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Abstract

Gd-based T1-weighted contrast agents have dominated the magnetic resonance imaging (MRI) 

contrast agent market for decades. Nevertheless, they have been reported to be nephrotoxic and the 

U.S. FDA (food and drug administration) has issued a general warning concerning their use. In 

order to reduce the risk of nephrotoxicity, MRI performance of the Gd-based T1-weighted contrast 

agents needs to be improved to allow a much lower dosage. In this study, novel dotted core-shell 

nanoparticles (FeGd-HN3-RGD2) with superhigh r1 value (70.0 mM−1 s−1) and very low r2/r1 

ratio (1.98) were developed for high contrast T1-weighted MRI of tumors. MTT assay and 

histological analyses showed good biocompatibility of FeGd-HN3-RGD2. LSCM images and flow 

cytometry demonstrated active targeting to integrin αvβ3 positive tumors. MRI of tumors showed 

high tumor ΔSNR for FeGd-HN3-RGD2 (477 ± 44 %), which is about 6–7-fold higher than that of 
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Magnevist (75 ± 11 %). MRI and ICP results further confirmed that the accumulation of FeGd-

HN3-RGD2 in tumors was higher than liver and spleen due to the RGD2 targeting and small 

hydrodynamic particle size (8.5 nm), and FeGd-HN3-RGD2 was readily cleared from the body by 

renal excretion.

Keywords

magnetic resonance imaging; contrast agents; dotted core-shell nanoparticles; longitudinal 
relaxivity (r1); transverse relaxivity (r2)

Magnetic resonance imaging (MRI) is an attractive tool for clinical diagnosis utilizing an 

external magnetic field, radio waves, and a computer to generate specific images for the 

internal structures of a body.[1,2] Because it is noninvasive, does not require ionizing 

radiation that may cause harmful side effects, has a high spatial resolution, and has almost 

limitless tissue penetration depth, it has been widely used for the diagnosis of tumors,[3–5] 

Alzheimer’s disease,[6] liver diseases,[7,8] bowel diseases,[9] and so on. In order to enhance 

the sensitivity of MRI, especially to clinically differentiate tumor from healthy tissues, MRI 

contrast agents are generally administered.[10,11] The MRI contrast agents include positive 

contrast agents generating bright signals that are also called T1-weighted contrast agents,
[12,13] and negative contrast agents generating dark signals that are also called T2-weighted 

contrast agents.[14–16] The disadvantages of T2-weighted contrast agents mainly include that 

the dark MRI images arising from T2-weighted contrast agents are similar to that of 

hemorrhage, metal deposits, or calcification, and the T2-weighted contrast agents can lead to 

a susceptibility artifact exhibiting unclear pictures due to their large magnetic moments. 

Therefore, the T1-weighted contrast agents are universally accepted as better agents and 

have dominated the MRI contrast agent market for decades.[17,18] The reported exceedingly 

small magnetic iron oxide nanoparticles (ES-MIONs) are a kind of T1-weighted MRI 

contrast agents due to the good biocompatibility. However, their longitudinal relaxivity (r1) 

is relatively low (< 8.8 mM−1 s−1, B0 = 1.5 T). [18] The clinically used T1-weighted contrast 

agents are Gd-based chelates that have been reported to be nephrotoxic, and the U.S. FDA 

(food and drug administration) has issued a general warning for their use, especially for 

patients with renal impairment.[19,20]

In order to reduce the risk of nephrotoxicity, the MRI performance of Gd-based T1-weighted 

contrast agents need to be improved to allow a much lower dosage. Because the MRI 

performance is generally characterized by a signal-to-noise ratio (SNR), and the T1-

weighted contrast agents with high r1 and low r2/r1 ratio (r2 is transverse relaxivity) can 

induce high SNR,[18,21] enormous efforts in the past decade have been focused on the design 

and fabrication of various Gd-based T1-weighted contrast agents with high r1 value and low 

r2/r1 ratio. Zhou et al. developed Gd2O3-embedded iron oxide nanoplates (GdIOPs), whose 

r1 value was 20.5 mM−1 s−1 and r2/r1 ratio was 7.1 (B0 = 3.0 T).[22] Choi et al. designed a 

core-shell type nanoparticle with a core of MnFe2O4 (15 nm), a shell of Gd2O(CO3)2 (1.5 

nm), and a separating layer of SiO2 (4, 8, 12, 16, 20 nm) (i.e. 
MnFe2O4@SiO2@Gd2O(CO3)2).[23] The maximum r1 value was as high as 33.1 mM−1 s−1, 

but the corresponding r2/r1 ratio was 8.3 (B0 = 4.7 T), which is not low.[23] Li et al. reported 

Shen et al. Page 3

Adv Mater. Author manuscript; available in PMC 2020 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a synthesis of core-shell Fe3O4@Gd2O3 nanocubes, whose r1 value was 45.24 mM−1 s−1 

and r2/r1 ratio was 4.1 (B0 = 1.5 T).[24] Yang et al. synthesized core-shell nanoparticles of 

Fe3O4@SiO2 and covalently conjugated a Gd chelate (i.e. Gd-DTPA, DTPA is 

diethylenetriamine pentaacetic acid) and a RGD peptide (arginine-glycine-aspartic acid) on 

the surface. The r1 value was 4.2 mM−1 s−1 and r2/r1 ratio was 4.1 (B0 = 3.0 T).[25] Zhang et 
al. synthesized Gd doped iron oxide nanoparticles (GION) based on a thermal 

decomposition method, whose r1 value was 7.87 mM−1 s−1 and r2/r1 ratio was 23.2 (B0 = 9.4 

