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Conceptual Insights
Clinical positive T1-weighted contrast agents used to improve the diagnostic capabilities of 
magnetic resonance imaging (MRI) are based on gadolinium chelates with known toxicity 
issues. Most experimental contrast agents also contain similar problematic metal atoms 
serving as their source of contrast enhancement. Alternatively, reported metal-free contrast 
agents fall far short of matching the contrast enhancement capabilities of clinical contrast 
agents. We report a completely metal-free MRI contrast agent developed upon single-layer 
boron-doped graphene quantum dots. Our graphene-based platform offers a biologically safe 
alternative to metal-based contrast agents while matching the contrast enhancing abilities of a 
gold standard gadolinium-based contrast agent as demonstrated by measurements of the 
longitudinal and transverse relaxivity values, as well as in vivo MR imaging. This study 
provides new insight into rational design of metal-free contrast agents for biomedical imaging 
and conceptual advancement in development of graphene dots for unique magnetic properties 
by elemental doping and structural controlling. 
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Single-layer boron-doped graphene quantum dots for contrast-
enhanced in vivo T1-weighted MRI
Hui Wang, a,b‡ Richard Revia,a‡ Qingxin Mu,a Guanyou Lin,a Charles Yena and Miqin Zhanga*

Gadolinium (Gd)-based chelates are used as clinical T1 contrast 
agents for magnetic resonance imaging (MRI) due to their 
demonstrated high sensitivity and positive contrast enhancement 
capability. However, there has been an increasing safety concern 
about their use in medicine because of the toxicity of the metal 
ions released from these contrast agents when used in vivo. 
Although significant effort has been made in developing metal-free 
MRI contrast agents, none has matched the magnetic properties 
achieved by the gold standard of clinical contrast agent, Gd 
diethylene penta-acetic acid (Gd-DTPA). Here, we report the 
development of a single-layer, boron-doped graphene quantum dot 
(termed SL-BGQD) that demonstrates better T1 contrast 
enhancement than Gd-DTPA.  The SL-BGQD is shown to provide 
significantly higher positive contrast enhancement than the Gd-DTPA 
contrast agent in imaging vital organs, including kidneys, liver, and 
spleen, and especially, vasculatures. Further, our results show that 
the SL-BQGD is able to bypass the blood-brain barrier and allows 
sustained imaging for at least one hour with a single injection. 
Hematological and histopathological analyses show that the SL-
BGQD demonstrates a non-toxic profile in wild-type mice and may, 
therefore, serve as an improved, safer alternative to currently 
available clinical MRI contrast agents. 

1. Introduction 
A variety of imaging technologies have been developed for disease 
diagnosis and its early detection and are used in the clinic, including 
magnetic resonance (MR) imaging, optical fluorescence imaging, X-
ray computed tomography, positron-emission tomography, and 
ultrasound imaging.1,2 Among these imaging technologies, MR 
imaging is one of the most powerful non-invasive diagnostic 
modalities for the determination of locations and extents of diseased 

tissues. In MR imaging, contrast arises from the difference in the MR 
relaxivity of hydrogen nuclei in water molecules between different 
tissues; these disparities are caused by the unique local magnetic 
field properties in which the hydrogen nuclei reside.3,4 Although the 
diagnosis of major diseases by MR imaging has achieved significant 
progress, the ability to differentiate diseased tissue from healthy 
tissue remains to be improved, especially at the early stages of 
disease.5 The introduction of contrast agents to MR imaging has 
become increasingly important to the improvement in diagnostic 
imaging. More than half of MR imaging studies performed nowadays 
involve the use of contrast agents.6 Contrast enhancement is 
achieved by increasing the rate of transverse relaxation, R2, in T2-
weighted imaging or by accelerating the recovery of the longitudinal 
relaxation rate, R1, in T1-weighted imaging.7 Contrast agents used for 
T1-weighted imaging produce hyperintense contrast; that is, images 
appear brighter due to the presence of the contrast agents. 

