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Abstract The recent focus and development of nanotechnology in medicine is

countless, which involves diagnostic, therapeutic and preventive systems for various

diseases. Nanoparticles have received much attention due to their uses in cancer

therapy. The current study focused on the synthesis of baicalein loaded iron oxide

nanoparticles and their efficacy against triple negative breast cancer (TNBC) MDA-

MB-231. The electron microscopic analysis reveals that the particles were inter-

nalized with the various sub cellular regions of selected cancer cells. Further flow

cytometric analysis of mitochondrial membrane potential using JC-1 staining

showed that significant aggregates were found in the cells treated with baicalein

loaded iron oxide nanoparticles, which, in turn, implies momentous mitochondrial

membrane potential loss that occurs. Similarly apoptotic and anti-apoptotic gene

expression pattern showed that baicalein loaded iron oxide nanoparticles were

upregulates the apoptotic genes like Bad, Bax, GADD45 and PARP cleavage in a

dose dependant manner. Detailed kit based flowcytometric analysis also reveals that

the above findings were significant in the focused field, it is apparent that nano

conjugates have the ability to induce apoptosis, DNA damage and cell cycle arrest

and decrease the rate of cell proliferation in TNBC cells.
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Introduction

Breast cancer is the most common cancer diagnosed among women, constituting

23% of all cancer cases in the World. 1,685,210 new cases of breast cancer are

diagnosed in 2016. The incidence of breast cancer in developing countries is on the

increase due to many underlying factors such as birth control measures, sliding to

western culture, lifestyle and genetic mutations [31]. The treatments currently used

for breast cancer are surgery, radiation therapy, hormone therapy, chemotherapy,

and targeted therapy. Surgery and radiation therapy are types of local therapy, which

removes or destroys cancer in the breast. Hormone therapy, chemotherapy, and

targeted therapy are types of systemic therapy employed to manage disease

progression [11]. The existing drug enters into the bloodstream and destroys or

controls cancer leads to common side effects. Nanotechnology have the potential to

modernize a wide range of clinical and environmental applications, including drug

delivery, diagnostics, imaging, sensing, gene delivery, artificial implants, tissue

engineering, parasitology, and pest management. Biomaterials are of particular

interest for many such applications due to their unique optical, chemical and photo-

electrochemical properties [8].

Iron oxide nanoparticles are widely used as the core of magnetic nanocarriers.

The surfaces of the synthesized nanoparticles are modified by using specific

surfactant to enhance their stability, to improve the biocompatibility and to avoid

the agglomeration of the particles [28]. The most commonly used biocompatible

magnetic nanoparticle coatings are natural polymeric coating materials consisting of

dextran, chitosan, gelatin, starch, poly ethylene glycol (PEG) and poly vinyl

pyrrolidone (PVP), poly(ethylene-co-vinyl acetate), poly(lactic-co-glycolic acid)

(PLGA), and poly vinyl alcohol (PVA). However, the surface of the magnetic

nanoparticles need to be coated to prevent the formation of large aggregates and

provide functional groups (amines or carboxylic acid) for bio conjugation of

anticancer drugs and also avoiding the access of cytotoxic agents to non-target

tissues during the delivery process [24].

Drug loaded nanoparticles based cancer therapy can be employed to overcome

the toxicity of the drug. The drugs used for cancer therapy have many side

effects, which usually arise due to non-specificity of the drug actions. Precise

and targeted delivery of drugs to the tumor have gained much importance in

order to address the limitations of traditional therapies, and therefore, search for

better drug delivery methods has been prompted in last few years [26]. The

selective targeting of chemotherapeutic agents to the tumor can provide more

effective means of cancer therapy. The problems associated with conventional

chemotherapy can be avoided by using magnetic drug delivery systems. The

nanodrugs have distinctive characters to enhance and improve the drug with poor

solubility, increase the retention and permeability, and deliver the drug to the

target, which has helped to overcome the disadvantages of standard drug system

used in cancer therapy [30].

