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Abstract

There is now the opportunity for nanomaterials to be utilized in bioapplications with low
toxicity, good stability and ﬁne dissolvability. Herein, we present a pulsed laser assisted carbon
coating method for nanocrystals, and gadolinium carbide/carbon shell (GC/CS) dots with a
face-centered cubic structured gadolinium carbide core that have been synthesized in toluene.
Good stability of the GC/CS dots was observed, not only in ethanol but also in the
immunoconjugates. The MTT assay revealed immunoconjugates with non/low cytotoxicities.
As a type of paramagnetic species, the GC/CS dots revealed excellent enhancement in magnetic
resonance imaging at a high magnetic ﬁeld of 14.1 T at ultra-low concentrations. In terms of the
relaxivity values of the 1–3 nm GC/CS sample, both r1 and r2 have been dramatically increased
to 86.5 mM−1 s−1 and 107.3 mM−1 s−1, respectively, thereby demonstrating the great potential
for GC/CS dots to be utilized as advanced magnetic resonance agents for the diagnosis of
cancers.
Supplementary material for this article is available online
Keywords: pulsed laser irradiation, gadolinium carbide/carbon shell dots, magnetic resonance,
relaxivity
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

and metal NPs generally contain either cytotoxicity ions or
heavy metal atoms, which may cause in vitro/in vivo cytotoxicities and even induce types of diseases [4, 5]. An example
of such a formulation is to transform single nanocrystals to
core–shell nanostructures, as the innocuous surface materials
could protect living cells from substantial risks of cytotoxicity.
A series of semiconductor NPs, such as SiO2 packaged CdSe/
CdS, PbS/CdS/ZnS, CuInS2/ZnS and functionalized porous
silica, have been demonstrated as being suitable for cancer cell
imaging and exhibited non-/low-toxic features [6–9]. In

Nanomaterials, semiconductor quantum dots (QDs) and metal
nanoparticles (NPs), for example, have attracted a wide range
of interest in physics, energy, environment and biology [1–3]
due to their unique optical, optoelectronic and catalytic properties, etc. With regards to bioapplications, semiconductor QDs
5
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deposition (CVD) during the formation of FeCo nanocrystals
[38]. Since the carbon coating has been limited by rigorous
conditions and is difﬁcult to prepare via simple chemical
reactions, it would therefore be a great challenge to prepare
carbon-coated nanocrystals for bioapplications. Here, we have
succeeded in the synthesis of ﬂuorescent gadolinium carbide/
carbon shell (GC/CS) dots with a face-centered cubic (FCC)
gadolinium carbide core under pulsed laser irradiation. The
GC/CS core–shell structure is almost the same as endohedral
metallofullerenes, but contains more metal atoms in the core,
which is the key role to achieving excellent enhancement in
MRI. Our results have revealed that the GC/CS dots provide
high saturation of magnetization with ultra-low concentrations, which is similar to the results of FeCo/graphitic-shell
nanocrystals [38].

