
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 9
/2

9/
20

24
 3

:2
1:

27
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of man
aPublic Experimental Research Center, Xu

Jiangsu 221004, China. E-mail: qlhuang@x
bThe First Clinical Medical College, Xuzh

221004, China
cSchool of Pharmacy, Xuzhou Medical Unive
dSchool of Life Science, Xuzhou Medical U

China

† Electronic supplementary infor
https://doi.org/10.1039/d2ra03860a

‡ These authors contributed equally to th

Cite this: RSC Adv., 2022, 12, 23786

Received 23rd June 2022
Accepted 15th August 2022

DOI: 10.1039/d2ra03860a

rsc.li/rsc-advances

23786 | RSC Adv., 2022, 12, 23786–2
ganese-oxide and palladium
nanoparticles co-decorated polypyrrole/graphene
oxide (MnO2@Pd@PPy/GO) nanocomposites for
anti-cancer treatment†

Jiarui Wu,‡ab Meng Wang,‡a Yuanjie Pan,c Yipeng Pang,d Yanyan Tang,b Chang Song,c

Jiahui Zhu,d Xian Zhangb and Qingli Huang *ac

Design and fabrication of novel multifunctional nanomaterials as novel “theranostic nanoagents”with high

efficiency and low side effects is important for cancer treatment. Herein, we synthesized manganese-oxide

and palladium nanoparticle-co-decorated polypyrrole/graphene oxide (MnO2@Pd@PPy/GO)

nanocomposites, which could be used as a novel “theranostic nanoagent” for cancer treatment. Various

spectroscopic and microscopic characterizations of the synthesized MnO2@Pd@PPy/GO

nanocomposites suggest that the nanocomposites are assembled sequentially by graphene oxide,

polypyrrole, palladium nanoparticles and manganese-oxide nanoplates. Further research revealed that

the nanocomposites had excellent photothermal conversion performance (reached near 50 �C after

10 min of irradiation), pH responsive enzymatic-like catalytic activity and enhanced magnetic resonance

imaging (MRI) performance (r1 ¼ 7.74 mM�1 s�1 at pH 5.0 and glutathione (GSH)). Cell experiments also

testified that combined cancer treatment (the viability of cancer cells is 30%) with photothermal therapy

(PTT, the viability of cancer cells is 91% only with irradiation) and chemodynamic therapy (CDT, the

viability of cancer cells is 74.7% only with nanocomposites) guided by MRI was achieved when the as-

prepared nanocomposites were employed as theranostic nanoagents. This work could provide some

new ideas for the controllable synthesis and application of multicomponent nanomaterials.
1. Introduction

Cancer is a high-mortality disease due to the lack of effective
therapies because routine treatments (surgery, radiotherapy, and
chemotherapy) have many side effects. Fortunately, advances in
nanotechnology provide opportunities for the development of
novel cancer diagnosis and therapies.1–3 As an emerging therapy
strategy based on nanotechnology, chemodynamic therapy (CDT),
has receivedmore andmore attention due its many uniquemerits
in increasing tumor specicity and decreasing side effects.4–9 In
CDT, cytotoxic $OH was produced by employing the classical
Fenton or Fenton-like reaction in the presence of metal-based
nanomaterials (e.g., Fe3O4, MnO2 and Co3O4) in the tumor
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microenvironment (TME), where intracellular overexpressed
hydrogen peroxide (H2O2), highly concentrated glutathione (GSH)
and mild acidic condition existed. Then, the cytotoxic $OH will
induce severe oxidative damage to realize tumor treatment. Apart
from CDT, photothermal therapy (PTT), as another emerging
therapeutic modality based on nanotechnology, also has received
increasing attention in recent years.10–14 In PTT, site-specic
nanomaterials with excellent photothermal conversion perfor-
mance were employed in tumors. When the light irradiated on
tumors, hyperthermia from nanomaterials will induce apoptosis
and/or necrosis of cancer cells without damaging normal cells.
Althoughmany achievements were obtained in CDT and PTT, it is
difficult to eradicate completely tumors depending on mono-
therapies. It is necessary to combinate cancer therapy of CDT with
PTT or other therapeutic modalities due to superior anti-cancer
activity than monotherapies.15–21 Nanomaterials, particularly
multifunctional nanocomposites, play a vital role in novel cancer
therapies due to their good biodegradability, excellent catalytic
activity, outstanding optical, magnetic performance, and unique
synergistic effect.22–26 They are incomparable to single-component
nanomaterials because of their enhanced performances.
However, comparing to single-component nanomaterials, the
design and fabrication of multifunctional nanocomposites
© 2022 The Author(s). Published by the Royal Society of Chemistry
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remains a signicant challenge owing to different characteristics
and complex forces of each component. How to effectively realize
the orderly assembly of various components to achieve synergy is
still an urgent problem to be solved.

