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A tailored nanosheet decorated with a metallized
dendrimer for angiography and magnetic
resonance imaging-guided combined
chemotherapy†
Guilong Zhang,‡a Ruohong Du,‡b Junchao Qian,c Xiaojia Zheng,b Xiaohe Tian,d
Dongqing Cai,a Jiacai He,b Yiqun Wu,e Wei Huang,e Yuanyin Wang,b Xin Zhang,f
Kai Zhong,c Duohong Zou*b,e and Zhengyan Wu *a
Considering the chemical exchange between gadolinium centers and water protons, nanosystems comprising gadolinium conjugated with high speciﬁc area nanocarriers might serve as more robust clinical
tools for diagnosis and imaging-guided therapy. Herein, a pH-responsive nanosystem containing graphene oxide conjugated with a folic acid- and gadolinium-labeled dendrimer (FA-GCGLD) to boost its T1
contrast ability was developed, and doxorubicin (DOX) and colchicine (COLC) were eﬃciently loaded
onto this nanosystem (FA-GCGLD-DOX/COLC). This nanosystem showed a prominent T1 contrast with an
ultrahigh relaxivity of up to 11.6 mM−1 s−1 and pH-responsive drug release behavior. HepG2 cells treated
with FA-GCGLD-DOX/COLC were eﬃciently inhibited, and the cell contrast was enhanced. In vivo, the
tumor accumulation of FA-GCGLD-DOX/COLC signiﬁcantly increased, thereby facilitating the systemic
delivery of particles and exerting tumor growth inhibition and an enhanced tumor contrast eﬀect.
Moreover, compared to free drugs, FA-GCGLD-DOX/COLC eﬀectively decreased the drug resistance of
the tumor, thereby improving the cancer chemotherapeutic eﬃcacy. In addition, injecting rats with

Received 26th October 2017,
Accepted 24th November 2017

FA-GCGLD aﬀorded excellent magnetic resonance angiography (MRA) images with high-resolution vas-
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cular structures because of the long blood circulation time of FA-GCGLD. Thus, this study provides a
powerful tool for diverse applications in the biomedical ﬁeld, including accurate diagnosis and chemo-

rsc.li/nanoscale

therapy of tumors and the detection of cardiovascular diseases.

