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 Controlling the covalent bonding of antibodies onto functionalized carbon nanotubes 
is a key step in the design and preparation of nanotube-based conjugates for targeting 
cancer cells. For this purpose, an anti-MUC1 antibody (Ab) is linked to both multi-
walled (MWCNTs) and double-walled carbon nanotubes (DWCNTs) using different 
synthetic strategies. The presence of the Ab attached to the nanotubes is confi rmed 
by gel electrophoresis and thermogravimetric analysis. Most importantly, molecular 
recognition of the antigen by surface plasmon resonance is able to determine similar 
Ab binding capacities for both Ab–DWCNTs and Ab–MWCNTs. These results are 
very relevant for the design of future receptor-targeting strategies using chemically 
functionalized carbon nanotubes. 
  1. Introduction 

 Carbon nanotubes (CNTs) are nanoscale materials that 

present interesting physical and chemical properties for 

applications in a variety of research areas. In recent years, 

CNTs have been explored as novel photovoltaic devices, [  1  ]  

electrochemical sensors, [  2  ,  3  ]  and have been used for various 

applications in materials science. [  4  ]  CNTs can also be used in 
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many biomedical fi elds [  5–8  ]  as substrates for tissue regenera-

tion [  9  ]  or as new drug-delivery systems. [  10  ]  Indeed, they are 

able to cross biological barriers in a noninvasive way and to 

modify the pharmacokinetics and biodistribution of thera-

peutic agents, thereby improving solubility and avoiding 

rapid drug inactivation. [  11  ]  Before using CNTs as a drug-

delivery system it is necessary to functionalize their surface 

to overcome the high hydrophobicity and to enhance their 

biocompatibility. [  12–14  ]  

 Recently, a few studies have demonstrated that immuno-

CNT constructs (antibody (Ab)–CNT conjugates) can mod-

ulate immunological functions, provide specifi c targeting, 

and enhance the effi cacy of antitumor therapies. [  15–25  ]  In the 

last example CNTs were associated with an antineoplastic 

drug [  15  ]  or with a radiotherapeutic agent [  21  ]  combined with an 

Ab to selectively target cancer cells, thus limiting the cellular 

damage of healthy tissues and increasing the specifi c delivery 

of the therapeutic agents. Other studies have exploited the 

CNT optical properties to convert near-infrared (NIR) light 

into heat. [  17–19  ,  22  ,  23  ]  In this context, tumor cells have been 

specifi cally targeted by an Ab coupled to CNTs and killed 

by thermal ablation. Alternative approaches have also been 

recently proposed based on targeting moieties different from 

antibodies. [  26  ]  Biotin, epidermal growth factors, or folic acid 

have been covalently or noncovalently coupled to CNTs to 

target specifi c diseased cells or organs. 
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 To conjugate the immunoglobulins (Ig) to CNTs, 

two types of strategies have been reported: 1) covalent 

bonding [  15–21  ]  and 2) noncovalent interactions. [  22–25  ]  A non-

covalent interaction between an Ab and the nanotubes may 

lead to conjugates with insuffi cient stability and selectivity. 

Generally, in these types of conjugates the Ab is linked to a 

polymer adsorbed onto the CNT surface. [  22–24  ]  This approach 

limits the use of the conjugates in vivo because the polymer 

could be displaced by other biological macromolecules, thus 

resulting in dissociation of the Ig protein from the nanostruc-

ture. On the contrary, a covalent bond does not present this 

limitation and it offers, in addition, good stability and better 

binding selectivity due to its ability to directly control the 

location of the Ab. 

 For this purpose, we have designed and prepared new 

Ab–CNT constructs for the development of nanotube-

based targeted cancer therapeutics. As a model, we decided 

to use anti-MUC1 Ab and conjugate it to both multi-

walled (MWCNTs) and double-walled carbon nanotubes 

(DWCNTs) using different covalent approaches. Anti-MUC1 

Ab recognizes the mucin 1 (MUC1) receptor which is over-

expressed on a series of human cancer cells, and it was chosen 

as an active targeting molecule in view of the development 

of a multimodal CNT-based hybrid with therapeutic proper-

ties. The Ab comprises a recombinant humanized antibody 

(IgG4) that binds to polymorphic epithelial mucin (PEM). It 

is constituted of a human framework with complementarity-

determining regions (CDR)-grafted mouse sequences forming 

the antigen-binding site. [  27  ]  Cell surface associated MUC1, or 

PEM, belongs to the family of mucin proteins, [  28  ]  the over-

expression of which is often associated with colorectal cancer 

and many other tumors. [  29  ]  Two methods were used to synthe-

size these conjugates, namely, amidation to immobilize the Ab 

(a humanized IgG) onto the tips of oxidized (ox)-CNTs, [  30  ]  or 

a chemoselective reaction to tether the Ab to the sidewalls of 

amino-functionalized CNTs following the 1,3-dipolar cycload-

dition of azomethine ylides. [  31–33  ]  We used both DWCNTs 

and MWCNTs to compare materials with different aspect 

ratios (length to diameter ratios) with respect to Ab conjuga-

tion, and to assess the infl uence of these parameters on the 

antigen recognition capacity of the fi nal constructs. 