Numerous studies have been conducted to see the effect of drugs namely

doxorubicin, tamoxifen etc., loaded iron oxide nanoparticles in breast cancer cell
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lines. Our previous studies have reported about the anticancer activity of

baicalein loaded iron oxide nanoparticles in triple negative breast cancer cell

lines [20], but, since, not many reports are available regarding the effectiveness

of baicalein loaded iron oxide nanoparticles in triple negative breast cancer cells

especially evaluation of gene regulation. With this background, the main goal

and novelty of the present work is to evaluate the baicalein conjugated iron

oxide nanoparticles internalization into breast cancer cells and induction of

apoptosis, regulating cancer related genes against triple negative breast cancer

cells (MDA-MB-231).

Materials and Methods

Synthesis and Characterization Baicalein Loaded Fe2O3 Nanoparticles

Preparations of baicalein loaded Fe2O3 nanoparticles followed by our previously

described method [20]. The particle size range of the nanoparticles along with

their polydispersity was determined using a particle size analyzer (90 Plus Particle

Size Analyzer, Brookhaven Instruments Corporation). Particle size was derived

based on measuring the time dependent fluctuation of laser light scattering by

nanoparticles undergoing Brownian motion. The samples were placed on a

polycarbonate substrate and the excess water was left to dry at room temperature.

They were then dried in a critical point dryer using carbon dioxide, and sputter

coated with gold in a metallizer, and examined under a scanning electron

microscope (JSM5600LV, JEOL, Japan) operated at an accelerating voltage of

20 kV. The particle size and morphology of Fe2O3 nanoparticles were examined

using a Philips CM120 transmission electron microscope at a voltage of 80 kV.

An aqueous dispersion of the particles was drop-cast onto a carbon-coated copper

grid and the grid was air dried at room temperature before viewing under the

microscope.

Cellular Internalization of Baicalein Loaded Iron Oxide Nanoparticles
by TEM

Triple negative breast cancer cells (MDA-MB-231) were treated with baicalein

loaded iron oxide nanoparticles for 24 h followed by wash with phosphate buffer

to remove any unbound nanoparticles. The cells were then fixed in 2.5%

glutaraldehyde for 30 min at 4 Æ C. Fixed cells were collected, washed thrice with

phosphate buffer and dehydrated by increasing the concentrations of acetone (40,

60, 80 and 100%) followed by treatment with spurr’s low viscosity resin (Sigma

Aldrich, USA) in gradients. Acetone and spurr’s low viscosity resin were used in

different ratios namely 3:1, 1:1 and 1:3. Finally, 100% spur resin was added and

the beam capsule was incubated for 18 h at 70 �C. The cell sections of 60 nm

thicknes were cut using RMC ultra-microtome, stained with 0.5% uranyl acetate
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and examined by TEM to observe the distribution of baicalein loaded iron oxide

nanoparticles.

Nuclear Localization of Baicalein Loaded Iron Oxide Nanoparticles
by Confocal Microscopy

MDA-MB-231 cells were treated with baicalein loaded iron oxide nanoparticles for

24 h, after the treatment, 3% paraformaldehyde (50 ll) was added and left for

10 min at room temperature to fix the cells. After fixation, the cells were washed

with PBS twice to remove the excess fixative. The cells were incubated with

Mitotracker Green for 10 min at room temperature. Then the cells were labeled with

Rhodamine-123 and were visualized under confocal microscope to identify the

nuclear localization and distribution of synthesized baicalein loaded iron oxide

nanoparticles in triple negative breast cancer cell. Nanoparticle complex excited at

496, 546 and 565 nm and emitted at 578 nm. The green emission from Mitotracker

Green was excited at 488 nm and emitted at 505–525 nm. Rhodamine-123 excited

at 511 nm and emitted at 534 nm.

Detection of Mitochondrial Membrane Potential (DW) by—JC-1

The treated cells were trypsinized and centrifuged at 4009g for 5 min and discarded

the supernatant. Added 0.5 ml of JC-1 working solution and incubated the cells for

10–15 min at 378 C in a CO2 incubator. Then the cells were washed with 2 ml of 1X

assay buffer and centrifuged at 4009g for 5 min. Repeated the above step with 1 ml

of 1X assay buffer and resuspended the pellet with 0.5 ml of 1X assay buffer and

analyzed within hour using BD FACSverse.