Introduction
In clinical settings, magnetic resonance imaging (MRI)
remains the benchmark diagnostic tool, as it can acquire 3D
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tomographic images with excellent soft tissue contrast and
anatomical detail, both in a non-invasive manner and without
the ionization hazards that plague other imaging
modalities.1–3 To further enhance its diagnostic capabilities,
approximately 50% of all MR examinations involve the use of
contrast agents (CAs) that shorten the spin–lattice (T1) or spin–
spin (T2) relaxation time of water protons.4–6 Within the past
few decades, Gd chelates (i.e., Gd-DTPA and Gd-DOTA) serving
as T1-weighted CAs have been successfully utilized in the
clinic, but most of them are small and non-targeted compounds that are passively distributed in the interstitial space
of tissues and organs, which decreases their blood circulation
time and results in low contrast enhancement.7–9
To compensate for these shortcomings, nanocarriers that
can load Gd chelates have been developed.10,11 These nanocarriers could significantly enhance the Gd payload and
increase the T1 relaxivity per nanoparticle. A wide range of
nanocarrier-labeled Gd chelates have already been tested and
have shown high contrast ability, including dendrimers,12–15
polymers,16–18 silica nanoparticles,19 and carbonaceous
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materials.20–22 Arguably, any significant future improvements
in the r1 per particle will be achieved by developing a nanocarrier that supports larger Gd payloads. Graphene oxide (GO)
possesses a high specific area and diverse functional groups
and therefore could be used to enhance the Gd payload by conjugating gadolinium chelates in the intraparticle space. In
addition, based on the Solomon–Bloembergen–Morgen (SBM)
theory, the strategies for enhancing the relaxivity per Gd
mainly have optimized the water residence time, increased the
number of bound water molecules, and prolonged the
rotational correlation time. Therefore, GO could also aﬃx
plenty of water molecules on its surface and optimize the
contact eﬃciency between water protons and gadolinium chelates, thereby achieving an enhanced MRI contrast ability.
However, according to the reported studies,23–25 the Gd
payload was still low because of the direct grafting between
gadolinium chelates and GO. Moreover, these nanosystems
were comparatively larger and thus were hardly applied in vivo.
Therefore, there is an urgent need to develop GO-based CAs
with a high Gd payload and suitable size.
Conversely, GO-based drug delivery systems (DDSs) have
attracted widespread attention and displayed an excellent
cancer therapeutic eﬀect in animal models.26–29 However, such
systems suﬀer from several issues, such as low permeability,30
retention eﬀect,31 and ligand recognition,32 which have
seriously limited their further clinical use. One approach to
resolve these problems is to develop DDSs with active targeting
ligands and controlled-release ability. Mimicking the responsiveness of a living organism has yielded GO-based DDSs that
sensitively respond to the microenvironment of the cancer
cells of organisms; currently, these DDSs appear to be feasible
strategies for enhancing the drug utilization eﬃciency and
reducing the side eﬀects. However, this approach might contribute to the problem of drug resistance, causing medicines
to lose their potency against tumor tissue. Therefore, more
eﬃcient delivery strategies are needed.
In this study, we demonstrate a highly eﬃcient theranostic
system that was obtained by tailoring GO (TGO) conjugated
with a folic acid- and gadolinium-labeled dendrimer
(FA-GCGLD). Two types of anticancer drugs (doxorubicin, DOX
and colchicine, COLC) were eﬀectively loaded onto FA-GCGLD
via π–π interactions with a loading capacity of up to 154%.
Meanwhile, the release of these anticancer drugs could be triggered under acidic conditions, and the release rate increased
as the pH decreased. Compared with Gd-DTPA, the T1 relaxivity of FA-GCGLD was greatly enhanced, which could be attributed to the high Gd payload and contact eﬃciency between the
Gd centers and water protons. Cell assays indicated that this
nanosystem enables not only the intracellular drug release but
also the detection of the targeted accumulation of nanodrugs
by MRI. The systemic delivery of drugs loaded in FA-GCGLD
significantly enhanced the drug eﬃcacy and inhibited the
tumor growth. Moreover, the tumor contrast was dramatically
enhanced, thereby improving the accuracy of liver cancer diagnosis. In addition, FA-GCGLD nanosheets with ultrahigh T1
relaxivity also showed a clear vascular structure by magnetic
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resonance angiography (MRA), indicating this nanosystem as a
potential CA candidate in the future for the diagnosis of
cardiovascular diseases.

Results and discussion
Synthesis and characterization
Fig. 1a shows the preparation process of drug-loaded
FA-GCGLD. We first demonstrated that Gd-labeled dendrimers
could be further functionalized with the targeting ligand folic
acid (FA-GLD) and subsequently loaded the dendrimer onto
TGO nanosheets via amide bond formation. Next, FA-GCGLD
was further modified using PEG to obtain good biocompatibility and prolong the blood circulation time in vivo. Finally, the
anticancer drugs (DOX and COLC) were eﬀectively loaded onto
FA-GCGLD (FA-GCGLD-DOX/COLC) via π–π interactions, and
the release of drugs could be triggered by adjusting the pH of
the solution. Therefore, this nanosystem was endowed with
the ability to diagnose and treat disease (Fig. 1b).
GO was fabricated from graphite powder via the classical
Hummer’s method.33 The original GO displayed a 2D sheetlike morphology (Fig. S1a†) and a lateral width of approximately 1.5 μm (Fig. S1c†), which was too large for in vivo applications. Subsequently, the original GO nanosheets were
further tailored to aﬀord smaller nanosheets of diﬀerent
shapes (Fig. S1b,† Fig. 2c). The analysis of the particle size distribution showed that the size of GO was reduced from 692 nm
before tailoring to 108 nm after tailoring (Fig. S1d†). In
addition, the atomic force microscopy (AFM) images show that
the thickness of TGO was still less than 1 nm (Fig. 2a), indicating that TGO was a single layer and could be utilized in vivo.
After FA-GLD was conjugated to the TGO nanosheets, energydispersive X-ray (EDX) analysis showed an obvious peak for the
Gd element, implying that considerable FA-GLD was conjugated to the surface of TGO (Fig. 2d). Elemental mapping and
surface scanning analysis demonstrated the uniform distribution of FA-GLD within the TGO nanosheets (Fig. 2b).
The hydrodynamic diameter of the particles was measured
via dynamic light scattering (DLS). As shown in Fig. 3a,
FA-GLD particles displayed a very small size of approximately
5.7 nm. TGO was 108 nm, and the size of the FA-GCGLD composite further increased to 186 nm, further indicating that
abundant FA-GLD particles were successfully loaded onto the
TGO nanosheets. In addition, Fig. 3b reveals that the size of
FA-GCGLD did not increase over time and that no precipitation
occurred, indicating that FA-GCGLD possessed good stability.
Furthermore, we investigated the process of conjugating
FA-GLD onto the GO nanosheets via zeta potential analysis
(Fig. 3c). The FA-GLD particles had a mean charge of 12.5 mV,
and TGO possessed a mean charge of −46.5 mV. After FA-GLD
was conjugated to TGO, the charge of the particles became
−8.7 mV.
In this context, the modification process of FA-GCGLD was
investigated via ultraviolet visible (UV-Vis) and Fourier transform infrared (FT-IR) spectroscopy. As shown in Fig. 3d, GO