 The Ab–CNT conjugates were characterized using com-

plementary techniques, including transmission electron 

microscopy (TEM), thermogravimetric analysis (TGA), and 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS-PAGE). Importantly, molecular recognition analyses 

by surface plasmon resonance (SPR) between the different 

conjugates and the antigen were performed to assess the tar-

geting capacity of the Ab once bound to the nanotubes. This 

systematic study has enabled us to evaluate the feasibility 

of the different synthetic approaches to conjugate the Ab to 
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    Scheme  1 .     Preparation of Ab–CNT conjugate  3  via a diimide-activated am
CNTs and to assess the recognition capacity of the antigen 

by the different hybrids. Although both types of Ab–CNTs 

interacted with the antigen with similar binding capaci-

ties, Ab–MWCNTs seem more promising as they displayed 

better dispersibility under physiological conditions than 

Ab–DWCNTs.   

 2. Results and Discussion 

 The fi rst step in the preparation of monoclonal Ab-

targeted CNTs for further applications in cancer therapy con-

sisted of the selection of the Ab hCTM01 anti-MUC1 IgG. 

The preparation of anti-MUC1–CNT conjugates is aimed at 

building a model hybrid able to target tumor cells. Indeed, the 

development of a second generation of Ab–CNT constructs 

also containing a therapeutic agent is currently in progress. 

These conjugates will eventually exploit the cell-penetrating 

property of nanotubes to exert the intracellular anticancer 

activity of the bound molecule. [  11b  ,  34  ]  It is therefore of funda-

mental importance to prove the targeting specifi city and the 

antibody–antigen recognition of the designed conjugates. 

 In the fi rst of our conjugation strategies, we introduced 

the Ab principally at the functionalized end of the CNTs by 

peptide coupling between the carboxylic functions of ox-

CNTs  1  and the amino groups of the basic amino acid side 

chains (i.e., lysine) available on the Ab ( Scheme    1  ). In addi-

tion, Ab binding is likely to occur at any defect on the CNT 

sidewalls (since these would present carboxyl groups).  

 The carboxylic acids were initially introduced on 

MWCNTs using an oxidation reaction in a mixture of nitric 

and sulfuric acids. [  35–37  ]  This procedure allows shortened and 

purifi ed CNTs to be obtained by cutting the structure and 

reducing the amount of catalytic and carbonaceous particles 

that are present in the nanotube samples. The ox-MWCNTs 

 1  were observed by TEM. The images highlight that the 

treatment does not change the morphological structure of 

the tubes but it does induce a disruption of the nanotube 

aggregates and reduce their length in comparison to puri-

fi ed material ( Figure    1  A,B). A statistical analysis of indi-

vidualized MWCNTs from the TEM images afforded a mean 

length value of ox-MWCNTs  1  of around 400 nm (see the 

Supporting Information (SI), Figure S1). On the other hand, 

DWCNTs were already provided as shortened and oxidized 

(Figure 1E,F). TEM again allowed us to evaluate the length 

distribution of the sample, with an average length of 400 nm 

(see SI, Figure S1).  

 As illustrated in Scheme  1 , we coupled the Ab via a two-

step amidation process. The NHS ester-activated CNTs  2  sta-

tistically reacted with the exposed lysine side chains of the 

Ab without using additional coupling agents. This affords a 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–9
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    Figure  1 .     TEM images of purifi ed MWCNTs (A), ox-MWCNTs  1  (B), Ab–MWCNT conjugate  3  (C), 
Ab–MWCNT conjugate  6  (D), purifi ed DWCNTs (E), ox-DWCNTs  1  (F), Ab–DWCNT conjugate 
 3  (G), and Ab–DWCNT conjugate  6  (H).  
homogeneous attachment of Ab on CNTs and avoids at the 

same time undesirable side reactions. Indeed, intermolecular 

conjugation of proteins is possible because of the high den-

sity of both carboxylic and amine groups in the Ab light and 

heavy chains. As an alternative to the direct conjugation of 

Ab to the carboxylic groups of MWCNTs or DWCNTs, we 

covalently linked the Ab to the sidewalls of CNTs using 

selective chemical ligation via addition of thiolated Ab to 

maleimide groups introduced onto ammonium-functionalized 

CNTs  4  ( Scheme    2  ).  

