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Abstract: Tumor angiogenesis plays very important roles for tumorigenesis, tumor development, 

metastasis, and prognosis. Targeting T
1
/T

2
 dual modality magnetic resonance (MR) imaging of 

the tumor vascular endothelial cells (TVECs) with MR molecular probes can greatly improve 

diagnostic sensitivity and specificity, as well as helping to make an early diagnosis of tumor at 

the preclinical stage. In this study, a new T
1
 and T

2
 dual modality nanoprobe was successfully 

fabricated. The prepared nanoprobe comprise peptides CL 1555, poly(ε-caprolactone)-block-

poly(ethylene glycol) amphiphilic copolymer shell, and dozens of manganese ferrite (MnFe
2
O

4
) 

nanoparticle core. The results showed that the hydrophobic MnFe
2
O

4
 nanoparticles were of 

uniform spheroidal appearance and narrow size distribution. Due to the self-assembled nano-

micelles structure, the prepared probes were of high relaxivity of 281.7 mM−1 s−1, which was 

much higher than that of MnFe
2
O

4
 nanoparticles (67.5 mM−1 s−1). After being grafted with the 

targeted CD105 peptide CL 1555, the nanomicelles can combine TVECs specifically and make 

the labeled TVECs dark in T
2
-weighted MR imaging. With the passage on, the Mn2+ ions were 

released from MnFe
2
O

4
 and the size decreased gradually, making the signal intensity of the 

second and third passage of labeled TVECs increased in T
1
-weighted MR imaging. Our results 

demonstrate that CL-poly(ethylene glycol)-MnFe
2
O

4
 can conjugate TVECs and induce dark 

and bright contrast in MR imaging, and act as a novel molecular probe for T
1
- and T

2
-enhanced 

MR imaging of tumor angiogenesis.

Keywords: CL 1555, CL-PEG-MnFe
2
O

4
, TVECs, CD105, tumor angio genesis

Introduction
Malignant tumor has been ranked the second leading cause of human mortality world-

wide, accounting for 8.2 million cancer deaths in 2012.1 The lethality of cancer is 

mainly due to early metastasis and diagnosis at advanced stages. The common routes 

of metastasis of malignant tumors are hematogenous metastasis, lymphatic metasta-

sis, implantation metastasis, and local infiltration, among which the blood metasta-

ses are the most important routes.2,3 In 1971, Folkman reported that the occurrence 

and development of a tumor were angiogenesis-dependent and tumor angiogenesis 

accelerated tumor growth and infiltration.4 So, the tumor blood vessels became the 

focus of cancer research, making vascular endothelial cells the leading targets for 

cancer research. In recent years, with the discovery of a series of markers of vascular 

endothelial cells, the study of tumor blood vessels has expanded into the molecular 
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level and the relationship between tumor blood vessels and 

tumor metastasis was confirmed through these molecular 

markers.5–8 Endoglin, also called CD105, is a moiety of 

the transforming growth factor-beta receptor complex and 

regulates angiogenesis by participating in signal transduc-

tion of the transforming growth factor-beta receptor. It has 

been reported that CD105 is overexpressed in neovascu-

larization of regenerated, inflammatory, and tumor tissues 

and its expression is positively correlated with the cancer 

angiogenesis.7–9 Therefore, CD105 is an ideal biomarker for 

targeting tumor vascular endothelial cells (TVECs).

Magnetic resonance imaging (MRI) is one of the best 

noninvasive methods used in clinical medicine today because 

of its superb spatial resolution, soft-tissue contrast resolution, 

lack of radiation exposure, and multiparameter and multi-

sequence imaging.10–12 However, MRI is less sensitive than 

positron emission tomography and fluorescence imaging, 

making it not suitable for small lesion monitoring or molecule 

tracing. The application of magnetic contrast agents (CAs) 

markedly enhances the sensitivity of MRI.13–15 Usually, MR 

CAs can be divided into two categories: one is positive CAs, 

which can mainly reduce longitudinal relaxation (T
1
) time 

and induce hyperintensity in T
1
-weighted imaging; the other 

is negative CAs which can mainly shorten transverse relax-

ation (T
2
) time and provide negative contrast in T

2
-weighted 

imaging.16 There have been many types of CAs available for 

clinical MRI, including gadolinium- or manganese-based 

chelates as T
1
 CAs and iron oxide (Fe

3
O

4
)-based nanopar-

ticles (NPs) as T
2
 CAs.17–19 However, both kinds of CAs have 

limitations. Because of magnetic susceptibility artifacts and 

their positive or negative contrast effect, the tissues labeled 

with gadolinium-based complex or Fe
3
O

4
 NPs may not be 

clearly distinguishable from the hyperintensity or low level 

MR signal arising from adjacent tissues.20,21 Meanwhile, it 

has been reported that some gadolinium-based CAs can result 

in nephrogenic systemic fibrosis for patients with severe 

renal disease.22 Manganese ferrite (MnFe
2
O

4
) NPs have been 

proven to be of higher saturation magnetization and trans-

verse relaxivity (r
2
) than other ferrite NPs, including cobalt 

ferrite (CoFe
2
O

4
), Fe

3
O

4
, and nickel ferrite (NiFe

2
O

4
).23–25 

Additionally, multiple MnFe
2
O

4
 NPs encapsulated inside 

one nanomicelle (NM) can result in much stronger r
2
 than 

a single NP at the same metal concentration, making them 

excellent candidates for high sensitive T
2
-enhanced MRI.26,27 

The MnFe
2
O

4
 NPs within cells will be gradually broken 

down in lysosomes and then release paramagnetic Mn2+. 

At the mean time, the size of MnFe
2
O

4
 NPs decreased 

correspondingly. The above two effects can significantly 

shorten the T
1
 relaxation time of the surrounding protons and 

induce hyperintensity in T
1
-weighted imaging.19,28–31 So, the 

MnFe
2
O

4
 NPs can act as both T

1
 and T

2
 CAs in MRI. As a 

negative CA, MnFe
2
O

4
 NPs can cause dark contrast in T

2
 and 

T
2
*-weighted imaging (WI). Upon internalization by cells 

and localization in lysosomes, released Mn2+ ions and NPs 

with smaller size can act as strong T
1
 MRI CAs, making the 

dark areas in T
2
/T

2
*-WI bright in T

1
-weighted imaging,30,32 

to improve the accuracy of diagnosis of MRI greatly.

