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ABSTRACT. Relaxivity tuning of nanomaterials with the intrinsic T1-T2 dual-contrast ability 

have great potential for MRI applications. Until now, the relaxivity tuning of T1 and T2 dual-

modal MRI nanoprobes have been accomplished through the dopant, size, and morphology of 

the nanoprobes, leaving room for bioapplications. However, a surface engineering method for 

the relaxivity tuning was seldom reported. Here we report the novel relaxivity tuning method 

based on the surface engineering of dual-mode T1-T2 MRI nanoprobes (DMNP), along with 

protein interaction monitoring with the DMNP as a potential biosensor application. Core 

nanoparticles (NPs) of europium-doped iron oxide (EuIO) are prepared by a thermal 

decomposition method. As surface materials, citrate (Cit), alendronate (Ale), and PMAO/PEG 

(PP) are employed for the relaxivity tuning of the NPs based on surface engineering, resulting in 

EuIO-Cit, EuIO-Ale, and EuIO-PP, respectively. The key achievement of the current study is 

that the surface materials of the DMNP have significant impacts on the r1 and r2 relaxivities. The 

correlation between the hydrophobicity of the surface material and longitudinal relaxivity (r1) of 

EuIO NPs presents an exponential decay feature. The r1 relaxivity of EuIO-Cit is 13.2-fold 

higher than that of EuIO-PP. EuIO can act as T1-T2 dual-modal (EuIO-Cit) or T2-dominated MRI 

CAs (EuIO-PP) depending on the surface engineering. The feasibility of using the resulting 

nanosystem as a sensor for environmental changes, such as albumin interaction, was also 

explored. The albumin interaction on the DMNP shows both T1 and T2 relaxation time changes 
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 3

as mutually confirmative information. The relaxivity tuning approach based on the surface 

engineering may provide an insightful strategy for bio-applications of DMNP and give a fresh 

impetus for the development of novel stimuli-responsive MRI nanoplatforms with T1 and T2 

dual-modality for various biomedical applications. 

 

INTRODUCTION.  

Magnetic resonance imaging (MRI) has become one of the most prominent and widely adapted 

diagnostic imaging methods in the realm of clinical practice and biomedical research because of 

its superior spatial resolution and 3D tomographic images with anatomical details. However, 

MRI has a relatively low sensitivity compared with other imaging methods and the low 

sensitivity of MRI can be improved with the assistance of contrast agents (CAs).1-3 MRI CAs 

enhance the magnetic resonance (MR) signal against the background by altering the spin-lattice 

relaxation time (T1) or spin-spin relaxation time (T2), with the efficiencies usually expressed as 

the r1 and r2 relaxivities, respectively. Longitudinal (T1) CAs are mainly paramagnetic metal 

chelates such as Gd-DTPA and Gd-DOTA, which possess a water proton longitudinal relaxivity 

(r1) of 3–5 mM−1s−1.4 As reported by our and other groups, nanomaterials such as gadolinium 

oxide show larger r1 values than the Gd(III) chelates.5-6 Although ultrasmall iron oxide (IO) 

nanomaterials (<4 nm) allow T1 enhanced images,7-8 generally, IO-based nanoparticles (NPs) are 

employed for transverse (T2) CAs, which have a wide range of water proton transverse relaxivity 

(r2) of 30–400 mM−1s−1.9 However, the T1 signals from MRI CAs can often be confused with 

endogenous artifacts such as calcification and fat tissues. There is also some difficulty in 
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 4

differentiating between the T2 signal from MRI CAs and artifacts that originate from 

hemorrhages, blood clots, and air.10 

To settle these issues, T1-T2 dual imaging probes, which combine paramagnetic metal ions or 

complexes and IO-based NPs, have been designed to improve the diagnosis accuracy using 

orthogonal algorithms.11-12 Gd(III) ions are of particular interest in constructing DMNP. When 

used as a dopant, Gd(III) ions exhibit a unique magnetic property, as shown in our previous 

report,13 as well as a synergically enhanced MRI performance for T1-T2 dual imaging.14 

Europium (Eu) (III) ions are also used in the design of DMNP.15 

To date, the realization and relaxivity tuning of MRI nanoprobes have been attained through 

the dopant, size, and morphology of nanomaterials,16-18 providing opportunities for sensing 

applications of DMNP.12 Recently, magnetic resonance tuning based on T1 and T2 materials, 

called distance-dependent magnetic resonance tuning (MRET), has been demonstrated as a 

method to investigate diverse biological systems.19 MRET is a novel sensing principle that uses 

superparamagnetic NPs and gadolinium (Gd) complexes as the quencher and enhancer, 

respectively. The positive T1 MRI intensity is tuned based on the separation distance between the 

superparamagnetic NP quencher and the paramagnetic T1 enhancer. 

