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Magnetic resonance imaging (MRI) is an effectual imaging technique for medical diagnosis, its non-invasive
nature being a noteworthy attribute, in which magnetic contrast agents are employed to improve sensitivity and
accuracy. Graphene exhibits excellent mechanical and physicochemical properties, and notable
biocompatibility. In the quest for superior contrast agents with low toxicity, improved chemical stability, and
remarkable functionalization potential, graphene-based magnetic nanocarriers have piqued the interest of
researchers. Graphene and its derivatives function as nanocarriers or platforms onto which magnetic
nanoparticles are anchored, due to its high specific surface area which prevents the uncontrolled aggregation
of nanoparticles and thus provides extra stability while significantly increasing the MRI efficiency. Herein, the
recent trends in the application of graphene-based magnetic nanocarriers as potential contrast agents in MRI
are deliberated with detailed discussion on the methods of preparation, classification, and significant features,
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including theranostic applications. The cytotoxicity and biocompatibility of magnetic nanocarrier adorned

rsc.li/materials-advances graphene are also analyzed and highlighted along with their future outlook.
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1. Introduction

Magnetic resonance imaging (MRI) is one of the most com-
monly used imaging techniques in diagnostics, with a broad
spectrum of biomedical applications including high-quality 3D

Shikha Gulati

Dr Shikha Gulati (MSc, PhD) is
working as an assistant professor
of chemistry at Sri Venkateswara
College, University of Delhi. She
has expertise in inorganic chemis-
try, nano-materials, green chemis-
try, catalysis, and analytical
chemistry. Dr Shikha has authored
several research papers in reputable
international journals and written
numerous books as well as chapters
in diverse books which attest to her
research aptitude, and good writing
skills. Her books are referred to in

many Universities across India for different undergraduate courses. Dr
Gulati has also been awarded the Young Researcher Award 2020 for her
work in the field of nanotechnology.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Mansi was born in Haryana,
India, in 2002. Currently, she is
pursuing a bachelor’s degree in
Chemistry from Sri Venkateswara
College, University of Delhi. She
aspires to pursue research in the
field of medicinal chemistry. Her
research interests also include
synthesis and applications of
nanomaterials, green chemistry,
drug synthesis, and theranostics.

Mater. Adv,, 2022, 3,2971-2989 | 2971


http://orcid.org/0000-0002-1894-9842
http://orcid.org/0000-0001-7342-7126
http://orcid.org/0000-0002-5469-2597
http://orcid.org/0000-0001-9731-6228
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma01071a&domain=pdf&date_stamp=2022-03-01
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01071a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003007

Open Access Article. Published on 14 February 2022. Downloaded on 1/11/2026 6:56:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

imaging of tissues for disease detection, diagnosis, and mon-
itoring of treatment. MRI uses strong magnetic fields and radio
waves to generate detailed computerized images of the internal
body structures. Being a non-invasive technique that does not
involve radiations, it is regarded as one of the most powerful
diagnostic tools available today.' MRI contrast agents (CAs)
are used to shorten the relaxation time of nuclei within body
tissues, thereby improving the visibility of internal body
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structures. Gadolinium, which is a conventional MRI contrast
agent, is toxic and is found to have a general depressant activity
on all body systems. Furthermore, there is a chance that free
Gd*" ions would be released from the chelated Gd CAs which
would be neurotoxic and would affect the cardiovascular sys-
tem, with the potential to inhibit the calcium channels in the
body.® Therefore, it is necessary to couple gadolinium with
some other substances to eliminate/exterminate its toxicity
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Fig. 1 Schematic representation of graphene-based magnetic nanomaterials in MRI and therapeutic applications.

while retaining the properties of a good MRI contrast agent or
to seek out a safer and more efficacious alternative to
gadolinium-based contrast agents.

Graphene, often dubbed as the ‘wonder material’, has
garnered tremendous attention in the field of nanomaterial
research due to its unique set of properties. Graphene-based
nanomaterials have a wide range of diagnostics applications,
one of them being contrast agents in MRI, and therapeutic
applications (Fig. 1). These ultra-light nanoparticles have var-
ious desirable properties such as a high surface area, excellent
electrical conductivity and thermal conductivity, chemical
inertness, and mechanical strength. Because of these favorable
properties of graphene and graphene derivatives, they are used
in the field of biomedicine in various ways such as drug- and
gene-delivery agents, and multimodal imaging probes,” as well
as in the detection (at early stages) and treatment of cancer.®
The salient advantageous features that graphene-based nano-
materials possess over other carbon-based materials, comprise
a large surface area, better solubility, and ease of modification
by various functional groups which makes them an excellent
choice for biomedical applications. Among graphene-based
nanomaterials, graphene oxide (GO) is one of the most promis-
ing materials for biomedical use.'® In comparison to fullerenes
and carbon nanotubes, which have been extensively used as
nanoplatforms for designing MRI contrast agents, GO shows
remarkable advantages. These include its low cost and improved
water dispersibility owing to the abundance of hydrophilic oxygen-
containing groups in its structure.'* Materials like SPIONs (super-
paramagnetic iron oxide nanoparticles) are themselves good T,
contrast agents, but coupling them with reduced graphene oxide
prevents their clumping thus improving their circulation time and
efficiency.' As stated earlier about the toxic nature of Gd*" ions, on
coupling Gd,0; with GO, the release of Gd*" ions can be eliminated
while enhancing the solubility in aqueous solutions.

In continuation of our research work on the diverse applica-
tions of nanomaterials in the biomedical arena,'®"2® the recent
advances of graphene-based magnetic nanocarriers as potential

© 2022 The Author(s). Published by the Royal Society of Chemistry

MRI contrast agents are summarized comprising assorted methods
for the preparation of GO as well as graphene-based nanocompo-
sites. The prominent features and magnetism of various graphene-
based novel MRI contrast agents are presented in Table 1, along
with brief coverage on their theranostic applications and cytotoxicity
aspects to assess their biocompatibility.

2. Graphene oxide and graphene-
decorated magnetic nanocomposites
2.1 General introduction

Graphene is the most reactive allotrope of carbon and is a two-
dimensional entity that is only one atom thick.>” The carbon
atoms are packed in a hexagonal array, forming a honeycomb-
like appearance. The hybridization of each carbon atom is sp?
and each forms three c-bonds with its adjacent atoms and a n-
bond which is directed out of the plane."® It exhibits remark-
able electrical, optical, and mechanical properties,?®* > with the
notable features being its large specific surface area. Graphene
oxide, an oxidized form of graphene, or, a monolayer of
graphite, has sp>-hybridized as well as sp*-hybridized carbon
atoms.*® The existence of functional groups like hydroxyl,
epoxide on the surface, and the carboxylic acid (COOH) group
at the edges induce typical hydrophilic behavior. As a result, GO
exhibits high dispersibility in aqueous media,*””** and can be
deployed in biomedical applications as the cavities on the
surface make GO an ideal platform to anchor an assortment
of nanoparticles. Reduced graphene oxide (rGO), the reduced
form of GO, has very few oxygen-containing functional groups.
It is hydrophobic and has low dispersibility in aqueous media
although it has a high specific surface area, almost like that of
pure graphene.?>*® The nanoparticles can be attached to them
by n-n stacking and non-covalent bonding. Graphene-based
nanocomposites often have graphene/graphene oxides as sub-
strates with the required nanomaterials incorporated with them.
The fabrication and applications of graphene-based nanoparticles

