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Abstract
The chemistry of contrast agents (CAs) for magnetic resonance imaging (MRI) applications is an
active area of research and, in recent work, it was shown that CA-based graphene oxide (GO) has
valuable properties for biomedical uses. GO has a potential as MRI CAs thanks to several
functionalities, like its ability to penetrate tissues and cell membranes, as well as easy coupling
with therapeutic agents, therefore showing the potential for both a diagnostic and therapeutic
role. In this study, we performed a thorough cleaning of the GO sample (synthesized using a
modified Hummers method), minimizing the amount of residual manganese down to 73 ppm.
Using a wide range of physical–chemical methods (morphology, chemical composition,
elemental analysis, spectroscopies, and imaging), we characterized the intrinsic longitudinal and
transverse relaxivities of highly purified GO nanosheets. X-band electron paramagnetic
resonance allowed to recognize the paramagnetic species involved, and 1.0 T MRI was used to
disentangle the relative contributions to the MRI contrast of pristine GO nanosheets arising from
structural defects and residual paramagnetic manganese impurities embedded in the
nanomaterial. Although experiments show that the MRI relaxivity of GO nanosheets arises from
the cumulative effect of structural defects and paramagnetic impurities, we conclude that the
latter contribution to the longitudinal and transverse relaxivities becomes irrelevant for highly
purified (pristine) GO. This novel finding clearly demonstrates that, apart from trivial manganese
inclusion, pristine GO produces an inherent MRI response via structural defects, and therefore it
is on its own a suitable candidate as MRI contrast agent.

Supplementary material for this article is available online
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Introduction

Since the discovery of graphene [1] and the development of
its derivatives, graphene-based biocompatible materials have
emerged as a powerful tool for a wide range of biomedical
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applications, such as biosensing, imaging, nanocarriers, drug
delivery, and cancer treatment, due to their unique 2D
structure and versatile surface chemistry, that allows tunable
physical/chemical properties [2, 3]. Graphene oxide (GO)
shows relevant mechanical, thermal, electrical, optical,
magnetic, biological properties, and compared to graphene, a
higher degree of oxidation allowing versatile biomedical
functionalization [4]. Several nanoparticles can be loaded/
anchored onto the surface of graphene/GO to provide addi-
tional functional properties, useful, for example, for bioima-
ging and cancer therapy [5]. For instance, iron oxide
nanoparticles showing excellent magnetic properties have
been integrated with graphene for magnetic resonance ima-
ging (MRI) and magnetic hyperthermia studies [6].

The wide range of endogenous MRI contrast mechanisms
(proton density, longitudinal relaxation time T1, transverse
relaxation time T2, diffusion, perfusion, etc.) have been
expanded by means of exogenous CAs, i.e. material con-
structs containing paramagnetic atoms capable to modify, via
intermolecular dipolar interactions, the intrinsic relaxation
times of the tissues’ water molecules [7]. Complexes of
paramagnetic metal ions, such as gadolinium (Gd3+), man-
ganese (Mn2+), iron (Fe2+) are often used as CAs [8, 9]. To
compare the effectiveness of CAs, the molar longitudinal (r1)
or transverse (r2) relaxivities in water are defined as the 1/T1
(s−1) or 1/T2 (s

−1) change rate per unit concentration (mM),
respectively.

Contrast agents are broadly classified based on their
effect in standard imaging sequences. Gd chelated para-
magnetic CAs, widely used in the clinical practice, are the
protype of the first CA class. They have large relaxivities
(typically 3÷ 30 mM⋅s−1 @ 1.5 T) with small r2/r1 ∼ 1÷ 2
[10], are used in T1-weighted acquisitions to enhance tissue
signal and classified as positive or T1 agents. Super-
paramagnetic/magnetic nanoparticles based on iron oxides
particles are the protype of the second CA class. They have r1
like the previous ones but larger r2 with r2/r1 ∼ 4÷ 120 [11],
are used in T2-weighted acquisitions to suppress tissue signal
and are classified as negative or T2 agents. More recently
bimodal T1−T2 CAs using functionalized magnetic nano-
particles hosting complexes of both categories have been
proposed to acquire more detailed information or dis-
ambiguate image artefacts [12].

The clinical use of Gd(III) chelate-based T1 MRI CAs has
steadily increased in the last 25 years, together with the dif-
fusion of diseases requiring their use, including nephrogenic
systemic fibrosis and higher renal retention with impaired
kidney function [8]. At the same time, there is a strong need
for T1 MRI CAs that are safer and more effective, and novel
CAs employing Mn(II) ions have been proposed as possible
alternatives [9]. The non-lanthanide metal Mn is a natural
cellular constituent, and often acts as a cofactor for enzymes
and receptors. When used as CA, Mn(II) is capable of
shortening the T2 of water protons, while has a minor T1
effect [13].

Notably, free Mn(II) ions are toxic at high concentrations
(for example Mn detection of cortical layers in mouse brain
was demonstrated at concentration above 88 ppm [9]) or after

long-term exposure, and can cause the neurodegenerative
disorder known as ‘manganism’, with symptoms similar to
Parkinson’s disease [14]. However, their toxicity can be
reduced by the formation of chelates with organic ligand such
as dipyridoxyl diphosphate (DPDP) [15].

