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Abstract: Iron-filled multiwall carbon nanotubes (Fe@MWCNTs) were functionalized toward 

a variety of potential magnetic resonance imaging contrast agents. Oxidized Fe@MWNCTs 

were covered with PEG5000 via direct esterification or using acyl chloride derivatives. Alter-

natively, the latter were functionalized with an aminophenol ligand (Fe@O-MWCNT-L). 

Moreover, pristine Fe@MWCNTs were functionalized with N-phenylaziridine groups 

(Fe@f-MWCNT) via [2+1] cycloaddition of nitrene. All of these chemically modified nanotubes 

served as a vehicle for anchoring Fe3+ ions. The new hybrids – Fe(III)/Fe@(f-/O-)MWCNTs –  

containing 6%–14% of the “tethered” Fe3+  ions were studied in terms of the acceleration of 

relaxation of water protons in nuclear magnetic resonance. The highest transverse relaxiv-

ity r
2
=63.9±0.9 mL mg-1 s-1 was recorded for Fe(III)/Fe@O-MWCNT-L, while for Fe(III)/

Fe@f-MWCNT, with r
2
=57.9±2.9 mL mg-1 s-1, the highest impact of the anchored Fe(III) ions 

was observed. The T
1
/T

2
 ratio of 30–100 found for all of the nanotube hybrids presented in this 

work is a very important factor for their potential application as T
2
 contrast agents. Increased 

stability of the hybrids was confirmed by ultraviolet–visible spectrophotometry.

Keywords: multiwall carbon nanotubes, Fe3+,  transverse relaxation time T
2
, MRI contrast 

agent

Introduction
Carbon nanotubes (CNTs), since their rediscovery,1,2 have raised a lot of interest among 

scientists, providing ample opportunities of potential and already marketed everyday 

applications. Investigations into the new territory have been launched, and the large 

diversity of seemingly simple tubes is under continuous exploration. Both diagnostic 

and therapeutic medical applications of CNTs have driven an enthusiastic attention.3,4 

However, until previous uncertainties concerning CNTs’ prolonged in vivo cytotoxic-

ity as well as relationships between their potential toxicity and 1) morphology/surface 

chemistry, 2) administration routes, and 3) efficiency of harmless excretion are fully 

dispelled, the international scientific society cannot cross the threshold of the first 

medical application.5–7

Since the past several years, CNTs have emerged as new candidates for applica-

tions in medical imaging and, currently, this is one of the most attractive fields of 

scientific investigations.8,9 Magnetic resonance imaging (MRI), as a noninvasive tech-

nique, is applied worldwide and takes on ever-new forms using the developments in 

computer technology and by enhancing/refining the image with contrast agents (CAs). 

Classical CAs are magnetic substances affecting the relaxation mechanism (transition 

from the excited into the ground state) of water protons in strong magnetic fields. 
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Relaxation of protons has two independent components; 