Nanoscale, 2018, 10, 488–498 | 489

View Article Online

Nanoscale

Published on 27 November 2017. Downloaded on 5/15/2019 4:12:28 AM.

Paper

Fig. 1 Schematic diagram of (a) the preparation of FA-GCGLD-DOX/COLC and (b) its subsequent use for the accurate diagnosis and therapy of
cancer in vivo.

possessed a typical absorption peak at 227 nm. Moreover, the
absorption peak after the loading of GLD onto TGO shifted to
276 nm, indicating that the oxide groups in TGO were reduced
or removed during the binding of the GLD particles. These
findings suggested that the GLD particles were successfully
loaded onto the TGO lattice. In addition, the new peak at
295 nm exhibited by FA-GCGLD suggested that FA-GCGLD featured many folic acid targeting ligands. For FA-GCGLD-DOX/
COLC, the strong peaks at 355 and 496 nm were assigned to
the absorption of COLC and DOX, respectively, which
suggested that a considerable amount of drugs were loaded
onto the FA-GCGLD nanosheet. In the FT-IR spectra (Fig. 3e),
the FA-GLD peaks at 568, 1483, 1652, and 3078 cm−1 were
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ascribed to the Gd–O stretching vibration, benzene skeleton
vibration, –CvO stretching vibration, and vC–H stretching
vibration, respectively, which indicated that GLD and folic acid
were attached to the dendrimers. The TGO peak at 1728 cm−1
corresponded to the –COOH stretching vibration; this functionality was used to conjugate FA-GLD via an amide bond.
For FA-GCGLD, the –COOH peak shifted from 1728 to
1649 cm−1, indicating the successful formation of the amide
bond between FA-GLD and the TGO nanosheet. For
FA-GCGLD-DOX/COLC, the new peaks appearing at 1256,
1086, 990, and 815 cm−1 suggested that many drug molecules
were loaded onto the nanosystem. These data were consistent
with the results from the UV-Vis analysis.
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286.7, and 288.2 eV (Fig. 3g), which were ascribed to graphite
C (sp2 –CvC–), C–O–C, and the amide bond, respectively. In
addition, the N 1s spectrum possessed two peaks at 399.8 and
402.1 eV (Fig. 3h), which were assigned to the –C–N– bond in
the dendrimer and the amide bond (HN–CvO), respectively.
The strong peak that appeared at 1188.6 eV suggested that
many Gd ions had been attached to the FA-GCGLD nanosheet
(Fig. 3i). Therefore, these data suggested that the FA-GLD particles had been successfully grafted onto GO nanosheets via
amide bond formation.
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MRI investigation in vitro

Fig. 2 (a) AFM and (c) TEM images and the corresponding thickness
(inset of (a)) of TGO. (b) Scanning TEM image of FA-GCGLD and the
corresponding elemental mapping results. (d) EDX spectrum of
FA-GCGLD.

