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Fig. 1 Synthesis of CPP-Fe and in situ encapsulation of SPIONS to generate the hybrid nanomaterial SPION@CPP-Fe. 
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We report a novel hybrid T1/T2 dual MRI contrast agent by the 

encapsulation of SPIONs (T2 contrast agent) into an iron-based 

coordination polymer with T1-weighted signal. This new hybrid 

material presents improved relaxometry and low cytotoxicity, 

which make it suitable for its use as contrast agent for MRI. 

Magnetic resonance imaging (MRI) has become an important part 

of modern clinical imaging because of its non-invasive character, 

excellent spatial resolution, high soft tissue contrast and large 

penetration depth. Because one of the major limitations of MRI is 

its relative low sensitivity, the strategies of using complexes of 

paramagnetic Gd
3+

 or Mn
2+ 

as T1 contrast agents allow to enhance 

the signal causing a positive (or bright) MR image.
1
 On the other 

hand, T2 contrast agents that commonly consist of 

superparamagnetic nanoparticles (e.g., iron-oxide) cause negative 

(or dark) MR images.
2
 More recently, the increasing demand for 

sensitive MRI contrast agents has prompted attempts to combine T1 

and T2 imaging in a synergistic manner to avoid possible MRI 

artifacts and to produce better images.
3
 In recent years, different 

inorganic and inorganic-organic nanoprobes have been engineered 

to obtain a suitable contrast enhancement effect.
4
 

Recently nanoscale coordination polymer particles (CPPs) have 

emerged as an alternative platform to provide new opportunities 

for engineering multifunctional systems. In general, CPPs exhibit 

high payloads of metal ion, high biocompatibility, low toxicity and 

offer the possibility to include additional functions.
5
 Thus, the 

ability to incorporate diverse metals useful for MRI allows us to 

construct novel contrast agents for biomedical imaging. Hence, Gd
3+

 

based coordination polymer nanoparticles have been described to 

improve contrast enhancement and decrease their toxicity.
6
 

However, even though Gd
3+

-based CPPs may improve T1 contrast 

efficiencies while minimizing toxic effects with respect to 

monomeric complexes, it is almost impossible to ensure the 

absence of free metal ions that induce toxic effects
 
and systemic 

diseases.
7,8

 Therefore, Mn
2+

-based CPPs have been reported as an 

interesting alternative due to the lower toxicity of Mn
2+

 ions and 

their ability to provide efficient T1-weighted contrast 

enhancement.
9
 Still, though minimized, decomplexation in vivo of 

Mn
2+

 complexes generates free manganese ions that can also 

induce neurological degeneration or oxidative stress in cells.
10

 

Therefore, there is a real need for alternatives to these contrast 

agents such as the use of more biocompatible Fe
3+

 complexes.
11

 

However only few examples of MRI contrast agents based on iron 

coordination polymer particles are reported in spite of their 

relevance.
12,13

  Moreover, as far as we know, none of such examples 
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is based on a dual mode T1/T2 system, which is a real challenge 

nowadays in the cross-section of medicine and nanotechnology.
14

   

Herein we report the use of catechol-based Fe
3+

 coordination 

polymer nanoparticles (CPP-Fe) as enhanced T1-weighted MRI 

contrast agents. We show how these novel Fe
3+

 nanoparticles can 

be used as functional matrices to encapsulate superparamagnetic 

iron-oxide nanoparticles (SPIONs) during the polymerization 

precipitation process (Figure 1).
15

 The combination of SPIONs as 

powerful T2-negative contrasts agent
16

 with the excellent T1-

positive contrast responses of the CPP-Fe nanoparticles results in 

the formation of a novel hybrid material with optimal dual T1/T2 

responses.  