contrast to these packaged semiconductor nanomaterials, metal
NPs and their compounds are often packaged in lipids and
other organic molecules/macromolecules, which can be used
for stem cell labelling and for DNA/RNA detection [10–14].
Carbon nanomaterials exhibit remarkable advantages over
semiconductor and metal NPs, which can be utilized for optical
imaging [15, 16], drug delivery [15, 17–19] and photothermal
therapy [15, 20–22], because of the enhanced targeting capability, selectivity of the enhanced permeability and retention
(EPR) effect and enhanced cancer eliminating abilities. Apart
from the photothermal effect in the near-infrared region, carbon
nanomaterials can not be taken as therapy directly, such as
nanodiamonds [17], nanotubes [23] and reduced graphene
oxide [22], which is the reason why these carbon nanomaterials
need to be combined or functionalized with other nanomaterials, including chemotherapies. However, these combinations
and functionalizations may be generated by weak bonding or
with low toxicity. Hence, it would therefore be desirous to
acquire biocompatible inorganic nanocrystals and develop
novel nanobiotechnology, not only for the detection of tumor
cells but also for the diagnosis of these malignant diseases due
to the rapid increase in new cancer cases year by year.
In clinical trials, the earlier a diagnosis is veriﬁed in
cancer, the longer an individual’s life can be extended and
there is a greater possibility of such malignant diseases being
cured. Magnetic resonance (MR) provides excellent contrast
resolution images for in vivo diagnosis of cancer and is noninvasive. In fact, MR contrast agents are required for the
enhancement of magnetic resonance imaging (MRI). In recent
years, paramagnetic materials have been used to enhance the
contrast of MRI for the diagnosis of tumors and cancer cases,
such as gadolinium chelates [24], gadolinium oxide NPs and
dextran-coated MnO NPs, [14, 25–27]. However, gadolinium
chelates have been recognized with tissue accumulation in
severe renal impairment and the potential toxicity should be
seriously considered [28]. Current progress in magnetic dots
for bioapplications has focused both on the enhanced
contrast of MRI with non-/low- cytotoxicities [18, 29] and on
hypotoxic targeted therapies [18, 23, 30, 31]. More recently,
polyethylene glycol (PEG) functionalized magnetic nanoclusters were fabricated for drug delivery and for selective
photothermal tumor ablation by the EPR effect [32, 33]. In
particular, the (OH)x functionalized Gd@C82 nanocrystals
showed effective necrosis to solid tumors by destroying the
abnormal tumor blood vessels under 4.7 T magnetic ﬁeld with
a 200 MHz frequency irradiation treatment [34].
Among these core–shell nanotechnics, including SiO2
coating, lipid packaging, PEG functionalizing and fullerene
endohedral doping, the carbon shell in endohedral metallofullerenes shows extremely stable, biocompatibility with living creatures. The endohedral metallofullerenes can be
prepared by the Krätschmer–Huffman graphite arc-discharge
method [35, 36], such as Gd@C82, Dy2@C82, La2@C80 and
Ti2@C80. Likewise, carbon-coated Gd/GdC2 particles, with
diameters larger than 20 nm, have been discovered during
the synthesis of carbon-coated gadolinium NPs by the
arc-discharge method [37]. Another carbon shell coating
approach has been achieved by methane chemical vapor

2. Experimental
2.1. Chemicals and materials

A gadolinium target was prepared by gadolinium powder
with 99.99% purity, which was obtained from HuNan Rare
Earth Metal Material Research Institute (China). Toluene
liquid (>99.5% purity) was purchased from Sinopharm
Chemical Reagent Co., Ltd (China). The human immunoglobulin solution (5 wt%, pH=4) was purchased from
Hefei Tonrol Biopharmaceutical Co., Ltd (China).
2.2. Synthesis of GC/CS dots

A Q-switched Nd:YAG laser system was employed to synthesize the GC/CS dots. The gadolinium target was laid at the
bottom of the quartz beaker. Then, 20 ml toluene liquid was
added to submerge the target (about 5 mm over the top of the
target). Next, a quartz cover was put on to the beaker and it
was sealed as soon as the oxygen was ﬂushed out by argon for
5 min. The spout of the beaker was rubbed down to ﬁt the
level of the quartz cover. The pulsed laser operated at 355 nm,
tripled from the Q-switched 1064 nm laser with a pulse
duration of 10 ns, and the laser beam directly focused on the
surface of the target for 60 min. The oscillator energy and
ampliﬁer volts were both adjusted to 450 V with a repetition
rate at 5 Hz.
2.3. Sample preparation

The gray supernatant including toluene and GC/CS dots was
dried in a vacuum cavity, which was pumped to −0.1 MPa, at
105 degrees for 150 min, below the boiling point of toluene.
Then, 5 ml ethanol was added to dissolve the precipitate in the
bottom to obtain the GC/CS dot containing ethanol solution,
which was prepared for the high resolution transmission
electron microscope (HRTEM) samples. To carry out the
surface absorption of GC/CS dots, 1.0 ml GC/CS dot ethanol
solution was dried again in 1.0 atm. Then, 0.55 ml
methanol-d4 was used to distribute the dried dots for NMR
spectra detections. As for the MRI samples, the dried
2
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Figure 1. Synthesis of GC/CS dots. (a) A schematic illustration of the laser system. The color of toluene liquid before laser irradiation (b) and
after laser irradiation (c), (d). (e) The GC/CS containing toluene liquid and blue ﬂuorescence under 365 nm UV light excitation. A schematic
diagram of a single GC/CS dot (f) and the observed HRTEM image (g).

gadolinium carbide dots underwent ultrasonication in pure
distilled water to obtain a dispersed solution.

of these samples were characterized by a dynamic light
scattering (DLS) method. All the samples were measured at
GC/CS dot concentrations of 0.1 mg ml−1 to obtain adequate
scattering signals, slightly higher than 50 μg ml−1, because of
the heavy metal containing GC/CS dots. To verify the stability of the GC/CS dots, the ζ-potential of the 1–3 nm
sample was characterized on a Nano-ZS90 (Malvern Zetasizer) with a GC/CS dot concentration of 0.1 mg ml-1, both
in ethanol and in H2O. At the same time, the ζ-potential
of a human immunoglobulin solution (5 wt%, PH=4)
and its GC/CS dot conjugation (5 μg ml−1) have been measured to verify the stability of GC/CS dots containing
immunoconjugates.