Mater. Adv,, 2022, 3, 2971-2989 | 2973
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Table 1 Features of various graphene-based novel MRI contrast agents

S.
No. Nanomaterial Type of magnetism Highlights/remarks Ref.
1 Gd,03/GO nanocomposites Paramagnetic o Synthesized through a solvent evaporation method 6
e Application as a T; contrast agent
e Good biocompatibility
2 SPION-rGO composite Superparamagnetic e A prospective T, contrast agent with good stability in human serum 15
e In vitro tests with GL261 and J774 cell lines reveal no significant
toxicity
3 GO-CoFe,0, Superparamagnetic e Biocompatible towards the MCF-7 cell lines 45
4  GO-Fe;0, nanocomposite Superparamagnetic e A potential T, contrast agent 46

e Biocompatible with normal cells but exhibits toxicity towards breast
cancer cells

5 GO-PCA/MnCe sFe; 50, Superparamagnetic e Supreme colloidal stability 47
o Notable sensitivity in T, and 75 MR images
o Efficient cellular uptake

6  GO-g-PCA/y-Fe,0O4 Superparamagnetic o Exhibits excellent stability and extra dispersibility 50
e Finds application as a T, MRI contrast agent
e No significant cytotoxicity

7  uGO@Fe;0, Superparamagnetic e Exhibits a certain level of toxicity 58
8 CoFe,0,~rGO nanocomposite Superparamagnetic to ferro- e A potential T, contrast agent in MRI 59
magnetic transition is e Doubles the proton relaxivity rate
observed
9 Gd,03/GQD nanocomposite Paramagnetic e A potential dual-mode contrast agent in MRI 60
e Good biocompatibility and remarkable colloidal stability
10 GO-DTPA-Gd Paramagnetic o Facilitates simultaneous multimodal 7;-weighted MR/fluorescence 69

imaging and therapeutics
o Exhibits significant toxicity towards cancer cells (HepG2) on loading
with the anticancer drug, Doxorubicin (DOX)

11 GO-DOTA-Gd complexes Paramagnetic o Improved T; relaxivity 70
o Efficient cellular labeling capacity

12 GNP-Dex (Mangradex) Superparamagnetic e Exhibits remarkable and sustained contrast enhancement at a high 71-
magnetic field with a low paramagnetic ion concentration 73
e No significant allergic response was induced in small animals

13 Gd*@CGO Paramagnetic e Can produce a bright T;-weighted image 14

14 Fe;0,-GO composite Superparamagnetic o Potential application as an efficient cellular MRI contrast agent with 42

(aminodextran-coated Fe;O, nano- enhanced T, relaxivity
particles on GO)

15 GO-PEG-B-FeOOH nanocomposite Synergetic magnetism e Ultra-high transverse relaxivity value (r,) 74
o Effectively taken up by HeLa cells

16 r-GO-ATA-Fe,O3; composites Superparamagnetic o An effective multifunctional platform for magnetic resonance 75
imaging

17 GO/Dual nanocomposite Superparamagnetic e Prepared by co-loading GO with Mn-doped Fe;0, and MnO NPs for 76
use as dual T;-T, MRI contrast agents

18 IUdR/NGO/SPION/PLGA Superparamagnetic e Application as an MRI contrast agent and facilitates glioma-targeted 77
drug delivery

19 GO-Fe;0, conjugates Superparamagnetic ¢ A multifunctional nanocomposite for drug delivery, cancer sensing, 78
and dual magnetic resonance/fluorescence imaging

20 Fe30,/GO nanocomposites Superparamagnetic e An effective multifunctional nanoplatform for MRI and pH- 41

responsive drug delivery
¢ High drug loading capacity of 0.37 mg mg ™"
21 Fez30,/Graphene nanocomposite  Superparamagnetic e Unique hydrophilic surface structure 79
e A potential 7, contrast agent
e Exhibits excellent biocompatibility

22 MnFe,0,/GO nanocomposite Superparamagnetic e A promising T, contrast agent, suitable for magnetic hyperthermia 80

23 RGO-IONP-PEG Superparamagnetic e Application as an effective theranostics nanoprobe for in vivo multi- 81
modal imaging-guided photothermal therapy

24 RGI- g ICG Superparamagnetic ¢ An efficient nanoplatform for drug loading, imaging agent for 82
magnet-responsive cancer treatment

25 Functionalized GO/Fe;0, hybrids Superparamagnetic o An effective nanoprobe for T,-weighted cellular MRI and fluorescence 83
labeling

26 FGO-Lino-CUR Paramagnetic e Application as a nanocarrier for the anticancer drug-linoleic acid- 84

curcumin conjugate and a potential T, MRI contrast agent for breast
cancer theranostics

27 GAGPAu — e A potential T; contrast agent 85
e Significantly cytotoxic towards HepG2 but nontoxic towards standard
fibroblast cell lines (3T3)

28 GO-IONP-PEG-DOX (GIPD) Superparamagnetic e A theranostic nanoplatform with combined chemo-photothermal 86
anticancer efficacy
e Endowed with T,/T, bimodal imaging functions

29 GO/Fe;0, nanocomposites Superparamagnetic o A prospective magnetic nanocarrier for drug loading and 7,-weighted 87
MRI contrast agent
30 5-Fu/SPION/NGO@PCL-LMWC  Superparamagnetic e Promising nanocarrier for magnetic targeting, drug delivery 88
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Fig. 2 Comparison of graphene-based nanomaterials with other carbon-
based materials.

are promising fields of research. Graphene oxide nanosheets com-
bined with certain nanoparticles were seen to have various advan-
tages such as colloidal stability and desired biocompatibility.**
Graphene-based materials (GBMs), due to their remarkable
properties,”” have many advantages over other systems (Fig. 2).

2.2 Strategies for the synthesis of graphene oxide and
graphene-decorated magnetic nanocomposites

The strategies for the synthesis of graphene oxide and graphene-
decorated magnetic nanocomposites are discussed here in brief.

Constant stirring
—_—

Below 5°C, in
ice bath

Mixture of graphite,
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2.2.1 Methods of synthesis of graphene oxide (GO)

Hummers’ method. Hummers’ method is a common method
for the preparation of graphite oxide, where KMnO, solution is
added to a mixture of graphite, NaNOj3, and H,SO, as depicted
in Fig. 3.7"" Venkatesha et al. synthesized GO-CoFe,0, in a
two-step protocol wherein Hummers’ method was employed for
the synthesis of GO. It was then intercalated with CoFe,0, to
form ultrafine GO-CoFe,0, nanocomposites which were used
as Ty, and T, MRI contrast agents.45 In another study, the same
group prepared GO-Fe;0O, nanoparticles with a high transverse
proton relaxivity value.*®

Modified Hummers’ method. Torkashvand et al. synthesized GO
using a modified version of Hummers’ method. They prepared
polymerized MnCe, sFe; s nanoferrofluid loaded on graphene oxide
which was used as T, and T; weighted MRI contrast agents."’
Llenas et al. synthesized GO using a modified version of Hummers’
method. The GO was decorated onto the SPION to produce the
SPION-GO hybrid which is a good T, contrast agent."

