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Abstract

Hierarchical and flower-like nanostructures have attained great attention over the past decades due to their unique and intrigu-
ing properties. Considering the advantages of their particular structure and properties, we prepared g-C;N,/MnO, nanocom-
posite by microwave heating technique without using any catalysts, templates and organic reagents. The longitudinal and
transverse relaxation time of as-synthesized nanocomposites were measured by using 0.55 T MRI instrument. Manganese
is the primary origin for MRI and MR signals; therefore, different concentrations of the composite were dissolved in water.
Relaxivities were measured by the inverse of relaxation times and plotted against the different concentrations of manganese.
MRI results showed that the strength of the imaging signal is directly proportional to the Mn concentration, demonstrating
that as-synthesized flower-like nanostructures have excellent 7',-weighted MRI performance. This study indicates that the
nanocomposite of g-C;N,/MnO, could be a potential candidate as a bifunctional medical system that combines diagnostic
imaging and targeted therapy.
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1 Introduction

The utilization of synthesized and modified materials shows
an upsurge due to their applications in various gadgets and
smart devices. Various techniques have been designed to
synthesize the desired structures for use in multiple applica-
tions, e.g., conversion of solar energy, fluorescence imaging
and environmental purification [1-3]. g-C;N, is abundant
in nature and can be synthesized easily by using a one-step
method involving the polymerization of less expensive pre-
cursors such as urea, [4, 5], dicyanamide [6, 7], thiourea [8,
9], cyanamide [10, 11], and melamine [12, 13]. Although the
practical use of g-C;N, is limited due to its smaller surface
area and lower conductivity, its efficiency can be improved
through structural engineering [14—17]. The structure of
g-C;N, contains 2D layers, which possess greater suitability
for hybridization with other elements [18].

@ Springer

g-C;N, and it nanocomposites have been used for many
purposes, such as in photocatalysts, as fluorescent and gas
sensors, as electrode of fuel cells and for hydrogen stor-
age material [19, 20]. Wang et al. reported that g-C;N,
has a band gap 2.7 eV, which can be helpful to absorb
light up to 460 nm. Polymer g-C;N, is a novel and stable
metal-free catalyst with high chemical and thermal sta-
bility and specific optical properties [21, 22]. Therefore,
graphitic carbon nitride nanosheets are of great impor-
tance and have potential for additional biomedical and
biological exploration [23]. Researchers from all over the
world have reported g-C;N,-based nanocomposites such
as graphitic-C;N,/metal oxides, graphitic-C;N,/inorganic
acid salts composites, noble metal heterostructures of
graphitic-C;N, and graphitic-C;N,/halide heterojunc-
tions by using different fabrication methods [18, 24, 25].
This work spurred significant interest in the fabrications,
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modifications and uses of nanocomposites based on
g2-C;3N,,.

As manganese dioxide (MnO,) has extraordinary prop-
erties such as large surface area, fast electron transfer rate,
and good light absorption ability. It has been proposed as a
promising fluorescence quencher using fluorescence sensing
systems. [26, 27]. Manganese-based nanocomposite have
attained great attention and play a significant role in purely
T, weighted contrast agents in MR imaging to increase bio-
compatibility and transverse relation time. Mostly Mn-based
contrast agents contain Mn*? chelates and MnO nanoparti-
cles. Mn*? causes some complications when used as MRI
contrast material, such as excretion from the body and brain
problems, which may be cause of irregularities in the nerv-
ous system of the body [28]. MnO NPs may produce some
problems leading to toxicity of the liver and spleen. This tox-
icity can be decreased with the help of surface modification
with other biocompatible materials [29]. MnO, nanoparti-
cles have become a good research topic due to their capa-
bility to reduce Mn** to Mn?** in tumor microenvironments
(TMESs) as a theranostic agent [30]. Mn;0, nanoparticles as
contrast agents for MRI have gained good consideration as
a manganese (IITI) complex for practical use in clinics. The
combination of photothermal therapy and chemotherapy has
become a good tumor ablation mathedology with excellent
results as compared to the previous conventional techniques
[31].

In previous conventional methods, a large amount of
healthy cells were affected along with cancer cells due to
non-selective radiation and medication. Since previuos
years, the nanocomposites have attained great attention in
this treatment methodology and drug delivery process due to
their good optical properties and biocompatibility [32, 33].
So the nanocomposites as contrast agents with hyperthermia
agents can give good results for precise treatment [34], but it
is a big challenge to make nanostructures with homogeneous
surface morphology without changing the individual mate-
rial properties. Gohar Ijaz et al. synthesized Au@Mn;0,
nanoflowers with homogeneous structure to overcome this
issue with novel methodology. This magnetoplasmonic
nanoflowers has good biocompatibility and good nanoplat-
forms regarding tumor ablation and diagnosis in vitro and
in vivo without toxic effects [35].

