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 With the aim to design addressable magnetically-active carbon nanotubes 
(CNTs) for cancer treatment, the use of Fe-fi lled CNTs (Fe@MWCNTs) as 
multifunctional scaffolds is reported for exohedrally anchoring a monoclonal 
antibody (mAb) known to bind a plasma membrane receptor over-expressed in 
several cancer cells (EGFR). Comprehensive microscopic (transmission electron 
microscopy, atomic force microscopy, and scanning electron microscopy) and 
spectroscopic (Raman,  57 Fe Mossbauer, energy dispersive spectroscopy, X-ray 
photoelectron spectroscopy (XPS), X-ray diffraction) characterizations reveal the 
effi cient confi nement of magnetically-active Fe phases (  α  -Fe and Fe 3 C), while 
compositional evaluations through XPS, thermogravimetric analysis and gel 
electrophoresis confi rm that mAb immobilization onto Fe@MWCNTs occurs. 
Enzyme-linked immunosorbent assay (ELISA), confocal microscopy imaging 
and western blotting confi rm the targeting action toward EGFR-overexpressing 
cell lines (EGFR + ). In vitro magnetic fi ltration experiments demonstrate that a 
selective removal of EGFR +  cells from a mixed population of healthy cell lines 
could be obtained in very short times ( ≈ 10 min). Cytotoxicity evaluations by 
classic cell staining procedures after application of an electromagnetic radiation 
inducing magnetic fl uid hyperthermia (MFH), show a selective suppression of 
the EGFR +  cell line. Molecular dynamics and docking simulations of the hybrid 
mAb/Fe@MWCNTs conjugates nicely show how the presence of the CNT 
framework does not sterically affect the conformational properties of the two 
antigen binding regions, further supporting the biochemical fi ndings. 
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  1. Introduction 

 With over 10 million new cases per year 
worldwide, cancer remains one of the 
challenging class disease to treat and a 
signifi cant cause of morbidity and mor-
tality. [  1  ]  It is thus of paramount impor-
tance to rapidly develop multifunctional 
theranostic technologies able to simulta-
neously detect and selectively eradicate 
both primary tumors and metastasis, the 
latter being the major causes of death. In 
this respect, CNT derivatives, with their 
graphitic shells and long tubular struc-
tures, [  2  ]  have recently been proposed as 
alternative multifunctional nanostructures 
in nanomedicine for imaging, [  3  ]  tissue 
engineering, [  4  ]  drug-delivery [  5  ]  and qs anti-
cancer platforms. [  6  ]  Numerous in vitro 
and in vivo studies have been reported 
toward the understanding of CNTs bio-
logical properties. [  7  ]  Specifi cally, it has 
been experimentally demonstrated that 
CNTs can effi ciently target cancer cells 
in vivo [  7j  ,  8  ]  and allow non-invasive (e.g., 
light- [  9  ]  or radiofrequency-fi eld induced [  10  ] ) 
hyperthermal treatment or in situ delivery 
of anticancer drugs for suppressing 
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malignant cells. Additionally, it turned out that while long 
( > 5  μ m) pristine CNTs can induce cytotoxicity and infl am-
matory responses if inhalated, [  11  ]  intravenous or intratumor 
administration of short ( < 500 nm) or exohedrally functionalized 
CNTs [  12  ]  equipped with bioactive molecules, [  7f  ,  13  ]  revealed to be 
non toxic [  14  ]  and were found to be expelled in urine [  15  ]  and fecal 
excretions. [  16  ]  Apart from the exosurface, CNTs possess an inner 
empty tubular phase into which a large variety of functional 
guests can be incorporated through two circular clefts located 
at the extremities [  17  ]  with the graphitic layers acting as suitable 
shells shielding the inner guests from the external environment 
and allowing further chemical processability. [  18  ]  Due to the 
variety of diameters (from 1 nm to 40–50 nm depending on the 
CNT structure), such cavities can be used to selectively confi ne, 
recognize, or isolate a large series of functional organic (C 60  
or its derivatives, [  19  ]  pentacene, anthracene, tetrathiafulvalene, 
and tetracyano- p -quinodimethane) [  20  ]  and inorganic (Sn micro-
crystals displaying super-conducting properties, [  21  ]  nano-
particles, [  22  ]  lanthanide inorganic salts LnCl 3  [  23  ]  and Gd, Cu, and 
Ni [  24  ] ) or bioactive guests. [  25  ]  Moreover, as many signifi cant chemical 
transformations have been achieved to selectively functionalize 
CNT’s wall, [  12  ,  26  ]  this structure can be easily modifi ed to make 
these compounds more dispersable in aqueous media, and thus 
of potential use in biomedical applications. [  7i  ]  Among the dif-
ferent encapsulable bioactive nanomaterials, [  27  ]  magnetic nano-
particles (MNPs) [  28  ]  are clear potential candidates for biomedical 
applications, [  29  ]  such as for selective fi ltration/separation of 
biological species, [  30  ]  magnetic drug-targeting and/or delivery 
(MDT and MDD respectively) [  31  ]  magnetic resonance imaging 
(MRI), [  31a  ,  32  ]  and localized magnetic fl uid hyperthermia (MFH)-
based treatments. [  33  ]  Recently, some examples of exohedral 
MNPs-CNT nanohybrids have been reported for MDT chemo-
therapy [  34  ]  or bioimaging purposes, [  35  ]  while weakly-magnetic 
CNTs, encapsulating minor catalyst residues, [  36  ]  have been 
tested for shuttling genetic material inside cells, [  37  ]  for MDT, [  38  ]  
and for specifi c protein binding, [  30i  ]  respectively. Biocompati-
bility studies of metal-fi lled CNTs (M@CNTs) [  39  ]  in the presence 
of lipids [  40  ]  or human serum albumin [  41  ]  and high drug-loading 
capacity [  42  ]  have been also reported. Recently, Fe-fi lled multi-
walled CNTs (Fe@MWCNTs), noncovalently functionalized 
with pluronic F127 were developed for in vitro MR-guided 
laser-induced thermotherapy, with promising outcomes. [  9  ]  
Although the loading (3 wt%) of the encapsulated Fe revealed 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     Microscopic characterization of  Fe@MWCNTs  as deposited from
tive TEM image after deposition on carbon-coated Cu grid, displaying the pr
of a mica surface spin-coated with the DMF dispersion, showing isolated tu
(in other samples, not displayed here, CNTs with diameters at around 10 n
to be enough for the MRI application, it is certainly too low for 
eliciting magnetically-induced curative responses. With the aim 
to design addressable magnetically-active CNTs for cancer treat-
ment, in this work we propose to use Fe@MWCNTs as multi-
functional scaffolds for exohedrally anchoring a monoclonal 
antibody (mAb) targeting cancer cells and endohedrally con-
fi ning Fe-based magnetic phases. mAb  Cetuximab , [  43  ]  known to 
selectively bind the epidermal growth factor receptor (EGFR, [  44  ]  
a plasma membrane receptor over-expressed in several cancer 
cells), [  45  ]  has been selected as the targeting unit. Comprehensive 
microscopic (transmission electron microscopy (TEM), atomic 
force microscopy (AFM), and scanning electron microscopy 
(SEM)) and spectroscopic (Raman,  57 Fe Mossbauer, energy dis-
persive spectroscopy (EDS), X-ray photoelectron spectroscopy 
(XPS), and X-ray diffraction (XRD)) characterizations displayed 
the effi cient confi nement of magnetically-active Fe phases (  α  -Fe 
and Fe 3 C) inside MWCNTs, while classical compositional evalu-
ations through XPS, thermogravimetric analysis (TGA) and gel 
electrophoresis confi rm the occurred mAb immobilization onto 
Fe@MWCNTs. In vitro magnetic fi ltration experiments dem-
onstrate that a selective removal of cancer cells from a mixed 
population of healthy cell lines could be obtained with mAb-
bearing Fe@MWCNTs in very short times ( ∼ 10 min). Cytoto-
xicity assessments underline a good biocompatibility profi le of 
the carbon hybrids towards the chosen cell lines. Preliminary 
MFH experiments in the presence of the nanobioconjugates 
showed a high selectivity toward the suppression of cancer 
cells.   

