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Abstract
Background: Globally, breast cancer (BC) poses a serious public health risk. The disease exhibits a
complex heterogeneous etiology and is associated with glycolysis and oxidative phosphorylation
(OXPHOS) metabolic reprograming pathways which fuel proliferation and progression. Due to the late
manifestation of symptoms, rigorous treatment regimens are required following diagnosis. Existing
treatments are limited by a lack of speci�city, systemic toxicity, temporary remission, and radio-resistance
in BC. In this study, we developed CD44 and folate receptor-targeting multi-functional dual drug-loaded
nanoparticles (DDM). These contained a hyaluronic acid (HA) and folic acid (FA) conjugated to a
dichloroacetate (DCA) shell linked to a 2-deoxy glucose (2DG) and magnesium oxide (MgO) core to
enhance localized chemo-radiotherapy for effective BC treatment.

Methods: The physicochemical properties of nanoparticles, including stability, selectivity, release in
response to pH, cellular uptake, and anticancer e�cacy were comprehensively examined. Mechanistically,
we identi�ed multiple component signal pathways as important regulators of BC metabolism and
mediators of inhibitory effects toward DDM.

Results: Nanoparticles exhibited sustained DDM release properties in bio-relevant media, which was
responsive to acidic pH providing flexibility to the control of drug release from nanoparticles. DDM-
loaded and HA-FA-functionalized nanoparticles exhibited increased selectivity and uptake by BC cells.
Cells study indicated that functionalized DDM signi�cantly suppressed cancer cell growth and
radiotherapy (RT) improvement via cell cycle arrest, apoptosis enhancement, and modulation of
glycolysis and OXPHOS pathways.

Conclusions: By highlighting DDM mechanisms as an antitumor and radio-sensitizing reagent, our
analysis also revealed glycolysis and OXPHOS modulation via PI3K/AKT/mTOR/NF-κB/VEGFlow and
P53high signal pathways. In conclusion, we indicated that multi-functionalized DDM depletion-mediated
metabolic reprogramming via multiple signal pathways in BC cells is a promising targeted metabolic
therapy.

Introduction
Breast cancer (BC) is one of the most common malignant tumors with the highest mortality-rate in
women. Therapeutic options for BC pharmacotherapy have several limitations, such as a lack of
therapeutic e�cacy, toxicity toward healthy tissues, and high rate of metastasis and recurrence [1, 2].
Accordingly, new therapeutic strategies must be developed target and inhibit BC growth, which is
characterized by higher glycolytic activity, glutamine consumption, glutaminolysis levels generated via
aerobic conditions (Warburg effect) and mitochondria oxidative phosphorylation (OXPHOS), and the
overexpression of CD44 receptors and folate receptors-α (FR-α) [3–5]. Recent studies indicated that the
tumor suppressor, P53, phosphatidylinositol 3-kinase (PI3K), protein kinase B (AKT), mammalian target of
rapamycin (mTOR), nuclear factor-κ light chain enhancer of activated B cells (NF-κB), and vascular
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endothelial factor (VEGF) pathways are mutated and related to a wide variety of cancer cell phenotypes,
including uncontrolled proliferation, genomic instability, and metabolic reprogramming [6]. Therefore,
suggesting that aerobic glycolysis, mitochondrial metabolism, CD44 and FR-α have considering being
particularly important for selection and targeting by anticancer drugs. The exploration of drug therapy
combinations is a promising strategy; as synergistic effects from multiple drugs potentially lead to better
therapeutic outcomes and a reduced probability of drug resistance in cancer cells [7]. 2-Deoxy glucose (2-
DG) and dichloroacetate (DCA) are drug combinations currently used in cancer clinical trials [8]. Both 2-
DG and DCA are established as BC chemotherapeutic treatments and have been combined with
radiotherapy (RT) in clinical trials. However the clinical use of DCA is restricted due to mild toxicity in
hematologic, hepatic, renal, and cardiac systems [9, 10]. Similarity, these treatments are also still limited
due to rapid relapse issues, systemic toxicity, and non-speci�c drug delivery, leading to low therapeutic
outcomes [11]. Also, poor survival rates in patients with BC may be attributable to radio-resistance
stemming from increased cell DNA repair capabilities after RT [12]. Therefore, the development of
strategies to overcome these limitations and provide targeted and controlled release for e�cient chemo-
radiotherapy in BC patients is essesential [13]. Nanomedicines have served as vital drug delivery systems
and improved cancer therapy with reduced systemic toxicity of anticancer drugs in healthy tissues [14].
Drug encapsulated in nanocarriers are promising modalities as they increase drug accumulation at tumor
tissues due to enhanced permeability and retention (EPR) effects, thereby increasing cancer therapeutics
e�cacy [15]. Because of these advantages, we developed a stimuli-reacting core-shell nanoparticle
system conjugated with hyaluronic acid (HA) and folic acid (FA), consisting of two different agents for
multi-targeted BC therapy. Moreover, the DDM were surface conjugated with HA and FA to target CD44
and FR-α receptors, which are overexpressed in BC cells. Similarity, CD44 and folate receptors have a high
a�nity for HA and FA; which are usually captured to nourish fast-dividing BC cells [16]. Therefore, our
design innovation was underpinned by a novel biodegradable multi-target nanocarrier that targeted
overexpressed CD44 and FR-α receptors in BC cells. This was followed by the release of three therapeutic
agents for the effective chemo-radiotherapy of BC.

Materials And Reagents
Synthesis of DDM

1. Preparation of MgO nanoparticles

Firstly, MgO nanoparticles (MgO-NPs) were prepared by the method reported by Diana et al [17]. Brie�y,
urea was added to an aqueous solution of magnesium nitrate (0.25 M) under constant stirring at 70°C
until gel formation. Then, MgO-NPs were formed by placing the gel at 500°C using mu�e furnace for 3 hr.
Finally, formed MgO-NPs were washed with deionized water (D.I.W) and dried at 70°C for 2 h (Fig. 1a).

2.1.2. Preparation of MgO@DCA@2DG

This novel composite structure was prepared by a simple impregnation method. Firstly, prepared MgO-
NPs (from step 1) were dispersed in 50 ml ethanol using water bath sonication for 45 min. Then, aqueous
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solutions of previously prepared DCA and 2DG (10 mM) were added to the dispersion under constant
stirring for 2 h, at room temperature (25°C). Finally, the formed powder was collected, washed, and dried
(Fig. 1a).

2. Preparation of MgO@DCA@2DG conjugated with HA and FA

Formed composite structure (from step 2), was dispersed in D.I.W by water bath sonication for 30 min.
Then, aqueous solutions of HA and FA (20 mM) were added into the solution, followed by sonication of
the mixture for 30 min. Third, mixture was left to stirrer for 2 h at constant stirring. Finally, the resulted
powder was collected using centrifugation and dried at 80°C for 1h (Fig. 1a).

Characterization of DDM  

Firstly, the stoichiometry of the synthesized DDM sample is examined via employing the energy
dispersive X-ray spectra (EDX), JEOL JSM-5600 LV, Japan. In order to con�rm the formation of the exact
sample with detected functional groups, Fourier transform infrared (FT-IR) spectroscopy (NICOLET iS10
model instrument) is conducted over a wide range (400–4000 cm− 1). The crystal structure of the
samples is investigated via x-ray diffraction technique (XRD; Shimadzu XRD-6000). XRD patterns are
obtained in the range of 2θ from 17o to 90o at room temperature. Cu Kα is used as a radiation source of
wavelength λ = 0.15408 nm, scan rate 0.8o/min, operation voltage 50 kV and current 40 mA [18, 19].
Information on the surface morphology of the samples' particles is obtained using scanning electron
microscopy (SEM), JEOL JSM-5600 LV, Japan). Finally, the shape and size of the synthesized samples
were obtained by a high resolution Transmission electron microscopy (HRTEM), JEOL JSM-5600 LV,
Japan).

Stability of DDM  

To determine stability, DDM charge and sizes were studied on incubation with PBS and 10% fetal bovine
serum (FBS; pH 7.4) at body temperature (37°C) using DLS for 6 days [5].

Cell culture

The cell lines used in this study were purchased from the Cell Culture Department, VACSERA (Cairo,
Egypt). Normal cells (MCF-10A), MCF-7 and MDA-MB-231 BC cells were cultured in Dulbecco’s modi�ed
Eagle’s medium (DMEM) supplemented with penicillin-streptomycin (100 U/ml) and 10% fetal bovine
serum (FBS) in a 5% CO2 humidi�ed chamber at 37°C. For different study treatments, cells were used at
100% con�uence.

Cytotoxicity/morphology assay

The cytotoxic effects of dual drug-loaded nanoparticles (DDM) were analyzed using the 3-(4, 5-
Dimethylthiazol-2yl)-2, 5-diphenyltetrozolium bromide (MTT) (Sigma) assay [20]. Brie�y, BC cells (1X105

cells/ml (100 µl/well) were seeded in 96-well plates and cultured for 24 h. The medium was then replaced
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by 5 mg MTT in 20 µl DMEM. Cells were further incubated for 4 h, the DMEM/MTT mixture removed, and
150 µl dimethyl sulfoxide added to dissolve formazan crystals. Then, the absorbance was measured
using an enzyme-linked immunosorbent assay (ELISA) plate reader (BioTeck, Bad Friedrichshall,
Germany) at 570 nm. The half-maximal inhibitory concentration (IC50) was calculated using SPSS one-
way ANOVA (IBM Inc., Chicago, IL, USA). Graphs were drawn using Graph-Pad Prism software.v.8.0
(Graph-Pad Prism Inc., USA). Cell morphology was recorded using a phase-contrast inverted microscope
�tted with a digital camera (Nikon, Japan). All studies were performed in triplicate.

DDM Release

To study drug release, the DDM suspensions were subjected to pH 3, 7 and 9 at 37°C conditions. At pre-
determined time points, the particles were collected using an external magnet (1.3 Tesla), and the
supernatant saved for analysis after 24 h incubation. MgO release was quanti�ed at 380 nm absorbance
using UV-vis.