Thus, the relaxivity tuning concept based on the combination of T1 and T2 materials is still in 

demand and in the early stage. In addition, the impacts of surface engineering on the magnetic 

relaxation property have mostly been studied with IO or Gd-based nanocrystals.20-23 IO NPs 

coated with PF 127 co-polymers exhibited a high r2/r1 ratio due to the segregation from the 

external water molecules by the hydrophobic surface layer.20 NaGdF4 nanocrystal-micelles 

showed the high r1 relaxivity by controlling the surface structure of the nanocrystals.23 The 

strategy for the enhancement of NaGdF4 relaxivity was demonstrated by using surface ligands 
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 5

having strong interaction with water molecules.22 Herein, we report the relaxivity tuning of 

DMNP through surface engineering. In addition, we report that both the T1 and T2 relaxation 

times of DMNP change upon protein interaction with the NPs, which provide mutually 

confirmative logic to enhance the determination accuracy. 

EXPERIMENTAL SECTION 

Materials. Europium (III) acetate hydrate, amino PEG, Vivaspin 6, and syringe filters (PTFE, 

0.1 µm) were purchased from Alfa Aesar, Nanocs, Sartorius, and Whatman, respectively. Oleic 

acid (OA), oleylamine (OM), and alendronate sodium trihydrate were obtained from TCI 

chemicals. All other chemicals and reagents were purchased from Sigma-Aldrich and used as 

received. 

Fabrication of EuIO. EuIO was synthesized by a thermal decomposition method.24 Briefly, 

Eu (III) acetate (0.1 mmol) was added to benzyl ether (20 mL). The solution was heated to 

100°C and stirred for 40 min under a nitrogen atmosphere. 1 mmol of Fe(acac)3 as iron 

precursors, 3 mmol of oleylamine, 3 mmol of oleic acid and 5 mmol of 1,2 hexadecanediol were 

added to the above solution. The mixture was heated to 200°C and maintained for 1 h. The 

solution was then heated to 270°C and reacted for 1 h. After cooling at room temperature, 

ethanol (40 mL) was added to the reaction mixture and centrifuged to obtain the resulting 

products, which were redispersed in 20 mL of hexane. 

Preparation of EuIO-Cit, -Ale, and -PP. (i) EuIO-Cit; Sodium citrate (100 mg) was 

dissolved in 8 mL of distilled water and mixed with 8 mL of EuIO dispersed in hexane, 

according to the modified procedures.25 Acetone (12 mL) was added to the above mixture and 

stirred at 65°C for 4 h. After reaction, the solution was centrifuged using Vivaspin 6 (MWCO 

10,000) spin concentrators. This centrifugation step was repeated thrice.  
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 6

(ii) EuIO-Ale; A EuIO hexane solution (2 mL) and tetrahydrofuran (THF, 2 mL) mixture was 

added to an alendronate sodium trihydrate (50 mg) aqueous solution at pH 9, which was adjusted 

using a NaOH solution as previously described.26 The reaction solution was stirred for 2 d, and 

the products were collected by applying a magnet. The collected products were redispersed in 

distilled water.  

(iii) EuIO-PP; Amino-functionalized poly(-ethylene glycol) methyl ether (mPEG-NH2) and 

Poly(maleic anhydride-alt-1-octadecene) (PMAO) (mPEG-NH2:PMAO molar ratio = 30:1) were 

mixed in chloroform, according to the previous procedure.27-28 The EuIO NPs in chloroform (5 

mL) were added drop wise to the PMAO/PEG mixture (5 mL) and stirred overnight at room 

temperature. After the reaction, distilled water (10 mL) was added to the reaction solution, and 

evaporated to remove the chloroform. After evaporation, chloroform (5 mL) was added to the 

aqueous media, and then the solution was shaken. The mixture was left at room temperature for 

the layer separation. After the separation, the aqueous layer was collected and heated to 70°C for 

30 min to remove the remaining solvents. All of the final products (EuIO-Cit, EuIO-Ale, and 

EuIO-PP) were passed through a 0.1 µm filter before the experiment. 

Contact angle measurement. A cylindrical mold having 10 mm in diameter and 35 mm in 

height was used to prepare pellets of the surface materials (citrate, alendronate and PMAO). 