 2. Results and Discussion  

 2.1. Synthesis of Fe@MWCNTs 

 By using a ferrocene-catalyzed chemical vapor deposition 
(CVD) process with toluene as complementary sourcing carbon 
feedstock, Fe-fi lled MWCNTs (Fe@MWCNTs) have been batch-
wise produced inside a furnace kept at 1123 K under Ar atmo-
sphere, (reaction time  =  15 min, schematization and details 
in Supporting Information Figure S1). Detailed microscopy-
based characterizations such as bright-fi eld TEM ( Figure    1  a 
and Supporting Information Figure S2), tapping-mode AFM 
mbH & Co. KGaA, Weinheim

 a dispersion (0.1 mg mL  − 1 ) in dimethylformamide (DMF). a) Representa-
esence of the encapsulated Fe (see arrows). b) Tapping-mode AFM images 
bular structures with c) height cross-sections ranging from 20 to 100 nm 

m have been also observed).  
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   Table  1.     Compositional data of  Fe@MWCNT s as evaluated by EDS and 
XPS. 

Element EDS 
[wt%]

EDS 
[at%]

XPS 
[at%]

C 83.56  ±  3.01 92.62  ±  1.09 93.69  ±  3.11

O 5.81  ±  1.53 4.82  ±  1.20 6.31  ±  3.11

Fe 10.60  ±  3.68 2.55  ±  0.97

     Figure  2 .     a)  57 Fe Mössbauer spectra: the singlet with isomer shift,   δ   
 =  0.09(3) mm s  − 1  and line width   Γ  /2  =  0.2(2) mm s  − 1  is assigned to 
paramagnetic   γ  -Fe. [  51  ]  At 298 K, the sextet-1 with   δ    =  0.19(5) mm s  − 1 , 
quadrupole shift   ε    =  0.02(5) mm s  − 1  and hyperfi ne magnetic fi eld ( B hf  ) of 
20.6 T corresponds to Fe 3 C, whereas sextet-2 (lowest relative contribu-
tion) with zero isomer and quadrupole shifts indicates a cubic symmetry 
( B  hf   =  33.1 T), typical for ferromagnetic   α  -Fe. [  50  ]  (b) XRD pattern for a 
 Fe@MWCNTs  sample.  
(Figure  1 b,c and Supporting Information Figure S3), and SEM 
(Supporting Information Figure S4) revealed the presence of 
twisted, very thick MWCNTs with outer diameters ranging from 
10 to 100 nm and lengths in the order of 0.5–5  μ m, the latter 
being a direct consequence of the very short reaction time. 
In particular, the TEM investigations showed the presence of 
CNTs occasionally fi lled with a highly electron-blocking mate-
rial, suggesting the presence of metallic (Fe) phases. Raman 
spectroscopy analysis of Fe@MWCNTs (  λ   exc   =  633 nm) sup-
ports the structural evidences as obtained by the microscopic 
investigations, since the typical signatures for MWCNTs are 
present at 1583 cm  − 1  and 1329 cm  − 1  for the sp 2  - (graphitic) and 
sp 3 -hybridized (defect sites) C atoms, respectively (Supporting 
Information Figure S5).  