2.4. Characterization of GC/CS dots

The HRTEM images and energy dispersive spectrometer (EDS)
spectrum were collected using a JEOL JEM-2100F to conﬁrm
the products at different irradiation conditions. Then, x-ray
photoelectron spectroscopy (XPS) examination was performed
using a Thermo Scientiﬁc Escalab 250Xi by using an Al Kα
source (1486.6 eV) to verify the elements of these dots.
2.5. Enhanced MR

For the MR consequences, we obtained the 1H MR images of
the GC/CS dot aqueous solution on a Bruker BioSpin AG
(Magnet System 600’89 Ascend) under an intense magnetic
ﬁeld of 14.1 T and operated with a radiofrequency (RF) of
600.1 MHz at room temperature, an inversion recovery
sequence with a ﬁeld of view (FOV) of 5 × 5 cm with an
imaging matrix size of 256 × 256 and without slice selection.
For the T1 measurements of 1–3 nm and 4–7 nm samples, the
repetition time (TR ) was 20 ms and the echo times (TE ) were
100, 150, 200, 400, 800, 1500, 3000 and 5500 ms. For the T2
measurements of the 1–3 nm sample, TR was 50–750 ms at
100 ms steps and TE was 3000 ms. However, for the 4–7 nm
sample, the lifetime of the excited proton decreases much
faster. Then, TR was 20–300 ms at 40 ms steps and TE was
3000 ms. The NMR spectra are characterized on an Agilent/
Varian VNMRS-600.

2.7. Growth and apoptosis of human hepatoma HepG2 cells

A standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl2H-tetrazolium hydrobromide) assay was performed to evaluate the cytotoxicity of GC/CS dots. Three samples were
prepared for the incubation of HepG2 cells, including
immunoglobulin, 1–3 nm conjugated immunoglobulin and
4–10 nm conjugated immunoglobulin. HepG2 cells were
planted in 96-well plates with 5000 cells per well in 100 μl
HyClone DMEM medium and incubated for 24 h at 37 °C
under 5% CO2 humidiﬁed atmosphere. Then, the culture
medium was replaced by 100 μl fresh medium containing the
former three samples at different concentrations and incubated for another 24 h. Subsequently, for the MTT assay
group, 10 μl MTT solution (5 mg ml−1 in PBS) was injected
into each well. After incubation for 4 h, 150 μl DMSO was
added to the wells and the absorbance was then measured at
490 nm using a SpectraMax M3 microplate reader. All cell
viabilities were normalized to the optical density values of
HepG2 cells incubated in the DMEM medium.

2.6. Dispersity and stability of GC/CS dots

The dispersed GC/CS dot solutions, both in ethanol and in
H2O, have been taken into account. The hydrodynamic sizes
3
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Figure 2. GC/CS dots. (a) A TEM image of GC/CS dots with diameter 4–7 nm, inset: an EDS line-scan image of the dots (blue curve

for gadolinium and red for carbon). (b)–(d) HRTEM images of GC/CS dots with different space distances. (e)–(g) FFT analysis of (b)–(d).
(h)–(k) The GC/CS crystal structure and its simulation of HRTEM images along the [100], [211] and [110] directions; each image has
superimposed an atomic model of the GC/CS structure for each projected direction. The carbon shell can only be observed in the hollow area
of the HRTEM ﬁlm: (l)–(m) for 4–10 nm samples and (n)–(o) for 1–3 nm samples.

3. Results and discussion

(supplementary information is available online at stacks.iop.
org/NANO/30/105705/mmedia). A ﬂuorescent GC/CS
structure is presented in ﬁgure 1(f). The HRTEM image, in
ﬁgure 1(g), shows that the GC/CS dot was wrapped in
spherical material with a space distance of 0.34 nm, which
agrees well with the adjacent space distance of graphite/
graphene along the [0001] direction. It is worth noting that the
oxygen should be ﬂushed out completely as the gadolinium
dots may be oxidized to Gd2O3 particles instead of gadolinium carbide dots.