Gene Expression Studies by Semi Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (qRT-PCR) in Triple Negative Breast Cancer
Cells

The MDA-MB-231 cells were treated with baicalein iron nanoconjugates and an

untreated control was also set up. After 24 h treatment, the medium was completely

removed from the flask. TriZol reagent was used to isolate total RNA, and the RNA

was reverse transcribed. The cDNA was isolated by using the cDNA synthesis kit

and amplified according to the instruction. The RT-PCR for apoptotic genes were

performed in 20 ll reaction mixture containing random primer pairs (forward and

reverse 0.5 ll ? 0.5 ll) 1.0 lL, 10X reaction buffer containing master mix

(25 mM/l MgCl2, 10 mM/l dNTPs, Taq polymerase 2.5 U) 10 ll, cDNA as

template 2 ll and remaining volume is nuclease free dH2O 7 ll. Amplification

cycles consisted of denaturation at 94 �C for 1 min, primer annealing at 55 �C for

40 s and extension at 72 �C or 1 min, for a total of 32 cycles followed by final

extension at 72 �C for 10 min.
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Effect of Baicalein Iron Nanoconjugates on Apoptosis, DNA Damage, Cell
Proliferation and Cell Cycle Analysis in Triple Negative Breast Cancer
Cells

BrdU solution (10 ll of 1 mM BrdU in PBS) was added directly to each ml of tissue

culture medium. The BrdU treated cells were incubated at 37 �C for 4 h. These

BrdU-pulsed cells were trypsinized and centrifuged at 300g for 5 min. To the pellet,

50 ll of staining buffer was added. It was then incubated on ice for 15 min. After

incubation, the cells were washed with 1 ml of staining buffer for each tube. The

tubes were centrifuged at 300g for 5 min and the supernatant was discarded. The

pellet was resuspended in 100 ll of BD Cytofix/Cytoperm Fixation/Permeabiliza-

tion solution and incubated for 15–30 min on ice. The permeabilized cells were

washed with 1 ml of 1X BD Perm/Wash Buffer and centrifuged. The washed cells

were resuspended in 100 ll of BD Cytofix/Cytoperm Plus Permeabilization Buffer

and incubated on ice for 5 min. The fixed cells were washed with 1 ml of 1X BD

Perm/Wash Buffer as done earlier. The washed cells were resuspended in 100 ll of
diluted DNase (30 lg of DNase in 70 ll of PBS) and incubated at 37 �C for 1 h and

washed as earlier. The washed cells were treated with 20 ll BD Perm/Wash buffer

and 5 ll of PerCP-CyTM5.5 Anti-BrdU, 5 ll of Alexa Fluor� 647 Mouse Anti-

H2AX (pS139), 5 ll of PE Anti-Cleaved PARP (Asp214) antibodies and incubated

at room temperature for 20 min. The antibody treated cells were washed and

resuspended in 1 ml of DAPI solution (1 lg/ml of PBS). The stained cells were

analyzed with a flow cytometer (BD FACSVerse, USA). The extent of Apoptosis,

DNA damage, cell cycle analysis and effect on cell proliferation of control and

treated cells were observed.

Results

Characterization of Materials

The hydrodynamic size distribution of the pure Fe2O3 nanoparticles, baicalein

coated nanoparticles determined by a dynamic laser scattering (DLS) analysis. The

size distributions of the baicalein Fe2O3 nanoparticles were found to be 90 nm in

diameter. SEM analysis was used to confirm the surface morphology of the

synthesized particles and then transmission electron microscopic studies reveals that

synthesized baicalein loaded iron oxide nanoparticles are spherical in shape shown

in Fig. 1a, b.

Cellular Internalization of Baicalein Iron Nanoconjugates by Transmission
Electron Microscope

The cellular internalization of baicalein loaded iron oxide nanoparticles was

confirmed by TEM analysis. The MDA-MB-231 cells were treated with the

baicalein loaded iron oxide nanoparticles and internalization was observed by TEM.