The surface composition, structure, and functional groups
of the FA-GCGLD nanosheet were also investigated via X-ray
photoelectron spectroscopy (XPS). A full spectral analysis confirmed the presence of C, N, Gd, and O elements in FA-GCGLD
(Fig. 3f ). The C 1s spectrum showed three peaks at 284.8,

The United States Food and Drug Administration recently cautioned against the use of clinical commercial CAs, particularly
in patients with kidney disease, because of the unexpected
release of Gd ions in the physiological environment and the
resultant kidney damage.34–36 To address these concerns, we
demonstrated the stability of the Gd ions in FA-GCGLD under
diﬀerent pH conditions. Fig. S2† shows that the amount of Gd
ions released from FA-GCGLD was low and could be deemed
negligible at diﬀerent pH values, indicating that FA-GCGLD
was stable under complex physiological conditions.
To achieve high MR contrast enhancement, assessing the
gadolinium content in the FA-GCGLD nanosystem was necessary. The gadolinium content of FA-GCGLD was found to
depend on the ratios of the dendrimer to TGO, with the
highest gadolinium payload of approximately 34.2 wt% being
achieved when the mass ratio of the dendrimer to TGO was
10/1 (Fig. 4a). In addition, based on the FT-IR spectrum

Fig. 3 (a) Particle size distribution of GO, FA-GLD, and FA-GCGLD. (b) Size change of FA-GCGLD in phosphate buﬀer solution (PBS), simulated
body ﬂuid (SBF), and fetal bovine serum (FBS) over time. (c) Zeta potential of TGO, FA-GLD, and FA-GCGLD. (d) UV-Vis and (e) FT-IR spectra of
samples. (f ) Full XPS survey, (g) C 1s, (h) N 1s, and (i) Gd 3d5 spectra of FA-GCGLD.
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Fig. 4 (a) Gd content in FA-GCGLD changes when diﬀerent ratios of TGO to dendrimer are used. (b) Longitudinal relaxivity (r1) of Gd-DTPA,
FA-GLD, and FA-GCGLD, as determined by plotting 1/T1 versus Gd concentration. (c) T1-Weighted images and values of pure GO with diﬀerent concentrations in aqueous solution. (d) Absorbance of drug released from FA-GCGLD-DOX/COLC under diﬀerent pH conditions for 12 h. (e) Release behavior of drugs from FA-GCGLD-DOX/COLC under diﬀerent pH conditions. (f ) Viability of HepG2 cells treated with free COLC/DOX, GCGLD-DOX/
COLC, and FA-GCGLD-DOX/COLC for 24 h.

(Fig. S3†),37 each TGO nanosheet was calculated to have 102
carboxyl groups, indicating that each nanosheet could load
102 FA-GLD particles. Thus, approximately 3264 Gd ions were
theoretically attached to each TGO nanosheet. In actuality, the
number of Gd ions on a TGO nanosheet was 2302, as determined by inductively coupled plasma optical emission spectrometry (ICP-OES).
We then studied the contrast enhancement ability of the
nanosheets using MR tubes with diﬀerent concentrations of
gadolinium, which provided intuitional views of the contrast
ability by distinguishing the brightness (T1) of the images.
Three samples (Gd-DTPA, FA-GLD, and FA-GCGLD) with
diﬀerent concentrations were prepared and used in a T1weighted MRI study (Fig. S7b†). In the T1-weighted imaging,
both Gd-DTPA and FA-GLD showed a weak contrast (slight
brightness), whereas FA-GCGLD at the same concentration
exhibited a clear T1 contrast (strong brightness), indicating
that FA-GCGLD had the best T1 contrast ability. The corresponding longitudinal relaxivity (r1) result of FA-GCGLD was
11.6 mM−1 s−1, which was 5-fold and 2-fold higher than that of
Gd-DTPA (2.45 mM−1 s−1) and FA-GLD (5.48 mM−1 s−1,
Fig. 4b). The high r1 of FA-GCGLD might be because of the fact
that TGO possessed a high specific surface area and plenty of
active groups could accelerate the natural aﬃnitive binding to
oxygen atoms in water molecules bonded to Gd species
(Fig. S4†), thus resulting in an increased number of water
molecules distributed on the TGO surface. To confirm our
hypothesis, the T1 relaxation time of pure GO solution was
measured (Fig. 4c). The results revealed that the T1 value of the
solution gradually decreased as the GO concentration
increased, indicating that GO could successfully aﬃx water
molecules and shorten the spin–spin time of the protons.
Based on the average number of gadolinium atoms per
FA-GCGLD nanosheet and the relaxivity per gadolinium atom,

