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A B S T R A C T

In this research work, we designed a smart biodegradable PEG-coated MnO2 nanoparticles conjugated with
doxorubicin (PMnO2-Dox NPs) for dual chemo-photodynamic therapy and magnetic resonance imaging (MRI)
application. This highly sensitive pH-responsive PMnO2-Dox NPs causes effective drug release under acidic pH
environment. PMnO2-Dox NPs not only improves the efficacy of chemo-photodynamic therapy due to synergistic
response as well as improved MRI imaging via boosting T1 MRI contrast. Manifold characterization techniques
have been employed for materials investigation. Crystallography of PMnO2-Dox NPs were performed by using
XRD analysis, which confirmed tetragonal crystal structure with an approximate crystallite size of 20–30 nm.
Surface morphology was confirmed via SEM analysis, results indicated the spherical and asymmetric agglom-
erated nanocluster of PMnO2-Dox NPs. In in vitro bioassay, the anticancer activity of PMnO2-Dox NPs were tested
against breast cancer (MCF-7) cell line using MTT test. Moreover, it can also inhibit the growth of primary and
secondary cancers without light exposure. Results suggested that PMnO2-Dox NPs not only convenient for cancer
treatment via combined chemo-photodynamic therapy but also address the way towards a comprehensive
strategy for MRI application via bright contrast agent T1 after overcoming the problem of multidrug resistance
(MDR) and synergistic response of therapeutic analysis.

1. Introduction

According to the World Health Organization (WHO) report in 2020,
cancer is the second leading cause of death in the world and accounts for
10 million deaths (Sung et al., 2020; Asif et al., 2024). Among them,
breast cancer is one of the most prevalent cancers with high mortality
(Mohebian et al., 2021; Mettlin, 1999). Breast cancer has a high inci-
dence and mortality rate in Pakistan (one in nine) (Khan et al., 2021).
Conventional cancer treatments have been effective in defeating tumors,
including surgery, photodynamic therapy (PDT), chemodynamic ther-
apy (CDT), and radiotherapy (RT) (Wu et al., 2019; Bi et al., 2019; Sun
et al., 2023). PDT has a non-invasive and remarkable anticancer effi-
ciency (i.e., due to its abundant production of reactive oxygen species

(ROS) to kill cancer cells) and minimal side effects as compared to CDT
(Zhang et al., 2020). Most importantly, the significant effect of photo-
dynamic therapy could be enhanced by suitable laser irradiation to
versatile MnO2 NPs (Zhang et al., 2020).

Among the various types of nanoparticles, magnetic nanoparticles
(MNPs) have received high scientific attention due to their potential
applications in various fields, particularly in the medical field
(Tatarchuk et al., 2017; Gao et al., 2019; Fakhar-e-Alam et al. 2024;
Zhao et al., 2014; Chen et al., 2014). In the past two decades, MNPs, such
as MnO2 NPs have catch up much attention in biomedical applications
including PDT, chemo-photodynamic therapy, hyperthermia therapy,
radiotherapy, MRI guided synergetic photothermal therapy, drug de-
livery, bio-imaging and MRI contrast enhancement due to their unique
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physio-chemical and biological properties (Li et al., 2024; Deng et al.,
2011; Li et al., 2018; Luong et al., 2011; Daou et al., 2006; Sun et al.,
2004).

Recent literature reports that MnO2 NPs have been extensively
studied as O2 deliver candidate because of their exceptional physio-
chemical and biological properties, and highly sensitive to Hydrogen
ion (H+) and hydrogen peroxide (H2O2), which are rich in tumors
(Fatima, 2024; Maity et al., 2009; Faraji et al., 2010; Soon et al., 2007).
Importantly, MnO2 nanostructure can react with intracellular Gluta-
thione (GSH) to decrease its level and increase the efficiency of PDT (Fan
et al., 2016; Zhu et al., 2016; Yang et al., 2017). Furthermore, it has been
demonstrated that malignant tumor cells differ from healthy cells in
several specific characteristics. Conversely, tumor cells would produce
excessive amounts of H2O2 (Kuang et al., 2011; Spyratou et al. 2012). In
current, extensive literature it has been reported that mesoporous or
solid MnO2 NPs (Yang et al., 2017), core/shell MnO2 NPs (Liang et al.,
2018), and MnO2 NSs (Zhao et al., 2014; Fan et al., 2015; Zhang et al.,
2018) readily reduce in a slightly acidic behavior.