Cell selectivity and DDM uptake

Normal (MCF-10A), MCF-7, and MDA-MB-231 cells were seeded in 24-well plates with round coverslips at
2×104 cells/well. The next day, cells were incubated with medium containing an IC50 DDM dose. After a
24 h incubation, the cells were washed three times in phosphate buffer saline (PBS) and divided in to four
aliquots for different methods; the �rst and second methods were investigated DDM cell selectivity via
measurement of CD44 expression by �ow cytometery, as described in �owcytometric analysis part, and
FR-α expression using qRT-PCR as described in real time PCR part. The third method was investigated
MgO levels in normal and cancer cells using atomic absorption spectrophotometry (AAS) AAS model (AI-
1200), was used with an air-acetylene burner (slot length = 11 cm). Instrument settings: Wavelength = 
285.2 nm, lamp current = 5 mA, slit width = 0.2 nm, air-�ow = 1.8 L/min, and ignition-�ow = 2.4 L /min. A
standard MgO solution was prepared by serial diluting 1000 mg/L MgO stock solution (Scharlau Chemie)
in D.I.W. After 24 h incubation, cells were washed three times in PBS, then centrifuged at 3000 rpm for 5
min, and supernatants aspirated into bottles. Supernatants and pellets were then diluted in D.I.W and
homogenized before MgO determination [21]. The forth method was investigated DDM cell uptake using
TEM Imaging in normal and cancer cells. In brief, cells were �xed in in 2.5% glutaraldehyde in 0.1 M PBS,
pH 7.4 (Electron Microscopy Sciences, Hat�eld, PA, USA) in plates for 1 h at room temperature. After this,
cells were scraped from plates, centrifuged at a low speed, and suspended in 2.5% glutaraldehyde.
Samples were processed at the Egyptian atomic energy Authority by post-�xation in 1% osmiumtetroxide,
rinsing in distilled water, and dehydration through a graded acetone series. Samples were embedded in
epoxy resin, cut into 70 nm sections, and analyzed and photographed using a JEOL 100CXII TEM [22].

γ-Ray irradiation

Cells were irradiated with γ-rays using a 137Cs source (Gamma-cell-40 Exactor; NCRRT, AEA, Cairo, Egypt).
The dose rate was 0.012 Gy/s. Dosimetry was used for all the studies to ensure dose uniformity and dose
rates were delivered using a Fricke reference standard dosimeter [23].
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Multi-MTT assay

MCF-7 and MDA-MB-231 cells were plated at of 1000 cells/well in 6-well tissue culture plates and treated
with DDM IC50 dose of 281.9 and 192.8 µg/ml, respectively for 24 h. Cells were then exposed to 3 Gy
(single dose) or 6 Gy (fractionated dose, 3 Gy every 3 days) of 137Cs-radiation (Fig. 2a). During the study
period, drug-free medium was replaced every 3 days. Finally, cells were incubated with MTT, and cell
survival cells measured as described. Cell morphology was also recorded as described. Survival curves
were calculated, to derive the Dose-Modifying Factor (DMF); this was calculated at the iso-effect of
survival fraction (SF) = 50% with radiation treatment alone respect to combined treatments [24]. To
calculate of the proliferation-survival, only the early exponential phase of cell growth was used in the
following equation; survival = 2 - (t delay/t doubling time), t delay = the time- to reach a speci�c
absorption value of irradiated cells vs. control, and t doubling time = the time required for cells to double
[25].

Protocol of study

To evaluate anti-proliferation and radio-sensitizing effects of DDM, six study groups were designed
(Figure. 2a): 1) cells without treatment (Control), 2) cells treated with DDM only (DDM), 3) cells exposed
to a fractionated dose (6 Gy) of irradiation alone (FDR), 4) cells treated with DDM 24 h before FDR (DDM 
+ 6Gy-FDR). Cell survival was assessed at 24 h, 48 h and 72 h compared with the control group, to study
some important hypotheses on the mechanisms of actions of DDM with or without FDR.

Cell cycle, apoptosis and CD44 analysis using �ow cytometery

MCF-7 and MDA-MB-231 cells (3 × 105 cells/well) were either untreated (control group) or treated with an
IC50 DDM dose (DDM) for 24 h and exposed to 6Gy-FDR (RT). After 24 h incubation, cells were harvested,
washed twice in ice-cold PBS, and �xed overnight in 70% ethanol at 4°C. Then, cells were washed in PBS,
collected by centrifugation, and stained with propidium iodide (PI) (50 µg/ml) for cell cycle analysis. An
annexin-V �uorescein isothiocyanate (FITC) kit (Beckman Coulter, Marseille, France) was used to measure
apoptosis. An FITC-conjugated anti-CD44 antibody (1:400, Cat. No: YKIX337.8, eBioscience) was
incubated with cells for 30 min at 4°C to assess CD44 levels. All staining was performed using a
FACSCanto II �ow cytometer followed by analysis using BD Accuri-C6 Plus software (Biosciences, CA,
USA) [26].

Determination of glucose, lactate, and hyaluronic acid (HA) metabolism

After treatment with DDM for 24 h and exposure to RT, glucose, lactate, and HA metabolism in MCF-7 and
MDA-MB-231 cells was measured. Cell supernatants were harvested and indices measured using
commercial kits (Cat. No: GAGO20 and MAK064 (Sigma-Aldrich) for glucose and lactate, respectively)
and HA (Cat. No: 029 − 001, Corgenix, Inc. UK) on a spectrophotometer (V-630 Bio UV-Vis, JASCO, USA).
Glucose, lactate, and HA concentrations were determined at 540 nm, 570 nm, and 450 nm, respectively.
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Analysis of Hexokinase (HK) and pyruvate dehydrogenase (PDH) activities

Intracellular HK and PDH activity was evaluated with a spectrophotometer (V-630 Bio UV-Vis: JASCO:
USA) using Quanti�cation Kit, Cat. No: MAK091-1KT and MAK183-1KT respectively, according to the
manufacturer’s instructions (Merck KGaA, Darmstadt, Sigma-Aldrich, Germany). The HK and PDH
concentrations were determined with OD values at 450 nm.

RNA isolation and real time PCR analysis

RNA extraction and qRT-PCR Total RNA from MCF-7 and MDA-MB-231 cells in each group was extracted
by Trizol Reagent (Thermo Fisher Scienti�c). cDNA was obtained from total RNA using the PrimeScript™
RT (Table. 1) reagent kit (Takara Bio, Inc., Otsu, Japan). The expression of mRNA was assessed by qRT-
PCR, which was carried out in triplicate by an SYBR Premix Ex Taq™ kit (Takara Bio, Inc.) and an ABI
7900HT Real-Time PCR system (Thermo Fisher Scienti�c). The primers used are presented in Table 1.
GAPDH was used to normalize the results of qRT-PCR and the comparative cycle threshold values (2–
ΔΔCt) were adopted to analyze the �nal results.

Table 1
The primers for quantitative real-time PCR

Genes Forward Primers Reverse Primers

FR-α 5'-CTGGCTGGTGTTGGTAGAACAG-3' 5'-AGGCCCCGAGGACAAGTT-3'

PKM2 5'-GAGGCCTCCTTCAAGTGCTG-3' 5'-CATGGCAAAGTTCACCCGGA-3'

GAPDH 5'-GTCAAGGCTGAGAACGGGAA-3' 5'-AAATGAGCCCCAGCCTTCTC-3'

Measurement of intracellular PKM2, HIF-1α, PDK1, NF-κB, VEGF and ROS levels by ELISA assay

Pyruvate kinase isozymes M2 (PKM2), Pyruvate Dehydrogenase Kinase 1 (PDK1), Hypoxia-inducible
factor 1-alpha (HIF-1α), NF-κB, VEGF and reactive oxygen species (ROS) levels were determined by using
the markers assay kit (MyBiosource; Cat. No: MBS2505089, MBS078206, MBS282197, MBS2089167,
MBS355343 and MBS166870 respectively), following a modi�cation of the manufacturer´s protocol.
Cells were seeded in 150 mm plates, treated as described above, collected and homogenized (2x106) in
100 µL of ice-cold water. Reactions were carried out following manufacture´s protocol and absorbance
was measured at 570 nm using an automatic micro-plate reader (Quant, BioTek Instruments,
Inc.,Winooski, VT, USA).

Western Blotting Analysis

MCF-7 and MDA-MB-231 cells were seeded at 4 × 105/well in 6-well plates. After treatments, cells were
lysed in lysis buffer plus 10 µl PMSF (100 mM added to 1 ml buffer, Solarbio, Beijing, China) on ice for 30
min. Cells lysates were separated using 10% sodium dodecyl sulfate-polyacrylamide electrophoresis gels,
blotted using polyvinylidene di�uoride membranes which, and blocked in 5% skim milk in PBS plus 0.1%
Tween 20 (TBST). Membranes were then incubated overnight with primary antibodies at 4°C for 12 h.
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The following antibodies were used: PI3K, AKT, mTOR total and phosphorylated, P53, SIRT1, and SIRT3
rabbit polyclonal antibodies (1:1000). A β-actin rabbit polyclonal antibody (1:4000, Proteintech, USA) was
used as a loading control for normalization. A secondary anti-rabbit antibody conjugated to horseradish
peroxidase (1:4000; Proteintech) was incubated with membranes for 1 h at room temperature. Protein
bands were visualized using enhanced chemiluminescent reagent (Thermo Fisher Scienti�c). Band
images were obtained and quanti�ed using the Protein Simple Digital imaging system (Flour Chem R,
USA).

Statistical Analysis

All experiments were carried out at least in triplicate and the results were expressed as the mean ± 
standard error (SEM). The statistical software package (SPSS Inc., Chicago, IL) was used for analysis.
Statistical signi�cance between all groups was analyzed by using the p < 0.05. Statistical analyses
graphs were drawn using Prism, version 8 (GraphPad Software, La Jolla, CA).