 The sidewall functionalization of ox-CNTs  1  with ammo-

nium groups was performed using the 1,3-cycloaddition 

reaction of azomethine ylides. This reaction leads to the 

introduction of pyrrolidine rings on the graphitic surface of 

CNTs. [  38  ]  This strategy renders CNTs highly dispersible in 

water. The ammonium functions at the end of the triethylene 

glycol chain on the pyrrolidine ring can be further functional-

ized to introduce the Ab. After cleavage of the  tert -butoxycar-

bonyl (Boc) protecting group using HCl (4  m ) in dioxane, the 

number of ammonium functions was determined by UV–vis 

spectroscopy using the Kaiser test [  35  ,  39  ,  40  ]  yielding 110 and 

80  μ mol per gram of functionalized MWCNTs and DWCNTs 

 4 , respectively. TEM images of ammonium-functionalized 

CNTs  4  showed that the surface of the nanotubes remained 

intact and that the tubes were debundled. The ammonium 

groups were then derivatized using the heterobifunctional 

crosslinker 3-maleimidopropionic NHS ester. 
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2011, X, No. XX, 1–9

    Scheme  2 .     Preparation of the Ab–CNT conjugate  6  via 1,3-dipolar cycloaddition and maleimid
 NHS reacted fi rst with the primary 

amines on the sidewall of CNTs to form 

amide bonds, which led to CNTs  5 . Then, 

the maleimide group allowed the cova-

lent conjugation of sulfhydryl-containing 

molecules to form stable thioether bonds. 

Because of the absence of cysteine amino 

acid residues with free thiol groups within 

the anti-MUC1 sequence, we generated 

thiol moieties on the Ab using 2-iminothi-

olane (Traut’s reagent). [  41  ,  42  ]  The number 

of reactive thiol groups was determined 

by Ellman’s assay [  43  ]  using UV–vis spec-

troscopy. As the chemical modifi cation of 

the amino acid side chains of the Ab might 

affect its activity, we checked by SPR its 

ability to interact with a MUC1-derived 

peptide, thereby demonstrating that the 
introduction of the new thiol groups did not alter the anti-

body–antigen binding site (see SI, Figure S2). The thiolated 

Ab was then conjugated to both types of CNTs  5 . All coupling 

reactions between the CNTs and the Ab were monitored by 

UV–vis spectroscopy. The absorbance at 280 nm (due to the 

side chains of the aromatic amino acids present in the Ab) of 

the supernatant of the reaction mixture decreased as the Ab 

bound to the nanotubes ( Figure    2  ). At specifi ed time points 

an aliquot of the reaction mixture was centrifuged at high 

speed (16 000  g ) and the colorless supernatant was collected. 

The centrifugation process separated the solution containing 

the unreacted Ab (in the supernatant) from CNTs, which 

were collected as a black precipitate. This was necessary to 

avoid the interference of the nanotubes in the UV spectrum 

because of their strong absorbance. Following the coupling, 

the remaining free Ab or the Ab simply adsorbed on the 

sidewalls of the tubes was eventually eliminated by washing 

cycles with phosphate-buffered saline (PBS) and a fi nal dial-

ysis against PBS.  

 To prove the successful covalent immobilization of the Ab 

on CNTs by the different strategies, we used complementary 

techniques. Although a direct visualization of the Ab on the 

nanotube was not possible by TEM due to its low contrast in 

comparison to CNTs, TEM images of Ab–CNT conjugates  3  

and  6  show that the morphological structure of the nanotubes 

was not affected by the conditions used for the IgG coupling 

reaction (Figure  1 C,D,G,H). Gel electrophoresis analysis 
3www.small-journal.com
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    Figure  2 .     UV–vis spectra of the supernatant following the coupling 
reaction between DWCNTs  5  and the Ab, which show the decrease of 
the absorption peak at 280 nm with time.  
under both nonreducing and reducing conditions was then 

used to show covalent binding between CNTs and the Ab. 

The free Ab (150 kDa) was used as a reference in the analysis 

( Figure    3  , lane 1). As displayed in Figure  3  (lanes 2 and 3), 

no MWCNTs entered the gel and no Ab was detected under 

nonreducing conditions, which confi rmed that the Ab was not 

simply adsorbed on the surface of the CNTs but fi rmly bound 

to them, thus remaining in the loading well. Under reducing 

conditions a pattern of two bands appeared, due to the heavy 

chains ( ≈ 50 kDa) and the light chains ( ≈ 25 kDa) of the Ab. 

These results suggest that the Ab was intact after conjugation 

with the CNTs. A similar profi le was obtained with the Ab 

conjugated to DWCNTs (see SI, Figure S3) to confi rm the 

covalent bond formation between the IgG protein and the 

nanotubes.  

