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The objective of this work is to characterize the anticancer mechanism of platinum nanoparticles coated with
polyethylene glycol and conjugated with Rutin (Rutin-PEG-PtNPs) in a breast cancer cell line. PtNPs were
synthesized using Dendrobium officinale extract, coated with PEG, conjugated with Rutin, and characterized by
the FT-IR, XRD, DLS, and TEM. The viability of the breast cancer cells (MCF-7) and normal breast cells (MCF-
10A) after treatment with PEG-PtNPs and Rutin-PEG-PtNPs was studied by the MTT assay. Superoxide dismutase
(SOD) and catalase (CAT) activity, MDA level, and LDH leakage in the PEG-PtNPs and Rutin-PEG-PtNPs were
measured. The expression of the p53, Bax, Bcl-2, and caspase —8, and —9 genes, as well as the NF-xB and IL-6
levels in the Rutin-PEG-PtNPs treated cells, were investigated by qPCR and ELISA assays. Results demon-
strated that the NPs were in a size range of 30 to 60 nm. The Rutin-PEG-PtNPs showed greater cytotoxic effects
on breast cancer cells (ICso: 45.5 ug/mL) than normal breast cells (ICso: 69.4 ug/mL). The expression of the p53,
Bax, caspase-8, and —9 was upregulated by 1.96, 1.84, 1.31, and 2.79 folds, while the expression of the Bcl-2 was
reduced in Rutin-PEG-PtNP-treated cells. The activity of the SOD and CAT decreased, while the LDH leakage and
MDA levels increased after treating the cells with Rutin-PEG-PtNPs. Also, the NF-xB and IL-6 levels in the cell
cultures treated with Rutin-PEG-PtNPs were reduced by 22.6 and 17.0 %, respectively. Rutin-PEG-Pt indicated
promising inhibitory potential against MCF-7 cells.

1. Introduction toxicity. Coating metal NPs with biocompatible materials can be a

suitable approach to reduce toxicity and improve the safety of metal NPs

The occurrence of metastatic and multi-drug resistant types has
raised a serious challenge in the treatment of breast cancer, so many
cases of the disease are not responsive to chemotherapy drugs. With 0.7
million deaths per year, breast cancer is currently known as the most
important and deadly cancer in the female population, worldwide (Sung
et al., 2021).

With the emergence of nanotechnology, the use of nanoproducts in
various fields is increasing. Nowadays, various NPs are synthesized and
evaluated for disease diagnosis and treatment. Due to their high stabil-
ity, appropriate reactivity, relatively easy and cheap production, and
promising antimicrobial and anticancer properties, metal NPs have
received much attention to be employed in biomedical applications
(Khursheed et al., 2022). However, the clinical use of many metal NPs
has been limited due to their low biocompatibility and relatively high

(Sur et al., 2019). Also, such an approach provides the possibility of
conjugating various compounds to metal NPs to improve their efficacy
and develop their application.

After the introduction of Pt-containing drugs, including cisplatin and
oxaliplatin in anticancer chemotherapy, the use of Pt in biomedical
fields has received increasing attention. Due to remarkable catalytic
activity, ability to generate reactive oxygen species (ROS), stability, and
relatively good biocompatibility, PtNPs can be considered a candidate to
be used against various cancer cells (Pedone et al., 2017). However,
systemic toxicity of Pt-based anticancer agents is still a major chal-
lenging problem in the clinical application of such drugs. Several
modification approaches, such as coating with biocompatible com-
pounds and linking to drug delivery carriers, have been proposed to
reduce their toxicity (Zhang et al., 2022). Surface decoration of metal
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NPs with biocompatible polymers such as PEG, chitosan, xanthan, etc.
has been introduced to improve stability and biocompatibility of NPs
(Muddineti et al., 2015). Furthermore, it can facilitate the conjugating of
different functionalizing agents such as therapeutic ligands, drugs,
peptides, and surfactants to NPs in order to improve their anticancer
efficacy (Pawar et al., 2021). Several studies reported that PtNPs exhibit
synergistic anticancer effects when combined with bioactive compounds
and drugs. It has been reported that PtNPs, in combination with Doxo-
rubicin, can induce DNA damage and exert cytotoxic effects on cancer
cells through induction of oxidative stress (Gurunathan et al., 2019).
Furthermore, phytic acid-capped PtNPs showed improved anticancer
effects on cancer cells (Zhou et al., 2019).

The biological production of metal NPs has several advantages over
chemical synthesis methods. In this method, NPs are synthesized using
plant, algal, or bacterial extracts, which reduces the possibility of
forming toxic compounds. In addition, the synthesized NPs show better
biocompatibility compared to the chemically synthesized types (Zhao
et al., 2021). It has been reported that biogenic synthesized PtNPs have
very low toxic effects on normal human cells, and therefore, their use in
biomedical fields can be associated with fewer challenges (Aygun et al.,
2020).