The development of metal ion-carbon nanostructure
complexes has opened new opportunities for developing a
novel class of MRI CAs with innovative functionalities [5,
16–19]. Magnetic GO nanosheets composite, decorated with
magnetite [20] or gadolinium ions [21], have been used as
CAs for in vitro and in vivo MRI cell tracking [22]. However,
the full characterization and understanding of the T1 and T2
relaxation mechanisms of GO in water are still not thoroughly
understood [23–25], and there are concerns about their long-
term in vivo safety [26]. Previous works focused on the
magnetic property alterations of pristine GO nanosheets due
to the presence of metallic impurities [27, 28]. Their presence
derives from both the initial graphite material and the
synthesis processes. In fact, commonly GO nanosheets are
obtained by oxidizing graphite to graphite oxide and exfo-
liating it. Several GO synthesis methods can be carried out,
which are broadly classified as chlorate or permanganate-
based [28]. In the latter method, metal-based molecules are
required, with the drawback of adding significant quantities of
metallic impurities. Wong et al [28] reported 2290 ppm of
manganese, as well as many other metals at lower con-
centrations (identified by elemental analysis) in GO synthe-
tized by the Hummers method (permanganate-based). Since
these impurities present high affinity to the graphenic carbon
atoms, it is very hard to totally remove them in the final
product, leaving a large degree of uncertainty in the physical–
chemical properties of GO nanosheets related to the level of
remnant impurities.

A proper quantification and characterization of metallic
impurities embedded in GO is of paramount importance to
ensure that their presence does not hamper the specific use for
which the nanosheets are intended. The presence of manganese
impurities and their MRI relaxivity effects were studied by means
of spectroscopic and EPR/MRI methods [16, 29–31]. However,
the specific manganese impurity interactions with the GO
nanosheets in water and their role as an effective mean to tune the
T1 and/or T2 relaxation times of water is still an open question in
the research field of GO-based CAs.

Through a careful analysis of the literature, we noticed
that most of previous works involving the use of MRI CAs
GO-based materials are based on GO/paramagnetic metal
composites, using manganese, iron and gadolinium, or mix-
tures thereof [18, 20, 21, 32, 33], showed a wide range of
measured relaxivities variability: r1 (9–92 mM−1 s−1) and r2
(97–171 mM−1 s−1) [16–18].

In this work we have focused our investigation to the
MRI relaxation effects of both Mn(II) impurities, due to the
production process, and to the paramagnetic dangling bonds
present at the edge of nanoholes in pristine GO. Interestingly,
to the best of our knowledge, there are only three reports,
describing the MRI characterization of pristine GO, i.e. as
synthesized with the modified Hummers method, and without
ad hoc manganese enrichment [34–36].
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The effects of localized spins of carbon-inherited defects
(dangling bonds) on the magnetic properties of GO have been
previously reported [29, 34]. Li et al [34] were able to
experimentally adjust the number of nanoholes on GO
nanosheets, showing that their presence brought new dangling
bonds for GO, thus boosting its GO magnetic properties.
Pristine GO nanosheets exhibited r1 = 0.210 (mg/ml·s)−1

versus the GO concentration on a 4.7 T MRI scanner. The
Authors showed the ability to modulate GO magnetic prop-
erties by controlling the amounts of dangling bonds at the
edge of nanoholes and analyzed the residual metals content
by Inductively coupled plasma mass spectrometry (ICP-MS),
reporting the presence of Fe (45 ppm), Mn (3.66 ppm), Ni
(0.93 ppm) and Co (0.03 ppm). However, no quantification of
the relaxivities contribution from those low concentration
metallic impurities was performed. Mohanta and co-workers
[35] observed that the GO relaxivities are influenced by the
degree of oxidation (which is correlated to the quantity of
oxygenated defects present on the graphene skeleton) and the
Mn(II) concentration, which was quantified by EPR
spectroscopy, corresponding to about 2910 ppm. Interest-
ingly, they did not report any effect due to the presence of
dangling bonds. The GO_80h sample showed r1 = 0.49
(mM·s)−1 (equivalent to 0.60 (mg/ml·s)−1) and r2 = 4.16
(mM·s)−1 (6.19 (mg/ml·s)−1) at 9.4 T [35]. Peng and co-
workers [36] studied a water dispersible 2D magnetic nano-
composite suitable as T2 contrast agent based on hydrophobic
manganese-doped ferrite nanoparticles loaded on GO by
direct solvent evaporation. The measured r1 and r2 values of
the pure hydrophilic GO sheets (as purchased from suppliers)
at 7.0 T were 0.34 and 5.54 (mg/ml·s)−1, respectively [36].
The latter relaxivity values reported show a good agreement
with Mohanta’s values, considering negligible the effect of
the different magnetic fields. However, we notice that the
amount of Mn impurities differs by three order of magnitude
(3.66 versus 2910 ppm) and the effect of the dangling bonds
is not univocally reported except in Li’s work.

Noticing the lack of knowledge about the relaxivities
values of pristine GO, in the present study, we aimed to
answer the question about the pristine GO relaxivities and the
effects of GO structural defects and/or manganese impurities
level. In order to verify the contribution of manganese on the
relaxivity, we studied the intrinsic longitudinal and transverse
relaxivities of highly purified GO nanosheets, synthesized
using the modified Hummers method [37], by means of an
extremely accurate contaminants cleaning protocol.

The highly purified GO samples were characterized with
chemical and physical techniques (morphology, chemical com-
position, elemental analysis, spectroscopy, and imaging). Speci-
fically, 1.0 T MRI measurements and X-band EPR were used to
detect and quantify the effects on the r1 and r2 relaxivities of ppm
levels of paramagnetic dangling bonds, as well as Mn impurities
embedded in the GO samples. For comparison purposes, we also
characterized standard manganese chloride water solutions to
calibrate MRI quantification methods at 1.0 T and for reference
purpose in EPR. Our experimental findings corroborate the
conclusions that MRI relaxivity of pristine GO nanosheets arises
from structural defects and, due to our extremely accurate

cleaning protocol, the residual ultra-low levels of manganese
impurities embedded in the nanomaterial provide a negligible
contribution.