During the past few years, cancer has become a grow-
ing disease and reason of the deaths of many people in the
twentieth century [36]. Many therapies have been presented,
but have limited results due to the different types of tumors
[37]. In previous years in the field of nanomedicine, many
nanomaterial-based therapies have been approved in clin-
ics. Therapy-based treatments and diagnostic models have
many advantages and overcome the problems of traditional
methodologies and side effects [38]. This can be achieved
by the fabrication of multifunctional and biocompatible

materials with homogeneous surfaces, less toxic and con-
trolled dimensions which is a big challenge [39].

Mn with several photosensitizers has been investigated
with remarkable results that are helpful in magnetic reso-
nance imaging and phototherapy of tumors [40]. In this
aspect, TiO, with Mn has enhanced the properties which
are useful in the field of 7,-MR imaging [41]. Asim Mushtaq
et al. synthesized the Mn-doped TiO, rhombic nanocompos-
ite by the hydrothermal technique which has homogeneous
morphology, controlled dimensions and good biocompatibil-
ity. This rhombic nanocomposite has been characterized by
different techniques and has good properties in MRI, cellular
uptake and photothermal therapy [42]. Some magnetic mate-
rials such as Mn, gadolinium and NPs of iron have become
promising contrast materials for MRI due to good magnetic
properties and less toxicity [43].

Magnetic resonance imaging is a good and safe diagnos-
tic technique as compared to traditional mathodologies. So
there is a need of such materials as MRI contrast agents to
enhance the precise diagnosis of disease at the early stage
[44]. These contrast agents are divided in two categories
(1) + ve contrast agent (2) —ve contrast agent, which are help-
ful for T,-weighted and T,-weighted MRI, respectively. So
selecting a good contrast agent can increase the efficiency
of synthesized material for the desired applications [45, 46].
Scientists are finding some excellent alternative of Gd by
synthesizing different contrast agents that are more biocom-
patible and have fewer side effects such as nephrogenic sys-
temic fibrosis for clinical practice [47]. Iron-based contrast
agents have gained more attention than the above-mentioned
magnetic contrast agents due to the less toxicity and good
compatibility in the field of nanomedicine. In this aspect,
Fe;0,~HAp is a good candidate for 7|-MR imaging, but it
is a big task to make this material with homogeneous suface-
controlled dimensions and theranostic applications [48]. In
this research work, we made MnO,/g-C;N, nanocomposite
for MRI contrast material. This nanocomposite has great
importance in MRI because it has properties of both materi-
als, less toxic and biocompatible. So this synthesized mate-
rial can play a significant role to increase the efficiency of
T,-magnetic resonance imaging as contrast material.

2-C;N,/MnO, has shown applications in various fields such
as biomedicine, energy storage devices, and biotechnology
[23, 49]. g-C3N,/MnO, is also being used in cancer treatment
as diagnostic material [23, 49]. Other fields involving the use
of this composite material are in fiber and textile industries
to remove the organic pollutants from wastewater [50]. Xiao-
Long Zhang et al. [23] designed a novel fluorescence sensor
based on g-C;N, nanosheets along with a sandwich of MnO,
composite, typically used for selective as well as quick sensing
of glutathione living cells and aqueous solutions. They used
a one-step easy redox method for fabrication of the nanocom-
posite material for the first time. Their findings showed that
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Scheme 1 Schematic represen-
tation of the synthesis process,
surface modification and T}
MR imaging by homogeneous
MnO,/g-C;N, nanoflowers

the resultant nanocomposite has many characteristics such as
turn-on fluorescence response, lower toxic levels, easy prepa-
ration and reduced cost. This nanoprobe of fluorescence can
be prolonged to explain the biological roles of glutathione in
the metabolism processes, cellular homeostasis and also in
pathophysiological situations. Moreover, they showed that the
as-synthesized nanocomposite has potential applications in the
field of photoelectric and photocatalytic activities [23]. Their
research also indicated the possible use of nanocomposite in
fluorescence-related properties and exhibited its easy integra-
tion with other functional materials. Therefore, nanosheets of
graphitic carbon nitride are of great importance and potential
for additional biomedical and biological exploration [23].

Herein, we synthesized the effective nanocomposite by add-
ing the high biocompatible materials MnO, and g-C;N, via
microwave-assisted method to increase the efficiency of T}
magnetic resonance imaging. The method of preparing nano-
flowers for MRI is given in Scheme 1.

