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Abstract

The study introduces a boron-doped graphene quantum dot (B-GQD) as a metal-free multi-modal
contrast agent (CA) for safe MRI and fluorescence imaging. /n vivo T;-weighted MR images
shows B-GQDs induce significant contrast enhancement on heart, liver, spleen and kidney and
sustain for more than 1 h, about 10 times longer than Gd-based CAs currently used in clinic.
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Metal-free carbon-based magnetic materials (MFCMMSs) have been a research frontier in
physics, chemistry, and materials science since the discovery of ferromagnetism in
tetrakis(dimethylamino)ethylenefullerene.[!: 2 Due to their appealing attributes including
long coherence time, quantum effects, negative differential conductance, complete current
suppression, and biocompatibility, the synthesis and potential applications of MFCMMs
with macroscopic magnetic ordering are both fundamentally and technologically
important.[3-3] Early theoretical studies revealed the ferromagnetic property of metal-free
(MF) graphene due to the presence of various defects in the material such as vacancies,
topological defects, modification of the crystal lattice, as well as hydrogen
chemisorption.[8-91 Several subsequent studies have confirmed the ferromagnetism and
paramagnetism in graphene, reduced graphene oxide, and graphite,[20-4] but no study has
reported the magnetic properties of graphene quantum dots (GQDs) that may potentially
serve in many magnetism-related applications such as magnetic resonance imaging (MRI) in
particular.

MRI is a non-invasive, sensitive, and preferred imaging modality in clinic due to its high
spatial resolution and virtually unlimited tissue penetration depth.[2> 16] Unlike X-ray
computer Tomography (CT) and position emission tomography (PET) scans, MR imaging
does not use ionizing radiation that may cause harmful side effects. Paramagnetic complexes
containing gadolinium (Gd-based contrast agents) have been widely used as T1 positive
contrast agents (brightening signaling) for MRI in clinic for decades and exhibit better
spatial resolution and diagnosis of medical conditions than T, negative contrast agents
(darkening signaling). Paramagnetic nanoparticles (NPs) have been extensively investigated
in the past decade as potential contrast agents (CA)s for MRI to overcome the limitation of
the short half-life and low sensitivity of Gd-based contrast agents. However, these Gd-based
CAs pose some safety concerns for their possible association with renal failure and
nephrogenic systemic fibrosis (NSF), and may cause excess metal deposits, and other
susceptibility artifacts.[17-20] Although encapsulation of metal-based CAs in mesoporous
nanocarriers has been an alternative approach that can temporarily suppress the metal release
to reduce toxicity, the subsequent degradation of the encapsulating material may still release
metal to the surroundings, leading to side effects to the body.[21] Furthermore, the food and
drug administration (FDA) has recently issued a safety alert about the possible long-term
deposition of Gd-based contrast agents in brain tissue.[22] Thus there is an urgent demand
for development of non-metal MRI contrast agents that exhibit sensitivity and functionalities
comparable or superior to existing T1 contrast agents.
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Here, we report the developemnt of metal-free boron-doped graphene quantum dots (B-
GODs) as a safe Tq contrast agent for MRI. This meganetic properties is produced by
introducing both vacancies and elemental boron molecules as the substitutional defect. The
B-GQDs were synthesized at 200°C using 4-vinylphenylboronic acid (VPBA) and with
boric acid as the precursor. The formation of B-GQDs (Figure 1a) involves two steps. First,
VPBA molecules form the polymer by breaking carbon-carbon double bonds under high
pressure and temperature; H,O, decomposes to form free radicals of hydroxyl (HO-) and
hydroperoxyl (HOO-) and subsequently O, and H»O. Second, the chemical bonds of C-H
and benzene ring in the polymer and O-B in boric acid are ruptured to form boron-doped
carbon-based free radicals and then larger carbon-based fragments. The hydroxyl and
hydroperoxy| react with the carbon-based free radicals to form hydrophilic hydroxyl and
carboxyl groups. The pressure increase caused by the produced O, and H,O furtherpromotes
the reaction to form crystallized graphene quantum dots (GQDs). Further, defects in the
GQD framework provides active sites for boron doping by decomposition of VPBA and
boric acid, thus leading to the formation of B-GQDs by a nuclear burst at the supersaturation
point.