Materials and methods

MnCl2

The measured pH of the aqueous (Milli-Q, Millipore, Bed-
ford, MA, USA) 0.044 mM Mn(II) (MnCl2·4H2O, Merck
5927, 99%) solution was 7.18 (pHmeter pH8+DHS BASIC,
XS Instruments, Italy) at room temperature (RT).

Synthesis of GO

The Hummer’s approach is the most used procedure to syn-
thesize GO, although many variations are reported in the
literature [28]. Here, we synthesized our GO sample by using
a modified Hummers method [37], followed by a repeated
cleaning procedure, as described in the following. GO was
prepared from 5 g of graphite flakes (Sigma Aldrich 332461;
99%; size >150 μm). Oxidation was performed in 275 ml
concentrated sulfuric acid (Aldrich 30743; 95%–97%) with
3.8 g sodium nitrate (Aldrich 221341; ACS reagent 99.0%)
and 25 g potassium permanganate (Fluka 60459; 99%), at
0 °C (ice bath). After 5 d of reaction, 20 ml hydrogen per-
oxide (Aldrich 30743; 30%) was added to the suspension to
eliminate the excess of permanganate. The solution (300 ml)
was diluted to 2 l with 5% sulfuric acid and, after one day of
sedimentation, 1 l of supernatant was removed and replaced
with a mixture of water (1 l) and hydrogen peroxide (10 ml).
After vigorous shaking lasting 10 min, the suspension was
allowed to sediment overnight. The supernatant solution was
removed and the solid was cleaned by means of repeated
centrifugations (REMI NEYA8, India; 5800 rpm; 4800 g;
15 min). First, twelve centrifugations with an aqueous mixture
of 5% (v/v) sulfuric acid and 0.3% (v/v) hydrogen peroxide,
followed by three centrifugations with hydrochloric acid 4%
(v/v; 3 times), and finally ten centrifugations with water until
the pH reached neutrality. In each centrifugation step the
volume of the falcon never exceeded 80% of the capacity of
the test tube itself (i.e. 40 ml out of 50 ml total). At the end of
the centrifugation steps, the solid was transferred to acetone
(50 ml) and dried at 50 °C for 24 h, obtaining about 4.8 g of
GO powder. Starting from the solid GO, aqueous solutions of
different concentration were prepared for the measurements
using ultrapure Milli-Q distilled water (Millipore, Bedford,
MA, USA). The measured pH of 1 mgml−1 GO in Milli-Q
water was 6.03 at RT.

Raman spectroscopy (RS)

GO flakes dispersed in Milli-Q water were deposited, by
drop-casting, from a dilute aqueous solution (0.3 mg ml−1,
volume of 15 μl) of the material on a silicon substrate (SiO2,
oxide thickness 270 nm). RS was performed using a LAB-
RAM system (Horiba-Jobin Yvon- Japan, λ = 633 nm, 1 μm
spatial resolution, and about 2 cm−1 spectral resolution).
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Inductively coupled plasma-mass spectrometry (ICP-MS)

Manganese contamination was determined by Thermofisher
iCAP™ TQe ICP-MS instrument. For ICP-MS analysis, 8 mg
of samples were mineralized with 2.65 ml of ultrapure aqua
regia (nitric and hydrochloric acid, 1:3; Merck Life Science
S.r.l., Italy) at 180 °C for 20 min by means of a microwave
digestor (Ethos One, Milestone, Bergamo, Italy) in closed
polytetrafluoroethylene (PTFE) reactors. For aqua regia:
SuprapurTM HCl 30% (Merck Life Science S.r.l., 1.00318);
SuprapurTM HNO3 65% (Merck Life Science S.r.l., 1.00441).
The microwave protocol consists of a heating ramp from 0 °C
to 180 °C in 10 min, thermostat at 180° for 20 min and
cooling down at RT. Mineralized samples were recovered
with Milli-Q water and diluted to 100 ml, filtered through a
0.2 μm recycled cellulose syringe filter and subsequently
diluted by a factor of 2. Measurements were performed in
triplicate experiments. Mono and multi-element stock Trace-
CERT® solutions for ICP calibration were purchased from
Fluka Analytical, (Sigma-Aldrich, MO, USA) and Merck
KGaA (Darmstadt, Germany). Matrix effect and instru-
mentation drift were monitored using a 20 μg l−1 rhodium
solution as Internal Standard for all the analyzed solutions.
All the standard solutions were prepared in 1% of aqua regia.

Electron paramagnetic resonance (EPR)

Continuous-wave electron paramagnetic resonance (CW-
EPR) spectra were obtained with a Bruker X-band (9.81 GHz)
spectrometer (Bruker Biospin S.r.l., Milano, Italy) equipped
with a Bruker 3122SHQE resonator. Spectrum acquisition
parameters: central magnetic field of 350 mT; scan range
140 mT; 4096 data points; modulation frequency 100 kHz;
modulation amplitude 1 mT; microwave power 10 mW.

All EPR measurements were done at RT, with undiluted
GO nanosheets inserted in Suprasil EPR tubes of 3 mm
internal diameter (ATS Life Sciences Wilmad, NJ, USA). The
MnCl2 sample was prepared as 1 mgml−1 aqueous solution,
while about 3.3 mg of solid GO was directly inserted into the
EPR tubes for measurements. EPR spectra were simulated by
the Matlab toolbox Easyspin v. 6.0.0—dev.51 [38].