Results

Characterization of DDM
XRD displays a true detection of the crystallinity and the combination of the exposed DDM sample
(Fig. 1a), because it explains the status of the atoms, size, and axes. XRD results of the DDM powder was
presented in (Fig. 1b); many peaks were recognized for MgO-NPs. Diffraction characteristics are
displayed inside 2  (degree) as 24.20, 32.60, 37.50, 58.93, 62.03 and, 72.18 where some peaks represent
the Bragg’s appearances (001), (111), (20), (220), (311), and (222) extensions in that position
sequentially, which can be recorded to the levels of cubic MgO (JCPDS 75–0447).

This suggests that the MgO-NPs (core structure) were regularly crystal in fact and produced the face-
centered cubic (fcc) crystalline con�guration. It must be stated that the amorphous peak at 17.35 (*) was
due to outer organic sells (DCA, 2DG, HA, and FA). The composition of the synthesized DDM sample is
analyzed by EDX (Fig. 1c), where the presence of O, C, Cl, and Mg is con�rmed, where the existence of Mg,
and O atoms is con�rmed for the core MgO-NPs. Moreover the presence of O, C, and Cl is attributed to the
DA, 2DG, HA, and FA multi-shells structures in the synthesized sample.

In order to further illustrate the structural features of the samples, element mappings have been carried
out selectively to the synthesized DDM sample and the images are depicted in (Fig. 1d). It is evident from
these images that the elements Mg, C, Cl, and O exist, which agreed with preceding EDX results. Further,
those elements are homogeneously distributed. From the images we can conclude that both Mg (blue
color), and O (pink color) atoms are located in the same places which con�rms the core structure.

The SEM image of the synthesized DDM sample is shown in (Fig. 1e). The surface behavior reveals dark
layers represents the outer shells (HA and FA) with remarkable smooth agglomerates can be observed
due to the occupation of a large quantity of layers at the grain boundary which could control the grain



Page 10/33

growth. Also, the bright particles represented the MgO-NPs core which con�rms the promising core-sell
structure.

HR-TEM image of the core-shells structure of the synthesized DDM is shown in (Fig. 1f). The synthesized
composite possesses semi-spherical structure with diameter sizes ranging from (165.21 nm to 88.94 nm)
with an average size of (99.87 nm). It must be noted that, the condensed particles were attributed to the
core MgO-NPs (yellow circles), while the faint layers were corresponding to the shell layers DDM which
are entirely validated by color in mapping/SEM images.

(Fig. 1g) shows the FT-IR spectra of the synthesized DDM samples. For the present nanocomposite the
characteristic vibration peak at 680 cm− 1 was assigned to the stretching mode of MgO (in the core) and
other assigned peaks were for the shells formed and was in a good agreement with the literature.

DDM stability
To better understand nanoparticle stability, nanoparticle sizes were monitored by dynamic light scattering
(DLS) (Fig. 1h). The average hydrodynamic diameter of DDM remained essentially stable; nanoparticles
did not aggregate over 6 days in PBS plus 10% FBS. DLS data indicated that DDM had a hydrodynamic
diameter range of 237.8 ± 17 nm to 484 ± 26 nm. Also, with increased incubation time, the ζ-potential of
nanoparticles was stabilized at values around − 4.3 mV and − 5.06 mV. Nanoparticle interactions with
media cationic constituents may have resulted in the neutralization of negative surface charges on
nanoparticles, leading to less negative ζ-potential values. Importantly, interactions did not generate
nanoparticle aggregation even after a prolonged 6-day incubation.

The anti-proliferative effects of DDM on BC cell growth
Anticancer activity results from MCF-7 and MDA-MB-231 cells indicated that DDM demonstrated anti-
proliferative activities after 24 h. DDM proved e�cient at most concentrations. The IC50 was 281.9 µg/ml
for MCF-7 cells and 192.8 µg/ml for MDA-MB-231 cells. The inhibitory effects of DDM were stronger in
MDA-MB-231 cells than MCF-7 by less than half. Thus, DDM exhibited higher anticancer activities
especially toward triple-negative MDA-MB-231 cells (Fig. 2a). Phase-contrast images showed cell
morphological changes in a DDM dose-dependent manner (Fig. 2b). Apoptosis cell shrinkage, cell
fragmentation, membrane blebbing, and detachment traits were observed. Similarly, cell numbers were
decreased concomitant with increasing DDM concentrations.

DDM Release
To determine pH-dependent drug-releasing properties, the drug release behavior in vitro was studied by
UV − vis in pH original, 3, 7 and 9 phosphate buffer solutions (PBS) containing DMSO 0.1% to simulate a
neutral environment of normal cells and acidic conditions in cancer cells. As shown in (Figure. 2c). There
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is more than 30 % release within 24 h in pH 3. In sharp contrast, about less 7 % and 0.5 % DDM was
released at pH 7 and 9 respectively in 24 h, due to protonation and solubility of DDM in acidic
environments.

Selective delivery and cellular uptake of DDM in BC cells
We con�rmed the selective delivery e�ciency of DDM (IC50 doses) into cancer cells by investigating HA,
CD44, and FR-α expression levels. As indicated (Fig. 2d,e) normal cells (MCF-10A) treated with DDM
showed non-signi�cant differences in these levels when compared with untreated normal cells, indicated
that DDM non-selective to normal cells. As expected, higher HA, CD44, and FR-α expression levels (11-,
4.4-, and 5.3-fold, respectively) were observed in DDM-free MCF-7 cells, and 5.5-, 4.4-, and 5.3-fold higher
levels (respectively) in DDM-free MDA-MB-231 cells when compared with DDM-free normal cells. After
DDM treatment, lower HA, CD44, and FR-α expression levels were observed in MCF-7 cells + DDM (64.6%,
54.6%, and 55.9%, respectively), and in MDA-MB-231 cells + DDM (43.7%, 53.8%, and 60.4%, respectively)
when compared with DDM-free cancer cells. These observations suggested HA and FA conjugated to
DDM was a useful ligand in targeting overexpressed CD44 and FR-α receptors on BC cell membranes.

The cell uptake and localization of DDM in MCF-10A (normal cells), MCF-7, and MDA-MB-231 cells was
quanti�ed using AAS (Fig. 2f). Quantitative data indicated a higher uptake of DDM by MCF-7 and MDA-
MB-231 cells (17.7- and 17.4- fold, respectively) than normal cells, suggesting an increased DDM
selective uptake into BC cells than normal cells.

To visualize the internalized nanoparticles and assess their distribution in relation to subcellular
compartments, we performed TEM analysis. In TEM images, numerous high electron density-staining
nanoparticles were observed inside the cells treated with DDM, while not observed in cells that were not
exposed to DDM (Fig. 2g). Normal MCF-10A cells treated with DDM showed a much weaker uptake of
nanoparticles than the cancer MCF-7 and MDA-MB-231 cells. In contrast, the uptake nanoparticles from
cancer cells treated with DDM were the strongest with signi�cant difference (P < 0.001). Because the size
primarily in�uences the composite nanoparticles uptake, the uptake of DDM composite particles was
calculated based on the intracellular DDM concentration. When these values are considered against the
estimated number of composites introduced to the MCF-7 and MDA-MB-231 cells, ~ 56 and 81 % of
nanoparticles respectively from IC50 dose are more e�ciently internalized than normal cells (Fig. 2f,g).

DDM inhibited tumorigenesis and enhanced radiosensitivity
of human breast cancer cells
We performed multi MTT assays to determine the radio-sensitizing (RS) ability of DDM on BCC exposed
to 3Gy-SDR or 6Gy-FDR following 24, 48, and 72 h (Fig. 3b,c). Treatment with IC50 dose DDM only,
signi�cantly decreased the survival of MCF-7 cells to 59.14, 55.12, and 47.83%, and in MDA-MB-231 cells
by 61.85, 55.34, and 48.57 % at 24, 48 and 72 respectively, compared to untreated cells. In the cells
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exposed to 3Gy-SDR or 6Gy-FDR only, there is no signi�cant difference between the cells survival rate,
compared to untreated cells, while signi�cant increase was observed in MCF-7 cells by 1.64, 1.81 and 2.1
fold, and in MDA-MB-231 cells by 1.6, 1.8 and 1.9 fold, at 24, 48 and 72 respectively, compared to DDM
group. Moreover, we assessed the in�uence of DDM as radio-sensitizer on cells survival. As shown in
(Fig. 3b,c), DDM + 3Gy-SDR induced a statistically signi�cant reduction in MCF-7 cells survival to 64.6,
48.4 and 22.6 %, and in MDA-MB-231 cells to 62.2, 41.2 and 28.4 % at 24, 48 and 72 respectively,
compared to DDM group. While, DDM + 6Gy-FDR induced a highly signi�cant reduction in MCF-7 cells
survival to 31.9, 17.2 and 19.3 %, and in MDA-MB-231 cells to 22.6, 23.9 and 20.4 % at 24, 48 and 72
respectively, compared to DDM group. Moreover, DDM + 3Gy-SDR induced a signi�cant reduction in MCF-
7 cells survival when compared with 3Gy-SDR only to 39.2, 26.7 and 10.8 %, and in MDA-MB-231 cells to
38.5, 22.8 and 14.6 % at 24, 48 and 72 respectively. While, DDM + 6Gy-FDR induced a highly signi�cant
reduction in MCF-7 cells survival when compared with 6Gy-FDR only to 19.8, 9.8 and 9.3 %, and in MDA-
MB-231 cells to 13.9, 14.4 and 10.8 % at 24, 48 and 72 respectively. Additionally, DDM + 6Gy-FDR
markedly reduced survival rate in MCF-7 cells to 49.5 and 35.7 % at 24 and48 h respectively, and in MDA-
MB-231 cells to 36.3 % at 24 h, compared with DDM + 3Gy-SDR (Fig. 3b,c). According to our results,
generally the MDA-MB-231 cells showed to be the most sensitive to the radio-sensitizer DDM than MCF-7
cells which showed more early sensitive to the radiotherapy, whereas MDA-MB-231 has proved to be later
sensitive (Fig. 3d). (Fig. 3e,f) indicates the results of dose modifying factor (DMF) for all treatments at 24,
48, and 72 h. According to this �gure, the dose-response rate in both the 3Gy-SDR and 6Gy-FDR groups
combined with DDM was signi�cantly higher than the single treatments, while the DDM + 6Gy-FDR group
was also higher than DDM + 3Gy-SDR.this results indicated that DDM induced radio-sensitizing-modi�ed
effect with 6Gy-FDR higher than the single treatments and DDM + 3Gy-SDR group, therefore, the 6Gy-FDR
at 24 h was selected for further analysis.