Rutin is an herbal flavonoid that is typically found in a variety of
fruits, vegetables, and plant-derived compounds. The pharmacological
properties of Rutin, including anticancer, antimicrobial, anti-
inflammatory, and antioxidation effects, have been extensively
described in the literature (Imani et al., 2021). A large number of in-vitro
and in-vivo studies reported remarkable anticancer activity of Rutin. The
antiproliferative mechanisms of Rutin include the generation of oxida-
tive stress, activation of caspases, ER stress, and cell cycle arrest, which
finally lead to cell apoptosis (Imani et al., 2021). Considering the
promising anticancer properties of Rutin and PtNPs, in this study, PtNPs
were synthesized using the Dendrobium officinale whole plant extract,
and the apoptogenic properties of PtNPs coated with PEG and conju-
gated with Rutin (Rutin-PEG-PtNPs) in the MCF-7 breast cancer cell line
was investigated. The effect of treatment with Rutin-PEG-PtNPs on
viability, oxidative stress biomarkers, LDH leakage, and interleukine
level was characterized. Also, the expression of some pro- and anti-
apoptotic genes in control and treated cells was investigated. To our
knowledge, the anticancer efficacy and mechanism of PtNPs conjugated
with Rutin have not been investigated yet. This study introduces Rutin-
PEG-Pt as a promising inhibitory candidate of the MCF-7 breast cancer
cells for the first time.

2. Materials and methods
2.1. Preparation of Dendrobium officinale extract

D. officinale whole plant powder was purchased from the local
market. To prepare the extract, 100 g of D. officinale powder was heated
in one liter of distilled water at 90 C for 60 min. Then, the extract was
centrifuged for 10 min, the supernatant was filtered, and stored at 4 C.

2.2. Green synthesis of platinum nanoparticles

Green synthesis of PtNPs was performed according to the method
described by Aygun et al., with minor modifications (Aygun et al.,
2020). In brief, 20 mL of D. officinale extract was added to 80 mL of 1
mM aqueous HoPtClg-6H,0 (Sigma-Aldrich). The mixture was trans-
ferred to a 100 °C water bath for 60 min. Then, the temperature was
reduced to 75C and the mixture was shaken for 24 h. After the formation
of black particles, PtNPs were purified and washed by repeated centri-
fugation at 12,000 rpm for 15 min in ethanol and distilled water to
remove the impurities. Then, the particles were dried at 60 C and sub-
jected to characterization studies.
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2.3. Coating with PEG

PEG-coated PtNPs were prepared according to the method described
by Phadatare et al. (2012), with minor modifications. To prepare PEG-
coated PtNPs, 8 mL of 1 mM concentration of PEG (Sigma-Aldrich) in
distilled water was added to 20 mL of 1.25 mg/mL suspension of PtNPs.
The solution was sonicated for 2 h at room temperature and then, was
shaken for 24 h at 100 rpm. Then, the particles were harvested by
centrifugation, washed several times with ethanol, and dried under a
vacuum.

2.4. Conjugation with Rutin

At first, 5 mL of a stock solution of Rutin (8 mg/mL) (Sigma-Aldrich)
was prepared in DMSO. Then, PEG-coated PtNPs were suspended in 30
mL of DMSO and Rutin. The mixture was shaken at 100 rpm, overnight.
Next, the pH of the mixture was adjusted to 8.5 using 1 M NaOH solu-
tion. Finally, Rutin-PEG-PtNPs were collected, washed with ethanol and
distilled water, and dried.

2.5. Characterization of particles

Synthesis of NPs was confirmed by FT-IR, XRD, and TEM imaging.
FT-IR spectrum was determined using a JASCO FT-IR 4100 instrument
(Japan). The XRD assay was used to study the crystal structure of the
NPs using a Drawell XRD diffractometer (DW-XRD-2700A) with CuK
radiation, 40 kV, k = 1.54056 A). Also, TEM (JEOL 2100, Japan) mi-
croscopy was used to examine the size of the particles. Furthermore, the
hydrodynamic size of the particles was measured by a DLS analysis.

2.6. Cell culture

Two breast cell lines, including the MCF-7 breast cancer as well as
normal breast cells (MCF-10A), were included in this work. The cell lines
were obtained from Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and cultured in Dulbecco’s modified eagle’s medium
(DMEM) supplemented with streptomycin (100 units/mL), penicillin
(100 units/mL), and fetal bovine serum (10 % v/v), under carbon di-
oxide (5 %) and at 37 'C (Biobase BJPX-C80 incubator, China).

2.7. Cell viability assay

Cell viability was evaluated using the MTT cell viability assay. At
first, the monolayer of the cells was grown in 96-well plates. A stock
solution (3200 pg/mL) of the NPs was prepared in PBS, and then, breast
cancer and non-cancerous cells were treated with PEG-PtNPs and Rutin-
PEG-PtNPs at final concentrations ranging from 5 to 320 pg/mL. Un-
treated cells were considered negative control, and cisplatin was used as
a standard anticancer drug. The plates were incubated for 24 h at 37 C.
Next, 10 pL of MTT solution (Sigma-Aldrich) was added to the wells and
incubated for 5 h, then the medium was aspirated and 150 pL of DMSO
(Sigma-Aldrich) was added to dissolve the formed formazan salt. The
optical density at 570 nm was measured using a plate reader (Biobase
BK-EL10C, China), and cell viability was quantified based on the color
intensity of the formazan solution and 25 %, 50 %, and 75 % inhibitory
concentrations of the NPs (ICas, ICs0, and IC;5) were calculated.