hence, it is a tour de force challenge to accelerate only one of 

them. Gadolinium complexes are currently applied in routine 

medical practice as longitudinal T
1
 CAs, leading to bright-

ening of the image in the region of their accumulation. On 

the other hand, superparamagnetic iron oxide nanoparticles 

(SPIONs) are transverse, negative T
2
 CAs. According to the 

Bloembergen theory, on a molecular level, the acceleration 

mechanism proceeds by direct interaction of the proton with 

the magnetic center, called the inner sphere mechanism.10 

If the relaxing water proton is in the resultant field of the 

magnetic materials, an outer sphere mechanism takes place 

and it is an r6-order effect. CNTs, especially those obtained 

by catalytic methods, often include metallic nanoparticles 

(formed by decomposition of, eg, ferrocene) as precursors of 

nanotube growth.11 As a consequence, iron (and iron-based 

phases) nanoparticles can be encapsulated in multiwall car-

bon nanotubes (MWCNTs) produced by catalytic chemical 

vapor deposition (c-CVD), leading to ferromagnetic and/or 

superparamagnetic properties.12 For this reason, one could 

portray the nanoparticulate iron designating the pristine 

nanomaterial as Fe@MWCNT. Furthermore, CNTs expand 

their applicability by functionalization. Oxidizing the nano-

tube surface at the most reactive graphene defects (nanotube 

cap regions, Stone–Thrower–Wales defects, irregularities, 

waviness, kinks, etc),13 additionally accelerated by diges-

tion of the CNT wall fragments, by the action of classical 

oxidizing agents (HNO
3
/H

2
SO

4
) leads to the introduc-

tion of carboxylic and hydroxyl groups and formation of 

Fe@O-MWCNTs. This modification opens new possibili-

ties of anchoring organic, polymeric, or metallic moieties 

on the scaffold. Such an approach has recently let us to 

report Fe@O-MWCNTs with anchored Fe(III) ions (Fe(III)/

Fe@O-MWCNT), which accelerated the T
2
 relaxation of 

water protons successfully, although the effect varied with 

the strength of the magnetic field.14 Furthermore, some other 

groups have explored similar ideas on the applications of 

CNTs as MRI CAs,15,16 and a variety of CNT types has 

been studied: ultrashort CNTs (US-CNTs),17–19 single-wall 

(SWCNTs),20–22 and MWCNTs.23–26 However, approaches 

and targets both differed: 1) SPIONs were immobilized via 

ionic interactions between poly(diallyldimethylammonium)-

pretreated oxidized CNTs and lactose-glycine covered 

Fe
3
O

4
 nanoparticles (“indirect” approach),27,28 or 2) iron-

based nanoparticles were produced in situ as “corks” for 

HiPCO CNTs (“direct” approach);21,24 the nanotubes were 

additionally functionalized mainly with polymers. On the 

basis of our recent experience with Fe3+-nanotube complexes 

as relaxation accelerators, we decided to explore this field 

further. As a continuation of our studies, we present here 

comprehensive physicochemical studies on the potential 

application of various Fe(III)/Fe@MWCNT hybrids as T
2
 

CAs. Obviously, the sine qua noncondition is to prepare and 

further apply noncytotoxic hybrids. In this aspect, we were 

encouraged by our studies, which revealed that Fe@O-MW-

CNTs were found as fully water-dispersible nanoparticles 

(with a dispersion stability over several months) and were 

nontoxic against human monocyte-derived macrophages 

within 48 hours of incubation.29 Other recently published 

works have also played an encouraging role in our studies, 

especially when concerning polyethylene glycol-modified 

(PEGylated) individualized nanotubes exhibiting prolonged 

dispersibility in water and minimal cytotoxicity in vivo in 

mice.30,31

Results and discussion
Fe@MWCNTs were synthesized by c-CVD using a known 

procedure.32 Fe@O-MWCNTs were prepared from pristine 

Fe@MWCNTs refluxed in a mixture of concentrated sulfu-

ric and nitric acids as described previously.14 According to 

elementary analysis and thermogravimetric analysis (TGA) 

(Fe content as calculated per Fe
2
O

3
 after complete combus-

tion of the sample), pristine and oxidized nanotube vehicles 

(as precursors of functionalization) had the elemental compo-

sition presented in Table 1. Iron nanoparticles present in the 

nanotube material were of postcatalytic origin as incorporated 

into the nanotube inner cavities by the c-CVD method.

Functionalization of Fe@(O-/f-)
MWcNTs
On the basis of our previous results, we first designed two 

modifications of Fe@O-MWCNTs (Figure 1). Primarily, 

nanotubes were covalently PEGylated (product of PEGyla-

tion denoted as Fe@O-MWCNT-PEG further in the text), 

which could enhance the hydrophilicity and dispersibility 

(and hence mobility) in biofluids as well as inhibit pos-

sible future immunological reactions of the hybrids and 

Table 1 composition of Fe@O-MWcNTs

Element Content (%) (weight/weight)

Fe@MWCNTs Fe@O-MWCNTs

Fe 2.6 2.2±0.5
c 97.4 86.5±0.1
h 0.0 0.15±0.09
O 0.0 11.15±3.23

Abbreviations: Fe@MWCNT, iron-filled multiwall carbon nanotube; Fe@O- 
MWcNT, oxidized Fe@MWcNT.
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enhance their clearance.33 The second modification was 

designed to equip the Fe@O-MWCNTs with an organic 

moiety (L) responsible for strong coordination with Fe3+  

ions (Fe@O-MWCNT-L). As the third studied nanotube 

hybrid, pristine Fe@MWCNTs were functionalized with 

N-phenylaziridine groups (Fe@f-MWCNT) via [2+1] 

cycloaddition of nitrene (generated in situ from the cor-

responding azide).34 These hybrids were expected to have a 

high affinity to Fe3+ because phenol complexes are known for 

their typically large values of stability constants (K).35

We applied three different approaches to synthesize 

Fe(III)/Fe@O-MWCNT-PEG (Figure 2). The first approach 

(1a) was based on a direct reaction between Fe@O-MWCNT 

and hydroxyl PEG (PEG-OH) without any solvent.36 The 

reaction was carried out in an excess of molten PEG-OH 

(melting point =59°C) at 100°C. These conditions were 

advantageous for a shift of the esterification equilibrium 

toward the formation of ester because of evaporation of 

water during the process. Separation of the unreacted gly-

col was achieved by washing out with a series of organic 

solvents (benzene, tetrahydrofuran, diethyl ether). After 

drying by lyophilization, ultraviolet–visible (UV–Vis) 

spectra of the resulting hybrids were acquired and compared 

with the spectra of substrates. Absorption maximum was 

shifted from 232 nm to 270 nm, which corresponds to the 

transformation of carboxyl groups to new species.37 This 

band cannot be assigned to free PEG-OH in the postreac-

tion mixture as it yields much weaker absorption band at 

268 nm.