Bi33 identified a peptide with high binding affinity 

and selectivity toward CD105 and demonstrated that the 

selected peptide could act as a CD105 specific ligand. The 

peptide called CL 1555 (sequence: AHKHVHHVPVRL) 

was selected from a phage displayed library.34 CL 1555 was 

condensed with only a dozen of amino acids, resulting in a 

simpler steric configuration, better diffusion and penetration 

in vivo, and less immunogenicity compared with anti-CD105 

antibody. Because of small steric hindrance, the peptide had 

a high grafting rate when it was connected to the functional 

group on the surface of the NPs, which will improve the 

probe affinity, connective stability, and specificity with the 

targeted molecule.35 So, CL 1555 is an ideal ligand to CD105 

for targeted diagnosis and therapy.

In previous studies, we conjugated anti-CD105 antibody 

with stabilized immunoliposome (SL)-encapsulated 

gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) 

and thiol-PEG-carboxyl-stabilized Fe
2
O

3
/Au NPs to 

evaluate tumor angiogenesis on T
1
- or T

2
-enhanced MRI, 

respectively.36,37 The results showed that CD105-Gd-SLs and 

hybrid-PEG-CD105 could be utilized to detect subcutane-

ous glioma and breast cancer angiogenesis in tumor-bearing 

rats. Based on the previous work, this research focuses on 

synthesizing and characterizing a molecular probe CL-

poly(ethylene glycol) (PEG)-MnFe
2
O

4
 based on the CD105 

specific ligand CL 1555 and MnFe
2
O

4
 NMs to detect tumor 

angiogenesis using T
1
- and T

2
-enhanced MRI.

Materials and methods
Materials
Iron acetylacetonate, manganese acetylacetonate, oleic 

acid, oleylamine, benzyl ether, hexane, ε-caprolactone, 

tetrahydrofuran (THF), N-(3-dimethylaminopropyl)-Nese 

acetylacetonate, N-hydroxysuccinimide, stannous octoate, 

tetramethylammonium hydroxide (TMAH), heparin, 

l-glutamine, reactive oxygen species (ROS) assay kit, and 

sodium pyruvate were all purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA). PEG with a terminal hydroxyl and 

carboxylic acid functional groups (COOH-PEG-OH) was 

purchased from JenKem Technology (Beijing, People’s 

Republic of China). 1,2-Hexadecanediol was obtained from 
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TCI (Shanghai) Development Co., Ltd (Shanghai, People’s 

Republic of China). Medium 199, Roswell Park Memo-

rial Institute 1640 medium, fetal bovine serum, penicillin/

streptomycin, and nonessential amino acid were purchased 

from Hyclone, Logan, UT, USA. Count Kit-8 (CCK-8) was 

obtained from Beyotime Biotechnology Company, Beijing, 

People’s Republic of China. Endothelial cell growth supple-

ment was purchased from Sciencell, CA, Carlsbad, USA. 

Six-well plates were obtained from Corning Incorporated, 

Corning, NY, USA.

synthesis of MnFe2O4 NPs
According to a published procedure,38 iron acetylac-

etonate (2 mmol), manganese acetylacetonate (1 mmol), 

1,2-hexadecanediol (10 mmol), oleic acid (6 mmol), and 

oleylamine (6 mmol) were mixed in 20 mL benzyl ether under 

dry and deoxidized argon atmosphere. Then, the mixture 

was successively heated to 200°C for 2 hours and refluxed 

at 300°C for 1 hour. After cooling to room temperature, the 

mixture was treated with ethanol and then centrifuged sev-

eral times. Finally, the product was dispersed in anhydrous 

hexane for storage. In order to transfer the prepared NPs 

into water, hydrophobic MnFe
2
O

4
 NPs were treated with 

TMAH.39 Briefly, 10 mL of NPs suspension in hexane was 

added into 20 mL of ethanol and the NPs were collected 

with a permanent magnet. After decanting the solvent, the 

NPs were redispersed in 25 mL of TMAH aqueous solution 

(10%, w/v) and sonicated for 10 minutes. After centrifuga-

tion, the hydrophobic surfactant (oleic acid/oleylamine) on 

the surface of NPs was replaced with TMAH, making them 

bear negative surface charges and be stable in water. Finally, 

the surface ligand-exchanged NPs (TMAH-MnFe
2
O

4
) were 

suspended in 10 mL of deionized water.

synthesis of cl-Peg-MnFe2O4
Amphiphilic block copolymer poly(ε-caprolactone)-block-

