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Abstract: Poor toxicity characterization is one obstacle to the clinical deployment of Gd,0,@
Si0O, core-shell nanoparticles (Gd-NPs) for use as magnetic resonance (MR) imaging contrast
agents. To date, there is no systematic toxicity data available for Gd-NPs prepared by laser abla-
tion in liquid. In this article, we systematically studied the Gd-NPs’ cytotoxicity, apoptosis in
vitro, immunotoxicity, blood circulation half-life, biodistribution and excretion in vivo, as well
as pharmacodynamics. The results show the toxicity, and in vivo MR data show that these NPs
are a good contrast agent for preclinical applications. No significant differences were found in
cell viability, apoptosis, and immunotoxicity between our Gd-NPs and Gd in a DTPA (diethyl-
enetriaminepentaacetic acid) chelator. Biodistribution data reveal a greater accumulation of the
Gd-NPs in the liver, spleen, lung, and tumor than in the kidney, heart, and brain. Approximately
50% of the Gd is excreted via the hepatobiliary system within 4 weeks. Furthermore, dynamic
contrast-enhanced T1-weighted MR images of xenografted murine tumors were obtained after
intravenous administration of the Gd-NPs. Collectively, the single step preparation of Gd-NPs
by laser ablation in liquid produces particles with satisfactory cytotoxicity, minimal immuno-
toxicity, and efficient MR contrast. This may lead to their utility as molecular imaging contrast
agents in MR imaging for cancer diagnosis.

Keywords: gadolinium, molecular imaging, cytotoxicity, immunotoxicity

Introduction

Nanomaterials have tremendous biomedical applications at the molecular and cellular
levels, especially for use as contrast agents in molecular imaging.! As an important
nonradioactive and noninvasive method with high spatial resolution, magnetic reso-
nance imaging (MRI) has become a routine diagnostic tool in modern clinical medicine.
However, amplification strategies are needed to overcome the inherently low sensitivity
of MRI.>* One of conventional strategies uses gadolinium (Gd) (II) chelates®¢ but
has been shown to have potential toxicity including nephrogenic systemic fibrosis.” In
this regard, it is thus crucial to develop efficient nanoparticles (NPs) lacking or having
minimal toxicity in vitro and in vivo, including absorption, distribution, metabolism,
excretion, and immunotoxiciy.®!!

Gd,0, is an attractive T1-weighted MRI contrast agent due to its numerous unpaired
electrons,'> ' but it is important to improve its biocompatibility and wettability by
coating with silica.'> These Gd-NPs are traditionally prepared by complicated two-step
chemical methods using Stober chemistry.!®!” In this paper, Gd-NPs are prepared by
a simple and facile laser ablation in liquid (LAL) approach.'®"” LAL is a unique and
efficient technique, which has been widely used to generate NPs.?2> However, little
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attention has been given to the use of LAL to prepare NPs for
biomedical applications especially the toxicity, biodistribu-
tion, and clearance of these probes.? 2 Characterization of the
immune response to these agents is particularly relevant,?”-?
especially in vivo.?*° These studies are important to under-
stand the relationship between NP structure and toxicity and
thus provide the rational suggestions on the design of contrast
agents in the future.®

To the best of our knowledge, we present here the most
extensive characterization of LAL NP in vivo toxicity,
pharmacokinetics, and pharmacodynamics. In our previous
research, Gd-NPs have been successfully synthesized by
LAL in a single step and shown to be sensitive MRI contrast
agents.’® However, their toxicity, pharmacokinetics, and in
vivo utility have not yet been investigated. Here we report the
systematic evaluation of Gd-NP toxicity including cell viabil-
ity and apoptosis, reactive oxygen species (ROS) assays,
changes to lymphocyte populations, serum cytokine levels,
pharmacokinetics, and pharmacodynamics. This character-
ization will bring these materials closer to clinical use.

Materials and methods

Synthesis and characterization of Gd-NPs
Synthesis

Laser ablation of Gd,O, in liquid has been shown in our
previous work.*® A Nd:YAG laser (wavelength A=1,064 nm)
with 6 Us pulse duration at 100 Hz was focused on the Gd, O,
target. The ablated samples were collected by centrifuge to
exclude large particles prior to further applications in vitro
and in vivo.