To evaluate the numbers of spin of paramagnetic centers
in GO, we used two methods: the double integration of the
simulated EPR spectrum and an approximated evaluation of
the area below the experimental spectrum using the rule-of-
thumb App · ΔB2, where ΔB is the line width and App is the
peak-to-peak height obtained from the experimental spec-
trum. Due to noise in the experimental spectra we observed
some degree of variation in the Mn(II) line width values
(4.7–6.4 mT). The different transition probability was con-
sidered [39, 40] to obtain the ratio between the two para-
magnetic species.

Magnetic resonance imaging (MRI)

The MnCl2 and GO samples suitable for MRI were prepared
in aqueous solution (Milli-Q water), at different concentra-
tions, in 2 ml PTFE/silicone septa glass vials (diameter
11.6 mm and height 31.4 mm), by sonicating up to 30 min

before measurements (with ultrasound bath LBS 2; fre-
quency: 59 kHz; peak power: 450W). MRI was performed
with a 1.0 T preclinical M3 aspect imaging scanner (proton
frequency of 45MHz). The solenoid radiofrequency coil
(3.5 cm inner diameter and 8 cm length) allowed the insertion
of up to four vials at the same time.

The T1 relaxation time was measured from axial spin
echo images with: field of view (FOV) of 32 × 32 mm2;
1 mm in-plane resolution; 1 mm slice thickness; echo time
(TE) = 4.1 ms and 18 different repetition time (TR) values
(TR=100, 150, 200, 250, 300, 350, 400, 450, 500, 750, 1000,
1500, 2000, 2500, 3000, 3500, 4000, 5000 ms; two more
values were used for the MnCl2 samples: TR = 30, 50 ms). T1
maps were calculated by the exponential signal recovery
within each image voxel, and the T1 value of each sample by
the average of the corresponding vial’s voxels. The unavail-
ability of multi-echo spin echo sequences prevented the T2
relaxation mapping from images. Thus, we used a fast spin
echo sequence with echo train length equal to 128 and dis-
abled gradients, allowing a whole-sample CPMG (Car-Pur-
cell-Meiboom-Gill) acquisition of each single vial. In our
experimental conditions, multiple echoes from a single vial
(TE = 4.4 ms) were acquired, finally extracting T2 from the
echoes’ amplitude exponential decay. Voxel intensities and
CPMG echoes fits were performed by means of in-house
developed Matlab scripts (The MathWorks, Inc., Natick, MA,
USA) using a 3 parameters mono-exponential fitting based on
the Levenberg–Marquardt nonlinear least-squares’ algorithm.
All MRI measurements were done at 22 ± 1 °C. Finally, the
molar relaxivities r1 and r2 (mM·s)−1 were calculated from
the slope of the linear regression of 1/T1 (s

−1) and 1/T2 (s
−1)

as a function of CA concentrations (mM).

Results

Raman spectroscopy

Figure 1 shows the Raman spectra of the solid GO sample,
with the characteristic shape of graphene-based materials. The
two peaks at 1336 and 1603 cm−1 are assigned, respectively,
to the D-band and G-band. The intensity ratio of the D and G
bands (ID/IG) is currently used as an indirect estimation of the
disorder within the GO material [41], and we found a value
of 1.41.

Inductively coupled plasma-mass spectrometry (ICP-MS)

We found traces of Mn both in the starting commercial gra-
phite (68 ppm) and in the synthesized GO (73 ppm), as
measured by ICP-MS.

Electron paramagnetic resonance spectroscopy

The EPR spectrum of the MnCl2 aqueous solution
(figure 2(a)) shows the typical hyperfine structure consisting
of six well-resolved lines [42]. The GO EPR measurements
were performed directly on the solid sample (figures 2(b)–(d),
black line), which showed a predominant narrow single line
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centered around 350 mT. Enlarging the y-axis by a factor 80x,
the pattern of six broad lines characteristic of isolated (i.e.
non-interacting)Mn(II) ions is shown (figure 2(c), black line).
The EPR line parameters were evaluated by the ‘pepper’
simulation function available in the Easyspin software [38],
and they are shown in figures 2(a)–(d), as red lines. The
spectra corresponding to the two contributions were simulated
separately (figures 2(c) and (d), red line) and then used to give
the overall spectrum (figure 2(b), red line). The narrow
350 mT line was simulated by a Lorentzian lineshape
(0.22 mT line width, g = 2.0031). The six broad lines were
simulated by a Lorentzian lineshape (6.4 mT line width,
g = 2.0031). The EPR spectra provide evidence of both GO
defects as well as small amount of Mn(II) embedded in the
GO sample. The area under the EPR absorption spectrum of
the two paramagnetic species was calculated by two different
methods (see Materials and Methods section), to obtain a ratio
between Mn(II) centers to paramagnetic defects in GO ran-
ging from 4.3:1 to 1.7:1, due to the noise in the Mn(II)
experimental spectrum.

Magnetic resonance imaging

We performed standard manganese chloride water solutions
to calibrate MRI quantification methods. Figure 3 shows the
1.0 T acquired T1 weighted-images (figure 3(a)) and CPMG
echo amplitudes (figure 3(b)) of the MnCl2 phantoms, with
Mn(II) concentrations ranging from 0 to 1.0 mM. Relaxation
rates R1 = 1/T1 and R2 = 1/T2 are plotted in figure 3(c). The
linear regressions of the R1 and R2 data as a function of
micromolar Mn(II) concentrations provide the relaxivities
values and the coefficients of determination (R2), as reported
in figure 3(c). The measured molar relaxivities for the Mn(II)
in water were, respectively, r1 = 5.7 (mM s)−1 and
r2 = 51.7 (mM s)−1.