PEG-COOH (PCL-b-PEG-COOH) was synthesized using 

ε-caprolactone, COOH-PEG-OH, and stannous octoate by 

ring opening polymerization.40 The resulting copolymers 

were dissolved in THF and precipitated in excess amount 

of diethyl ether. The precipitates were then dried in vacuum 

oven. The dried MnFe
2
O

4
 NPs and prepared copolymer were 

redispersed in THF with a mass ratio of 2:1. Afterwards, 

the ultrapure water was poured into the mixture under 

ultrasonication. The oil–water mixture was then dialyzed 

in a dialysis bag with a molecular weight cutoff of 14,000 

overnight to remove the residual THF and the remaining 

products were PEG-b-PCL-MnFe
2
O

4
 NMs. CL 1555 was 

purchased from ChinaPeptides Co., Ltd (Shanghai, People’s 

Republic of China) and coupled to terminal carboxylic acid 

functional amphiphilic block copolymer PCL-b-PEG-COOH 

through N-(3-dimethylaminopropyl)-Nese acetylacetonate/

N-hydroxy succinimide chemistry following a previous 

method.40,41 Finally, the TVECs targeting nanoprobe CL-

PEG-MnFe
2
O

4
 NMs were obtained.

NP characterization
The morphology, size, and size distribution of MnFe

2
O

4
 and 

PEG-b-PCL-MnFe
2
O

4
 were measured using transmission 

electron microscopy (TEM) (JEM-2100F, JEOL, Tokyo, 

Japan). The diameter in dispersion and polydispersity index 

were determined through the dynamic light scattering tech-

nique (Nano zs90, Malvern Instruments, Malvern, UK). The 

Fe and Mn elemental contents of MnFe
2
O

4
 and PEG-b-PCL-

MnFe
2
O

4
 were quantified by energy dispersive spectrometer 

analysis in TEM (JEM-2100F) and inductive-coupled plasma 

optical emission spectrometer. The coercivity, magnetization, 

and hysteresis loop of MnFe
2
O

4
 were evaluated using vibrat-

ing sample magnetometer (ADE Technologies, Lowell, MA, 

USA). Serial metal (Fe + Mn) concentrations (0, 0.01, 0.02, 

0.03, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, 0.6, and 0.8 mM) of both 

TMAH-MnFe
2
O

4
 and PEG-b-PCL-MnFe

2
O

4
 were scanned 

in a head coil using a 3.0 T clinical MR scanner (Signa 

HDx, GE healthcare, Little Chalfont, UK). The scanning 

parameters were as follows: matrix 256×256, field of view 

16×16 cm, interlayer spacing 0.4 mm, fast spin echo (FSE) 

T
2
-weighted imaging (repetition time [TR] 2000 ms and echo 

time [TE] 43.7 ms), gradient echo [GRE] T
2
*WI (TR 400 ms, 

TE 12.0 ms, and flip angle 30°), and 16 echo T
2
 mapping (TR 

1025 ms and TE 2.4–60.5 ms). The r
2
 was calculated through 

the curve fitting of the 1/T
2
 relaxation time (s−1) versus the 

concentration (mM). The region of interest was 5 mm2.

cells culture
Human umbilical vein endothelial cells (HUVECs) were 

routinely harvested by digesting human umbilical veins with 

type-I collagenase as previously described.42 With approval 

from the Medical Ethics Committee of Xinqiao Hospital 

of Third Military Medical University and written patient 

consent, the human umbilical cords were obtained from the 

Department of Obstetrics and Gynecology of Xinqiao Hospi-

tal. The specificity and purity of the isolated cells were evalu-

ated using immunofluorescence staining and flow cytometry. 

HUVECs were cultured in medium 199 supplemented with 

20% fetal bovine serum, 1% endothelial cell growth supple-

ment, 0.05 mg/mL of heparin, 2 mM of l-glutamine, and 

100 U/mL of penicillin/streptomycin. The third to tenth pas-

sages were used for the following cocultivation experiments. 
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Human breast cancer cells MDA-MB-231 were purchased 

from American Type Culture Collection (ATCC, Manassas, 

VA, USA) and cultured in Roswell Park Memorial Institute 

1640 medium containing 10% fetal bovine serum, 1 mM 

sodium pyruvate, 1% nonessential amino acid, 2 mM of 

l-glutamine, and 100 U/mL of penicillin/streptomycin. All 

the cells were incubated in a humidified incubator (Thermo 

Fisher Scientific, Waltham, MA, USA) with 5% CO
2
 at 37°C. 

To simulate the microenvironment of cancer, HUVECs were 

cocultured with MDA-MB-231 in a transwell coculture sys-

tem (Merck Millipore, Billerica, MA, USA). HUVECs were 

seeded in transwell inserts with 0.1 µm pore at a 1:5 ratio to 

tumor cells and were added into 6-well plates with MDA-

MB-231cultured in them. HUVECs and MDA-MB-231 were 

all cultured overnight for adherence before cocultivation and 

maintained in cocultural system for a further 48 hours. The 

collected cells were called TVECs.

cytotoxicity analysis
To analyze the biocompatibility of CL-PEG-MnFe

2
O

4
, we 

used a Cell Count Kit-8 (CCK-8) to test the cytotoxicity of 

CL-PEG-MnFe
2
O

4
 on TVECs in comparison with a molecu-

lar manganese agent. Briefly, cells were seeded in 96-well 

plates at a density of 5×103 cells/well and cultured overnight. 

Then, fresh medium containing CL-PEG-MnFe
2
O

4
 with 

serial metal (Fe + Mn) concentrations (0, 0.01, 0.05, 0.09, 

0.23, 0.45, 0.9, 1.8, and 4.5 mM) and MnCl
2
 with serial Mn 

concentrations (0, 0.01, 0.05, 0.09, 0.23, 0.45, 0.9, 1.8, and 

4.5 mM) was added to replace the previous medium and 

incubated for a further 24 hours, respectively. Each con-

centration of the samples was repeated five times. Because 

the CCK-8 assay relies on the optical density of orange 

formazan and might be affected by the NPs, the medium 

containing CL-PEG-MnFe
2
O

4
 and MnCl

2
 was displaced by 

the mixture containing 100 µL of fresh medium and 10 µL 

of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium after incubation for corre-

sponding time. Following 1.5 hours of coculture, the medium 

containing formazan was transferred into a new 96-well 

plate with a permanent magnet under the plate to minimize 

the influence of NPs on the absorbance. A spectral scanning 

multimode reader (Varioskan Flash, Thermo Scientific) 

was used to determine the optical density at a wavelength 

of 490 nm. In addition, for the cytotoxicity assessment of 

CL-PEG-MnFe
2
O

4
 on TVECs, the level of intracellular ROS 

was quantified using a ROS assay kit (Sigma-Aldrich Co.). 