Each of the materials (0.5 g) was used to fill the mold and compressed at 120 MPa using a 

manual hydraulic press (J-1, Asone, Osaka, Japan) to obtain pellets. The contact angle of the 

pellets was measured using a SmartDrop (Femtobiomed, Inc., Korea). 

Colloidal stability study. EuIO NPs (EuIO-Cit, -Ale, and -PP) were dissolved in various pH 

solutions (pH value varied from 2 to 10) and evaluated by visual observation for 6 days at room 

temperature. The pH solutions were prepared with adding 0.1 N HCl or 0.1 N NaOH solutions. 
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 7

Characterization. The morphologies of the prepared NPs were observed using transmission 

electron microscopy (TEM, H-7600 microscope, Hitachi, Japan), and the element mapping of the 

NPs was examined with TEM (JEM-2200FS, JEOL Co., Japan). X-ray diffraction (XRD, X’pert 

pro, Philips) analysis was performed by using a Cu Kα X-ray source (λ=1.54056 Å) to explore 

the crystalline structure of the NPs. To verify the presence of Eu ions, X-ray photoelectron 

spectroscopy (XPS) instrument equipped with a monochromatic Al Kα X-ray source (15,000 eV, 

150 W) was utilized. The magnetization curves of the resulting NPs were acquired by using a 

Quantum Design MPMS XL-7. To determine the element (Eu and Fe ions) concentration, 

inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8300 PerkinElmer) 

was carried out. The hydrodynamic diameter of the NPs was characterized using a dynamic light 

scattering analysis (Nano ZS, Malvern Instruments, Malvern, UK). Thermal gravimetric analysis 

(TGA) was performed on a thermogravimetric analyzer (Q500, TA instruments, USA) from 

25°C to 600°C at a heating rate of 10°C/min. 

Cell viability assay. Mouse liver cell line NCTC 1469 was split into a 96-well plate ((1 × 104 

cells/well)/200 µL). As the cell culture medium, Dulbecco’s modified Eagle medium (DMEM, 

Gibco) was used with heat-inactivated horse serum (10%), penicillin (100 IU/mL), and 

streptomycin (100 mg/mL) and the culture medium was changed to fresh medium every 2 days. 

Solutions of EuIO-Cit, EuIO-Ale, and EuIO-PP (0.5−50 µM) were respectively added to the 

serum-free medium and incubated for 24 h. Then, cell viability was measured with CCK-8 kit 

(10 µL). After removing solution, the absorbance at 450 nm was measured using a microplate 

reader (Biorad 550 reader, Molecular Devices, Sunnyvale, CA, USA) to estimate the cell 

viability. 
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 8

Relaxivity. T1 measurements were performed at 1.5 T MR scanner (GE Healthcare, 

Milwaukee, WI, USA) using an inversion recovery (IR) pulse sequence. The IR images were 

acquired at 35 different inversion times ranging from 50 to 1750 ms. T1 relaxation rate was 

estimated using the nonlinear least-squares regression of the signal intensity measured at each 

inversion time. Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence was employed for T2 

measurements. The images were acquired at 34 different echo times (TEs) ranging from 10 to 

1900 ms. T2 relaxation rate was estimated using the nonlinear least-squares fit of the signal 

intensity measured at each echo time. Finally, the T1 and T2 relaxivities were estimated using the 

linear fit of each relaxation rate with 5 different concentrations (1, 0.5, 0.25, 0.125, and 0.0625 

mM). To measure the ∆Ri of EuIO upon the BSA addition, a EuIO-Cit aqueous solution (100 µL) 

was mixed with the BSA solutions (30, 3, 0.3, 0.03, and 0.003 µM) and filled up with distilled 

water to make a final reaction volume of 500 µL. 

In vivo MRI experiments. All MR experiments using animals were performed in accordance 

with the regulations of the Animal Internal Review Board of Kyungpook National University. 