DDM/or RT induced cell cycle arrest and apoptosis in
human breast cancer cells
To investigate the mechanism behind the anticancer activity of IC50 dose DDM (DDM) and increased
sensitivity to 6Gy-FDR (RT) in breast cancer cells, we analyzed cell cycle distribution and cell apoptosis by
�ow-cytometry. As shown in (Fig. 4a,b,c), the majority of control cells were blocked in the G1 phase before
treatments. However, treatment with DDM induced a marked increase in the proportion of cells in the
G2/M and sub G1 phases (apoptosis) compared with the control or RT alone. Also, we found the majority
of RT-treated MCF-7 cells were blocked in the S phase, and the MDA-MB-231 cells were blocked in the G1
phase compared with the control. While, combination treatment induced a higher proportion of cells in the
G2 phase and sub G1 phases, and simultaneously a decrease in the percentage of cells in the G1 phase
and the S phase compared with the control or RT alone. Furthermore, combination treatment induced a
marked proportion of cells in the sub G1 phase compared with DDM only. Cell apoptosis is one of the
important determinants of anticancer and radiosensitivity. As shown in �ow-based images of cell
apoptosis (Fig. 4d,e,f), the percentage of apoptotic cells (including early, late and necrotic cells) of the
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DDM or RT groups was increased after 24 h treatment without signi�cant change for RT group in MCF-7
cells compared with the control, and apoptotic cells were signi�cantly increased after treatment with
DDM + RT compared to control and cells treated with or DDM or RT only. These results suggest that
combinatorial treatment of DDM + RT has a potential synergistic effect on the regulation of cell cycle
arrest and apoptosis in BCC.

DDM was a dual target of glycolysis and OXPHOS pathway
and improved radio-sensitivity of breast cancer cells
To verify the mechanism of the inhibition effect of DDM on glycolysis and OXPHOS, we tested the
expression of glucose, hexokinase, lactate, mRNA-PKM2 (mPKM2) and protein-PKM2 (pPKM2) for
glycolysis metabolic pathway, and HIF-1α, PDK1, PDH, SIRT1 and SIRT3 for mitochondria metabolic
pathway, after treatment with DDM/ or RT for 24 h in breast cancer cells (Fig. 5). The results showed that
DDM treatment down-regulated signi�cantly the levels of glucose, hexokinase, lactate, mPKM2 and
pPKM2 than control or RT only in MCF-7 (Fig. 5a,c) and MDA-MB-231 (Fig. 5b,c) cells. While, the results
showed that breast cancer cells treated with RT alone, did not display a signi�cant effect on glycolysis
pathway compared to the control group. To understand the potential mechanisms of DDM-mediated
radio-sensitization, we examined the effects of DDM with RT on MCF-7 (Fig. 5a,c) and MDA-MB-231
(Fig. 5b,c). In both cells, treatment with DDM + RT down-regulated strongly the levels of glucose,
hexokinase, lactate, mPKM2 and pPKM2 than all treatments, except, levels of hexokinase, lactate and
pPKM2 in MDA-MB-231cells in compared with DDM only.

We observed that traditional anticancer drug treatment, killed cancer cells, but that some cells survived
through ATP induction by OXPHOS activation, and that the surviving cancer cells later acquired drug
aggressive growth and resistance. Therefore, the anticancer effect and radio-sensitization of primary
therapeutic drugs may be potentiated with OXPHOS inhibitors by DDM. To test this hypothesis, we used
breast cancer cell lines (MCF-7 and MDA-MB-231), and we analyzed the expression of HIF-1α, PDK1, PDH,
SIRT1, SIRT3 and ROS for mitochondrial metabolic pathway (Fig. 5). After treatment with DDM for 24h,
we showed a signi�cant decreased in levels of HIF-1α, PDK1, PDH, SIRT1, ROS and an increased in SIRT3
level in MCF-7 (Fig. 5d,f,g) and in MDA-MB-231 cells (Fig. 5e,f,g) compared with control or RT only. Whilst,
the results showed that RT alone did not display a signi�cant effect on mitochondrial metabolic pathway
compared to the control group in both cell lines. The combination of DDM + RT showed a signi�cant
decreased in levels of HIF-1α, PDK1, PDH, SIRT1, ROS and an increased in SIRT3 level in MCF-7
(Fig. 5d,f,g) and in MDA-MB-231 cells (Fig. 5e,f,g) compared with all treatments except PDK1, PDH, SIRT1,
SIRT3 and ROS in both cells, indicated that DDM has a dual effect an anti-proliferative and radio-
sensitization.

DDM/or radiotherapy regulated metabolic glycolysis and
OXPHOS through novel PI3K/AKT/mTOR/P53/NF-κB/VEGF
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signal pathway in breast cancer cells
To further explore the underlying mechanism of metabolic glycolysis and mitochondrial pathway, we
investigated a series of relative key proteins involved in the Warburg effect and cell energy metabolism
regulation, including PI3K, AKT, mTOR, P53, NF-κB and VEGF. DDM signi�cantly down-regulated the levels
of PI3K, AKT, mTOR, NF-κB, VEGF and up-regulated the P53 level in MCF-7 (Fig. 6a,b,c) and MDA-MB-231
cells(Fig. 6d,e,f) compared with control or RT only except VEGF level in MCF-7-treated with RT only. Also,
the results showed that treatment with RT alone induced a moderately effect on the regulated-pathway of
metabolic glycolysis and OXOHOS by reduced PI3K, AKT, mTOR, NF-κB, VEGF levels and up-regulated the
P53 level in both cells except VEGF in MDA-MB-231 compared with untreated cells. Further, in an attempt
to elucidate the mechanism of DDM in the enhancement of radiation effect on regulated-pathway of
metabolic glycolysis and OXPHOS, the result showed that upon radiation treatment following DDM
signi�cantly down-regulated the level of PI3K, AKT, mTOR, NF-κB, VEGF and up-regulated the P53 level in
MCF-7 (Fig. 6a,b,c) and MDA-MB-231 cells (Fig. 6d,e,f) compared with all treatments except NF-κB and
VEGF when compared with DDM only, suggesting that DDM increased radiation effect by inhibition of
glycolysis and OXPHOS through modulation of the PI3K, AKT, mTOR, P53, NF-κB, VEGF signaling.

Discussion
Our �ndings agreed in part with observations made by Warburg et al., termed the Warburg effect. The
Warburg premise states that cancer cells switch from mitochondrial energy to glycolysis for ATP
production, which is blocked by 2DG via HK targeting [27]. But not have been su�cient to discontinued
cancer progression. As reported by a previous study, cancer stem cells metabolize predominantly via
OXPHOS rather than glycolysis [28]. Furthermore, DCA promotes pyruvate in�ux into mitochondria via
targeted pyruvate dehydrogenase kinases [27]. However, glycolytic and mitochondrial bioenergetics
suppression by multiple cancer development mediators by DDM could function as potential therapeutic
options against BC. The innovative DDM core-shell exhibited several characteristics. Firstly, it consisted
of an MgO core for enhancing of a potent radio-sensitizer–2DG and DCA with a pH-sensitive degradable
polymer shell for controlled release of a targeted-drug-DDM in response to acidic tumor conditions.
Recently, MgO-NPs, as potential candidates for drug delivery, anticancer, magnetic resonance imaging,
and hyperthermia systems have been studied [29]. Secondly, the possible incorporation of contrast
agents such as MgO into nanoparticles could help track drug uptake by TEM imaging and IR quantitative
measurements. Thirdly, it allows for the simultaneous delivery of chemotherapeutic reagents (2DG and
DA) and radio-sensitizers (e.g., MgO). Finally, HA and FA molecules on the DDM surface help target
overexpressed CD44 and FR-α receptors in BC cells thereby facilitating site-speci�c targeted therapy.

Diffraction characteristics are displayed inside 2  (degree) as 24.20, 32.60, 37.50, 58.93, 62.03 and, 72.18
where some peaks represent the Bragg’s appearances (001), (111), (20), (220), (311), and (222)
extensions in that position sequentially, which can be recorded to the levels of cubic MgO (JCPDS 75–
0447) [30]. This suggests that the MgO-NPs (core structure) were regularly crystal in fact and produced
the face-centered cubic (fcc) crystalline con�guration. It must be stated that the amorphous peak at
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17.35 (*) was due to outer organic sells DDM. The presence of O, C, Cl, and Mg is con�rmed, where the
existence of Mg, and O atoms is con�rmed for the core MgO NPs by EDX. Moreover the presence of O, C,
and Cl is attributed to the DA, 2DG, HA, and FA multi-shells structures in the synthesized sample [31, 32]. It
is evident from these images that the elements Mg, C, Cl, and O exist, which agreed with preceding EDX
results. Further, those elements are homogeneously distributed. From the images we can conclude that
both Mg (blue color), and O (pink color) atoms are located in the same places which con�rms the core
structure. The surface behavior reveals dark layers represents the outer shells (HA and FA) with
remarkable smooth agglomerates can be observed due to the occupation of a large quantity of layers at
the grain boundary which could control the grain growth [33]. Also, the bright particles represented the
MgO-NPs core which con�rms the promising core-sell structure. The synthesized composite possesses
semi-spherical structure with diameter sizes ranging from (165.21 nm to 88.94 nm) with an average size
of (99.87 nm). It must be noted that, the condensed particles were attributed to the core MgO-NPs (yellow
circles), while the faint layers were corresponding to the shell layers DDM which are entirely validated by
color in mapping/SEM images. For the present nanocomposite the characteristic vibration peak at 680
cm− 1 was assigned to the stretching mode of MgO (in the core) and was in a good agreement with the
literature [34–36].