TVECs were labeled with CL-PEG-MnFe
2
O

4
 of serial metal 

concentrations (0, 0.01, 0.05, 0.09, 0.23, 0.45, 0.9, 1.8, and 

4.5 mM) for 24 hours. The labeled cells were then incubated 

with 2,7-dichlorofluorescin diacetate and the fluorescent 

intensity was measured by flow cytometry (Moflo XDP, 

Beckman Coulter, Brea, CA, USA) with excitation and emis-

sion wavelengths of 488 and 525 nm, respectively.

labeling of TVecs
To evaluate the targeted labeling efficiency of CL-

PEG-MnFe
2
O

4
, the TVECs were cocultured with CL-

PEG-MnFe
2
O

4
, PEG-b-PCL-MnFe

2
O

4
, and the mixture of 

CL-PEG-MnFe
2
O

4
 and CL 1555 peptides in a ratio of 1:100 

(for competition binding experiment) at the same metal 

concentration of 0.09 mM for 2 hours. Cells incubated with 

cell medium without any NPs were used as blank control. 

Prussian blue staining and MRI were used to determine the 

location within the cells and the labeling rate. For Prussian 

blue staining, the labeled cells were fixed with 4% paraform-

aldehyde, incubated with Prussian blue staining solution 

(containing equal volumes of 2% hydrochloric acid and 2% 

potassium ferrocyanide) for 30 minutes and stained with 

neutral red solution for 10 minutes. The images were obtained 

using an inverted fluorescence microscope (DMIRB, Leica 

Microsystems, Wetzlar, Germany). For MRI, cells were 

harvested by trypsinization and resuspended in 0.5 mL of 1% 

agarose gel in Eppendorf tubes. All the cells were scanned in 

a head coil using a 3.0 T clinical MR scanner (Signa HDx) 

following the previous scanning parameters.

subculture of the labeled cells and 
their MrI
The TVECs were seeded into cell culture flask with 25 cm2 

effective area at a density of 4×104 cells/cm2. After adherence, 

the cells were incubated with CL-PEG-MnFe
2
O

4
 with metal 

concentration of 0.18 mM for 2 hours. Then, the culture medium 

with NPs was displaced with fresh medium and the cells were 

incubated till 80% confluency was reached and tagged as pas-

sage one (P
1
). Half of labeled TVECs of P

1
 were passaged in 

a 1:2 ratio and tagged as passage two (P
2
). The remaining cells 

were resuspended in 1% agarose gel and scanned in a head coil 

using a 3.0 T clinical MR scanner according to the parameters 

described in the section of NP characterization. Similarly, the 

labeled TVECs were continuously passaged to passage four 

and each passage was correspondingly tagged as P
3
 and P

4
 and 

each passage cell was treated similarly to P
1
.

statistics
All results were expressed as the mean ± standard deviation. 

Statistical analysis was carried out using SPSS 13.0 software 

(SPSS Inc., Chicago, IL, USA). The statistical comparisons 

were performed using the Student’s t-test and one-way 
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analysis of variance; a P-value ,0.05 indicated a sig-

nificant difference.

Results
TeM analysis
MnFe

2
O

4
 NPs synthesized from thermal decomposition 

of iron acetylacetonate and manganese acetylacetonate 

in a 2:1 ratio were of spheroidal appearance and narrow 

size distribution (Figure 1A). The results from Image Pro 

Plus 6.0 showed that the average size was 7.6±1.0 nm 

(Figure 1B), as counted with 300 NPs that were randomly 

selected. After being enveloped with amphiphilic block 

copolymer PEG-b-PCL, dozens of hydrophobic MnFe
2
O

4
 

NPs assembled together (Figure 1C). The diameter of PEG-

b-PCL-MnFe
2
O

4
 was 146.7±25.9 nm according to the TEM 

photomicrograph (Figure 1D). Figure 2A and B show a  

high resolution TEM image of a single MnFe
2
O

4
 NP. The 

spacings between the lattice fringes were measured to be 

around 0.301 and 0.257 nm, which correspond to the planes 

of (220) and (311) of bulk MnFe
2
O

4
 very well. Moreover, the 

measured interplanar spacings based on the diffraction rings in 

the selected area electron diffraction (inset of Figure 1A) were 

perfectly in agreement with the respective hkl indexes of bulk 

MnFe
2
O

4
 from the Joint Committee on Powder Diffraction 

Figure 1 TeM characterization of MnFe2O4 NPs and Peg-b-Pcl-MnFe2cO4 NMs.
Notes: MnFe2O4 NPs were of spheroidal appearance and narrow size distribution (A) and the average size was 7.6±1.0 nm (B). The diameter of Peg-b-Pcl-MnFe2O4 NMs 
was 146.7±25.9 nm (C and D). Inset of (A) is saeD of MnFe2O4 NPs. Inset of (C) is an enlarged TeM of a single Peg-b-Pcl-MnFe2O4 NM; magnification ×200,000.
Abbreviations: NMs, nanomicelles; NPs, nanoparticles; Peg-b-Pcl, polyethylene glycol-block-poly(ε-caprolactone); saeD, selected area electron diffraction; TeM, 
transmission electron microscopy.
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Standards (JCPDS) database, indicating that the synthetic 

NPs are MnFe
2
O

4
 nanocrystals. The chemical composition of 

the nanocrystals was confirmed using the energy dispersive 

spectrometer measurement. The Mn, Fe, and O peaks indi-

cated the presence of Mn, Fe, and O in the NP (Figure 2C); 

meanwhile, the Cu signal is derived from the TEM grid. The 

atomic ratio of Fe to Mn was around 2:1, agreeing well with 

the molar ratio of Fe and Mn in MnFe
2
O

4
.

Dynamic light scattering and inductive-
coupled plasma optical emission 
spectrometer measurement
According to the results of dynamic light scattering, the 

hydrodynamic diameter of MnFe
2
O

4
 dispersed in hexane was 

10.3±1.2 nm (Figure 3A), which was slightly larger than the 

size measured by TEM. This might be due to the coating of 

oleic acid or oleylamine on the outer surface of the NP that 

could affect the light scattering while it could not be detected 

under the TEM. Similarly, because of the hydrodynamic size 

effect and electronic permeability of the PEG-b-PCL, the zeta 

sizes of PEG-b-PCL-MnFe
2
O

4
 and CL-PEG-MnFe

2
O

4
 were 

162.6±28.9 nm (Figure 3B) and 183.4±26.5 nm (Figure 3C), 

which were larger than those obtained from TEM observa-

tions. Inductive-coupled plasma optical emission spectrometer 

analysis showed that Fe and Mn elemental contents of MnFe
2
O

4
 

were 363.5 and 167.9 mg/L, which matched the result of energy 

dispersive spectrometer analysis and revealed that the molar 

ratio of Fe and Mn of MnFe
2
O

4
 was ~2:1, indicating that the 

prepared NPs were MnFe
2
O

4
.