 To determine the presence of the encapsulated Fe phases in 
the Fe@MWCNTs samples, X-ray characterizations were car-
ried out as fi rst tool. The compositional data (weight and atomic 
percentages, wt% and at%, respectively) obtained by EDS 
(z-scanning depth  ∼ 600 nm, according to Castaing’s formula, [  46  ]  
Supporting Information Figure S6) and XPS (z-scanning depth 
 ∼ 3–12 nm, [  47  ]  Supporting Information Figure S7) revealed the 
presence of peaks attributed to carbon (C K α  1  at 0.277 KeV by 
EDS, C 1s at 284.5 eV by XPS) and oxygen (O K α  1  at 0.525 KeV 
by EDS, O 1s at 533 eV by XPS,  Table    1  ). Intense Fe signals 
were only apparent in the EDS spectra (FeK α  1  at 6.398 KeV), 
suggesting effective Fe localization in the deeper layers of Fe@
MWCNTs.  

 Interestingly, the Fe amount as revealed by EDS (10.60 wt%, 
1.9  μ mol mg  − 1 ) was confi rmed by TGA under air atmosphere, 
as the complete carbon pyrolysis leaded to quantifi able residues 
of iron oxides (25.17 wt%, 1.6  μ mol mg  − 1 , Supporting Infor-
mation 8).  57 Fe Mössbauer spectroscopy was also used to both 
identify and quantify the different iron species. The spectrum 
at 298 K ( Figure    2  a) is a superposition of an intense singlet and 
two magnetically split sextets, corresponding to   γ  -Fe,   α  -Fe and 
Fe 3 C phases, respectively. Spectra recorded in a larger velocities 
range ( ± 12 mm s  − 1 ) did not reveal any additional components, 
thus unambiguously excluding the presence of iron oxides 
and supporting our evidences that all iron phases are encapsu-
lated inside the nanotube framework. At 77 K, both hyperfi ne 
magnetic fi elds of   α  -Fe ( B hf    =  33.8 T) and Fe 3 C ( B   hf    =  24.8 T) 
increased as expected. [  48  ]  The increase in linewidth of the sin-
glet (  Γ / 2  =  0.33(2) mm s  − 1 ) is presumably due to the onset of 
an antiferromagnetic ordering for   γ  -Fe particles. [  49  ]  Assuming 
that all species have the same probability of recoil-free emission 
at a given temperature and the area fraction of the two sextets 
remains roughly the same at both temperatures, except for a 
small increase in the area of   γ  -Fe, the ratio of 1/1.5/0.5 for   γ  -
Fe, Fe 3 C and   α  -Fe phases, respectively (Supporting Information 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3173–3184
Table  S1 ), was determined. The presence of   α  -Fe,   γ  -Fe and 
Fe 3 C phases have been further confi rmed by X-ray diffraction 
(XRD) analysis (Figure  2 b). Comparing the experimental data 
(Figure  2 b) with those from the JCPDS-ICDD database (no. 
06-0696 for   α  -Fe; 35-0772 for Fe 3 C; see ref. [  50  ]  for   γ  -Fe), one can 
clearly confi rm the presence of magnetic Fe phases such as 
  α  -Fe (at 44.71 and 65.09 deg) and Fe carbides (at 37.72, 54.25, 
70.85, and 82.23 deg) in addition to the graphitic-centered sig-
nals at 26.02 deg. (Supporting Information Figure S9).    

 2.2. Organic Functionalization of Fe@MWCNTs 

 Exohedral functionalization of  Fe@MWCNTs  was achieved 
upon addition reaction to CNTs by mixing a Boc-proteced aniline 
derivative ( tert -butyl 4-aminobenzylcarbamate,  Figure    3  ) with 
isoamyl nitrite, following a slight modifi cation of the procedure 
reported by Tour and co-workers. [  52  ]  Resulting  Fe@MWCNTs-
NH-Boc  carbon nanotubes were then Boc-deprotected with 
a 4M HCl solution in dioxane, [  53  ]  affording conjugate  Fe@
MWCNTs-NH 2  , exohedrally exposing free benzylic amino 
groups. Amidation reaction of  Fe@MWCNTs-NH 2   with mAb in 
the presence of 1-ethyl-3-(dimethylaminopropyl)carbodiimmide 
(EDC) under buffer conditions, yielded fi nal bioconjugate  Fe@
MWCNTs-NHCO-Ab  (Figure  3 ). As reference material, non-
targeting protein bovine serum albumin (BSA) has been also cov-
alently coupled to  Fe@MWCNTs-NH 2  , yielding water-dispersable 
 Fe@MWCNTs-NHCO-BSA  nanohybrids (Figure  3 ). It should 
be pointed out that the acidic treatment (with HCl) employed 
in the Boc-cleavage step might cause a dramatic reduction of 
the metal content, unless properly confi ned inside the CNTs. 
However, EDS analysis of the fi nal  Fe@MWCNTs-NHCO-Ab  
conjugate revealed a Fe content of 7.16  ±  1.96 wt% (Supporting 
Information Figure S10), thus displaying a minor loss of Fe 
with respect to the content as measured for the  Fe@MWCNTs  
precursors (the introduction of about 10 wt% of organic moiety 
3175wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Schematic representation of the synthetic routes towards bioconjugates  Fe@MWCNTs-NHCO-Ab  and  Fe@MWCNTs-NHCO-BSA .  
after organic functionalization and bioconjugation should be 
also taken in to account). To monitor the organic function-
alization of  Fe@MWCNTs , XPS and TGA characterizations 
have been also carried out. Whereas a relatively weak signal 
belonging to the N atoms (N 1s at 400 eV) was detected for the 
BOC-protected  Fe@MWCNTs-NH-Boc  (0.86  ±  0.29 at%) and 
free-amino  Fe@MWCNTs-NH 2   (0.80  ±  0.62 at%) derivatives, 
after protein conjugation both N- and O-centered peaks (O 1s 
at 533 eV) dramatically increased for  Fe@MWCNTs-NHCO-Ab  
and  Fe@MWCNTs-NHCO-BSA  samples, supporting the effec-
tive grafting of the protein moiety onto  Fe@MWCNTs-NH 2   
( Table    2  , Supporting Information Figure S11).   