The results showed the internalization of nanoparticles in nucleus, cytoplasm and
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mitochondrial region of the treated cell. Figure 2 clearly indicates that localization

of nanoparticles in mitochondrial region, further it indicates the internalized iron

oxide nanoparticles were found in the cytoplasmic region especially vacuolar

compartment of the cell. Further it confirms that particle has the efficiency to move

across the plasma and nuclear membrane as well.

Nuclear Localization of Baicalein Iron Nanoconjugates by Confocal
Microscopy

The nuclear localization of baicalein loaded iron oxide nanoparticles was further

confirmed by confocal microscopy. The baicalein iron nanoconjugate treated MDA-

MB-231 cells were analyzed by confocal microscopy under different fields. The

results are depicted in Fig. 3. The baicalein coated iron oxide nanoparticles were

loaded with the rhodamine-123 dye. Rhodamine-123 is cell-permeant, cationic dye

and is readily sequestered by active mitochondria without cytotoxic effects. The

results showed that in control group it doesn’t show any nuclear localization,

Fig. 1 Electron microscopic analysis of baicalein loaded Iron oxide nanoparticles. a Scanning electron
micrograph of baicalein coated Iron oxide nanoparticles, b transmission electron micrograph of baicalein
coated Iron oxide nanoparticles

Fig. 2 Internalization of baicalein loaded iron oxide nanoparticles in MDA MB-231 cells. a Nuclear
region, b vesicles, and c cytoplasmic region
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whereas in MDA-MB-231 cells baicalein treated with iron nanoconjugates showed

nuclear localization of synthesized nanoparticles. The red colour spots clearly

indicated the nuclear localizations of baicalein iron nanoconjugates with rhodamine

123 tracker dye.

Mitochondrial Membrane Potential (DW) Detection-JC-1 by Flowcytometry
in Triple Negative Breast Cancer Cells

Mitochondria play an important role in apoptotic process. Mitochondrial control of

apoptosis has been described at the level of maintenance of ATP production and

mitochondrial membrane potential (DWm) and mitochondrial membrane perme-

ability for the release of certain apoptogenic factors from the inter membrane space

into the cytosol. The cyanine dye JC-1 has become widely used for microscopic and

cytometric estimation and measurement of DWm because it forms J-aggregates

spectrally distinguishable from dye monomers when higher concentrations are

reached in energised number of cells exposed to nanoparticles. Our aim was to

evaluate the use of optical flow cytometry for detecting JC-1 aggregates (J-

aggregates) in triple negative breast cancer cells (MDA-MB-231). The results

revealed that in untreated group more number of cells existed in the form of

monomers Fig. 4. However, baicalein coated iron oxide nanoparticles treated group,

Fig. 3 Nuclear localization of baicalein iron oxide nano conjugates in treated MDA MB-231 cells.
a Control, b–d various concentration of baicalein coated iron oxide nanoparticles treated
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significant numbers of cells were found in the form of J-aggregates when compared

to untreated control group.

Gene Expression Studies by Semi Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (qRT-PCR) in Triple Negative Breast Cancer
Cell Line (MDA MB 231)

Bax and Bad are the pro-apoptotic genes that induce the release of cytochrome C

and leads to the caspase activation in the apoptotic pathway. GADD45 is a DNA

damage inducible gene and it plays a vital role in DNA repair, cell cycle control and

senescence. Along with cytochrome C and PARP cleavage products, Bax, Bad and

GADD 45 were also selected for gene expression studies in triple negative breast

cancer cells.

The results showed that in the control group there is no expression of selected

genes. Whereas in case of baicalein iron nano conjugate treated group the selected

pro-apoptotic genes namely cytochrome C, Bax, Bad, PARP cleavage and GADD

45 showed up-regulation and down regulation of anti-apoptotic gene Bcl-2 was seen

(Fig. 5). The expression profiles were further confirmed by densitometry analysis.