The second approach (1b) was based on a reverse 

sequence of the above reactions, ie, here, iron-enriched 

Fe(III)/Fe@O-MWCNTs (the synthesis has been published 

Figure 1 Modification of Fe@MWCNTs.
Notes: For clarity, only the outer nanotube wall is shown indicating oxidation defects as gaps and corresponding functional groups; the descriptions 1a–1c correspond to 
the appropriate products obtained through different synthetic routes.
Abbreviations: Fe@MWCNT, iron-filled multiwall carbon nanotube; Fe@O-MWCNT, oxidized Fe@MWCNT; Fe@f-MWCNT, Fe@MWCNT functionalized with 
N-phenylaziridine groups; L, N,N,N′-[bis(2-hydroxyphenylmethyl)]-[(2-pyridinyl)methyl]-1,3-propanediamine ligand; PEG, polyethylene glycol.
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before14 and is described in detail further in the text) were 

subjected to reaction with PEG-OH.

Finally, the last method (1c) consisted of two steps:  

1) transformation of the hydroxyl groups from Fe@O-MW-

CNT (both carboxylic and phenolic) to a more reactive 

chloro derivative (Fe@O-MWCNT-Cl) by treatment with 

thionyl chloride, followed by 2) reaction with PEG-OH. 

This method is a modification of Chen et al’s procedure.38 

Fe@O-MWCNTs were heated in excess of thionyl chloride 

with N,N-dimethylformamide as solvent; the unreacted 

SOCl
2
 was distilled off. The residue was washed with anhy-

drous tetrahydrofuran and applied immediately to further 

transformations. The following reaction with PEG-OH was 

carried out in molten PEG-OH for 96 hours. According to 

Chen et al, elevated temperature and prolonged reaction 

time are necessary for the successful functionalization.38 The 

efficient purification of the Fe@O-MWCNT-PEG hybrid in 

this case was achieved by suspension of the reaction mix-

ture in ethanol and centrifugation of the product. UV–Vis 

spectra of this material revealed clear bathochromic shift of 

the absorbance maximum from 232 nm to 270 nm, which 

stands for the functionalization of hydroxyl (including car-

boxylic) groups with the formation of PEG esters and ethers. 

TGA (Supplementary materials) has shown that the material 

(1a–1c) was loaded with 20–25 wt% of PEG.

Fe@O-MWCNT-L was synthesized in the reaction of 

Fe@O-MWCNT-Cl with N,N,N′-[bis(2-hydroxyphenylmethyl)]-

[(2-pyridinyl)methyl]-1,3-propanediamine (L)39 – an N,O-ligand 

with a secondary amine group. The reaction was carried out in 

boiling dichloromethane, and the excess of organic compounds 

was washed out with methanol. UV–Vis spectra of the prod-

uct (Fe@O-MWCNT-L) showed an evident transformation, 

reflected by the emergence of a strong absorption band at 274 nm 

that was absent in the substrate.

Fe@f-MWCNT was synthesized by reacting pristine Fe@

MWCNTs with p-azidophenol in 1,1,2,2-tetrachloroethane 

under reflux in an inert atmosphere. To achieve high func-

tionalization degree, Fe@MWCNTs were sonicated before 

the addition of p-azidophenol. Solid product of the reaction 

was washed with large amounts of chloroform, toluene, and 

methanol to ensure that neither unreacted p-azidophenol nor 

possible side products40 were adsorbed physically on the 

material. It was found that the use of 1,1,2,2-tetrachloroethane 

(boiling point of 146.5°C) as a solvent is crucial for thermal 

decomposition of the azide moiety. The degree of function-

alization was determined by TGA and it was assessed as 9% 

(w/w) of .N–Ph–OH groups.

Specifications and stability of hybrids
Functionalization of Fe@MWCNTs was manifested by the 

appearance of new absorption bands in UV–Vis charac-

teristics for the newly formed and/or introduced moieties. 

For Fe@O-MWCNTs, the most intensive absorption band 

derives from carboxylic groups localized in the range of 

230–234 nm (benzoic acid has an absorption maximum at 

230 nm). These results prompted us to assess the homo-

geneity and stability of the source materials, ie, Fe@O- 

MWCNTs. Therefore, UV–Vis spectra were acquired for 

four different batches of Fe@O-MWCNTs prepared in iden-

tical manner, and excellent homogeneity of the samples and 

Figure 2 Three different approaches to synthesize Fe(III)/Fe@O-MWCNT-PEG (1a–1c).
Abbreviations: Fe@MWCNTs, iron-filled multiwall carbon nanotubes; Fe@O-MWCNT, oxidized Fe@MWCNT; FeCl3, ferric chloride; PEG, polyethylene glycol; PEG-
OH, hydroxyl PEG; SOCl2, thionyl chloride.
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satisfactory reproducibility of the preparation procedure was 

found. Spectra in Figure 3A show only insignificant devia-

tions in the absorption among the four samples recorded 

immediately after sonication in water (samples of 0.5 mg 

CNTs per 5 mL H
2
O, spectra were recorded in the range of 

220–300 nm).

Additionally, 2-month observation revealed minor differ-

ences in the stability of dispersions and minor hypsochromic 

shift of the absorption maximum (from 233–234 nm to 

230–232 nm) (Figure 3B). This behavior, observed also by 

Cheng et al41 is based on the relative change in the contribu-

tion of nanotubes of different lengths and different degrees 

of functionalization remaining in the dispersion.