Polymer-based nanoparticles have a longer circulation time and are
more stable than metal-based NPs. Polyethylene glycol (PEG) is a hy-
drophilic polymer that is highly biodegradable, biocompatible, stable
and attractive for drug delivery due to resolving the MDR problem
(Kutikov and Song, 2015; Li et al., 2023). Cheng et al. (2020) reported
that Dox@H-MnO2-PEG and Dox@H-MnO2-FA show significant results
against MRI (T1 contrast agent) in acidic environment (Cheng et al.,
2020). Hu et al. (2013) reported that PVP-coated manganese oxide
nanoparticles (MnO@PVP NPs) can improve the T1 signal, used to
visualize tumor images and also suggested that MnO@PVP NPs are
promising candidate for enhancing T1 MRI bright contrast agent in in
vitro and in vivo (Hu et al., 2013).

In the current research work, versatile PMnO2-Dox NPs were suc-
cessfully synthesized and confirmed by essential characterization tech-
niques. To overcome the MDR barrier and inhibit cancer growth by
using chemo-photodynamic therapy. The PMnO2-Dox NPs has been
developed and applied to MCF-7 cell line. This smart study based on
PMnO2-Dox NPs opens new horizons for emerging cancer responsive
theranostic for cancer treatment.

2. Materials and methods

2.1. Chemicals

Potassium permanganate (KMnO4), sodium hydroxide (NaOH),
ethanol(C2H6O), methanol, polyethylene glycol (PEG), 3-aminopropyl-
triethoxysilane (APTES), and polyallylamine hydrochloride (PAH)
were purchased from Merck (US). Doxorubicin hydrochloride
(C27H29NO11.HCl) was gifted from Pinum Pharmacy, Pinum Cancer
Hospital Faisalabad, Punjab Medical College University, Punjab
Pakistan.

2.2. Synthesis process

2.2.1. Synthesis of MnO2 NPs
MnO2 NPs were synthesized using co-precipitation approach with

modified protocol (Du et al., 2023). Briefly, 0.2 M NaOH in 20 mL was
added dropwise to 0.5 M KMnO4 in 50 mL at vigorous stirring and then
stirred for 24 h until the color turned from purple to dark brown. Finally,
the prepared solution was centrifuge at 6000 rpm for 10 min and washed
three times with deionized water. Finally, MnO2 NPs were dried in the
oven.

2.2.2. Synthesis of MnO2-Dox
MnO2-Dox NPs were synthesized using a slightly modified protocol

as follows (Du et al., 2023): 2 mL of APTES was added to 0.1 M MnO2
NPs in 10 mL of methanol and continuously stirred at 60 ◦C for 5 h.
Then, the synthesized sample were washed triplet with deionized water

and dried. The aminated MnO2 NPs has been collected. Different con-
centration (0–5 µg/mL) of Dox were dissolved in 3 mL methanol and 3
mg of aminated MnO2 NPs were added to Dox methanol solution under
stirring for 24 h, for each sample of Dox (Lei et al., 2021). To neutralize
the HCl, triethylamine was added. Then, the prepared sample were
moved to a dialysis bag for dialysis to remove unreacted Dox. The MnO2-
Dox NPs sample were collected after dried at 60 ◦C.

2.2.3. Synthesis of PMnO2-Dox NPs
The PMnO2-Dox were synthesized using filtration approach. The

0.05 g of PEG (Molecular weight (Mw) 5,000 gmol− 1) and MnO2-Dox
were dissolved in 5 mL phosphate buffered saline (PBS) and the mixture
solution were squeezed 5 min and then filtered through a polycarbonate
membrane filter to remove any free PEG. Finally, PEG were coated with
MnO2-Dox NPs to obtain PMnO2-Dox.