 TGA plots for both  Fe@MWCNTs-NHCO-Ab  and  Fe@
MWCNTs-NHCO-BSA  samples clearly showed the typical pro-
tein thermal signature at  ∼ 573 K, displaying a biofunctionaliza-
tion degree of 1.0 and 0.5 nmol mg  − 1 , respectively (Supporting 
Information Figure S12). Covalent immobilization has been 
further assessed by gel-electrophoresis (GE) studies [  54  ]  of both 
 Fe@MWCNTs-NHCO-Ab  and  Fe@MWCNTs-NHCO-BSA  in 
176 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

   Table  2.     Compositional data for the  Fe@MWCNT  derivatives as 
obtained by XPS (mean  ±  SD after three different measurements). 

Sample C 1s 
[284.5 eV]

N 1s 
[400.0 eV]

O 1s 
[533.0 eV]

Fe@MWCNTs 93.69  ±  3.11 – 6.31 ±  3.11

Fe@MWCNTs-NH-Boc 95.59  ±  0.50 0.86  ±  0.29 3.55  ±  0.22

Fe@MWCNTs-NH 2 94.78  ±  0.62 0.80  ±  0.62 4.41  ±  0.63

Fe@MWCNTs-NHCO-Ab 83.15  ±  0.56 6.58  ±  0.28 10.27  ±  0.42

Fe@MWCNTs-NHCO-BSA 86.64  ±  2.67 3.60  ±  0.79 9.75  ±  3.39
the presence of their respective reference free proteins, namely 
mAb and BSA (Supporting Information Figure S13). All  Fe@
MWCNT  derivatives did not penetrated inside the gel and pre-
cipitated in the deposition well, while reference free proteins 
differently migrated. Notably, no bands belonging to unbounded 
proteins could be detected in both nanobioconjugate lanes, thus 
suggesting the effectiveness of the covalent linkage and of the 
product purifi cation technique. 

 To further verify the protein covalent grafting on  Fe@
MWCNTs , equivalent physical mixtures (in terms of  Fe@
MWCNTs  and antibody contents, as determined by TGA) 
between  Fe@MWCNTs  and mAb (i.e.,  Fe@MWCNTs/Ab , 
eventually formed through hydrophobic interactions, see also 
the modelling section) or  Fe@MWCNTs-NH 2   and mAb (i.e., 
 Fe@MWCNTs-NH 2 /Ab , eventually formed through both 
hydrophobic and coulombic interactions), were prepared and 
analysed by GE (Supporting Information Figure S13). By com-
paring covalent bioconjugate  Fe@MWCNTs-NHCO-Ab  with 
both  Fe@MWCNTs/Ab  and  Fe@MWCNTs-NH 2 /Ab , one can 
clearly see that for  Fe@MWCNTs/Ab  and  Fe@MWCNTs-NH 2 /
Ab  considerable amounts of non-bounded mAb are present, 
whereas no traces of the free protein are observed for  Fe@
MWCNTs-NHCO-Ab .   

 2.3. Binding Selectivity Studies 

 As a fi rst assessment to evaluate the targeting activity of the 
bio-conjugated MWCNTs derivatives, ELISA tests have been 
performed to screen the binding selectivity of the mAb alone 
( Figure    4  a) and that of  Fe@MWCNTs-NHCO-Ab  towards 
EGFR-overexpressing (EFGR + ) cells (A431) and cell lines that 
do not overexpress (EFGR-) the receptor (EAhy926 and CHO). 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3173–3184
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     Figure  4 .     ELISA results on A431, EAhy926 and CHO cells of a) free mAb and b)  Fe@MWCNTs-
NHCO-Ab  (concentration expressed in terms of the mAb concentration). See Supporting Infor-
mation Table  S2  for values and standard deviations.  

     Figure  5 .     a) Magnetic sorting manipulation steps: (I) mixing of stained 
cells, (II) addition of the CNT derivatives at an equivalent concentration 
of 100  μ g mL  − 1 , (III) gentle agitation (2.5 min) to allow the binding to 
occur, (IV) magnetic fi ltration (8 min) with a permanent magnet with a 
coercive fi eld strength of 900 KA m  − 1 , and (V) separation between the 
supernatant and magnetic precipitate with a micropipette. (b) Confocal 
microscopy images of suspensions containing A431 (red), and EGFR-, 
CHO (blue) and EAhy926 (green) cells after the magnetic fi ltration treat-
ments with  Fe@MWCNTs-NHCO-Ab , (fi rst column),  Fe@MWCNT/Ab  
(second column) and  Fe@MWCNTs-NHCO-BSA  (third column). (I−III) 
Images obtained after mixing the cells and the CNTs bioconjugates at  t  0 ; 
(IV−VI) supernatants and (VII−IX) magnetically-induced precipitates as 
obtained by magnetic sorting with the  Fe@MWCNTs  derivatives.  
As it clearly appears from the histograms shown in Figure  4 b, 
bioconjugate  Fe@MWCNTs-NHCO-Ab  showed a pronounced 
concentration-dependent selectivity towards A431 cells and 
very low nonspecifi c-binding activity towards EFGR- EAhy926 
and CHO cells, thus retaining the original mAb activity and 
specifi city.  