Conceptual Insights
Clinical positive T1-weighted contrast agents used to improve 
the diagnostic capabilities of magnetic resonance imaging (MRI) 
are based on gadolinium chelates with known toxicity issues. 
Most experimental contrast agents also contain similar 
problematic metal atoms serving as their source of contrast 
enhancement. Alternatively, reported metal-free contrast 
agents fall far short of matching the contrast enhancement 
capabilities of clinical contrast agents. We report a completely 
metal-free MRI contrast agent developed upon single-layer 
boron-doped graphene quantum dots. Our graphene-based 
platform offers a biologically safe alternative to metal-based 
contrast agents while matching the contrast-enhancing abilities 
of a gold standard gadolinium-based contrast agent as 
demonstrated by measurements of the longitudinal and 
transverse relaxivity values, as well as in vivo MRI. This study 
provides new insight into the rational design of metal-free 
contrast agents for biomedical imaging and conceptual 
advancements in the development of graphene quantum dots 
for unique magnetic properties by elemental doping and 
structural engineering. 
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However, clinical T1-weighted contrast agents, primarily gadolinium 
(Gd)-based chelates or complexes, have their limitations including i) 
low vascular permeation, ii) poor sensitivity limiting their diagnostic 
efficacy, iii) rapid renal clearance, iv) the potential risk of causing 
nephrogenic systemic fibrosis in patients with declining renal 
function,8,9 and v) potential harmful effects on the brain due to long-
term Gd retention in neurological tissue.10,11

Use of nanomaterials to develop T1 contrast agents may overcome 
the limitations of current Gd-based contrast agents.12–15 
Paramagnetic metal-based nanoparticles (NPs) have been found to 
produce MR sensitivities greater than Gd-based complexes.16–20 
However, the potential of metal leaching associated with these NPs 
poses safety concerns and leads to particle aggregation, therefore, 
hindering their use in long-term in vivo imaging applications. 
Although surface coating of metal-NP contrast agents may 
temporarily reduce the risk of toxicity by suppressing the release of 
metal atoms into the body, the eventual degradation of the 
nanomaterial, which is an intentional design consideration for most 
nanomaterials used for in vivo applications, would lead to the release 
of metal atoms.21,22 Additionally, the surface coating may hamper the 
diffusion of water molecules toward paramagnetic sites within the 
NPs, thus weakening the observed MR signal enhancement.21 
Furthermore, the increased hydrodynamic size (> 100 nm) due to the 
coating may compromise the NP’s ability to cross the blood-brain 
barrier (BBB), thereby limiting their use in neurological MR imaging.23 
These limitations prompt the incentive to develop small-size, metal-
free MR contrast agents with minimal biological toxicity and higher 
imaging sensitivity. 

Graphene quantum dots (GQDs) have attracted much attention in 
medicine due to their biologically-benign properties demonstrated 
both in vitro and in vivo.24 By doping GQDs with a non-metallic 
element (e.g., boron or fluorine), the non-magnetic  GQDs become 
magnetic and are able to serve as contrast agents in T1-weighted MR 
imaging.25,26 The ability of a contrast agent to enhance the T1-
weighted signal in an MR image is correlated to its longitudinal 
relaxivity, r1, value and the ratio of the transverse relaxivity, r2, to the 
longitudinal relaxivity (i.e., r2/r1). The greater the r1, the greater the 
observed T1-weighted signal enhancement; meanwhile, the r2 of the 
agent should be limited; otherwise, a large r2 would overshadow the 
agent’s effect on the longitudinal MR properties.27 Practically, a T1 
contrast agent is required to have r1  5 and r2/r1  5 for contrast > <
enhancement.16,28 The GQD-based contrast agents reported thus far 
have yet to achieve the requisite low r2/r1 ratio; in other words, they 
have not demonstrated a T1 contrast enhancement ability 
compatible to those exhibited by clinically used Gd-based contrast 
agents. One possible factor that leads to the observed limited 
performance of these agents is their multi-layer structures (e.g., a 
GQD composed of many stacked sheets of graphene held together 
by electrostatic forces). The multi-layer structure inhibits the 
diffusion of water towards paramagnetic sites created by dopants or 
vacancy defects, which may weaken the contrast enhancement 
ability of the material. Metal-free nanoparticles (NPs) have less 
active paramagnetic centers than Gd complexes and thus have lower 
r1 values (i.e., low T1 contrast enhancement).  

Here, we report on the construction of single-layer, boron-doped 
GQDs (SL-BGQDs) that circumvent the limitations discussed above 
and substantially improve MR contrast enhancement capabilities. 