In FTIR results, The characteristic IR absorption peaks at 1608, 1776 and 1501 cm− 1 are observed in the
spectrum which assigned to FA, and due to N-H bending vibration of CONH group, C = O amide stretching
of the α- carboxyl group and absorption band of phenyl ring, respectively [37]. The presence of a band at
3696 cm− 1 is attributed on OH and NH stretching region. The band at 2965 cm− 1 can be attributed to
stretching vibration of C − H in HA. The band at about 1776 cm− 1 corresponds to the amide carbonyl and
the band at 1440 cm− 1 can be attributed to the stretching of COO−, which refers to the acid group of
molecule HA. The absorption band at 1089 cm− 1 is attributed to the linkage stretching of C − OH in HA
[38]. DCA normally exhibits a peak at around 1836 cm− 1 assigned to the C = O stretching vibration for the
COCl group. On the other hand, the spectrum of DCA has a peak at 1776 cm− 1 assigned to the C = O of
the COOH group and peaks at around 1341, and 1272 cm− 1 assigned to the O–H and C–O, respectively.
In addition to these, the 1608 cm− 1 peak assigned to the COO − antisymmetric stretching vibration were
also observed in the spectrum of DCA [39]. Peaks located at 1272 cm− 1 for O-H blending of 2DG and
1089, and 930 cm− 1 for C-O stretching of 2DG indicating the presence of 2DG in the synthesized
nanocomposite [40]. Finally, peak at 680 cm− 1 was assigned to the stretching mode of MgO in the MgO-
NPs core.

In this study, DDM was improved by applying a more effective pegylation strategy using a functionalized
core-shell nanoparticle, in contrast to nanoparticles used in previous studies [41]. This approach
increased stability in bio-relevant media and improved functionalization with HA and FA-targeting
ligands. Our DDM had an average hydrodynamic diameter size of approximately 330 nm over 6 days,
which was appropriate for tumor tissue accumulation and adhering to EPR principles [5]. The zeta
potential value of DDM demonstrated good stability, perhaps because electrostatic repulsion between
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particles was dominated by van der Waals attraction forces, ensuring stability in solution. The DDM did
not aggregate and was adequately stable in bio-relevant media, suggesting a good retention of optimum
size characteristics in the blood circulation. This enhanced stability may be attributed to the novel core-
shell design which could reduce interactions between nanoparticles and bio-relevant media constituents,
e.g., proteins. In vivo protein binding to nanoparticle surfaces could lead to rapid uptake by the
reticuloendothelial system and nanoparticle removal from the general circulation, reducing or eliminating
accumulation at tumor sites [5, 42].

We evaluated DDM cytotoxicity in BC cells using the MTT assay and showed DDM inhibited BC cell
proliferation in a dose-dependent manner. Previous studies reported that the suppression effect of 2-DG
or DCA by itself was limited since the cytotoxic dose did not signi�cantly increase the inhibition ratio [43,
44]. Also, cytotoxicity curves indicated that MDA-MB-231 cells were more affected by DDM than MCF-7
cells. This was probably because DDM was targeted more to cells which were characterized by more
mesenchymal (drug resistance), and relying on glycolysis for ATP production (Warburg effect) under both
normoxic and hypoxic conditions. Also, MDA-MB-231 cells grew considerably faster (~ 1.5×) than MCF-7
cells [45].

Cell surface-speci�c markers have been extensively used for cancer-targeted therapies [46]. Among these,
CD44 and FA-α receptors have been studied for selective nanoparticle drug delivery to BC sites. According
to previous research, nanoparticle size primarily in�uences composite nanoparticle uptake [47]. In this
study, selective cell uptake was used to calculate and image DDM in BC cells. Cells treated with DDM
showed much stronger �uorescent signal uptake than normal cells, suggesting synergic effects from
HA/FA-mediated endocytosis. Hence, dual-receptor-mediated synergic internalization signi�cantly
improved drug system selectivity and targeted e�ciency to BC cells. Additionally, DDM cellular uptake
was signi�cantly decreased in normal cells, suggesting the CD44 and FR-α dependent uptake, which
facilitated the enhanced intracellular drug concentration toward both CD44 and FR-α receptors which
overexpressing in cancer cells. Our �ndings agreed with a previous study showing that improved
cytotoxic effects for drugs in cancer cells was attributed to drug release under acidic conditions [48]. The
drug release kinetics of DDM under acidic (pH 4) conditions demonstrated the feasibility of the DDM
formulation in BC cells cytoplasmic drug release after CD44 and FR-α receptor-mediated endocytosis.
Thus, our qualitative and quantitative data showed that DDM system speci�cally and selectively bound
to overexpressed FR-α and CD44 receptors in cancer cells via CD44/FR-α receptor-mediated endocytosis,
and response to release in the acidic condition. These �ndings, associated with the mechanism of action,
indicated DDM is a promising platform for BC therapy.

Although tumor cell radio-sensitization is considered a promising strategy to combat cancer, it is equally
important to reduce IR mediated toxic effects in healthy tissues surrounding tumors. Thus, using drug/RT
combinations could permit increased tumor control even for radio-resistant triple-negative BC tumors. The
main impact of RT is reactive oxygen species (ROS) generation which damages DNA and causes cell
death via apoptosis, and importantly, ROS production also contributes to malignancy. Nevertheless,
various tumors acquire radio-resistance that is accountable for the failure of RT and recurrence of tumor
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or metastasis, due to HA overexpression and down oxygen-levels (hypoxia) in tumor-microenvironment
[49–51]. In spite of the effectiveness of DDM only at all intervals time than RT only in reduction of cells
survival. Induce radio-sensitization with ROS reduction by DDM, may represent a plan to overcome tumor
radio-resistance and improve therapeutic outcomes. Also, our combined chemo-radiotherapy at 6Gy-FDR
showed increased radio-sensitivity in BC cells, especially MDA-MB-231 cells, in agreement with Simona et
al. and Jalil et al [51, 52]. Our �ndings showed that when the RT dose was increased to 6Gy-FDR + DDM,
cell death and DMF rates were signi�cantly higher than other treatments. These �ndings indicated the
effectiveness of DDM + 6Gy-FDR toward cell death and induced modi�ed effects. When compared with
3Gy, the energy transferred to cells at 6Gy-FDR was su�cient to cause cell death, in agreement with
Ebrahimi et al [53]. It appeared that 6Gy-FDR + DDM exerted signi�cant effects on cell survival reduction
and rapidly growing cells (MDA-MB-231) when compared with MCF-7 cells. Analysis of the radio-
modifying-effects of DDM in BC cells showed that the DDM administration time with respect to RT was
important in determining effects. Stimulation is generally higher after exposure to FDR for 24 h. Since the
majority of induced damage response pathways shortly following RT, function optimally for a few hours
after RT, as indicated by Jalil et al [54], therefore, the 6Gy-FDR (RT) was selected for further analysis.

Cell cycle regulation and cell death signaling pathways have important roles in cancer development,
therefore they serve as potential cancer therapeutic targets [55]. Indeed, compounds that induce cell cycle
arrest and apoptosis may function as radio-sensitizing reagents and valuable strategies for cancer drug
discovery [56, 57]. We determined the effects of DDM/or RT on cell cycle progression and apoptosis in BC
cells and showed the cell cycle was arrested at the G2/M phase, and apoptosis induced by DDM
treatment in BC cells. As con�rmed by previous research, the radio-sensitizing effects of anticancer drugs
are due to cell cycle alterations and apoptosis progression. 2-DG is one such anticancer drug and was
shown to enhance radio-sensitivity by blocking cells in the G2/M phase of the cell cycle, and enhancing
apoptosis [58]. Our results indicated that DDM treatment before RT increased radio-sensitivity in BC cells
via G2/M arrest. More interestingly, we observed an accumulation in the S phase for MCF-7 cells and G1
phase for MDA-MB-231 cells, with no signi�cant differences in Sub G1 when exposed to radiation only,
also, induce slight apoptosis in all cells compared with control cells, may be due to that AKT decrease
leads to G1/S arrest in various cancer cells when exposed to RT as reported by Jia Luo et al [59].
Radiation-induced cell cycle checkpoints are believed to provide cells with additional time to repair DNA
damage before further engagement with the cell cycle. Delays at G1 after exposure to radiation are
characteristic of cells expressing a wild-type P53 pathway [60]. Therefore, our results showed that the
simultaneous exposure of BC cells to DDM, with or without RT, accelerated the cell cycle through G1/S
and arrested it in G2/M phase. Apoptosis is a major cancer suppression mechanism and is characterized
by morphological and ultra-structural changes associated with biochemical processes [61]. DDM
incorporates promising complex agents including 2DG, DCA, and MgO which induce apoptosis and act
against BC cells [62, 27, 29], but do not show strong cell death when used separately. Our annexin-V data
indicated that DDM induced apoptosis in BC cells and showed potential anti-proliferative and
apoptogenic effects when agents were combined. Also, low apoptosis levels mediated by RT in MDA-MB-
231 cells may have been related to induced resistance in these cells; this observation agreed with



Page 18/33

previous work con�rming that radio-sensitivity in MDA-MB-231 cells was signi�cantly lower than MCF-7
cells [63]. While FDR following DDM improved cell death when compared with RT, perhaps DDM induced
CD44 suppression and FA-receptor overexpression which contributed to poor radio-responses and chemo-
resistance. However, our results indicated that DDM followed by RT strongly enhanced cell death in BC
cells.

Multiple genes are involved in the Warburg effect (aerobic glycolysis) and mitochondrial metabolism
controlled processes. Thus, modulating one gene may be insu�cient to suppress tumors and potentially
facilitates cancer progression and drug resistance [64]. Glucose, hexokinase [65], PKM2 [59], lactate [66],
PDH, PDK1, SIRT1, and SIRT3 [65], are essential glycolytic and mitochondrial metabolism enzymes
controlling tumor progression or regression. Previous studies reported that blocked glycolytic and
mitochondrial metabolic enzymes constituted major targets in preventing cancer growth [67, 68],
consistent with DDM effects in this study. HK2 is the isoform expressed in cancer cells and regulates the
�rst step in glycolysis. It is regulated by P53 and HIF-1 and is reported as the target of 2DG. Another
important kinase in glycolysis is pyruvate kinase M2; it is phosphorylated by PI3K/AKT, thereby
promoting the Warburg effect and tumorigenesis [69]. Another kinase is pyruvate dehydrogenase kinase-1
(PDK1) which is reportedly a target of DCA. It regulates the transformation of pyruvate to mitochondria
through pyruvate dehydrogenase (PDH) rather than convert to lactate [70]. Two mitochondrial sirtuins are
SIRT1 and SIRT3. The latter is the major mitochondrial sirtuin which promotes ATP production by
regulating tricarboxylic acid cycle enzymes [71].