Combining inorganic and organic nanomaterials is consid-
ered as an effective mean due to complementary performance
and controllable interaction force.27–32 Various binary or ternary
inorganic–organic nanocomposites were prepared and used for
cancer treatment.33–36 However, quaternary inorganic–organic
nanocomposites are less discussed, which may be due to their
harder synthesis than binary or ternary inorganic–organic
nanocomposites. Recently, graphene oxide (GO), polypyrrole
(PPy), palladium (Pd) and manganese dioxide (MnO2) based
nanocomposites were widely used as drug carriers and cancer
theranostic agents due to their fascinating properties.37–40 Gra-
phene oxide (GO), as one important graphene derivative, is an
emerging extremely thin two-dimensional (2-D) nanomaterial in
biomedicine due to its unique physicochemical properties.41–43

Polypyrrole (PPy), a type of highly biocompatible conducting
polymer also has been wide applications biomedical eld
thanks to their excellent physicochemical properties.44–46 GO
and PPy both can convert near infrared (NIR) light to heat and
thus enable the NIR-responsive drug release for combined
chemo-photothermal therapy owing to their aromatic and p-
conjugated chemical bonds. However, they have few diag-
nostic applications in clinical treatment due to their poor
optical and magnetic properties, which will limit the effective
treatment of tumors. To solve these problems, by decorating
some inorganic noble metal and metal oxide nanoparticles with
diagnostic function on their surface could overcome these
limitations and further expand the scope of diagnostic and
therapeutic application. Pd, as one of noble metal, has plenty of
superiorities including high thermal and chemical stability,
tunable optical response, and catalytic effect, which has great
potential in radioactive imaging and PTT.47–49 Outstanding
catalytic activity and CDT was found when Pd nanomaterials
were used in tumor treatments.47–49 Nanostructured manganese
dioxide (MnO2), a typical metal oxide, has attracted extensive
attention in the eld of anticancer applications owing to their
strong oxidation ability, excellent catalytic activity, and good
biodegradability.50–56 MnO2 can decrease the high GSH level and
decompose H2O2 into H2O and O2 in tumor micro-environment
(TME), which could regulate TME in tumor site. The released
Mn2+ also can be used as magnetic resonance contrast agent.
Amazing Fenton catalytic activity and magnetic resonance
imaging (MRI) performance were arisen from the introduction
of MnO2. Making good use of these advantages will be an
effective way to improve the curative effect of tumor.

On basis of the above discussions, a new nanocomposites
manganese-oxide and palladium nanoparticles co-decorated
polypyrrole/graphene oxide (MnO2@Pd@PPy/GO) nano-
composite was synthesized. These four components are organi-
cally combined in harness other than messy mixed. Firstly, PPy
was coated on the surface of GO by in situ polymeric reaction of
pyrrole monomer to form PPy/GO. Then, Pd nanoparticles were
formed on the surface of PPy/GO by reduction of PdCl2 with –NH2

of PPy. Finally, MnO2 nanoplates were deposited on the surface of
© 2022 The Author(s). Published by the Royal Society of Chemistry
Pd@PPy/GO employing in situ redox reaction of KMnO4 with PPy.
Herein, PPy play a key role in the process of synthesis of
MnO2@Pd@PPy/GO nanocomposites. Excellent photothermal
conversion performance, enzymatic-like catalytic activity and
magnetic resonance imaging performance were obtained in
following experiments. In vitro cells experiment, enhanced
magnetic resonance imaging and synergistic therapeutic effects
onMCF-7 cells were achieved. This work opens an opportunity to
design novel cancer therapeutics, which would surely expand the
biomedical application scope of nanocomposites.