2.8. Characterization of exposure time

The effect of exposure time with PEG-PtNPs and Rutin-/PEG-PtNPs
on the survival of breast cancer and normal cells was evaluated. At first,
cell monolayers were grown in cell culture plates and then, treated with
PEG-PtNPs and Rutin-PEG-PtNPs at their ICys, ICs59, and IC75 concen-
trations. The plates were incubated at 37 C, and the cell viability was
measured at 3-hour intervals using the MTT assay, as described above.
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2.9. MDA level

The level of malondialdehyde, which is considered an oxidative
stress biomarker, was measured in the control and treated cells using the
Sigma-Aldrich commercial kit (Cat no.MAKO085), according to the in-
structions. In brief, the MCF-7 cells were treated with PEG-PtNPs and
Rutin-PEG-PtNPs at ICs¢ and IC;5 concentrations. The cells were incu-
bated for 24 h, and next, the cells were harvested and 300 uL of lysis
buffer was added to the cells. The vials were centrifuged for 10 min at
13,000 x g and 250 pL of the supernatant and 650 pL of the thio-
barbituric acid (TBA) solution were transferred to a new vial and incu-
bated at 95 °C for 5 min. The mixture was centrifuged (14000 g) for 5
min. Finally, the optical absorption at 532 nm was measured, and the
quantity of MDA was calculated using a standard curve.

2.10. The activity of antioxidant enzymes

The MCF-7 cells were treated with PEG-PtNPs and Rutin-PEG-PtNPs
for 24 h and then, subjected to quantification of the activity of the su-
peroxide dismutase (SOD) (Sigma-Aldrich, 19160) and catalase (CAT)
(Sigma-Aldrich, MAK381) according to the manufacturer’s instruction.
To determine SOD activity, 20 pL of cell supernatant sample was added
to 200 pL of working solution, and then 20 pL of enzyme solution was
added. The plate was incubated at 37 C for 20 min, and then, the
absorbance at 450 nm was recorded. To quantify CAT activity, 10 uL of
cell supernatant to a well, and the volume was adjusted to 78 uL using
CAT assay buffer. Then, 12 uL of 1 mM H302 was added, incubated for
40 min at room temperature, and then 10 pL of stop solution was added.
Finally, absorbance at 570 nm, which corresponds to CAT activity, was
recorded. The assay was performed in three replicates and untreated
cells were considered as the control group. The assay was performed in
three replicates and untreated cells were considered as the control
group.

2.11. Lactate dehydrogenase (LDH) leakage assay

Measuring lactate dehydrogenase (LDH) was carried out on the cells
treated with PEG-PtNPs and Rutin-PEG-PtNPs as well as the control
cells. The MCF-7 cells were treated with the NPs at ICsg and ICy5 con-
centrations for 24 h, and then subjected to an LDH leakage assay using
the method described by Alarifi et al. (2014). In Brief, 100 uL of culture
medium was added to 3 mL of assay solution containing pyruvic acid
(2.2 mg/mL), NADH (2.5 mg/mL), and PBS. The tube was incubated for
3 min and the LDH level was measured by the decrease in absorbance at
340 nm (Biobase BK-V1200 spectrophotometer). The assay was per-
formed in three replicates and untreated cells were considered as the
control group.

2.12. Quantitative real-time PCR (qPCR)

The expression of several genes related to the regulation of apoptosis
pathways was characterized. The studied genes include caspase —8 and
—9, Bcl-2, Bax, and p53. At first, MCF-7 cells were treated with PEG-
PtNPs and Rutin-PEG-PtNPs at their ICso concentration for 24 h at 37
C. Then, the cells were collected and washed several times with PBS
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buffer, and their RNA content was extracted by a TIANGEN RNA
extraction kit (Cat. n0.4992732). After quantification of RNA, gene
amplification was performed by a TTANGEN FastKing SYBR Green One-
Step qPCR Kit (Cat n0.4993103) and using the primers that were pre-
sented in Table 1. Gene amplification was performed in three replicates.
The GAPDH gene was also considered an internal control gene. Ampli-
fication of the gene fragments was performed in a final volume of 12.5
pL and using a pre-defined thermal program in an ABI PRISM 7300
(Applied Biosystem, USA) instrument. Gene expression, relative to the
control gene, was quantified using the 22" method (Livak and
Schmittgen, 2001).

2.13. NF-xB and IL-6 level

To determine the NF-kB and IL-6 levels, the MCF-7 cells were treated
with PEG-PtNPs and Rutin-PEG-PtNPs at their ICsy concentration for 24
h. Then, the cells were harvested, homogenized in PBS buffer, and
centrifuged at 5000 g for 8 min. The supernatant was collected and was
used to quantify the NF-xB and IL-6 levels using the human NF-kB
(MyBioresource, cat no: MBS260716) and human Interleukin 6 (IL-6)
(SinoBiological, Cat. No. KIT10395A) ELISA Kits, according to the in-
structions. To quantify the NF-xB level, 100 pL of cell supernatant
samples were added to the wells and incubated at 37 C for 90 min. Then,
100 uL of antibody solution was added and the plate was further incu-
bated for 60 min. Next, 100 pL of Enzyme conjugate (37 ‘C/30 min), and
then 100 pL of color reagent was added and OD450 was measured and
compared with standards. To Quantify the IL-6 level, 100 pL of cell su-
pernatant samples were added to the wells, incubated for 2 h at room
temperature, and then 100 uL of detection antibody solution was added
and incubated for 60 min at room temperature. After aspirating the
content, 100 pL of the substrate solution (20 min/ room temperature)
and then, stop solution was added. Finally, absorbance at 450 nm was
recorded. The assay was performed in three replicates.