2.3. Characterization of nanomaterials

Scanning electron microscope (SEM) images were measured on a
“NOVA NANO SEM 430”. The UV–Visible spectrophotometer was used
to measure the optical density on the "BK-UV1800PC Double beam Bio-
base (China)". The Dox loading efficiency were determined using UV–vis
at 385 and ~490 nm. Fourier transformation infrared spectroscopy (FT-
IR Spectrum 2, Perkin Elmer) was utilized to identify the functional
groups at the various modes. Then, the vibrating sample magnetometer
(VSM) analysis were performed on "EDX model, 7200 Flagship" to
determine the magnetic properties of MnO2 NPs and PMnO2-Dox NPs at
room temperature. The X-ray diffraction (XRD) were performed on a "D8
advance Bruker (Germany)" to analyze the atomic structure of a crystal
using Cu Kα radiation (λ = 0.154). X-ray photoelectron (XPS) were
employed to further verify the formation of PMnO2-Dox NPs using K-
alpha X-ray photoelectron spectrophotometer "Thermo Fisher Scientific,
UK". Dynamic light scattering (DLS) were performed to determine the
size distribution profile of small particles in suspension using Zetasizer
Nano ZS "Malvern Instruments Ltd". Finally, flow cytometry were
employed on "Agilent Biosciences Inc., Santa Clara, CA" to detect cell
apoptosis.

The crystallite size were calculated based on XRD using the Scherer’s
equation.

Crystallite size =
kλ

βcosθ
(1)

where k is a shape factor constant number (k = 0.98), λ is an X-ray
wavelength (0.154 nm), θ is Bragg angle and β is peak width of FWHM
(Full wave half maxima).

2.4. Cell culture

Human breast cancer (MCF-7) cell lines were gifted from the Na-
tional Institute of Biotechnology and Genetic Engineering (NIBGE) Fai-
salabad, Pakistan. MCF-7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10 % fetal bovine serum (FBS) and 1 %
antibiotics (streptomycin, 100 µ/mL + penicillin) at 37 ◦C with 5 %
carbon dioxide (CO2) in a humidified incubator and for more informa-
tion see our published articles (Tahir et al., 2024).

2.5. Cell viability assay

The MTT assay were used to calculate the anticancer activity of the
samples on MCF-7 cell line. The MCF-7 cells were seeded in 96-micro-
well plates at a density of 5 × 103 cells/well and incubated overnight
at 37 ◦C. Then, fresh mediums containing Dox in the concentration range
(0, 0.5, 1, 2, 3, 4, and 5 μg/mL), MnO2 NPs, Dox, and PMnO2-Dox NPs in
the concentration range (6.25, 12.5, 25, 50, 100 and 200 μg/mL) were
added to the cells and incubated for 48 h. After 48 h, the cells were
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washed with PBS three times and fresh mediums were added and
incubated at 37 ◦C with 20 μL of MTT for 4 h, following with 100 μL of
DMSO addition. The cell intensities were determined at wavelength of
385 and ~490 nm via Bio Base microplate reader. This study was per-
formed three times. The % cell viability was calculated using the
following equation.

(%) CellViability =
As
Ac

× 100 (%) (2)

Where, As represents the absorbance of the cells treated with the MnO2
NPs and PMnO2-Dox NPs and Acontrol represents the absorbance of the
cells cultured in DMEM.

2.6. Quantitative analysis of apoptosis via flow cytometry

MCF-7 cells were seeded in 96-microwell plates overnight at 37 ◦C.
After that, MnO2 NPs and PMnO2-Dox NPs (containing 5 μg/mL Dox)
were added to the cells and incubated for 48 h. After 48 h, the cells were
washed with PBS, resuspended in 100 μL of binding buffer, and then
stained with 5 μL of Annexin V-FITC and 7-AAD. The cells were incu-
bated in the dark for 20 min. Finally, flow cytometry were employed to
detect cell apoptosis.

2.7. Dox loading efficiency and capacity

Dox was conjugated into the PMnO2 NPs. For Dox loading, PMnO2
NPs was mixed with different concentrations (0–5 µg/mL) of Dox in the
dark overnight. The loading efficiency of DOX increased proportionally
with the amount of added doxorubicin, attaining a maximum level of
86.17 %. Finally, the PMnO2-Dox NPs were attained by centrifugation
(8000 rpm, 10 min), rapidly washed with water to remove the adsorbed
Dox, and then dried at room temperature. The achieved PMnO2-Dox NPs
were used for chemo-photodynamic therapy.

The following equations were used to calculate the Dox efficiency
and capacity.