2. Experimental section
2.1. Materials

All chemicals including pyrrole, ammonium persulphate
((NH4)2S2O8), hydrochloric acid (HCl), palladium chloride
(PdCl2), hydrogen peroxide (H2O2, 30% v/v), permanganate
(KMnO4), 3,30,5,50-tetramethylbenzidine (TMB) was purchased
from the Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China) and used as received without further purication. Gra-
phene oxide was purchased from XFNANO Co., Ltd (Nanjing,
China). In vitro cell experiments, 20,70-dichlorouorescin diac-
etate (DCFH-DA, 97%) propidium iodide (PI), calcein-AM, cell
counting kit-8 (CCK-8), and fetal bovine serum were used.

2.2. Synthesis of MnO2@Pd@PPy/GO nanocomposites

2.2.1. Construction of MnO2@Pd@PPy/GO (GOPPMns).
Firstly, PPy/GO (GOPs) was synthesized by adding 100 mg of
pyrrole monomer into 35 mL graphene oxide (GO) dispersed
solution (containing 10 mg GO) in presence of 340 mg of
ammonium persulfate under the condition of ice bath and
continued stirring for 30 minutes. The color of the solution
changed from clear to black. And the PPy/GO (GOPs) was ob-
tained by centrifugal separation to remove unreacted agents.
Then, 200 mL of hydrochloric acid (1 M) and 2 mL PdCl2 (0.1 M)
solution were added into the prepared PPy/GO solution (con-
taining 10 mg PPy/GO) and stirred overnight. Aer washing by
centrifugation and redispersing in 20 mL of deionized water,
the prepared Pd@PPy/GO (GOPPs, 20 mg) was added into
KMnO4 (40 mL, 0.1 M) aqueous solution and stirred for over-
night. Finally, the prepared nanocomposites were collected by
centrifugation, washed with distilled water and ethanol for
several times, and nally dried in freeze dryer. 30 mg bovine
serum albumin (BSA) was added into 10 mL GOPPMns (3 mg
mL�1) aqueous solution and stirred for overnight. Then, the
precipitates were collected by the same procedure of GOPPMns.

2.3. Characterization of the as-prepared nanocomposites

Transmission electron microscopy (FEI, Tecnai 12, America),
eld-emission transmission electron microscopy (FEI, F-30,
America) and scanning electron microscopy (FEI, Teneos VS,
America) were employed to monitor the morphology of the as-
prepared nanocomposites. All samples were doped on the
sample SEM stage and dried in air. SEM images were acquired
on SEM at 10 kV acceleration voltage. The UV-vis (AOE, UV-1902,
China), FTIR (Thermo Fisher, NICOLET 5700, America) and
RSC Adv., 2022, 12, 23786–23795 | 23787
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Raman spectra (Thermo Fisher, DXRxi, America) was used to
characterize the information and structural change of the as-
prepared nanocomposites, respectively. X-ray photoelectron
spectra (XPS) were also obtained on an ESCALAB 250Xi system
(Thermo Scientic, America) to further characterize the
FePGMns. The surface potential of the as-prepared nano-
composites was obtained on a Zeta-sizer analyzer (Malvern,
NICOMP 380ZLS, UK). In photothermal experiments, an 808 nm
laser (Laserwave, 808 nm, China) and NIR camera (Fotric, S225,
USA) was used. All MRI experiments were performed on a 3.0 T
Discovery 750w MR system. Mn element concentrations were
detected by inductively coupled plasma-optical emission spec-
trometer (Agilent, 725 ICP-OES, America).
2.4. Enzymatic-like catalytic activity of the as-prepared
nanocomposites