For in vivo MRI, male ICR mice (average weights of 30 g) were utilized. Isoflurane (1.5%) in 

oxygen was used to anesthetize the mice. After tail vein injection of EuIO-Cit, the MR images 

were acquired up to 24 hours at a 1.5 T MR scanner. The injection dose was 2 mg/kg. The 

animals were kept at ~ 37 °C using a blanket during MRI acquisition. A homemade birdcage-

shaped rf coil of the receiver only type (inner diameter of 50 mm) was used for in vivo MR 

images. The imaging parameters of the T1 SE measurements were: repetition time (TR) = 300 ms; 

echo time (TE) = 11 ms; field of view (FOV) = 8 mm; matrix size = 192 × 128; slice thickness = 

2.0 mm; number of averaging (NEX) = 8; total scan time = 3 min 16 s. In case of T2 images the 

parameters were: TR = 2000 ms; TE = 40 ms; FOV = 8 mm; matrix size = 256 × 192; slice 

Page 8 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 9

thickness = 2.0 mm; NEX = 8; total  scan time = 2 min 44 s. For semi-quantitative analysis, the 

signal intensities were measured at several regions of interests (ROIs) and contrast-to-noise ratio 

(CNR) was calculated up to 24 hours post injection using Equation (1), where SNR is the signal-

to-noise ratio. 

CNR = SNRpost – SNRpre     (1) 

RESULTS AND DISCUSSION 

Synthesis and Characterization of EuIO. Figure 1 shows that the intrinsic dual-contrast ability 

of EuIO NPs is tunable through surface engineering. The surfaces of EuIO NPs were engineered 

for tuning the MRI relaxivity, giving rise to the different r2/r1 ratios, by using three different 

materials: citrate (Cit), alendronate (Ale), and PMAO/PEG (PP) (Figure S1). PP coating would 

give rather bulk shells to the NPs, compared to the small molecules (Cit and Ale). The 

hydrophilic nature PEG endows the NPs with water solubility and allows doing application 

research of the NPs in aqueous media.29-31 Basically, EuIO NPs have a T1-T2 dual-modal MRI 

contrast ability as a result of the lanthanide and IO materials. 
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 10

 

Figure 1. Schematic illustration of relaxivity tuning of MRI nanoprobes with T1-T2 dual-

modality through surface engineering. 

 

A transmission electron microscopy (TEM) analysis showed 4.9 ± 1.1 nm EuIO NPs, which 

were prepared in an organic phase using a thermal decomposition method (Figure 2a and b). Our 

EuIO NPs were smaller than the previous reported EuIO nanocubes.15 The magnetic properties, 

shape and size of the ferrite nanomaterials are considerably affected by the synthesis routes.32-34 

Figure 2c presents the XRD patterns of EuIO, showing that all of its peak positions match well 

with the magnetic NPs (ICSD card no. 98-009-8087). It clearly reveals that EuIO NPs have the 

cubic spinel structure. We observed no apparent crystal structural alteration upon Eu-doping into 

the parent magnetite NPs, which was consistent with a previous observation.32, 35 The X-ray 

photoelectron spectra (XPS) of EuIO verified the doping of Eu ions (Figure 2d–f). The peaks 

were fitted by employing the mixed Gaussian-Lorentzian functions and the background was 

removed by using a Shirley-type shape. The XPS spectra of the carbon and oxygen peaks 
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 11

implied the presence of organic surfactants such as oleic acids and oleylamines with the NPs. 

The peaks at 710.3 and 724.9 eV were assigned to Fe2p3/2 and Fe2p1/2, respectively. The binding 

energy of Eu3d5/2 (1135.3 eV) was assigned to Eu2O3, which indicates Eu ions exists in the form 

of +3 oxidation states in the parent NPs.32 The area ratio of Eu3d and Fe2p peak was 

approximately 20%, indicating that the NPs included Eu ions. As shown in Figure 2g–i, an 

electron energy-loss spectrum (EELS) mapping analysis also confirmed that the EuIO NPs 

included Eu ions and Fe ions. The Eu doping level was confirmed by using elemental analysis of 

TEM and ICP-OES (Table S1). EuIO NPs showed superparamagnetic behavior at room 

temperature (Figure S2). The field-dependent magnetization (M-H) curve indicate that the 

estimated saturation magnetization of EuIO NPs (~ 42 emu/g) is lower than that (~ 60 emu/g) of 

IO NPs with similar size in diameter.36 The doping of Eu ions with low magnetic moment may 

decrease the saturation magnetization of EuIO NPs.15, 37 

The TEM images in Figure 3 show that EuIO NPs were transferred into water using Cit, Ale, and 

PP, maintaining the morphology and size of the EuIO NPs in the organic phase, and were well 

dispersed in water. We observed rather aggregated EuIO-Ale in TEM images compared to EuIO-

Cit and -PP (Figure 3 and Figure S3). We employed two different approaches for the surface 

engineering, as shown in the scheme of Figure 3. One was the ligand exchange method for EuIO-

Cit25 and -Ale,26 and the other was the encapsulation structure using amphiphilic polymers for 

EuIO-PP.27 Dynamic light scattering (DLS) measurements of the surface-coated EuIO NPs were 

performed after syringe filtration (0.1-µm pore) (Figure S4). The EuIO NPs (EuIO-Cit, -Ale, and 

-PP) had good colloidal stability at various pH ranges (Figure S5). The NPs solutions were 

optically clear without aggregations over a wide range of pH values (pH 2~10). 
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Figure 2. Characterization of EuIO NPs: a) TEM image, b) corresponding size distribution, c) X-

ray diffraction pattern, and d) X-ray photoelectron spectroscopy (XPS) images of EuIO NPs. 