The high MR T1 contrast enhancement is achieved by the creation of 
a large number of paramagnetic centers within the graphene lattice 
through boron doping that creates defects and by maximizing the 
interaction between water molecules and paramagnetic centers on 
both sides of the single material layer. SL-BGQDs are shown to have 
a higher longitudinal relaxivity (r1  8.5 mM1 s1) and a slightly lower  
r2/r1 ratio ( 1.08), as compared to the clinical T1 contrast agent Gd-
DTPA with r1  4.3 mM1s1 and r2/r1  1.17 at a magnetic field 
strength of 14 T. Significantly, SL-BGQDs exhibit no cytotoxicity to 
cells and tissues while Gd-DTPA was found to be toxic. T1-
weighted MR images of mice intravenously injected with either SL-
BGQDs or Gd-DTPA showed that the injection of SL-BGQDs 
demonstrated greater contrast enhancement than the injection of 
Gd-DTPA in vital organs including kidneys, liver, spleen, and 
vasculatures. Finally, confocal microscopy images of brain tissues 
acquired from wide-type mice after intravenous administration of SL-
GBQDs revealed SL-BGQDs’ ability to cross the BBB. 

2. Results and Discussion

To synthesize boron-doped GQDs of only a single layer, we modified 
a one-step solvothermal process we established previously for the 
synthesis of multi-layered, boron-doped GQDs.26 The same 
precursors, 4-vinylphenylboronic acid (VPBA) and boric acid,  and 
solution, acetone/hydrogen peroxide, were used here. The amount 
of hydrogen peroxide was doubled to create a larger liquid-gas 
interface upon which to decompose VPBA molecules, and thus form 
GQDs with a smaller size, a narrower size distribution, and fewer 
layers. The transmission electron microscopy (TEM) image in Fig. 1a 
shows that SL-BGQDs are well dispersed and have an average size of 
4.6 ± 1.4 nm (Fig. S1, ESI†). The high-resolution TEM (HRTEM) image 
in Fig. 1b reveals that SL-BGQDs have a superlattice structure with an 
interplanar distance of ~0.237 nm, corresponding to the (100) lattice 
planes of graphite.29 Vacancy defects in SL-BGQDs are also 
identifiable in Fig. 1b (red circles). The thickness of the SL-BGQDs was 
characterized by atomic force microscopy (AFM) to be around 0.8 nm 
(Fig. 1c-d), indicating a single-layer structure of SL-BGQDs.30 The 
single-layer structure eliminates the possibility of spin pairing of 
boron in adjacent graphene layers as occurs in multi-layer boron-
doped GQD structures and facilitates the bidirectional interaction of 
water molecules with the boron atoms in SL-BGQDs, which improves 
their magnetic properties and their ability for contrast enhancement 
in MR imaging.
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Powder X-ray diffraction (XRD) and Raman spectroscopy were 
used to obtain further crystallographic structure and phase purity 
information about SL-BGQDs, respectively (Fig. S2 and S3, ESI†). The 
characteristic peak at ~20 in the XRD pattern (Fig. S2, ESI†) can be 
indexed to bulk graphite.31 SL-BGQDs exhibited a large Raman peak 
at 1574 cm–1 (G band) (Fig. S3, ESI†). The intensity ratio of the G to D 
bands was determined to be 1.1, indicating a high degree of 
graphitization since the signal of the ordered G band is similar to or 
slightly greater than the signal of the disordered D band.32 A large 
number of defects are also present in SL-BGQDs evidenced by the 
Raman spectrum peak at 1345 cm–1 (D band); here, the D band is 
activated by the destruction of the sp2 hybridized graphene network 
due to sp3 hybridized C atoms bonded to boron.33

Fig. 1 Physicochemical properties of SL-BGQDs. (a) TEM and (b) 
HRTEM images of SL-BGQDs. The red circles in (b) mark the locations 
of vacancy defects in SL-BGQDs. (c) AFM image and (d) the height 
profile corresponding to the white line segment shown in (c). (e) XPS 
and (f) UV absorption spectra of SL-BGQDs. The inset in (f) shows 
photographs of the aqueous dispersion of SL-BGQDs with (right 
bottle) and without (left bottle) UV light radiation (365 nm).