TMB oxidation experiments were carried out by co-incubating
TMB with the as-prepared nanocomposites. Various nano-
composites (30 mg) were added into 3 mL TMB buffer solution
Fig. 1 TEM images of (a) and (b) GO (c) and (d) GOPs (e) and (f) GOPP
GOPPMns and (m) HAADF images and EDSmapping images of GOPPMns
palladium-purple).

23788 | RSC Adv., 2022, 12, 23786–23795
(containing TMB (1 mM) and H2O2 (0.1 mM)) at different pH
values. The color change and UV-vis absorption at 652 nm were
acquired. The generation capacity of O2 of GOPPMns by cata-
lyzing H2O2 was also discussed. The dissolved-O2 concentration
in solution was easily acquired on oxygen meter (JPBJ-608).
2.5. Photothermal conversion and enhanced MRI
performance

To discuss the photothermal conversion performance of the as-
prepared nanocomposites, an 808 nm near infrared (NIR, Bei-
jing Laserwave OptoElectronics Technology Co., Ltd) laser and
infrared thermal camera was employed. Typically, the as-
prepared nanocomposites suspensions (1 mL) were placed in
a plastic tube and irradiated with an 808 nm laser, which was
monitored by an infrared thermal camera. Three consecutive
laser-on/off cycles were also performed to evaluate the photo-
thermal stability of GOPPs. The pH-responsive (pH 7.4, pH 7.4 +
10 mM GSH, and pH 5.0 + 10 mM GSH) enhanced MRI
performance were investigated on a 3.0 T Discovery 750w MR
s (g) and (h) GOPPMns, SEM images of (i) GO (j) GOPs (k) GOPPs (l)
(carbon-red, nitrogen-yellow, oxygen-orange, manganese-green, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis (b) zeta potential of the as-prepared nanocomposites at pH 7.4.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 9
/2

9/
20

24
 3

:2
1:

27
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
system. MRI experiments of MCF-7 cells were also discussed
aer incubating GOPPMns (200 mg mL�1, 37 �C) with cancer
cells for 4 h.
2.6. The anti-cancer performance of GOPPMns

To evaluate the anti-cancer performance of GOPPMns. Mouse
microglia BV2 cells and breast cancer MCF-7 cells were used to
evaluate the biocompatibility and anti-cancer performance of
GOPPMns and GOPPMns@BSA. Different concentrations of
GOPPMns (GPPMns@BSA) were added and incubated with BV2
cells for 24 h, which was prepared in advance in 96-well plates.
Then, the viability of cells was calculated based on standard
CCK8 method. The anti-cancer performance of GPPMns@BSA
was discussed by the same procedures except 808 nm NIR laser
(1.5 W cm�2, 5 min) irradiation was introduced before CCK8
method. To distinguish live and dead cells intuitively, calcein-
Fig. 3 X-ray photoelectron spectra (a) of GOPPMns and high-resolution X
Mn 2p.

© 2022 The Author(s). Published by the Royal Society of Chemistry
AM and propidium iodide were used to co-stain the cells.
Then, a uorescence microscopy was used to observe the
results. Intracellular hydroxyl radicals (HO$) in MCF-7 was
investigated to discuss the CDT of GPPMns@BSA. DCFH-DA
solution (1 mL, 10 mmol L�1) was added into the preparative
MCF-7 cells, which was incubated with the as-prepared nano-
composites in six-well plates for 4 h with or without 808 nm
laser irradiation for 5 min. Finally, the uorescence intensity in
cells was observed by confocal laser scanning microscope
(CLSM).
3. Results and discussion
3.1. Characterization of the nanocomposites

Transmission electron microscopy (TEM) and energy dispersive
spectrometer (EDS) were used to characterize the as-prepared
-ray photoelectron spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) Pd 3d and (f)