2.14. Statistical analysis

The results were analyzed with one-way analysis of variance using
SPSS software, and the p < 0.05 was considered statistically significant.
Microsoft Excel 2010 was used for the graphical representation.

3. Results
3.1. Characterization of the synthesized particles

FT-IR analysis was used to characterize the functional groups of the
synthesized particles. Considering the spectrogram of PtNPs, two intense
bands at 987 and 1636 cm ™! are assigned to the C-H bonds. A medium
band at about 1440 cm ™ can be assigned to the C = C bond. The band at
3465 cm™! is related to O-H stretching. According to the FT-IR spec-
trogram of Rutin-PEG-PtNP, five additional bands at 1041, 1462, 1649,
2971, and 3497 cm ™! could be observed that may be related to the C = C
stretching, C-C bond, C = O stretching vibration, C-H stretching, and O-
H stretching, respectively. The bands at 465-680 cm ™! may be related to
metal-carbon bonds. Evaluating the bands associated with Rutin, a
strong O-H stretching that is expected at 3200-3600 cm ™! was observed

Table 1

Sequences of primers used for qPCR.
Gene Forward primer Reverse primer Reference
p53 5-CCCAGCCAAAGAAGAAACCA-3 5-TTCCAAGGCCTCATTCAGCT-3 Ahamed et al., 2011
Bcl-2 5- TCGCCCTGTGGATGACTGAG-3 5- CAGAGTCTTCAGAAGACAGCCAGGA —3 Banafa et al., 2013
Bax 5-GGGCTGGACATTGGACTTCC-3 5-AGATGGTGAGTGAGGCGGTG-3 Banafa et al., 2013
caspase-9 5-CCAGAGATTCGCAAACCAGAGG-3 5-GAGCACCGACATCACCAAATCC-3 Ahamed et al., 2011

5- ACCTTGTGTCTGAGCTGGTCT —3
5-GTGGAAGGACTCATGACCACAG-3

caspase-8
GAPDH

5- GCCCACTGATATTCCTCAGGC —3
5-CTGGTGCTCAGTGTAGCCCAG-3

Farasat et al., 2020
Banafa et al., 2013
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at 3497 cm™ L. Furthermore, a C-H stretching (2850-2950 cm™ ) was
determined at 2927 cm™ . Also, a weak C-C band (expected at
1400-1600 cm ') was observed at 1462 ¢cm . The FT-IR spectrum of
rutin was reported by Ramaswamy et al. (2017) and Kizilbey (2019),
that are in agreement with our results. Moreover, most of the peaks
related to PtNPs could be observed in the FT-IR spectrogram of Rutin-
PEG-PtNPs, with minor shifting. A similar FT-IR pattern for Pt and
PEG-PtNPs has been reported by Mukherjee et al., (2020). Overall,
comparing the FT-IR spectrograms indicates coating of the PtNPs with
PEG and conjugating with Rutin (Fig. 1).

The XRD pattern of the NPs indicates distinct reflections at 26 of
37.2, 44.2, 67.9, and 78.1" that are related to the face-centered cubic Pt
structure (JCPDS Card No. 04-0802) (Zheng et al., 2013). The face-
centered cubic crystallite size of PtNPs has been indicated by Mukher-
jee et al., (2020), which is in agreement with this work. A similar XRD
pattern was also reported by Aygun et al., (2020), who synthesized
PtNPs using Nigella sativa L. extract. Also, the peaks at 26 of 20.1-29.2
can be associated with the presence of Rutin and PEG molecules (Fig. 2)
(Saha and Mishra, 2020).

According to electron microscopy imaging, a medium agglomeration
state of the particles was observed. TEM microscopy showed that the
majority of particles are spherical (Fig. 3). However, due to the coating
of the particles with PEG, some particles tend to be assembled into a
chain-like structure upon electrostatic interactions. This can indirectly
support the surface coating of PtNPs. A similar characteristic was
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reported previously (Mukherjee et al., 2020). TEM images also revealed
the synthesized NPs had sizes in the range of 30 to 60 nm (Fig. 3).
Furthermore, the size of the Rutin-PEG-PtNPs deduced by the DLS study
was 122 nm (Fig. 4). The larger DLS size than TEM ones seems to be
associated with the hydration of the particles in the aqueous medium.