3.1. The synthesized GC/CS dots

Since the pulsed laser irradiated on the gadolinium target for
60 min, as illustrated in ﬁgure 1(a), the color of the toluene
solution in ﬁgure 1(b) changed to light gray (ﬁgures 1(c)–(d)).
Under 365 nm UV light excitation, the GC/CS dots showed
weak ﬂuorescence (ﬁgure 1(e)). The absorption and emission
spectra were then acquired, and two major emission peaks
were found around 415 nm and 435 nm, as shown in ﬁgure S1
4
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0.302 nm and 0.181 nm, which correspond to the space distance 0.296 nm in the (111) plane and 0.181 nm in the (022)
plane with the interface angle 90 degrees along the [211]
direction. Figure 2(d) reveals two space distances, 0.299 nm
and 0.295 nm, which conform well with the space distance
0.296 nm in the (111) and (111) planes along the [110] zone of
GdC0.4. Figures 2(e)–(g) show the fast Fourier transform (FFT)
images of the GC/CS dots (ﬁgures 2(b)–(d)). In addition, the
theoretical HRTEM images (ﬁgures 2(i)–(k)) are simulated to
study the crystal structure of the GC/CS dots (ﬁgure 2(h)), and
these results agree well with the collected HRTEM images. A
straightforward view of the GC/CS structure along the three
observed directions can be presented by the illustrated atoms
over the simulated HRTEM images: a blue spot for gadolinium
and a black spot for carbon. However, the carbon shells of the
GC/CS dots (ﬁgures 2(b)–(d)) were difﬁcult to be observed
under HRTEM, even on the ultra-thin carbon ﬁlm. Thus, a
hole of carbon ﬁlm was selected, and the shells were
displayed only at the edge of the loading carbon ﬁlm (shown in
ﬁgures 2(l)–(o)) due to fewer inﬂuences of the carbon ﬁlm. The
HRTEM images show that the bigger GC/CS dots contain
thicker carbon shells (ﬁgures 2(l), (m)), while the smaller ones
hold thinner shells (ﬁgures 2(n), (o)). Thicker carbon shells
were much easier to capture due to the electron imaging
intensity. This was the reason why the carbon shells of these
dots in ﬁgures 2 and S5 (supporting information) were not so
clear, and which are similar to the HRTEM images of FeCo/
graphitic-shell dots [38]. In contrast to the GC/CS dots, the
triangle NPs synthesized without argon protection were identiﬁed as Gd2O3 particles from the HRTEM images (ﬁgure S4,
supplementary information). However, the gadolinium oxide
was not the emphasis of this work, because the size of an NP
for bioapplication is suggested to be less than 100 nm due to
the limitation from endocytosis [40, 41].

Figure 3. The XPS spectra of the GC/CS dots. (a) An XPS survey

scan of the dots, (b)–(d) XPS high resolution scans of the C 1s
region, Gd 4d region and Gd 4f region. All the high resolution XPS
spectra present Gaussian ﬁtting curves.

3.2. Crystal structure of GC/CS dots

Two typical crystal structures were found under different gas
conditions: GC/CS dots for argon protected circumstances
(ﬁgure 2) and triangle gadolinium oxide NPs for atmosphere
(ﬁgure S4, supplementary information). Figure 2(a) shows a
TEM image of the GC/CS dots after the 355 nm laser irradiation. Our previous work proved that the carbon dots could
be directly synthesized via photodissociation of toluene
molecules under 248 nm excimer laser irradiation [39]. Since
the wavelength is longer, the energy of a single photon at
355 nm is lower than the photon energy at 248 nm. Thus, it is
difﬁcult to achieve photodissociation processes in toluene
solution under 355 nm laser irradiation, which means that these
dots are different from carbon dots. The EDS spectrum (ﬁgure
S2, supplementary information) exhibits the characteristic
x-ray energy of gadolinium and carbon, containing M and L
shell lines of gadolinium and K shell lines of carbon. The
selected area electron diffraction (SAED) pattern (ﬁgure S3,
supplementary information) shows several space distances of
these dots. More apparently, by using a EDS line-scan (inset in
ﬁgure 2(a)), an obvious gadolinium signal (blue curve) of the
selected line shows that the dot contains gadolinium, while the
equable carbon signal (red curve) may be derived from the dot
and the ultra-thin amorphous carbon ﬁlm. However, the EDS
and SAED results can not provide the speciﬁc crystal structure
of these dots. Then, together with the Raman and XPS results,
the HRTEM images and theoretical simulations were collected
to verify the crystal structure of these gadolinium carbide cores,
as shown in ﬁgures 2(a)–(k) and ﬁgures S5(a)–(g) (supplementary information). The orthometric image in ﬁgure 2(b)
presents two similar space distances, 0.250 nm and 0.253 nm,
which agree well with the (002) and (020) planes of the GdC0.4
crystal along the <100> zone (space distance 0.2563 nm of the
(200) plane, PDF #73-0503/ICSD #22292). Another orthometric sample (ﬁgure 2(c)) displays two space distances,