T).[26] Jung et al. prepared Gd(III)-DOTA-modified sonosensitive liposomes using Gd(III)-

DOTA-1,2-distearoyl-sn-glycero-3-phosphoethanolamine lipid. The r1 value of the obtained 

Gd magnetoliposomes was 6.6 to 7.8 mM−1 s−1 (B0 = 4.7 T), but the r2/r1 ratio was not 

provided.[27]

Overall, even considering the impact of B0, the reported designs for Gd-based T1-weighted 

contrast agents showed relatively high r1 values, but their corresponding r2/r1 ratios were not 

sufficiently low. Herein, we report a kind of novel dotted core-shell nanoparticles with 

superhigh r1 value of 73.5 mM−1 s−1 and very low r2/r1 ratio of 1.95 (B0 = 1.5 T) for high 

contrast T1-weighted MRI of tumors. Scheme 1 shows the design and synthesis of the hybrid 

nanoparticles. The seeds of exceedingly small magnetic iron oxide nanoparticles (ES-

MIONs) were first synthesized by a coprecipitation method using poly(acrylic acid) (PAA) 

as a stabilizer. Gd3+ ions were then charged to be adsorbed onto the surfaces of ES-MION 

seeds via formation of ionic bonds between them and the –COOH groups from PAA. After 

that, gadolinium oxide nanoparticles (GdON) were synthesized in situ on the surface of ES-

MION seeds to form three different structures at different feeding Gd concentrations (CGd). 

At medium feeding CGd, the obtained dotted core-shell type ES-MION/GdON hybrid 

nanoparticles (FeGd-HN) had a superhigh r1 value and very low r2/r1 ratio. However, the 

obtained Gd-inserted type, or full core-shell type FeGd-HN at low or high CGd has a 

relatively low r1 value and high r2/r1 ratio. Finally, a targeted ligand Glu-{Cyclo[Arg-Gly-

Asp-(D-Phe)-Lys]}2 (i.e. dimeric RGD peptide, or RGD2) was associated to the surface of 

the dotted core-shell type FeGd-HN to construct FeGd-HN-RGD2 nanoparticles for active 

targeting of tumors.

The synthesis conditions and characterization results of the FeGd-HN are summarized in 

Table S1. TEM images (Figure S1 a) show that FeGd-HN1–6 synthesized at various feeding 

Gd concentrations from 1000 to 62.5 mM have similar particle sizes (~ 5 nm), but FeGd-

HN1 and 2 do not show as good dispersibility as FeGd-HN3–6. Due to the poor 

dispersibility, the hydrodynamic diameters (dh) of FeGd-HN1 and 2 determined by DLS 

(Figure S1 b) are much larger than those of FeGd-HN3–6 (Table S1). The Fe recovery 

calculated from the molar ratio of Fe in the obtained nanoparticles to the feeding Fe is 

similar for FeGd-HN1–6 (83.2–89.3%) due to the same feeding Fe concentrations. However, 

the Gd recovery varies from 48.7% to 75.9% for FeGd-HN1–6 due to different feeding Gd 

concentrations. The Gd/Fe molar ratio in the resultant nanoparticles is calculated to be in the 

range of 0.81–0.07 for FeGd-HN1–6 (Table S1).

The r1 and r2 values of FeGd-HN1–6 are measured on a MRI scanner system (7.0 T, Bruker, 

B-C 70/16 US), and calculated according to the sum of Fe and Gd concentrations (i.e. 
CFe+Gd) (Figure S2 a, b, Table S1). Figure S2 c shows that the r1 value increases and the 
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r2/r1 ratio decreases with increasing Gd/Fe molar ratio from 0.07 to 0.49, but the r1 value 

decreases and r2/r1 ratio increases when the Gd/Fe molar ratio further increased from 0.49 to 

0.81. The FeGd-HN3 had a higher r1 value and lower r2/r1 ratio compared to FeGd-HN1 and 

FeGd-HN2 due to the higher Gd content. FeGd-HN4-FeGd-HN6 had lower r1 values and 

higher r2/r1 ratios as compared to FeGd-HN3 due to the different structures (i.e. full core-

shell type, and dotted core-shell type, Scheme 1).

1
T1

=  
q   Pm

T1m +   τM
(1)

In equation (1), 1/T1 is the longitudinal relaxation rate, q is the number of bound water 

molecules, and Pm is the mole fraction of water coordinated to the Gd center. The q and Pm 

values of full core-shell type FeGd-HN are smaller than that of dotted core-shell type FeGd-

HN, which results in lower r1 value and higher r2/r1 ratio. Therefore, FeGd-HN3 shows the 

best T1-weighted MRI performance.

Figure S3 a shows the corresponding T1-weighted MR images of FeGd-HN1–6 with various 

CFe+Gd, and Figure S3b shows ΔSNR of MR images in Figure S3 a. The signal-to-noise 

ratio (SNR) and ΔSNR (i.e. signal enhancement) were calculated according to the following 

equations:

SNR =  
SImean
SDnoise

(2)

ΔSNR =  
SNRsample −   SNRcontrol

SNRcontrol
  × 100   % (3)

The ΔSNR increases with increasing CFe+Gd for FeGd-HN1–6, and that of FeGd-HN3 is 

stronger than those of FeGd-HN1, 2, 4–6 at any CFe+Gd. This result further demonstrates 

that FeGd-HN3 is a better T1-weighted contrast agent than FeGd-HN1, 2, 4–6.