(%) Dox loading efficiency =
Mass of the Dox loaded
Initial mass of the Dox

× 100 (%) (3)

(%) Capacity =
Mass of the Dox in PMnO2 − Dox NPs

Mass of PMnO2 − Dox NPs
× 100 (%) (4)

2.8. Dox release from PMnO2-Dox NPs

The kinetics of drug release from PMnO2-Dox NPs surfaces were
studied at pH 5.5, 6.5 and 7.4. for drug release experiment, the different
concentration of (0–200 µm) PMnO2-Dox NPs were dispersed into 5 mL
PBS, then they were stunned and irradiated with or without laser light
(dose 80 j/cm2) for 5 min in a certain period. The UV–visible spec-
trometer was used to measure the drug released.

2.9. Photodynamic performance

MCF-7 cell line were used to study the effects of PDT while applying
parameters, 0–200 µg/mL, and light dose 80 j/cm2 as optimum light
towards MCF-7 cell model. For the in vitro cell apoptotic induction
experiment, A semiconductor diode laser (visible blue light – 440/480
nm range, Starlight pro, Mectron Italy) with a wavelength of 480 nm was
used to irradiate/expose the MCF-7 cells through the luminescent bot-
tom of the plate. A fibre-optic (BIOSPEC, TF-D, Russia) was used to
transmit the laser beam into the cells in a 6 mm diameter well (area of
0.294 cm). Drug light interval (DLI) for PMnO2-Dox NPs uptake cells
was half an hour. The morphology of the treated cells was observed by
confocal laser scanning microscopy (CLSM). All PDT protocols were
adopted as per the recommendation of the animal ethics committee of
Government College University Faisalabad (GCUF).

2.10. Chemodynamic therapy performance

MCF-7 cell line was cultured in 96 microwell plates and then incu-
bated for 24 h under recommended protocol of animal/cell ethics
committee GC University Faisalabad. After obtaining 70 % cell con-
fluency (about 24 h culturing incubation time). MCF-7 cells were
exposed with working solution of various doses of Dox, MnO2 NPs and
PMnO2-Dox NPs. After 24 h, treated with concentrations (0–5 µg/mL)
Dox, (0–200 µg/mL) concentrations of MnO2 NPs and PMnO2-Dox NPs.
Drug interval (DI) for Dox, MnO2 NPs and PMnO2-Dox NPs uptake cells
was incubated for 48 h. The morphology of the treated cell was observed
by electron microscopy (EM).

2.11. MRI bright (T1) contrast agent

The magnetic properties of MnO2 NPs and PMnO2-Dox NPs were
characterized by MRI analysis on “MRI SIGNA” Scanner using 7 Tesla
with gradients (450/675 mT/m; relaxation time 3400–4500 T/m/s;
echo time 140 µs) were used as standard. MnO2 NPs and PMnO2-Dox
NPs in the range of 0–1.0 mM were measured. The relaxations
enhancement with varying TR (repetition time), and multi-slice multi-
echo (MSME) were applied to estimate T1 and T2 respectively. Same
procedure was adopted by our previous published article (Tahir et al.,
2024). The algorithm creates a T1 map and extracts the MRI images,
displayed high contrast as a bright signal. The tests were performed on
equipment at Pinum Cancer Hospital, Punjab Medical College Univer-
sity, Faisalabad, Punjab, Pakistan.

2.12. Statistical analysis

The statistical analysis were performed using GraphPad Prism
(version 8.0), with results reported as mean ± SD. As the values of P ≤

0.05 were considered statistically significant (denoted by *) and the
values of P ≤ 0.01 were considered highly statistically significant
(denoted by **).

3. Results and discussion

3.1. The typical features of PMnO2-Dox nanomedicine

In this study, PMnO2-Dox NPs were constructed through step-by-step
coupling and absorption process (Fig. 1). As presented in Fig. 2, the XRD
patterns of MnO2 NPs and PMnO2-Dox NPs presented strong and typical
diffraction peaks at 28.9, 37.7, 42.6, 57.4, 62.1 and 73.1◦, correspond-
ing to (110), (101), (111), (211), (220) and (301) crystal planes,
respectively. These peaks are attributed to β-MnO2 with tetragonal
crystal structure and space group P42/mnm (JCPDS Card No: 024-
0735) (Mauri et al., 2020). The additional peaks at 49.8 and 70◦ in
PMnO2-Dox NPs may be attributed to polyethylene glycol. We did not
observe other phases of MnO2 except β-MnO2, thus β-MnO2 is the major
phases in both MnO2 NPs and PMnO2-Dox NPs. Both have layered
structure. The crystallite sizes of MnO2 NPs and PMnO2-Dox NPs were
estimated to be 25–30 nm respectively, using the Scherer equation.