3.2. Cell viability

According to the cell viability assay, PEG-Pt and Rutin-PEG-PtNPs
had remarkable cytotoxic effects on breast cancer cells. According to
the results, the NPs had concentration-dependent cytotoxicity which
significantly reduced viability of MCF-7 cells. Comparing the viability of
the cancer cells treated with PEG-PtNPs and Rutin-PEG-PtNPs showed
that conjugating with Rutin, significantly enhanced the cytotoxic
property of the NPs. The ICys, ICs, and ICy5 of the PEG-PtNPs for MCF-7
cells were 21.6, 70.1, and 212.9 ug/ml, respectively, while these values
for the Rutin-PEG-PtNPs were 16.2, 45.5, and 128.0 pg/mL. Similarly,
the NPs showed a cytotoxic effect on normal breast cells, however, they
were less toxic for the normal cells than breast cancer cells. The ICsq of
PEG-Pt and Rutin-PEG-PtNPs for normal breast cells were 94.6 and 69.4
ug/mL, which suggests lower cytotoxicity of the NPs for the normal cells.
In addition, cisplatin, which was used as a standard drug, showed the
strongest cytotoxic effect on both cell lines with an ICsp of 16.8 and 16.3
pug/mL for breast cancer and normal breast cell lines, respectively
(Table 2 and Fig. 5).

—PtNPs - Rutin/PEG-PtNPs
|
’ | C-C
C-H C=0
C-H
\ .
- =
~ O-H i‘;
O_H .z-l
R -
&
=
Cc-H
0O-H
3900 3400 2900 2400 1900 1400 900 400
cm =1

Fig. 1. FT-IR spectrum of PtNPs and Rutin-PEG-PtNPs.



Y. Li et al. Arabian Journal of Chemistry 17 (2024) 105567
(111)

;\.
4
£ (200)

0

£
E (2200  (311)

‘D T T T T T T T T T T T T T
10 20 30 40 50 60 70
2theta (degree)

Fig. 2. XRD pattern of Rutin-PEG-PtNPs.

Fig. 3. TEM micrographs of Rutin-PEG-PtNPs.

3.3. Exposure time

The effect of exposure to different concentrations of the PEG-PtNPs
and Rutin-PEG-PtNPs during 18 h on the viability of the MCF-7 and
MCF-10A cell lines was characterized. According to the results, both NPs
had dose-dependent and time-dependent toxic effects on the breast
cancer and normal cell lines. Overall, Rutin-PEG-PtNPs were more toxic
for both cell lines than PEG-PtNPs during different incubation periods.
The viability of breast cancer cells at ICys, ICs0, and ICy5 concentrations
of PEG-PtNPs reduced to 83.6, 56.8, and 29.9 %, respectively, while
exposure to Rutin-PEG-PtNPs decreased cell viability to 78.0, 47.0, and
27.6 % at ICys, ICs0, and ICys5 concentrations. In addition, it was found
that during 18 h of treatment and at ICy5 and ICy5 concentrations, there
was a slight difference in the susceptibility of breast cancer and normal
cells to Rutin-PEG-PtNPs. However, at ICso concentration, Rutin-PEG-
PtNPs showed more toxicity for the breast cancer cells than normal
cells with viability percentages of 47.0 and 56.1 %, respectively. The
results are demonstrated in Fig. 6.

3.4. Oxidative stress biomarkers

Assessment of the effect of the NPs on the SOD activity in MCF-7 cells
showed that both NPs at their ICs and ICy5 concentrations reduced the
activity of SOD. The enzyme activity in the cells treated with PEG-PtNPs
and Rutin-PEG-PtNPs at their IC5¢ reduced by 24.2 % and 22.1 %
respectively, while at their IC;5 concentration, the enzyme activity
reduced by 41.4 and 62.9 %, respectively (Fig. 7A).

The activity of CAT following treatment with PEG-PtNPs and Rutin-
PEG-PtNPs decreased significantly. Exposure to PEG-PtNPs at their ICsg
and ICys concentrations reduced enzyme activity by 16.7 and 29.9 %,
respectively, while Rutin-PEG-PtNPs decreased CAT activity by 32.7 and
70.2 % (Fig. 7B).

MDA level as a marker for lipid peroxidation was quantified in the
control and NP-treated cancer cells. Treating MCF-7 cells with PEG-
PtNPs and Rutin-PEG-PtNPs at ICsy concentration significantly
increased the MDA level to 7.3 and 8.3 nmol/mg protein, respectively.
Furthermore, at ICys concentration, the MDA level significantly
increased to 10.2 and 11.0 nmol/mg protein, while the MDA level in
control cells was 4.1 nmol/mg protein (Fig. 7C).

3.5. LDH leakage

Membrane damage due to the exposure to NPs was examined by LDH
leakage assay. According to the results, treating with Rutin-PEG-PtNPs
led to more severe membrane damage compared with PEG-PtNPs.
Treating with Rutin-PEG-PtNPs caused 141.9 % (ICsp) and 163.7 %
(IC75) of LDH release from MCF-7 cells, relative to control cells. In
contrast, exposure to PEG-PtNPS at their ICsy and IC;5 concentrations
caused an increase of 117.2 and 129.0 % in the LDH leakage from breast
cancer cells (Fig. 8).