3.3. Component analysis of GC/CS dots

XPS spectra were taken to provide reﬁned analysis of the
GC/CS dots. Figure 3(a) shows the existence of gadolinium,
carbon, silicon and oxygen. The peak of silicon should have
originated from the substrate. Figure 3(c) presents two peaks
in the high resolution scan of the C 1s region, both identiﬁed
by Gaussian ﬁtting. The ﬁrst peak is located at 284.79 eV,
which should originate from the graphite source in the
GC/CS dots. The second peak at 289.52 eV may be derived
from the carbochain at the surface of the GC/CS dots [42].
Figure 3(a) exhibits three gadolinium binding energies,
including 142.08 eV for 4d states, 376.26 eV for 4s states and
1188.27 eV for 3d states, respectively. Close to the Gd 4d, the
peak at 167.46 eV presents the photoelectron emission energy
of Si 2s states, which arises from the sample substrate. The
high resolution XPS of the Gd 4d and 4f states in ﬁgures 3(c)
and (d) revealed the binding energies of the GC/CS dots. The
spectrum in ﬁgure 3(c) shows two peaks at 142.35 eV and
147.65 eV, corresponding to the Gd 4d5 / 2 and 4d3 / 2 states,
which are slightly different from the gadolinium metal and
Gd2O3 crystal, as shown in table 1. The Gd 4d energies shift
higher than the Gd metal and lower than the Gd2O3 crystal.
5
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Figure 4. The T1 and T2 weighted MR images of the GC/CS dot aqueous solutions with various GC/CS dot concentrations and nanocrystal
sizes: (a) for 1–3 nm dots and (b) for 4–10 nm dots. In the T1 measurements, the echo times (TE) are presented on the top of these images,
while for the T2 measurements, the repetition times (TR) are on the top.
Table 1. A comparison of binding energies in gadolinium materials.

States (eV)
Materials

4d3 / 2

4d5 / 2

GC/CS
Gd metal
Gd2O3

147.6(5)
147.0
∼148

142.3(5)
141.6
143.6

4f
8.5(6)
∼8.05
8.9

Reference
9.9(1)
∼8.55

this work
[43, 46]

Table 2. Relaxation times: T1 and T2, relaxivity values: r1 and r 2, and the r 2 /r1 ratios.

Materials

Nanocrystal size (nm)

GC/CS
GC/CS
FeCo/GC
FeCo/GC
Feridex
Magnevist
Magnevist
Magnevist
Gd-DOTA
Gd-DOTA
Gd-DOTA
Gd-DOTA

1–3
4–10
∼4
∼7
∼4–5

r1 (mM−1s−1)

r2 (mM−1s−1)

r2 /r1

Magnetic ﬁeld (T)

Reference

86.5
6.58
31
70
10
4.6
5.39
4.10
3.5
3.4
3.3
3.0

107.3
723.7
185
644
104
4.5

1.24
109.98
6.0
9.2
10.4
1.0

14.1
14.1
1.5
1.5
1.5
1.5
1.5
3.0
1.5
3.0
4.7
7.0

this work
this worka
[38]
[38]
[38]
[38]
[47]
[47]
[48]
[48]
[48]
[48]

4.2
4.2
4.2
4.0

1.2
1.2
1.2
1.3

a

The result may not be correct due to an abnormal decrease in longitudinal relaxivity.

dots, which is also conﬁrmed by the Raman spectra (ﬁgure
S6, supporting information), where the D and G peaks must
be derived from the carbon source at the surface rather than
inside the GC/CS dots.