Figure 4 shows the T1-weighted images (figure 4(a)) and
CPMG echo amplitudes (figure 4(b)) of GO in water. The linear
regressions of the relaxation rate data as a function of the GO
concentration in water are shown in figure 4(c). The relaxivities

values and coefficients of determination (R2) are also reported.
The measured molar relaxivities for the GO in water were,
respectively, r1 = 0.21 (mg/ml s)−1 and r2 = 1.44 (mg/ml s)−1.

Discussion

GO is a nanoscale 2D inhomogeneous system presenting a
patchwork of graphene-like regions (surviving from chemical
exfoliation of graphite), oxygenated defects and nanoholes
(typically covering 5% of GO) [43]. The GO defects can be
classified into on-plane and in-plane [44], with the on-plane
defects mainly due to epoxy/hydroxy groups located on the
basal plane and carboxylic/carbonyl groups located on the
border of GO sheets, while the in-plane are point defects, such
as vacancies, substitutional or interstitial impurities (figure 5).
One of the most controversial aspects regarding pristine GO
concerns the origin of its paramagnetism. Currently, this is
attributed to the presence of structural defects of the material
itself [16, 24, 34], as well as to paramagnetic atoms embedded
in the GO structure [18, 36]. To establish the effect and
weight of both contributions, various characterization tech-
niques were used to better understand the actual GO chemical
structure and to quantify the presence of paramagnetic
impurities.

Raman spectroscopy is a widely used method to char-
acterize the structural features of carbon nanostructures, as
this brings specific information on the presence and relative
quantification of defects. The D-band peak (1336 cm−1, D
stands for disorder-induced) is a symmetry-breaking Raman
signal, observed only in the presence of defects like vacan-
cies, flake boundaries and edges. The D-band peak reveals
structural imperfections induced by the presence of hydroxyl
and epoxide groups on the carbon basal plane. The G-band
peak is instead a characteristic of the graphene skeleton, and it
is attributed to the first order E2g phonon scattering of the sp2

carbon–carbon bond [45]. The intensity ratio of the D and G
bands (ID/IG) is currently used to estimate the number and
size of the sp2 domains within the GO material [41].

The D and G bands with similar intensities (ID/IG ∼ 1)
are typically observed in GO [46]. Usually no D-band peak is
observed for graphite without defects or in the center of
graphene layers, while it becomes predominant in the pre-
sence of sample edges, as in the case of GO [45].

The strong D band in the Raman spectrum (figure 1)
confirms the successful introduction of oxygen groups (and
defects) into our GO. In this sample, the ID/IG ratio is dra-
matically higher (1.41) than the one (0.05) previously
reported for the commercial graphite material [45], suggesting
the presence of a large number of functional groups and/or
defects. The ID/IG ratio measured here is very similar to the
ones (ID/IG = 1.02–2.5) reported by others [34, 35, 47].

The graphite commercial grade used for the GO synthesis
already has structural defects, altering the final structure of
GO and the presence of in-plane defects [48]. We used gra-
phite with over 75% of the flake’s distribution having size of
at least 150 μm (as per the manufacturer’s certificate of ana-
lysis). Large flakes of GO with smooth edges are found in the

Figure 1. Raman spectrum of the GO sample synthesized in this
work by the modified Hummers method [37].
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SEM images, with lateral flakes size of about 50–100 μm
(figure S1), while the smallest GO flakes (down to 1–2 μm)
are the result of the sample sonication used to increase water
dispersion. Sonication is likely to act mainly on the structural

vacancy points and holes, where the material is most prone to
fragmentation.

The presence of structural defects in the GO can favor the
insertion of paramagnetic contaminants into the structure

Figure 2. X-band EPR spectra of (a) MnCl2 (1 mg ml−1) aqueous solution, experimental spectrum (black) and simulated spectrum (red);
(b)–(d) solid GO sample (3.3 mg) experimental spectrum (black) and simulated spectrum (red). The green and blue boxes highlight the
Mn(II) and defect signals in GO, respectively. (c) Y-axis is enlarged by a factor 80x: experimental (black line) and simulated (red line)
components. (d) X-axis is enlarged: experimental (black) and simulated (red) defect component.

Figure 3. 1.0 T MRI of seven test tubes containing variable Mn(II) concentrations in water ([ ] = 0; 0.044; 0.111; 0.222; 0.333; 0.445;
1.011 mM). (a) T1-weighted images used for T1 mapping (top to bottom: vials with increasing Mn concentration; left to right: TR values from
30 to 5000 ms); (b) CPMG echo amplitudes (188 echos, TE = 4.4 ms) for T2 quantification of the seven test tubes; (c) relaxation rates
Ri = 1/Ti versus Mn(II) concentration (red squares for R1, blue triangles for R2).
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itself, acting as active MRI T1 and/or T2 contrast centers.
From the literature, it appears that various oxygen functional
groups and defects available on GO could bind to metal
cations, via electrostatic interaction [49]. The interaction
between ion metals and carboxylic acid groups on GO results
in a slight shift of the carboxylic peak observed in XPS
spectra at about 289 eV, overlapped with the pre-existing
COOH peaks. It was also reported that epoxy bridge and
carbon vacancies with a hydroxyl group are the most likely
anchoring sites for metal particles, acting as nucleation
sites [49].

The presence of the oxygen groups decorating the gra-
phene skeleton in our sample was confirmed by Fourier
transform infrared spectroscopy (see figure S3) and x-ray
photoelectron spectroscopy (see figure S4), together with the
occurrence of an aromatic graphenic structure. Within the

sensitivity limits of the XPS (1000 ppm), however, we found
no trace of manganese in our GO sample (Mn 2p peak is
expected around 640 eV, see figure S4(a)).