Magnetization and T2 relaxivity
To understand the magnetic property of the prepared 

MnFe
2
O

4
 NPs, 46.8 mg nanopowder was tested using a 

vibrating sample magnetometer. The magnetization rose 

nonlinearly with the increase of applied magnetic field 

(Figure 4A). The prepared NPs showed no remaining net 

magnetization in the absence of an external field, which 

indicated that the MnFe
2
O

4
 NPs were superparamagnetic at 

300 K. Under a powerful magnetic field, NPs will reach their 

saturation magnetization, which was 68.2 emu/g. Figure 5 

shows that TMAH-MnFe
2
O

4
 NPs and PEG-b-PCL-MnFe

2
O

4
 

NMs both exhibited a concentration-dependent signal drop in 

the GRE T
2
*WI and FSE T

2
-weighted imaging. Their signal 

Figure 2 hrTeM and eDs characterization of MnFe2O4 NPs.
Notes: hrTeM image of a single MnFe2O4 NP showed that the spacing between 
the lattice fringes of planes (220) and (311) was around 0.257 nm (A) and 
0.301 nm (B). The chemical composition of the nanocrystals was confirmed using 
eDs measurement. eDs (C) of the prepared NPs indicated the presence of Mn, Fe, 
and O, and the atomic ratio of Fe to Mn was around 2:1. scale bar =10 nm.
Abbreviations: eDs, energy dispersive spectrometer; hrTeM, high resolution 
transmission electron microscopy; NPs, nanoparticles.

Figure 3 hydrodynamic diameter of MnFe2O4 NPs and NMs.
Notes: The hydrodynamic diameter of MnFe2O4 dispersed in hexane was 10.3±1.2 nm (A) and that of Peg-b-Pcl-MnFe2O4 and cl-Peg-b-Pcl-MnFe2O4 was 162.6±28.9 nm (B) 
and 183.4±26.5 (C), respectively.
Abbreviations: NMs, nanomicelles; NPs, nanoparticles; Peg-b-Pcl, polyethylene glycol-block-poly(ε-caprolactone).
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intensities decreased gradually with the increase of the metal 

ion concentration. However, PEG-b-PCL-MnFe
2
O

4
 NMs 

induced greater hypointensity at an identical concentration 

compared with TMAH-MnFe
2
O

4
 NPs. The linear fitting of 

concentration and 1/T
2
 showed that the r

2
 of PEG-b-PCL-

MnFe
2
O

4
 NMs was 281.7 mM−1 s−1, which was ~4.2 times 

higher than that of TMAH-MnFe
2
O

4
 NPs (67.5 mM−1 s−1) 

(Figure 4B).

cytotoxicity analysis
The relative cell viability (RCV) of each treatment group to 

control group was used to determine the cytotoxicity of CL-

PEG-MnFe
2
O

4
 and MnCl

2
 with different concentrations on 

TVECs. Figure 6 shows that the RCV of TVECs labeled with 

CL-PEG-MnFe
2
O

4
 within 0.9 mM decreased only 7%–9% 

compared to controls. As the concentration increased, the 

RCV decreased correspondingly, and a decrease of ~19% 

Figure 4 hysteresis loop and T2 relaxivity.
Notes: The hysteresis loop of MnFe2O4 NPs (A) showed that the magnetization rose nonlinearly with the increase of applied magnetic field and no remaining net 
magnetization in the absence of an external field, indicating that the MnFe2O4 NPs are superparamagnetic at 300 K. The MnFe2O4 NPs saturation magnetization was 
68.2 emu/g (A). The linear fitting of concentration and 1/T2 showed that the r2 of Peg-b-Pcl-MnFe2O4 NMs was 281.7 mM−1 s−1, which was ~4.2 times higher than that of 
TMah-MnFe2O4 NPs (67.5 mM−1 s−1) (B).
Abbreviations: NMs, nanomicelles; NPs, nanoparticles; Peg-b-Pcl, polyethylene glycol-block-poly(ε-caprolactone); r2, transverse relaxivity; T2, transverse relaxation time; 
TMah, tetramethylammonium hydroxide.

Figure 5 MrI of MnFe2O4 TMah-MnFe2O4 NPs and Peg-b-Pcl-MnFe2O4 NMs.
Notes: TMah-MnFe2O4 NPs and Peg-b-Pcl-MnFe2O4 NMs both exhibited a concentration-dependent signal drop in the gre T2WI and Fse T2WI. The signal intensity 
decreased gradually with the increase of the metal ions concentration, while NMs induced greater hypointensity at an identical concentration compared with NPs.
Abbreviations: MrI, magnetic resonance imaging; NMs, nanomicelles; NPs, nanoparticles; Peg-b-Pcl, polyethylene glycol-block-poly(ε-caprolactone); TMah, tetramethylam-
monium hydroxide; T2WI, T2-weighted imaging; gre, gradient echo; Fse, fast spin echo.
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in viability of TVECs incubated with 4.5 mM CL-PEG-