Characterization

Dimensions and structural details of the Gd-NPs were
measured with transmission electron microscopy (TEM)
(JEOL, Tokyo, Japan). Colloidal samples were dispersed
in ethanol by ultrasonication, then dropped onto a holey
carbon-copper grid, and dried at room temperature. The
average diameter and particle size distribution were analyzed
by Nano Measurer 1.2.5 image analysis software (Jie Xu,
Fudan University, Shan hai, People’s Republic of China).
The composition of the samples was measured by energy
dispersive spectrometry (Oxford Instruments Analytical Ltd,
Buckinghamshire, UK).

Phase-sensitive T, inversion recovery imaging

The concentration of Gd* was obtained by inductively
coupled plasma atomic emission spectroscopy (CIROS
VISION; SPECTRO Analytical Instruments, Kleve,

Germany). Samples with various concentrations of Gd**(0.3,
0.2, 0.1, 0.05, 0.025, and 0 mM) in deionized water were
placed into a 1.5 mL Eppendorftube, and measured by using
a 3.0 T Siemens Trio (Siemens Medical Solutions, Erlangen,
Germany) MRI scanner. The longitudinal relaxation rate
(1/T1, units of s7') for Gd** at different concentrations was
measured with inversion recovery pulse sequences with
T,=2,000 ms and 7,=500-1,400 ms. T, is fitted to an expo-
nential T1 recovery model by the following nonlinear least
square regression equation, from which 1/T1 of different
Gd** concentration is determined.

S (T)=S,[1-2exp(T, / T1) +exp(-T, /TD)], (1)

where T1 is longitudinal relaxation rate, T, is recovery time,

and 7, is inversion time. S,

images, was provided by picture archiving and communica-

gray-scale values of the MRI

tion system (PACS) software (Numaris/4, version syngo MR
B17; Siemens AG, Erlangen, Germany).

Longitudinal relaxivity (r,, units of s mM™") of the Gd-
NPs was calculated according to the formula,

1, = A(1/ T1)/[Gd** concentration]. )

Toxicity of Gd-NPs in vitro

Cytotoxicity assay

The mouse fibrosarcoma L.-929 cells were seeded in 96-well
plates at a density of 4x10%/well. Cells in a logarithmic
growth period were incubated with different concentrations
of Gd-NPs (2x phosphate buffered saline [PBS], 10 uM,
1 uM, and 100 nM) in DMEM (Dulbecco’s Modified Eagle’s
Medium) at 37°C, 5% CO,. The L-929 cells treated only with
culture media served as negative controls, lipopolysaccharide
(500 ng/mL) was used as the positive control. All groups
were cultured for 24 and 48 hours post-treatment. We then
added 20 uL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) to each well for another
4 hours of incubation, then removed the culture medium and
replaced with 100 uL DMSO (dimethyl sulfoxide), followed
by 10 minutes of incubation. The absorbance at 490 nm was
measured by a microplate reader (Bio-Rad Laboratories Inc.,
Hercules, CA, USA).

Apoptosis assay

The murine macrophage line Raw264.7 cells were incubated
with PBS (negative control), Gd-diethylenetriaminepenta-
acetic acid (DTPA) (500 nM), Gd-NPs (2x PBS buffer, 10 uM,
1 uM, 500 nM, and 100 nM) for 48 hours in 6-well plates. We
used 4x10° cells/mL in 200 pL binding buffer (1x). We then

submit your manuscript

4044

Dove

International Journal of Nanomedicine 2014:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Gd,0,@SiO, nanoparticles

added 5 uL Annexin V-FITC (eBioscience, San Diego, CA,
USA) into 195 pL cell suspension, mixed and incubated for
10 minutes at room temperature, washed cells twice in 200 uL
binding buffer (1x), and resuspended in 190 uL binding buf-
fer (1x). We then added 10 uL propidium iodide (20 pg/mL).
Cells were analyzed on a FACScan (Becton Dickinson,
Mountain View, CA, USA).