The TEM image in Figure 1b shows that the produced B-GQDs are well dispersed and have
an average size of ~ 5.8 nm. High-resolution TEM image (Figure 1c) shows that B-GQDs
have a crystalline structure with an interplanar distance of ~0.321 nm, corresponding well to
the (002) lattice planes of graphene.[23] The thickness of B-GQDs was characterized by
atomic force microscope (AFM). As shown in Figure 1d, B-GQDs have a height distribution
peacked at ~3 nm. The crystallographic structure and phase purity of B-GQDs were
examined by XRD and Raman scattering techniques, respctively. The characteristic peak of
002 in the XRD pattern (Figure S1, Supporting Information) can be indexed to the bulk
graphite.[?4] The high-degree graphitization is also confirmed by the Raman spectrum
(Figure 1e), where the sginal of the ordered G band at 1587 cm™1 is stronger than the signal
of the disordered D band at 1362 cm~! with a large G to D intensity ratio of 1.1.[2%] Further,
the D-mode at 1362 cm~1 in the Raman spectrum also indicates the presence of vacancy
defects in B-GQDs. The XPS survey and high resolution spectra of C1s, O1s, and B1s
(Figure S2, Supporting Information) show that carbon (69.23%), oxygen (23.64%) and
boron (7.23%) are present on the surface of B-GQDs. No metal peaks were found in XPS
spectra, confirming the metal-free of B-GQDs. B1s peaks at 190.9 and 191.8 eV indicate the
presence of sp2 C=B bonds, confirming the successful doping of boron in GQDs.

The UV-Vis absorption spectrum (Figure S3, Supporting Information) of B-GQDs shows an
absorption band at ~244 nm resulted from r-w* transition of aromatic domains in B-
GQDs.[26: 271 A shoulder peak at 272 nm is observed, which is attributable to n-r* transition
of C=0 bonds and characteristic absorption peak of GQDs.[28] A detailed
photoluminescence (PL) study of B-GQDs was carried out under different excitation
wavelengths. As shown in Figure 1g and f, B-GQDs demonstrate an excitation wavelength-
tunable and upconverted fluorescence property, suggesting that B-GQDs could serve as an
optical imaging contrast agent with a broad range of wavelength from ultraviolet to NIR
light.[29] The photoluinescence (PL) quantum yield of B-GQDs was determined to be 11.2%
using rhodamine B as a standard. This tunable PL property (emission wavelength and
intensity) of B-GQDs can be attributed to the quantum confinement of conjugated rc-
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electrons in an sp? network, the presence of defects (including heteroatom doping),
multiphoton active processes and potential anti-stokes transition.[30-33] The hydrophilic
carboxyl groups including O-H stretching at 3428 cm™1 and C=0 stretching mode at 1701
cm~1 (Figure S4, Supporting Information) on the surface of B-GQDs endow them good
water-solubility (Figure 1b, inset).

Magnetism of B-GQDs was assesed with a superconducting quantum interference device
magnetometer (SQUID). Great care was taken during the preparation of B-GQDs to ensure
that there were no metal impurities. The samples for SQUID were first assessed by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Results show that no
Gd, Fe, Co and Mn elements are present in B-GQDs (not shown) which may otherwise also
contribute to the paramagneism. Figure 2a shows the field sensitive temperature dependence
of magnetization measured at fields of 50 Oe in both the zero field cooled (ZFC) and field
cooled (FC) states. The magnetic moments monotonically increase with decreasing
temperature down to 5 K. The steep increase in magnetization at low temperatures indicates
the strong paramagnetic behavior of B-GQDs.[34 351 The comparison of the magnetic
hysteresis (M—H) curves at 6K and 300K in Figure 2b confirms the strong paramagnetic
behavior of B-GQDs which have a magnetization value of 2.935 emu/g and 0.0398 emu/g,
respectively, at these two temperatures.