ICP-MS measurements of Mn(II) content in GO, as well
as in other reagents, are shown in table 1 to compare our
result (73 ppm) with the work of Wong et al [28], which
previously reported an exceeding concentration of manganese
of about 2290 ppm.

This difference can be attributed to our specific synthetic
route, which employs repeated rinsing and centrifugation
processes. Our procedure, although time consuming and
relatively expensive, allows us to reduce to a minimum level
the presence of Mn contaminants in our GO samples, con-
sidering that in the graphite oxidation process a stoichiometric
excess of potassium permanganate was used. Moreover, in
[28] the amount of Mn in the original high-grade purity

Figure 4. 1.0 T MRI of four test tubes containing variable GO concentrations in water ([ ] = 0; 0.01; 0.1; 0.3 mg ml−1). (a) T1-weighted
images used for T1 mapping (top to bottom: vials with increasing GO concentration; left to right: TR values from 100 to 5000 ms); (b) CPMG
echo amplitudes (188 echos; TE = 4.4 ms) for T2 quantification of the four test tubes; (c) relaxation rates Ri = 1/Ti versus GO concentration
in water (red squares for R1, blue triangles for R2).

Figure 5. Schematic of a GO nanosheets including the Csp2 skeleton, oxygenated defects, nanoholes, metallic contaminants, dangling bonds,
epoxy/hydroxy groups located on the basal plane and carboxylic/carbonyl groups located on the border of GO sheet.
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graphite is about three orders of magnitude lower than in our
graphite. In the comparison it must also be considered that
Mn was measured with a different analytical method (neutron
activation analysis).

In the literature, EPR spectra of GO always showed a
single sharp and intense paramagnetic resonance peak with g-
value of about 2.0031 [50]. The origin of spin species in
pristine GO is likely to be related to some free radicals
associated with broken bonds at structural defect sites [51]. It
has been proposed that the free radicals could originate from
graphite [23, 52] or be produced during the oxidation process
due to the use of potassium permanganate or hydrogen per-
oxide [31]. The radical content in GO was intrinsically low,
and, since OH radicals are highly unstable in aqueous solution
or in air, it is assumed that the EPR signal of GO originates
from single electron carbon radicals, which are temporarily
stabilized by the π-conjugated double bonds [31]. A single
EPR line suggests, in fact, an unpaired free electron, even-
tually bound to a nucleus with zero spin. Therefore, the EPR
line originates from the carbon rather than from other radicals
[53, 54]. It was shown that addition of H2O2 in the synthesis
plays a role in removing the excess KMnO4 and in reacting
with GO by the addition of hydroxyl radicals to the double
bonds of the disrupted π-network plane of GO, leading to the
formation of a number of π-conjugated carbon radicals [31].

In the GO sample EPR spectrum (figures 2(b)–(d)), we
confirmed the presence of a single intense and narrow line
around 350 mT (g = 2.0031), that we ascribe to dangling
bonds that do not complete the valence [34], as well as the
presence of Mn(II) embedded in the GO structure (six
hyperfine lines signal), while no lines typical of other para-
magnetic metal impurities are detectable. The GO signal
component may be associated with electrons localized at
defect sites, as reported by Tampieri et al [55].

Li and co-authors [34] reported in the EPR spectrum an
intense peak at 337–338 mT, due to GO defects and no evi-
dence of the Mn signal. The amount of Mn measured in their
samples by ICP-MS is significantly (about 20 times) less than
what we measured, corresponding to about 4 ppm against our
73 ppm. This difference can be attributed to the fact that Li
et al, before making ICP-MS measurements, centrifuged the
GO aqueous sample at high rpm (12500 rpm) for 30 min, and

subsequently recovered only the supernatant. We argue that
only very small-size monolayer GO sheets will preferably be
present in the withdrawal (about 10 nm of lateral dimension,
as reported in [34]).

On the contrary, in the EPR spectra of Mohanta [35] the
Mn signal is much more evident than in our spectra
(figure 2(b)), and much more intense than the central peak of
the GO defects. In this case we may suppose that the sample
cleaning procedure was probably not as effective as the one
specifically developed by us, consisting in a multi-repetition
cleaning procedure via ultra-centrifugation (5800 rpm;
4800 g; 15 min). The GO cleaning protocol adopted by
Mohanta (as reported in the supporting information [44]) was
simply based on washing the sample with DI water three
times and twice with ethanol. The ICP-MS analysis confirmed
in our samples much lower Mn quantities (at least a factor 40)
with respect to Mohanta’s work [35, 47].

From our EPR data, an absolute quantification of Mn(II)
impurity in GO nanosheets was not attempted. In fact,
quantitative EPR is very challenging, and many subtleties will
affect the result [39]. For this reason, we adopted ICP-MS
technique for Mn(II) quantification and used EPR spectra to
estimate the relative concentration of Mn(II) and spin defects
in GO. As reported in Materials and Methods section, the
comparison of the relative abundance between two different
paramagnetic species with different lineshapes is not
straightforward in EPR, so we referred to [39, 40] and, taking
into account the different transition probability, we calculated
the ratio between the Mn and the defect centers, ranging from
4.3:1 to 1.7:1. The smaller fraction of structural defects
compared to the manganese atoms gives them critical
importance and effectiveness, being the former the main
source of relaxation in MRI in our samples.