Fig. 4 Mitochondrial membrane potential of triple negative breast cancer cells induced by baicalein iron
nanoconjugates. a Control, b iron oxide nanoparticles, c baicalein and d baicalein coated Iron oxide
nanoparticles
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Fig. 5 Effect of baicalein iron nanoconjugates on the gene expression profile in triple negative breast
cancer cell line (MDA-MB-231). Tukey post hoc tests on log10 transformed data
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Apoptosis, DNA Damage, Cell Cycle and Cell Proliferation in Triple
Negative Breast Cancer Cells

The important cellular events that occur during the manifestation of anticancer

effect of an agent will encompass a profound influence on the extent of DNA

damage and cell proliferation. This will, in turn, influence the cell cycle operation

and, ultimately, result in cell death—either by apoptosis or by other types of cell

death. Following this, the extent of DNA damage (using anti-cH2AX antibodies),

the extent of cell proliferation (using anti-BrdU antibodies), the cell cycle events

(using DAPI) and apoptosis (using anti-cleaved PARP antibodies) were also

followed using flow cytometry in TNBC cells.

The histograms of the results are shown in Fig. 6. The extent of cell cycle

operation was measured using DAPI, the results of which are presented as A1, A2,

A3 and A4, corresponding to the control, iron oxide alone, baicalein alone and

baicalein loaded iron oxide nanoparticles respectively. The control group showed

active cell cycle, as seen by the number of cells in the lower left (LL) quadrant of

A1. Treatment with iron oxide, baicalein and baicalein iron nano conjugate,

Fig. 6 Effect of baicalein iron nanoconjugates apoptosis, DNA damage, cell cycle and cell proliferation
in triple negative breast cancer cells (MDA-MB-231)
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decreased the intensity drastically, indicating that cell division was drastically

arrested in MDA-MB-231 cells. This was also reflected in the extent of proliferation

(upper left quadrants of A1–A4), which was increased in the control group, but

drastically decreased in the other groups. This was again seen in the extent of

proliferation (upper left quadrants of A1–A4), which was increased in the control

group, but drastically decreased in the other groups of TNBC cells.

The patterns in B1-B4 represent the extent of DNA damage in correlation with

cell proliferation. The control cells exhibited a lower intensity corresponding to

DNA damage (UL quadrant) and higher proliferation (LR quadrant). In the groups

treated with baicalein loaded iron oxide nanoparticles, the extent of DNA damage

increased markedly, while the extent of proliferation decreased. C1-C4 depicts the

extent of proliferation in relation to the extent of apoptosis. The scatter patterns once

again prove that there was a decreased proliferation, which is a consequence of

increased apoptosis. The 2D-scattergrams represented as D1-D4 present the extent

of DNA damage versus apoptotic death. Both these processes showed high

correlation, reflecting that the increased apoptosis had resulted in a high level of

DNA fragmentation.

Thus, the results of the flow cytometry studies strongly support our earlier results,

wherein increased apoptotic death was observed upon treatment with baicalein iron

nano conjugates. The flow cytometric analysis using specific antibodies revealed

that the baicalein iron nanoconjugates increases the extent of apoptosis and the

extent of DNA damage, while decreasing cell proliferation and cell cycle operation

in MDA-MB-231 cells.

Discussion

Cellular internalization of baicalein iron nanoconjugates were studied in triple

negative breast cancer cells (MDA-MB-231) by TEM analysis. In the present study,

internalization of baicalein iron nanoconjugates were found in mitochondrial region

and some were found in cytoplasmic vacuolar region of the cell. Reports are

available similarly, where internalization of glucose-coated superparamagnetic iron

oxide nanoparticles in BxPC3 (pancreatic adenocarcinoma cell line) showed that

glc-IONP were localized in vesicles confined to the cytosol, and some amount of

glc-IONP were found in cellular organelles and in the nucleus [6]. Cellular

internalization of dimercaptosuccinic acid-coated superparamagnetic iron oxide

nanoparticles (DMSA-SPION) after 30 min in MCF-7 cells showed some clusters

of nanonybrids in the cytoplasm and after 3 h the clusters were seen in vesicles.