RSC Adv., 2022, 12, 23786–23795 | 23789
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nanocomposites. For GO, smooth surface was observed in
Fig. 1a and b. For GO/PPy, the surface became rougher than that
of GO when PPy was formed on GO in Fig. 1c and d. When PdCl2
was introduced and reduced in situ by PPy, tiny nanoparticles
(NPs) with diameter of 1–3 nm on the surface of GOPs were
found in Fig. 1e and f, indicating the formation of Pd@PPy/GO
(GOPPs). With following addition of KMnO4, MnO2 nanoplates
were obtained on the surface of GOPPs in Fig. 1g and h, proving
the preparation of MnO2@Pd@PPy/GO (GOPPMns). SEM
images of GO, GOPs, GOPPs and GOPPMns in Fig. 1i to l further
conrmed this orderly way of assemble of GO, PPy, Pd and
Fig. 4 Enzyme catalytic activity of GOPPMns on TMB at pH 5.0 (a) compa
and TMB + H2O2) (b) comparison of enzyme catalytic activity betwee
GOPPMns with different concentration. (d) The stability of enzyme cata
different concentration (1 mmol L�1 H2O2 at pH 5.0). (f) O2 generation
PPAuMns 10 mg mL�1).

23790 | RSC Adv., 2022, 12, 23786–23795
MnO2, and the formation of MnO2@Pd@PPy/GO. It is obvious
that GOPPMns were constructed by assembling PPy, Pd NPs and
MnO2 nanoplates in succession on the surface of GO. Herein,
PPy plays a key role because it can serve as reducing agent and
linking molecule to reduce the Pd2+ and KMnO4 in situ on the
surface of GO. EDS spectrum of GOPPMns (Fig. S1†) and
mapping (Fig. 1m) further conrmed the reliability of this
result. C, N, O, Pd and Mn existed, which represented by colors
in EDS mapping (carbon-red, nitrogen-orange, oxygen-yellow,
manganese-green, and palladium-purple) in Fig. 1m. The
high-resolution TEM (HRTEM) of the GOPPMns was also
rison of enzyme catalytic activity between GOPPMns and control (TMB
n GOPPMns and GO, GOPs, GOPPs. (c) Enzyme catalytic activity of
lytic activity of GOPPMns. (e) O2 generation ability of GOPPMns with
ability of PPAuMns with different concentration of H2O2 (at pH 5.0,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carried out to prove the assembling structure in Fig. S2a–e.† The
lattice spacing of 0.34 nm and 0.23 nm corresponds to the (002)
and (111) plane of GO and Pd, respectively (Fig. S2c and d†).
However, no obvious lattice spacing was found due to poor
crystallinity of MnO2 (Fig. S2e†).

UV-vis spectroscopic method was used to further charac-
terize the as-prepared nanocomposites. Obviously, strong
absorbances at 600–900 nm in NIR region were found in GOPs
and GOPPs, which will benet photothermal conversion effect.
For GOPPMns, the peak from 350 nm to 500 nm indicated the
existence of MnO2. Zeta potential also gave more details of the
as-prepared GOPPMns. Great diversity on zeta potential of
different nanocomposites in Fig. 2b testied the existence of Pd
NPs and MnO2 nanoplates, which are consistent with the
results of TEM in Fig. 1.