An analysis of the surface elemental characteristics of SL-BGQDs 
by X-ray photoelectron spectroscopy (XPS) shows that carbon 
(68.175%), oxygen (28.404%), and boron (3.421%) are present on the 
surface of SL-BGQDs (Fig. 1e). The XPS spectrum does not show the 
presence of any metal impurities, further confirming the metal-free 
nature of SL-BGQDs. In the expanded high-resolution XPS spectra (Fig. 
S4, ESI†), the C 1s peaks at 284.7, 286.2, and 288.6 eV are assigned 
to carbon atoms in the form of C−C (sp3)/C=C (sp2), C−O (sp3), and 
O−C=O (sp2), respectively.34 The O 1s peaks at 532.1, 532.5, and 
532.8 eV are associated with C=O quinone-type groups, C−OH phenol 

groups, and C−O−C ether groups, respectively.35 The B 1s peaks at 
191.2 and 191.6 eV are attributed to sp2 C=B bonds.36,37 In addition, 
the B 1s peak at 192.4 eV is associated with B–O bonds.38 The peaks 
at 191.2 and 191.6 eV provide further evidence of boron doping in 
SL-BGQDs.

The UV absorption spectrum (Fig. 1f) of SL-BGQDs shows an 
absorption peak at ~239 nm resulting from the π-π* transition of 
aromatic domains in SL-BGQDs.39 A shoulder peak at 266 nm is also 
observed, which is attributed to the n-π* transition of carbonyl 
groups (C=O bonds) and the characteristic absorption peak of GQDs, 
which confirms the presence of functional groups.40 When aqueous 
dispersions of SL-BGQDs were exposed to UV light (365 nm), blue 
light was emitted from the dispersions (inset in Fig. 1f). The 
excitation wavelength-tunable, upconverted fluorescence (Fig. S5, 
ESI†) from SL-BGQDs confirms their quantum confinement effect.41 
Fourier transform infrared (FT-IR) spectroscopy was used to evaluate 
additional surface properties of SL-BGQDs (Fig. S6, ESI†). FT-IR 
absorption peaks at 3416 cm–1 and 1714 cm–1 correspond to –OH and 
C=O stretching modes, respectively; these peaks indicate the 
presence of hydroxyl and carboxyl groups on SL-BGQDs, which 
endows them with good water-solubility.42

Fig. 2 Magnetic properties and in vitro MR imaging of SL-BGQDs. 
(a and b) Magnetization hysteresis loops of SL-BGQDs at (a) 6 K and 
(b) 300 K in the range of 10 kOe < H < +10 kOe. The insets in a and 
b are the magnetization hysteresis loops expanded around 0 applied 
field. (c) T1-weighted MR images and quantitative R1 maps of SL-
BGQDs at different SL-BGQD concentrations. (d) Plot of 1/T1 (R1) as a 
function of the boron concentration in SL-BGQDs. The slope of the 
curve is defined as the longitudinal relaxivity, r1.

Magnetic properties of SL-BGQDs were assessed with a 
superconducting quantum interference device. Fig. 2a shows the 
magnetization hysteresis loop for SL-BGQDs measured at a 
temperature of 6 K in the field range of –10 kOe  H  +10 kOe, from 
which the saturation of magnetization is identified at Ms  0.121 emu 
g–1 after subtracting the diamagnetic background. The saturation of 
magnetization at 300 K for SL-BGQDs was similarly identified to be 
Ms  0.0197 emu g–1 (Fig. 2b), which also indicates that SL-BGQDs 
have a very weak ferromagnetic ordering at room temperature. The 
magnetic properties of SL-BGQDs result from the breaking of π-
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bonds in boron-doped GQDs due to missing C atoms, which induces 
unpaired electrons and partial spin polarization in SL-BGQDs.43 
Importantly, the boron atoms in SL-BGQDs provide paramagnetic 
centers for T1-weighted MR imaging since localized doping produces 
local magnetic moments and spins of dangling bonds (B-C bond).To 
evaluate the applicability of using SL-BGQDs as contrast agents for 
MR imaging, quantitative T1 and T1-weighted MR imaging scan 
sequences were acquired of SL-BGQD samples in phosphate buffered 
saline (PBS) at a magnetic field strength of 14 T. As shown in Fig. 2c, 
the T1-weighted signal intensity increases with increasing SL-BGQD 
concentration (i.e., an increase in boron concentration). 1/T1 was 
then plotted against the boron molar concentration in SL-BGQDs (Fig. 
2d). The relaxation rate R1 ( 1/T1) exhibits a linear relationship with 
boron molar concentration, and the longitudinal relaxivity, r1 (the 
slope of the best fit line in this linear relation) of SL-BGQDs, was 
evaluated to be 8.5 mM1 s1 (Fig. 2d). A concentration-dependent 
negative signal enhancement effect was clearly observed for a T2-
weighted MR scan sequence (Fig. S7, ESI†), and the r2 value of SL-
BGQDs was determined to be 9.2 mM1 s1 based on the linear 
relation between the transverse relaxation and boron molar 
concentrations (Fig. S8, ESI†). 