 TGA was used to evaluate the degree of functionalization 
    Figure  3 .     Gel electrophoresis of Ab–MWCNT conjugate  3  under nonreducing conditions (– β Me, 
 β -mercaptoethanol) and reducing conditions ( +  β Me); gel electrophoresis of Ab–MWCNT 
conjugate  6  under nonreducing conditions (– β Me) and reducing conditions ( +  β Me). Lane 1: 
Ab reference; lane 2: Ab–MWCNT conjugate before dialysis; lane 3: Ab–MWCNT conjugate 
after dialysis.  
of the Ab–CNT conjugates.  Figure    4   shows 

the weight loss observed when the CNT 

constructs underwent thermal decom-

position under an inert atmosphere. The 

purifi ed CNTs were stable up to 800  ° C, 

while ox-CNTs  1  showed an increased 

weight loss due to the release of the car-

boxylic groups introduced onto the CNT 

structure. This thermal weight loss further 

increased for functionalized CNTs  5 . In 

the case of Ab–CNT conjugates  3  and  6 , 

the thermogravimetric analyses permitted 

us to estimate the amount of IgG bound 

to the CNTs (at 500  ° C), by comparison 

with the thermogravimetric profi le of 

their precursor. We calculated a loading 

of 35% in weight of Ab with respect to 

the Ab–MWCNT conjugate  3  and 22% of 

Ab with respect to the Ab–MWCNT con-

jugate  6 . Similarly, we obtained loading 

values of 24 and 28% of Ab (in weight) 

with respect to the Ab–DWCNT conju-

gates  3  and  6 , respectively. These values 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
were in agreement with the decrease of Ab concentration in 

the supernatant following reaction between CNTs and Ab 

(Figure  2 ). The loading calculated by TGA, if expressed in 

molarity, corresponds to concentrations in the range of 1.9 to 

3.6  μ mol of Ab per gram of CNTs.  

 For the Ab–MWCNT conjugate  6  we also performed 

microscopic analysis by immunostaining. This technique 

allowed us to localize the Ab on the MWCNT sidewall by 

TEM. After depositing the conjugate  6  on the TEM grid, we 

incubated it with a biotinylated goat anti-human IgG and 

then with a goat anti-biotin IgG coupled to colloidal gold 

nanoparticles (6 nm in diameter). We clearly observed the 

gold nanoparticles only on the sidewall of the nanotubes 

functionalized with the Ab (see SI, Figure S4A). A control 

TEM grid was prepared by depositing ammonium-

functionalized MWCNTs  4 , used as starting material (see SI, 

Figure S4B). In this case, as expected, no gold nanoparticles 

were bound to the nanotube surface. 

 Finally, we studied the functional activity of the Ab cou-

pled to CNTs. This is the fi rst fundamental step to prove 

that the Ab is still able to exert its biological activity. Using 

SPR, we assessed the recognition capability and the affi nity 

of the CNT-coupled Ab towards its antigen. We synthesized 

the antigen sequence  296 HGVTSAPDTRPAPGSTAPPA 315  

that belongs to the variable number tandem repeat (VNTR) 

domain of the MUC1 protein [  44  ]  and a control peptide 

(“scrambled” antigen: APHADPSTPGAPSVTPRTAG) with 

the same number and type of amino acids. This sequence ena-

bled us to evaluate the nonspecifi c component of the binding 

between the antibody and the antigen. Indeed, the Ab recog-

nized only the antigen ( K  D   =  (1.65  ±  0.23)  ×  10  − 8   m ) and not 

the “scrambled” antigen, thus confi rming its selective binding 

(Figures S5 and S6). We also performed control experiments 

using ox-CNTs  1  to rule out nonspecifi c binding between the 

antigen and the carboxylated nanotubes (data not shown). 

Finally, we assessed the interaction of the Ab–CNT constructs 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–9
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    Figure  4 .     Top: TGA profi les of purifi ed MWCNTs (a), ox-MWCNTs  1  (b), Ab–MWCNT conjugate  3  (c), maleimido-functionalized MWCNTs  5  (d), and 
Ab–MWCNTs conjugate  6  (e). Bottom: TGA profi les of purifi ed DWCNTs (a), ox-DWCNTs  1  (b), Ab–DWCNT conjugate  3  (c), maleimido-functionalized 
DWCNTs  5  (d), and Ab–DWCNTs conjugate  6  (e).  
 3  and  6  with the antigen ( Figure    5   and  Figure    6  ). All conju-

gates were able to recognize the antigen on the sensor chip; 

however, it was not possible with the Ab–CNT constructs to 

obtain quantitative binding information from the SPR, for 

two main reasons: 1) a precise molecular weight for CNTs 

(being heterogeneous material) cannot be determined, 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, X, No. XX, 1–9

    Figure  5 .     Sensorgrams showing the binding of Ab–MWCNT (curves 
A and B) and Ab–DWCNT (curves C and D) conjugates  3  with the antigen. 
(Concentrations of Ab–CNT  3  were 100 (A) and 25  μ g mL  − 1  (B) for 
MWCNTs and 50 (C) and 25  μ g mL  − 1  (D) for DWCNTs). Note: Due to evident 
aggregation phenomena of Ab–DWCNTs at 100  μ g mL  − 1  concentration, 
we did not perform the analysis at that concentration.  
therefore  K  D  values could not be obtained from the sen-

sorgrams; and 2) Ab attachment to the conjugates is likely 

to be unevenly distributed along the nanotubes, which may 

affect their antigen binding capacity. Based on the results 

obtained, covalent attachment of Ab onto CNTs does not 

seem to affect their recognition capacity, thus demonstrating 
5H & Co. KGaA, Weinheim www.small-journal.com