3.6. gPCR assay

Characterizing the effect of treating breast cancer cells with PEG-
PtNPs and Rutin-PEG-PtNPs revealed that the NPs can positively
induce apoptotic genes. According to the results, PEG-PtNPs consider-
ably induced the expression of the Bax, p53, caspase-8, and caspase-9
genes. Treatment of the MCF-7 cells with Rutin-PEG-PtNPs significantly
upregulated the expression of the Bax and p53 genes. Moreover, the
expression of the exprssion of the Bcl-2 gene reduced to 0.79 folds.
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Fig. 4. Hydrodynamic size distribution of the Rutin-PEG-PtNPs.
Table 2
Inhibitory concentrations of cisplatin, PEG-PtNPs, and Rutin-PEG-PtNPs for A . . .
. . u Cisplatin @ PEG-PtNPs 1« Rutin-PEG-PtNPs
studied cell lines. 120 -
ICas5 (ug/mL) ICso (ug/mL) 1C75 (ug/mL)
MCF- MCF- MCF- MCEF- MCF- MCF- 100 4 aa by
7 10A 7 10A 7 10A 2
Cisplatin 4.4 5.6 168 163 64.3 51.1 S 80
PEG-PtNPs 21.6 33.5 70.1 94.6 2129 2583 £ a
Rutin-PEG- 16.2 15.1 45.5 69.4 128.0  256.1 £ 60 -
PtNPs =
3 40 -
Additonally, treating the cells with Rutin-PEG-PtNPs significantly 20
increased the expression of the caspase-9 gene by 2.79 folds, and the
expression of the caspase-8 was increased by 1.31 folds. The results are 0
displayed in Fig. 9. 0 5 10 20 40 80 160 320
Concentrations (ug/mL)
3.7. NF-xB and IL-6 level
B  Cisplatin - ®PEG-PtNPs  u Rutin-PEG-PtNPs
Characterization of the effect of the PEG-PtNPs and Rutin-PEG-PtNPs 120 -
on the level of proinflammatory cytokines was performed. As can be
observed in Fig. 10a, treating with the Rutin-PEG-PtNPs NPs caused a 100 -
significant reduction in the level of NF-xB (by 22.6 %), while PEG-PtNPs
insignificantly reduced NF-kB level by 4.3 % in breast cancer cells. In < 801
contrast, treating with the PEG-PtNPs caused a slight increase in the IL-6 £
level in MCF-7 cells (9.2 %), while Rutin-PEG-PtNPs caused a reduction § 60 1
of 17 % in the IL-6 level. The results are displayed in Fig. 10b. Z 20
] 1
o
4. Discussion 20
Despite the widespread use of metal NPs in various applications, 0 A
their use in medical applications faces many limitations due to high 0 5 10 20 40 80 60 320
toxicity and unwanted side effects. Coating metal NPs using biocom- Concentrations (ug/mL)

patible compounds can be a solution to reduce the toxic effects of metal
NPs and enable their wider application. Also, this method provides the
possibility of adding effective medicinal compounds on the surface of
NPs. Based on this approach, synthetic or natural compounds can be
conjugated to metal NPs to increase their biological properties,
including anticancer activity. Therefore, this study aims to investigate
the anticancer effect and mechanism of PtNPs coated with PEG and

Fig. 5. Viability of the (A) MCF-7 and (B) MCF-10A cells after treatment with
cisplatin, PEG-PtNPs, and Rutin-PEG-PtNPs. Different letters display significant
differences (p < 0.05).
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Fig. 6. Effect of exposure time on the viability of A) MCF-10A and B) MCF-7
cell lines. Rutin-PEG-PtNPs showed a time and concentration toxic effect on
breast cancer cells which was stronger than normal cells at ICys and ICsg
concentrations.

loaded with Rutin on a breast cancer cell line. Examining the viability of
breast cancer and normal breast cells in the presence of different con-
centrations of Rutin-PEG-PtNP shows a concentration-dependent
toxicity of the NPs in a way that even in minimal concentrations, they
caused a decrease in the survival of cancer cells. Also, by comparing the
survival of these two cell lines, it can be observed that the cancer cells
have a much higher susceptibility to the NPs than normal cells. Also,
cisplatin had a more potent anticancer effect than NPs on breast cancer
cells. Furthermore, the NPs showed a time and dose-dependent toxicity
on the breast cancer cells. Previous findings showed that PtNPs can have
different degrees of toxicity on various cancer cell lines. It has been
reported that PtNPs, in their pure or coated forms, can enter the cells
through endocytic vesicles and exert toxic effects through the over-
production of ROS, damage to DNA, and inhibiting cell proliferation
(Pedone et al., 2017). The DNA damage and apoptogenic properties of
the PtNPs seem to be associated with the release of Pt>* that can directly
interact with DNA molecules leading to DNA strand breakage (Gehrke
et al.,, 2011). Furthermore, intracellular cytotoxicity of PtNPs coated
with biocompatible compounds has been reported to be related to the
release of Pt>" ions in the acidic lysosomal environment. In other words,
although coating PtNPs with PEG can reduce their toxicity in the
extracellular environment, upon entry to cancer cells, the cytotoxic
potential of the particles can be recovered by the release of Pt* ions that
leads to DNA damage and terminating cell proliferation (Pedone et al.,
2017).