There are two design principles that regulate the development of 
T1 contrast agents: i) r1 should be large (r1 > 5) and ii) the ratio of r2 
to r1 should be small (r2/r1  5).16,28,44,45 Throughout the development 
of SL-BGQDs as T1 contrast agents, we compared the relaxivity values 
and qualitative in vitro MR imaging results to the gold standard 
clinical T1 contrast agent: Gd-DTPA. As shown in Fig. S9 (ESI†), the r1 
and r2 relaxivities of Gd-DTPA were measured to be 4.3 mM1 s1 and 
5.03 mM1 s1, respectively, which yields r2/r1 = 1.17. The r1 of SL-
BGQDs (Fig. 2d) is r1  8. 5 mM1 s1, about two times greater than 
that of Gd-DTPA, and the r2/r1 ratio of SL-BGQDs is 1.08, slightly 
smaller (i.e., better) than that of Gd-DTPA. 

The ability of SL-BGQDs to serve as T1 contrast agents was assessed 
in vivo with a 14 T MR imaging system using a C57BL/6 wild-type 
mouse model. 200 µL of SL-BGQDs (1 mg mL–1) dispersed in PBS 
solution was administered via intravenous injection. As a reference, 
MR images were also acquired from mice similarly treated with Gd-
DTPA (200 µL, 1 mg mL–1). T1-weighted MR images of the cross-
sectional views of mice centered within the abdomen were acquired 
before and after contrast agent injection. As shown in Fig. 3a 
(showing the posterior abdomen) and Fig. S10 (showing the anterior 
abdomen, ESI†), both SL-BGQDs and Gd-DTPA demonstrated a 
substantial signal enhancement in the renal cortex (RC), renal pelvis 
(RP), and gall bladder (GB) as evidenced by comparing the post-
injection images with the pre-injection images. In addition, SL-BGQDs 
demonstrated slightly better signal enhancement in the liver and 
spleen compared to Gd-DTPA. The contrast enhancement by Gd-
DTPA peaked within the first 10 min post-injection, but quickly 
declined over a 20 to 30 min period, and the observed contrast 
enhancement faded out by 60 min post-injection. SL-BGQDs 
demonstrated greater T1-weighted contrast enhancement as well as 
a prolonged hyperintense T1-weighted signal in most of the organs 
analysed (e.g., kidneys, liver, and spleen). These observations were 
confirmed by quantitative analysis of MR signal strengths (Fig. 3b and 
c). The change in T1-weighted signal between pre- and post-injection 
images in the liver and spleen of mice treated with SL-BQGDs at 60 
min post-injection increased by 232.8% and 207.6%, respectively. In 

contrast, no T1-weighted signal increase was detected in any organ 
in mice injected with Gd-DTPA at 60 min post-injection as compared 
to those acquired pre-injection. 

To further evaluate the efficacy of SL-BGQDs as an in vivo T1 
contrast agent, we performed cranial MR imaging to acquire a map 
of the neurovasculature of mice. The entire heads of the mice were 
imaged using a T1-weighted scan sequence prior to and 10 min after 
injection of 200 μL, 5 mg mL–1 of either SL-BGQDs or Gd-DTPA. Fig. 4 
shows the maximum intensity projections of representative pre- and 
post-injection images from mice receiving SL-BGQD (Fig. 4 a and b) 
or Gd-DTPA (Fig. 4 c and d). Cranial blood vessels could hardly be 
identified in pre-injection images for either group. Conversely, the 
vascular structures were clearly seen after SL-BGQD administration: 
the great cerebral vein was seen in the sagittal view (yellow arrow), 
and the superior sagittal sinus was evident in the coronal view (red 
arrow). Mice receiving Gd-DTPA with a dose identical to that of SL-
BGQD showed no apparent change in contrast between pre- and 
post-injection images. The great positive contrast enhancement 
provided by SL-BGQDs is attributed to their high r1 value.
Fig. 3 In vivo abdominal MR imaging of mice intravenously 