492 | Nanoscale, 2018, 10, 488–498

the relaxivity per FA-GCGLD nanosheet was approximately
2.7 × 104 mM−1 s−1. In addition, compared to Gd-DTPA and
FA-GLD, the T1 relaxivity of FA-GCGLD was significantly
enhanced.
The toxicity of imaging agents is also a key consideration
for biomedical applications. Therefore, HepG2 and HeLa cells
were used to evaluate the in vitro cytotoxicity of FA-GCGLD
through the CCK-8 assay (Fig. S6†). When the cells were
treated with FA-GCGLD in a wide range of concentrations for
24 and 48 h, the viability did not clearly decrease, indicating
that FA-GCGLD had no significant cytotoxicity and showed
good biocompatibility. The MR contrast enhancement of
HepG2 cells administered with FA-FCGLD was then investigated. HepG2 cells treated with Gd-DTPA only slightly brightened as the concentration increased, with GCGLD showing
similar results. However, FA-GCGLD caused a significant
brightening of the cellular MR images, implying that
FA-GCGLD could be eﬀectively internalized by the HepG2 cells
because of its folate-receptor targeting ability (Fig. S7a†).
Furthermore, the reduction in T1 relaxation times observed
from the relaxation time maps corroborated the T1-weighted
image enhancements of HepG2 cells (Fig. S7c†). The HepG2
cells incubated with FA-GCGLD exhibited a significant
decrease in the T1 relaxation time. Nevertheless, the cells incubated with Gd-DTPA and GCGLD particles showed only a
slight decrease in the transverse relaxation time, further confirming that FA-GCGLD possessed an excellent targeting
ability for HepG2 cells.
Drug release and cytotoxicity
DOX and COLC were eﬀectively loaded onto FA-GCGLD via π–π
stacking interactions, and the loading capacity (154%) was
determined via UV-Vis spectroscopy. The drug release behavior
of FA-GCGLD-DOX/COLC was investigated using UV-Vis spec-
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troscopy under diﬀerent pH conditions. As shown in Fig. 4d,
the absorbance of COLC and DOX increased as the pH
decreased, which indicated that the release of drugs could be
eﬀectively triggered by increasing the concentration of water
protons. Fig. 4e and S5† show that the amount of drugs
released was low (less than 5%) at neutral pH but markedly
increased under acidic conditions, indicating that the release
behavior of drugs was pH-dependent.
Next, the viability of the HepG2 cells incubated with free
DOX/COLC, GCGLD-DOX/COLC, and FA-GCGLD-DOX/COLC was
measured to evaluate the applicability of the nanosystem for
cancer treatment. All groups were found to exhibit a dose-dependent cytotoxic eﬀect. However, compared with GCGLD-DOX/
COLC, the HepG2 cells treated with FA-GCGLD-DOX/COLC
showed higher apoptosis at 24 and 48 h (Fig. 4f and S8†). This
result might be due to the eﬀective internalization of
FA-GCGLD-DOX/COLC by the HepG2 cells arising from the
folate-receptor targeting interaction, facilitating the release of
drug molecules and thus inducing cancer cell death.

Paper

Cell uptake and localization investigation
The intracellular localization of the particles in living cells was
observed by confocal laser scanning microscopy (CLSM)
(Fig. 5a). Fluorescein isothiocyanate (FITC) was rationally conjugated with FA-GCGLD-DOX/COLC to visualize the state of the
particles in the cells. When HepG2 cells were treated with free
DOX, only red fluorescence could be observed inside the cells
because of the fast diﬀusion of DOX. Moreover, the HepG2
cells treated with GCGLD-DOX/COLC exhibited weak green
and red fluorescence in the cytomembrane and cytoplasm,
suggesting that minimal GCGLD-DOX/COLC was taken up by
the cell and DOX was released in the cytoplasm. However, the
HepG2 cells treated with FA-GCGLD-DOX/COLC showed stronger green and red fluorescence, indicating that
FA-GCGLD-DOX/COLC possessed an excellent targeting ability
and could be eﬃciently delivered into tumor cells.
Furthermore, the fluorescence quantification analysis of
HepG2 cells via flow cytometry indicated that there was con-