In a typical experiment for the synthesis of CPP-Fe nanoparticles, an 

aqueous solution of Fe(CH3COO)2•xH2O was added to an ethanolic 

solution combining two co-ligands, i.e. 3,4-dihydroxycinnamic acid 

(dhc) and 1,4-bis(imidazol-1-ylmethyl)benzene (bix), used as a 

counter ligand to induce polymerization.
17,18 

Although the original 

source of iron is an Fe
2+

 salt, the complex was stabilized as high-spin 

Fe
3+

 as shown by Mössbauer spectroscopy (see ESI,† Fig. S1). This 

electronic modification results from a redox interplay between the 

metal ion and the electroactive catechol ligands in air as previously 

reported.
19 

SPION nanoparticles with a narrow size distribution 

(6.0±1.0 nm, as determined from TEM), and good dispersion in 

water (for complete characterizaLon see ESI,† Fig. S2), were 

synthesized applying a microwave-assisted thermal decomposition 

route.
20

 Afterwards, the encapsulation of SPIONs within CPP-Fe 

nanoparticles was carried out. In a typical experiment, 5 mL of 

SPIONs dispersed in water (0.3 mM, see ESI,† Fig. S3) and iron 

acetate (0.125 mmol, 1mL H2O) were mixed in an ultrasound bath 

(separate addition of aqueous solutions of SPIONs and iron salt 

resulted in low encapsulation rates, increase of particle aggregation 

and a broad size distribution). After a couple of minutes, the 

mixture was added to 7.5 mL of ethanol containing the bix ligand 

(0.125 mmol) and 45 mg of dhc (0.25 mmol). The reaction solution 

turned dark blue and led to rapid formation of a precipitate that 

was kept for 30 minutes under ultrasonic mixing (magnetic stirring 

was discarded upon yielding worse size dispersions and lower 

encapsulation yields). The solid product was centrifuged and 

washed with water and ethanol 3 times to eliminate the unreacted 

reagents. Finally, the solvent was removed and the solid was dried 

under vacuum. The resulting hybrid material SPION@CPP-Fe 

consists of nanoparticles with an average size of 64±8 nm as 

estimated from STEM images (Figure 2) and 86±12 nm from DLS 

measurements in water (for full characterizaLon see ESI,† Fig. S4). 

XRD measurements revealed that the characteristic diffraction 

pattern of the SPIONs is retained after encapsulation (the CPP-Fe 

are amorphous). Energy dispersive X-ray (EDX) microanalysis shows 

the presence of iron, oxygen, nitrogen, and carbon. The amount of 

SPIONs present in the hybrid nanoparticles was quantitatively 

determined by thermogravimetric analysis (TGA) carried out under 

an air flow and by ICP-MS. The TGA analysis after complete 

combustion of the samples (900 
o
C) indicates a difference in 

remaining weight between CPP-Fe and SPION@CPP-Fe of 7.2%. 

Considering the chemical composition of SPIONs (Fe2O3), the 

percentage of iron from encapsulated SPIONs is 4.1%. This result is 

in agreement with the ICP-MS data that indicate an iron percentage 

of 3.8% ascribed to SPIONs when comparing CPP-Fe with 

SPION@CPP-Fe. 

Stable colloidal suspensions of the SPION@CPP-Fe nanoparticles 

are obtained at concentrations below 20 mM (Figure 2d) while 

higher concentrations lead to an aggregation and precipitation 

process. The stability of the particles can be modulated upon pH 

variations. Indeed, protonation or deprotonation of the surface 

carboxylic groups at different pHs enable control over the colloidal 

dispersion in water mainly by electrostatic repulsions.
17

 For this, 

nanoparticles were dispersed in different PBS buffers (pH: 5.0, 7.3, 

9.0). The corresponding Z-potential vs pH are presented in Figure 2e 

(a comparison between DLS and Z-potential measurements is 

reported in ESI,† Fig. S5). A pH increase from 7.3 to 9.0 leads to 

more negative zeta-potential values, from -30±6 mV to -40±4 mV 

respectively, and consequently to a decrease of particle 

aggregation. On the contrary, a pH decrease from 7.3 to 5.0 induces 

protonation of the surface carboxylate groups, leading to a zeta-

potential value close to zero with consequent aggregation and 

precipitation. This pH-induced process is fully reversible in the pH 

range 4-9; beyond this range, decomposition of the nanoparticles is 

detected by STEM and FT-IR. In the same way, STEM analyses 

corroborate the permanence of SPIONs inside the polymer matrix in 

the pH range 6-9 for several days. 