SEM images of MnO2 NPs in Fig. 3(a–b) exhibited that β-MnO2
exhibited the crystallite structure with the size ≈20–30 nm, similar to
XRD results. Dynamic light scattering (DLS) is a surface-sensitive
quantitative spectroscopic technique that were performed to deter-
mine the size distribution profile of small particles in suspension. The
hydrodynamic size of MnO2 NPs and PMnO2-Dox NPs were measured
using DLS analysis. As presented in Fig. 3(c–d), the average size of the
nanoparticles was approximately 26.31 ± 0.5 and 29.53 ± 0.67 nm.

The FTIR spectra of β-MnO2 and PMnO2-Dox NPs were displayed in
Fig. 4. The significant absorption bands at 492 and 520 cm− 1 were
attributed to Mn-O stretching vibrations in MnO6 octahedral in β-MnO2.
Compared to β-MnO2, PMnO2-Dox NPs in Fig. 4 showed several new
peaks at 1500–2000 cm− 1. The absorption peak around ~1680 and

M. Asif et al. Arabian Journal of Chemistry 17 (2024) 105958 

3 



~1550 cm− 1 were attributed to amide I and II bands, respectively,
indicating the presence of Dox in MnO2 NPs. The broad absorption peaks
around 3000–3500 cm− 1 can be assigned to O–H and N–H stretching
vibrations from PEG and Dox, demonstrating that Dox and PEG have
been conjugated onto MnO2 NPs.

The UV–Visible test was performed to examine the absorption
spectra of free Dox, MnO2 NPs and PMnO2-Dox NPs shown in Fig. 5. The
appearance of characteristic UV–Visible absorption features of Dox and
MnO2 NPs in the range of 480 nm and ~350–600 nm (i.e., due to the d-
d transition of the Mn ion in the tetrahedral structure), respectively
indicates the successful loading of Dox in the PMnO2 NPs, As shown in
Fig. 5 which are well matched to reported article (Yang et al., 2017).

X-ray photoelectron spectroscopy (XPS) were used to confirm the
formation of PMnO2-Dox NPs. The XPS spectrum showed two distinct

peaks at binding energy 643.1 and 654.8 eV which correspond to the
Mn2p3/2 and Mn2p1/2 spin–orbit peaks of MnO2 NPs with an average
binding energy of ΔE = 11.7 eV, thereby evidencing the successful
formation of MnO2 NPs, as shown in Fig. 6(a). The morphology of
PMnO2-Dox NPs remained significantly unchanged in a pH 7.4 solution
over a period of 3 days, signifying that PMnO2-Dox NPs were stable in a
neutral environment. In contrast, PMnO2-Dox NPs displayed a time-
dependent degradation pattern in acidic solutions, attributed to the
breakdown of MnO2 into Mn2+ ions. The degradation rates were quan-
tified through the decrease in the characteristic absorbance band of
MnO2 NPs, as shown in Fig. 6(b). This absorbance band remained stable
at pH 7.4 but showed a rapid decline at pH levels of 6.5 and 5.5, thereby
further confirming the highly sensitive pH-responsive degradation
pattern of PMnO2-Dox NPs.

3.2. Vibrating sample magnetometer (VSM) analysis

Fig. 7 presented the hysteresis loops of β-MnO2 and PMnO2-Dox NPs.
β-MnO2 and PMnO2-Dox NPs presented an S-shaped hysteresis loop with
negligible remanence and coercivity, indictive of superparamagnetic
nature (Chen et al., 2013; Yang et al., 2017; Ziyaee et al., 2023). VSM
data exhibited that the magnetic saturation of PMnO2-Dox NPs is lower
than that of β-MnO2, attributed to the presence of the non-magnetic PEG
and Dox on the surface of β-MnO2. Though slightly reduced magnetism
of the PMnO2-Dox NPs, the superparamagnetic properties of β-MnO2
and PMnO2-Dox NPs make them ideal MRI contrast agents for diagnosis,
imaging, and magnetic drug delivery and hyperthermia applications.