Since the magnetic moment of Gd is much higher and up to
7.0 μB because of its abundant unpaired electrons, the 4f
binding energies are investigated under different conditions
[43–45]. The Gd 4f binding energies in ﬁgure 3(d) locate at
8.56 eV and 9.91 eV, where the ﬁrst peak at 8.56 eV is
regarded as Gd 4f states and the second peak has not been
reported previously. However, the photoemission energy may
shift to a higher stage due to the ‘surface shift’ effect, which
lead to about a 0.45 eV shift of Gd 4f in the Gd metal [46].
We then deem the larger energy shift of 1.35 eV as contributed to the carbon source at the surface of the GC/CS

3.4. MR enhancement of GC/CS dots

Paramagnetic and ferromagnetic materials often provide the
prominent enhancement of the MR signal of protons and
bring excellent contrast to MRI [10, 18, 23, 38]. The MR
images of the GC/CS dot aqueous solutions with different
6

Nanotechnology 30 (2019) 105705

Z Zhu et al

3.5. Size distribution and aggregation of GC/CS dots

Two typical sizes of GC/CS dots have shown similar
enhancement of transverse relaxation times in MRI rather
than longitudinal relaxation times. The lower enhancement of
longitudinal relaxation times may result in the aggregation of
the 4–10 nm GC/CS dots. Then, the hydrodynamic sizes of
the GC/CS dots were measured by the DLS method, as
shown in ﬁgure 5. The hydrodynamic sizes of 1–3 nm and
4–10 nm GC/CS dots dispersed in ethanol are around 2.7 nm
and 8.9 nm, respectively, which is similar to the GC/CS dots
observed in HRTEM, as shown in ﬁgure 5(a). Figure 5(b)
shows that these GC/CS dots are very stable in ethanol with
time, similarly to the HRTEM results, even when kept for
several days. However, the good dispersity is susceptible in
distilled water, and even crumbles in the 4–10 nm sample.
Figure 5(c) shows that the 1–3 nm GC/CS dots become much
bigger in H2O. The aggregated sizes increase to tens of
nanometers and the aggregation has been observed in the
HRTEM image, as shown in the inset of ﬁgure 5(c). For the
4–10 nm GC/CS dots. the aggregated particles become several hundreds of nanometers and some are bigger than one
micrometer, as shown in ﬁgure 5(d). The inset in ﬁgure 5(d)
shows the irregular shape of the aggregated particles of the
4–10 nm GC/CS dots. The same exhibited behavior was
found after the MRI observation in the 4–10 nm sample,
where the GC/CS dots aggregated and subsided to the bottom
of the quartz tube. Hence, the poor longitudinal relaxation
times T1 of the 4–10 nm sample should result in much faster
aggregation under a high magnetic ﬁeld. The unexpected
aggregation behavior of the 4–10 nm GC/CS dots is so fast
that it limits the bioapplications.
Since the 1–3 nm GC/CS dots exhibit better dispersity,
not only in ethanol but also in distilled water, to investigate
the different dispersity, the charged surface circumstance of
the 1–3 nm GC/CS dots was taken into account. Figure S8(a)
shows that the ζ-potentials of the 1–3 nm GC/CS dots are
around 48.6 mV in ethanol and 11.3 mV in H2O, respectively.
The surface of the GC/CS dots exhibits a positive charge in
ethanol, indicating the good dispersity in ethanol. This circumstance is changed when the solution changes. As is
expected, the ethanol molecules are absorbed at the surface of
the GC/CS dots (ﬁgure S9 in supplementary information). In
H2O, the changed surfaces are affected and the ζ-potential is
decreased to 11.3 mV with a broader peak, which means less
stability. The result of the ζ-potential agrees well with the
DLS measurement in ﬁgure 5(c).

Figure 5. DLS measurements of the GC/CS dots at 100 μg ml−1

concentration. (a), (b) 1–3 nm and 4–10 nm GC/CS dots in ethanol,
(c) 1–3 nm GC/CS dots in H2O and (d) 4–10 nm GC/CS dots in
H2O.