Finally, the longitudinal r1 and transverse r2 relaxation rates for 

different concentrations of CPP-Fe and SPION@CPP-Fe were 

measured in solution under an external magnetic field of 7 Teslas in 

 

Fig. 2 STEM images in: a) scanning mode, b) bright-field transmission mode 

(inset: zoom of discrete hybrid NPs). Scale bar = 1 µm; c) image of solid 

SPION@CPP-Fe nanoparticles attracted by a magnet; d) aqueous 

dispersions of different concentrations (1, 5, 10, and 25 mM from right to 

left) of CPP-Fe (rear) and SPION@CPP-Fe (front); e) Z-potential 

measurements for SPION@CPP-Fe as function of pH . 

 

Page 2 of 5RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

two phantom sequences (Figure 3). The nanoprobes were dispersed 

in a pH=9 PBS buffer to ensure a good colloidal stability. The 

obtained relaxation rate values were plotted versus the total 

concentrations of iron and the relative iron concentration reporting 

good linear correlaLons (see ESI,† Fig. S6). Since for both contrast 

agents (CPP-Fe and SPIONs), iron is the active metal, the relaxivity 

values will take into account the relative iron concentration (i.e. r1 is 

related to iron concentration in CPP-Fe and r2 is related to iron 

concentration from encapsulated SPIONs). Relaxivity values 

referred to the total concentration of iron in the hybrid 

nanoparLcles are also presented in ESI,† Fig. S6.  

Notably, CPP-Fe nanoparticles exhibit a signal enhancement in a 

concentration-dependent manner and a good T1 positive contrast 

(r1=4.4 mM
−1

s
−1

). This value is comparable to commonly used 

gadolinium contrast agents
21,22

 and in the same range of the 

commercial compound Gd-DTPA
20

 (3.3 mM
−1

s
−1

 at pH=7; 4.3 

mM
−1

s
−1

 at pH=9, measured in the present work), which make these 

nanoparticles an alternative contrast agent to Gd-based 

compounds. As the relaxivity measurements in buffer solution for 

CPP-Fe at pH=7 presented some problems of reproducibility 

because the limit stability of the colloidal solution, the 

corresponding relaxation measurements at physiological pH=7.2 

were performed in agarose gel (r1=5.9 mM
−1

s
−1

) and compared with 

the commercial gadolinium compound Magnevist® in identical 

conditions (r1=4.3 mM
−1

s
−1

). As showed, this value represents an 

increased signal intensity in comparison with the commercial 

probes. Moreover, r1 value of CPP-Fe is comparable or even higher 

than those found for previously reported iron-based coordination 

polymers,
12,13

 or molecular complexes,
23 

which exhibit r1 values up 

to 3 mM
−1

s
−1

. Such excellent response, although the Fe
3+

 metal ions 

are expected to have a completed coordination sphere, can be 

attributed to the use of catechol-based ligands, which have already 

been reported to maximize second-sphere interactions with water 

molecules, and therefore to enhance T1, through hydrogen bonding 

with the oxygen atoms of the Fe-O-R linkages.
24

  

The r1 relaxivity value for the hybrid material SPION@CPP-Fe is 2.8 

mM
−1

s
−1 

(2.1 mM
−1

s
−1

 based on the total concentration of Fe), 

which is lower than that obtained for the CPP-Fe nanoparticles. 