The r1 value of FeGd-HN3 measured at 7.0 T and calculated according to CFe+Gd is 6.92 

± 0.42 mM−1 s−1, which is comparable to the reported GdIOPs (6.8 ± 1.3 mM−1 s−1),[22] and 

much higher than that of ES-MIONs (2.40 mM−1 s−1)[18] and Magnevist® (3.54 mM−1 s−1). 

In addition, the r2/r1 ratio of FeGd-HN3 (6.86 ± 0.31) is much lower than that of the GdIOPs 

(23.4),[22] but higher than that of Magnevist (1.47) (Table S1).

When calculated according to CGd instead of CFe+Gd, the r1 value of FeGd-HN3 measured 

on 7.0 T was 21.0 ± 1.3 mM−1 s−1, and the corresponding r2 value and r2/r1 ratio were 143.9 

± 2.9 mM−1 s−1 and 6.86 ± 0.31, respectively (Figure S4 a, b, Table 1).
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Figure S5 (Page S11) shows the plot of T1 signal intensity versus TR. The T1 signal 

intensity is saturated or almost saturated at any measured concentration. Figure S4 a, b (Page 

S10) show the fitting plots. The R2 values of the fitting linear lines are all larger than 0.99. 

Figure S4 c (Page S10) shows the plot of T1 versus T2. The relationships are all linear. These 

results demonstrated the good quality of the obtained values.

In addition, the r1 value of FeGd-HN3 measured on a clinical MRI scanner system (1.5 T, 

Magnetom Avanto, Siemens, Germany) is 73.5 ± 2.6 mM−1 s−1, and the corresponding r2 

value and r2/r1 ratio are 143.0 ± 2.7 mM−1 s−1 and 1.95 ± 0.07, respectively (Figure S6, 

Table 1). The corresponding r1 and r2 values of the final FeGd-HN3-RGD2 were also 

measured on 1.5 T (Figure S7) and summarized in Table 1. The conjugation of RGD2 

resulted in a lower r1 value and higher r2/r1 ratio, which can be ascribed to the slight 

aggregation of the nanoparticles induced by RGD2 conjugation. Overall, as measured by a 

1.5 T clinical MRI scanner system, the r1 values of FeGd-HN3 and FeGd-HN3-RGD2 

(>70.0 mM−1 s−1) are much higher than the reported T1-weighted MRI contrast agents[22–27] 

and Magnevist® (a commonly used T1-weighted MRI contrast agent on the market). The 

corresponding r2/r1 ratios of FeGd-HN3 and FeGd-HN3-RGD2 (< 2.0) are lower than most 

of the reported T1-weighted MRI contrast agents[22–27] and comparable to that of the 

Magnevist®. Therefore, FeGd-HN3 and FeGd-HN3-RGD2 with superhigh r1 value and very 

low r2/r1 ratio are both promising T1-weighted MRI contrast agents.

Figure 1 a, b shows the T1-weighted MR images of FeGd-HN3-RGD2 and Magnevist® 

solutions at 200 μM of CGd with 250 or 100 ms of repetition time (TR) compared with pure 

water (control). From the black and white images and color images, we can see the MRI 

efficiency of our FeGd-HN3-RGD2 is much better than that of Magnevist®. Figure 1 c 

shows ΔSNR of the MR images for our FeGd-HN3-RGD2 and Magnevist® solutions in 

Figure 1 a, b compared to pure water. At 250 ms of TR, the ΔSNR is 819 ± 27 % for FeGd-

HN3-RGD2 and 534 ± 35 % for Magnevist®. At 100 ms of TR, it is 1130 ± 29 % and 583 

± 72 %, respectively. The differences are statistically significant (*P < 0.001). These results 

reinforce the notion that FeGd-HN3-RGD2 nanoparticles are much better T1-weighted MRI 

contrast agents than the commercially used Magnevist®.

The structure and elemental composition of our FeGd-HN1, 3, 6 were characterized via 
electron energy loss spectroscopic imaging (EELSI) in a scanning transmission electron 

microscopy (STEM) (Figure 2 a-c) and EELS spectra (Figure 2 d-f). To generate 

distributions of Fe, O and Gd, the background was subtracted and the signals for the Fe L2,3 

edge (710 eV), O K edge (530 eV), and Gd M4,5 edge (1185 eV) were integrated over 10–20 

eV wide energy windows above the core edges (Figure 2 a-c). From the overlay, it is evident 

that the concentration of Gd is decreasing on the surface of iron oxide cores, from for FeGd-

HN1 (Figure 2 a), the hightest, FeGd-HN3 (Figure 2 b), to FeGd-HN6 (Figure 2 c), the 

lowest, which indicates full core-shell type, dotted core-shell type, and Gd-inserted type 

structures for FeGd-HN1, 3, and 6, respectively (Scheme 1). The EELS spectra (Figure 2 d-

f) demonstrate that the elemental compositions of FeGd-HN1, 3, and 6 include O, Fe, and 

Gd, and the Gd content is high for full core-shell type FeGd-HN1, medium for dotted core-

shell type FeGd-HN3, and low for Gd-inserted type FeGd-HN6, which are consistent with 

our synthesis design (Scheme 1).
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The high resolution TEM (HR-TEM) images (Figure 3 a, b) show that the particle sizes of 

FeGd-HN3 and FeGd-HN3-RGD2 are similar at dry state. The size distributions measured 

by DLS (Figure 3 c) show that FeGd-HN3-RGD2 (dh = 8.5 nm) is slightly larger than that of 

FeGd-HN3 (dh = 6.5 nm) in aqueous solution. The energy dispersive X-ray spectra (EDS) 

(Figure 3 d) indicates that our FeGd-HN3 nanoparticles consist of Fe, Gd, and O elements. 