concentrations were measured, as shown in ﬁgure 4. Both
longitudinal and transverse relaxation times (T1 and T2 ) are
taken into account. The longitudinal and transverse relaxation
curves are analyzed by exponential ﬁtting curves and the
relaxivity values (r1 and r2 ) are linear ﬁtted, as shown in ﬁgure
S7 (supporting information). The T1 and T2 of the GC/CS dot
aqueous solutions are both decreased, which agrees well with
the gadolinium-based materials, such as Magnevist and GdDOTA (see table 2), and the relaxivity values, r1 and r2, show
excellent increased values. For the 1–3 nm GC/CS dot aqueous solution, the r2 value 107.3 mM−1 s−1 is similar to the
FeCo/GC dots and Feridex (a type of γ-Fe2O3 dots), which is
much larger than the gadolinium chelate Magnevist and GdDOTA. On the other hand, the r1 value 86.5 mM−1 s−1 is
larger than the ferric containing dots, FeCo/GC, where the
spin-lattice (longitudinal) relaxation can be shortened by
imploring the gadolinium. With regards to the 4–10 nm
sample, the longitudinal relaxivity values decrease rapidly to
6.58 mM−1s−1, while the transverse relaxivity values increase
dramatically to 723.7 mM−1 s−1. The reason for the decreased
transverse time might be that the larger dot contains more
gadolinium atoms at the surface to accelerate the spin–spin
interaction of the protons. For example, the average gadolinium atoms in 6 nm GC/CS dots are about nine times that of
the 2 nm dots, where the longitudinal relaxivity value of the
larger dots is about seven times as much as the smaller ones.
However, the longitudinal relaxation times of the 4–10 nm
samples change slightly, which may result in the aggregation
at high concentration under a mass magnetic ﬁeld. Reduced
relaxivity values under higher magnetic ﬁeld were studied by
Cao and Fries [47, 48]. Both Magnevist and Gd-DOTA
showed subdued relaxivity values, as shown in table 2. Here,
the 1–3 nm GC/CS dots demonstrate good longitudinal and
transverse relaxivity values under a 14.1 T magnetic ﬁeld with
ultra-low concentrations, while the 4–10 nm dots with higher
concentrations exhibit wonderful transverse relaxivity values.

3.6. GC/CS dots conjugated immunoglobulin

A crucial circumstance for the application of nanomaterials in
clinical application depends on the size, stability, dispersity
and non-/low-biotoxicity, which directly lead to long term
retention/excretion. As shown in ﬁgures 2 and S5 (supporting
information), the GC/CS dots of uniform sizes were acceptable for bioapplications, which agree well with Feridex and
CoFe2O4 [49]. After being dried, the GC/CS dots were dispersed in ethanol. The absorption at the surface of the GC/CS
7
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Figure 6. A schematic illustration of the dissolubility of the GC/CS dots in water and immunoglobulin aqueous solution. The dried GC/CS

dots were ﬁrst dissolved in ethanol. Then, the ethanol solution was injected into distilled water and a 0.5 wt% immunoglobulin aqueous
solution. Finally, the aqueous suspension and aqueous solution were observed, where the transparent aqueous solution proved that the GC/
CS dots had combined with the immunoglobulin. Bottom left: a TEM image of conjugated immunoglobulin, where the bright ﬁelds are about
10 nm, corresponding to the size of immunoglobulin. Bottom right: an HRTEM image of the ﬁeld around one single immunoglobulin
macromolecule, where the lattice fringes should only originate from the GC/CS dots.

dots was recognized as ethanol molecules, as the splitting
NMR spectrum of 1H was interfered with by the GC/CS dots,
leaving the spectrum of 13C unaffected (ﬁgure S8, supplementary information). Figure 6 shows the dissolubility of the
GC/CS ethanol solution in distilled water and in the immunoglobulin aqueous solution. The aqueous suspension (top
right in ﬁgure 6) shows that the GC/CS dots aggregated in
water due to the hydrophobic ligands at the surface of these
dots. Generally, to acquire an aqueous solution, the hydrophobic ligands could be substituted with amphiphilic molecules [50], such as DOCP or DOPC [10], amphiphile
polysaccharides [40] and mercaptoacetic acid [51]. Herein,
we used immunoglobulin to capture the GC/CS dots via selfattachment due to several binding effects via π-π stacking,
hydrophobic interaction [18, 52]. Figure S8(b) shows that the
ζ-potential of the immunoglobulin is around 15.3 mV with a
narrow peak, indicating that the homogeneous surface of
immunoglobulin with a positive charge in acidic conditions is
due to protonated amine groups (‐NH+
3 ) [27]. After being
injected with the 1–3 nm GC/CS dots, the ζ-potential of the
immunoglobulin shifts a little to 16.7 mV. Since the ζpotentials of 1–3 nm GC/CS dots is 48.6 mV, the positively
charged surface may couple to the negatively charged carboxy group (-COO-) of the immunoglobulin. The ζ-potential