MnFe
2
O

4
 solution was measured. On the contrary, a notable 

decrease of ~15% in viability was observed in TVECs incu-

bated with only 0.05 mM MnCl
2
 solution. When the TVECs 

were incubated with MnCl
2
 solution as high as 4.5 mM, there 

were only 36.2% cells that survived. The CCK-8 results 

demonstrated that the CL-PEG-MnFe
2
O

4
 showed no acute 

toxicity to TVECs even at high concentrations, indicating 

their much better biocompatibility than molecular manga-

nese agents. The ROS level of TVECs labeled with 0, 0.05, 

0.23, 0.45, 0.9, and 4.5 mM CL-PEG-MnFe
2
O

4
 solutions 

are shown in Figure 7. It was shown that the induction of 

ROS depended on the concentration and an insignificant 

ROS level elevation was detected in the cells exposed to 

CL-PEG-MnFe
2
O

4
 within 0.9 mM. However, a 3.18% higher 

intracellular ROS level was measured in the cells incubated 

with 4.5 mM CL-PEG-MnFe
2
O

4
 solution compared with 

0.9 mM CL-PEG-MnFe
2
O

4
.

labeling of TVecs with cl-Peg-MnFe2O4
As the ferric ferrocyanide, which is a kind of dark blue pig-

ment (also called Prussian blue), can be produced through 

the reaction of iron with potassium ferrocyanide within the 

acidic solution, the uptake of the CL-PEG-MnFe
2
O

4
, PEG-

b-PCL-MnFe
2
O

4
, and the mixture of CL-PEG-MnFe

2
O

4
 and 

CL 1555 peptides can be observed under optical microscope 

after Prussian blue staining. Figure 8A–D are the results 

Figure 6 cytotoxicity analysis.
Notes: The rcV of TVecs labeled with cl-Peg-MnFe2O4 within 0.9 mM decreased 
only 7%–9% compared to controls. as the concentration increased, the rcV 
decreased correspondingly, and a significant decrease of ~19% in viability of TVecs 
incubated with 4.5 mM cl-Peg-MnFe2O4 solution was measured. On the contrary, 
a notable decrease of ~15% in viability of TVecs incubated with only 0.05 mM Mncl2 
solution was observed. When the TVecs were incubated with Mncl2 solution as 
high as 4.5 mM, there were only 36.2% cells that survived.
Abbreviations: NMs, nanomicelles; Peg, poly(ethylene glycol); rcV, relative cell 
viability; TVecs, tumor vascular endothelial cells.

Figure 7 rOs of TVecs labeled with cl-Peg-MnFe2O4.
Notes: The rOs levels of TVecs labeled with 0.05 (B), 0.23 (C), 0.45 (D), and 0.9 (E) mM cl-Peg-MnFe2O4 solutions were very low and depicted an insignificant elevation 
of rOs level compared with the control (A). however, a 3.18% higher intracellular rOs level was measured in the cells incubated with 4.5 mM cl-Peg-MnFe2O4 solution 
compared with 0.9 mM cl-Peg-MnFe2O4 (F).
Abbreviations: Peg, poly(ethylene glycol); rOs, reactive oxygen species; TVecs, tumor vascular endothelial cells.
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of Prussian blue staining of control group (Figure 8A) 

and TVECs labeled with CL-PEG-MnFe
2
O

4
 (Figure 8B), 

PEG-b-PCL-MnFe
2
O

4
 (Figure 8C) and the mixture of CL-

PEG-MnFe
2
O

4
 and CL 1555 peptides (Figure 8D), which 

clearly shows a higher uptake of CL-PEG-MnFe
2
O

4
 than 

PEG-b-PCL-MnFe
2
O

4
 into TVECs. Blocking CD105 with 

the free CL 1555 peptides effectively reduced the amount 

of blue granules in the cytoplasm of TVECs, indicating that 

the internalization of CL-PEG-MnFe
2
O

4
 was specifically 

mediated by CL 1555 peptides. Figure 8E–H shows the 

MR images of the four groups of cells. Compared with the 

control, the cells cocultured with CL-PEG-MnFe
2
O

4
 showed 

a noticeable signal intensity drop and its T
2
 relaxation time 

was 38.3±3.5 ms. However, the cells treated with PEG-b-

PCL-MnFe
2
O

4
 and the mixture of CL-PEG-MnFe

2
O

4
 and 

CL 1555 peptides showed a similar signal intensity and T
2
 

relaxation time to the control.

subculture of the labeled cells and 
their MrI
The TVECs labeled with CL-PEG-MnFe

2
O

4
 were subcul-

tured from P
1
 to P

4
 and each generation was evaluated with a 

3.0 T MRI system. As shown in Figure 9, the signal intensity 

from P
1
 to P

4
 in T

2
-weighted images gradually increased 

and P
4
 had almost equal signal intensity with control group. 

However, the signal intensity firstly increased and then 

decreased in T
1
-weighted images. The labeled cells of P

1
 

presented low signal intensity similar to the control and 

those of P
2
, P

3
, and P

4
 were hyper-intense. The T

1
 relaxation 

time from P
1
 to P

4
 decreased firstly and then increased back 

accordingly (Figure 9).

Discussion
Angiogenesis, the formation of new blood vessels, is a 

requirement for tumor growth and metastasis.3,4,43 Moreover, 

the tumor microvascular density was positively correlated 

with the trend of tumor metastasis and high microvascular 

density always leads to poor prognosis.44,45 Commonly, the 

angiogenesis is estimated with histopathological examina-

tion. However, histopathological examination for angiogen-

esis does not demonstrate functionality within the vessels 

sampled and is inherent invasive and suffers from sampling 

bias.46,47 Molecular imaging targeting vascular endothelial 

cells can offer this in a noninvasive way.46,48–50 Due to a 

relatively good spatial resolution, good soft-tissue contrast, 

absence of ionizing radiation, and limited side effects, MRI 

Figure 8 In vitro labeling of TVecs with cl-Peg-MnFe2O4.
Notes: Prussian blue staining (200×) of control group (A), TVecs labeled with cl-Peg-MnFe2O4 (B), Peg-b-Pcl-MnFe2O4 (C) and the mixture of cl-Peg-MnFe2O4 and 
cl 1555 peptides (D). It showed that the uptake of cl-Peg-MnFe2O4 was high, while few Peg-b-Pcl-MnFe2O4 was engulfed into TVecs. Blocking cD105 with the free 
cl 1555 peptides also effectively reduced the amount of blue granules in the cytoplasm of TVecs. (E–H) showed the T2-weighted Mr images of the four groups of cells. 
correspondingly, the cells co-cultured with cl-Peg-MnFe2O4 (F) showed a more noticeable signal intensity drop than that with Peg-b-Pcl-MnFe2O4 (G) and blocking with 
the free cl 1555 peptides (H).
Abbreviations: Mr, magnetic resonance; Peg-b-Pcl, polyethylene glycol-block-poly(ε-caprolactone); TVecs, tumor vascular endothelial cells.