From field-dependent magnetization curves (Figure 3 e), the saturation magnetization (Ms) 

value is determined to be 11.5 and 12.4 emu/g for FeGd-HN3 and FeGd-HN3-RGD2, 

respectively. The slightly larger Ms value of FeGd-HN3-RGD2 can be ascribed to the slight 

aggregation of the nanoparticles induced by the conjugation of RGD2, which is consistent 

with the DLS results in Figure 3 c.

Figure S8 shows the zeta potential and stability study (shelf life) of FeGd-HN3-RGD2. The 

average zeta potential of FeGd-HN3-RGD2 (−14.8 mV), resulting from the –COOH group 

of PAA, provides electrostatic repulsion for colloidal stability. There is little to no change to 

the hydrodynamic diameter (dh) of FeGd-HN3-RGD2 during storage for up to 30 days at 4 
oC, which demonstrates good stability of FeGd-HN3-RGD2.

The cytotoxicity of FeGd-HN3-RGD2 in vitro was measured by MTT assay on U-87 MG 

cells (integrin αvβ3 positive)[28–30] and MCF-7 cells (integrin αvβ3 negative)[18], and 

compared with commercially available Magnevist® (Figure S9). Magnevist® shows low but 

detectable cytotoxicity on both U-87 MG and MCF-7 cells with ~ 90 % cell viability at 490 

μM Gd, which is similar to the reported results.[31–33] FeGd-HN3-RGD2 shows much lower 

cytotoxicity on both U-87 MG and MCF-7 cells with > 97 % cell viability at 490 μM Gd. 

The lower cytotoxicity of FeGd-HN3-RGD2 can be ascribed from two points: 1) the Gd 

oxide is more biocompatible than Gd ion; 2) the Gd in FeGd-HN3-RGD2 nanoparticles is 

very hard to be released due to the stabilization by PAA because the Gd ion can be chelated 

with –COOH from PAA forming Gd-chelates. Therefore, the nephrotoxicity risk induced by 

FeGd-HN3-RGD2 is potentially lower than that of Magnevist® at the same Gd dosages.

To realize the active targeting of tumors, dimeric RGD peptide RGD2 was grafted to the 

surface of the FeGd-HN3 to construct FeGd-HN3-RGD2 nanoparticles. Figure S10 and S11 

show the laser scanning confocal microscopy (LSCM) images of αvβ3 positive U-87 MG 

cells and αvβ3 negative MCF-7 cells incubated with Rhodamine 6G-loaded FeGd-HN3 

(R6G-FeGd-HN3) or Rhodamine 6G-loaded FeGd-HN3-RGD2 (R6G-FeGd-HN3-RGD2). 

The cells untreated with nanoparticles are used as the control. The cytoskeleton stained with 

phalloidin-FITC is green and the nucleus is blue due to the Hoechst staining. The R6G-

loaded nanoparticles are red. Figure 4 shows the corresponding merged LSCM images. It is 

obvious that lots of R6G-FeGd-HN3-RGD2 nanoparticles are uptaken by the U-87 MG 

cells, but very few are internalized for MCF-7 cells. In addition, very few R6G-FeGd-HN3 

nanoparticles are internalized into both U-87 MG and MCF-7 cells. The above results 

indicate that the RGD2 conjugation can help αvβ3 positive cells uptake the nanoparticles, 

which indicates that our FeGd-HN3-RGD2 nanoparticles actively target αvβ3 positive 

tumors.

Figure S12 a-c shows the cellular uptake results of the nanoparticles measured by flow 

cytometry. The relative R6G fluorescence intensity of U-87 MG cells incubated with R6G-
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FeGd-HN3-RGD2 is much higher than that of the U-87 MG cells incubated with R6G-

FeGd-HN3, and MCF-7 cells incubated with R6G-FeGd-HN3 or R6G-FeGd-HN3-RGD2. 

Figure S12 d shows the corresponding quantitative results measured by ICP-OES 

(inductively coupled plasma optical emission spectrometry). The internalized Gd level by 

U-87 MG cells is determined to be 661 ± 59 fg/cell for R6G-FeGd-HN3-RGD2, and 113 

± 16 fg/cell for R6G-FeGd-HN3. The Gd level in the cells untreated with nanoparticles 

(control) is −5 ± 2 fg/cell. These results reinforce the hypothesis that our FeGd-HN3-RGD2 

nanoparticles actively target αvβ3 positive tumors.