Previous studies reported that blocked glycolytic and mitochondrial metabolism enzymes constituted
major targets in preventing cancer [67, 68], consistent with the DDM effects seen in this study. Our results
suggested that DDM inhibited the metabolic reprogramming of BC, perhaps due to the major targeting
mediators inhibition in aerobic glycolysis and mitochondrial metabolism. To control the glycolysis
pathway, DDM induces a signi�cant decrease in glucose uptake, hexokinase, PKM2, and lactate levels,
indicating potential effective of DDM in Warburg effect blockage, maybe by dephosphorylation of HK and
PKM2 through PI3K/AKT inhibition thereby preventing the Warburg effect and cancer progress, while, for
controlling of OXPHOS pathway, it induced down-regulation of ROS production, PDH phosphorylation,
and PDK1 and SIRT1 activity, also up-regulation of SIRT3, activate several proteins in the apoptotic
pathway as annexin-V and p53, and then induce cell death, indicating greater effective potency than
anticancer drugs which targeted single pathway [72, 73]. Previous studies reported that DCA plus a SIRT
inhibitor exerted anticancer activity via P53 acetylation in MCF-7 cells [65, 74]. Our study suggested that
SIRT1, SIRT3, and ROS, as OXPHOS regulators at the mitochondria, SIRT1 overexpression and SIRT3
down-expression are associated with glycolysis and proliferation through dependent-P53 in MCF-7 and
MDA-MB-231 cells.

Because cancer cells use the Warburg effect and OXPHOS for energy production, also the conversion of
pyruvate into acetyl CoA is irreversible and the future therapy targeting dual cellular metabolism
(glycolysis and OXPHOS) should be designed [22, 73]. These results demonstrated that although the
anticancer e�cacy of drugs is ROS dependent [75], the DDM/or RT approach is not, maybe due to P53
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stimulation which induces the transcription of the TIGAR gene, which lowers the fructose-2,6-
bisphosphate (F-6-bP) and thus decreases glycolysis, mitochondrial ATP production and overall levels of
ROS, indicated that DDM/or RT a promising anticancer strategy through targeting of OXPHOS in BC cells.
In our study, poor radiation responses observed in BC cells may have been due to the tumors use of the
cellular environment through a hypoxic cellular environment, enhanced glycolysis or OXPHOS and ROS
elevation, which results in the radio-resistance in agreement with Pajak et al [76]. Multiple studies
demonstrated that ROS may have a role as a Warburg effect stimulant via HIF-1 in response to hypoxia,
in agreement with our research [77, 78]. In our study, changes in gene and cellular levels indicated that
hexokinase, PKM2, lactate, PDH, PDK1, SIRT1, and SIRT3 promoted the Warburg effect and OXPHOS
mechanisms in MCF-7 and MDA-MB-231 cells. We observed that DDM added prior to RT enhanced
radiation-induced cell death via modulated metabolic reprogramming. This observation agreed with
previous research demonstrating that 2-DG added prior to or immediately after IR, enhanced radiation-
induced cell death by modifying energy-dependent cellular processes, e.g., DNA damage repair, cell cycle
checkpoints, and apoptosis [27, 76]. We suggest DDM selectively blocks both glycolysis and OXPHOS
pathways and enhances radio-sensitivity in BC cells via the down-regulation of mediators in these
processes through PI3K/AKT/mTOR/P53NF-κB/VEGF signaling pathways.

Conclusions
In this study, pegylated DDM was functionalized with HA and FA. These core-shell nanoparticles exhibited
controlled 2DG, DCA, and MgO, even in bio-relevant media (cell culture medium), which was accelerated
at acidic pH. The HA and FA-functionalized DDM only or as radio-sensitizer before RT increased cell cycle
arrest, apoptosis, and cytotoxicity against BC cells. Also, DDM exhibited increased uptake and increased
cytotoxicity against MDA-MB 231 cells when compared with MCF-7 cells. Thus, glycolysis/OXPHOS
inhibition by DDM and FDR treatment may induce cancer metabolic reprogramming via a novel
PI3K/AKT/mTOR/P53NF-κB/VEGF pathway in BC cells. Therefore, the dual targeting of
glycolysis/OXPHOS pathways is suggested as a promising antitumor strategy.

Declarations
Address correspondence to: Mostafa Askar Askar Elmetwally, Department of Radiation Biology, National
Centre for Radiation Research and Technology (NCRRT), Egyptian Atomic Energy Authority, 3 Ahmed El-
Zomor St., El-Zohoor Dist., Nasr City, Cairo, Egypt [Mostafa.Askar@eaea.org.eg],
[mostafa_asker2@yahoo.co], (+2) 01017048253.

ORCID Number: https://orcid.org/0000-0003-3967-20188

Acknowledgements

We wish to thank the Prof Dr. Mona samy guida, immune lab, faculty of medicine, Mansoura University.

Authors’ contributions



Page 20/33

Mostafa A. Askar, Noura Magdy Thabet and Mohamed Khairy Abdel-Rafei, designed the study, carried out
the search, study selection, data abstraction, analysis and drafted the manuscript. Omama E. El
Shawi and Hamed Helal carried out the search, study selection. Gharieb S. El-sayyad, Ahmed I. El-Batal,
Mohamed abd El kodous, Go Kawamura and Atsunori Matsuda participated in material science
preparation, characterization and analysis. All authors reviewed and edited the manuscript and approved
the �nal version of the manuscript.

Funding Source

no external funding for this manuscript.

Availability of data and materials

All data generated or analyzed during this study are included in this manuscript.

Ethics approval and consent to participate

Not applicable, and the cell lines used in this study were purchased from the Cell Culture Department,
VACSERA (Cairo, Egypt). The materials were prepared and applied on the cell lines in the national center
for radiation research and technology, atomic energy authority.

Consent for publication

Not applicable

Competing interests

The authors declare that they have no competing interests.

Con�ict of Interest Disclosures: no con�icts of interest to this article

Compliance with ethical standards

Financial Disclosure: no �nancial relationships relevant to this article

References
1. Pengying, Wu, et al. Enhanced anti-tumor e�cacy of hyaluronic acid modi�ed nanocomposites

combined with sonochemotherapy against subcutaneous and metastatic breast tumors. Nanoscale.
2019;11:11470–83. DOI.org/10.1039/C9NR01691K.

2. Jiani Wang and Binghe Xu. Targeted therapeutic options and future perspectives for HER2-positive
breast cancer. Signal Transduct Target Ther. 2019;4:34. DOI:10.1038/s41392-019-0069-2.

3. Federico, Lucantoni, et al. Metabolic Targeting of Breast Cancer Cells With the 2-Deoxy-D-Glucose
and the Mitochondrial Bioenergetics Inhibitor MDIVI-1. Frontiers in Cell Developmental Biology.



Page 21/33

2018;6:113. DOI:10.3389/fcell.2018.00113.

4. Yishun, Yang, et al. reduction-sensitive cD44 receptor-targeted hyaluronic acid derivative micelles for
doxorubicin delivery. Int J Nanomed. 2018;13:4361–78. DOI:10.2147/IJN.S165359.

5. Athina, Angelopoulou, et al. Folic Acid-Functionalized, Condensed Magnetic Nanoparticles for
Targeted Delivery of Doxorubicin to Tumor Cancer Cells Overexpressing the Folate Receptor. ASC
omega J. 2019;4:22214–27. DOI.org/10.1021/acsomega.9b03594.

�. Miguel A, Ortega, et al. Signal Transduction Pathways in Breast Cancer: The Important Role of
PI3K/Akt/mTOR. J Oncol. 2020;1:11. DOI:10.1155/2020/9258396.

7. Sangiliyandi, Gurunathan, et al. Nanoparticle-Mediated Combination Therapy: Two-in-One Approach
for Cancer. Int J Mol Sci. 2018;19:3264. DOI:10.3390/ijms19103264.

�. Pyaskovskaya ON, et al. 2-Deoxy-D-glucose enhances dichloroacetate antitumor action against
Lewis lung carcinoma. Exp Oncol. 2016;38(3):176–80. DOI:10.31768/2312-8852.2016.38. 176–180.

9. Dwarakanath BS, et al. Clinical studies for improving radiotherapy with 2-deoxy-D-glucose: Present
status and future prospects. J of cancer research therapies. 2009;5:21–6. DOI:10.4103/0973-
1482.55136.

10. Tiziana Tataranni and Claudia Piccoli. Dichloroacetate (DCA) and Cancer: An Overview towards
Clinical Applications. Oxidative Medicine Cellular Longevity. 2019;7:1–14.
DOI.org/10.1155/2019/8201079.

11. Fakhar ud Din. et al. Effective use of nanocarriers as drug delivery systems for the treatment of
selected tumors. Int J Nanomedicine. 2017;12:7291–309. DOI:10.2147/IJN.S146315.

12. Julian, Biau, et al. Altering DNA Repair to Improve Radiation Therapy: Speci�c and Multiple Pathway
Targeting. Front Oncol. 2019;10:1009. DOI.org/10.3389/fonc.2019.01009.

13. Chen-Yang, Zhao, et al. Nanotechnology for Cancer Therapy Based on Chemotherapy. Molecules.
2018;23:826. DOI:10.3390/molecules23040826.

14. Jayanta Kumar Patra. et al. Nano based drug delivery systems: recent developments and future
prospects. J Nanobiotechnology. 2018;16:71. DOI:10.1186/s12951-018-0392-8.

15. Susanne K, Golombek, et al. Tumor Targeting via EPR: Strategies to Enhance Patient Responses. Adv
Drug Deliv Rev. 2018;130:17–38. DOI:10.1016/j.addr.2018.07.007.