Immunotoxicity assay of Gd-NPs in vivo
Male BALB/c mice, 6—8 weeks old, were purchased from
the animal experiment center of the Medical College, Sun
Yat-sen University, People’s Republic of China. The mice
were maintained in a specific pathogen-free environment.
Twenty mice were divided into three groups at random:
1) PBS (100 pL, negative control), 2) Gd-DTPA (15 umol/kg),
and 3) Gd-NPs (2x PBS buffer, 15 umol/kg).

ROS of neutrophils in peripheral blood

Peripheral blood (20 puL) was supplemented in a tube with
heparin sodium (4 uL) by tail vein. Erythrocytes were
removed by ammonium—chloride-potassium lysis buffer
(2 mL) in the dark for 2 minutes. We then added 2 mL PBS
and centrifuged at 1,200x g for 5 minutes at room tempera-
ture. H,DCFDA (Thermo Fisher Scientific, Waltham, MA,
USA) was added to a final concentration of 5x10~° mol/L.
Cells were mixed in the dark for 20 minutes, and added to
400 uL PBS. Samples were measured by flow cytometry.

Expressions of representative CD markers

of monocytes/macrophages in peripheral blood
Peripheral blood (20 pL) was collected into a tube supple-
mented with heparin sodium (4 puL) by vena ophthalmica.
Cells were stained with anti-mouse F4/80 antigen APC,
anti-mouse CD206-PE (eBioscience), anti-mouse CD40-PE,
anti-mouse CD11b-FITC, anti-mouse CD80-PE, and anti-
mouse CD86-PE (PharMingen; Becton Dickinson) in the
dark for 30 minutes. Then 2 mL of erythrocytes were lysed
in the dark for 2 minutes, followed by the addition of 2 mL
PBS, which was subsequently centrifuged at 1,200x g for
5 minutes at room temperature. This was resuspended in
400 uL PBS. Samples were measured by flow cytometry.

Expression on CDé69 of lymphocyte cells

in peripheral blood

Peripheral blood (20 puL) was stained with anti-mouse CD69-
FITC and anti-mouse CD3-PE (PharMingen; Becton Dick-
inson) in the dark for 30 minutes. Samples were processed
by flow cytometry.

Expression of CD69 in peripheral lymphocytes

Mice were sacrificed by decapitation, and lymphocyte cells were
isolated from the subclavicular, grounding submandibular, axil-
lary, superficial inguinal, and mesenteric lymph nodes through
200 meshes under sterile conditions. Samples were centrifuged
at 300x g for 5 minutes at room temperature and incubated with
anti-mouse CD69-FITC and anti-mouse CD3-PE in the dark for
30 minutes. Samples were measured by flow cytometry.

Concentrations of cytokines including IL-13, IL-2,

and IL-4

Peripheral blood was collected in 1.5 mL Eppendorf tubes
by vena ophthalmica in mice, at room temperature for
45 minutes. Samples were centrifuged at 3,000 rpm at 4°C for
10 minutes. The serum was transferred into new Eppendorf
tubes and assayed by IL-1B, IL-2, and IL-4 ELISA (enzyme-
linked immunosorbent assay) kits (RayBiotech, Inc., Nor-
cross, GA, USA) according to the provided instructions.
Calibration curves are in Figure S1 (http://www.dovepress.

com/cr_data/supplementary file 66164.pdf).

Statistical analyses

All data are expressed as mean = SEM. Statistical analyses
were performed by one-way ANOVA (analysis of vari-
ance) or one-sample 7-test by using OriginPro v8.0 software
(OriginLab Co., Northampton, MA, USA).

The half-life of the Gd-NPs

Animal experiments were performed according to the
National Institutes of Health guidelines on the rules of animal
research and our institution’s animal board. The half-life
of the Gd-NPs in the circulation was measured by induc-
tively coupled plasma mass spectrometry (ICP-MS) (n=3)
in 36 Kunming white mice (50% males and 50% females).
Peripheral blood (5-10 uL) was collected from the tail vein
with heparin sodium (85 UL) in separate Eppendorf tubes at
5,15, 30, 60, 120, 180, 240, 360, 480, and 720 minutes after
tail-vein administration of the Gd-NPs (15 umol/kg).