We also discussed its possible use as promising MR imag-
ing contrast material for the first time. These results showed
that MnO,/g-C;N, nanocomposite has great potential as con-
trast MRI agent for diagnostic imaging and therapy of the
affected area.

@ Springer
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2 Experimental methods
2.1 Synthesis of graphitic carbon nitride (g-C;N,)

First, urea (15 g, Merck KgaA, extra pure) was taken in a
ceramic crucible and placed in a muffle furnace for 3 h at
550 °C with a heating rate of 10° per min. Later on, it
was permitted to cool down naturally to room temperature.
g-C;N, powder with light-yellow color was obtained.

2.2 Synthesis of Mn0,/g-C;N, nanocomposite

For the synthesis of MnO,/g-C;N, nanostructures, 0.63 g
of KMnO, and 1.18 g of MnCl,.4H,0 were mixed in
100 ml water with constant magnetic stirring. After a few
minutes, 0.1 g of g-C;N, was added to the suspension
and stirred continuously. The homogenous solution was
poured into a 500 ml three-necked flask that was placed in
a microwave oven attached to a water condenser for cool-
ing. The temperature of the microwave oven was adjusted
at 100 °C for heating the solution (10 min) at 700 W. After
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the completion of the reaction, the solution was cooled
down naturally and left for 1 day (24 h). The solution was
centrifuged (12,000 rpm) several times for 4-5 min by
using de-ionized water and ethanol as solvent. The pre-
cipitates were obtained and dried in a heating oven for
12 h at 90 °C.

3 Characterization

To check the structure and phase analysis of the prepared
nanocomposites, X-ray diffractrometery (XRD) was used.
SEM was done to analyze the surface formation of the pre-
pared material. Raman spectroscopy was also used to study
structural characterization.

3.1 MRI and relaxation characterization

Relaxivities (r; and r,) and transverse and longitudinal relax-
ation times (7, and T,) of nanocomposite material was meas-
ured with the help of a 0.55 T magnetic resonance imaging
(MRI) device. For imaging and calculating the relaxation
time 7', the prepared nanoflowers were dissolved in solu-
tions containing water with different concentrations of Mn
(0.52,1.03, 1.55, 2.06 and 2.58 mmol). Mn was used instead
of carbon nitride in the prepared samples, because only Mn
is the basic source in the MR signal and consequently in
imaging. The different concentrations of Mn were obtained
with the help of inductively coupled plasma mass spectrom-
etry (ICP-MS). Longitudinal (r,) and transverse (r,) relax-
ivities were measured by taking the inverse of relaxation
times (1/T}, 1/T,) and plotted with various concentrations of
Mn. Standard spin echo (SE) sequence was measured with
parameters TR =300 ms and TE = 18 ms with the help of the
0.55 T MRI device for T}-weighted MR image.

4 Results and discussion
4.1 XRD analysis

The XRD pattern of MnO, is shown in Fig. 1a. The most
prominent peak of pure MnO, corresponds to (211) and
is matched with JCPDS card no. 44-0141 [51]. It is also
confirmed through XRD pattern that only a single phase
contains MnO,. Figure 1a peaks also show the nanocrystal
nature of MnO,.

The XRD graph of the MnO,/g-C;N, nanocomposite is
illustrated in Fig. 1b. This image showed that the peak rel-
evant to g-C;N, shown at 27.3° corresponds to (002) plane,
and the remaining peaks are related to manganese dioxide
(MnO,,. Generally, bulk g-C;N, exhibits two peaks in the
XRD spectrum at 13.1° and 27.3° corresponding to the (100)
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(b)
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Fig. 1 XRD spectrum of a MnO, and b MnO,/g-C;N,

and (002) planes. A dominant and clear peak can be seen
at 27.3°, corresponding to d-spacing =0.65 nm. There is a
small shift between the bulk g-C;N, and nanocomposite.
The first peak of g-C;N, did not appear in the XRD pattern
and a small shift in the second peak is due to the composite
with MnO,. The other peaks in the XRD pattern represent
the peaks of MnO, [51]. This nanocomposite XRD pattern
proves the presence of both MnO, and g-C;N, materials
which may play an important role in MRI applications.

4.2 SEM analysis of MnO, and Mn0O,/g-C;N,

The morphology of MnO, examined using scanning electron
microscopy (SEM) is shown in Fig. 2. Figure 2a represents
the SEM images at lower magnification (20 pm) and it is
evident that the synthesized MnO, has hierarchical nano-
flower structure.