High-resolution XPS spectra of e) Fe region and f) Eu region of EuIO NPs. g–i) Element 

mapping analysis of EuIO NPs: g) TEM image, h) Eu mapped image, and i) Fe mapped image of 

EuIO. 
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Figure 3. TEM images of EuIO coated with a) citrate (Cit), b) alendronate (Ale), and c) PMAO-

PEG (PP). Schematic illustrations of surface engineering of EuIO with Cit, Ale, and PP are 

shown below the corresponding TEM images. 

 

MRI Enhancement Performance and Relaxivity Measurement. The MRI contrast 

enhancement performance of the EuIO NPs in relation to the surface engineering was 

investigated using a 1.5 T MRI scanner. T1 and T2 images of EuIO-Cit, -Ale, and -PP are shown 

in Figure 4a. EuIO-Cit shows a strong T1 enhancement, and EuIO-PP presents a weak T1 contrast, 

indicating that the order of the T1 effect is EuIO-Cit > EuIO-Ale > EuIO-PP. Interestingly, EuIO-

Ale reveals a stronger T2 effect than EuIO-Cit and EuIO-PP. Surface engineering of magnetic 

nanomaterials would tune the T1 or T2 effect, as previously reported.21-22 To further examine the 
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surface-based relaxivity tuning of DMNP, the r1 and r2 relaxivities of EuIO NPs were measured 

(Figure 4b and c).  

 

Figure 4. a) T1 and T2 images of EuIO-Cit, -Ale, and -PP as function of Eu (III) and Fe (III) 

ion concentrations. b) r1 and c) r2 relaxivity values of EuIO-Cit, -Ale, and -PP. Plots of d) r1 and 

e) r2 relaxivities as a function of contact angle. 
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EuIO-Cit showed an r1 value of 17.2 mM−1s−1 and r2 value of 89.1 mM−1s−1. The r1 and r2 

values of EuIO-Cit (~5 nm) were comparable to those (r1 = 36.8 mM−1s−1 and r2 = 97.5 mM−1s−1) 

of the EuIO NPs reported in Table S2, considering the larger size (14 nm) of the reported NPs 

and the increase in r1 and r2 with an increase in the NPs core size according to the outer sphere 

theory.15 EuIO-Cit provides a larger r1 than Gd(III)-chelates such as Gd-DTPA, as listed in Table 

S2, which is probably originate in the cooperative induction effect of the surface Eu ions in 

EuIO-Cit.5 Citrate, which is a small molecule and a highly hydrophilic material, allows the 

highly water permeable environment around the NPs surface. Carboxylic groups in citrate may 

also contribute to the higher r1 relaxivity of EuIO-Cit.22 The ratio of r2/r1 is the critical factor to 

estimate the T1 or T2 contrast efficacy of the given MRI CAs. The material with a relatively high 

r2/r1 ratio (>8) is the T2-dominated MRI CAs,18 whereas a moderate r2/r1 ratio gives rise to MRI 

probes with  T1-T2 dual-modality.17 When the r2/r1 ratio is close to one, a material is a good 

candidate for T1 CAs.38 The r2/r1 ratio of EuIO-Cit was 5.2, which allowed it to act as DMNP, as 

shown in Figure 4. The higher r1 relaxivity of EuIO-Cit compared to EuIO-Ale and -PP would be 

attributed to the small and hydrophilic surface coating, which endowed the surface of the core 

NPs with a highly water-permeable environment and increased the accessibility of the 

surrounding water molecules to the Eu ions on the surface of the EuIO NPs. 