To compare the stability of the functionalized nanotubes, 

we recorded the UV–Vis spectra of the nanotube disper-

sions within the first 24 hours after sonication (Table 2). To 

eliminate the effect of surfactants, we prepared the disper-

sions in demineralized water. The most reliable wavelength 

common for all the nanotube hybrids was 400 nm, because 

as mentioned earlier, the absorption near the maxima could 

fluctuate.

The results clearly demonstrated that covering Fe@O-

MWCNT with nonionized polymers such as PEG increased 

the suspension stability several times (with reference to the 

source Fe@O-MWCNT). The source material exhibited 

high stability due to the presence of numerous polar car-

boxyl, hydroxyl, and carbonyl fragments. Its modification 

with aminophenol ligand (Fe@O-MWCNT-L) decreased 

hydrophilicity, leading to a higher rate of sedimentation. 

Simultaneously, the alternative approach based on a direct 

introduction of phenol moieties via the aziridine derivative 

(Fe@f-MWCNT) resulted in the least stable dispersion. 

Additional enhancement of stability was observed in the case 

of sodium dodecylbenzenesulfonate (SDBS)-supported nano-

tube dispersions, in which there was no visual sedimentation 

for several months (not included in Table 2).

anchoring Fe3+  ions
CNTs as adsorbents with large specific surface areas exhibit a 

high affinity to metal ions. Sitharaman et al17 used US-CNTs 

as gadolinium ion sponges and then studied the hybrids as 

T
1
 CAs. High longitudinal relaxivity r

1
 was found, reaching 

173 mM s-1 at 1.4 T. An even higher relaxivity was recorded 

for lower magnetic fields, but it has no practical use for the 

current MRI devices. Because gadolinium is a poorly efficient 

T
2
 accelerator, it is not surprising that authors did not report 

these results. Recently, Maragon et al42 reported relaxivities 

of r
1
=4.1 mM s-1 and r

2
=4.6 mM s-1 for Gd3+ anchored onto 

MWCNT via amino-carboxylic ligands in the range of 1–5 T. 

Our recent studies indicated a high potential of Fe3+ ions as 

T
1
 accelerators in classical coordination complexes,43,44 but 

we were also surprised with the efficiency in accelerating 

transverse relaxation (T
2
) when anchored onto Fe@O-

MWCNT.14 Moreover, our findings showed a high selectivity 

λ λ
Figure 3 UV–Vis spectra of four Fe@O-MWcNT batches right after sonication (A), and 2 months later (B).
Note: The different lines represent different batches.
Abbreviations: Abs, absorbance; Fe@O-MWCNT, oxidized Fe@MWCNT; Fe@MWCNT, iron-filled multiwall carbon nanotube; UV–Vis, ultraviolet–visible.

Table 2 sedimentation degree of MWcNTs within 24 hours

Fe@(O-/f-)MWCNTs Decrease in the stability of nanotube 
hybrid dispersions [absorbance/hour] 
in the first 24 hours

Fe@O-MWcNT 0.0049
Fe@O-MWCNT-PEG  
(1a–1c)

0.0002–0.0008

Fe@O-MWcNT-l 0.0097
Fe@f-MWcNT 0.0147

Abbreviations: Fe@MWCNT, iron-filled multiwall carbon nanotube; Fe@O- 
MWCNT, oxidized Fe@MWCNT; Fe@f-MWCNT, Fe@MWCNT functionalized 
with N-phenylaziridine groups; L, N,N,N′-[bis(2-hydroxyphenylmethyl)]-[(2-pyridinyl)
methyl]-1,3-propanediamine ligand; PEG, polyethylene glycol.
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of T
2
 acceleration relative to T

1
, which is a crucial factor for 

T
2
 CAs. For this reason, we have expanded the field of our 

studies to other Fe-MWCNT hybrids. We have modified 

Wilson’s procedure (applied initially for Gd3+ ions) of Fe3+ 

adsorption on MWCNTs described earlier. The procedure of 

adsorption was based on the expected coordination potential. 

Then, the free Fe3+  ions were washed out by consecutive 

steps of preparing dispersion and centrifugation. In the 

third cycle of dispersion/centrifugation, free Fe3+  content in 

the supernatant was found below the detection limit in the 

rhodanide test. The 1,10-phenanthroline test (detection limit: 

0.8 ppm) confirmed these results. On the other hand, free 

Fe3+  content in the supernatants from the two initial wash-

ings let us assess the amount of Fe3+  adsorbed on nanotubes 

(Table 3). We also observed that the critical parameter in the 

washing procedure was temperature of the centrifugation. For 

example, the product formed in the 1c route was very difficult 

to separate after 10 minutes of centrifugation (10,000 rpm) 

at room temperature, but lowering the temperature to 4°C 

yielded a clear supernatant.

Iron(III) anchoring proved to be successful, as shown by 

both UV–Vis quantitative determination as well as the resulting 

properties described later as the essence of this work. Iron(III) 

content reached 6%–14% weight/weight [iron(III) per weight 

of the hybrid]. The 4-(aziridin-1-yl)phenol-functionalized 

nanotubes, ie, Fe@f-MWCNTs, were the least Fe3+-loadable 

vehicles. It is possible that the strategy of surface function-

alization gave less coordination sites than the regular harsh 

oxidation applied initially to all other pristine Fe@MWCNTs.  