Mildly method. Mildly method, an improved Hummers’
method, deploys a lesser concentration of the oxidizing
agent,*®*’ as illustrated by Torkashvand et al. in the prepara-
tion of graphene oxide-grafted poly citric acid-y-Fe,0; {GO-g-
PCA/y-Fe,O3} nanoparticles as an MRI contrast agent.”®

2.2.2 Methods for the synthesis of graphene-decorated
magnetic nanocomposites

Hydrothermal method. The hydrothermal method is a very
common method for the synthesis of all types of assorted

1. Temp. raised to 35°C

2. Distilled water added Centrifuged and,

> B
3. Temp. raised to 85°C, Washed until
constant stirring neutral pH

4. Deionized water+
30% H,0, added

KMnOsadded slowly

NaNoszand H;SO4

Graphene Oxide solution

Fig. 3 Hummers' method for the preparation of graphene oxide (GO).
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nanoparticles,”* " and is superior to others as it can generate
stable nanocomposites at high temperatures.”® The added
advantage is that the applied elevated temperature and pres-
sure not only induce the formation of nanocrystals but also
simultaneously reduce GO to rGO to some extent.>” Shen et al.
synthesized uGO@Fe;0, (ultrafine graphene oxide-iron oxide)
nanoparticles in which the GO nanoparticles were synthesized
by a hydrothermal method. uGO@Fe;O, is used as an
MRI contrast agent as well as a drug delivery vehicle.’® Alazmi
et al. prepared CoFe,0,-rGO nanoparticles, for use as T,
contrast agents in MRI, through a hydrothermal method using
water as the solvent and by adding stoichiometric amounts of
Co(NO3),-6H,0 and Fe(NO;);9H,0 to the GO aqueous
dispersion.>

Thermal cutting method. Wang et al. employed the thermal
cutting method for the synthesis of two-proton graphene quan-
tum dots (GQDs). The GO solution was diluted and ultrasoni-
cated to homogenize the solution and to lower the average size
of the GO nanoparticles. Then the GO powder was obtained
from the solution by freeze-drying. The GO powder in DMF was
ultrasonicated to homogenize and was placed in an autoclave
and heated to 200 °C. Upon cooling to room temperature, it was
centrifuged and washed with deionized water. The GQD mod-
ified Gd,O3; prepared by them has been used as a dual-mode
MRI contrast agent and a cell labeling agent.®°

The relative advantages and shortcomings of various meth-
ods for the preparation of graphene oxide and graphene-based
magnetic nanocomposites are listed in Fig. 4.

View Article Online

Materials Advances

3. T, and T, contrast agents

Contrast agents help in improving the sensitivity, accuracy, and
specificity of magnetic resonance imaging (MRI), by altering
the time of relaxation of water protons.®* T or positive contrast
agents reduce the relaxation time of the longitudinal compo-
nent of magnetization (longitudinal or spin-lattice relaxation
time), thereby producing enhanced signal intensity on Tj-
weighted images.®> Paramagnetic contrast agents based on
Gd(m), Mn(u), and metal-chelates are most often used as T
contrast agents. These contrast agents function as hepatobili-
ary agents, agents in the blood pool as well as extracellular
fluids.®® T, or negative contrast agents shorten the relaxation
time of the transverse component of magnetization (transverse
or spin-spin relaxation time) which causes a decreased signal
intensity on T,-weighted images.>®* Superparamagnetic iron
oxide nanoparticles (SPIONs) are nanoparticles of magnetite
(Fe30,4) or maghemite (y-Fe,Oj3), with their size in the range of
50-180 nm, and are among the most commonly employed 7,-
weighted contrast agents besides ferrites. Ultrasmall SPIONS
with a core size less than 50 nm can be effectively employed as
T, contrast agents.®*™®” The comparison between T;- and T,-
weighted magnetic resonance (MR) imaging is presented in
Fig. 5.

The effectiveness of these contrast agents depends on the
relaxivity which indicates the change in relaxation time as a
function of contrast agent concentration. r; relaxivity corre-
sponds to changes in longitudinal relaxation time and 7,
corresponds to changes in transverse relaxation time upon
the addition of T; and T, contrast agents, respectively. The

- A most efficient method, HUMMER’S Qxidizing agents and ur l
involving quick oxidation METHOD Al el e
\\ excess
’ MODIFIED ime- i
p Easily scalable, produces a HUNMMER'S An arduous and time-consuming
high yield of product process, the formed graphene '
‘\ METHOD sheets contain defects
@ to low-defect, water- MILDLY The graphene oxide formed
( dispersible graphene oxide, with METHOD is only moderately stable l
Qgh crystallinity
—~Produces good quality product, the | HYDROTHERMAL|  Consumes a significant
( properties of which can be regulated METHOD amount of energy '
< by controlling the pressure and
g THERMAL Employs high prde's‘sure an
v Simple and rapid process CUTTING CHpcI e T '
requires preoxidized graphene
\ METHOD o

Fig. 4 Advantages and disadvantages of various methods for the preparation of graphene oxide and graphene-based magnetic nanocomposites.
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Fig. 5 Comparison between T; weighted and T, weighted MR imaging.

relaxivity ratio, r,/r;, determines the type of the contrast agent,
whether positive (T;) or negative (T5). The contrast agents which
have r,/r; < 5 are categorized as T; contrast agents, whereas
those which have a high r,/r; ratio (>10) are categorized as
T, contrast agents.®®

3.1 T, contrast agents adorned on graphene

T, or positive contrast agents shorten the longitudinal relaxa-
tion time (or spin-lattice relaxation time) of the nearby water
protons in the areas of tissue where accumulation occurs, thus
providing brighter images.®® The longitudinal relaxation
denotes the realignment of the longitudinal component of
magnetization with the applied magnetic field. The majority
of the clinically used MRI contrast agents are paramagnetic
metal chelates comprised of gadolinium (Gd). Magnevist (Gd-
DTPA) is an FDA-approved contrast agent and is the most
commonly employed T; clinical contrast agent. But these con-
trast agents have a short circulation time, low cellular labeling
capacity, and possess potential toxicity in vivo, which may affect
the cardiovascular system, cause cerebral deposition, or may
cause nephrogenic systemic fibrosis.”*°® As an alternative to
Gd, complexes of manganese (Mn”*) are employed, which are
relatively less toxic. Gd** contains 7 unpaired electrons in the
valence f-orbitals and has a high spin quantum number of 7/2.
In contrast, Mn>* has 5 unpaired electrons in the 3d subshell
and possesses a notable spin quantum number (S = 5/2). Both
of them have large magnetic moments, high longitudinal
relaxation time (~10"% s), quick water kinetics, and fail to
exhibit magnetization exchange when no external magnetic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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field is present. Fe**, with 5 unpaired electrons in the d-
subshell, also displays these characteristics and is at times
used to make T; contrast agents.’>?%97:98