The XPS technique was further applied to investigate the
surface properties and compositions of GOPPMns. The survey
spectrum of the GOPPMns shows that it was composed of
elements C, N, O, Pd and Mn (Fig. 3a). And the high-resolution
spectra of these elements were listed in Fig. 3b–f. In Fig. 3b, C–C
sp2 (283.4 eV), C–N (286.9 eV), C–C sp3 (291.3 eV), and O–C]O
(294.0 eV) bonds of graphitic carbon and pyrrole ring were
observed for C 1s.57,58 And in Fig. 3c, N 1s characteristics peaks
were found in the range of 395 and 407 eV, which originated
from pyrrolic N and graphitic N.57,58 Obviously, GO and PPy are
the organic component part in GOPPMns. For the inorganic
component part, Pd 3d5/2 and Pd 3d3/2 are found at 336.4 eV and
341.8 eV in Fig. 3d; Mn (2p1/2) and Mn (2p3/2) were detected at
around 652.8 and 640.9 eV in Fig. 3e. According to early reports,
Fig. 5 (a) and (b) NIR laser (808 nm, 1.5 W, 10 min) irradiation-induced p
GO, GOPs and GOPPs with 100 mg mL�1; (c) and (d) NIR laser (808 nm,
responding temperature elevations of GOPPs with different concentratio
for three consecutive cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the palladium and manganese in the nanocomposite were in
the valence of 0 and IV, respectively.58,59 It was clear that the
above data demonstrated that the as-prepared materials were
manganese-oxide and noble metal palladium nanoparticles co-
decorated polypyrrole/graphene oxide (MnO2@Pd@PPy/GO)
nanocomposites.

Noble metal palladium NPs and manganese-oxide nano-
plates possessed excellent enzymatic-like catalytic activity,
GOPPMns is expected to be very active enzymatic-like catalytic
performance. To test this expectation, experiments were carried
out by catalyzing TMB. There were no characteristic peaks of
oxidized TMB from 400 nm to 1100 nm for TMB and TMB +
H2O2 groups in Fig. 4a. For GOPPMns + TMB + H2O2 group, two
obvious UV-vis absorption peaks at 652 and 895 nm in Fig. 4a
were observed, indicating enzymatic-like catalytic activity of
GOPPMns. Furthermore, the catalytic performance of
GOPPMns was the highest in all groups (GO, GOPs, GOPPs and
GOPPMns) in Fig. 4b and S3,† which indicated the signicance
of the presence of MnO2. Meanwhile, the catalytic ability of
GOPPMns were dependent on their concentrations and showed
high stability in 30 min in Fig. 4c and d. According to the
previous studies, the catalytic activity of nanocomposites is also
related to the generation of O2. The O2 generation capacity of
GOPPMns was furtherly studied at pH 5.0 using a dissolved-O2

meter. It can be found that higher dissolved-O2 concentrations
were obtained with increase of GOPPMns and H2O2. All the
conclusions suggested the as-prepared GOPPMns possessed
excellent enzymatic-like catalytic activity and could be used as
CDT for cancer. We also investigated the change onmorphology
hotothermal images and the corresponding temperature elevations of
1.5 W, 10 min) irradiation-induced photothermal images and the cor-
n (0, 12.5, 25, 50 and 100 mg mL�1). (e) Photothermal stability of GOPPs

RSC Adv., 2022, 12, 23786–23795 | 23791
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Fig. 6 (a) T1-weighted MR images of GOPPMns dispersions, and the transverse relativities (r1) of GOPPMns dispersions in PBS at (b) pH 7.4 (c) pH
5.0 and (d) pH 5.0 + GSH, (e) T1-weighted MR images of MCF-7 cells incubated without and with GOPPMns.
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of GOPPMns stored in 6 months by TEM and EDS mapping in
Fig. S4.† There is little change, which can also prove stability
and durability of the as-prepared nanocomposites.

The photothermal conversion capability of the as-prepared
nanocomposites was evaluated (Fig. 5a and b). No obvious
temperature variation in GO aer irradiation (808 nm, 1.5 W, 10
min). However, the temperature of the GOPs and GOPPs solu-
tion (100 mg mL�1) reached near 50 �C aer 10 min of irradia-
tion in Fig. 5a and b. Furthermore, the temperature of GOPPs
solution increased signicantly with increase of solution
concentration in Fig. 5c and d. It is no doubt that excellent
photothermal conversion capability was achieved by coupling
PPy and decorating Pd NPs on GO sheets, which ensured irre-
versible damage to the cancer cells for photothermal therapy.
The photothermal stability of GOPPs were also discussed. There
is no continuous reduction in temperature variation aer 3
heating and cooling cycles (Fig. 5e), indicating that its photo-
stability was excellent.