MRI in vivo

Animal experiments were performed according to the
National Institutes of Health guidelines on the rules of animal
research and our institution’s animal board. BALB/c nude
mice (4—6 weeks old, weight of 18-22 g) were obtained from
the animal experiment center of the Medical College, Sun
Yat-sen University, People’s Republic of China, then main-
tained in a specific pathogen-free environment (Certificate
No. 26-99S031). Mice were subcutaneously injected with
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nasopharyngeal carcinoma CNE-2 cells (5x10° in 100 uL
PBS). Mice were randomized after 10 days, at which time
the tumors had reached 7 mm?.

Mice were anesthetized by intraperitoneal injection of
0.1 mebumalnatrium (10 uL per gram bodyweight), followed
by tail-vein administration of 15 umol/kg of the Gd-NPs.
Scans used a 3.0 T Siemens Trio MRI scanner (Siemens
Medical Solutions, Erlangen, Germany) and a 3-inch surface
coil. The control group was injected with 100 pL saline solu-
tion by the tail vein.

T1-weighted images were obtained at 0, 15, 30, 60, 90,
and 120 minutes after intravenous administration of the
Gd-NPs in the axial orientations. The sequences were TSE
(turbo spin echo) T1 axial (5% distance factor, slice thickness
2.0 mm, FOV [field of view] 64 mm, TE [echo time] 12 ms,
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Figure | Characterization of the Gd-NPs.

TR [repetition time] 600 ms, with six averages). All data were
analyzed by PACS software: Numaris/4 (version syngo MR
B17; Siemens AG). The entire tumor was used to generate
normalized histograms of signal intensity, and thus the results
were not biased toward aberrantly enhanced regions.

Results and discussion

Morphology, component, and in vitro MRI
of Gd-NPs

The Gd-NPs were synthesized in a single step via the pyrolysis
of silica precursors caused by a laser-induced plasma plume.
Typical TEM images (Figure 1A) of the Gd-NPs show a
spherical, uniform, and mono-disperse morphology. As
shown in Figure 1B and C, the average size of the NPs was
37.2941.03 nm, while the thickness of the shell was 7.93%0.13

D so0

4,000

3,000

2,000

Counts

1,000

% 12 3 4 5 6 7
Energy (keV)
E
750 &d
Gd
500
k= o
3 Gd
(&S] Cu
250
Si
0 k Y : - . !
o 1 2 3 4 5 6 7
Energy (keV)
C
35
301
7.93+0.13
S 25
s
€ 20
=]
8 15
10 % '
o] 10

3 4 5 6 7 8 9 10 11 12
Nanoparticles thickness (nm

-~

Notes: TEM micrograph (A) and typical histograms of the size distribution for Gd-NPs (B) and thickness of shell (C) as derived from the TEM images (230 particles
measured). Centre (D) and surface (E) of EDS of Gd-NPs indicated the Gd,O, core was coated by a SiO, shell.
Abbreviations: NP, nanoparticles; EDS, energy dispersive spectrometry; TEM, transmission electron microscopy.
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nm. The energy dispersive spectrometry results in Figure 1D
and E show the atomic percentage of gadolinium and silicon in
the core and the surface, respectively, indicating that the SiO,
was successfully assembled on the surface of the Gd,O, core.
In addition, the zeta potential of our Gd-NPs was —7.0610.61
mV (Figure S11; http://www.dovepress.com/cr_data/supple-
mentary file 66164.pdf). This indicates that the NPs are not
easy to combine with most proteins in the blood due to nega-

tive charge. Figure S2 (http://www.dovepress.com/cr_data/

supplementary file 66164.pdf) shows that r, relaxivity of our

NPs was higher than commercial MRI contrast agents using
the DTPA chelator (Gd-DTPA),*! and indicates that the Gd-
NPs are effective T1-weighted MRI contrast agents.

Cell viability and apoptosis of Gd-NPs

Cell viability was evaluated with MTT assay and treated by
culture media (negative controls) and lipopolysaccharide
(500 ng/mL, positive control). As shown in Figure 2A, cell
viability of the mouse fibrosarcoma L1929 cells remained
high after co-incubation with Gd-NPs for 24 and 48 hours,
suggesting low cytotoxicity.