 To further prove the binding properties of the mAb-CNTs 
bioconjugate, we have validated the fi eld-induced self-sorting 
abilities of  Fe@MWCNTs-NHCO-Ab  toward the in vitro recov-
ering of EGFR-overexpressing cells under the application of an 
external magnetic fi eld (coercive fi eld strength  =  900 KA m  − 1 ). 
At fi rst, the conditions to effi ciently remove  Fe@MWCNTs-
NHCO-Ab  from dispersions in a CO 2 -independent medium 
through magnetic fi ltration were screened. As imaged by phase-
contrast confocal microscopy, 8 min of magnetic fi ltration 
resulted to be suffi cient for ensuring the complete abstraction 
of  Fe@MWCNTs  with concentration of 100  μ g mL  − 1  in 1.5 mL 
of medium (Supporting Information Figure S14). Subse-
quently, different cell lines were stained with red (A431), green 
(EAhy926) and blue (CHO) emitting dyes and mixed in similar 
proportion in 1.5-mL-vials containing CO 2 -independent medium 
(about 200 000 cells mL  − 1  each,  Figure    5  a, step I). Nanohybrid 
 Fe@MWCNTs-NHCO-Ab  or the reference derivatives,  Fe@
MWCNTs/Ab  and  Fe@MWCNTs-NHCO-BSA , were introduced 
at an equivalent  Fe@MWCNTs  concentration of 100  μ g mL  − 1  
(step II) and immediately analyzed by confocal microscopy. 
After 2.5 min under gentle shaking to allow binding to occur 
(step III) and 8 min of exposure to the magnetic fi eld (step IV), 
the supernatant was gently withdrawn with a micropipette and 
analyzed, whereas the magnetically-induced precipitate was re-
dispersed in CO 2 -independent medium prior to analysis (step V). 
As a fi rst test, A431, CHO and EAhy926 cells were mixed 
together and magnetically sorted with  Fe@MWCNTs-NHCO-Ab , 
resulting in the isolation of the EGFR +  cells, the former being 
only observed in the precipitate (Figure  5 b(I,IV,VII). The 
same test was repeated with  Fe@MWCNTs/Ab . This time a 
less effi cient abstraction of A431 cells from the medium can 
be clearly observed, most probably caused by the presence in 
solution of mAb units that deadsorbing from the CNTs surface 
are ineffective for the magnetic sorting (Figure  5 b(II,V,VIII). 
As expected, no selective removal of any of the three cell lines 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 3173–3184
occurred upon addition of non-specifi c  Fe@
MWCNTs-NHCO-BSA  reference nanoconju-
gates (Figure  5 b(III,VI,IX)). Notably, in any 
of the studied combinations, no MWCNTs 
residues have been observed in the super-
natant solution after application of the mag-
netic fi eld. Only a very few number of EGFR- 
cells were found in the magnetic precipitates 
(Figure  5 b(VII,VIII,IX)), mainly as a conse-
quence of manipulation maneuvers during 
the removal of the supernatant. It should 
be pointed out that two min of magnetic fi l-
tration were enough to selectively isolate the 
cancer cells, but ineffective for the complete 
abstraction of the unbound  Fe@MWCNTs-
NHCO-Ab  (Supporting Information 
3177wileyonlinelibrary.comheim
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     Figure  6 .     Exert of a zoomed confocal microscopy image of a cell mixture 
in the magnetically induced precipitate. One can clearly see that  Fe@
MWCNTs-NHCO-Ab  nanomaterial selectively surrounds only EGFR +  
A431 cells.  

     Figure  7 .     Western blot results after EGF-induced phosphorylation of the 
EGFR in A431 cells. EGF stimulation was performed with a concentration 
of 10 ng mL  − 1  (about 0.07 pmol, columns 2, 4, and 6) while equivalents 
mAb quantities of 5  μ g mL  − 1  (about 33 pmol) alone (columns 3 and 
4) or in  Fe@MWCNTs-NHCO-Ab  (columns 5 and 6) have been used, 
respectively.  
Figure S15). This may be explained by the heterogeneous Fe-
confi nement of the initial  Fe@MWCNTs  precursors, as dis-
played by the TEM analysis. Furthermore, it is intuitive to con-
sider that agglomerates of the magnetic particles, as in the case 
of  Fe@MWCNTs-NHCO-Ab  bounded to the cancer cells, move 
faster toward the magnetic pole following to generated fi eld 
gradient if compared to the isolated particles (e.g., individual 
 Fe@MWCNTs-NHCO-Ab ), [  18  ]  due to the local accumulation of 
Fe. Zoomed confocal microscopy images, acquired immedi-
ately after the magnetic sorting experiments, clearly display that 
 Fe@MWCNTs-NHCO-Ab  selectively surrounds EGFR +  A431 
cells only ( Figure    6   and Supporting Information Figure S16), 
imparting them suffi cient magnetization for their abstraction, 
leaving unaffected EGFR- EAhy926 and CHO cells. In partic-
ular, 3D reconstructions of the cells suspension in the presence 
of  Fe@MWCNTs-NHCO-Ab , obtained by recording the fl uores-
cence intensities for several confocal planes, effectively shows 
that the magnetic nanotubes adhere at the exterior of the A431 
cells membrane (Supporting Information Videos 1 and 2).   

 Aiming at detecting the biochemical consequences of the 
CNTs binding on EGFR +  A431 cells, phosphorylation studies 
and western blot analysis were undertaken. Upon induction 
of the EGFR phosphorylation at the Y1173 aminoacidic res-
idue, through a short exposure of A431 cells to the epidermal 
growth factor (EGF), it was possible by western blot analysis to 
assess the increase in the signal of the phospho-EGFR, if com-
pared with the basal level observed in the non-stimulated cells 
( Figure    7  , column 1). As expected, the mAb was able to reduce 
the phosphorylation level by about 60% (Figure  7 , column 
4), while  Fe@MWCNTs-NHCO-Ab  showed a lower, but still 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
remarkable, 50% decrease in EGF-induced phosphorylation of 
the EGFR (Figure  7 , column 6). Beside the occurrence of the 
binding of  Fe@MWCNTs-NHCO-Ab , as also revealed by ELISA, 
these fi ndings suggest the inhibition of the biochemical action 
of the EGF stimulation. This means that in  Fe@MWCNTs-
NHCO-Ab  conjugates,  Cetuximab ’s intrinsic ability to block the 
signal transduction pathways, causing cancer progression upon 
EGF overstimulation, is also preserved. [  55  ]     