Moreover, we can confirm that this small amount of
Mn(II) is bonded to GO nanosheets, since in our MRI mea-
surements on the centrifuged supernatant GO water solution,
we found no change in the T1 and T2 relaxation times with
respect to the Milli-Q water, within the sensitivity limit
of MRI.

The 1.0 T MRI acquired T1 weighted-images and CPMG
echo amplitudes of the aqueous manganese chloride solutions
are reported in figure 3, with Mn(II) concentrations ranging
from 0 to 1.0 m, and corresponding relaxation rates.

The measured molar relaxation rates are reported in
table 2 together with previous data from literature [13, 56].
The relaxivities constant of Mn(II) ions in water obtained at
0.94 and 1.5 T [14] compare well with our results at 1.0 T,
with minor differences probably due to the magnetic field
intensities and/or temperature. The r2/r1 ratio, a sort of sig-
nature of the paramagnetic agent, is always close to 10.

In table 2 we also reported a different agent: MnDPDP, a
Mn-based contrast agent with the paramagnetic atom chelated
by DPDP agent to minimize toxicity. Teslascan relaxivities
[14] were such that their ratio r2/r1 for MnDPDP is sig-
nificantly lower than the ones of free Mn(II) ions, suggesting
a reduced interplay of the water molecules with the sur-
roundings of the paramagnetic agent as a consequence of the
chelating molecule. We adopt the same approach to discuss

Table 1.Nominal (+)Mn concentrations within the reagents as stated
by the manufacturers. The (*) symbol indicates ICP-MS
measurements, the (**) symbol neutron activation analysis (NAA).
Manganese values reported by Wong et al [28] are shown for
comparison. We have used Milli-Q water instead of distilled water as
in [28].

Sample Mn (ppm) (this work) Mn (ppm) [28]

H2SO4 <1+ <0.01
NaNO3 <5+ <0.01
H2O2 <2+ not reported
HCl <0.01+ not used
Graphite 68* 0.14**

Graphene oxide 73* 2290**
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the GO relaxivity data with the expectation that both struc-
tural defects and embedded Mn impurities contribute to the r1
and r2 values.

In figure 4 we showed the T1-weighted images
(figure 4(a)) and CPMG echo amplitudes (figure 4(b)) of GO
in water, and the relaxation rate data as a function of the GO
concentration in water (figure 4(c)). We noticed that at higher
GO concentrations (>0.3 mg ml−1) the aggregation of
nanosheets occurred, providing relaxation rates deviations
from the linear behavior. For this reason, higher concentra-
tions were excluded from our analysis.

The measured molar relaxivities for the GO were repor-
ted in table 3, showing the r1 and r2 values of pristine GO
(mg/ml) measured by us and the ones measured by other
Authors [34–36]. Our relaxivities constants were, respec-
tively, r1 = 0.21 (mg/ml s)−1 and r2 = 1.44 (mg/ml s)−1.
The relaxivities measured between 1.0 and 9.4 T are of the
same order of magnitude, while the measured Mn con-
tamination ranges over three orders of magnitude. We also
note that our r2/r1 ratio differs from 10, which is the ratio of
the free Mn(II) ion, but is lower than Mohanta’s work [35, 47]
and still lower than Peng’s work [36], suggesting different
physical mechanisms of water relaxation at play.

It is reasonably to hypothesize that paramagnetic atoms
contamination (more specifically Mn) may be the main origin
of GO relaxivity in water. Under the above assumption we
calculated the expected relaxivities, as a function of the
equivalent molar Mn concentration in water (measured by
ICP-MS). The values are reported in table 4, together with
literature data that allowed the same transformation from GO
to Mn molar concentration in water (using the published data
of Mn content in the GO samples).

Our starting point is that relaxivity values at 1.0 T
(table 4) of highly purified GO, versus ICP-MS measured Mn
impurities concentration, are r1= 155 (mM·s)−1 and
r2= 1076 (mM·s)−1 while Mn(II) free in solution values, at
the same field, are r1= 6 (mM·s)−1 and r2= 52 (mM·s)−1.

Comparing relaxivities of GO and of Mn(II) free in solution
we see that the former values are (i) much larger than the
latter ones, and (ii) the r2/r1 ratio differs. This comparison
suggests two main conclusions. First, the measured Mn
impurities alone cannot explain the observed GO relaxivity
because, even if Mn impurities were in free ionic form, they
could be responsible only for a small fraction of the observed
relaxivities. Such fraction is comprised between 1/30 and
1/20 which is the ratio of free ionic Mn(II) and GO relax-
ivities. Considering that our MRI measurements at 1.0 T gave
no evidence of free ionic Mn(II) in GO samples, and that Mn
linked to other structures generally has lower relaxivities (as
for MnDPDP), we conclude that the actual contribution of Mn
impurities to our GO samples relaxivities is even smaller than
1/30, i.e. negligible within our measurement accuracy. Sec-
ond, the r2/r1 ratio in our GO samples is close to 7, not to 10
as for free ionic Mn(II), thus suggesting GO-water interac-
tions differing from the ones of ionic Mn(II)-water. Both
observations point towards the paramagnetic defects as the
main source of pristine GO nanosheets relaxivities.

A quantitative comparison of relaxivities measured by
other groups is not straightforward because of differences in
magnetic fields, operating temperature (quite often not
reported), flake sizes and dangling bond density. For example,
lateral size dimension of our nanosheets is at least two orders
of magnitude greater than others [16, 34–36, 47]. The pre-
sence of large GO’s flakes can favor their re-aggregation in
aqueous solution, a phenomenon to be avoided for biomedical
applications. The sonication we performed on the aqueous
GO, to improve its dispersibility, lasted 30 min, while making
sure that the temperature did not rise significantly (always less
than 40 °C). On the long term, we verified the GO stability in
aqueous solution over few months after sonication, without
observing the formation of sediments in the vials.