Apoptosis was studied with flow cytometry on Raw264.7
cells stained with Annexin-V/PI (PharMingen; Becton Dick-
inson). Cells were incubated with PBS (negative control),
Gd-DTPA (500 nM, positive control), and Gd-NPs (500 nM)
for 48 hours (Figure 2B). No significant differences were seen
versus negative control between the Gd-DTPA and Gd-NPs
suggesting that the Gd-NPs had no effect on macrophage sur-
vival. At 10 uM, 1 uM, and 500 nM there was more apoptosis
than at 100 nM. There was no significant difference between
Gd-DTPA and the Gd NPs at 500 nM. The results indicated
that the percentage of apoptosis was increased due to the high
concentration of Gd-NPs, but the generation of apoptosis
could be regulated by the cells. Thus, the in vitro data showed
a Gd-NP biocompatibility suitable for in vivo study.

Immunotoxicity of Gd-NPs in vivo
Immunotoxicity was investigated in BALB/c mice using ROS,
CD markers, and cytokine production. We studied: ROS of neu-
trophil in the peripheral blood; CD markers of innate immunity
including CD40, CD206, CD11b, and CD80/CDS86 in periph-
eral blood monocytes/macrophages;** CD marker of adaptive
immunity including CD69 in peripheral blood lymphocytes
and lymph nodes;* and IL-1f, IL-2, and IL-4 in serum.

The results on the innate and adaptive immunotoxic-
ity of the Gd-NPs are shown in Figures 2C-E and S3-S5.
Although there is statistical difference between Gd-NPs
and the negative control groups (PBS) on the expression

levels of CD206, CD40, IL-1B, IL-2, and IL-4, there is no
difference except the neutrophil ROS between the Gd-NP
and Gd-DTPA groups (P=0.05). This suggests that both
Gd-DTPA and our nanoprobes increase ROS generation
0.29% and 0.75%, respectively. In general, ROS is a vague
and generalized mediator of immunity, and can trigger either
the eradication of pathogens or immunosuppression during
tissue-restoration processes.

However, as opposed to Gd-DTPA, our Gd-NPs did not
stimulate the immune system. This suggests that the Gd-
NPs may have minimal immunotoxicity, but within normal
control of homeostasis. We thus conclude that the immuno-
toxicity of our nanoprobe is satisfactory.

Half-life, biodistribution, and excretion
of Gd-NPs

We next assessed in vivo behavior including physicochemical
characteristics.® Thus, we first assessed the stability of Gd-NP
in blood. The half-life of Gd was 72.45 (£10.24) minutes in
the blood (Figure 3A), which was much longer than that of
Gd-DTPA used in clinical applications (about 20 minutes).**
The longer serum half-life might indicate favorable stability
in vivo because Gd-DTPA can be cleared renally, while the
NP formulation is too big for renal clearance, which may
improve the accumulation of nanoprobes in tumor tissue to
enhance MRI sensitivity.

To further study the biodistribution and excretion of
our Gd-NPs, we performed ICP-MS on representative
organs and tumor tissues (15 pmol/kg) (Figure 3B). The
concentrations of Gd in the heart, brain, spleen, lung, liver,
kidney, and xenografted tumor were measured at 4, 12, and
24 hours after intravenous injection. The data indicated that
the nanoprobes gradually accumulated in the spleen, lung,
liver, and tumor tissue, whereas little Gd was found in the
heart, brain, and kidney. The concentrations in the spleen
and liver were 10.5-fold higher than in the kidney at 4 hours
post-injection. Moreover, in the brain and lung there was a
decrease, while in other organs there was a slight increase.
Biodistribution is related to the characteristics of materials
and the organ specificity.’>* Different nanomaterials have
different size, charge, and morphology, for example. This
affects their biodistribution in tissues. Organ specificity also
plays a role and includes the blood-brain barrier, hepatic
circulation, and reticuloendothelial system. Notably, there
was nearly as much Gd in the kidney as the tumor (about
50%). This may be due to three features: 1) diameter of the
Gd-NPs was 37.29+1.03 nm — much larger than the size of
renal filtration (<<5.5 nm); 2) quantum dots smaller than 5.5
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Figure 2 (A-B) Cell viability and apoptosis in vitro on the Gd-NPs and (D-E) toxicity data of adaptive immunity were measured by flow cytometry 48 hours after injection
in BALB/c mice (15 pmol/kg, mean * SD, n=5).