Figure 9 MrI of subcultured labeled TVecs.
Notes: MrI showed that the signal intensity from P1 to P4 in T2WI gradually 
increased and P4 had almost equal signal intensity with control group. In T1WI, the 
signal intensity from P1 to P3 gradually increased and that of P4 came down to the 
control. The plot showed that the T1 relaxation time from P1 to P4 decreased firstly 
and then increased back.
Abbreviations: MrI, magnetic resonance imaging; T1WI, T1-weighted imaging; 
T2WI, T2-weighted imaging; TVecs, tumor vascular endothelial cells.
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has been proposed to be a good candidate for angiogenesis 

imaging.51–53

Endoglin, also called CD105, is a 180 kDa transmem-

brane protein and consists of a homodimer with disulfide 

links, and it has been found that its expression is usually low 

in resting endothelial cells and becomes highly expressed 

once neoangiogenesis begins.7,9,54 The important role that 

CD105 plays in tumor angiogenesis makes it an ideal can-

didate for tumor targeting imaging. In previous studies, 

we conjugated anti-CD105 antibody with SL-encapsulated 

Gd-DTPA and thiol-PEG-carboxyl-stabilized Fe
2
O

3
/Au NPs 

to evaluate tumor angiogenesis on T
1
- or T

2
-enhanced MRI, 

respectively.36,37 The results showed that CD105-Gd-SLs and 

hybrid-PEG-CD105 could be utilized to detect subcutaneous 

glioma and breast cancer angiogenesis in tumor-bearing rats. 

However, because of the larger molecular weight of anti-

CD105 antibody, the probes have low connection efficiency 

and consequently have not enough affinity for the targeted 

TVECs. In order to improve the affinity of the probes, we 

employed a peptide – CL 1555 – which consisted of only 

12 amino acids as the targeting molecule in the present 

study. CL 1555 was selected from a phage displayed library 

and was demonstrated to be of high affinity and selectivity 

toward CD105.33,34 Compared with anti-CD105 antibody, 

CL 1555 had a lower molecular weight and much smaller 

steric hindrance, resulting in a high grafting rate on the 

surface of the NMs. The results of our study showed that 

compared with PEG-MnFe
2
O

4
, CL-PEG-MnFe

2
O

4
 binds to 

the surface of TVECs much better and markedly shortens  

T
2
 of the labeled TVCEs in T

2
-weighted images. In a competi-

tion binding experiment, the binding of CL-PEG-MnFe
2
O

4
 

and TVECs was blocked by free CL 1555 peptides, which 

revealed that the immobilization CL-PEG-MnFe
2
O

4
 on the 

surface of TVECs was mediated by CL 1555. So, it was 

undoubtedly confirmed that CL 1555 was an ideal ligand to 

CD105 for targeted diagnosis and therapy.

Because of good biocompatibility, superparamagnetic 

Fe
3
O

4
 NPs have been widely used as a negative CA for 

enhanced MRI.37,55,56 However, the r
2
 of nanoscale Fe

3
O

4
 

was low and not enough for cell imaging and neovessel 

visualization in the early stage. MnFe
2
O

4
 NPs have been 

proven to be of a higher saturation magnetization (M
p
) and 

r
2
 than other ferrite NPs, including CoFe

2
O

4
, Fe

3
O

4
, and 

NiFe
2
O

4
.17,57 Lee et al25 fabricated a series of ferrite NPs, 

including CoFe
2
O

4
, Fe

3
O

4
, MnFe

2
O

4
, and NiFe

2
O

4
, and inves-

tigated their magnetic properties. They found that these ferrite 

NPs with a size of 12 nm all showed superparamagnetism. 

However, these NPs with an identical size have different M
p
 

and MnFe
2
O

4
 exhibited a much higher M

p
 than CoFe

2
O

4
, 

Fe
3
O

4
, and NiFe

2
O

4
. So, we employed MnFe

2
O

4
 NPs as CAs 

for TVECs MR molecular imaging in the present study in 

order to improve the sensitivity of imaging. Besides the M
p
, 

the particle size can also influence the r
2
 value. It has been 

reported that a different relation between r
2
 value and par-

ticle size follows when the size is within different regimes. 

When the particles are small, the diffusional motion of water 

molecules surrounding these NPs is fast enough to average 

out the magnetic fields induced by these magnetic NPs. This 

regime is termed as motional averaging and the r
2
 value is 

proportional to M
p

2τ
d
, where τ

d
 signifies the duration when 

water protons are under the influence of a magnetic NP and 

is proportional to r2/D (D is the diffusion coefficient of water 

protons). Because τ
d
 increases with the increase of particle 

size, the averaging effect diminishes and the magnetic NPs 

appear as randomly distributed and stationary objects to 

water protons. In this regime, called static dephasing, the 

r
2
 value is only proportional to M

p
. So, increasing the size of 

individual particle can enhance the r
2
 value by motional aver-

aging relaxation.17,26,58–61 However, this approach often posed 

technical difficulties because further increasing the size of 

the single NP will transfer the magnetic NPs from superpara-

magnetic to becoming ferromagnetic or ferrimagnetic. Then, 

the large, single core magnetic NPs will tend to aggregation 

in suspension because of the magnetic force between each 

other. An alternative route is to embed multiple magnetic 

NPs into a single multicore micelle.27,62–64 When the NPs 

aggregate, the size of the single multicore micelle will be 

increased into static dephasing regime and their r
2
 value will 

be further increased through the static dephasing relaxation 

mechanism. In this work, we first synthesized the hydropho-

bic MnFe
2
O

4
 NPs with a size of ~7.5 nm, which was in the 

regime of motional averaging. The M
p
 of the prepared NPs 

was 68.2 emu/g. Afterward, we transformed the MnFe
2
O

4
 

NPs from hydrophobic to hydrophilic using amphiphilic 

block copolymer PEG-b-PCL. The MnFe
2
O

4
 NPs modified 

with PEG-b-PCL then self-assembled into clusters and their 

size increased to ~146.7 nm, which was in the regime of static 

dephasing. After linear fitting of concentration and 1/T
2
, we 

found that the clusters consisting of dozens of MnFe
2
O

4
 NPs 

were of much higher r
2
 of 281.7 mM−1 (Mn + Fe) s−1 than 

that of single NPs (67.5 mM−1 s−1).