Various experiments have revealed that anchoring these
paramagnetic nanoparticles on GO helps in reducing the
toxicity of contrast agents comprising heavy metal ions, which
can be attributed to the reduced release rate.”® Wang et al.
prepared gadolinium oxide (GDO)/GO nanocomposites, using
spherical and plate-like GDO nanoparticles on GO sheets, of
core sizes 3 nm and 17 nm, respectively. The relaxivity values
measured using a 7T MRI scanner were 34.48 mM ' s~ ' and
21.60 mM ' s, respectively. The water-soluble GDO/GC nano-
composites were formed by n-r stacking between the hydro-
phobic Gd,O; NPs and hydrophobic basal planes of GO. By
precisely adjusting the mass ratio of nanoparticles to GO, the
amount of nanoparticle loading on the graphene oxide sheets
could be regulated. The cytotoxicity test revealed that these
nanocomposites have better biocompatibility than the com-
mercially used and other known Gd-based contrast agents.®

The results also show that such graphene-based contrast
agents show substantially higher relaxivity, r; values than the
clinically used T; contrast agents (Table 2).">°* Since graphene
has a high density of oxygen-containing functional groups as
well as cavities, the metal ions can be easily chelated with it or
can be buried between the layers.*®

One of the initially reported graphene-based T; contrast
agents was synthesized by Zhang et al. via conjugation of
diethylenetriaminepentaacetic acid (DTPA) with GO, and sub-
sequent complexation of Gd(m). This nanosized GO-DTPA-Gd
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Table 2 Various graphene-based magnetic nanocomposites as T; con-
trast agents in MRI

S. Size Magnetic Relaxivity, r;

No. Nanomaterial (nm) field (T) (mM 's ') Ref.

1  GO-DTPA-Gd Complex 1 11.7 10.8 69

2 GNP-Dex (Mangradex) 3 7 92 71-73 and
100

3  GDO-GO 3 7 34.48 6

17 7 21.60
4  GO-DOTA-Gd Complex 20-50 11.7 14.2 70
5 Gd*@CGO 7-15 3 63.8 14

complex could be internalized into cells, enabling cellular
magnetic resonance imaging, and it showed an r; value of
10.8 mM ' s7* at 11.7 T. A few years later, the same group
prepared a better GO-DOTA-Gd complex for use as a T

Dextran

0.78 mg/mL
9.08 uM

1.9 mg/mL
22.14 uM

Fig. 6

View Article Online
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contrast agent, mainly aimed at stem cell labeling. DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) being
a macrocyclic ligand as opposed to a linear DTPA molecule, has
better kinetic stability and facilitates Gd(m) complexing and
exhibiting a relaxivity r, value of 14.2 mM ™" s~ ' at 11.7 T. The
increased relaxivity may be attributed to the use of ultrasmall
GO sheets which provide a higher edge-to-area ratio for chela-
tion of Gd to the active reaction sites.®®”°

Kanakia et al. prepared water-dispersible Mn** intercalated
graphene nanoparticles functionalized with dextran via non-
covalent interactions (GNP-Dex or Mangradex). The r,/r; ratio
was 2.2 and it exhibited a high r; relaxivity value of
92 mM ' 57" (at 7 T) with GNP-Dex being stable in blood and
biological fluids. They analyzed the in vitro physicochemical
characteristics. As a follow-up, dose-range findings and safety
pharmacology assessments were performed by intravenously
administering it in rats (Fig. 6). In 2015, the sub-acute toxicity

100
o0 | C- CNR(Vessel-to-Muscle) Mangradex

Ablavar

L e S e S A .
Sf S S S S S S S S S
& & & & & & & &

N W F AV F K F

T

1D. CNR(Bladder-to-Muscle

Ablavar

:\\ Mangradex

> & - & & S & & & & &
&
Q@»" S Y S o ¢ 0 9 ¢ ¢

0.22 uM
0.015 mg/mL

4.54 uM
0.39 mg/mL

3.9 mg/mL
45.44 uM

7.8 mg/mL
90.88 uM

(A) MRI image of a horizontal section covering the whole mouse body. (B) Regions of Interest (ROI) of the most important parts of the mouse

body relevant to the study. (C) A plot showing the contrast preeminence and the sustained effect of Mangradex assessed in large vessels compared to the
clinical blood pool agent Ablavar during serial imaging analysis. (D) A time curve to compare the apparent excretion of both the contrast agents expected
through the bladder. (E) T;-weighted MR phantom images of Mangradex. The top (A-D) figures are reprinted from ref. 73 and the bottom € figure is
reprinted with permission from ref. 100 Copyright 2015 Nature Publishing Group and Copyright 2013 Dove Press, respectively.
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and contrast enhancement ability were assessed in small
animals, and the positive results obtained rendered Mangradex
a prospective MRI contrast agent.”*™731%0

The presence of oxygen-containing functional groups
bestows GO with significant dispersibility in aqueous media.
Through conversion of the hydroxyl and epoxy groups of
graphene oxide to carboxyl groups, carboxyl-functionalized
graphene oxide (CGO) can be prepared which advantageously
exhibits enhanced water dispersibility. Ren et al. synthesized a
novel MRI contrast agent making use of CGO as a nanocarrier
to directly interact with GdCl;.6H,0; the resulting Gd** @CGO
possessed a relaxivity value of 63.8 mM ™' s~* (at 3 T), which is
more than that of Magnevist by a factor of 14 (relaxivity value of
Magnevist = 4.5 mM~" s~'). Furthermore, Gd** anchored on
CGO can maintain stability for at least a year."*

3.2 T, contrast agents adorned on graphene

T, or negative contrast agents accelerate the spin-spin relaxa-
tion of water protons, and hence reduce their transverse
relaxation time. In the past decade, iron-based MNPs have
been used as contrast agents for T,-weighed MR imaging.”*
Superparamagnetic Fe;O, nanoparticles function as an out-
standing MRI contrast agent and are frequently employed in
the biomedical field."'°* However, when used in vivo, Fe;0,
NPs tend to aggregate and precipitate inside the body vessels
resulting in reduced circulation time in blood."*'*® To over-
come this issue, Chen et al. employed a GO-based platform to
anchor aminodextran (AMD) coated Fe;O, NPs and found that
aggregation of Fe;O, NPs on GO sheets enhanced the physio-
logical stability as well as T), relaxivity of the nanoparticles to a
great extent." To increase their T, relaxivity, Venkatesha et al.