Notes: (A) Cell viability of L929 cells incubated with different concentrations (10 uM, | uM, and 100 nM) of the Gd-NPs for 24 and 48 hours. (B) Apoptosis
rates of Raw264.7 cells were measured by flow cytometry at 48 hours after incubation of PBS, Gd-DTPA (500 nM), and the Gd-NPs (10 uM, I uM, 500 nM, and
100 nM). Cells were stained by Annexin V and Pl. (C) Toxicity on innate immunity was measured by flow cytometry at 48 hours after injection in BALB/c
mice (I5 umol/kg, mean + SD, n=5). Here, |5 male BALB/c mice (6-8 weeks old) were divided randomly into three groups: |) PBS (negative control,
100 pL), 2) Gd-DTPA (15 umol/kg), and 3) Gd-NPs (15 umol/kg). The expression levels of CDI1b, CD206, CD40, and CD80/CD86 in monocytes/macrophages of
peripheral blood, were detected by flow cytometry, respectively. (D) Concentrations of IL-1J, IL-2, and IL-4 in the serum. (E) Expression levels of CD69 in the lymphocyte
cells of peripheral blood and lymph node, and ROS of neutrophils in peripheral blood, respectively. *P<<0.05 compared with Gd-DTPA group.

Abbreviations: BL, blood; DTPA, diethylenetriaminepentaacetic acid; IL, interleukin; LN, lymph node; MFI, mean fluorescence intensity; NP, nanoparticle; PBS, phosphate
buffered saline; Pl, propidium iodide; ROS, reactive oxygen species; SD, standard deviation.
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Figure 3 The half-life, biodistribution, and excretion of the Gd-NPs.

Notes: (A) Half-life was determined by ICP-MS using blood samples (n=3 at each time point); (B) concentrations of Gd were quantified in the heart, brain, spleen, lung,
liver, kidney, and the tumor tissue (n=3) at 4, 12, and 24 hours after intravenous injection of the nanoprobes (15 pmol/kg); (C) excretion of Gd was assayed in the feces and

urine of mice every week (n=3) up to 12 weeks.

Abbreviations: Adj. r-square, adjusted r-square; chi-Sqr, chi-square; ExpDecl, fit of exponential decay |; y0, offset; Al, amplitude; tI, decay constant; ICP-MS, inductively

coupled plasma mass spectrometry; NP, nanoparticle; w, weeks.

nm can be excreted rapidly and efficiently by renal clear-
ance, but those larger than 15 nm accumulate in the liver and
spleen;*”** and 3) NPs easily accumulate in tumor due to the
presence of endothelial gaps, high micro-vessel density, and
high tumor blood flow.’** Interestingly, the Gd-NPs accu-
mulate in tumor tissues via capillaries and repeated blood
circulation, and indicate a potential use for passive tumor-
targeting via the enhanced permeation and retention effect.

To further investigate this, the Gd-NP biodistribution
was observed by TEM at the subcellular level (Figures 4A
and S6; http://www.dovepress.com/cr_data/supplemen-

tary file 66164.pdf), sections of the brain, lung, xenografted

tumors, liver, and spleen were observed 4 hours after injec-
tion with the Gd-NPs. The nanoprobes were mainly localized
in the cytoplasm of epithelial cells in the tumor tissue and in
the lysosomes of live macrophages. The nanoprobes were
dispersed inside the organs and exhibited little aggregation
because they were located in the phagolysome.

To verify excretion of the Gd-NPs, the concentrations of Gd
in the feces and urine of mice (n=3) were measured every week
following nanoprobe injection (Figure 3C). About 50% of the
Gd-NPs was excreted via the hepatobiliary transport system

within 4 weeks. Although hepatobiliary excretion of our Gd-NPs
is a slow process, it can still effectively decrease the occurrence
of local or systemic toxicity due to the accumulation of NPs in
tissues. In addition, no abnormalities were found in histological
sections of the main organs, including brain, heart, and kidney

(Figures 4B and S7; http:/www.dovepress.com/cr_data/supple-
mentary file 66164.pdf). This suggested that cellular integrity
and tissue morphology were not affected by the Gd-NPs.