The controlling the access of the water molecules to the magnetic cores is one of the critical 

parameters to tune the r1 relaxivity of MRI CAs.5, 39-40 The hydrophobicity of surface materials 

of NPs would affect the water molecules access to the magnetic cores. Thus, we explored the 

hydrophobicity of the materials (Cit, Ale, and PMAO) by measuring the contact angle, as shown 

in Figure S6, which is generally used to evaluate the hydrophobicity. In the case of Cit, water 

spread out completely on the Cit surface. Thus, the contact angle was immeasurable. The contact 
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angles of Ale and PMAO were 9.8° and 112.4°, respectively, indicating that the hydrophobicity 

order was Cit < Ale <<PMAO. The order of the r1 relaxivity for the EuIO NPs was EuIO-Cit > 

EuIO-Ale >> EuIO-PP.  

EuIO-PP had an r2 value of 111.5 mM−1s−1 and r1 value of 1.3 mM−1s−1. These results showed 

that EuIO-PP (r2/r1 ratio = 85.8) was a T2-dominated MRI contrast agent like POA@SPION, as 

listed in Table S2, which has a similar shell formation (hydrophobic bi-layers and a long PEG 

chain) leading to a higher r2/r1 ratio by reducing the T1 contrast effects.20 The r1 relaxivity of 

EuIO-PP was significantly decreased compared with the r1 of EuIO-Cit. The surface 

modification of NPs would significantly influence on the T1 relaxation enhancement as 

demonstrated in NaGdF4 nanocrystals (Table S2).23 The lower r1 of EuIO-PP originated in the 

hydrophobic bi-layers and the long length of the PEG chain of PP surface materials. The 

hydrophobic octadecene tail of PMAO could interact with the hydrophobic alkane chains of oleic 

acid (OA)/oleylamine (OM) on the surface of the core NPs to form a bi-layer of the long 

hydrophobic chains of OA/OM-octadecene. The hydrophobic bi-layers disturbed the water 

molecule access, giving rise to the reduced r1 values. The hydrophilic PEG tails imparted water 

solubility to the EuIO NPs. However, the long chains of PEG (Mw of ~5,000) in EuIO-PP would 

also contribute to the reduction of the r1 relaxivity, because an increase in the length of the PEG 

chains decreased the r1 values.41 

In the case of EuIO-Ale, the r2 and r1 values were 231.5 mM−1s−1 and 9.9 mM−1s−1, 

respectively. The higher r2 values of EuIO-Ale compared with that of EuIO-Cit may have come 

from the NPs aggregation and the phosphate group in alendronate. The carboxylate groups in the 

citrate caused spin canting in the surface layer, which reduced the saturation magnetization, 

whereas no surface canting effects occurred and the magnetization was preserved in the 
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phosphate case.42 The transverse (r2) relaxivity of the NPs was proportional to the magnetization. 

This may have caused the higher r2 relaxivity of EuIO-Ale compared to that of EuIO-Cit. The 

decreased r1 value of EuIO-Ale compared with that of EuIO-Cit would be attributed to the more 

hydrophobic alendronate compared to that of citrate (Figure S1), which disturbed the water 

molecule access. The order of the r1 relaxivity for the EuIO NPs was EuIO-Cit > EuIO-Ale >> 

EuIO-PP. This trend showed a certain relationship between the r1 relaxivity and the 

hydrophobicity of the surface materials of the EuIO NPs; the order of hydrophobicity was Cit < 

Ale << PMAO. A higher hydrophobicity would reduce the water molecule accessibility and lead 

to a decrease in the r1 relaxivity. As shown in Figure 4d and e, the relationship between the 

hydrophobicity and r1 relaxivity of EuIO NPs shows an exponential decay characteristic, 

whereas there is no noticeable dependence between the r2 relaxivity of EuIO and the 

hydrophobicity of the surface materials of the NPs. The r1 relaxivity of EuIO-Cit was 13.2-fold 

higher than that of EuIO-PP. Our observation indicates that the hydrophobicity of the surface 

materials would be one of the key parameters in designing DMNP. 

Cell Viability and In Vivo MRI Performance. We investigated the cytotoxicities of EuIO-Cit, 

-Ale, and -PP using a CCK-8 assay. An in vitro cytotoxicity test showed the good 

biocompatibility of the resulting EuIO NPs (Figure S7). We estimated the in vivo MRI 

enhancement performance of EuIO-Cit using ICR mice. Before and after the intravenous 

administration of EuIO-Cit (2 mg (Eu+Fe)/kg of animal body weight), T1-weighted MR images 

were acquired using a 1.5 T MR scanner. T1-weighted MR images were obtained up to 24 hours 

after injection. As shown in Figure 5a, a bright MR signal was observed in organs such as heart, 

liver and kidney at early time point after the injection and then the MR signal became dark as 