Cell viability and membrane integrity are considered important
cytotoxicity markers in cytology studies. Our results showed that

Arabian Journal of Chemistry 17 (2024) 105567

A
120 - a
100 -
b
o b
N
E 80 | I I b
Z 60 |
dg C
a ]
g 40 I
175}
20 - [
0 - : ‘ ‘ ‘ ‘
> D N > )
S D « A
= & & & &
< R <> <>
~ < ~ S
051 QS 051 R
¥ & © s
& &
® ®
B ..
a
100 - ab
b
S 80 b
E I
Z 60 -
5
« c
£ 40
g I
20 | J|
0 -
> ) ) N 3
~ g}Q 55 (\‘3 (\‘)
CQ& QC‘ N QC QO
g% Q% Q% Q‘%
S ~ & S
Og 0% C@g O’Q
& & & &
& N
< <
C
E 12 c ¢
g I
% 10 - b =
o0
R .
£
£ 61
= a
2 4
2
s 27
0 - : ‘ _— EE— - E
> Y N S &
& S 2 N N
S & & & ¢
Q% Q% Q% Q%
~ ~ ~ &
% % % %
L L ® L
& &

Fig. 7. Study of the oxidative stress biomarkers in NP-treated cancer cells. (A)
SOD activity, (B) CAT activity, and (C) MDA level. Different letters display
significant differences (p < 0.05).

treating breast cancer cells with Rutin-PEG-PtNPs led to reduced cell
viability and increased membrane damage compared with the cells
treated with PEG-PtNPs, which indicates the increasing toxicity effect of
the NPs due to the presence of Rutin. Introducing a second material to
PtNPs can improve their toxic performance through enhanced inter-
nalization, improved cancer cell targeting, or activation of additional
cytotoxic mechanisms (Pedone et al., 2017). Several cytotoxic mecha-
nisms, including DNA damage, generation of oxidative stress, cell cycle
arrest, endoplasmic reticulum (ER) stress, and triggering apoptotic
pathways have been reported in Rutin-treated cells (Guon and Chung,
2016; Panat et al.,, 2016; Hasani et al., 2018; Imani et al., 2021).
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apoptotic and B) caspase genes in MCF-7 cells. A significant increase in the
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Therefore, following the exposure of cancer cells to Rutin-PEG-PtNPs,
several toxic pathways associated with Rutin and PtNPs are simulta-
neously activated, which inhibit cell proliferation and induce cell death.

Comparing the cytotoxic effect of Rutin-PEG-PtNPs on breast cancer
cells and normal breast cells showed that the NPs were more toxic for the
cancer cells. Two important factors, including high metabolic activity
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and mitochondrial membrane dysfunction, can be considered as the
main reasons for the higher susceptibility of cancer cells to the synthe-
sized NPs. Generally, due to the higher metabolic activity along with
mitochondrial dysfunction, the level of ROS typically increases in cancer
cells in comparison with the normal cells, which makes them more
susceptible to oxidative stress (Navaneetha-Krishnan et al., 2019).
Therefore, further generation of ROS molecules by the synthesized NPs
will probably cause cancer cells to reach the oxidative stress threshold
sooner than normal cells, which can subsequently lead to cell death.
Furthermore, as described above, endocytic vesicles are known as
the most important diffusion route of PtNPs into a cell. Due to the high
metabolic rate of cancer cells, the entry of extracellular compounds into
these cells is accelerated. Therefore, the entrance of the synthesized NPs
into cancer cells is faster than normal cells, which can explain their high
toxicity effects on cancer cells. Previous studies reported apoptosis in-
duction and cell cycle inhibition in various Rutin-treated cancer cell
lines (Chen et al., 2013; Pedone et al., 2017). Chen et al., (2013) found
that Rutin can induce G2/M arrest in the cell cycle progression and
induce cell apoptosis. Furthermore, they associated apoptosis induction
with a decreased Bcl-2 expression and decreased Bcl-2/Bax ratio in
Rutin-treated cells. In another study, Alshatwi et al., (2015) found that
treating human cervical cancer cells with PtNPs resulted in the cell cycle
arrest at the G2/M phase in response to DNA damage. It was also
observed that PtNPs induce apoptotic cell death of the U87 glioma cell
line, through mitochondrial degradation, vacuole formation, and up-
regulation of mediator caspases and p53 gene levels (Kutwin et al.,
2017). Shiny et al.,, (2016) contributed anticancer properties of
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biosynthesized PtNPs to DNA damage and mitochondria-mediated
apoptosis in lung cancer cells. Furthermore, it was observed that
PtNPs can induce genotoxicity and apoptotic activity in cancer cells via
oxidative stress-mediated Bax/Bcl2 and caspase gene expression, which
is in agreement with our data (Almarzoug et al., 2020). Therefore, the
apoptogenic feature of Rutin-PEG-PtNPs, observed in our study can be
associated with both Rutin and Pt particles.