    Figure  6 .     Sensorgrams showing the binding of Ab–MWCNT (curves C and 
D) and Ab–DWCNT (curves A and B)  6  with the antigen. (Concentrations 
of Ab–CNT  6  were 100 (A) and 25  μ g mL  − 1  (B) for MWCNTs and 50 
(C) and 25  μ g mL  − 1  (D) for DWCNTs). Note: Due to evident aggregation 
phenomena of Ab–DWCNTs at 100  μ g mL  − 1  concentration, we did not 
perform the analysis at that concentration.  
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that the conjugates can be used to specifi cally target cancer 

cells overexpressing MUC1 receptors. As it has been recently 

demonstrated using a different system, the kinetic para meters 

of ligand–receptor interaction could be taken as indicative 

of the potential biological in vitro and in vivo activity of the 

analyzed construct. [  45  ]    

 The detailed characterization of the Ab–CNT conju-

gates performed using TGA, TEM, gel electrophoresis, and 

SPR confi rmed that the Ab was covalently bound and bio-

logically functional once on the nanotubes, illustrated by the 

highly preserved antigen binding capacity for all conjugates. 

Covalent and noncovalent conjugation of CNTs with anti-

bodies has been previously described to target specifi c cancer 

cells. [  15  ,  16  ,  21–23  ]  However, the design used in our study allows 

a controlled linkage between the nanotubes and the Ab. Only a 

covalent bond can provide a chemically stable conjugate and 

prevent the premature release of the Ab due to adsorption of 

other biological molecules onto the nanotube surface. More-

over, our strategy for the double covalent functionalization of 

CNTs combines an amidation reaction at the oxidized tips 

of CNTs and a 1,3-dipolar cycloaddition onto the sidewall. 

We can thus envisage conjugating a therapeutic molecule 

(an anticancer drug or a radioisotope) in addition to the tar-

geting moiety (Ab) at noncompeting positions for targeted 

drug delivery. So far, some approaches reported in the litera-

ture for the preparation of doubly functionalized CNTs have 

as limiting factor the presence of at least one biological entity 

simply adsorbed on the nanotube surface. Li et al. [  15  ]  reported 

the covalent attachment of an anti P-glycoprotein Ab by ami-

dation reaction while the therapeutic agent doxorubicin was 

physically adsorbed on the nanotube surface via  π – π  stacking 

interactions. The presence of adsorbed moieties can limit the 

use of these conjugates in vivo because of low stability under 

physiological conditions. McDevitt et al. [  16  ]  used 1,3-dipolar 

cycloaddition to covalently couple both an anti-CD20 Ab and 

a radiotherapeutic agent to SWCNTs. In this case, doubly 

functionalized CNTs were obtained by modifying a fraction 

of the amine functions with a linker to conjugate the Ab to 

the CNTs, while the unreacted amines were subsequently 

derivatized with a chelating agent of a radioisotope. This syn-

thetic route suffers from insuffi cient control over the func-

tionalization process. Comparatively, our approach affords 

stability of the Ab–CNT conjugate as well as control of the 

covalent double functionalization of the CNTs.   

 3. Conclusion 

 We have covalently conjugated the anti-MUC1 Ab to two 

different types of CNTs, namely MWCNTs and DWCNTs, 

using different strategies. We coupled the Ab at the tips 

and at defect sites of the CNT backbone via direct amida-

tion between the Ab and ox-CNTs, or onto their sidewall 

via 1,3-dipolar cycloaddition, exploiting a selective chemical 

ligation based on the addition of thiolated Ab to maleimide-

functionalized CNTs. The two different chemical approaches 

were versatile and allowed the facile attachment of the Ab 

onto the nanotubes. The 1,3-dipolar cycloaddition reaction 

strategy offers the advantage of freely available carboxylic 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
functions that can potentially allow conjugation with a second 

therapeutic agent, to generate a multimodal system. Among 

all conjugates prepared and analyzed, MWCNT-based con-

structs displayed the highest degree of aqueous dispersibility. 

They formed stable homogeneous dispersions under physi-

ological conditions that render them useful for biomedical 

investigations.   