EuIO-Cit left the organ at late time points. The corresponding T1 contrast-to-noise ratio (CNR) 
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values in the various organs showed an increase in the signal intensity up to 20 min and then 

gradually decreased up to 24 hours after injection (Figure 5b). Among organs, the heart showed 

highest T1 CNR increase and the liver showed lowest T1 CNR increase. It is interesting to note 

that the liver showed strong decrease in T1 CNR after initial increase at early time point. Because 

nano-sized materials with a hydrodynamic diameter larger than 5 nm are generally highly 

accumulated in the liver by the immune defense, including the mononuclear phagocyte system 

(MPS),43 EuIO-Cit was gradually accumulated in the liver after injection and the high 

concentration of paramagnetic EuIO-Cit  in the liver seems to give stronger T2 effect than T1 

effect. Therefore, the liver showed lower T1 CNR than pre-contrast T1 CNR at the late time 

points.   

T1-weighted MR images and the corresponding T1 CNR curves up to 24 hours provide 

qualitative information on the in vivo biodistribution of the EuIO-Cit. First, the signal intensity 

of heart maintained a high value until 30 minutes and then slowly returned to pre-contrast value 

until 24 hours suggesting that EuIO-Cit removed from the heart within 24 hours. Therefore, 

when combining with observation that the animal showed normal behaviour after MRI 

measurement, the heart toxicity of EuIO-Cit seems to be minimal. Second, the signal intensity of 

kidney and bladder also showed initial high values and then decreased at late time points 

suggesting that a small amount of EuIO-Cit might be removed from kidney in vivo. Third, as 

mentioned, the strong decrease of the signal intensity in liver showed that EuIO-Cit was 

accumulated in the liver. Finally, the abdominal artery showed bright signal up to 3 hours 

suggesting that EuIO-Cit was circulating in vasculature relatively long times. However, the 

quantitative in vivo biodistribution study of the EuIO-Cit using inductively coupled plasma (ICP) 

spectrophotometer will be warranted in the future.  
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We also examined the T2 signal enhancement at the various organs using the T2-weighted MR 

images over time (Figure 6a). Among organs, the liver and the abdominal artery showed dark 

signal from the early time point due to T2 effect of EuIO-Cit. As shown in Figure 6b, the T2 

CNRs in the other organs showed initial increase in CNR and then showed decrease indicating 

that our nanosystem works well for an in vivo system. 

Figure 7 showed the possible application of EuIO-Cit as DMNP. For the same organ (liver), the 

T1-weighted and T2-weighted MR images showed dual-contrast enhancement at the early time 

points. That is, at 5 minutes after injection of EuIO-Cit, the T1-weighted images (Figure 7a) 

showed bright signal enhancement in the liver with T1 effect of EuIO-Cit and the T2-weighted 

images (Figure 7b) showed dark signal enhancement in the liver with T2 effect of EuIO-Cit. As 

mentioned above, due to accumulation of EuIO-Cit in liver, the liver enhancement became dark 

in T1-weighted MR images at the late time points. 

 

 

Figure 5. In vivo T1-weighted coronal images of animal model and MR signal changes in various 

regions of interest. a) T1-weighted MR images of mice before and after intravenous 
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administration of EuIO-Cit up to 24 hours after injection. The arrows indicate the regions of the 

various organs. b) Contrast-to-noise ratio measurement of the regions of the various organs in 

T1-weighted MR images over times up to 24 hours. 

 

 

Figure 6. In vivo T2-weighted coronal images of animal model and MR signal changes in various 

regions of interest. a) T2-weighted MR images of mice before and after intravenous 

administration of EuIO-Cit up to 24 hours after injection. The arrows indicate the regions of the 

various organs. b) Contrast-to-noise ratio measurement of the regions of the various organs in 

T2-weighted MR images over times up to 24 hours. 
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Figure 7. T1- and T2-weighted MR images for liver showed dual-contrast enhancement at the 

early time points. After injection, a) the T1-weighted images showed bright signal enhancement 

in the liver with T1 effect of EuIO-Cit and b) the T2-weighted images showed dark signal 

enhancement in the liver with T2 effect of EuIO-Cit. 