(Graphite)
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synthesized three different reaction mixtures containing 0.01 g,
0.1 g, and 0.2 g of GO, and the highest proton relaxivity,
r, =267.1 mM ' s~ ', was obtained for the mixture containing
0.1 g of GO. This was due to the large number of carboxyl
groups and the large number of NPs within GO.***°

In situ growth of f-FeOOH nanorods on GO increased the
relaxivity value of B-FEOOH nanorods by about 60 times, as
demonstrated by Chen et al., wherein GO-PEG-B-FeOOH was
found to exhibit an ultra-high transverse relaxivity value of
303.81 mM ' s '.7* This nanocomposite can serve as an
excellent contrast agent for non-invasive in vivo MRI. Wang
et al. produced GO-CoFe,0, nanocomposites (Fig. 7) by pre-
cipitating CoFe,O, NPs with a diameter of 5-13 nm in the
presence of GO which showed a significant 7, relaxivity value of
92.7 mM ' s~ ', The value of relaxivity first increased and then
decreased with reflux time.'® These nanocomposites were
found to be biocompatible towards the MCF-7 cell line.

GO exhibits a fairly biocompatible surface and serves as a
promising platform to anchor magnetic NPs but reduced
graphene oxide (rGO) is relatively chemically inert. Alazmi
and co-workers initially assessed the proton relaxivity value
obtained in CoFe,0,~-rGO nanocomposites.’® They studied the
effect on proton relaxivity by using two different types of rGO;
rIGO and rHGO at various concentrations of CoFe,0, (Table 3).
The highest value of proton relaxivity, r, = 102.1 mM ' s~ " was
shown by a sample of 30 wt% CoFe,0,-rIGO (Fig. 8).

Torkashvand et al. synthesized GO and polymerized it with
citric acid (GO-g-PCA) and used it as a substrate for the loading
of NPs.*””*° GO-g-PCA/y-Fe,O; nanocomposite was synthesized
which was found to exhibit higher stability and excellent dispersi-
bility with r, and 75 values of 125.63 and 280.85 mM ' s ',

Sr A%

u‘»:'%:\’<
TI\V*\’:?QOQY?)H
y ‘/‘\‘L c\

COOH

3
Wt Ty

(Graphene oxide)

OH

2FeCl,
+
A | CoCl, 61,0
+
NaOH

6H,0

(CoFe,0,/GO)

Fig. 7 Schematic representation for the synthesis of CoFe,O4/GO. Reprinted with permission from ref. 103 Copyright 2015 Elsevier.
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Table 3 Various graphene-based magnetic nanocomposites as T, con-
trast agents in MRI

S Size Magnetic Relaxivity value,

No. Nanomaterial (nm) field (T) r,(mM 's™")  Ref.
1. GO-g-PCA/y-Fe,0; 20 3.0 125.63 50
2. GO-PCA/MnCe, sFe, 50, 32 3.0 109.15 47
3. CoFe,O,/graphene oxide 13 3.0 92.7 103
4.  Fe3;0,~GO composite 174 11.7 76 101
5. GO-PEG-3-FeOOH 3 7.0 303.81 74
6. CoFe,0,-THGO 59

5wt% metal oxide 3.1 117 8.8

10wt% metal oxide 3.4 16.7

16wt% metal oxide 4.3 33.7

30wt% metal oxide 6.8 55.6
7. CoFe,0,-rIGO 59

5wt% metal oxide 5.3 117 17.4

10wt% metal oxide 7.4 21.4

16wt% metal oxide 9.2 43.6

30wt% metal oxide 12.4 102.1
8.  GO-Fe;0, composite 46

0.01g GO 11.4 1.5 45.7

0.1g GO 9.3 267.1

0.2g GO 8.5 92.3
9. Fe;0,/G nanocomposite — 3 123.04 79

respectively, at 3.0 T.°° Another nanoferrofluid GO-PCA/
MnCe, sFe; 50, was prepared by loading MnCe, sFe; 50, NPs
on the surface of GO-PCA that displayed extra colloidal stability
and high dispersibility with a high saturation magnetization
(M,) of 47.8 emu g *.*’ The r, and r} values were found to be
109.15 and 180.23 mM ' s~ ', respectively. Idisi et al. synthe-
sized r-GO-ATA-Fe,O; composites and studied their various
properties”® including superparamagnetic behavior, because
of which these nanocomposites can serve as potential contrast
agents for MRI.

In 2016, Zan et al. reported for the first time a one-pot
synthesis of water-soluble and non-toxic Fe;O,/G nanocompo-
sites with a high T, relaxivity value of 123.04 mM "' s as a
promising MRI contrast agent; the nanocomposites exhibited
appreciable stability and biocompatibility.”®

Peng and co-workers prepared water-soluble MnFe,0O, nano-
particles (MFNPs)/GO nanocomposites (denoted as MGONCs)
by anchoring hydrophobic MFNPs on GO sheets. It was demon-
strated that the loading of MFNPs and the hydrodynamic size of
the nanocomposites can be adjusted by varying the ratio of
magnetic NPs to GO and the sonication time, respectively. The
MGONCs were loaded with MFNPs of 6 nm, 11 nm, and 14 nm.
The highest T, relaxivity value of r, = 256.2 mM ™' s'
was obtained with an MFNP of 14 nm at a 0.25 mM iron
concentration. After PEGylation, the nanocomposite was found
to exhibit excellent colloidal stability in physiological
solutions.®

3.3 Dual-mode MRI contrast agents adorned on graphene

Dual MRI contrast agents are used to markedly enhance the
MRI contrast efficiency. They also help mitigate the drawbacks
of single T; and T, contrast agents. Though T;-weighted images
exhibit remarkable positive contrast and provide high spatial
resolution, the potential toxicity due to the release of free metal

2980 | Mater. Adv,, 2022, 3, 2971-2989
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ions like Gd*" and short blood circulation times are some of the
undesirable traits.*>**°*1% T,-Weighted images show better
detection of lesions but, the high magnetic moment of the
nanoparticles of T, contrast agents causes a blurring effect and
may adversely affect the interpretation of the magnetic reso-
nance image obtained.*>”*'% So, dual T,-T, contrast agents
are used for more accuracy and enhanced biocompati-
bility (Table 4). Peng et al. demonstrated the synthesis of a
novel dual T,-T, contrast agent by simultaneously decorating
Mn-doped Fe;O, and MnO magnetic nanoparticles onto gra-
phene oxide sheets (Fig. 9). The r; and r, relaxivity values
obtained using a 7 T MRI scanner were 5.16 mM " s~ ' and
300.62 mM ' s, respectively.”® Venkatesha et al. illustrated
that CoFe,O, decorated on graphene oxide for use as 7; and T,
contrast agents is biocompatible towards the MCF-7 cell line.*®
Wang et al. reported the synthesis of dual-mode Gd,05;/GQD
nanocomposites (Fig. 10) which showed remarkable water
solubility and biocompatibility.®