 4. Experimental Section 

  Materials and Methods : MWCNTs were produced by the cata-
lytic carbon vapor deposition (CCVD) process and provided as 
purifi ed by Nanocyl (Sambreville, Belgium; thin MWCNT 95 + % 
C purity, Nanocyl 3100 batch no. 071119, average diameter and 
length: 9.5 nm and 1.5  μ m, respectively). DWCNTs were produced 
by the CCVD process and provided as purifi ed (p-DWCNTs 90 + % C 
purity, Nanocyl 2100, average diameter and length: 3.5 nm and 
several micrometers, respectively) and as shortened and carboxy-
late-functionalized nanotubes by Nanocyl (sDWCNT-COOH 90 + % C 
purity, Nanocyl 2151, average diameter and length: 3.5 nm and 
400 nm (see SI, Figure S1), respectively). The latter corresponds to 
ox-DWCNTs used for direct functionalization of COOH groups with 
the Ab. 

 Ab hCTM01 anti-MUC1 IgG was obtained from UCB (Slough, 
UK). CTM01 is a monoclonal Ab originally produced from an 
IgG1/ κ  mouse monoclonal Ab, which was raised against the mem-
brane fraction of human milk fat globulin. hCTM01 is a recom-
binant humanized Ab (IgG4) that binds PEM. The Ab consists of a 
human framework with CDR-grafted mouse sequences forming the 
antigen-binding site. [  27  ]  

 All reagents and solvents were purchased from different com-
mercial suppliers and used without further purifi cation. The UV–vis 
analyses were performed on a Varian Cary 5000 spectrophoto-
meter. The thermogravimetric analyses were performed using a 
TGA Q500 TA instrument with a ramp of 10  ° C min  − 1  from 100 to 
800  ° C, under N 2  with a fl ow rate of 60 mL min  − 1 . For TGA and TEM 
of the Ab–CNT samples, PBS was removed by extensively washing 
with MilliQ water and several cycles of centrifugation and removal 
of the supernatant, followed by dialysis against MilliQ water 
and subsequent lyophilization. TEM was performed on a Hitachi 
600 microscope (for MWCNT samples) with an accelerating voltage 
of 75 kV (images acquired using a Hamamatsu CCD camera), or on 
a Philips EM 208 microscope (for DWCNT samples) with an accel-
erating voltage of 100 kV (images acquired using an Olympus 
Morada CCD camera). The CNTs were dispersed in water, ethanol, 
or DMF by sonication, and then deposited on a carbon-coated 
copper TEM grid and dried under high vacuum. High-performance 
liquid chromatography (HPLC) analyses were performed on a 
Varian ProStar 240 instrument, equipped with a ProStar 410 
autosampler and a ProStar 330 PDA detector, using a Macherey–
Nagel Nucleodur 100–3 C 18  column; gradient: 5–65% solvent 
B in 10 min; eluents: A: H 2 O  +  0.1% trifl uoroacetic acid (TFA); B: 
MeCN  +  0.08% TFA. Mass spectra were recorded on an LC–MS 
Thermo Scientifi c Finnigan LCQ Advantage MAX instrument. 

 For the colloidal gold immunostaining experiment, TEM grids 
with Ab–MWCNT conjugates were incubated in bovine serum 
albumin (BSA), 10% in Tris-buffered saline (TBS), for 5 min and 
then in biotinylated goat anti-human IgG (Vector Laboratories, 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–9
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Burlingame, California) diluted 1:200 in TBS containing 1% BSA. 
After washing with TBS, they were incubated in BSA (10% in TBS) 
for 5 min and then in goat anti-biotin IgG coupled to colloidal 
gold nanoparticles (diameter 6 nm; Aurion, Wageningen, The 
Netherlands) diluted 1:30 in TBS for 30 min at room temperature. 
As a control, grids deposited with the ammonium-functionalized 
MWCNTs were used. Finally, after washing with TBS, samples were 
fi xed in 1% glutaraldehyde to stabilize interactions between the 
immunoglobulins and fi nally rinsed with TBS and distilled water 
before air drying. 