1�. Mengna, Liu, et al. Novel multifunctional triple folic acid, biotin and CD44 targeting pH-sensitive
nano-actiniaes for breast cancer combinational therapy. Drug Deliv. 2019;26:1002–16.
DOI:10.1080/10717544.2019.1669734.

17. Diana P. et al. Enhanced Photocatalytic Decomposition E�cacy of Novel MgO NPs: Impact of
Annealing Temperatures. J Inorg Organomet Polym Mater. 2021;31:3027–36. DOI:10.1007/s10904-
021-01896-4.

1�. Belavi P, et al. Structural, electrical and magnetic properties of cadmium substituted nickel–copper
ferrites. Mater Chem Phys. 2012;132:138–44. DOI:10.1016/j.matchemphys.2011.11.009.



Page 22/33

19. Reheem AA, et al. Low energy ion beam induced changes in structural and thermal properties of
polycarbonate. Radiat Phys Chem. 2016;127:269–75. DOI:10.1016/j.radphyschem.2016.07.014.

20. Yeh CC, et al. Antiproliferation and induction of apoptosis in Ca9-22 oral cancer cells by ethanolic
extract of Gracilaria tenuistipitata. Molecules. 2012;17:10916–27.
DOI:10.3390/molecules170910916.

21. Planeta K, et al. The assessment of the usability of selected instrumental techniques for the
elemental analysis of biomedical samples. Sci Rep. 2021;11:3704. https://doi.org/10.1038/s41598-
021-82179-3.

22. Branislava, Janic. et al. Cellular Uptake and Radio-sensitization Effect of Small Gold Nanoparticles in
MCF-7 Breast Cancer Cells. J Nanomed Nanotechnol. 2018;9:1–13. DOI:10.4172/2157-
7439.1000499.

23. ISO/ASTM E 51026 Practice for using the fricke dosimeter system. ASTM international, Switzerland.
2015;1:1. https://www.sis.se/std-919097.

24. Luigi, Minafra, et al. Radiosensitizing effect of curcumin-loaded lipid nanoparticles in breast cancer
cells. Sci Rep. 2019;9:11134. DOI:10.1038/s41598-019-47553-2.

25. Buch K, et al. Determination of cell survival after irradiation via clonogenic assay versus multiple
MTT Assay -A comparative study. Radiat Oncol. 2012;7:1. DOI:10.1186/1748-717X-7-1.

2�. Kanako, Kojima, et al. Combined Effects of Fe3O4 Nanoparticles and Chemotherapeutic Agents on
Prostate Cancer Cells In Vitro. Appl Sci. 2018;8:134. DOI:10.3390/app8010134.

27. Agnieszka, Korga, et al. Inhibition of glycolysis disrupts cellular antioxidant defense and sensitizes
HepG2 cells to doxorubicin treatment. FEBS Open Bio. 2019;9:959–72. DOI:10.1002/2211-
5463.12628.

2�. Shingo, Kishi, et al. Dual inhibition of distinct metabolic features targets osteosarcoma stem cells.
Can Res. 2019;79:nr801. DOI:10.1158/1538-7445.AM2019-801.

29. Elham, Behzadi, et al. albumin binding and anticancer effect of magnesium oxide nanoparticles. Int
J Nanomed. 2019;14:257–70. DOI:10.2147/IJN.S186428.

30. Gajengi AL, et al. Mechanistic aspects of formation of MgO nanoparticles under microwave
irradiation and its catalytic application. Adv Powder Technol. 2017;28:1185–92.
https://doi.org/10.1016/j.apt.2017.02.004.

31. Ashour A, et al. Antimicrobial activity of metal-substituted cobalt ferrite nanoparticles synthesized by
sol–gel technique. Particuology. 2018;40:141–51. https://doi.org/10.1016/j.partic.2017.12.001.

32. Maksoud MA, et al. Synthesis and characterization of metals-substituted cobalt ferrite [Co (1 – x)]
MxFe2O4;(M = Zn, Cu, Mn; x = 0, 05)] nanoparticles as antimicrobial agents and sensors for
Anagrelide determination in biological samples. Mater Sci Eng C. 2018;1:644–56.
DOI:10.1016/j.msec.2018.07.007.

33. Zipare K, et al. Effect of Dy-substitution on structural and magnetic properties of MnZn ferrite
nanoparticles. J Rare Earths. 2018;36:86–94. DOI:10.1016/j.jre.2017.06.011.



Page 23/33

34. Luo Z, et al. Structure and properties of Fe2O3-doped 50Li2O-10B2O3-40P2O5 glass and glass-
ceramic electrolytes. Solid State Ionics. 2020;345:115177.
https://doi.org/10.1016/j.ssi.2019.115177.

35. Shebanova ON, Lazor P. Raman spectroscopic study of magnetite (FeFe2O4): a new assignment for
the vibrational spectrum. J Solid State Chem. 2003;174:424–30. https://doi.org/10.1016/S0022-
4596(03)00294-9.

3�. El-Sayyad GS, et al. One-pot green synthesis of magnesium oxide nanoparticles using Penicillium
chrysogenum melanin pigment and gamma rays with antimicrobial activity against multidrug-
resistant microbes. Adv Powder Technol. 2018;29:2616–25.
https://doi.org/10.1016/j.apt.2018.07.009.

37. He Y. et al. "Complexation of anthracene with folic acid studied by FTIR and UV spectroscopies".
Spectrochim Acta Part A Mol Biomol Spectrosc. 2009;72:876–9. DOI:10.1016/j.saa.2008.12.021.

3�. de Oliveira SA. et al. Production and characterization of bacterial cellulose membranes with
hyaluronic acid from chicken comb. Int J Biol Macromol. 2017;97:642–653. DOI:
10.1016/j.ijbiomac.2017.01.077.

39. Nishikiori H. et al. Photocatalytic degradation of dichloroacetyl chloride adsorbed on TiO2. Res Chem
Intermed. 2010;36:947–57. https://doi.org/10.1007/s11164-010-0207-5.

40. Akan Z. et al. Complexion of Boric Acid with 2-Deoxy-D-glucose (DG) as a novel boron carrier for
BNCT. Medical Science Discovery. 2014;1:65–71. DOI:10.17546/MSD.74442.

41. Ivask A, et al. Toxicity of 11 Metal Oxide Nanoparticles to Three Mammalian Cell Types In Vitro. Curr
Top Med Chem. 2015;15:1914–29. DOI:10.2174/1568026615666150506150109.

42. Zhang M. et al. In�uencing factors and strategies of enhancing nanoparticles into tumors in vivo.
Acta Pharmaceutica Sinica B. 2021;03:2211–3835. https://doi.org/10.1016/j.apsb.2021.03.033.

43. Xiaoying lei, et al. co-delivery nanocarriers targeting folate receptor and encapsulating 2-
deoxyglucose and α-tocopheryl succinate enhance anti-tumor effect. Int J Nanomed. 2017;12:5701–
15. DOI:10.2147/IJN.S135849.

44. Aistė S, et al. Dichloroacetate and Salinomycin Exert a Synergistic Cytotoxic Effect in Colorectal
Cancer Cell Lines. Scienti�c Report. 2018;8:17744. DOI:10.1038/s41598-018-35815-4.

45. Theodossis A, Theodossiou, et al. Simultaneous defeat of MCF7 and MDA-MB-231 resistances by a
hypericin PDT–tamoxifen hybrid therapy. npj Breast Cancer. 2019;5:13.
https://doi.org/10.1038/s41523-019-0108-8.

4�. Zhaoxian, Wanga, et al. CD44 Directed Nanomicellar Payload Delivery Platform for Selective
Anticancer Effect and Tumor Speci�c Imaging of Triple Negative Breast Cancer. Nanomedicine.
2018;14:1441–54. DOI:10.1016/j.nano.2018.04.004.

47. Lindsey, Bennie, et al. Polymer-Supported Gold Nanoparticle Radiosensitizers with Enhanced Cellular
Uptake E�ciency and Increased Cell Death in Human Prostate Cancer Cells. ACS Appl Nano Mater.
2020;3:3157–62. https://doi.org/10.1021/acsanm.0c00413.



Page 24/33

4�. Yufeng, Guo, et al. Hyaluronic acid and Arg-Gly-Asp peptide modi�ed Graphene oxide with dual
receptor-targeting function for cancer therapy. J Biomater Appl. 2017;32:54–65.
DOI:10.1177/0885328217712110.

49. Christoph R, Arnold. et al. The Role of Cancer Stem Cells in Radiation Resistance. Front Oncol.
2020;10:164. https://doi.org/10.3389/fonc.2020.00164.

50. Tiziana, Tataranni. et al. Dichloroacetate (DCA) and Cancer: An Overview towards Clinical
Applications. Oxidative Medicine Cellular Longevity. 2019;2019:14.
https://doi.org/10.1155/2019/8201079.

51. Christos, Velesiotis, et al. A guide to hyaluronan and related enzymes in breast cancer: biological
signi�cance and diagnostic value. The FEBS Journal. 2019;286:3057–74. DOI:10.1111/febs.14860.

52. Simona Kranjc Brezar. et al. Synergistic effect of cisplatin chemotherapy combined with fractionated
radiotherapy regimen in HPV-positive and HPV-negative experimental pharyngeal squamous cell
carcinoma. Sci Rep. 2020;10:1563. https://doi.org/10.1038/s41598-020-58502-9.

53. Ebrahimi Fard A, et al. Synergetic effects of Docetaxel and ionizing radiation reduced cell viability on
MCF-7 breast cancer cell. Appl Cancer Res. 2017;37:29. https://doi.org/10.1186/s41241-017-0035-7.

54. Jalil Pirayesh Islamian. et al. Combined Treatment with 2-Deoxy-D-Glucose and Doxorubicin
Enhances the in Vitro E�ciency of Breast Cancer Radiotherapy. Asian Pac J Cancer Prev.
2015;16:8431. DOI:10.7314/apjcp.2015.16.18.8431.

55. Suwit, Duangmano, et al. Cucurbitacin B Causes Increased Radiation Sensitivity of Human Breast
Cancer Cells via G2/M Cell Cycle Arrest. Journal of Oncology. 2012;2012:8.
DOI:10.1155/2012/601682.