It is worth mentioning that the magnetization value of B-GQDs is lower than those of
paramagnetic lanthanide oxide NPs (e.g., Gd,03, 6.25 emu/g; Eu,0O3, 1.38 emu/g) at 300
K,[36] but, as mentioned above, metal-containing materials pose a safety concern for medical
applications. On the other hand, most metal-free graphene-based materials with defects
demonstrate a ferromagnetic property at 300 K. However, materials with ferromagnetic
properties cannot serve as positive T; CAs.[37-42] Metal-free graphite and metal-free
graphene oxide could also produce paramagnetism by introducing dipolar C-F bonds.[43: 44]
For example, it has been reported that graphite doped with fluorine demonstrates a
paramagnetic property (0.82 emu/g). However, application of these materials in medicine is
limited by potential toxicity, poor stability, high uptake by liver, and low tissue penetration
depth primarily due to their larger sizes (1 um).[44]

Figure S5 (Supporting Information) shows the Curie-Weiss law fitting (M = c*H/T) of the
paramagnetic component of B-GQDs with a Curie constant of 6.25 x 1074, To investigate
the influence of boron doping on the magnetism of GQDs, pure GQDs were prepared as a
control using a sythesis method similar to the method for synthesizing B-GQDs (Figure S6
and Figure S7, Supporting Information). Compared to B-CQDs (Figure 2a), GQDs display
weak diamagnetism (Figure S8, Supporting Information), which indicates that the boron
doping can induce the transition of GQDs from weak diamagnetism to paramagnetism. The
paramagnetism of B-GQDs may be attributed to the local magnetic moments of dangling
bonds.[45] Such a bond may produce a localized spin and further convert a graphite sp2 bond
into an sp? bond at the expense of a rt bond. Localized spins in a high boron concentration
region behave like isolated spins, therefore, leading to the formation of paramagnetic
centers.[46]
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Given their paramagnetic behavior, B-GQDs were investigated as a 7; CA for MRI both in
vitroand in vivo. As shown in Figure 2c, the 77 signal intensity increases with increasing B-
GQD concentration (corresponding to an increase in carbon concentration). This indicates
the capability of our MF B-GQDs to enhance contrast in 7;-weighted MRI. 7; values were
then plotted as 1/ 7; as a function of carbon molar concentration (Figure 2d). The relaxation
(1/77) exhibits a linear relationship with carbon molar concentration, and the longitudinal
relaxivity, 1 (the slope of the best fit line in this linear relation) of B-GQDs is 18.277 mM™1
s~1 (Figure 3b). Comparatively, the 7, of GQDs is only 0.0038 mM~1 s71 (Figure S9,
Supporting Information), indicating that the boron doping of GQDs substantially increase
the longitudinal relaxivity. Also notably, although the magnetization value of B-GQDs is
lower than paramagnetic lanthanide oxide NPs as mentioned above, the r; relaxivity of B-
GQDs is much greater than these metal-based T1 CAs (Gd,03, 4.25 mM~1s71; Eu,05,
0.006 mM~1 s71).[36] |n addition, the A, relaxivity of B-GQDs is also much greater than the
relaxivity of the most commonly-used clinical 7; CA (i.e., Gd-DTPA, r; =5.39 mM~1s71,
Figure S10, Supporting Information). Further, although it is reported that the introducing Gd
into carbon dots could inrease the relaxivity of carbon dots,[4748l the ; relaxivity of B-
GQDs is still greater than that of reported Gd-carbon dots (r; = 11.35 mM~1 s71).[49] This
suggests that the boron doping is more efficient than metal doping in carbon-based materials
in enhancing the relaxivity. This may be due to the smaller diameter of doped boron atoms
that produce more paramagnetic centers in nanostructured carbon materials. Our B-GQDs
are the first metal-free contrast agent that provides contrast enhancement in 7;-weighted
imaging and may have a significant implication in medical imaging.