administered with SL-BGQDs or Gd-DTPA. (a) T1-weighted MR images 
of the cross-sections of mice receiving SL-BGQDs (upper panel) or Gd-
DTPA (lower panel) treatments acquired using dynamic time-
resolved MR imaging at various time points post-injection. Both 
grayscale and colorized images are displayed for each experimental 
group. The arrows point to various organs: muscle (M), spleen (S), 
renal cortex (RC), and renal pelvis (RP). (b and c) Relative T1-weighted 
signal intensity in mice injected intravenously with (b) SL-BGQDs or 
(c) Gd-DTPA, acquired with dynamic time-resolved MR imaging from 
organs of interest before and at different time points after the 
administration of contrast agents. One-way and two-way analyses of 
variance followed by Tukey’s or Sidak's post hoc multiple comparison 
tests were used for comparisons of multiple groups. (*p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 4 In vivo cranial MR imaging. T1-weighted MR images of the 
cross-sections of mice receiving either SL-BGQD (a and b) or Gd-DTPA 
(c and d) treatment prior to (left panels) and 10 min after (right 
panels) intravenous injection of contrast agent. The yellow arrow 
denotes the great cerebral vein, and the red arrow denotes the 
superior sagittal sinus.

To evaluate the BBB permeability of SL-BGQDs, a property that is 
essential for neurological imaging, wild-type mice were 
intravenously injected with SL-BGQDs. Brain sections of the mice 

were histologically analyzed 1 h post-injection. Tissue sections were 
stained with anti-CD31 antibody for visualization of endothelial 
blood vessels and with DAPI for cell nuclei visualization. Brain tissues 
from PBS-treated mice as a control showed no fluorescence signal 1 
h post-injection (Fig. 5a-d), whereas those from mice receiving SL-
BGQDs exhibited red fluorescence (Fig. 5e-h), confirming that SL-
BGQDs bypassed the BBB and accumulated in the brain tissues of live 
mice. We speculate that the nanoparticle-induced endothelial 
leakiness (NanoEL) effect46,47 may be the primary mechanism by 
which SL-BGQDs penetrated the BBB.

To assess the cytotoxicity of SL-BGQDs, three tumor cell lines (4T1, 
SF763, and B16F10) were treated with either SL-BGQD or Gd-DTPA 
for 72 h, and cell viability was assessed using the Alamar Blue assay. 
Cells treated with PBS were used as a reference. No cytotoxicity of 
SL-BGQDs or Gd-DTPA were found in any of the three tumor cell lines 
(Fig. S11, ESI†); more than 87% of cells from all cell lines survived 72 
h after being treated with either SL-BGQDs or Gd-DTPA at 
concentrations up to 200 µg mL–1. These results were normalized as 
a percentage of cells treated with PBS for 72 h to determine the cell 
viability.

Tissue compatibility of SL-BGQDs was evaluated in vivo by 
histological analysis in wild-type mice. Various tissues (liver, spleen, 
lungs, and kidneys) were harvested from mice treated by 
intravascular injection of either SL-BGQDs, Gd-DTPA, or PBS solution 
(control) 72 h post-treatment and stained with hematoxylin and 
eosin (H&E) (Fig. S12, ESI†). The study found no sign of toxicity 

response in mice treated with either SL-BGQDs or Gd-DTPA agents, 
as healthy cell morphology was retained after treatment in all organs 
of interest and in all experimental groups. Further, tissue sections 
from the same organs were stained with DAPI and examined by 
fluorescence microscopy (Fig. S13, ESI†), and no abnormality in 
nuclear morphology was found for any of these experimental groups. 
These results confirm that both SL-BGQDs and Gd-DTPA have no 
acute toxicity to the organs and tissues examined. 