Because these nanoprobes were fabricated for biomedi-

cal application, we must evaluate their cytotoxicity first. 

The in vitro cytotoxicity of CL-PEG-MnFe
2
O

4
 NMs toward 

TVECs was evaluated using CCK-8 analysis in comparison 

with molecular manganese agents. The results showed that 

the viability of TVECs labeled with CL-PEG-MnFe
2
O

4
 

within 0.9 mM decreased only 7%–9% compared to controls. 
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As the concentration increased, the RCV decreased corre-

spondingly, and a decrease of ~19% in viability of TVECs 

incubated with 4.5 mM CL-PEG-MnFe
2
O

4
 solution was 

measured. On the contrary, a notable decrease of ~15% 

in viability was observed in TVECs incubated with only 

0.05 mM MnCl
2
 solution. When the TVECs were incubated 

with MnCl
2
 solution as high as 4.5 mM, there were only 

36.2% cells that survived. So, a conclusion can be easily 

drawn that the CL-PEG-MnFe
2
O

4
 showed no acute toxicity 

to TVECs even at relatively high concentrations, indicat-

ing their much better biocompatibility than MnCl
2
. Several 

factors may contribute to the low cytotoxicity of CL-PEG-

MnFe
2
O

4
 NMs. It has been demonstrated that several factors 

are responsible for the cytotoxicity of NPs, including ROS 

production and toxic ion leaching.65,66 The ROS induction 

has been posted as one of the main explanations for these 

toxic effects and induces various deleterious effects, includ-

ing cell membrane damage, DNA and cytoskeleton injury, 

autophagy, and apoptosis.42 Here, the results of ROS assay 

depicted that an insignificant ROS level elevation was 

detected in the cells exposed to CL-PEG-MnFe
2
O

4
 within 

0.9 mM and only a 3.18% higher intracellular ROS level 

was measured in the cells incubated with 4.5 mM CL-PEG-

MnFe
2
O

4
 solution compared with that incubated with 0.9 mM 

CL-PEG-MnFe
2
O

4
, which might explain the CCK-8 results 

well. Moreover, the ferrite magnetic NPs have been proven 

to have intrinsic peroxidase-like activity, which can decrease 

the amount of intracellular H
2
O

2
 to promote cell proliferation. 

Regarding the ion leaching, in contrast to MnCl
2
 solution, 

Mn ions leaching from Mn-based NPs have been demon-

strated to be slower and Mn-based NPs showed no significant 

toxic effects on cells at a very high dosage of 200 µg/mL 

in some previous studies.30,31 Actually, to avoid high cyto-

toxicity of Mn, some researchers employed Mn-based NPs 

as a sustained release delivery of Mn ions for neuroimaging 

instead of MnCl
2
 solution.30,31

Because of clearance and degradation of NPs from the 

labeled cells, it was reasonable that the signal intensity from 

P
1
 to P

4
 in T

2
-weighted MR images gradually increased. How-

ever, it was very interesting that the signal intensity of these 

cells firstly increased and then decreased in T
1
-weighted MR 

images. We hypothesized that T
1
 enhancement of the labeled 

cells resulted from the divalent manganese ions and the smaller 

size MnFe
2
O

4
 NPs. It has been observed that the internalized 

nano- and microparticles are exclusively located within endo-

somes and finally in the lysosomes.30,67 Due to the abundance 

of proteolytic enzymes, chelating agents, and an acidic envi-

ronment, the internalized particles will finally be degraded. 

For MnFe
2
O

4
 NPs, they were dissolved gradually and metallic 

ions Mn2+ and Fe3+ slowly released. Divalent manganese ions 

have five unpaired electrons and are paramagnetic, which 

have been regarded as strong T
1
 MRI CAs.31 Additionally, 

the reduction of NP size accompanied with the degradation of 

MnFe
2
O

4
 may also contribute to the high signal intensity of P

3
 

in T
1
-weighted MR images. It is known that the surface atom 

ratio is inversely proportional to the particle size and large 

particles exhibit lower surface Mn2+ ratio, leading to a small 

longitudinal relaxivity.28 When the internalized MnFe
2
O

4
 

was degraded, its size decreased gradually. Accordingly, the 

surface Mn2+ ratio of MnFe
2
O

4
 increased rapidly, resulting in 

a continuous growth of longitudinal relaxivity. When the size 

is 2.2 nm, the longitudinal relaxivity of MnFe
2
O

4
 is 6.61 mM−1 

s−1, which is higher than that of the clinically used Gd-DTPA 

agent (r
1
=4.8 mM−1 s−1).29

Conclusion
In this study, we have successfully prepared an angiogenesis-

targeting nanoprobe of high sensitivity for T
1
 and T

2
 MRI. 

The nanoprobe consists of MnFe
2
O

4
 NMs, which act as an 

MRI CA, and a peptide named CL 1555 for active target-

ing. These nanoprobes could specifically target TVECs 

with CD105 expression. The labeled TVECs could be 

imaged in T
2
-weighted MRI and also in T

1
-weighted MRI 

with the passage of labeled cells and the degradation of the 

internalized NPs. Based on these results, the prepared CL-

PEG-MnFe
2
O

4
 nanoprobe could act as a promising CA for 

early detection of tumor angiogenesis using targeting T
1
- and 

T
2
-enhanced MRI.
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