The cytotoxicity of B-GQDs were evaluated with two tumor cell lines (SF763 and BT474)
and one healthy cell line (HEK293T). More than 96% of cells from all three cell lines
survived 72 h after treatment with B-GQDs at different concentrations. This indicates that B-
GQDs are nontoxic to the tested cells (Figure 3a).

The biodistribution of B-GQDs were evaluated by injecting B-GQDs into wild-type of mice
and quantifying the fluorescence intensities of B-GQDs in organs of interest (Figure 3b).
Results showed significant portions of B-GQDs were taken up by liver, stomach and spleen
while lesser amounts were found in lung and heart at 72 h post injection. B-GQDs showed
no obvious systemic toxicity as demonstrated by assays of serum markers of liver and
kidney functions (Figure 3c and d). As shown in Figure 3c and d, the levels of serum alanine
aminotransferase, white blood cells, platelet, and blood urea nitrogen were similar between
PBS and B-GQD treated animals, suggesting that B-GQDs do not induce liver toxicity at the
given dosage despite the large accumulation of B-GQDs in liver.[% The biocompatibility of
B-GQDs /n vivowas assessed by histological analysis of various tissues from mice treated
by intravascular injection with B-GQDs or PBS solution (as control). The analysis of tissue
sections showed that the tissues from the mice receiving B-GQDs appear similar to those
from control animals (receiving PBS), and no evidence of toxicity was observed (Figure 3e).

To evaluate the MRI imaging capability of B-GQDs in mice, B-GODs were administered
with B-GQDs through subcutaneous injection. As shown in Figure S11 (Supporting
information), B-GQDs demonstrated a substantial contrast enhancement as compared to
PBS-injected solution. The contrast enhancement by B-GQDs was further assessed by
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intravenous injection of 100 L dispersive PBS solution containing B-GQDs (0.2 mg) into
wide-type mice. 7;-weighted MR images of the cross-section views of mice centered on
heart, liver, kidney, stomach, and spleen (Figure 4a) were acquired before and after the
injection. The signal intensity of positive contrast increased over time throughout the
duration of the experiment (68 min) in all organs, followed by a weak decay at the end of the
experiment (about 90 min). In these 7;-weighted images, heart and stomach show higher
positive contrast enhancement than kidney, spleen, and liver. Quantitatively, the 7; signal
intensity (Figure 4b) was increased by 403.4% and 522.4% for heart and stomach,
respectively, at 93 min post-injection, relative to the signal intensities of these of these
organs before the injection. The enhanced signal sustains for more than 1.5 h (consistent
with the blood half-life of B-GQDs in Figure 4c), which is seven times longer than a
commonly-used Gd-based clinical MRI T1 CA (<10 min).[5]

In addition to serving as a positive 7; CA for MRI, B-GQDs demonstrate fluorescent
property that makes them a marker in optical imaging. Figure S12 (Supporting Information)
shows the laser scanning confocal images of SF-763 cells incubated with B-GQDs, acquired
under laser irradiation at wavelengths of 405, 488, and 546 nm, respectively. As shwon, B-
GQDs produced a bright fluorescence and can illuminate SF-763 cells in multicolor forms.
Figure S13 (Supporting Information) shows images of fluorescence, DAPI nuclear stained
SF-763 cells after uptaking B-GQDs and excited by a wavelength of 900 nm using two-
photon microscopy. This demonstrates that cells can also be illuminated by the upconverted
fluorescence emitted by B-GQDs under excitation of NIR laser irradiation. To further
investigate applicability of B-GQDs for /in vivo NIR imaging, nude mice were injected
subcutaneously and intravenously with B-CQDs, respectively. As shown in Figure S14
(Supporting Information), fluorescence of B-GQDs can be observed in mice treated with
subcutaneous injection of B-GQDs at excitation wavelengths of 670, 710 and 745 nm at both
subcutaneous injection sites. The mice treated by intravenous injection of B-GQDs remained
emiting NIR fluorescence from liver 24 h post-injection at an excitation wavelength of 710
nm (Figure S15, Supporting Information). Furthermore, NIR signals were observed at an
excitation wavelength of 710 nm from various organs of the mice treated with intravenously
injected B-CQDs 72 h post-injection (Figure S16, Supporting Information). The PL
spectrum of B-GQDs under an excitation wavelength of 710 nm confirmed their NIR
emission with a maximum peak at 806 nm (Figure S17, Supporting Information). This result
validates their potential use as optical nanoprobes in biomedical imaging.