Hematological toxicity was assessed for both SL-BGQDs and Gd-

DTPA with PBS as a non-toxic reference control. As shown in Fig. 6a, 
the white blood cell (WBC) count of Gd-DTPA-treated mice was 
significantly lower than those from PBS-treated (control) and SL-
BGQD-treated animals and are outside of the typical range for mice 
(reference range  2–10  103 cells μL–1);48 the drop in WBC count ×
in Gd-DTPA treated mice is indicative of a stress-induced immune 
response.48 Two key liver enzymes associated with hepatoxicity, 
aspartate transaminase (AST) and alanine aminotransferase (ALT), 
were monitored in these mice (Fig. 6b). Only the Gd-DTPA treated 
mice exhibited a marked increase in the ALT-to-AST ratio, which is 
indicative of hepatic injury.49 In addition to histological and 
hematological analyses, quantitative reverse transcription 
polymerase chain reaction was used to detect alterations in 
transcription levels for genes associated with the endoplasmic 
reticulum stress response (bip, chop, IL-b, TNF-a, and xbp). Fig. 6c 
and 6d compare mRNA expression in the kidneys and liver between 
mice treated with SL-BGQDs and those treated with Gd-DTPA, 
assessed 24 h post-treatment; the gene expression levels from these 
two experimental groups were compared with gene expressions 
from mice injected with PBS. Gene expression levels were observed 
to be normal in mice treated with SL-BGQDs in the kidneys and liver. 
Conversely, mice treated with Gd-DTPA expressed abnormally high 
levels of bip in the kidneys and liver, and abnormally low levels of 
chop, TNF-a, and xbp in the liver. Thus, Gd-DTPA was observed to 

Fig. 5 Confocal fluorescence microscopic images of mouse brain tissue sections acquired 1 h after mice received injection of PBS 
(a-d) and SL-BGQDs (e-h). (a and e) Cell nuclei stained with DAPI (blue); (b and f) endothelial cells stained with anti-CD31 antibody 
(green); (c and g) SL-BGQDs fluoresced red (indicated with white arrows) when they were excited with a 650 nm laser; (d and h) 
overlaid images of mouse brain tissues from a-c and e-g, respectively. Blood vessels are encircled with white dashed lines. 
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cause a significant endoplasmic reticulum stress response, while SL-
BGQDs were benign in this regard. These results indicate that SL-
BGQDs may be a better treatment option than Gd-DTPA in terms of 
biocompatibility when used as a contrast agent in MR imaging 
applications.

Fig. 6 Assessment of toxic effects of SL-BGQDs and Gd-DTPA on key 
enzymes and genes of liver and kidneys. (a) WBC counts of mice 
receiving PBS (control), SL-BGQD, or Gd-DTPA injection, measured 24 
h after administration. (b) liver enzyme ratio of ALT to AST. (c and d) 
gene expressions of (c) kidney and (d) liver from mice treated with 
PBS (control), SL-BGQD, or Gd-DTPA. Data are presented as mean  
standard deviation of mean (n  4 mice per treatment). One-way and 
two-way analyses of variance followed by Tukey’s or Sidak's post hoc 
multiple comparison tests were used for comparisons of multiple 
groups. (*p < 0.05, **p < 0.01).

3. Conclusions
We have developed single-layer, metal-free, ferromagnetic, 
boron-doped GQDs as a contrast agent for T1-weighted MR 
imaging. Compared to our previous efforts at synthesizing 
boron-doped GQDs for creating MR contrast agents,26 we have 
made significant improvements in this study in the contrast-
enhancing capabilities of GQDs by fine-tuning the synthesis 
procedure to ensure a single-layered product as opposed to a 
multi-layered GQD ensemble. The single-layered nature of SL-
BGQDs imbues them with improved magnetic properties for T1-
weighted MR imaging compared to multi-layered boron-doped 

GQDs. SL-BGQDs demonstrated an excellent r2/r1 ratio (1.08). 
Furthermore, we have provided a more comprehensive 
experimental verification of the ability of SL-BGQDs to serve as 
an MR contrast agent in vivo. Significantly, our findings revealed 
that, at equivalent and relevant doses for MR imaging 
applications, SL-BGQDs exhibit a more stable safety profile than 
a clinically used Gd-based T1 contrast agent. Furthermore, we 
demonstrated that SL-BGQDs can pass the BBB and have a 
prolonged imaging time (~60 min) as compared to Gd-DTPA 
(~10 min), enabling the diagnosis of brain tumors and injuries. 
This well-characterized metal-free SL-BGQD contrast agent may 
serve as a safer, improved alternative to Gd-based contrast 
agents for T1-weighted MR imaging in clinical applications.
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