In vivo assessment of

pharmacodynamics of Gd-NPs

Finally, we studied the Gd-NPs for in vivo MRI. Dynamic
contrast-enhanced T1-weighted MRI images of xenografted
tumors (about 6.910.2 mm in diameter) in a nasopharyngeal
carcinoma CNE-2 xenograft mouse model were obtained after
intravenous administration of our nanoprobes (15 umol/kg)
(Figure 5A). T1-weighted images demonstrated 44.8%
increased signal intensity at 30 minutes post-injection. The
Gd-DTPA (15 umol/kg) used in our previous research®
had a signal enhancement of 23% 5 minutes after injection.
Moreover, the dynamic enhancement curve of xenografted
tumor and liver demonstrated a “fast-in and fast-out” pattern
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Figure 4 (A) The biodistribution of the Gd-NPs at the subcellular lever. TEM images of sections of typical organs in nude mice at 4 hours after intravenous administration
of the Gd-NPs (15 umol/kg). (B) Tissues were collected 4 hours after injection of the Gd-NPs (15 pumol/kg) and stained with hematoxylin and eosin. The black arrows
illustrate the Gd-NPs.

Abbreviations: NP, nanoparticle; TEM, transmission electron microscopy.

(Figure 5B).* Based on our previous studies,**** the opti- At 120 minutes, the concentration of Gd in tumor may be
mized times for MRI imaging are a function of the probe and  higher than at other times. The surface Gd (III) in Gd,O, has
target tissue. Gd-DTPA quickly drops to baseline due torenal ~ seven unpaired 4f electrons — these may interfere with each
clearance. In contrast, the Gd-NPs accumulate in the tumor.  other. In fact, the dynamic enhancement curve for T1 con-
It is more difficult for Gd-NPs to be excreted in tumor than  trast in the liver is similar to that in the tumor. The delayed
in liver because there is no lymphatic system in the tumor.  enhancement lasted more than 1.5 hours, which indicates that

56

w

A Control 15 minutes 30 minutes

52 —a— Xenografted tumor
* —@— Liver

48

44

2 mm 40

60 minutes 90 minutes 120 minutes

36

T1-MRI signal intensity

32

28

24 T T T T T T T T T T T T T

Time (minutes)

Figure 5 Representative dynamic contrast-enhanced T |-weighted magnetic resonance images of xenografted tumor after injection of Gd-NPs (15 umol/kg).

Notes: (A) Subcutaneous xenografted tumor (black arrow, about 6.9£0.2 mm in diameter) in mice at 0, 15, 30, 60, 90, and 120 minutes after intravenous administration of the
Gd-NPs. (B) The dynamic enhancement curve of xenografted tumor and normal liver. *P<<0.05 compared with xenografted tumor group.

Abbreviation: NP, nanoparticle.
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our Gd-NPs might be optimal for diagnosis of tumors via
passively targeted accumulation. It is worth noting that the
administered concentration of Gd (15 wmol/kg) in our MRI
assessment was only between 3/40 and 3/20 of the standard
clinical dose of Gd-DTPA (0.1-0.2 mmol/kg).**

Superparamagnetic iron oxide NPs (SPIONs) are a
negative contrast agent, mainly used for blood-pool imaging.
These signals can be easily confused with bleeding, metal
deposits, etc. The SPIONs affect iron metabolism in the body
and can have potential long-term toxicity effects.*'

Conclusion

In summary, the Gd-NPs have satisfactory cytotoxicity,
minimal apoptosis in vitro, and minimal immunotoxicity in
vivo. While not completely free of toxicity concerns, Gd-NPs
are at least as nontoxic as US Food and Drug Administra-
tion—approved Gd-DTPA and also boast better relaxivity.
Meanwhile, Gd-NPs are an efficient contrast agent of MRI
in vitro and in vivo, especially for passively targeted imag-
ing. They increase contrast more than label-free imaging and
hence could provide a potential platform for the diagnosis of
cancer via MRI. Future work will explore further reductions
in toxicity through the use of cloaking mechanisms such as
polyethylene glycol or Trojan horse carriers.
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