Fig. 5 (a) CLSM images of HepG2 cells treated with DOX, GCGLD-DOX, and FA-GCGLD-DOX. For each panel, the images from left to right show
cell nuclei in bright ﬁeld images and images with ﬂuorescence arising from staining with DAPI (blue) and FITC (green) and from DOX. All images
have the same scale bar. (b) CLSM, oil immersion lenses, and (d) TEM images of HepG2 cells incubated with FA-GCGLD. (c) Flow cytometric analysis
of HepG2 cells treated with GCGLD and FA-GCGLD.
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siderably more FA-GCGLD-DOX/COLC in the cells than
GCGLD-DOX/COLC. This result was consistent with the abovementioned analysis (Fig. 5c).
Subsequently, the precise subcellular localization and the
dynamic entry of the FA-GCGLD nanosheets were evaluated via
CLSM and transmission electron microscopy (TEM). The images
obtained at 1 hour clearly showed that most of the FA-GCGLD
nanosheets were closely associated with the cell plasma membrane and that negligible signal was observed from the intracellular region (Fig. 5b). With an increasing incubation time,
FA-GCGLD crossed the cell membrane and penetrated into the
cytosolic space. Notably, some FA-GCGLD nanosheets also permeated into the nucleus. Moreover, the images at 12 hours
showed slightly less fluorescence remaining within the cells,
implying a vesicular recycling process (e.g., exocytosis). In a parallel experiment, the TEM micrographs clearly exhibited the
intracellular distribution of FA-GCGLD (Fig. 5d). Compared to
an incubation time of 1 hour, the TEM images at an incubation
time of 6 hours showed many nanoparticles in the cell. This
result suggested that the cellular uptake of FA-GCGLD was timedependent. In addition, the magnified images displayed abundant extracellular and intracellular vesicles that were closely
associated with the plasma membrane (Fig. 5dc) and lysosomal/
endosomal structures (Fig. 5dd), suggesting that the uptake
mechanism of the FA-GCGLD nanosheets was endocytosis.
Bio-distribution, pharmacokinetics, and antitumor activity
For a new theranostic agent, assessing its biocompatibility,
pharmacokinetics and bio-distribution in vivo is necessary.

Nanoscale

The H&E images of various organs also showed no noticeable
inflammation or damage after continuous injections of
FA-GCGLD for a week (Fig. 6a), indicating that FA-GCGLD
induced no obvious organ toxicity in the treated animals and
possessed good biocompatibility. Next, the blood elimination
kinetics of FA-GCGLD indicated that FA-GCGLD could be
cleared (Fig. 6b) and left no residual material in the body.
Moreover, FA-GCGLD possessed a longer retention time than
GCGLD and Gd-DTPA, which would promote the delivery of
FA-GCGLD into tumor tissue. To quantitatively assess the biodistribution of the particles, hepatic cancer-bearing nude mice
were injected with Gd-DTPA, GCGLD, and FA-GCGLD at a dose
of 2 mg (Gd) kg−1 (animal body weight) via the tail vein.
Significant accumulation of gadolinium in tumors appeared
for GCGLD and FA-GCGLD compared with Gd-DTPA (Fig. 6c).
In addition, the tumor accumulation of FA-GCGLD was significantly higher than that of GCGLD and Gd-DTPA by 2.6 and 8.9
times, respectively. This was due to the good tumor recognition ability of FA-GCGLD, which facilitated the eﬀective
accumulation of FA-GCGLD in the tumor. In addition, all particles (Gd-DTPA, GCGLD, and FA-GCGLD) were clearly accumulated in the kidney, liver, and spleen of the reticuloendothelial
system.
The inhibitory eﬃcacy of the nanodrugs against tumors
was evaluated in BALB/c nude mice (Fig. 6d). Mice injected
with saline (control) showed rapid growth in their tumor size,
suggesting that saline had no inhibitory eﬀect on tumors. By
contrast, DOX/COLC and GCGLD-DOX/COLC showed excellent
inhibitory eﬀects on tumors up to 34 days; however, at 34 days

Fig. 6 (a) Histopathology of various organs from mice at low (5×) and high (20×) magniﬁcation before and after treatment with FA-GCGLD.
(b) In vivo blood elimination kinetics and (c) bio-distribution of Gd-DTPA, GCGLD, and FA-GCGLD injected at a dose of 10 mg kg−1. (d) Tumor
volume changes of mice treated with diﬀerent samples over 40 days. Five mice were used in each experiment.
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post-injection ( p.i.), the tumor volume increased through
explosive growth. This might be because the cancer cells generated gene mutations and thus possessed high drug resistance.
Interestingly, the tumor volume of mice treated with
FA-GCGLD-DOX/COLC was eﬀectively inhibited and showed
negligible growth throughout the whole treatment process,
which could be attributed to the eﬀective targeting ability of
the particles and sustained drug release in the tumor tissue.
These results indicated that the use of the targeted nanodrug
prevented the emergence of tumor drug resistance and
improved the cancer chemotherapeutic eﬃcacy.
The results of the H&E staining of tumor biopsies treated
with saline showed the presence of highly malignant hyperchromatic tumor cells on the slide (Fig. 7). However, the
tumor cells on the slides treated with DOX/COLC,
GCGLD-DOX/COLC, and FA-GCGLD-DOX/COLC showed
diﬀerent degrees of necrosis, and the malignant hyperchromatic area gradually decreased. Moreover, the extent of the
necrotic areas was in the order of FA-GCGLD-DOX/COLC >
GCGLD-DOX/COLC > DOX/COLC, whereas the size of the