MnO2 is regarded as a potential T1 agent of MRI. The MRI
experiments based on GOPPMns were carried out on a 3.0 T
Discovery 750w MR system. As shown in Fig. 6a, enhanced pH-
dependent and GSH dependent brightening effects were found
in GOPPMns dispersions. At pH 7.4 without GSH, no visible
MRI signal was observed in GOPPMns water dispersion. In
23792 | RSC Adv., 2022, 12, 23786–23795
contrast, an increasingly brighter trend with an increase in the
Mn concentration was seen when the pH is 5.0 in the absence of
GSH. When introducing GSH at pH 5.0, the brighter trend
becomes more obvious as the Mn concentration increased. And
the relaxivity of GOPPMns at various conditions was estimated
to be 0.046, 0.21, and 7.74 mM�1 s�1 in Fig. 6b–d, respectively.
Cells experiments also showed obvious MR enhancement
signals in MCF-7 cells in Fig. 6e, manifesting the cellular uptake
of GOPPMns by MCF-7 cells. These results further demon-
strated that the as-prepared GOPPMns was TME (pH and GSH)
responsive, which is an ideal agent as theranostic nanoagents
for cancer.

For a cancer therapeutic agent, high safety and cyto-
compatibility in vitro are essential. Normal mouse microglia
BV2 cells were chosen in vitro experiments. It can be found that
some toxicity for normal cells was existed when 25 mg mL�1

GOPPMns was used and co-cultured with BV2 cells for 24 h in
Fig. 7a. To amend the safety and cytocompatibility of GOPPMns,
BSA, a biocompatible molecule, was used to modify the
GOPPMns. The FTIR spectrum in Fig. 7b revealed that BSA was
modied on the surface of GOPPMns. Surprisingly, there is
almost no toxicity to normal BV2 cell when GOPPMns was
replaced with GOPPMns@BSA in Fig. 7c. Obviously,
GOPPMns@BSA is a more appropriate therapeutic agent rather
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Viabilities of BV2 cells incubated for 24 h with different concentrations of GOPPMns (b) FTIR spectrum of GOPPMns and
GOPPMns@BSA. (c) Viabilities of BV2 cells incubated for 24 h with different concentrations of GOPPMns@BSA (d) viability of MCF-7 cells
incubated with 25 mg mL�1 GOPPMns@BSA for 24 h without and with NIR laser irradiation (e) live/dead assay of MCF-7 cells treated with PBS,
GOPPMns@BSA and GOPPMns@BSA + laser. An 808 nm NIR laser was used at 1.5 W cm�2 for 5 min for the laser and GOPPMns@BSA + laser
groups.
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than GOPPMns for cancer. The anticancer performances of
GOPPMns@BSA in vitro are discussed in Fig. 7d. It could be
seen that there was almost no dead cell for control (only with
PBS) and laser groups (without GOPPMns@BSA). However,
when GOPPMns@BSA was added and co-incubated with MCF-7
cells for 24 h, the viability decreased to 74.7%, which may be
due to the CDT effect was aroused in TME. Once laser irradia-
tion and GOPPMns@BSA were employed simultaneously, the
viability of MCF-7 was only 30%. This means that laser irradi-
ation could activate the GOPPMns@BSA and PTT effect was
achieved. To intuitively evaluate the anticancer performances of
Fig. 8 Intracellular ROS images in MCF-7 cells after incubating GO, GO
808 nm laser irradiation (scale bar ¼ 20 mm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
GOPPMns@BSA, calcein-AM and propidium iodide were used
to distinguish live and dead cells on a uorescence microscopy.
Negligible death cell was seen in control group (only with PBS).
And some died cells was observed when GOPPMns@BSA was
adopted without any laser irradiation. Notably, most of cells
died aer treatment with GOPPMns@BSA under NIR irradia-
tion. The results are consistent with the viability of cells in
Fig. 7d. Obviously, the as-prepared GOPPMns had a lethal effect
on the cancer cells via synergistic PTT and CDT.