The SEM image of MnO, resembles cotton flowers. Fig-
ure 2b shows the scanning electron microscopic image of
MnO, at a higher resolution. Microspheres combine in the
synthesis process and form nanoflowers. It also shows the
surface to be a smooth, unique and homogeneous flower-like
structure of MnO,. The morphological study of MnO,/g-C;N,
composite through SEM image Fig. 2c represents nonhomog-
enous and irregular surface. It is further observed that the mor-
phology of nanocomposite material has rough surface with

@ Springer
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Fig.2 SEM images of MnO,

at a low resolution and b high
resolution, ¢ SEM images of
MnO,/g-C;N, nanocomposite at
lower resolution and d at higher
resolution
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Fig.3 Raman spectroscopy of a MnO,/g-C;N, and b MnO,

large dense structure at 10 um resolution. SEM analysis of the
MnO,/g-C;N, nanocomposite presented in Fig. 2d indicates a
cotton flower-like structure, large surface area and more active
sties which may play a vital role in MRI applications.

4.3 Raman spectroscopic studies of MnO,
and MnO,/g-C;N,

Raman spectroscopic peak analysis of g-C;N,/MnO,
nanocomposite and MnO, is displayed in Fig. 3a and b,

@ Springer

respectively. Graph of Raman spectroscopy plotted between
intensity (a.u) and wave number (cm™'), as shown in Fig. 3a,
manifests a broader peak at 642 cm™' for MnO,/g-C;N,
nanocomposite. The spectrum in Fig. 3b belongs to the f
phase of MnO,. Only one peak of f-MnO, was observed
at 657 cm™! in the Raman spectra. The other two peaks
detected at 300 and 550 cm™! are relatively smaller and
belong to MnO, [52, 53]. Figure 3a further confirms that
high-intensity peaks are observed for the MnO,/g-C;N,
nanocomposite, showing that the material is crystalline [54,
55].

4.4 MRI and relaxation properties

T,, T, relaxivities plots and 7;-weighted MR images of
the nanostructure are shown in Fig. 4. The measurements
were obtained by using different concentrations of Mn in
an aqueous medium. In aqueous suspensions, the mag-
netic relaxivities of composite nanoflowers (CNFs) at
room temperature were executed by applying a 0.55 T
scanner. Associated with the contrast properties of the
synthesized nanoflowers, the resultant quantitative data,
i.e., the relaxivities values r; and r, are shown in Fig. 4a,
b. The r, value is 3.22 s”'mM~! and r, is 10.56 s™'mM~!,
giving an r,/r| ratio of 3.28, suggesting that the prepared
nanopflowers are admirable 7|-weighted disparity repre-
sentatives. MR imaging further confirmed the obtained
quantitative data. A magnetic resonance imaging instru-
ment (0.55 T) was used to investigate the enhancements of
T,-weighted MR signals. Compared to water, 7;-weighted
MR images of CNFs are shown in Fig. 4c. MR imaging
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Fig.4 a,b T, T, relaxivities plots. ¢, d T}-weighted MR images of the nanostructure

results displayed that the intensity of the imaging sig-
nal was directly proportional to the concentration of Mn.
On comparing with water, a sharp signal was detected
for CNFs because of magnetic resonance imaging. The
intensity of MRI signal can be distinguished in Fig. 4d.
The T, and T, relaxation times, type of pulse sequence
and method of K-space filling may affect the intensity of
the MR image. The circles from dark to bright are present
in the MRI images of the synthesized material. The dark
areas represent the water and bright areas showing the
Mn concentration. Initially, the signal intensity is low,
so the images show prominent dark region, then the sig-
nal intensity becomes gradually increased and the bright
areas in MRI image become more prominent due to the
high concentration of Mn. Based on the above imaging
results and MR relaxivities, it is inferred that the suc-
cessfully prepared composite nanopflowers have excellent
T,-weighted MRI performance.

5 Conclusion

In this work we presented the synthesis of the g-C;N,
and MnO, composite nanoflowers by microwave-assisted
technique. XRD results showed the peak of g-C;N, at
27.3 °C, which confirms the presence of carbon nitride.
From Raman spectra, it is clear that the composite material
displays higher peak as compared to MnO,. Furthermore,
magnetic relaxivities were executed by applying a 0.55 T
scanner with different concentrations of Mn at room tem-
perature. The MRI results also displayed that the strength
of imaging signal is directly proportional to the concentra-
tion of Mn and the prepared composite nanoflowers have
excellent T|-weighted MRI performance. These results
show that the graphitic carbon nitride/MnO, composite
nanoflowers can be used as MRI agent and in other bio-
medical applications.

@ Springer
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