4. Multifunctional MRI contrast agents
adorned on graphene

In recent years, there has been growing interest in the devel-
opment of versatile theranostic nanoplatforms, which help in
diagnosis and therapy.'®” The high specific surface area and
remarkable functionality features of GO allow an ultrahigh
loading capacity of drugs on its surface.'*® Zhang et al. reported
the synthesis of a GO-DTPA-Gd complex which is capable of
cellular MR imaging, with improved T; relaxivity and it exhib-
ited a high drug loading capacity (70%) for the anticancer drug,
doxorubicin (DOX). The GO-DTPA-Gd/DOX displayed signifi-
cant toxicity to cancer cells (HepG2) (Fig. 11).*° The prospective
T, contrast agent, the GO-CoFe,O, nanocomposite, prepared
by Wang et al. also functions as a multifunctional probe for
cancer theranostics.’® On loading DOX, the nanocarrier
showed a high drug loading capacity of 1.08 mg mg™ ' and
hence it can be regarded as a promising candidate for drug
delivery as well. Shirvalilou and co-workers prepared a potential
MRI contrast agent, I[UdR-loaded magnetic NGO/PLGA, capable
of effective magnetic targeting of gliomas and therapeutic drug
delivery. They assessed the safety and tumor inhibitory effi-
ciency of IUdR by using the C6 glioma cell line and systemic
administration in glioblastoma-bearing rats.”” Gonzalez-
Rodriquez et al. synthesized GO-Fe;O, nanocomposites that
have potential as a T, MRI contrast agent, for optical cancer
detection, with the capability of excellent pH-sensitive drug
delivery. The non-covalently conjugated doxorubicin showed
2.5 times enhanced efficacy.”®

Wang et al. prepared a magnetic Fe;0,/GO nanocomposite
as an efficacious multifunctional nanoplatform with an excel-
lent MRI enhancement effect and pH-responsive controlled
drug delivery. An anticancer drug, 5-Fluorouracil (5-FU) was
loaded onto the surface of the nanocarrier and the drug loading
capacity was found to be as high as 0.37 mg mg~".*" In a later
experiment, they developed a targeting peptide-modified

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8

(i) T>-Weighted MR images at different Fe concentrations for (a) CoFe,O4—rHGO composites, (b) CoFe,O4-rIGO composites and (c) pure

CoFe,04. (i) Plot of T, relaxation rate r, (1/T>) for (a) CoFe,O4-rHGO composites, (b) CoFe,O4—rIGO composites and (c) pure CoFe,Q4, suspended in
aqueous solution at different Fe concentrations. Reprinted from ref. 59 Copyright 2019 Royal Society of Chemistry.

Table 4 Various graphene-based magnetic nanocomposites as dual T;—T, contrast agents in MRI

Magnetic field  Relaxivity, ;  Relaxivity, r,

No.  Nanomaterial (T) (mM'sTh (mM~'s™h Ref.
1 GO/Dual nanocomposite (GO co-loaded with Mn-doped Fe;O, and MnO NPs) 7 5.16 300.62 76
2 Gd,03/GQD nanocomposite 7 15.995 131.02 60
3 GO-CoFe,0, 1.5 4.73 188.2 45

mesoporous silica with magnetic graphene. The notable prop-
erties like high r, relaxivity value, facile magnetic separation,
high DOX loading capacity, thermo-, and pH-responsive sus-
tained release, make it a robust platform for glioma
theranostics.'%

In another study, Zhou et al. prepared water-dispersible
GO/Fe;0, hybrids which were further functionalized via

© 2022 The Author(s). Published by the Royal Society of Chemistry

layer-by-layer assembly.®* They loaded the surface of the func-
tionalized GO/Fe;O, hybrids with fluorescein isothiocyanate
(FITC), a probe for fluorescence labeling, for tracing the cellular
internalization of the functionalized GO/Fe;0, hybrids. These
hybrids possessed an excellent MRI negative contrast enhance-
ment with an r, value of 493 mM " s, besides low cytotoxicity
and appropriate biocompatibility.
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Fig. 10 Dual-mode Gd,O3/GQD nanocomposites for use in MRl imaging.
Reprinted from ref. 60 Copyright 2018 Royal Society of Chemistry.

In a recent study, Razaghi et al. adopted an eco-friendly
strategy to prepare fluorinated graphene oxide (FGO) for appli-
cation in breast cancer theranostics.*® A remarkable loading

2982 | Mater. Adv, 2022, 3, 2971-2989

capacity of 61.5% rendered FGO as a suitable nanocarrier for
loading the synthesized anticancer drug, Linoleic acid-curcu-
min conjugate (Lino-CUR). The MTT analysis revealed that
Lino-CUR exhibited higher cytotoxicity against MCF-7 cells as
compared to CUR. The in vitro MRI studies revealed that FGO-
Lino-CUR can also function as a potential T, contrast agent
with a significant relaxivity of 67.12 mM ™" s™'. In vivo anti-
tumor efficacy studies carried out on the 47; induced BALB/c
breast cancer model demonstrated that the synthesized ther-
anostic nanoplatform showed better and improved capability
for tumor suppression in comparison to free Lino-CUR. More-
over, no notable variation in the body weight of the mice
testifies to the safety of the theranostic agent. Sadighian et al.
prepared GO/Fe;0, nanocomposites with prospective MRI T,
contrast agent application coupled with pH-dependent con-
trolled release of curcumin.?” In addition to the antioxidant
activity, the high surface area of the nanocomposite offered

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A) T;-Weighted MR images of GO—DTPA-Gd at different Gd concentrations in water. (B) Plot of relaxation rate r; versus Gd** concentration for
GO-DTPA-Gd and Magnevist. Relative viability of HepG2 cells incubated with GO-DTPA-Gd and Magnevist at different Gd** concentrations for (C) 24 h
and (D) 48 h. (E) Relative viability of HepG2 cells treated with GO-DTPA-Gd/DOX at different DOX concentrations for 24 h and 48 h, respectively.
Reprinted with permission from ref. 69 Copyright 2013 American Chemical Society.

efficient loading of the drug (22%) and excellent encapsulation
efficiency (96%). MTT analysis showed that the composite
manifests significant toxicity and exhibits anticancer properties
on Caco-2 cells. Consequently, the cell viability was reduced to
less than 50% at a concentration of 140 ug ml ™.

In the last few years, GO-IONP composites have attracted
immense interest for their application as a potential contrast
agent for MRI of cells and tissues, and also as a nanoshuttle for
therapeutic drug delivery."*® In a recent study, Li et al. devel-
oped a multifunctional platform based on a magnetic GO
nanohybrid for MRI-guided cancer theranostics.*® According
to previous research, only ultrasmall superparamagnetic IONPs
with a diameter of less than 5 nm could serve as good T;
contrast agents."> But in this study, IONPs with a diameter of
~8 nm have been precipitated over GO nanosheets. Still, the
obtained nanohybrid presented good applicability as both T;
and T, contrast agents. This could be attributed to the greater
accessibility of the water the PO-PEG-
decorated IONPs.

Gold nanoparticles (AuNPs) are known for their exceptional
attributes such as their high surface area to volume ratio.
Alhough AuNPs have been generally employed for CT contrast
improvement, Usman et al. used them as supporting MRI

molecules to

© 2022 The Author(s). Published by the Royal Society of Chemistry

contrast agents in their work.®® They developed a GO-based
theranostic nano delivery system for MRI, employing
gadolinium(m) nitrate hexahydrate (Gd) as the starting material
for the contrast agent, and naturally occurring protocatechuic
acid (PA) as an anticancer agent. The GAGPA nanocomposite
was obtained after the conjugation of Gd and PA, which was
further modified to GAGPAu, after coating with Au NPs. In
comparison with the pure Gd and water reference, the GAGPAu
nanocomposite was found to possess a higher T, contrast. It
presented great potential as a platform for cancer chemother-
apy and diagnosis.