 2.4. Cytotoxicity Evaluation 

 As outlined in the previous session, the overall magnetic fi ltra-
tion experiment lasts for 10.5 min (2.5 for binding and 8 for 
the cell separation), and therefore the contact time between 
the cells and the nanotubes is very short, in particular for the 
EGFR- CHO and EAhy926 cell lines. As a way to assess the 
biocompatibility profi le of  Fe@MWCNTs-NHCO-Ab  toward 
the chosen cell lines, we performed standard cytotoxicity assay 
through mitochondrial activity (formazan conversion, MTS). 
Dose-dependent cell viability results of the MTS assays after 
one-hour exposition of  Fe@MWCNTs-NHCO-Ab  and reference 
compounds on the EGFR- cell lines are plotted in  Figure    8   and 
listed in Supporting Table S3 (results on A431 cells are plotted 
in Supporting Information Figure S17). The cell viability per-
centages of CHO cells are clearly dose-dependent, resulting to 
be ca. 83%, 92% and 103% for the 200, 100, and 50  μ g mL  − 1  
solutions, respectively. Clearly, a minor decrease in cell viability 
was determined at the concentration used for the magnetic fi l-
tration experiments, even if the exposition time was six times 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3173–3184
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     Figure  8 .     Cell viability percentages of a) CHO and b) EAhy926 cells as obtained by MTS assay after 1 h of exposition of equivalent amounts of 
 Fe@MWCNTs  (dosages of about 200, 100 and 50  μ g mL  − 1 ) and mAb (histograms of dosages of 20, 10 and 5  μ g mL  − 1 ). Results are expressed in 
percentages of viable cells and presented as means  ±  S.D. (n  =  4).  
higher than that required for the cell sorting experiments. The 
biocompatibility of  Fe@MWCNTs-NHCO-Ab  toward EAhy926 
cells is even higher, with a steady percentage of cell viability 
around 100%.  Fe@MWCNTs/Ab  and  Fe@MWCNTs  showed 
respectively slightly higher and slightly lower reduction in cell 
viability of both cell lines if compared to  Fe@MWCNTs-NHCO-
Ab . However, considering the experimental errors and the sen-
sitivity of the technique, it is diffi cult to draw any statistically 
signifi cant conclusions. All together, these results indicate that 
the different compounds are well tolerated by the chosen cell 
lines. For the EGFR +  A431 cells, the viability after exposition to 
the different compounds revealed to be between 92% and 100% 
(97% with  Fe@MWCNTs-NHCO-Ab  at 100  μ g mL  − 1 ), again 
demonstrating the overall very low cytotoxicity of the  Fe@
MWCNTs  derivatives.    

 2.5. Magnetic Fluid Hyperthermia (MFH) Experiments 

 Proof-of-principle stimuli-induced selective cytotoxicity on 
EGFR +  cells, via magnetic fl uid hyperthermia (revealed by cell 
© 2013 WILEY-VCH Verlag G

     Figure  9 .     a) Cumulative and b) statistical count of cell dead percentages d

Adv. Funct. Mater. 2013, 23, 3173–3184
staining) have been undertaken. At fi rst, at least three 0.28 cm 2  
spots were imaged through optical microscopy imaging after 
trypan blue staining for each condition (Supporting Informa-
tion Figure S18) allowing for both cumulative and statistical 
count (300–400 cells for each condition) of dead cells percent-
ages ( Figure    9  ), allowing to compare the extent (cumulative 
Figure  9 a) and homogeneity in the distribution (statistical, 
Figure  9 b) of cell mortality for each sample. As a preliminary 
test, electromagnetic radiation (frequency  =  220 kHz, magnetic 
fi eld strength  =  83 kA m  − 1 ) for 10 min of water-thermostated 
(37  ° C) individual suspensions of A431 or EAhy926 cells did 
not caused noticeable cell death (cumulative 1.3% and 1.2%, 
statistical 1.2%  ±  0.7% and 1.7%  ±  1.5% for A431 and EAhy926, 
respectively). The administration of  Fe@MWCNTs-NHCO-
Ab  ( Fe@MWCNTs  equivalent concentration of 200  μ g mL  − 1 ) 
induced a signifi cant increase in cell death especially towards 
A431 cells (cumulative 11.7%, statistical 9.8%  ±  4.1%) com-
pared to EAhy926 (3.4%, and 3.3%  ±  1.1%), with a very sim-
ilar trend of that observed during the MTS assays (a “shift” of 
only 3–5% between these two viability assessment modalities 
has been detected). Very interestingly, upon administration of 
3179wileyonlinelibrary.commbH & Co. KGaA, Weinheim

uring the MFH induction and the control experiments.  
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     Figure  10 .     Confocal microscopy images after staining with ethidium bromide and acridine orange of mixtures containing A431 cells (red) and Eahy926 
cells (blue) a) without any magnetic treatment, b) after 10 min at 70  ° C, c) after 20 min of ultrasonication, d–i) after addition of  Fe@MWCNTs-
NHCO-Ab  and exposure to the electromagnetic irradiation, and k–p) after exposure with only  Fe@MWCNTs-NHCO-Ab  alone in the absence of any 
irradiation.  
 Fe@MWCNTs-NHCO-Ab  and concomitant MFH treatment, 
the induced cell mortality signifi cantly rises for A431 cells 
(cumulative 26.7%, statistical 21.2%  ±  2.7%), while only slightly 
increases are noticeable for EAhy926 cells (cumulative 7.7%, 
statistical 6.1%  ±  4.5%). Under these conditions, the lack of 
quantitative suppression of the A431 cells (about 25%) is prob-
ably a consequence of the inhomogeneous distribution of the 
Fe inside the CNTs and of the moderate degree of Fe fi lling 
(about 7% w/w).  