The Raman ID/IG ratio is similar between the different
samples, considering that the synthetic procedure used is
always the same (Hummers modified). Observing the values

Table 2. The r1 and r2 values for Mn(II) ions in water at field comprised from about 0.94 to 1.5 T. The operating temperatures are also shown,
when available. DPDP = DiPyridoxyl DiPhosphate.

Sample Magnetic field (T) T (°C) r1 (mM·s)−1 r2 (mM·s)−1 References

Mn(II) 0.94 NA 6.0 57 [56]
Mn(II) 1.0 21.5 5.7 52 This work
Mn(II) 1.5 NA 7.0 70 [13]
MnDPDP (Teslascan) 1.5 37 1.6 2 [14]

Table 3. The r1 and r2 values for pristine GO in water at fields comprised from 1.0 to 9.4 T. The relaxivities of the GO samples are expressed
as function of the GO concentration (mg/ml). The (*) and (**) symbols are referred to ICP-MS and EPR measurements, respectively. The
operating temperature for our work was 22 °C, while no data are available from the references, unfortunately.

Sample Magnetic field (T) r1 (mg/ml·s)−1 r2 (mg/ml·s)−1 Mn (ppm) References

GO 1.0 0.21 1.44 73* This work
GO_80h ball milling 3.0 1.40 NA 2910** [35, 47]
GO 4.7 0.21 NA 4* [34]
GO 7.0 0.34 5.54 NA [36]
GO_80h ball milling 9.4 0.60 6.19 2910** [35, 47]
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reported by Li et al [34] it can be seen that their data show the
same r1 of this work, but with a smaller amount of Mn
impurities (4 ppm against 73 ppm). If we discard the differ-
ence in the measuring MRI field (4.7 versus 1.0 T), this is
consistent with a negligible contribution of Mn to the total
GO paramagnetism for the samples of both studies. Com-
paring the results of Mohanta et al [35, 47] at 3 T and this
work we notice a much larger r1 (7 times) associated with
40 times more Mn, which can be interpreted as a regime
where the paramagnetic impurities may have become the
dominant relaxation mechanism due to a poor cleansing
method used. This is confirmed by the 9.4 T measurements
from the same Authors, where the r1 changes due to the
different Larmor frequency, but the r2/r1 ratio is similar to the
free ionic Mn(II). A comparison of our relaxivities with the
one reported by Peng and co-authors [36] is not feasible, since
they did not quantify the paramagnetic impurities (the sample
was supplied by a commercial provider, and we expect the
Mn concentration to be very large).

Even if we did not explore the results for GO sheet of
different sizes, we expect our results to be relatively inde-
pendent from this parameter. Indeed, the quantitative presence
of defects due to contour edges (external as well as internal
ones) has been demonstrated to be independent on the flake
size [41].

Conclusions

In this work we confirmed that the GO structure is dense of
oxygenated groups, carboxylic, epoxy and hydroxyl groups,
as well as point defects, which give rise to a basal para-
magnetism, and act as anchoring groups of residual Mn from
the preparation reaction. Surely, there is still much to
understand about the mechanism of action of GO as a contrast
medium for MRI applications.

With this study we have contributed to understanding
and disentangling the factors that influence the relaxivity
properties of GO nanosheets in water dispersion, a new class
of nanomaterials with a wide range of biomedical uses. From
the wide literature review considered here and our exper-
imental results, we conclude that, when a rigorous GO
cleaning process is performed, the residual paramagnetic
manganese impurities can be reduced such as to provide a
negligible contribution to the relaxivities, and the main
relaxation mechanism is due to the presence of defects in the
GO structure. It is reasonable to predict that water relaxation

values, could be modulated depending on the GO flake size
and dangling bonds density, but this open question is beyond
the scope of this work. Moreover, we argue that Mn impu-
rities of at least 1000 ppm level, when the r2/r1 ratio gets
closer to the one of free ionic Mn(II), could give a measurable
contribution in MRI applications.

By the experimental relaxivity results we should classify
pristine GO as a negative contrast agent. Even if the relaxivity
values, when expressed in mM⋅s−1, are much larger com-
pared to Gd chelated paramagnetic CAs, the direct use of
pristine GO must still be proved. The GO sheets used in
present work have a much larger molecular weight than Gd
chelates, and the concentrations used for this work could not
be attainable in living tissues.

GO defects are normally considered to be detrimental to
the properties of the nanomaterials, but in specific cases, such
as MRI, they can be a beneficial feature for the design of GO-
based CAs. As recently reported in the literature [34, 35], the
relaxivities can be further modulated by the capability to
induce paramagnetic nanoholes at will, affecting contrast
mechanisms.

In conclusion, the ability to rationally manipulate GO
features opens new opportunities in designing theragnostic
nanoparticles, through its unique advantage of surface tai-
loring with therapeutic agents (e.g. anticancer drugs and
photosensitizers). Taking GO for example, the presence of
carboxyl or epoxy groups on the material surface allows
further functionalization by forming covalent or ionic bonds
with other species. Moreover, the carboxy groups at the GO
edges can react with amino or hydroxyl groups through acyl
reactions, while the epoxy groups in the GO plane may
provide active sites for ring opening reactions with amino
groups. Covalent functionalization of GO greatly modulates
its chemical–physical properties. It is increasingly accepted
by the scientific community that defects are actually structural
motifs that can be controlled and engineered to improve the
properties of a large variety of materials, including GO-based
MRI CAs [41].
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