3.3. Prevention and control of Dox release from PMnO2-Dox

Doxorubicin is a clinically approved anticancer drug, which may be
loaded into PMnO2-Dox NPs via stirring. As depicted in demonstrated in
Fig. 8, the release of Dox was superficial upto 48 h of time of incubation
at pH 7.4 due to neutral pH environment base surrounding, but
remarkable Dox release trend was noticed in acidic environment (pH
5.5, and 6.5). It has been seen formation of ions and the scarcity of H-
bonding between doxorubicin and core shell nanomaterials of MnO2 NPs

Fig. 1. Schematic diagram of synthesis, chemo-photodynamic therapy and MRI application.

Fig. 2. The XRD pattern of MnO2 NPs and PMnO2-Dox NPs.
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Fig. 3. The SEM images (a–b) of MnO2 NPs and PMnO2-Dox NPs. The DLS images (c–d) of MnO2 NPs and PMnO2-Dox NPs.

Fig. 4. FTIR of MnO2 NPs and PMnO2-Dox NPs.

Fig. 5. UV–visible of free Dox, MnO2 NPs and PMnO2-Dox NPs.
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due to thermal temperature and acidic body environment (Choi et al.,
2013). In addition, significant amount of PMnO2-Dox NPs accumulation
towards cancerous sites due to low density lipoproteins receptor was
noted as compare to healthy cells. Also, polymer coated materials were
the basic requirement to overcome MDR which has been adopted in
current experimental scheme. Once PMnO2-Dox NPs accumulates at the
cancerous site, the release rate of Dox is enhanced. The reason for this
enhancement is that cancer cells have a much higher metabolic rate than
healthy cells, and the cancer site becomes acidic due to the production of
lactic acid. This enhancement in the release of Dox leads to the death of
cancer cells through apoptosis, and some cell death attributed to ne-
crosis. In addition, the release of Dox from PMnO2-Dox NPs can be
significantly enhanced by laser irradiation which may increase the
entire temperature. This was ascribed to the heat produced by the
photodynamic effect of MnO2 NPs under visible laser irradiation to
decomposition of Dox from PMnO2-Dox NPs. These outcomes confirm
that doxorubicin release from PMnO2-Dox NPs could be triggered by the
acidic environment of the cancer site and enhanced by visible laser
irradiation, thereby improving the therapeutic effect (Yang et al., 2023;
Ou et al., 2021).

3.4. Photodynamic and chemodynamic performance

The MnO2 NPs at higher concentrations exhibited slightly higher
cytotoxicity towards MCF-7 cells, which may be attributed due to the
Fenton reaction leading to cancer cell death (Xu et al., 2020). MCF-7
cells were exposed with doxorubicin, MnO2 NPs and PMnO2-Dox NPs
with and without laser irradiation under recommended dose of light (80
j/cm2) That experiments demonstrated the concentration-dependent
cytotoxicity as depicted in (Fig. 9). The PMnO2-Dox NPs + laser group
exhibited a significant cell killing response due to photodynamic activity
as compare to toxicity of MnO2 NPs in the absence of light/monotherapy
groups due to the synergistic treatment. After 48 h of incubation,
satisfactory PDT response while using PMnO2-Dox NPs with effective
wavelength of laser trend depicted in (Fig. 9). In addition, Fig. 9 shows
that the PMnO2-Dox NPs binds to doxorubicin, indicating that doxoru-
bicin can be successfully delivered into cancer cells for chemotherapy
(Zhang et al., 2017; Hu et al., 2013). Overall results showed bare MnO2
NPs, Dox and MnO2 NPs with laser irradiation illustrated superficial

Fig. 6. (a) shows the XPS analysis and (b) shows the aqueous stability of PMnO2-Dox NPs over a period of one week, (n = 3 ± S.D).