 To shed further light on the selectivity of the observed mag-
netically-induced cytotoxicity toward cancer cells, we stained 
A431 (red) and EAhy926 cells (blue), and mixed them in the 
presence of Ethidium bromide/acridine orange staining 
chromophores, the latter being a known stainer for both dead 
and alive cells, respectively. In the absence of CNTs and mag-
netic fi eld, the cells displayed blue or red tint and a background 
green coloration (acridine orange), indicating that they are 
viable ( Figure    10  a). On the other hand, if the same cell mix-
ture is exposed to heat (70  ° C, 10 min), cell death occurred and 
ethidium bromide staining takes place, turning the color of 
dead A431 and EAhy926 cells into magenta and blue-magenta, 
respectively (Figure  10 b). A mixture of dead and alive A431 
and EAhy926 cells is shown in Figure  10 c as a reference. With 
the aim of maximizing the selective action of  Fe@MWCNTs-
NHCO-Ab  toward A431 cells, the MFH treatment was exerted 
on the entangled CNT-cells precipitates as obtained  via  the 
magnetic fi ltration procedure (see above). In these conditions, 
3180 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the aforementioned MFH treatment was then applied 
(Figure  10 d–i) and compared with the reference sample (in the 
presence of  Fe@MWCNTs-NHCO-Ab  but in absence of the elec-
tromagnetic radiation, Figure  10 k–p). It can be clearly seen that 
fully magenta cells (dead A431 cells) are mainly detected in the 
MFH-treated samples, where  Fe@MWCNTs-NHCO-Ab  nano-
conjugates effi ciently surround EGFR +  A431 cells (Figure  10 g,i, 
Supporting Information Videos 3 and 4). Without exposure to 
electromagnetic radiation, no elevated cytotoxicity was observed 
(Figure  10 k,o,p, Supporting Information Video 5), in agree-
ment with the cell viability found after trypan staining. Notably, 
in all of the experiments very rarely a dead EAhy926 cell was 
observed. As expected, control experiments conducted in the 
presence of the electromagnetic radiation only, did not induce 
any relevant cytotoxicity (Supporting Information Figure S19). 
Taken all together, these data clearly show how the presence of 
the targeting mAb units constitutes an essential prerequisite for 
reaching lethal local concentrations enhancing the residence 
time of the CNTs-based materials on the cancer cells.    

 2.6. Computational Studies 

 The goal of this computational part is to help at understanding 
how the mAb and the CNT macromolecules can interface with 
each other, as this could signifi cantly infl uence the structural 
and conformational properties of the mAb counterpart and 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3173–3184
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     Figure  11 .     The three most representative  Cetuximab ’s conformations as 
obtained from the cluster analysis of 17 ns MD trajectory distinguished 
by coloration.  
thus, that of the two antigen binding regions, namely the Fabs. 
However, it should be pointed out that due to the high density 
and heterogeneous allocation of the NH 2  groups on the exo-
surface of  Fe@MWCNTs-NH 2   together with the homogeneous 
distribution of free carboxylic functionalities on to the antibody 
surface, it is virtually impossible to forecast a realistic model 
describing the covalent structure of  Fe@MWCNTs-NHCO-Ab . 
In fact, by mapping the distribution of mAb’s carboxylic acid 
groups (taken by the crystal structure of  Cetuximab  as solved 
by Harris et al.), [  56  ]  one can observe a uniform distribution 
of 124 amino acid residues (60 aspartates, 60 glutamates, 2 
C-terminal cysteines and 2 C-terminal arginines), of which 
a restricted number (ca. 40%) is buried in the mAb’s tertiary 
structure, shielded by other side chains. The other carboxylic 
acid residues, roughly 60%, are homogenously distributed on 
the outer antibody surface, all being potentially reactive toward 
amidation reactions with any of the terminal NH 2  groups exo-
hedrally exposed on the functionalized CNT (Supporting Infor-
mation Figure S20). Therefore, a prediction about the exact 
covalent structure of the CNT-mAb hybrid is very diffi cult and 
any attempts to suggest a representative structure are pure 
speculative. Nevertheless, experimental evidences (see above) 
have shown that the mAb easily adsorbs on  Fe@MWCNTs  
upon simple mixing in aqueous solutions (already after a 
2 min), thus suggesting a strong non-covalent affi nity between 
the two macromolecular counterparts. Thus, among the dif-
ferent envisaged reaction pathways, it is realistic to think that 
the mAb macromolecules fi rstly adsorb onto the CNT surface 
and then undergoes covalent grafting through amidation reac-
tion between the mAb’s carboxylic acids and the neighboring 
NH 2  groups present on the CNT surface. Therefore, we have 
focused our attention on the modeling of the non-covalent 
 Fe@MWCNTs / mAb  complex. All-atom classical MD simula-
tions have been fi rstly performed on the mAb alone to relax the 
structures before the docking calculations. For the mAb alone, 
its intrinsic fl exibility was refl ected by the 17 ns MD trajec-
tory, showing a calculated RMSD of the protein backbone not 
converging to a stable value. Being the mAb structure consti-
tuted by three functional regions, two Fabs and one Fragment 
© 2013 WILEY-VCH Verlag Gm

     Figure  12 .     a) The interaction modes, predicted by docking calculations bet
and colored according to the conformations as displayed in Figure  11 . The
ranked, from the top to the bottom, in 4 main clusters, from the most to the 
in grey and magenta, respectively) as the most recurred interaction mode.  
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cristallizable (Fc) connected by highly-fl exible hinge region, 
intense conformational fl uctuations were observed during 
the MD simulations. On the other hand, when calculating 
the RMSD on the separate Fab1, Fab2, and Fc regions, a con-
stant trend was observed, thus suggesting a fairly stability of 
the isolated fragments over the time (Supporting Information 
Figure S21). This confi rms that the sampling done during the 
17 ns MD simulation is suffi cient to confi dently carry on our 
computational studies. Considering the previous data, it is clear 
that the antibody structure cannot be effi ciently represented by 
a single conformation. A cluster analysis was then performed, 
from which the three most representative conformations could 
be obtained ( Figure    11  ). In all the conformations, the electro-
static potential mapping of the mAb’s nicely displays a rather 
uniform surface polarity (Supporting Information Figure S22), 
thus clearly indicating the absence of a particular hydrophobic 
pocket that might drive, at a fi rst glance, a preferential interac-
tion with a CNT.  