Fig. 7
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malignant hyperchromatic area was in the following
sequence: FA-GCGLD-DOX/COLC < GCGLD-DOX/COLC <
DOX/COLC. These results indicated that FA-GCGLD-DOX/
COLC possessed the best therapeutic eﬃcacy against tumor.
In addition, the histological examination of the heart, kidney,
liver, lung and spleen from mice treated with saline,
GCGLD-DOX/COLC, or FA-GCGLD-DOX/COLC showed no or
only minor histological changes, indicating that these
samples were non-toxic or had minimal side eﬀects on the
body. In contrast, the samples treated with DOX/COLC presented obvious damage in the heart, kidney, liver, lung and
spleen. Specifically, this damage consists of the following
eﬀects: (1) myocardial muscle cell lysis and inflammatory cell
infiltration in the heart, (2) decrease in the glomerular interstitial space, (3) cloudy swelling of hepatocytes, (4) congestive
change and mild thickening of the alveolar membrane, and
(5) atrophy in the spleen. These results demonstrated that
DOX/COLC could induce serious side eﬀects on the body,
whereas the FA-GCGLD nanosheet exhibited significantly
enhanced therapeutic eﬃcacy and reduced side eﬀects.

Pathological analysis of various organs in mice injected with diﬀerent samples via the tail vein.
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T1-Weighted MRI in vivo
The MRI performance of FA-GCGLD was explored in vivo using
a 9.4 T MR scanner. The T1 images of the regions of interest
(ROIs) in tumors were acquired pre-injection and at 15, 30, 60,
90, and 120 min p.i. of Gd-DTPA, FA-GLD, GCGLD, and
FA-GCGLD at a dose of 2 mg kg−1 (Fig. 8a). The T1-weighted
images of tumor tissue show a slight brightness p.i. of GdDTPA or FA-GLD, but distinguishing between tumor and
normal tissues was still challenging. In addition, for non-targeted GCGLD, the whole body of mice appeared bright, which
made the observation of the tumor tissue diﬃcult. Conversely,
the tumor tissue of mice injected with FA-GCGLD was dramatically brightened and could be clearly observed, which could be
attributed to the high relaxivity and excellent targeting ability
of the FA-GCGLD nanosheet. The analysis of the MRI signalto-noise ratio change (ΔSNR) in the tumor region indicated
that the greatest ΔSNR of FA-GCGLD was up to 80.3% in T1
imaging at 90 min p.i. (Fig. 8b). By contrast, the corresponding
ΔSNR values in the tumor area of Gd-DTPA and FA-GLD
reached the maxima of only 39.5% and 56.6% at 60 min p.i.,
respectively. Additionally, a decrease in the ΔSNR value began
at 60 min p.i. for Gd-DTPA and FA-GLD but commenced at
90 min p.i. for GCGLD and FA-GCGLD. These results indicated
that among the systems tested, FA-GCGLD had the best T1 contrast enhancement eﬀect and a longer blood circulation time,
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which are important attributes for the diagnosis of early
tumor lesions.
MR angiography investigation
The feasibility of FA-GCGLD as a potential MR angiography
(MRA) CA was also explored. MRA is an important clinical tool
used to detect various cardiovascular complications, including
myocardial infarction and atherosclerotic plaque.38–40
Molecular CAs used for this diagnostic purpose are typically
small in size (<2 nm diameters) and rapidly leak out of the vascular network in the circulatory system, resulting in poor
steady-state imaging conditions and consequently poor
resolution.41–43 To maintain high-resolution images within the
vasculature, massive amounts of CAs are continuously administered throughout the MRI procedure, increasing the potential for toxicity. An MRA study was conducted on rats (average
body weight of 220 g) intravenously injected with FA-GCGLD at
a dose of 20 mg kg−1. A strong contrast in the vascular networks was observed at 5 min p.i., and excellent high-resolution
images were obtained for up to 15 min (Fig. 8c). Prominent
vascular details including the hepatic capillary, hepatic portal
vein, inferior vena cava, proper hepatic artery, renal vein,
and mesenteric artery were clearly distinguished. Importantly,
contrast enhancement in the interstitial space of the rat body
was not observed, indicating that FA-GCGLD was only present