Fig. 7. Hysteresis loops of MnO2 NPs and PMnO2-Dox NPs.
Fig. 8. The Dox release kinetic curves of PMnO2-Dox NPs showing Dox release
increases in acidic environment (n = 3 ± S.D), where * is significant for P ≤

0.05 and ** is highly significant for P ≤ 0.01.
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response for treatment as comparison of PMnO2-Dox NPs + laser group
(Fig. 9). However, the PMnO2-Dox NPs + laser group exhibited obvious
marvelous cells death via apoptosis. These results presented that
PMnO2-Dox NPs + laser had significantly higher cell death due to syn-
ergistic response of chemo-photodynamic and CDT.

In this detailed discussion, Bi et al. (2019) reported that MnO2
nanostructure can react with intracellular GSH to decrease its level and
increase the efficiency of PDT and remarkable improvement in MRI
images. Fan et al. (2016) reported that the nanostructure that is effec-
tively designed inhibits the production of extracellular 1O2 (singlet ox-
ygen) by Ce6, leading to minimal side effects. Upon endocytosis,
intracellular GSH degrades MnO2 nanostructure. The nanostructure is
degraded, resulting in the synchronous release of Ce6 and depletion of
GSH, enabling highly efficient PDT.

3.5. Cell availability

Encouraged by their PDT and CDT performance, we evaluated the
cell viability of Dox, MnO2 NPs and PMnO2-Dox NPs with or without
laser irradiation on MCF-7 cells. Cell viabilities of MCF-7 cells were
tested at different concentration of MnO2 NPs and PMnO2-Dox NPs (0,
6.25, 12.5, 25, 50, 100, 200 µg/mL) for 48 h. As shown in Fig. 9, all
treatment groups exhibited the dose-dependent cytotoxicity against
MCF-7 cells. By contrast, MnO2 NPs slightly reduced the cell viability of
MCF-7 cells under 480 nm laser irradiations, with the IC50 of 17.66 µg/
mL. Suggesting a potential light-mediated enhancement of their thera-
peutic effect. Remarkably, the inclusion of Dox in MnO2 NPs signifi-
cantly enhanced the cytotoxicity of MCF-7, suggesting a potential light-
mediated enhancement of their therapeutic effect, possibly through a
CDT mechanism. The inclusion of Dox to PMnO₂ NPs significantly
inhibited MCF-7 cell growth with the IC50 of 14.94 µg/mL due to ROS
generation from CDT and interfering with DNA replication and inducing
apoptosis through chemotherapy. The IC50 values of the DOx, MnO2
NPs, MnO2 NPs+ laser, PMnO2-Dox NPs and PMnO2-Dox NPs + laser are
given in Table 1. More interestingly, the combination of PMnO₂ and Dox
in the treatment of MCF-7 cells under laser irradiation led to most
profound reduction in cell viability across all concentrations. Thus, the

combinational therapy of Dox with PMnO₂ under laser irradiation offers
a multifaceted PDT/CDT/chemotherapy strategy for cancer treatment,
potentially reducing associated side effects, drug resistance, and the
highest therapeutic efficacy of 94.87 % was obtained at a concentration
of 200 µg/mL of PMnO2-Dox NPs with laser irradiation. The morphol-
ogies of MCF-7 cells treated by PMnO2-Dox NPs with or without laser
irradiation have been further explored. As shown in Fig. 10, cancer cell
apoptosis were observed in all PMnO2-Dox NPs with or without laser
irradiation. As the concentrations of MnO2 and Dox increased in the
treatment, the morphology of MCF-7 cells drastically altered, leading to
a drastic reduction in cell viabilities due to apoptosis, and some cell
death occurs through necrosis. Under laser irradiation, more apoptosis
was observed. These data were consistent with the cell viability. The
increased efficiency of PMnO2-Dox NPs with laser irradiation was
ascribed to the synergistic effects of PDT, CDT and chemotherapy as
demonstrated in Fig. 9.

Flow cytometry (FC) were employed to quantitatively measure the
apoptotic impact of MnO2 NPs and PMnO2-Dox NPs. After 48 h of
treatment with MnO2 NPs, MnO2 NPs + laser, PMnO2-Dox NPs, and
PMnO2-Dox NPs+ laser, the apoptosis rates were determined to be 12.97
± 1.91, 15.11 ± 1.57, 27.27 ± 2.69, and 29.75 ± 2.37 %, respectively,
as shown in Fig. 11. Notably, the apoptosis rate of the PMnO2-Dox NPs+
laser group was substantially greater compared to other groups.