Our FeGd-HN3-RGD2 nanoparticles were also used as T1 contrast agent for cancer cell 

MRI compared with Magnevist. Figure S13 a shows that the MRI signal of the U87 MG 

cells incubated with FeGd-HN3-RGD2 is much stronger than that of Magnevist. Figure S13 

b shows ΔSNR of the MR images in Figure S13 a compared to the control, in which the cells 

were incubated with DMEM without contrast agent. The ΔSNR of FeGd-HN3-RGD2 is 121 

± 34 %, which is much stronger than Magnevist (54 ± 24 %) (* P < 0.05).

On the basis of MRI performance for both aqueous solutions and cancer cells, our FeGd-

HN3-RGD2 and FeGd-HN3 were used for tumor detections on U-87 MG human 

glioblastoma bearing nude mice using commercially available Magnevist as a control. 

Figure 5 a-c shows the axial (slice orientation) T1-weighted MR images of the tumor-

bearing mice after intravenous injection of Magnevist, FeGd-HN3, or FeGd-HN3-RGD2 

with 5.0 mg/kg of Gd dosage. It is obvious that the MRI signal is the strongest at 20 min, 4 

h, or 6 h postinjection for Magnevist, FeGd-HN3, or FeGd-HN3-RGD2, respectively. The 

time point with strongest MRI signal depends on the size of contrast agent. It is 8.5 nm (dh) 

for FeGd-HN3-RGD2 and 6.5 nm (dh) for FeGd-HN3, which are both much larger than the 

small molecule Magnevist (Mw = 938.0). In addition, the MRI signal of FeGd-HN3-RGD2 

at 6 h postinjection is much stronger than that of the FeGd-HN3 at 4 h postinjection due to 

the RGD2 active targeting to tumors, and they are both much stronger than that of Magnevist 

at 20 min postinjection due to their superhigh r1 value and very low r2/r1 ratio (Table 1). 

Figure 5 d-f show the quantiative analysis of signal changes in tumors at different time 

points after contrast administration using ΔSNR. The SNR and ΔSNR were respectively 

calculated according to the equation (2) and (4).

ΔSNR =  
SNRpost −   SNRpre

SNRpre
  × 100   % (4)

The highest tumor ΔSNR after intraveneous injection of our FeGd-HN3-RGD2 is 

477±44 %, which is much higher than that of FeGd-HN3 (i.e. 342±47 %) and Magnevist 

(75±11 %). To the best of our knowledge, the 477 ± 44 % ΔSNR is arguably the highest as 

compared with the reported values, which are typically smaller than 210 %.[18,22,34,35]

We further investigated the MRI performance of FeGd-HN3-RGD2 nanoparticles and 

Magnevist at low dosage of 0.5 mg / kg (Figure S14). The tumor MRI signals after 

intravenous injection of FeGd-HN3-RGD2 nanoparticles are much stronger than those of 
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Magnevist (Figure S14 a, b). At low dosage of 0.5 mg/kg, the highest tumor ΔSNR after 

intraveneous injection of FeGd-HN3-RGD2 is 84 ± 9 %, which is much higher than that of 

Magnevist (12 ± 7 %) (Figure S14 c, d). More importantly, the highest tumor ΔSNR of 

FeGd-HN3-RGD2 at low dosage of 0.5 mg / kg (84 ± 9 %) is even higher than that of 

Magnevist at high dosage of 5.0 mg/kg (75 ± 11 %). These results demonstrate that FeGd-

HN3-RGD2 is a better contrast agent than Magnevist, and the Gd dosage could be reduced 

by one order of magnitude thus potentially of lower nephrotoxicity risk.

We also compared the tumor accumulation of our FeGd-HN3-RGD2 to its liver uptake 

because, usually, the liver can readily take up nanoparticles through the macrophages of the 

reticuloendothelial system (RES).[36–38] Figure S15 a, b shows the coronal (slice orientation) 

T1-weighted MR images of tumors and livers in U87 MG tumor-bearing nude mice after 

intravenous injection of our FeGd-HN3-RGD2 with 5.0 mg/kg of Gd dosage. It is obvious 

that the MRI signals of tumors and livers are enhanced over time, and reach a peak at 6 h 

postinjection, which is consistent with the above-mentioned results (Figure 5). Figure S15 c, 

d show the quantitative analysis of signal changes in the tumors and livers at different time 

points after contrast administration using ΔSNR. The highest tumor ΔSNR after 

intraveneous injection of our FeGd-HN3-RGD2 is 403 ± 37%, which is much larger than the 

highest liver ΔSNR (i.e. 266 ± 50%). However, high liver uptake of FeGd-HN3-RGD2 over 

Magnevist (small molecule) due to its larger size resulted in high SNR of liver (Figue S15), 

which leads to a relatively low contrast to noise ratio (CNR) of tumor to liver. The CNR and 

ΔCNR are calculated according to the equation (5) and (6).

CNR =
SNRtumor − SNRnormal organ

SNRtumor
(5)

ΔCNR =
CNRpost − CNRpre

CNRpre
(6)

Although FeGd-HN3-RGD2 has a very high ΔSNR of tumor, the relatively low ΔCNR of 

tumor to liver is a disadvantage, which indicates that our FeGd-HN3-RGD2 is not a good 

contrast agent for MRI of lesions in the liver region. To overcome this disadvantage, further 

study is warranted to reduce the liver uptake via conjugation of polymers such as 

polyethylene glycol (PEG).