The CDT efficiency of the nanocomposites depends seriously
on the production of hydroxyl radicals (HO$). To prove the CDT
Ps, GOPPs and GOPPMns without 808 nm laser irradiation and with
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Table 1 Similar particles in literature and their anti-cancer applications

NPs NPs characteristics Cancers Anti-cancer methods References

PPy Nanospheres (60–90 nm) Colon cancer HT29 cells PTT and chemotherapy 12
GO-Pd Pd (�20 nm) unevenly

distributed on GO
Prostate cancer PC3 cells PDT and PTT 13

Pd@MnO2 Pd distributed on MnO2

nanosheets
Breast cancer MDA-MB-231 PTT and chemotherapy 34

Fe3O4@MnO2@PPy Sphere-like morphology (250
nm)

Liver cancer HepG2 cells PDT, PTT and chemotherapy 60

MnO2@Pd@PPy/GO Pd and MnO2 uniformly
distributed on PPy/GO (50–
200 nm)

Breast cancer MDA-MB-231 MRI, PTT, CDT potential for
PDT and chemotherapy

This work
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effect, intracellular ROS generation was evaluated using DCFH-
DA as probe in Fig. 8. It could be seen that almost no green
uorescence signals were found when the cells were treated
with GO and GOPs, respectively in Fig. 8a. Comparatively,
obvious uorescence signals were observed when the cells were
incubated with GOPPs and GOPPMns, respectively. This
phenomenon suggested that these intracellular ROS were
produced primarily by Pd NPs and MnO2 nanoplates on
GOPPMns. Furthermore, enhanced uorescence signals were
observed under laser irradiation, which conrmed the syner-
gistic effect between PTT and CDT in Fig. 8b. Obviously,
comparing to other nanoagents reported in early literature in
Table 1, both diagnosis and therapy were realized in the as-
prepared nanocomposites, which is essential to improve the
efficacy of cancer therapy.12,13,34,60 That's for sure that the as-
prepared GOPPMns are good candidate as “theranostic nano-
agent” for synergistic PTT and CDT anti-cancer.

According to above results, the mechanism for the enhanced
performance of the as-prepared MnO2@Pd@PPy/GO was also
discussed. On one hand, MnO2@Pd@PPy/GO dissolve Mn(II)
ions and Pd@PPy/GO under the mildly acidic conditions of the
TME and activate the Fenton reaction and enzyme-like reaction.
Excessive production of $OH was produced, which can oxidize
vital cellular constituents (DNA, proteins and lipids) and induce
cell apoptosis or necrosis. And CDT for cancer cells was real-
ized. On the other hand, the heat generated by photothermal
effect using the released Pd@PPy/GO as photothermal agent
could further destroy the cellular balance, which will also lead
to cell apoptosis or necrosis. Thus, photothermal therapy (PTT)
was achieved, furthermore, PTT will promote CDT according
early reports, which will enhance the efficiency of anti-
cancer.34,61
4. Conclusions

In summary, we successfully designed and synthesized a multi-
component MnO2@Pd@PPy/GO nanocomposites by in situ self-
assembly technology of inorganic and organic nanomaterials.
Comparing to unitary component nanomaterials, the as-
prepared nanocomposites showed enhanced performance of
anti-cancer due to their excellent photothermal conversion
performance (reached near 50 �C aer 10 min of irradiation),
pH responsive enzymatic-like catalytic activity and enhanced
23794 | RSC Adv., 2022, 12, 23786–23795
magnetic resonance imaging (MRI) performance. Obviously,
a novel nanoplatform of diagnosis and treatment for cancer was
constructed using this nanocomposite as a “theranostic nano-
agent”. This present work would promote the construction and
medical applications of multi-component and multi-functional
nanocomposites.
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