Fig. 8 Delivery of nano CA in tumors, as determined by T1-weighted MRI monitoring. (a) T1-Weighted MR images of tumor tissue in nude mice
acquired at pre-injection and 15, 30, and 60 min p.i. at a dose of 2.0 mg kg−1. Tumors are marked by a white arrow. (b) MRI signal changes in the
tumor of T1-weighted images at transverse planes. (c) MRA images of rats pre-injection and post-injection of Gd-DTPA and FA-GCGLD at a dose of
20 mg kg−1. Labeled numbers in the images denote vascular details, including (1) hepatic capillary, (2) hepatic portal vein, (3) inferior vena cava, (4)
proper hepatic artery, (5) renal vein, and (6) mesenteric artery. (d) Comparison of quantiﬁed signal changes in the hepatic portal vein (A) and inferior
vena cava (B) at 10 min p.i. n = 3, data represent the mean ± standard deviation.
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in the blood vessels and not within the interstitial space of the
body. In contrast, the same dose of a commercial T1 contrast
agent (Gd-DTPA) showed poor contrast in the vascular networks, and most of the Gd-DTPA molecules were absorbed or
distributed in the intestine. An inherent reason for the
observed results is the relatively low r1 value (2.45 mM−1 s−1)
of Gd-DTPA.
The ΔSNR values of FA-GCGLD within the hepatic portal
vein and inferior vena cava at 15 min p.i. were 3.8-fold and 2.7fold higher, respectively, than those of Gd-DTPA (Fig. 8d).
Therefore, obtaining detailed diagnostic information from the
vasculature using a single Gd-DTPA injection is diﬃcult.
FA-GCGLD could address many shortcomings of previous MRA
CAs such as Gd-DTPA and achieve detailed vascular diagnostic
imaging, which is particularly helpful in the context of a
cardiovascular event. Therefore, the development of
FA-GCGLD with a suitable size is likely to provide a new pool
of molecules that might provide revolutionary solutions in the
field of molecular imaging within a clinical setting.

Live subject statement
The mice used for the experiment were treated in accordance
with the Ethics Committee Guidelines of the University of
Science and Technology of China, and the study was approved
by the Institutional Animal Care and Use Committee of
National Tissue Engineering Center (Shanghai, China).

Conclusions
In summary, a highly eﬃcient MRA CA with a high Gd
payload was developed for in vivo imaging and tumor therapy
by conjugating TGO to a folic acid- and gadolinium-labeled
dendrimer. Additionally, the release of anticancer drugs
could be triggered by water protons, and the release rate
increased as the pH decreased. The T1 relaxivity of FA-GCGLD
was greatly enhanced to 11.6 mM−1 s−1 because of the ability
of the FA-GCGLD nanosheet to aﬃx water molecules, and
enhance the contact eﬃciency between the Gd centers and
water protons. In addition, cell assays indicated that
FA-GCGLD-DOX/COLC could be eﬀectively internalized by the
HepG2 cells and then significant cell contrast enhancement
and dramatic cell viability inhibition could be achieved.
In vivo, the systemic delivery of FA-GCGLD-DOX/COLC
decreased the tumor resistance against anticancer drugs and
significantly inhibited the tumor growth. Moreover,
FA-GCGLD was eﬀectively accumulated in the tumor tissue,
enhancing the accuracy of liver cancer diagnosis. These
results demonstrated the diverse applications of FA-GCGLD
for the accurate diagnosis and therapy of tumors. Moreover,
when used for MRA, FA-GCGLD nanosheets with ultrahigh
T1 relaxivity also clearly showed the vasculature network, indicating that FA-GCGLD might be a future candidate as a CA for
the diagnosis of cardiovascular diseases.

This journal is © The Royal Society of Chemistry 2018
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