5. Theranostic applications of
graphene-based magnetic
nanomaterials

Graphene derivatives like GO and rGO display tunable surface
chemistry facilitating the incorporation of various magnetic
nanoparticles with widespread appliances in the domains of
biomedicine, magnetic resonance imaging, fluorescence label-
ing, hyperthermia, and photothermal therapy.''" The develop-
ment of a theranostic nanoplatform that integrates diagnostic

Mater. Adv., 2022, 3,2971-2989 | 2983
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and therapeutic techniques is gaining prominence and is an
appealing strategy to accomplish simultaneous diagnosis and
treatment."” In this context, several graphene-based nanoma-
terials capable of MRI-guided drug delivery/therapy, and multi-
model imaging-guided therapy have been reported in the last
few years (Table 5). Multi-model imaging-guided therapy offsets
the inherent individual limitations of different diagnostic
techniques while combining their virtues, fostering signifi-
cantly enhanced imaging quality for precise diagnosis and
treatment. In this section, we briefly describe some of the
theranostic applications of GBMs, with special emphasis on
radiotherapy, magnetic hyperthermia, and photothermal ther-
apy (Table 5).

Radiotherapy is extensively employed in clinics for the
treatment of cancer but the presence of tumor hypoxic micro-
environments is responsible for degrading its therapeutic effi-
ciency. Intending to reduce tumor hypoxia and enhance the
efficacy of radioisotope therapy (RIT), Tao et al. developed PEG-
modified rGO-MnO, nanocomposites (rGO-MnO,-PEG).
(Fig. 12) Intravenous injection of 'I radiolabeled rGO-
MnO,-PEG into mice resulted in long-term blood circulation
and considerable tumor accumulation. It is worth noting that
in the presence of H,0,, MnO, nanoparticles are decomposed
to Mn>*, which could serve as a strong T;-weighed contrast
agent for MRI. The in vitro MR imaging of rGO-MnO,-PEG
nanocomposites has been examined at different concentrations
of Mn**, at pH 7.4 and 5.8. The r, value at a pH of 5.8
(3.86 mM " s™') was found to be significantly higher than the
r, value at a pH value of 7.4 (0.79 mM ™' s~ 1)."*3

Hyperthermia, also known as green therapy, is extensively
used as an adjuvant therapy with chemo and/or radiotherapy,
leading to a significant improvement in the outcomes for
cancer therapy. Recently, Kiamohammadi and co-workers
proposed a novel strategy for exploiting the 5-Fu/SPION/
NGO@PCL-LMWC as an MRI contrast agent and as a new
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platform for synergistic thermo-chemotherapy;"** 5-Fu-loaded
nanoparticles were injected into tumor-bearing mice. The
targeted delivery was subsequently amplified using a magnetic
field before being exposed to an alternating magnetic field
(AMF). Magnetic Resonance Imaging helped to conveniently
track the significant level of accumulation of 5-Fu loaded MNPs
within the tumor site. The in vitro data revealed that the
combination of 5-Fu-loaded nanoparticles and AMF hyperther-
mia dramatically lowered the cell plating efficiency. The results
support the idea that the active targeting by an external
magnetic field, after intravenously injecting the MNPs and
exposing the tumor with the AMF, can be an efficient way to
enhance the therapeutic efficiency.

Photothermal therapy (PTT) is a highly selective and mini-
mally invasive treatment technique for cancer, employing
nanoparticles capable of photoabsorption to generate heat
under Near-infrared (NIR) irradiation, thereby causing thermal
ablation of cancer cells. The growing use of graphene-based
nanomaterials in PTT can be ascribed to their superior absor-
bance in the NIR range. Yang and co-workers prepared a
graphene-based nanocomposite, RGO-IONP-PEG, with trans-
verse relaxivity of 108.1 mM ' s~ " at 3 T, for cancer theranostic
applications. The nanocomposite was capable of in vivo triple
modal photoacoustic tomography (PAT), fluorescence, and
magnetic resonance (MR) tumor imaging. They carried out
in vivo MR imaging guiding photothermal therapy (PTT) in
tumor-bearing mice and could achieve highly efficient tumor
ablation with a low laser power density.*’ Du, Liu, and co-
workers successfully made a pioneering attempt in preparing a
reduced graphene oxide anchoring iron oxide (RGI) whose
surface charge is tunable, via a one-pot hydrothermal
method.®* They used polyethyleneimines (PEIs) of various
molecular weights to obtain different positive charges on
the surface and to control its stability. Owing to its
positively charged surface, the RGI modified by 1.8 kDa

Table 5 Various graphene-based multifunctional nanocomposites with theranostic applications

S. Type of potential Relaxivity value

No. Nanomaterial MRI contrast agent (mM ' s ') Therapeutic modality Ref.
1. GO/MnFe,0,/DOX T, 122 Photothermal therapy 115
2. RGO-IONP-PEG T, 108.1 Photothermal therapy 81
3. GO-IONP-PEG-DOX (GIPD) T1/T, — Chemo-photothermal therapy 86
4. 5-Fu/SPION/NGO@PCL—-LMWC T, — Magnetic hyperthermia 114
5.  GO/BaGdFs/PEG Ty 4.8 Photothermal therapy 116
6. rGO-MnO,-PEG T, 3.86 Radiotherapy 113
7. nZVI/rGO@pDA T, — Photothermal therapy 117
8. RGI, g ICG T, — Photothermal therapy 82
9.  NGO-SPION-PLGA-5-Fu T, — Photothermal therapy 118
10. CoFe,0,/GO T, 92.7 Chemotherapy 103
11. GO-IO-DOX T, 84 Hyperthermia, chemotherapy 119
12. CAD-SPIONs@GO Ty 3.17 Chemotherapy 120
13. GQDs-Fe/Bi T, 62.34 Photothermal therapy (PTT) 121
14. GO/ZnFe,0,/UCNPs T, 24.84 Phototherapy 122
15. MNP/GO/chitosan T, 44.51 Chemotherapy 123
16. GO-CD/Fe@C/DOX T, 9.37 Chemotherapy 124
17. TUdR/NGO/SPION/PLGA T, — Photothermal therapy, chemotherapy 77
18. GO-IONP-PEG T, — Photothermal therapy 125
19. GO-IONP-Au-PEG T, 62.79 Photothermal therapy 107
20. Magnetic graphene-based mesoporous silica (MGMS) T, — Chemo-photothermal therapy 109
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Fig. 12 Schematic illustration of the formation of !-rGO-MnO,-PEG nanocomposites for reducing tumor hypoxia and enhancing radioisotope
therapy efficiency. Reprinted from ref. 113 Copyright 2018 Royal Society of Chemistry.

polyethyleneimine, RGI, g, was found to be capable of
effectively loading indocyanine green (ICG) and could serve as
an excellent photothermal therapy (PTT) agent with high cel-
lular internalization. Furthermore, the RGI, 4, -ICG offered sev-
eral advantages such as improved in vivo and in vitro cellular
uptake capability, ablation of cancer cells with laser irradiation
of low densities, in vivo infrared thermal imaging, and 7,-
weighted magnetic resonance imaging. The GO-IONP compo-
site developed by Li et al. displayed a photothermal effect,
capable of destroying the thick shell of tumor tissue, hence
rendering easy delivery of anticancer drugs into tumor cells®®
(Fig. 13).