After longer incubation times (6, 12 and 24 h) they were accumulated close to the

nuclei [12].

The internalization of iron oxide nanoparticles in MCL-5 cells (human

lymphoblastoid cell line) showed that encapsulated nanoparticles were seen in

vesicles and cytoplasm [10]. Cabeza et al. [11], reported that internalization of

doxorubicin loaded poly (butylcyanoacrylate) nanoparticles in the nucleus and

mitochondria after 12 h of incubation. Our results are in agreement with these
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reports where, in the present study, baicalein nanoconjugates moved across the

nuclear membrane and were localized in the nuclear compartment.

Mitochondrial dysfunction has been shown to participate in the induction of

apoptosis and has even been suggested to be central to the apoptotic pathway. The

mitochondrion is an important organelle involved in apoptosis. The loss of

mitochondrial membrane potential (DW) is putatively the initial event leading to

apoptosis. The cyanine dye JC-1(5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimida-

zolocarbo-cyanine iodide) a generally used for microscopic and cytometry

estimation and measurement of DWm because it forms J-aggregates spectrally

distinguishable from dye monomers at the high concentrations [14].

The results of mitochondrial membrane potential detection by JC-1 revealed that

baicalein iron nanoconjugates treated MDA-MB-231 cells showed significant

increase in the percentage of J-aggregates when compared to the iron oxide and

baicalein alone treated cells. The present study is supported by the findings of

various researchers. The loss of mitochondrial membrane is a key indicator of

intrinsic apoptosis. Mitochondrial membrane potential of curcumin loaded magnetic

nanoparticles treated with curcumin (5 lM) alone showed significant decrease in

tetramethyl rhodamine ethyl ester stain in MDA-MB-231 cells. Whereas, the

curcumin loaded magnetic nanoparticles showed decreased stain, indicating

effective mitochondrial membrane damage and thus increased anticancer potential

[36]. A dose dependent increased level of mitochondrial membrane potential was

observed when treated with copper ferrite nanoparticles in MCF-7 cells [2]. Similar

results were observed when BEL-7402 cells were treated with carbon coated

magnetic nanoparticles [19].

Remarkable loss of mitochondrial membrane potential in A549 cells was

observed after exposure to increasing concentrations of Iron oxide nanoparticles

[21]. He et al. [18], reported that superparamagnetic nanoparticles treated HepG2

cells showed increased percentage of aggregates when compared to monomers.

Similar results were observed in our study. A concentration-dependent decrease in

mitochondrial membrane potential was observed in A-549 cells after the exposure to

iron oxide nanoparticles for 24 h [15]. Dose-dependent mitochondrial depolariza-

tion was found in Jurkat cells treated with quercetin and menadione compounds [5].

Mitochondrial membrane potential of bare and passivated silica coated iron oxide

nanoparticles using JC-1 showed the perturbation of mitochondrial membrane

potential was more evident in cells treated with bare nanoparticles, whereas

passivated nanoparticles induced only a slight significant variation in both A549 and

HeLa cell lines [25].

In the light of these literatures, it was clear that baicalein loaded iron oxide

nanoparticles induced apoptosis in mitochondria and led to the activation of intrinsic

pathway. This was ascertained by visualising the proteins involved by Western

blotting. The activation of pro-apoptotic and anti-apoptotic protein expression

induced by baicalein iron nanoconjugates were studied by Western blotting.

Bax is an important pro-apoptotic protein of the Bcl-2 family members. Bax

promotes apoptosis by forming a heterodimer with Bcl-2 to inhibit Bcl-2 activity. In

addition, Bax can accelerate the opening of the mitochondrial voltage-dependent

anion channel, which leads to decreases in the mitochondrial membrane potential,
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cytochrome C release, and caspase-3 activation before triggering apoptosis.

GADD45 encodes a ubiquitously expressed protein that is often induced by DNA

damage and other stress signals associated with growth arrest and apoptosis [23].