3.6. Magnetic resonace imaging

Magnetic resonance imaging (MRI) of MnO2 NPs and PMnO2-Dox
NPs incubated in PBS solution for 4 h were measured using an (MRI
SIGNA) 7 T scanner. As shown in Fig. 12(a, b), the MRI bright signal
enhanced with the increase of MnO2 concentration from 0–1 mM,
determining that manganese is a T1 contrast agent. The MRI experiment
was done at different concentration (0, 0.2, 0.4, 0.6, 0.8 and 1 mM). In
comparison with MnO2 NPs, and PMnO2-Dox NPs exhibited reduced T1
relaxation and significantly enhanced signal intensity in T1-weighted
images. In vitro and in vivo, these magnetic MnO2 NPs and PMnO2-Dox
NPs offer marvelous T1 bright contrast agents for MRI due to the
decomposition of MnO2 or induced of Mn2+ ion under acidic condition.
In the current study, MnO2 NPs exhibits less brightness than PMnO2-Dox
NPs. Hence, PMnO2-Dox NPs can be applied as a T1 bright contrast agent
for efficient outcomes. Furthermore, the PMnO2-Dox NPs were
employed to calculate the r1 relaxivities under the basic to acidic con-
dition. It can be noted that under varying pHs (7.4, 6.5 and 5.5 pH)
conditions, the value of r1 remarkably increased from very first value
0.049–8.97 mM− 1S− 1 after incubation in 5.5 pH PBS for 4 h, shown in
Fig. 12(c). In this discussion, Hu et al. (2013) reported that PVP-coated
manganese oxide nanoparticles (MnO@PVP NPs) can improve the T1
signal and utilized to visualize tumor images. In vitro and in vivo analysis
of MnO@PVP NPs proposed that are promising candidate for MRI T1
bright contrast agents.

4. Conclusions

The developed PMnO2-Dox NPs for improved chemo-photodynamic
therapy and MRI application. Crystallography of PMnO2-Dox were
employed by using XRD analysis, which confirmed tetragonal crystal
structure. Surface morphology was confirmed via SEM analysis, results
indicated the spherical and asymmetric agglomerated nanocluster of
PMnO2-Dox NPs. The functional groups and magnetization were

Fig. 9. Cell viabilities of MCF-7 cells treated by MnO2 NPs and PMnO2-Dox NPs
with or without laser irradiation for 48 h, (n = 3 ± S.D). Laser conditions:
visible blue light − 440/480 nm range, Starlight pro, Mectron Italy, for 10 mins,
the concentrations of MnO2 NPs and PMnO2-Dox NPs were in the range of
6.25–200 µg/mL. The Dox concentration in PMnO2-Dox NPs corresponded to 5
µg/mL, where * is significant for P ≤ 0.05 and ** is highly significant for P
≤ 0.01.

Table 1
Shows the IC50 values of the materials.

Name of
Materials

Dox MnO2

NPs
MnO2 NPs
+ Laser

PMnO2-
Dox NPs

PMnO2-Dox
NPs+ Laser

IC50 Value
(µg/mL)

16.70 24.05 17.66 14.94 14.15
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confirmed using FTIR and VSM analysis, respectively. MnO2 NPs pro-
vided PDT upon laser irradiation, doxorubicin certainly release at the
cancer site for chemotherapy due to laser irradiation and pH value
reduction of PMnO2-Dox NPs. Associated with previously described
MnO2 NPs and PMnO2-Dox NPs exhibits efficient drug loading and
release rewards. This highly sensitive pH-responsive of PMnO2-Dox NPs
causes effective drug release under acidic pH environment. PMnO2-Dox
NPs not only improves the efficacy of chemo-photodynamic therapy due
to synergistic response as well as improved MRI imaging via boosting T1
MRI contrast. In addition, it can also inhibit the growth of primary and
secondary cancers without light exposure. On the basis of results, it is
concluded that PMnO2-Dox NPs not only convenient for cancer treat-
ment via chemo-photodynamic therapy but also address the way to-
wards a comprehensive strategy for MRI application via bright contrast
agent T1 after overcoming the problem of MDR and synergistic response

of therapeutic analysis.
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