It is likely that the phenol substituents were not located close 

to each other, thus chelating coordination was not common 

on this surface. Moreover, nitrene molecule can undergo 

subsequent and competitive reactions, lowering the total 

number of accessible sites for coordination (eg, formation of 

azepines, etc). Contrarily, oxidation of the nanotube surface 

disrupted several neighboring positions, forming numerous 

new coordination sites. It is interesting to note that iron(III) 

anchoring was found to be independent of the method of 

PEGylation (1a–1c), and additionally, the presence of long 

PEG chains did not hamper the introduction of iron ions, 

which could be potentially possible by transforming the 

ionic carboxylic groups into nonionic esters. Iron ions nei-

ther gained higher affinity to PEG-covered nanotubes. On 

the other hand, the effect of introduction of a typical ligand 

(Fe@O-MWCNT-L) is clearly visible by the increase of iron 

affinity resulting in the iron content being more than 40% 

higher than in any other case.

relaxation measurements
As we have already reported, we observed a high potential 

of Fe(III)/Fe@O-MWCNT in the acceleration of transverse 

relaxation time T
2
 of water protons. Therefore, we were sur-

prised by even higher values of relaxivity for the proposed 

nanotube hybrids (Table 4).

Initially, introduction of PEG (entry 3, Table 4) lowered 

the relaxivity of nanotubes relative to the source material 

(entry 1). This behavior might result from wrapping of the 

nanotube surface by the polymer chains, hampering inter-

action of water molecules with the coordinating surface. 

Because the acceleration effect is governed by short distance 

forces (r6), water protons “felt” weaker magnetic field from 

the encapsulated iron nanoparticles and thus relaxed more 

slowly. Nevertheless, the acceleration was found to be 

already very high because simple Fe3+  was inefficient in this 

regard (entry 11). However, the introduction of Fe3+  ions onto 

the PEG-derived nanotubes (entries 4–6) showed an effect 

similar to that of non-PEG-covered nanotubes (entry 2).  

Therefore, the introduced iron ions gave an additional impact 

to relaxivity, but the procedure of ultrasonication might 

also unwrap/loosen to some extent the tubes from the PEG 

tails and hence enable a better access of water molecules to 

the surface. Additionally, in the latter case, the presence of 

polar polyether moieties enhanced the penetration of PEG 

chains by water of the nanotube surfaces, resulting in a 

higher rate of exchange of water molecules.33 It is important 

to recall here the much higher stability of the PEG deriva-

tives compared to the non-PEG-covered Fe@O-MWCNTs 

(Table 2).

A striking increase in the relaxivity was observed for 

nanotubes functionalized with the aminophenol ligand – 

Fe@O-MWCNT-L (entry 7). The small organic molecule 

apparently did not hinder but even intensified interactions 

of water with nanotubes. Critically, an increase of .40% 

Table 3 The effect of Fe3+ anchoring onto Fe@(f-/O-)MWcNTs

Hybrid Mass of Fe3+  
adsorbed on 1 g of 
nanotubes (mg)

Fe3+ 
content 
(m/m%)

Fe(III)/Fe@O-MWcNT 120 10.7
Fe(III)/Fe@O-MWCNT-PEG (1a) 118 10.6
Fe(III)/Fe@O-MWCNT-PEG (1b) 101 9.9
Fe(III)/Fe@O-MWCNT-PEG (1c) 124 11.0
Fe(III)/Fe@O-MWcNT-l 167 14.3
Fe(III)/Fe@f-MWcNT 66 6.2

Abbreviations: Fe@MWCNT, iron-filled multiwall carbon nanotube; Fe@O- 
MWCNT, oxidized Fe@MWCNT; Fe@f-MWCNT, Fe@MWCNT functionalized 
with N-phenylaziridine groups; L, N,N,N′-[bis(2-hydroxyphenylmethyl)]-[(2-pyridinyl)
methyl]-1,3-propanediamine ligand; PEG, polyethylene glycol; MWCNT, multiwall 
carbon nanotube.
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in relaxivity was observed after Fe3+  anchoring (entry 8),  

resulting in the highest relaxivity in the studied series 

recorded, it must be emphasized, in the absence of surfactant 

(medium B).