Alteration of the expression of apoptosis-regulating genes in breast
cancer cells that were exposed to Rutin-PEG-PtNPs showed that the NPs
caused an increase in the expression of the p53, Bax, Caspase-8, and
Caspase-9 genes, and also an insignificant downregulation of the Bcl-2
gene. The P53 protein is a tumor suppressor that is involved in the
promotion of cell cycle arrest and apoptosis induction in response to
unfavorable conditions and cell damage. The decision to induce cell
cycle arrest or apoptosis is related to several factors, such as the P53
level, cellular context, and environment. It was suggested that in
response to severe cell damage, especially DNA damage, apoptosis in-
duction is the more dominant outcome driven by the P53 protein (Shen
and White, 2001). In addition to the regulation of the genes that are
associated with cell cycle progression, studies suggest that the P53
mediates cell apoptosis by regulating the apoptosis-regulated genes,
including the Bcl-2 family members (Shen and White, 2001). The Bcl-2
family proteins are divided into two categories, including proapoptotic
proteins such as Bax and Bak, and antiapoptotic proteins such as the Bcl-
2. Accumulative evidence suggests that the P53 mediates apoptosis
through the upregulation of the proapoptotic genes and attenuation of
the antiapoptotic ones (Aubrey et al., 2018). As observed in our study,
treating the breast cancer cells with Rutin-PEG-PtNPs considerably up-
regulated the expression of the p53 and Bax genes. Cell damage
caused by the toxic effects of Rutin and Pt probably leads to the in-
duction of p53 expression, which, depending on the cell conditions, in-
hibits the cell cycle progression and/or induces apoptosis through the
upregulation of the proapoptotic genes, including the Bax gene. The
increased Bax/Bcl-2 ratio is an important determinant favoring the
progression of cell apoptosis. Therefore, the increased expression of the
Bax and slight downregulation of the Bcl-2 gene, which was observed in
our work, suggest the apoptogenic outcomes caused by exposure to
Rutin-PEG-PtNPs.

Caspase-8 and caspase-9 are representatives of the initiator caspases
that are activated through stress signals such as DNA and mitochondrial
membrane damage, which results in the activation of downstream
effector caspases leading to cell death (Shen and White, 2001). It has
been found that the activation of the P53 protein, and subsequently
cytochrome c release from mitochondria leads to the activation of the
caspase-9, which in turn activates downstream caspases, including
caspases-2, —6, —7, —8, and —10, all in a caspase-9-dependent manner.
The outcome of this event is the degradation of cell structural proteins
and cell death during a process called intrinsic apoptosis (Slee et al.,
1999). In contrast, Caspase-8 is an initiator caspase that is activated by
death receptors such as tumor necrosis factor receptor 1 (TNFR1) and
Fas which leads to the activation of downstream caspases and induction
of the extrinsic apoptosis pathway (Tummers and Green, 2017). As
noted above, treating breast cancer cells with Rutin-PEG-PtNPs caused a
more intense upregulation of the caspase-9 gene than the caspase-8.
Considering the significant upregulation of the p53, Bax, and caspase-9,
it could be concluded that the activation of the intrinsic apoptosis is
likely a dominant outcome of treating breast cancer cells with Rutin-
PEG-PtNPs.

Considering the oxidative stress biomarkers, including MDA level,
and SOD and CAT activity, confirmed the generation of oxidative stress
in NPs-treated cells. The reduced activity of the SOD, and CAT activity as
well as the significant increase in MDA level in Rutin-PEG-PtNPS treated
cells confirms that the NPs can generate high levels of ROS molecules
which disrupt cellular redox balance. As a consequence, the induced
oxidative stress can damage cell components, including DNA, mito-
chondria, and cytoplasmic membrane which leads to cell apoptosis and
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necrosis (Alarifi et al., 2014). Mitochondria are the predominant site of
ROS generation and thus, oxidative stress damage could accumulate
more extensively in mitochondria than in the rest of the cellular com-
ponents (Zorov et al., 2014). The mitochondrial membrane damage can
lead to cytochrom c release and initiate the intrinsic apoptosis pathway,
which is in agreement with the results of gene expression assay.

NF-xB is a transcription factor involved with the development of
breast tumors and the emergence of drug-resistant phenotype (Xia et al.,
2018). The activation of NF-xB is also associated with the activation of
several pro-inflammatory cytokines, including IL-6, which has a vital
role in cancer progression (Abdel-Hakeem et al., 2021). Our results
revealed that Rutin-PEG-PtNPs reduced NF-xB and IL-6 levels in breast
cancer cells. Previous studies revealed that Rutin attenuates proin-
flammatory cytokine levels, including IL-6 through inhibition of the NF-
kB, which is in agreement with our results (Sun et al., 2017; Youssef
et al., 2022).

5. Conclusions

This work investigated the anticancer potential and mechanism of
green synthesized PtNPs coated with PEG and conjugated with Rutin, for
the first time and reported promising anticancer properties of the NPs.
Rutin-PEG-PtNPs remarkably reduced the viability of breast cancer cells
and had higher toxicity for cancer cells than normal breast cells. The
cytotoxic effect of Rutin-PEG-PtNPs on breast cancer cells was time and
dose-dependent, which altered the antioxidant defense mechanisms of
cancer cells, causing cell damage. Considering the intense upregulation
of the p53, Bax, and caspase-9 gene, slight downregulation of the Bcl-2
gene, as well as upregulation of the caspase-8 gene, it could be concluded
that Rutin-PEG-PtNPs likely exert cytotoxic effects on breast cancer cells
through the activation of p53-mediated intrinsic apoptosis pathways.
Our work indicates that Rutin-PEG-PtNPs can be regarded as a potent
antiproliferative candidate against breast cancer cells and PEG-PtNPs
can be considered as a platform for preparing novel anticancer drug
formulations. The limitations of this research include the lack of in-vivo
experiments and the limited number of studied cancer cell lines. In
addition, more investigations are necessary to elucidate further the
molecular anticancer mechanisms of Rutin-PEG-PtNPs.
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