Such reduction in longitudinal relaxivity can be due to the local 

magnetic field generated by the SPION nanoparticles that slightly 

perturbs the relaxation process of the paramagnetic T1 contrast 

material, and therefore induces its quenching.
25 

On the other hand, 

the r2 relaxivity value of SPION@CPP-Fe is 185.3 mM
−1

s
−1

, which as 

expected is considerably higher than the r2 transversal relaxivity of 

the CPP-Fe nanoparticles (10.9 mM
−1

s
−1

) thanks to the encapsulated 

SPIONs. Moreover, such value is comparable to that obtained for 

the commercial agent RESOVIST® (183.4 mM
−1

s
−1

) and even higher 

than that reported for non-encapsulated SPION nanoparticles (140 

mM
−1

s
−1

).
26

 This variation in magnetic relaxivity could be related to 

confinement of a given number of SPIONs in each CPP nanoparticle, 

and thus their enhanced ability to decrease the transverse 

relaxation time of protons in surrounding water.
27

 These results 

also confirm that the paramagnetic CPP-Fe polymer does not 

interfere with the T2 relaxation processes of the SPIONs. Indeed, the 

high transverse relaxation (r2) and transverse to longitudinal 

relaxation ratio (r2/r1 = 66.2, related to relative iron concentration; 

r2/r1 = 23.5 related to the total iron concentration) exhibited by the 

SPION@CPP-Fe nanoparticles indicate its potential use as T2 

contrast agents.
28

 

To compare the effect on cell viability of the CPP-Fe nanosystems 

with a commercial Gd-compound contrast agent (Magnevist®), the 

cytotoxicity against HeLa cells was studied at incubation times of 24 

and 72 h. The concentrations were referenced to the metal content. 

For the determination of the toxicity effect on the cell line, the 

PrestoBlue reagent assay based on the metabolic reduction of 

resazurin on resorufin was used. HeLa cells were treated over 24 h 

with increasing doses of the CPP-Fe nanoparticles or Magnevist®. 

Each sample was tested in quadruplicate. The results indicate that 

HeLa cells retained more than 90% viability for both systems, in 

comparison with untreated cells, at concentrations below 75 µM 

after 24h of incubation (Figure 4a). However, when the metal 

concentration was increased above 100 µM, notable differences in 

cytotoxicity were observed, namely CPP-Fe maintained low 

cytotoxicity levels whereas the gadolinium compound started to 

show severe cytotoxic effect. After 72 h of incubation (Figure 4b), 

the results shows again low toxic effect for CPP-Fe, close to 85% of 

cell viability at 200 µM. On the contrary, the commercial gadolinium 

compound presents a cell viability of less than 30% for the highest 

concentration used in this study. It could be suggested that the 

stability of the CPP-Fe nanoparticles and the chemical composition 

result in low toxicity. Complementarily, cytotoxicity studies with 

SPION@CPP-Fe nanoparticles showed identical dose-dependent 

cell viability to that obtained for CPP-Fe. 

 

Conclusions 
Fe

3+
 coordination polymer nanoparticles (CPP-Fe) have been 

developed as excellent T1 contrast probes with responses 

 

 

Fig. 3 
1
H MRI T1 and T2 phantoms maps of CPP-Fe and SPION@CPP-Fe 

nanoparticles in a pH=9 PBS buffer at different concentrations (mM). 
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comparable to those of commercial gadolinium compounds or 

related Fe
3+

 complexes. The safety of MRI contrast agents is an 

important parameter for clinical applications, which has not yet 

been solved with current Gd-based compounds. Indeed, toxic 

Gd(III) ions may be released from some of the chelates by 

transmetallation with other metal ions such as Zn
2+

, Ca
2+

 and Cu
2+

 in 

the body. Furthermore, protonation of the ligands at low pH may 

cause chelate dissociation,
29

 which may induce serious adverse 

reactions such as nephrogenic systemic fibrosis.
30

 In the present 

study, we have developed nanosystems with notable robustness in 

a wide range of pH and containing Fe(III) nontoxic metal ions. 

Moreover, taking advantage of the chemical flexibility of this new 

family of MRI probes we have obtained hybrid nanoparticles with 

dual T1/T2 responses by encapsulation of SPIONs. Even though the 

value of longitudinal relaxivity (r1) is smaller for the hybrid 

nanoparticles than for CPP-Fe, the SPION@CPP-Fe nanoparticles 

present suitable r1 and r2 values to be used as efficient dual T1/T2 

contrast agents. 
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