 Gel electrophoresis was performed using a Novex 8–16% Tris–
glycine gel (Invitrogen, Carlsbad, California) and run under nonre-
ducing and reducing conditions (5%  β -mercaptoethanol). The gels 
were stained with Coomassie blue. The starting functionalized CNT 
material and the fi nal Ab–MWCNTs and Ab–DWCNTs were dialyzed 
using Spectra/Por molecular weight cutoff (MWCO) 12 –14 000 Da 
and Spectra/Por MWCO 300 000 Da dialysis membranes (Spec-
trum Laboratories Europe, Breda, The Netherlands). SPR measure-
ments were performed on the BIACORE 3000 system. The sensor 
chip CM5, surfactant P20, and amine coupling kit containing  N  
-hydroxysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC · HCl) were purchased from 
BIACORE (Uppsala, Sweden) and streptavidin from Sigma–Aldrich. 
All biosensor assays were performed with 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-buffered saline (HBS-EP) 
as running buffer (10 m M  HEPES, 150 m M  sodium acetate, 3 m M  
magnesium acetate, 0.005% surfactant P20, pH 7.4). The different 
compounds were dissolved in the running buffer. The surface of 
a sensor CM5 chip was activated by EDC/NHS. Immobilization 
of streptavidin was performed by injection onto the activated 
surface of 35  μ L of streptavidin (100  μ g mL  − 1  in formate buffer, 
pH 4.3), which gave a signal of approximately 5000 RU, followed 
by ethanolamine hydrochloride (20  μ L, pH 8.5) to saturate the 
free activated sites of the matrix. Biotinylated antigen and scram-
bled antigen (1  μ  M  in HEPES buffer) were allowed to interact with 
streptavidin until a response of 700 RU was obtained. All binding 
experiments were carried out at 25  ° C with a constant fl ow rate of 
20  μ L min  − 1 . Different concentrations of Ab–CNTs were injected 
for 3 min, followed by a dissociation phase of 3 min. The sensor 
chip surface was regenerated after each experiment by injection of 
10 m M  HCl (10  μ L). The kinetic parameters ( k  a ,  k  d , and  K  D ) were 
calculated using the BIAeval 4.1 software. Global analysis was 
performed using the simple Langmuir binding model. The spe-
cifi c binding profi les were obtained after subtracting the response 
signal from the peptide control. Fitting to each model was consid-
ered based on the reduced chi square and randomness of residue 
distribution. The  K  D  standard deviation (SD) value was calculated 
from the  k  a  SD and the  k  d  SD given by the fi tting to the Langmuir 
binding model on BIAeval software. 

  Peptide Synthesis : The sequence of the antigen corresponding 
to the VNTR region of MUC1 protein is  296 HGVTSAPDTRPAPG-
STAPPA 315 . [  44  ]  An additional Lys(Biot) residue was added to the 
N-terminal part of the antigen for immobilization to the SPR sensor 
chip. The synthesis of the antigen was performed on a 2-chlorotrityl 
resin, using a multichannel peptide synthesizer working on 
standard Fmoc/ t  Bu chemistry. [  46  ]  The synthesis of a scrambled 
control antigen (APHADPSTPGAPSVTPRTAG) was performed on a 
Wang resin using a multichannel peptide synthesizer working on 
standard Fmoc/ t  Bu chemistry. An additional Lys(Biot) residue 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, X, No. XX, 1–9
was added to the N-terminal part of the sequence for immobi-
lization to the SPR sensor chip. Both peptides were purifi ed by 
semipreparative HPLC, characterized by HPLC and mass spectrom-
etry. HPLC (antigen):  t   R  5.46 min; HPLC (scrambled antigen):  t   R  
5.54 min; MS (ESI)  m / z : calcd 2241.5; found: 1121.4 [ M   +  H] 2 +  , 
747.9 [ M   +  H] 3 +   antigen;  m / z : calcd 2241.5; found: 1121.2 [ M  +  
H] 2 +  , 747.9 [ M   +  H] 3 +   scrambled antigen. 

  Oxidation of Purifi ed CNTs : [  35–37  ]  Purifi ed MWCNTs (500 mg) 
were sonicated in a water bath (20 W, 40 kHz) for 24 h in sulfuric 
acid/nitric acid mixture (70 mL, 3:1 v/v, 98 and 65%, respectively) 
at room temperature. Deionized water was then carefully added 
and the oxidized MWCNTs (ox-MWCNTs) were fi ltered (Omnipore 
PTFE membrane fi ltration, 0.45  μ m), resuspended in water, fi ltered 
again until the pH became neutral, and dried. Yield: 84%. 

  Preparation of NHS-Functionalized CNTs    2  : A suspension of 
ox-CNTs  1  (10 mg, DWCNTs or MWCNTs) in DMF (5 mL) was soni-
cated in a water bath for 20 min. A solution of EDC · HCl (85 mg), 
NHS (52 mg), and  N , N  -diisopropylethylamine (DIEA; 75  μ L) in 
DMF (5 mL) was added and the reaction mixture was stirred for 
24 h at room temperature under Ar. The resulting CNTs  2  were then 
washed several times with isopropanol and diethyl ether by suc-
cessive sequences of sonication (water bath), centrifugation, and 
removal of supernatant (Scheme  1 ). Finally, the CNTs  2  were dried 
under vacuum. 

  Preparation of Ab–CNTs   3 : CNTs  2  (10 mg) were dispersed in 
anti-MUC1 solution (20 mL, 3  μ  M ) in PBS buffer (pH 7.4) and the 
mixture was shaken for 60 h at room temperature (Scheme  1 ). 
The suspension was centrifuged and the precipitate was collected 
and washed thoroughly with PBS (pH 7.4) until there was no Ab 
detected in the supernatant by UV–vis spectroscopy. Finally, the 
resulting Ab–CNT conjugate  3  was dialyzed against PBS buffer 
(pH 7.4) for 24 h and stored at 4  ° C. The degree of functionaliza-
tion was determined by TGA and was calculated as 3.6  μ mol of Ab 
per gram of CNTs in the case of MWCNTs  3 , and 2.1  μ mol of Ab per 
gram of CNTs for DWCNTs  3 . 

