, J., Wang, X., Shen, Y. & Wei, D. Strategy for the improvement of prodigiosin production by a serratia marcescens mutant
through fed-batch fermentation. World J. Microbiol. Biotechnol. 21, 969-972. https://doi.org/10.1007/s11274-004-7257-z (2005).

102. Li, E et al. Size-controlled fabrication of zein nano/microparticles by modified anti-solvent precipitation with/without sodium
caseinate. Int. J. Nanomed. 12, 8197-8209. https://doi.org/10.2147/IJN.S143733 (2017).

103. Langdon, S. P. Cancer Cell Culture 237-245 (Humana Press, 2003). https://doi.org/10.1385/1592594069.

104. Nguyen, S. T., Nguyen, H. T. & Truong, K. D. Comparative cytotoxic effects of methanol, ethanol and DMSO on human cancer
cell lines. Biomed. Res. Ther. 7, 3855-3859 (2020).

105. Vijayan, A. C. K. N. & Vinod Kumar, G. S. ECM-mimicking nanofibrous scaffold enriched with dual growth factor carrying
nanoparticles for diabetic wound healing. Nanoscale Adv. 3, 3085-3092. https://doi.org/10.1039/d0na00926a (2021).

106. Darshan, N. & Manonmani, H. K. Prodigiosin inhibits motility and activates bacterial cell death revealing molecular biomarkers
of programmed cell death. AMB Express. 6, 12. https://doi.org/10.1186/s13568-016-0222-z (2016).

Acknowledgements
Authors would like to thank Borg Pharmaceutical Industries, Egypt for kindly supplying them with celecoxib.

Author contributions

W.A M., N.AE., HEM. and S.A.S. performed experiments, prepared figures and wrote the manuscript text.
A.A.H. supervised some experiments and edited the manuscript. All authors approved reviewed and approved
the final version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-50531-4.

Correspondence and requests for materials should be addressed to S.A.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:181 | https://doi.org/10.1038/s41598-023-50531-4 nature portfolio


https://doi.org/10.1186/1475-2867-12-53
https://doi.org/10.3892/ijmm.2018.3744
https://doi.org/10.3390/biology9120434
https://doi.org/10.3390/biology9120434
https://doi.org/10.1158/0008-5472.CAN-03-1945
https://doi.org/10.1158/0008-5472.CAN-03-1945
https://doi.org/10.3390/life11040336
https://doi.org/10.3390/life11040336
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1016/j.bbamcr.2020.118688
https://doi.org/10.1016/j.bbamcr.2020.118688
https://doi.org/10.4103/2395-3977.181437
https://doi.org/10.1177/0960327117718052
https://doi.org/10.1177/0960327117718052
https://doi.org/10.1016/j.bcp.2004.05.056
https://doi.org/10.1089/dna.2012.1902
https://doi.org/10.7537/marsnsj150517.08
https://doi.org/10.22159/ajpcr.2017.v10i8.18173
https://doi.org/10.22159/ajpcr.2017.v10i8.18173
https://doi.org/10.1007/s11274-004-7257-z
https://doi.org/10.2147/IJN.S143733
https://doi.org/10.1385/1592594069
https://doi.org/10.1039/d0na00926a
https://doi.org/10.1186/s13568-016-0222-z
https://doi.org/10.1038/s41598-023-50531-4
https://doi.org/10.1038/s41598-023-50531-4
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:181 | https://doi.org/10.1038/s41598-023-50531-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Prodigiosincelecoxib-loaded into zeinsodium caseinate nanoparticles as a potential therapy for triple negative breast cancer
	Results
	Production and characterization of prodigiosin from S. marcescens
	Preparation of PDGCXB-loaded zein Na CAS NPs
	Physicochemical characterization of PDGCXB-loaded zein Na CAS NPs
	In vitro drug release
	In vitro blood hemolysis
	In vitro cytotoxicity study

	Effect of PDG, CXB and their combination on the morphology of MDA-MD-231 cell line
	Migration assay
	In vitro antitumor efficacy
	Effect of CXB, PDG and their combination on Ki-67
	Effect of CXB, PDG and their combination on COX-2 expression level
	Effect of CXB, PDG and their combination on VEGF expression level
	Effect of CXB, PDG and their combination on apoptosis


	Discussion
	Conclusion
	Materials and methods
	Materials
	Production and purification of PDG from S. marcescens
	Characterization of prodigiosin
	UV–visible spectroscopy
	Thin layer chromatography (TLC)
	FTIR analysis
	Characterization of PDG by HPLC
	Preparation of CXBPDG-loaded zeinNa CAS NPs

	Physicochemical characterization of PDGCXB-loaded zeinNA CAS NPs
	FTIR spectroscopy
	DSC analysis
	Particle size (PS), polydispersity index (PDI) and zeta potential
	Morphological examination by TEM
	Encapsulation efficiency and drug loading %
	In vitro drug release study
	In vitro blood hemolysis

	In vitro anticancer efficacy
	In vitro cytotoxicity study
	Migration assay
	Tumor growth biomarkers

	Statistical analysis
	Ethical approval

	References
	Acknowledgements