We further reconfirmed the high tumor accumulation of our FeGd-HN3-RGD2 via in vivo 
biodistribution measured by ICP. Figure S16 a shows the biodistribution of Gd level in the 

U87 MG tumor-bearing nude mice after intravenous injection of FeGd-HN3-RGD2 with 5.0 

mg/kg of Gd dosage at 6 h post-injection or 6 d post-injection. The Gd level at 6 h time point 

is 6.4 ± 2.1, 3.8 ± 1.3, and 9.3 ± 3.3%ID/g for liver, spleen, and tumors, respectively. The 

high tumor accumulation of our FeGd-HN3-RGD2 can be ascribed to the targeting molecule 

RGD2, and the small hydrodynamic particle size (i.e. 8.5 nm). In addition, the Gd levels in 
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different organs and tissues of U-87 MG tumor-bearing nude mice at 6 days post-injection of 

FeGd-HN3-RGD2 or commercial Magnevist are all very small (< 0.9 % ID/g of tissue) and 

comparable to those without injection (Figure S16 b). Therefore, we can conclude that there 

is no significant remaining Gd on these organs after 6 days for our FeGd-HN3-RGD2, which 

indicates that our FeGd-HN3-RGD2 can be cleared from the body.

Figure S17 shows the T1-weighted MR images of U-87 MG tumor-bearing nude mice after 

intravenous injection of FeGd-HN3-RGD2 with 5.0 mg/kg of Gd dosage for analysis of the 

bladder. The MRI signal of the bladder is much stronger at 2, 4, and 6 h postinjection than 

that before injection (control), which demostrates that FeGd-HN3-RGD2 (8.5 nm in 

diameter, dh) could be cleared from the body by renal excretion.

Figure S18 shows the histological analyses of major organs from a normal healthy nude 

mouse, U-87 MG tumor-bearing nude mouse, and U-87 MG tumor-bearing nude mouse with 

intravenous injection of FeGd-HN3-RGD2 (5.0 mg/kg of Gd dosage, 3 days postinjection). 

Compared with the healthy nude mouse without U-87 MG xenografts and the tumor-bearing 

nude mouse without treatment, the tumor-bearing nude mouse with treatment of FeGd-HN3-

RGD2 did not exhibit toxicity to the major organs and tumors. In addition, no toxicity was 

found to the major organs including heart, kidneys, liver, lung, and spleen (Figure S19), after 

injection of FeGd-HN3-RGD2. Therefore, FeGd-HN3-RGD2 is a potentially biocompatible 

and safe contrast agent for T1-weighted MRI of tumors.

In summary, we developed novel FeGd-HN3-RGD2 nanoparticles with superhigh r1 value 

and very low r2/r1 ratio for high contrast T1-weighted MRI of tumors. The r1 value of FeGd-

HN3-RGD2 is 70.0 mM−1 s−1, which is much higher than the commercial and reported T1-

weighted MRI contrast agents. The corresponding r2/r1 ratio is 1.98, which is lower than 

most of the reported T1-weighted MRI contrast agents and comparable to the commercial 

Gd-chelates. MTT assay and histological analyses (H&E staining) show good 

biocompatibility for our FeGd-HN3-RGD2 nanoparticles. LSCM images and flow 

cytometry demonstrate active targeting to αvβ3 positive tumors. MRI of sample solutions 

and cancer cells indicates the stronger MRI efficiency than the commercial agent Magnevist. 

MRI of tumors shows a superhigh tumor ΔSNR (> 400 %), which is much higher than the 

reported values (< 210 %). MRI and ICP results further confirm that the accumulation of our 

FeGd-HN3-RGD2 in tumors is higher than in livers and spleens due to the RGD2 targeting 

and small hydrodynamic particle size (i.e. 8.5 nm), and our FeGd-HN3-RGD2 is easily 

cleared from the body in part by renal excretion.

Experimental Section

Chemicals:

Poly(acrylic acid) (PAA, Mw = 1800), iron (Ⅲ) chloride (FeCl3, ≥ 97%), gadolinium (III) 

nitrate hexahydrate (Gd(NO3)3 · 6H2O, 99.9%), N-(3-Dimethylaminopropyl)-N’- 
ethylcarbodiimide (EDC, ≥ 97%), N-hydroxysuccinimide (NHS, 98 %), Rhodamine 6G 

(R6G), phalloidin-FITC, and Hoechst 33258 were purchased from Sigma-aldrich (USA). 

Iron (Ⅱ) sulfate heptahydrate (FeSO4·7H2O) was purchased from Acros organics. Glu-
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{Cyclo[Arg-Gly-Asp-(D-Phe)-Lys]}2 (i.e. dimeric RGD peptide, or RGD2, 97.92%, Mw = 

1318.51) was purchased from C S Bio Co. (CA, USA 94025).