  Thiolation of Anti-MUC1 : Reactive sulfhydryl groups were intro-
duced onto the Ab by reaction with 2-iminothiolane · HCl (Traut’s 
reagent). [  41  ,  42  ]  A freshly prepared solution of 2-iminothiolane 
(14.5 m M , 90  μ L, 20 molar equivalents) in PBS buffer/5 m M  eth-
ylenediamine tetraacetic acid (EDTA; pH increased to 7.8 with 1  M  
sodium bicarbonate) was added to the Ab solution (67  μ  M , 1 mL, 
1 molar equivalent) in PBS buffer/5 m M  EDTA (pH increased to 7.8 
with 1  M  sodium bicarbonate). The mixture was shaken for 1 h at 
room temperature and subsequently the excess of 2-iminothiolane 
was removed by dialysis (Spectra-Por dialysis membrane MWCO 
12 –14 000 Da) against PBS buffer/4 m M  EDTA (pH 6.5) at 4  ° C. 
The number of free sulfhydryl groups introduced was assessed by 
Ellman’s assay. [  43  ]  

  Preparation of Ammonium-Functionalized CNTs   4 : ox-CNTs  1  
(DWCNTs or MWCNTs) (100 mg) were suspended in DMF (100 mL) and 
sonicated in a water bath for 20 min.  N -Boc-amino-diethoxyethyl-
aminoacetic acid (5  ×  100 mg) and paraformaldehyde (5  ×  100 mg) 
were added in portions over 5 days (one addition per day) and 
the reaction mixture was heated at 115  ° C for 5 days (Scheme  2 ). 
The nanotubes were washed several times with DMF and meth-
anol by successive sonication (water bath) and fi ltration (PTFE, 
0.45  μ m) sequences and dried under vacuum. Then, the Boc group 
was cleaved with a solution of 4  M  HCl in dioxane, and the obtained 
CNTs  4  were isolated by fi ltration (PTFE, 0.45  μ m) and washed 
7H & Co. KGaA, Weinheim www.small-journal.com
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thoroughly with methanol, dialyzed against deionized water, and 
lyophilized. The degree of functionalization was determined with 
the Kaiser test and the amount of free amines was 110  μ mol g  − 1  
for ammonium-functionalized MWCNTs and 80  μ mol g  − 1  for ammo-
nium-functionalized DWCNTs. 

  Preparation of Maleimido–CNTs   5 : Ammonium-functional-
ized CNTs  4  (20 mg; 2.2  μ mol of NH 3   +   functions for MWCNTs and 
1.6  μ mol of NH 3   +   functions for DWCNTs) were suspended in DMF 
and neutralized with 50 molar equivalents of DIEA. A solution of  N  
-succinimidyl-3-maleimidopropionate (20 molar equivalents, corre-
sponding to 12 mg, 44  μ mol for MWCNTs and 8.5 mg, 32  μ mol for 
DWCNTs) in DMF (2 mL) was added (Scheme  2 ). [  31  ]  The reaction was 
stirred for 48 h at room temperature under Ar. The obtained CNTs 
 5  were fi ltered (PTFE, 0.45  μ m) and extensively washed with DMF 
and methanol by successive sonication (water bath) and fi ltration 
sequences and dried under high vacuum. The amount of residual 
free amines was determined with the Kaiser test: 25  μ mol g  − 1  
for maleimido-MWCNTs and 50  μ mol g  − 1  for maleimido-DWCNTs. 
Hence, the amount of maleimide functions was 85  μ mol g  − 1  for 
maleimido-MWCNTs (yield: 77%) and 30  μ mol g  − 1  for maleimido-
DWCNTs (yield: 38%). 

  Preparation of Ab–CNTs    6  : The maleimido-derivatized CNTs 
 5  (DWCNTs or MWCNTs; 10 mg) were dispersed in thiolated Ab 
solution (20 mL, 3  μ  M ) in PBS buffer (4 m M  EDTA, pH 6.5) and the 
mixture was shaken for 60 h at room temperature (Scheme  2 ). The 
Ab–CNT conjugate was centrifuged and washed thoroughly with 
PBS buffer (pH 7.4) until there was no Ab detected in the super-
natant by UV–vis spectroscopy. Finally, the resulting Ab–CNT con-
jugate  6  was dialyzed against PBS buffer (pH 7.4) for 24 h and 
stored at 4  ° C. The degree of functionalization was determined by 
TGA and was calculated as 1.9  μ mol of Ab per gram of CNTs in 
the case of MWCNTs  6  and 2.6  μ mol of Ab per gram of CNTs for 
DWCNTs  6 . 
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