Tumor Cell

Photothermal-chemo Therapy

6. Cytotoxicity and biocompatibility

Lower cytotoxicity and compatibility towards living tissues are
two of the most important attributes of an MRI contrast agent,
and these are the two aspects that set apart graphene-based NPs
from other NPs. Various cytotoxicity studies have pointed out
the minimal cytotoxicity of graphene-based magnetic
nanoparticles.

Graphene oxide exhibits low cytotoxicity but the presence of
GO could stimulate the complement activation by identifying
the major biomarker molecules in plasma.®® The toxicity can be
further alleviated by surface modifications or coating with

Fig. 13 Ultrasmall IONP-decorated graphene oxide (GO) nanohybrids present T;/T, dual MRI imaging-guided photothermal-chemo combined
anticancer theranostics efficacy. Reprinted from ref. 86 Copyright 2020 Royal Society of Chemistry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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biocompatible polymers such as polyethylene glycol (PEG),
polyethyleneimine (PEI), and dextran.®®®>'*® Amino dextran
(AMD) is one such derivative that has been extensively used due
to its favorable biodegradability.'®> Amine-modified graphenes
are found to be a safer substitute to other graphene derivatives,
for biomedical applications."”” Gd,0;-graphene oxide nano-
composites (GDO-GO NC) showed acceptable biocompatibility,
making them potential T; contrast agents.® A methyl thiazolyl
tetrazolium (MTT) assay was carried out using MCF-7 (human
breast cancer cells) to analyze the cytotoxicity of the GO-
CoFe,0,4 nanocomposites wherein considerable biocompatibil-
ity was displayed towards the MCF-7 cell line.*> Analysis of the
MTT assay for GO-Fe;O, composites showed that they were
toxic to MCF-7 (Human breast cancer cells) but showed bio-
compatibility with normal cell lines (HaCaT).*® No significant
cytotoxicity effect was exhibited by Gd,O;/graphene quantum
dot (GQD) nanocomposites toward both MCF-7 and NIH/3T3
(mouse embryonic fibroblasts) cell lines.®® Zan et al. asserted
that the unique hydrophilic structure of the Fe;O,/graphene
nanocomposite renders it biocompatible, non-toxic, and col-
loidally stable in aqueous solutions.”

6.1 In vitro cytotoxicity

The aggregation state and surface charge of the nanomaterials
are the most important factors that influence their in vitro
cytotoxicity. In 2019, Alazmi et al. used a CCK-8 assay on HeLa
cell lines to evaluate the cytotoxicity of rGOs with CoFe,O,
loading. As shown in Fig. 14, the cell viability was inversely
proportional to the rGO concentration and the CoFe,0,-r1GO
hybrid systems exhibited low cytotoxicity, as expected.>® An
MTT assay performed on the HEK293 human kidney line
suggested that GO-PEG-B-FeOOH has a negligible in vitro
cytotoxicity.”* Moreover, the biodegradability of B-FeOOH is
desirable along with its ability to get into cancer cells easily
thus rendering it a good in vivo imaging contrast agent.”

The cytotoxicity test carried out in HCT-116 cell lines using a
standard MTT assay test revealed that the nanocomposite,
GO-g-PCA/y-Fe,O, prepared by Torkashvand and his team,

(a)1zo
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exhibited good biocompatibility and very low cytotoxicity even
at high concentrations.>® The biodegradability studies of PLGA
(poly lactic-co-glycolic acid) affirm its potential as a good
nanocarrier.”” Nkansah et al. studied the biodegradability of
SPION and concluded that around 100 days were necessary to
remove them.'?® NGO/SPION/PLGA exhibited no notable cyto-
toxicity. Moreover, the nanocomposite showed remarkable cell
viability even at high concentrations.””

6.2 In vivo cytotoxicity

Only a limited amount of exploration has been performed to
date to study the in vivo cytotoxicity effect of graphene-based
nanomaterials;”® a study of polyethylene glycosylated GO
showed no palpable toxicity.*® In vivo analysis showed that
the water-soluble, and colloidally-stable, Fe;0,/G nanocompo-
site exhibited excellent biocompatibility and could be cleared
from the body through metabolic processes.”Although these
observations hint towards the good biocompatibility of these
MRI contrast agents, more confirmative pieces of evidence are
required from thorough in vivo cytotoxicity studies to draw any
definitive conclusions about their potential as MRI contrast
agents.

7. Concluding remarks and future
outlook

Magnetic resonance imaging (MRI) is garnering escalating
interest in clinical diagnosis. Developments in recent years
have been focused on the design of MRI contrast agents. In
view of this background, our review will be useful in the field of
clinical diagnosis using MRI, as the majority of the recent
research work has been performed in the field of contrast-
enhanced MRI, deploying graphene-decorated magnetic nano-
carriers as contrast agents. Today, contrast-enhanced MRI is a
valuable technique for multiple indications in many body parts
and the coming decade is expected to provide further major
advances in diagnostic MRI. Graphene-based materials (GBMs)

(b) 120

100 4

[l rHGO/CoFe,0,- 30%
[ rico/CoFe,0,- 30%

80 -

60 -

40 -

Cell viability (%)

5 10 20
Concentration (ug /ml)
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Fig. 14 Viability of Hela cells at various concentrations of (a) rHGO and rIGO and (b) rHGO/CoFe,O4 and rIGO/CoFe,O4. Reprinted from ref. 59

Copyright 2019 Royal Society of Chemistry.
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such as graphene oxide (GO) and reduced graphene oxide
(rGO), due to their characteristic structure and physicochemical
properties, have captured broad research attention. The high
dispersibility, specific target ability, capacity for efficient load-
ing of MNPs, biocompatibility, and low toxicity are the main
attributes of GBMs which make them promising candidates for
imaging applications. Their combination with MNPs generates
excellent magnetic hybrids which can also function as multi-
functional systems. Loading of magnetic contrast agents on the
surface of GO decreases their release rate and increases their
proton relaxivity value to a great extent. Anchoring heavy metal
ion contrast agents on GO may alleviate their toxicity due to the
decreased release rate. However, this field is still far away from
clinical applications and Gd-based contrast agents remain the
most commonly used materials in clinical applications. This is
because they are less toxic and are easily removed from the
body. Improving the relaxivity of T, contrast agents is a more
challenging task for researchers because of their lower signal
enhancing ability as compared to T; contrast agents. Although
graphene-decorated magnetic nanomaterials have been exten-
sively studied, an even brighter future is expected in this field.
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