Synthesis of ES-MION/GdON hybrid nanoparticles (FeGd-HN):

40 mL of PAA (Mw = 1800) solution (4.0 mg/mL) was first purged with nitrogen (≥ 50 min) 

to remove oxygen. The polymer solution was then heated to reflux (100 oC). After that, a 0.8 

mL mixture of iron precursors (500 mM FeCl3 plus 250 mM FeSO4) was quickly injected 

into the heated polymer solution, followed by addition of 12 mL of ammonia solution 

(28 %). The reaction was kept at 100 oC for 30 min under magnetic stirring to obtain the 

seeds of extremely small magnetic iron oxide nanoparticles (ES-MIONs). After that, 0.8 mL 

of Gd(NO3)3 (62.5 ~ 1000 mM) and 6.0 mL of ammonia solution (28 %) were added into 

the reaction system. The reaction was continued for 90 min under magnetic stirring at 100 
oC to obtain the FeGd-HN. The ES-MIONs were synthesized by a similar method without 

addition of Gd precursor.[18]

Finally, the solutions were cooled down to room temperature. The obtained FeGd-HN and 

ES-MIONs were purified by membrane dialysis (MWCO 6–8 kDa) against Milli-Q water 

for 5 days with a daily change of the water. The purified FeGd-HN and ES-MIONs were 

concentrated by centrifugal ultrafiltration (Millipore, MWCO 3 kDa). The Fe and Gd 

concentrations of the solutions were measured by inductively coupled plasma optical 

emission spectrometry (ICP-OES; Agilent 5100). The Fe or Gd recovery of the FeGd-HN 

was calculated from the molar ratio of Fe or Gd in the obtained FeGd-HN to the feeding Fe 

or Gd. In addition, 2.0 mL of the nanoparticle solutions were dried at 70 oC to calculate the 

mass concentration of the nanoparticles (with Fe3O4, Gd2O3 and PAA).

Characterization of FeGd-HN:

Distributions of Fe, Gd, and O in the FeGd-HN nanoparticles were mapped using electron 

energy loss spectroscopic imaging (EELSI) in a scanning transmission electron microscope 

(STEM).[39–41] The EELSI data were acquired with a Tecnai TF30 transmission electron 

microscope (FEI, Inc.) equipped with a Quantum imaging filter (Gatan Inc.), operating at an 

accelerating voltage of 300 kV. STEM images containing 2048 × 2048 pixels were acquired 

using a high-angle annular dark-field (HAADF) detector (Fischione Instruments, Inc.). For 

small selected regions within the HAADF images, EELSI data were acquired with 

approximately 35 pixels x 35 pixels x 2048 energy channels, spanning energy losses from 

445 eV to 1470 eV, with 0.5 eV/channel. The pixel size was approximately 1 nm x 1 nm, 

and the pixel dwell time 0.1 s.

Synthesis of FeGd-HN3-RGD2:

The RGD2 were conjugated onto the surface of FeGd-HN3 via the reaction between –

COOH and –NH2 in the presence of EDC/NHS. Typically, 10 μL of EDC (55 μmol) and 50 

μL 13 mg/mL of NHS (5.65 μmol) were added into 5.0 mL of FeGd-HN3 solution (CFe = 

3.10 mM, CGd = 1.61 mM, ice cold) under magnetic stirring. After that, 100 μL of RGD2 

(5.0 mg/mL, 3.8 mM) were added into the mixtures. After 16 h of reaction at room 

temperature under magnetic stirring, the obtained FeGd-HN3-RGD2 were washed 3 times 

using Milli-Q water by centrifugal ultrafiltration (Millipore, MWCO 3 kDa) to remove 
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unreacted EDC, NHS, RGD2, and side product EDU, and finally dissolved in 5.0 mL of 

Milli-Q water.

Synthesis of Rhodamine 6G-loaded FeGd-HN3-RGD2:

To investigate the internalization of FeGd-HN3 or FeGd-HN3-RGD2 in cells by flow 

cytometry and laser scanning confocal microscopy (LSCM), Rhodamine 6G (R6G) was 

loaded onto the surface of FeGd-HN3 or FeGd-HN3-RGD2. Typically, 4.0 mL of FeGd-

HN3 (CFe = 3.10 mM, CGd = 1.61 mM), or FeGd-HN3-RGD2 (CFe = 3.10 mM, CGd = 1.61 

mM) were mixed with 0.7 mL of Rhodamine 6G (10 μM) under magnetic stirring at room 

temperature. After 24 h, the obtained R6G-FeGd-HN3 or R6G-FeGd-HN3-RGD2 solution 

was washed using Milli-Q water by centrifugal ultrafiltration (Millipore, MWCO 3 kDa) to 

remove free R6G. The resultant R6G-FeGd-HN3 or R6G-FeGd-HN3-RGD2 was dispersed 

in 4.0 mL of Milli-Q water.

Cellular Uptake of the Nanoparticles Measured by ICP:

2.0 mL of U-87 MG cells in complete growth medium were seeded into each well of a 6-

well culture plate with a cell density of 1.0×105 cells/mL and allowed to adhere at 37 oC for 

24 h. The growth medium was then replaced with fresh media (2.0 mL, without FBS) 

without or with FeGd-HN3-RGD2, or FeGd-HN3 (CGd = 80 μM). After further 2.0 h 

incubation, the cells were washed twice with PBS, treated with trypsin for 3.0 min, and then 

centrifuged at 500 × g for 5 min to remove the extracellular nanoparticles. The obtained cells 

were used for Gd measurement by ICP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
T1-weighted MR images of our FeGd-HN3-RGD2 and Magnevist® solutions (CGd = 200 

μM) compared with the pure water (control) with 250 ms of TR (a), or 100 ms of TR (b). TE 

= 10 ms. Magnetic field = 7.0 T. (c): ΔSNR of the MR images for our FeGd-HN3-RGD2 and 

Magnevist® solutions compared to pure water as shown in a and b, measured by ImageJ. * P 