5�. Yi-Ju Su, et al. Anti-Tumor and Radiosensitization Effects of N-Butylidenephthalide on Human Breast
Cancer Cells. Molecules. 2018;23:240. DOI:10.3390/molecules23020240.

57. Etti IC, et al. The molecular mechanism of the anticancer effect of Artonin E in MDA-MB 231 triple
negative breast cancer cells. PLoS ONE. 2017;12:e0182357.
https://doi.org/10.1371/journal.pone.0182357.

5�. Le Tang, et al. Role of metabolism in cancer cell radioresistance and radiosensitization methods.
Tang et al. Journal of Experimental Clinical Cancer Research. 2018;37:87.
https://doi.org/10.1186/s13046-018-0758-7.

59. Lu J, et al. LY294002 inhibits the Warburg effect in gastric cancer cells by downregulating pyruvate
kinase M2. Oncology Letters. 2018;15:4358–64. DOI.org/10.3892/ol.2018.7843.

�0. Ashley B. Williams and Björn Schumacher. p53 in the DNA-Damage-Repair Process. Cold Spring Harb
Perspect Med. 2016;6:a026070. DOI:10.1101/cshperspect.a026070.

�1. Lu Y, et al. promotes human breast cancer MDA-MB-231 cell apoptosis via mitochondria and MAPK-
associated pathways. Oncol Lett. 2017;14:3947–52. DOI:10.3892/ol.2017.6708.

�2. Jeon JY, et al. The bifunctional autophagic �ux by 2-deoxyglucose to control survival or growth of
prostate cancer cells. BMC Cancer. 2015;7:623. DOI:10.1186/s12885-015-1640-z.



Page 25/33

�3. Zhang Q. et al. Preliminary study on radiosensitivity to carbon ions in human breast cancer. Journal
of Radiation Research. 2020;61:399–409. https://doi.org/10.1093/jrr/rraa017.

�4. Xiaoting H, et al. Matrine Reverses the Warburg Effect and Suppresses Colon Cancer Cell Growth via
Negatively Regulating HIF-1α. Front Pharmacol. 2019;10:1437. DOI:10.3389/fphar.2019.01437.

�5. Nurbubu T, Moldogazieva, et al. Metabolic Heterogeneity of Cancer Cells: An Interplay between HIF-1,
GLUTs, and AMPK. Cancers. 2020;12:862. DOI:10.3390/cancers12040862.

��. So-Yeon, Park, et al. Targeting Cancer Stem Cells in Triple-Negative Breast Cancer. Cancers.
2019;11:965. DOI:10.3390/cancers11070965.

�7. Ana M. Sanchez-Sanchez, et al. Melatonin Cytotoxicity Is Associated to Warburg Effect Inhibition in
Ewing Sarcoma Cells. PLOS ONE. 2015;7:e0135420. DOI:10.1371/journal.pone.0135420.

��. Park EY, et al. Anticancer Effects of a New SIRT Inhibitor, MHY2256, against Human Breast Cancer
MCF-7 Cells via Regulation of MDM2-p53 Binding. Int J Biol Sci. 2016;12:1555–67.
DOI:10.7150/ijbs.13833.

�9. Gao P, et al. Dihydroartemisinin Inhibits the Proliferation of Leukemia Cells K562 by Suppressing
PKM2 and GLUT1 Mediated Aerobic Glycolysis. Drug Des Devel Ther. 2020;14:2091–100.
https://doi.org/10.2147/DDDT.S248872.

70. Allison B, Haugrud, et al. Dichloroacetate Enhances Apoptotic Cell Death via Oxidative Damage and
Attenuates Lactate Production in Metformin-Treated Breast Cancer Cells. Breast Cancer Res Treat.
2014;147:539–50. DOI:10.1007/s10549-014-3128-y.

71. Orang AV, et al. Micromanaging aerobic respiration and glycolysis in cancer cells. Molecular
metabolism. 2019;23:98–126. DOI:10.1016/j.molmet.2019.01.014.

72. Weiping Yu, et al. SIRT6 promotes the Warburg effect of papillary thyroid cancer cell BCPAP through
reactive oxygen species. Onco Targets Therapy. 2019;12:2861–8. DOI:10.2147/OTT.S194256.

73. Xu L, et al. SIRT3 elicited an anti-Warburg effect through HIF1α/PDK1/PDHA1 to inhibit
cholangiocarcinoma tumorigenesis. ancer Medicine. 2019;8:2380–91. DOI:10.1002/cam4.2089.

74. Ma W, et al. Dichloroacetic acid (DCA) synergizes with the SIRT2 inhibitor Sirtinol and AGK2 to
enhance anti-tumor e�cacy in non-small cell lung cancer. Cancer Biol Ther. 2018;19:835–46.
DOI:10.1080/15384047.2018.1480281.

75. Ayman M, Mahmoud, et al. "Modulating Oxidative Stress in Drug-Induced Injury and Metabolic
Disorders: The Role of Natural and Synthetic Antioxidants". Oxidative Medicine Cellular Longevity.
2019;2019:5. https://doi.org/10.1155/2019/3206401.

7�. Pajak B, et al. 2-Deoxy-d-Glucose and Its Analogs: From Diagnostic to Therapeutic Agents. Int J Mol
Sci. 2020;21:234. DOI:10.3390/ijms21010234.

77. Yu W, et al. SIRT6 promotes the Warburg effect of papillary thyroid cancer cell BCPAP through
reactive oxygen species. Onco Targets Ther. 2019;12:2861–8.
https://doi.org/10.2147/OTT.S194256.



Page 26/33

7�. Antognelli C, et al. Glyoxalase I inhibition induces apoptosis in irradiated MCF-7 cells via a novel
mechanism involving Hsp27, p53 and NF-κB. Br J Cancer. 2014;111:395–406.
https://doi.org/10.1038/bjc.2014.280.

Figures

Figure 1
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Characteristics of DDM. (a) Diagram of DDM synthesis. (b) The crystalinity behavior of MgO-NPs, and
amorphous shape of organic shells in the synthesized DDM by XRD analysis. (c) EDX spectra of the
synthesized DDM. (d) Elemental mapping images of the synthesized DDM. (e) SEM images of the
synthesized core-shell DDM sample at different magni�cations. (f) HRTEM images of the synthesized
core-shell DDM at different magni�cations. (g) FTIR analysis of the synthesized core-shell DDM. (h)
Stability of DDM in PBS containing 10% FBS.

Figure 2
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Inhibition of breast cancer (BC) cell proliferation, release, enhanced selectivity, and cell uptake by DDM.
(a) MTT assay of BC cells treated with DDM at different concentrations. Values are represented as the
mean ± standard error of the mean (SEM) of triplicate samples from two independent experiments. (b)
Phase-contrast images of MCF-7 and MDA-MB-231 cells. (c) Release of DDM. (d) Representative
histogram of selective HA, CD44, and FR-α expression in BC cells. (e) Flow-cytometry images showing a
single parameter histogram for CD44 in different groups. (f) Atomic absorption spectrophotometry
intracellular MgO uptake data in MCF-10A, MCF-7, and MDA-MB-231 cells after a 24 h incubation with an
IC50 DDM dose. (g) Transmission electron microscopy (TEM) images of MCF-10A, MCF-7, and MDA-MB-
231 DDM uptake after a 24 h incubation with an IC50 DDM dose. Data are represented as the mean ±
standard error of the mean (SEM) (n = 3). a1p < 0.001, a2p < 0.01 vs. untreated normal cells; b1p < 0.001,
b2p < 0.01 vs. untreated cancer
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Figure 3

Cell survival and radio-sensitization rates using the multi-MTT assay. (a) Experimental schematic outline
of the six different treatment groups. Evaluation of cell survival (b and c), percent inhibition (d), and dose-
modifying effect curves (e and f) in response to DDM, 3Gy-SDR or 6Gy-FDR, and a combination of both at
24 h, 48 h, and 72 h using the multi-MTT assay. Data are the mean ± standard error of the mean (SEM)
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where control cells are 100% (n =3). ap < 0.01 vs. control; bp < 0.01 vs. DDM group; cp < 0.001 vs. 3Gy-
SDR or 6Gy-FDR groups; dp < 0.05 vs. 3Gy-SDR+DDM group.

Figure 4

DDM/or RT induced cell cycle arrest and apoptosis in BC cells. (a, b, c) Representative cell cycle images
of MCF7 and MDA-MB-321 cells at G2/M arrest after a 24 h treatment with DDM or DDM + RT, and cycle
arrest at S phase in MCF-7 and G1 phase in MDA-MB-231 when treated with RT only. (d, e, f) A
representative dot plot of annexin-V-FITC and PI staining in BC cells treated with DDM or DDM + RT for 24
h showing increased apoptotic cells when compared with controls or RT alone. Slightly increased
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apoptotic cells are seen in the RT group compared to the control. Data are the mean ± standard error of
the mean (SEM). a1p < 0.001, a2p < 0.01, a3p < 0.05 vs. control; b1p < 0.001, b2p < 0.01, b3p < 0.05 vs.
DDM group; c1p < 0.001, c2p < 0.01, c3p < 0.05 vs. RT group.

Figure 5

The in�uence of DDM/or RT on glycolysis and mitochondrial metabolic pathways in BC cells. (a, b)
Glucose, hexokinase, and lactate levels were analyzed by colorimetric assay in all groups. (c) mRNA and
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protein expression of PKM2 was rescued in all groups. (d, e) HIF-1α, PDK1, SIRT1, and SIRT3 protein
expression and PDH enzymatic activity was rescued in all groups. (f) Relative SIRT1, SIRT3, and β-actin
protein levels in all groups. (g) ROS levels (ELISA) in all groups. All group values are given as the mean ±
standard error of the mean (SEM). a1p < 0.001, a2p < 0.01, a3p < 0.05 vs. control; b1p < 0.001, b2p < 0.01,
b3p < 0.05 vs. DDM group; c1p < 0.001, c3p < 0.05 vs. RT group.

Figure 6
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"See image above for �gure legend."