Functionalization of MWCNTs with the aziridine–phenol 

groups resulted in similar relaxivity r
2
. However, such an 

approach opened a route to Fe3+  anchoring with a .120% 

increase in the relaxivity. Such a leap of relaxivity by the 

introduction of Fe3+  was observed in the case of Fe(III)/

Fe@O-MWCNT-PEG, but the factor of PEG unwrapping 

must be taken into account according to studies by Xu’s 

group33 and Welsher et al.45

It is also interesting to consider the changes in relaxivity 

of functionalized nanotubes and products of Fe3+  anchoring 

thereto with respect to the efficiency of anchoring (Tables 3 

and 4). In the case of Fe@O-MWCNT and Fe@O-MWCNT-

PEG (1a–1c), the final Fe3+  content was approximately 

10%, but the increase in relaxivity after the anchoring was 

40% (in the first case) and almost 300%, respectively. The 

tendency of wrapping could stand for this second case.33 

While the small organic aminophenol ligand L gave the best 

efficiency in Fe3+  anchoring, the amphiphilic nature of the 

ligand was also the most successful in the enhancement of 

water molecules’ interaction with the surface and with the 

paramagnetic Fe3+  ions. Contrarily, the least effective in ion 

anchoring, the aziridine phenol derivative Fe@f-MWCNT 

(only 6 wt% of Fe3+), yielded results in relaxivity comparable 

to those with Fe(III)/Fe@O-MWCNT-L. The relaxivity r
2
 

presented in Table 4 was calculated on weight of the product 

mass per amount of medium. It is a useful method to give 

an image of the weight of the entire product, giving appro-

priate effect of relaxation acceleration. However, in many 

research works, this magnitude was expressed in units per 

millimole per second, so taking into account the introduced 

components (easily calculated per mole) onto the nanotubes. 

This is how such a representation gives an idea of the “value 

added” effect. Applying this approach here, eg, the relaxivity 

r
2
 63.9 (mg/mL)-1 s-1 for entry 8 would have to be recalcu-

lated to 25.0 mM-1 s-1 because of the high Fe(III) content, 

while for the entry 10 – due to the lowest efficiency in the 

iron(III) anchoring – r
2
 would be equal to 52.1 mM-1 s-1 

after recalculation. These values are already higher and 

comparable to the values for CNTs already reported by others 

(4–58 mM-1 s-1).20,23,42,46 However, there are still records that 

have not been beaten yet (180–360 mM-1 s-1).24,26,27,47

It must be highlighted that we have undertaken additional 

studies to assess the behavior of the products in biological 

media. For this purpose, we have recorded relaxivity of the 

first candidate Fe(III)/Fe@O-MWCNT in different media of 

various acidities. We have prepared the appropriate disper-

sions in saline (0.9% NaCl) and in phosphate buffer (PB 0.1 M,  

pH 7.5). The resulting dispersions (with 1% SDBS) had pH 

values of 4.95 and 7.44, respectively. Then we have mea-

sured relaxivity of these dispersions, obtaining even higher 

relaxivities (r
2
) reaching 70 mL s-1 mg-1 at 7.1 T and 22°C. 

Additionally, we have performed similar measurements in 

bovine serum, obtaining r
2
=54 s-1 mg-1 at 7.1 T and 22°C. 

The results of the measurements yielded reproducible values. 

It is also important to emphasize that the dispersions were 

stable for several days (except for the PB dispersion, due 

to its high ionic strength). These results constitute a strong 

premise toward the high potential of other Fe-nanotube 

hybrids also because of the high values of relaxivity and 

excellent stability of dispersions (especially in the presence 

of surfactants). It is worth noting that their stability in terms 

of repeatable results in various media of different pH values, 

Table 4 relaxivity r2 of MWcNT-based magnetic hybrids as potential T2 cas

Entry Hybrid r2 [(mg/mL)-1 s-1], 7.1 T, 22°C Medium impact, 1/T2 [s-1] Medium

1 Fe@O-MWcNT 25.1±1.1 2.1 a
2 Fe(III)/Fe@O-MWcNT 34.4±5.0 3.2 a
3 Fe@O-MWCNT-PEG (1a) 13.6±2.6 1.8 B
4 Fe(III)/Fe@O-MWCNT-PEG (from 1a) 41.1±2.7 2.3 B
5 Fe(III)/Fe@O-MWCNT-PEG (from 1b) 36.6±0.3 0.8 B
6 Fe(III)/Fe@O-MWCNT-PEG (from 1c) 36.5±1.9 0.1 B
7 Fe@O-MWcNT-l 44.8±0.7 1.0 B
8 Fe(III)/Fe@O-MWCNT-L 63.9±0.9 1.0 B
9 Fe@f-MWcNT 26.1±1.1 1.3 a
10 Fe(III)/Fe@f-MWcNT 57.9±2.9 1.3 a
11 Fecl3 0.4±0.2 0.2 B

Notes: Medium A contains 1% (m/v) SDBS in 5% (v/v) D2O in h2O; B contains 5% (v/v) D2O in h2O. The bolded row is the row with the highest value of r2.
Abbreviations: Fe@MWCNT, iron-filled multiwall carbon nanotube; Fe@O-MWCNT, oxidized Fe@MWCNT; Fe@f-MWCNT, Fe@MWCNT functionalized with 
N-phenylaziridine groups; L, N,N,N′-[bis(2-hydroxyphenylmethyl)]-[(2-pyridinyl)methyl]-1,3-propanediamine ligand; PEG, polyethylene glycol; MWCNT, multiwall carbon 
nanotube; CA, contrast agent; SDBS, sodium dodecyl benzenesulfonate.
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although the obtained characteristics disables them from 

functioning as smart CAs (contrary to the gadonanotubular 

T
1
 CAs),48 denotes their predictable behavior under complex 

biological conditions.