Results of present study showed that baicalein iron nanoconjugates caused

increased expression of pro-apoptotic gene (cytochrome C, Bax, Bad and PARP

cleavage) and down regulation of Bcl-2. The results of the present study also

correlated with several scientific reports. Dose dependent changes were noticed

when MDA-MB-231 cells were treated with chitosan–silver–phycoerythrin

nanocomposites. The treated cells showed the upregulation of pro-apoptotic genes

(Cytochrome C, caspase-9, p53 and PARP cleavage) and anti-apoptotic gene Bcl-2

[33]. Effect of daunorubicin and 5-bromotetrandrin loaded magnetic iron oxide

nanoparticles showed the upregulation of Bax and caspase-3. In contrast, Bcl-2 was

decreased in human leukemia K562/A02 cells [35].

A study on three types of magnetic nanoparticles induced apoptosis in human

hepatoma BEL-7402 cells revealed the Bax upregulation indicating intrinsic

pathway of apoptosis [19]. Superparamagnetic nanoparticles increased the expres-

sion of caspase-3 in HepG2 cells [18]. Exposure of K562 cells to CuO nanoparticles

showed the up regulation of p53 and down regulation of Bcl-2 and did not show any

alteration in the expression of Bax [32]. Gold nanoparticles induced apoptosis in

myoblast cancer cells (C2C12) indicating the upregulation of caspase-3 and

caspase-7 [34]. Aluminium doped zinc oxide nanoparticles showed increased

mRNA levels of pro-apoptotic genes namely p53, Bax, caspase-3 and caspase-9,

while the expression of anti-apoptotic gene Bcl-2 was down-regulated in treated

cells as compared to controls in MCF-7 cells [3]. Another study on, folate-decorated

albumin-stabilized AgNPs showed the up regulation of pro-apoptotic gene like

caspase- 3, Bax, Bad, c-myc, p53. Contrary to this, while the expression of anti-

apoptotic gene Bcl-xl was found to be down-regulated in both MCF-7 and A549

cells [9].

In tune with the above results, in the present study, the pro-apoptotic genes

cytochrome C, Bax, Bad, PARP cleavage and GADD45 expression were

significantly enhanced and anti-apoptotic Bcl-2 gene expression was reduced. This

clearly shows that the baicalein iron nanoconjugates acts as an anticancer agent to

inhibit cell growth and trigger apoptosis. The results of the experiments done so far

clearly showed that baicalein iron nanoconjugates were able to suppress cell

division and also regulated expression of apoptosis inducing genes and showed

differential response in cancer cells and normal cells.

Multiparameter flow cytometry provides a powerful tool for understanding the

mechanism by which cells maintain viability, enter and progress through cell cycle

or undergo cell death. For this purpose Apoptosis, DNA damage, Cell cycle and Cell

proliferation (ADDCP) kit (BD Biosciences) was used to study these effects in

MDA-B-231 cells. Apoptosis plays a major role in the regulation of tissue

homeostasis and elimination of abnormal cells. Apoptosis is believed to be

deregulated in cancer. Most of the antitumour drugs kill the cancer cells by

stimulating the apoptotic pathway [17]. Further the apoptosis in liver cancer cells

was induced by nanoparticle treatment at doses of 30 lg/ml, the apoptotic
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percentage liver cancer cells increased significantly, which elucidate the activation

of pro-apoptotic genes and proteins leads to cell death signaling pathways. [7]

The arrest of the cells in various phases of the cell cycle, ultimately results in

triggering apoptotic death, which was reported by several researchers. Cell cycle

analysis of dimercaptosuccinic acid modified iron oxide nanoparticles combined

with non toxic concentration of bortezomib and gambogic acid in multiple myeloma

(MM) RPMI-8226 cells showed increased amount of the cell population were seen

in the G2/M phase in the nanoconjugates treated group when compared with the

other groups [38]. In another study, the treatment with a metallin nanoparticles

arrested the GM07492 cells at sub G0/G1 phase of the cell cycle [16].