then presents 1.4 mV increments, which is similar to ligand
exchange or encapsulation by carboxylic acid groups [51, 53].
The GC/CS dot conjugated immunoglobulin aqueous solution remained transparent (bottom right in ﬁgure 6), on the
other hand, conﬁrming that the GC/CS dots do not aggregate
to particles. By employing TEM, the combination between
immunoglobulin and the 1–3 nm GC/CS dots was conﬁrmed,
as shown in ﬁgure 6. The TEM image presents several bright
ﬁelds with a diameter of about 10 nm, which agrees well with
the size of single immunoglobulin molecules, such as IgG and
IgA (ﬁgure S10, supplementary information). Around the
immunoglobulin molecule, the 1–3 nm regular lines were
observed, where the regular lines should correspond to the
lattice fringes of the GC/CS dots.
3.7. Cell viability of the GC/CS immunoconjugates

Compared with the aqueous suspension, as shown in ﬁgure 6,
the GC/CS conjugated immunoglobulin can prevent the
aggregation-induced blockage of blood vessels and is suitable
for the blood circulation. Here, the viabilities of in vitro
HepG2 cells were studied using an MTT assay to analyze the
stability and biotoxicity via three samples, including immunoglobulin and two samples of immunoconjugates, as shown
in ﬁgures 6(a)–(c). Figure 7(a) shows good viabilities of the
8
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Figure 7. The cell viabilities of the HepG2 cells. (a) Injection of immunoglobulin, (b) injection of 1–3 nm GC/CS conjugated
immunoglobulin, (c) injection of 4–10 nm GC/CS conjugated immunoglobulin. (d) A bright ﬁeld microscopy image of HepG2 cells.
(e)–(g) Microscopy images of HepG2 cells incubated with 5 μmol l−1 concentration of immunoglobulin, 1–3 nm GC/CS immunoconjugates
and 4–10 nm GC/CS immunoconjugates for 12 h. All the scale bars in the microscopy images are 100 μm.

HRTEM images and theoretical simulations. However, the
carbon shell can only be observed at the edge of the loading
ﬁlm holes, and the carbon shell is extremely important for the
blockage of direct contact with gadolinium from the living
cells. In terms of the stability of the GC/CS dots, the HRTEM
results revealed that these dots were very stable, even when
kept for months in ethanol. An excellent enhancement was
observed in MRI at a high magnetic ﬁeld of 14.1 T with ultralow concentrations. In terms of the relaxivity values of the
1–3 nm GC/CS sample, both r1 and r2 have been dramatically
increased to 107.3 mM−1 s−1 and 86.5 mM−1 s−1, respectively. In addition, the GC/CS conjugated immunoglobulins
have proved that the GC/CS dots exhibited good dispersity
and good stability in the form of immunoconjugates. The
MTT assay has revealed non-toxicity of the 1–3 nm GC/CS
immunoconjugates and low toxicity of the 4–10 nm GC/CS
immunoconjugates. All these prominent characteristics may
directly improve the diagnosis of cancers by taking advantage
of carbon-coated nanomaterials.

HepG2 cells. Obviously, the HepG2 cells proliferated much
faster by incubating higher concentrations of immunoglobulin, which may result in a stabilizing agent in immunoglobulin, such as glucides, providing HepG2 cells with extra
nutrition for cell proliferation [54]. Similar circumstances
were observed in the GC/CS conjugated immunoglobulin
samples after 12 h, as shown in ﬁgures 6(b) and (c). Good
proliferation could directly prove the good stability of the
immunoconjugates. Figure 7(b) presents similar cell viabilities with the immunoglobulin sample (ﬁgure 7(a)) at different
concentrations, indicating the non-toxicity of the 1–3 nm GC/
CS dots. However, for the 4–10 nm conjugated sample, cell
viabilities (ﬁgure 7(c)) were slightly lower than the viabilities
in ﬁgures 7(a) and (b), which reveals the low-cytotoxicity of
the 4–10 nm dot conjugated samples. The reason for the weak
combination may be due to the similar sizes of the 4–10 nm
GC/CS dots and a single immunoglobulin molecule. The cell
morphologies of HepG2 incubated by immunoglobulin and its
conjugates in ﬁgures 6(e)–(g) are slightly different from the
control sample (ﬁgure 7(d)) and the reason for this needs to be
studied further.
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