We have measured T
1
 relaxation of the water protons in 

the hybrid dispersion products, but we have observed neither 

acceleration nor detectable dependence of the products’ 

concentrations on the relaxation rate of water protons. 

Moreover, the relaxation time was found to be in the range 

of 3 seconds–5 seconds, which is longer than that for distilled 

water (close to 3 seconds, depending on the conditions). It 

is not surprising because relaxation is also a function of 

water mobility, viscosity, and density of the medium. As T
2
 

of the most diluted dispersions (0.01 mg cm-3) was close to 

0.3 seconds and was 0.03 seconds for the most concentrated 

ones, the ratio T
1
/T

2
 is 30–100 for all of the hybrids described 

in the work. This is a very important factor for the potential 

application as T
2
 CAs and is a unique parameter in compari-

son to the other already-reported CNT-based candidates.21

Materials and methods
All chemicals were obtained from commercial suppliers (Acros, 

Aldrich, Avantor). N,N,N′-[bis(2-hydroxyphenylmethyl)]-

[(2-pyridinyl)methyl]-1,3-propanediamine (L) was obtained 

according to the procedure described previously.39 For 

preparation of dispersion and washing, demineralized 

water of conductivity 0.075 μS cm-1 was used. UV–Vis 

spectra were taken on Hitachi Y-2910 spectrophotometer 

in the 190–700 nm range in aqueous solutions. Measure-

ments were carried out using Mettler Toledo TGA/DSC 2 

system. Analyses were conducted at constant heating rate 

of 10°C min-1; inert gas (argon) flow rate was 80 mL min-1, 

and 70 μL alumina crucibles were used. Relaxation mea-

surements (7.1 T) were conducted on a Varian Unity Inova 

300 MHz spectrometer at 22°C. Dispersions of the following 

concentrations were measured: 0.2 mg mL-1, 0.1 mg mL-1,  

0.05 mg mL-1, 0.001 mg mL-1. The basic medium was 

5% D
2
O in demineralized water; however, in some cases, 

1% (m/v) SDBS was added (Table 4). The measurements 

were repeated twice, and an average was taken for further 

calculations. Relaxivity r
2
 was calculated as a slope of T

2
 vs 

concentration (mg cm-3) with pure medium as an intercept 

(reference point). Special attention was paid to the optimal 

shimming of the samples because nanotube dispersions give 

very broad proton signals on 1H-nuclear magnetic resonance 

due to their ferromagnetic and superparamagnetic behaviors, 

as well as high viscosity. Long time (1–3 hours) acquisitions 

were not disrupted by sedimentation of the products. T
1
 was 

determined using infrared sequence with d
1
=15 seconds 

and d
2
=0.05 second, 0.1 second, 0.5 second, 0.75 second, 

1 second, and 3 seconds. T
2
 was determined using Carr-

Purcell-Meiboom-Gill (CPMG) sequence with d
1
=8 seconds, 

d
2
=0.01 seconds, and bt=0.01 second, 0.05 second, 0.1 sec-

ond, 0.5 second, 1 second, 2 seconds, and 4 seconds.

Fe@O-MWCNT-PEG (1a)
Into a round-bottom flask, 500 mg of PEG

5,000
 (~0.1 mmol) 

was introduced and molten on an oil bath, followed by the 

addition of 50 mg Fe@O-MWCNT. After 10 minutes of 

heating, few drops of concentrated H
2
SO

4
 were added, and 

the reaction mixture was heated for 2 hours at 100°C. After 

cooling, 5 mL of benzene was added, and the postreaction 

mixture was filtered on a fritted funnel equipped with a poly-

tetrafluoroethylene (PTFE) filter, then washed with diethyl 

ether, tetrahydrofuran, acetone, water, and again acetone 

until a colorless filtrate was obtained. The wet semisolid was 

lyophilized, yielding 26 mg of dry solid.

Fe@O-MWCNT-PEG (1b)
Into a round-bottom flask, 500 mg PEG

5,000
 (~0.1 mmol) was 

introduced and molten on an oil bath, followed by the addi-

tion of 38 mg Fe(III)/Fe@O-MWCNT. After 10 minutes of 

heating, few drops of concentrated H
2
SO

4
 were added and 

heated for 2 hours at 100°C. After cooling, 5 mL of benzene 

was added, and the postreaction mixture was filtered on a 

fritted funnel equipped with a PTFE filter, then washed with 

diethyl ether, tetrahydrofuran, acetone, water, and again 

acetone until a colorless filtrate was obtained. The wet gunk 

was lyophilized, yielding 27 mg of dry solid.

Fe@O-MWcNT-cl
Into a round-bottom flask, 916 mg of Fe@O-MWCNT (lyo-

philized before use), 9 mL (0.124 mol) of freshly distilled 

SOCl
2
, and 1 mL of anhydrous dimethyl formamide were intro-

duced. The reaction mixture was heated under inert atmosphere 

for 8 hours in an oil bath at 70°C with magnetic stirring. The 

next portion of SOCl
2
 was added (15 mL, 0.207 mmol) and 

the heating was continued for the next 16 hours. Afterward, 

the excess of unreacted SOCl
2
 was distilled off, and 40 mL 

of tetrahydrofuran was added to the residue to filter it off on a 

PTFE filter. The semisolid was dried under reduced pressure 

under inert atmosphere, yielding 825 mg of dry product.