Monitoring Protein Interactions. To examine a possible sensing application based on the 

relaxivity tuning strategy of MRI nanoprobes with T1-T2 dual-contrast ability for monitoring 

environmental changes such as protein interactions, ∆Ri of EuIO-Cit, which was defined as the 

relaxation time difference (Ri = 1/Ti, i = 1 or 2) for Ri(NPs+BSA)-Ri(NPs), was measured upon the 

addition of bovine serum albumin (BSA) (Figure 8).  
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Figure 8. Interaction of EuIO-Cit and BSA. a) Hydrodynamic size of EuIO-Cit before and after 

BSA incubation. Plots of the differences in b) R1 and c) R2 as a function of the BSA 

concentrations. 

 

DLS measurements revealed that the average hydrodynamic diameters of the NPs increased 

143 nm upon the BSA addition (Figure 8a). TGA curves also demonstrated the binding of BSA 

with EuIO-Cit (Figure S8). The larger mass loss around 100°C would be due to residual water 

evaporation.44 Starting from 190°C to 600°C, the major loss of BSA and citrate occurred.44-45 

BSA could bind with citrate, mainly as a result of electrostatic interactions.46 As the BSA 

concentration increased in the EuIO-Cit solution, ∆R1 of EuIO-Cit showed negative values. At a 

high BSA concentration (>0.03 µM), ∆R1 of EuIO-Cit exhibited saturated stages (Figure 8b). 

The negative ∆R1 values for EuIO-Cit upon the BSA addition could be ascribed to the water 

accessibility to NPs. In other words, as the BSA concentration increased, more BSA interacted 

with the EuIO-Cit NPs, and thus the accessibility of bulk water to EuIO-Cit became difficult. 

Because R1 is dependent on the water accessibility to the surrounding NPs, ∆R1 of EuIO-Cit 

decreased as more BSA interacted with the EuIO-Cit NPs. On the other hand, interestingly, ∆R2 

of EuIO-Cit showed an increasing trend as the BSA concentration increased (Figure 8c). The 

increasing trend for ∆R2 of EuIO-Cit upon the BSA addition could be explained by the fact that 

the proteins, including BSA, often showed diamagnetic behaviors.47 Because the diamagnetism 

of BSA could partially cancel the superparamagnetism of EuIO-Cit (total magnetization = 

(EuIO-Cit)superparamagnetic – (BSA)diamagnetic), the R2 of EuIO-Cit, which was dependent 

on the superparamagnetism of EuIO-Cit, increased as more BSA interacted with the EuIO-Cit. 

Finally, the BSA interaction data suggested that the EuIO-Cit could report on the BSA 
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interaction based on mutually confirmative information, coming from the changes of the T1 and 

T2 relaxation of EuIO-Cit. 

 

CONCLUSIONS 

We presented a novel strategy for the relaxivity tuning of DMNP based on the surface 

engineering, along with their possible sensor applications upon BSA interaction as a proof-of-

concept stage. EuIO-Cit showed an r2 value of 89.1 mM−1s−1 and r1 value of 17.2 mM−1s−1 (r2/r1 

ratio = 5.2). EuIO-PP had an r2 value of 111.5 mM−1s−1 and r1 value of 1.3 mM−1s−1 (r2/r1 ratio = 

85.8). The r2 and r1 values of EuIO-Ale were 231.5 mM−1s−1 and 9.9 mM−1s−1, respectively (r2/r1 

ratio = 23.4). Thus, one of key achievements of the current study was that EuIO NPs could act as 

dual-mode T1-T2 or T2-dominated MRI CAs depending on the surface engineering. Another 

important achievement was that from BSA interaction results, both the T1 and T2 relaxation 

times changes could provide an “AND logic algorithm” for accurate diagnosis.10 Our 

observations on the surface-based relaxivity tuning of DMNP could be expanded to the surface 

design of stimuli-responsive DMNP. In other words, the relaxivity of DMNP is tunable using 

surface materials that are responsive to stimuli (such as pH, temperature, redox, enzyme, and 

light), conferring an MR signal alteration before/after stimulation.48 In addition, magnetically 

responsive nanoparticles are applicable as recyclable materials due to the easy recovery.30, 49 

However, additional surface modifications may be required for the specific targeting capture of 

any pollution and contaminants. Our strategy may open up a new avenue and be a great 

inspiration for advanced biomedical applications of MRI nanoprobes with T1-T2 dual-modality. 
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The Supporting Information is available free of charge on the ACS Publications website at DOI:  

The illustration of surface modification, the chemical structures and the reaction scheme of PP; 

Eu doping level; the M-H curve of EuIO NPs; additional TEM images; DLS measurements; 

colloidal stability studies; comparison of reported MRI probes and our nanosystems; contact 

angle measurements; cell viability assay; TGA curves (PDF) 
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