 Therefore, to predict the interaction mode between the CNT 
exosurface and the mAb, we performed docking simulations 
of a 3D model of CNT (for computational effi ciency reasons 
and considering a negligible effect of the inner layer, we have 
approximated our MWCNTs to a SWCNT with a 20 Å in dia meter 
and 100 Å in length, labeled as CNT20) onto the three most 
representative conformations of  Cetuximab  as calculated above. 
As clearly observed in  Figure    12  , independently on the initial 
conformation of the mAb, the docking simulations generated 
the same distribution of the binding positions. Specifi cally, the 
3181wileyonlinelibrary.combH & Co. KGaA, Weinheim

ween CNT20 and the three mAb conformations, are sketched as cartoons 
 50 adsorption modes as returned from each docking simulation runs are 
lowest populated. b) Graphical representation of CNT-Ab complex (colored 
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     Figure  13 .     a) CNT-mAb adsorption modes as a function of the CNT’s diameter docked onto the equilibrated structure of the antibody. Column: occu-
pancy for each CNT-mAb adsorption mode as a function of the CNT’s diameter. Row: occupancy for each CNT-mAb adsorption mode, ranked from 
the most to the lowest populated structure. b) The unique CNT-mAb conformation predicted for CNT80.  
most populated docked adsorption mode ( ≥ 50% occupancy), 
recurring in all the simulations for CNT20, develops the CNT 
framework nested in the cavity between the Fab1 and Fc 
regions (i.e., Fab-Fc cavity), in which hydrophobic interactions 
are maximized (Figure  12 ). This adsorption mode obviously 
depends on the CNT’s diameter, suggesting that its dimension 
plays a critical role in determining, among the most likely posi-
tions, the fi nal structure. This means that such prediction is 
diameter-dependent and not signifi cantly representative of the 
supramolecular interactions between all class of CNTs and the 
mAb. Consequently, a systematic docking analysis with CNTs 
of increasing diameters ( d  CNTs   =  30, 40, 60, and 80 Å, labeled as 
CNT30, CNT40, CNT60, and CNT80, respectively) was carried 
out on the  Cetuximab  equilibrated geometry ( Figure    13  ).   

 From this systematic analysis, it clearly emerges that, 
increasing the CNTs’ diameter, the predicted interaction modes 
for the small-diameter CNTs converge to a unique cluster in 
which the CNTs move away from the Fab-Fc cavity. In fact, 
CNTs featuring  d  CNTs   ≥  80 Å interact with the mAb only through 
the Fc region, leaving unaltered the Fabs regions (Figure  13 a,b). 
Notably, in any of the discussed cases, the presence of the CNT 
structure does seem to sterically affect the conformational or 
chemical properties of the Fabs, thus further supporting the 
experimental biochemical fi ndings for which the  Cetuximab ’s 
binding properties are largely preserved in the CNT-mAb 
hybrids.    

 3. Conclusions 

 In this work, we have shown that MWCNTs are very suitable 
scaffolds to cavity confi ne magnetic metallic species and orthog-
onally immobilize targeting antibodies on the external portion of 
the carbonaceous framework. The resulting bioactive nanomag-
nets showed a very good binding selectivity toward EGFR +  
cancer cells inhibiting the biochemical actions triggered by the 
EGF stimulation of the EGFR. Moreover, it has been shown that 
these nanomagnets can be used for cell-sorting experiments, 
displaying a fast (few min!!) isolation of the EGFR +  cancers 
3182 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
cells from the EGFR- cell lines. The cytotoxicity profi les as 
evaluated through mitochondrial cell viability studies showed a 
good biocompatibility behavior of the tested compounds. With 
the help of molecular dynamic and docking simulations, it 
has also been shown for the fi rst time that the presence of the 
CNT framework does not sterically affect the conformational or 
chemical properties of the two antigen binding regions, thus 
further supporting the experimental biochemical fi ndings for 
which the CNT-mAb hybrids largely retain the binding prop-
erties of  Cetuximab  alone. Proof-of-principle MFH experiments 
showed remarkable selectivity toward the killing of cancer cells 
(EGFR +   >  >  EGFR-) and a two-fold increase for the suppression 
of cancer cells. However, the moderate overall killing effi ciency 
(ca. 25%) suggest that an improvement of the structural proper-
ties of the CNTs in terms of both Fe content and homogeneity 
of Fe distribution in the CNTs is necessary to engineer a full 
operative theranostic tool. These two parameters are currently 
under optimization in our laboratory by developing new CVD 
protocols. In perspective, the possibility of virtually attaching 
any bioactive molecule and increasing the Fe fi lling to amel-
iorate MFH responses make such Fe@MWCNTs exceptional 
multifunctional scaffolds that, if properly functionalized, would 
open the way to a brand new class of nanomedical tools poten-
tially displaying an unnumbered combination of theranostic 
actions. All these research activities represent the next exciting 
challenges that we are undertaking in our future research 
endeavors in this fi eld.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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