Fe@O-MWCNT-PEG (1c)
Into a round-bottom flask, 10 g of PEG5000 (~2 mmol) was 

introduced and molten on an oil bath, followed by the addition 
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of 200 mg Fe@O-MWCNT-Cl. The reaction mixture was 

heated under inert atmosphere for 96 hours at 100°C on an 

oil bath with magnetic stirring. The so-formed hard solid 

was crushed and washed on a PTFE filter with ethanol until  

a colorless filtrate was obtained. The solid was then sus-

pended in 40 mL of ethanol and centrifuged (12,000 rpm 

for 15 minutes, room temperature). The precipitate was 

dried under reduced pressure, then suspended in water, and 

lyophilized, yielding 188 mg of product.

Fe@MWcNT-l
Into a round-bottom flask, 700 mg (1.85 mmol) of N,N,N′-
[bis(2-hydroxyphenylmethyl)]-[(2-pyridinyl)methyl]-1,3-

propanediamine, 15 mL of dichloromethane, and 187 mg of 

Fe@MWCNT-Cl were introduced and refluxed under inert 

atmosphere for 96 hours. The postreaction mixture was fil-

tered using a fritted funnel with a PTFE filter and washed with 

ethanol. The resulting semisolid was dried under reduced 

pressure, yielding 825 mg of dry product.

Fe@f-MWcNT
Fe@MWCNTs (87 mg) and 1,1,2,2-tetrachloroethane (40 mL) 

were placed in a 100 mL round-bottom flask. The dispersion 

was sonicated for 1 hour at room temperature. Then, a solution 

of p-azidophenol (121 mg, 0.9 mmol) in 1,1,2,2-dichloroethane 

(10 mL) was added, and the resulting mixture was refluxed 

for 8 hours under nitrogen atmosphere. The solid product was 

filtered over a PTFE membrane filter (0.45-μm pore size) 

and washed thoroughly with chloroform (150 mL), methanol 

(150 mL), and toluene (150 mL). Subsequent drying (24 hours 

at 100°C) resulted in 102 mg of the product.

Fe3+  anchoring
Iron(III) stock solution was prepared by dissolving anhydrous 

iron(III) chloride in demineralized water, resulting in a solu-

tion of 4.3 mg cm-3 (26 mM) concentration. Typical proce-

dure of iron(III) anchoring on Fe@MWCNTs exemplified 

on the synthesis of Fe(III)/Fe@O-MWCNT was as follows: 

the mixture of 100 mg of Fe@O-MWCNT and 50 mL of 

the iron(III) stock solution was sonicated for 3 hours. After 

24 hours of free sedimentation, the dispersion was centri-

fuged at 10,000 rpm for 30 minutes. The supernatant was 

decanted and 50 mL of demineralized water was added to the 

precipitate. The washing procedure was repeated three times, 

resulting in iron(III)-free supernatant (rhodanide test). The 

precipitate was finally transferred with new batch of water 

to the lyophilization process, yielding 92 mg of dry product 

(Fe(III)/Fe@O-MWCNT).

studies on the stability of hybrid dispersions
The sedimentation measurements were carried out on disper-

sions of 0.5 mg Fe@MWCNTs in 5 mL of demineralized 

water ultrasonicated for 1 hour. An aliquot (4 mL) of this 

suspension was transferred to a quartz UV cell, and UV–Vis 

measurements were taken within 24 hours.

Conclusion
New magnetically active Fe–nanotube hybrids were 

obtained. The hybrids expressed moderate relaxivities r
2
, 

but Fe3+  anchoring enhanced and even tripled the relaxiv-

ity values after coordination, which falls within the range 

of commercial T
2
 CAs. Fe@MWCNTs offer versatility of 

physicochemical modifications and biocompatibility, and 

they have already gained prominence due to their effi-

ciency in crossing the blood–brain barrier.49 Nevertheless, 

there are several factors that should be taken into account 

while proposing CNT candidates for applications as MRI 

CAs. One of the most important ones is effectiveness of 

relaxation in a given strength of magnetic field. Because 

many gadolinium derivatives are efficient in low fields 

(1.0–1.5 T), there is a demand for new CAs for high-

field modern tomographs. The proposed methodology of 

MWCNTs’ functionalization, followed by the amalga-

mation with Fe3+  ion, is attractive because it opens new 

possibilities leading to materials that are highly efficient 

in the acceleration of proton relaxation. Apart from the 

assessment of basic morphological, physical, and chemi-

cal properties of the hybrids (stability of the dispersions, 

uniformity of raw and functionalized materials, etc), 

biodistribution, cytotoxicity, and in vivo production of 

contrast will be the deciding factors. As the hybrids are 

built on a new, exogenous material, it is not surprising that 

they raise concern in the medical environment. Particular 

care should be taken in the comprehensive in vivo studies 

of the materials.
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