< 0.001. The SNR and ΔSNR were respectively calculated according to the equation (1) and 

(2).
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Figure 2. 
Characterization of scanning transmission electron microscope (STEM), electron energy loss 

spectroscopic imaging (EELSI) (a-c), and EELS spectra (d-f) for the FeGd-HN1 (a, d), 

FeGd-HN3 (b, e), and FeGd-HN6 (c, f) nanoparticles. STEM image (left panel) is shown 

with small outlined region (white box), from which EELSI data were acquired. Fe (red), O 

(blue), and Gd (green) maps were generated for each particle by integrating 10–20 eV 

windows above each core edge: Fe L2,3 edge at 710 eV, O K edge at 530 eV, and Gd M4,5 

edge at 1185 eV. Overlay images showing all three colors reveal that Gd oxide surrounds the 

iron oxide cores with a concentration that is greatest for FeGd-HN1 and least for FeGd-

HN6. EELS spectra integrated over 10 nm × 10 nm areas containing the particle (white 

squares in overlay images) also show a decrease in Gd concentration from FeGd-HN1 to 

FeGd-HN3. For FeGd-HN6, the Gd signal is only evident after multiplying the intensity 

scale 10 times (inset).
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Figure 3. 
Characterization of FeGd-HN3 and FeGd-HN3-RGD2. (a, b): High resolution TEM (HR-

TEM) images of FeGd-HN3 (a) and FeGd-HN3-RGD2 (b). (c): Size distribution of FeGd-

HN3 (dh = 6.5 nm) and FeGd-HN3-RGD2 (dh = 8.5 nm) measured by DLS. (d): Energy 

dispersive X-ray spectra (EDS) of FeGd-HN3. (e): Field-dependent magnetization curves 

(H-M) of FeGd-HN3 and FeGd-HN3-RGD2 at 300 K. The saturation magnetization (Ms) 

value was determined to be 11.5 or 12.4 emu/g for FeGd-HN3 or FeGd-HN3-RGD2.

Shen et al. Page 17

Adv Mater. Author manuscript; available in PMC 2020 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
LSCM images of U-87 MG or MCF-7 cells incubated with R6G-FeGd-HN3 or R6G-FeGd-

HN3-RGD2. The cells untreated with nanoparticles are used as the control. The cytoskeleton 

stained with phalloidin-FITC is green and the nucleus stained with Hoechst is blue. The 

R6G-loaded nanoparticles are red.
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Figure 5. 
In vivo T1-weighted MR images of U-87 MG tumor-bearing nude mice (slice orientation: 

axial) (a-c) and quantification of the tumors (d-f) after intravenous injection of Magnevist, 

FeGd-HN3, or FeGd-HN3-RGD2. The Gd dosage is 5.0 mg / kg. The MR images before 

injection are identified as 0 h in a-c. The signal changes in tumors at different time points 

after contrast administration are quantified using ΔSNR. The color bar is the same for Figure 

5 a, b, c.
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Scheme 1. 
Schematic illustration of synthesis steps of our RGD2-conjugated dotted core-shell type ES-

MION/GdON hybrid nanoparticles (FeGd-HN) with superhigh r1 and very low r2/r1 for high 

contrast T1-weighted MRI. (a): The seeds of ES-MIONs were synthesized using PAA as a 

stabilizer. (b): Gd3+ ions are adsorbed on the surfaces of ES-MION seeds via formation of 

ionic bonds between them and the –COOH groups from PAA, and then GdON are 

synthesized in situ on the surfaces of ES-MION seeds to form three different structures at 

different CGd. The dotted core-shell type FeGd-HN have superhigh r1 and very low r2/r1, and 

can be used for high contrast T1-weighted MRI. (c): The targeted ligand RGD2 is 

conjugated onto the surface of the dotted core-shell type FeGd-HN to construct FeGd-HN-

RGD2 nanoparticles.
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Table 1.

r1 and r2 values under different magnetic fields

Sample Nomenclature H0 (T) 
a

r1

(mM−1 s−1)

(Fe+Gd) 
b

r2

(mM−1 s−1)

(Fe+Gd) 
b

r2/r1 
b

r1

(mM−1 s−1)

(Gd) 
c

r2

(mM−1 s−1)

(Gd) 
c

r2/r1 
c

FeGd-HN3
7.0 6.92±0.42 47.4±2.2 6.86±0.31 21.0±1.3 143.9±2.9 6.86±0.31

1.5 25.1±0.9 48.9±0.9 1.95±0.07 73.5±2.6 143.0±2.7 1.95±0.07

FeGd-HN3-RGD2
7.0 7.07 48.1 6.80 20.7 140.5 6.80

1.5 24.0 47.6 1.98 70.0 139.2 1.98

Magnevist®
7.0 3.54 5.22 1.47 3.54 5.22 1.47

1.5 4.25±0.07 4.51±0.02 1.06±0.02 4.25±0.07 4.51±0.02 1.06±0.02

a
The r1 and r2 are measured on a MRI scanner system (7.0 T, Bruker, B-C 70/16 US), and a clinical MRI scanner system (1.5 T, Magnetom 

Avanto, Siemens, Germany)

b
Calculated according to the sum of Fe and Gd concentrations (mean ± SD, n = 3).

c
Calculated according to the Gd concentrations (mean ± SD, n = 3).
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