Dose-dependent accumulation of cells in the G0/G1 phase and a corresponding

decrease in S phase was observed in both breast cancer cell lines MCF-7 and MDA-

MB-231 treated with S-allyl mercaptocysteine (SAMC) and the accumulation of

sub-G1 phase, a hallmark of apoptosis, was also noted at higher concentrations of

the drug [37]. These studies lend strong support to our results, wherein the baicalein

iron nanoconjugates blocked the progression of cell cycle at the sub-G0 phase.

Apart from cell cycle arrest, the ADDCP kit was also used to analyze the extent

of cell proliferation and DNA damage, in relation to apoptosis. Our observations

showed that the baicalein iron nanoconjugates caused decreased cell proliferation,

increased the extent of DNA damage and increased the extent of apoptosis (as seen

in the scattergram patterns obtained using anti-BrdU antibodies, anti-cH2AX
antibodies and anti-PARP antibodies respectively) when compared to the untreated

MDA-MB-231 cells. Similar results have been reported by Angelopoulos et al. [4],

using BrdU incorporation where treatment with superparamagnetic iron oxide

nanoparticles decreased the proliferation of smooth muscle cells. A dose-dependent

decrease in BrdU incorporation was observed with flavokawain A in MCF-7 and

MDA-MB-231 breast cancer cells, reflecting reduction in the extent of cell

proliferation [1].

Superparamagnetic iron oxide nanoparticles labelled with bromodeoxyuridine

(BrdU) inhibited the cell proliferation of activated macrophages [27]. In the present

study, BrdU incorporation, measured using anti-BrdU antibodies, showed that the

baicalein iron nanoconjugates exposure caused a marked decrease in proliferation,

coupled with an increase in apoptosis and cell cycle arrest.

The extent of DNA damage, measured using the phosphorylated H2AX (histone)

protein antibody, showed more DNA damage when MDA-MB-231 cells were

exposed to baicalein iron nanoconjugates compared to iron oxide and baicalein

alone exposure. Similarly, epidermal growth factor receptor (EGFR)-targeted hybrid

plasmonic magnetic nanoparticles (225-NP) increased DNA damage and triggered

apoptosis in HCC827 cells [22]. Chang et al. [13], reported that the apoptotic

pathway was triggered by hypoxia drug with DNA damage, while exposure to

topoisomerase resulted in apoptosis that started with cell cycle arrest in the G2/M-

phase. In the present study, the exposure to iron oxide nanoparticles caused cell

cycle arrest in G2/M phase. Thus, it is inferable that baicalein coated iron oxide

nanoparticles triggers apoptosis in the MDA-MB-231 cells by increasing DNA

damage.
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In accordance to our results, Romoser et al. [29], also showed increased DNA

damage when treated with cerium dioxide, titanium dioxide and zinc oxide in

human skin cells. Thus, the results of the flow cytometry analysis using specific

antibodies revealed that the baicalein iron nano conjugates increased the extent of

apoptosis and the extent of DNA damage, while decreasing cell proliferation and

cell cycle operation in MDA-MB-231 cells.

Conclusion

The current findings elucidate the mechanism of apoptotic induction, DNA damage,

Cell cycle arrest and Cell proliferation inhibition upon baicalein iron nanoconju-

gates using various antibodies by flow cytometry. The mitochondrial membrane

potential, which is an important parameter affected during cell death was seen in

triple negative breast cancer cells treated with baicalein iron nanoconjugates by JC-

1 staining. The flow cytometric analysis using specific antibodies revealed that the

baicalein iron nano conjugates increased the extent of apoptosis and the extent of

DNA damage, while decreasing cell proliferation and cell cycle operation in MDA-

MB-231 cells. Similarly apoptotic and anti-apoptotic gene expression pattern

showed that baicalein loaded iron oxide nanoparticles upregulated the apoptotic

genes like Bad, Bax, GADD45 and PARP cleavage. It also showed that the baicalein

loaded iron oxide nanoparticles caused upregulation of the apoptotic process and

inhibited the expression of anti-apoptotic genes. Further it showed a profound

influence on the breast cancer associated genes. Taken together, our findings suggest

that the strategy to use the iron oxide nanoparticles as a carrier of baicalein can be a

highly efficient way to treat the triple negative breast cancer.
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