In summary, we have produced a novel metal-free magnetic carbon material by doping
graphene quantum dots (5 nm) with boron atoms. The produced B-GQDs demonstrate a
paramagnetic property, and therefore can potentially serve as a CA for 7; MRI. B-GQDs
also exhibit excitation wavelength-tunable photoluminescence property, which allows B-
GQDs to serve as a sustainable confocal, two-photon fluorescence, and NIR imaging
contrast agent. We demonstrated its biocompatibility and utility for contrast enhancement
both in vitro and in vivo. We concluded that this new material may serve as an alternative
CA superior to the currently available clinical MRI CAs and provide more reliable
diagnostics by cross-validation of the results that are from two imaging modalities but
generated with the same contrast material in the same time period.
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Formation, structure and PL property of B-GQDs. (a) The schematic representation of the
formation of B-GQDs. (b) TEM image and size distribution, (c) lattice fringe, (d) atomic
force microscopy image, (e) Raman spectrum, (f) PL spectra and (g) upconverted PL spectra

of B-GQDs.
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Figure2.
Magnetic properties and in vitro MRI of the B-GQDs. (a) Zero-field-cooling curves of B-

GQDs measured in an applied field of 50 Oe. (b) Magnetization hysteresis loops of the B-
GQDs at 6 K and 300 K in the range of —40 kOe < H'< +40 kOe. The blue curve is the
Brillouin function fitting of the 6K hysteresis curve. The inset is the enlarged magnetization
hysteresis loop of B-GQDs at 300 K. (¢) 7;-weighted MR images and /2; maps of MRI
phantom images of B-GQDs at different B-GQD concentrations. (d) Plot of 1/7; as a
function of B-GQD concentration. The slope of the curve is defined as the specific relaxivity
of n.
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Figure 3.
In vitroand in vivo biocompatibility assessment of B-GQDs. (a) In vitro cytotoxicity study

of B-GQDs performed by assessing the viability of SF763, BT474 and HEK293T cells 72 h
after treatment with B-GQDs. (b) Distributions of B-GQDs in various organs and tissues of
nude mice receiving B-GQDs, determined at various time points post-injection. Assessment
of toxic effects of B-GQDs on liver and kidney by hematology analysis. (c) platelet (PL)
levels and serum alanine aminotransferase (SAA) levels, (d) blood urea nitrogen levels
(BUN) and white blood (WBC) cells of mice receiving B-GQDs or PBS injection, measured
24 h after administration (standard deviation of mean, n = 4 mice per treatment). (¢) H&E
stained tissue sections of mouse heart, kidney, liver, lung and spleen, obtained from non-
injected animals (bottom row, control) and those injected with B-GQDs at a concentration of
1 mg mL™1 (top row). The scale bar is 125 um.
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Figure 4.

In vivo MRI of mice receiving B-GQDs. (a) /nn vivo T;-weighted MR images of the cross-
sections of mice receiving B-GQD treatment with dynamic time-resolved MRI acquired at
various time points after intravenous administration. The arrows denote various organs: heart
(H), liver (L), kidneys (K), spleen (Sp) and stomach (St). (b) Relative 7; signal intensity
variation in mice injected intravenously with B-GQDs with dynamic time-resolved MRI
acquired from organs of interest before and at different time points after administration. (c)
Blood half-life of the B-GQD determined by fluorescence measurements. Each data point is
acquired from three animals in a group.
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