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Can Carbon Nanotubes Be Considered
Useful Tools for Biological Applications?**

By Alberto Bianco* and Maurizio Prato*

Carbon nanotubes can be made soluble in both organic solvents and in aqueous solu-
tions by organic functionalization. In particular, soluble carbon nanotubes can be
further derivatized by coupling with amino acids and bioactive peptides. Immobiliza-
tion of peptides to the external walls of carbon nanotubes may find interesting appli-

cations in diagnostics, vaccine and drug delivery, or multipresentation of bioactive

molecules.

1. Introduction

The exceptional interest in carbon nanotubes (CNTs) re-
sides in their possible technological applications in various
fields of science. For instance, CNTs are considered the
strongest materials known and hold strong promise as nano-
electronic components.!!] However, although new ways of
handling CNTs are progressively becoming available,”) the
ability to solubilize and separate individual CNTs is still a
great challenge.®! A very general way to achieve this is by
organic functionalization. In fact, the covalent attachment of
organic moieties to CNTs may lead to very interesting objects
with new applications in materials science and medicinal
chemistry.[4'6] Until now there have been only very few
reports describing biological applications of CNTs.*®! This is
mainly due to the complete lack of solubility of CNTs under
physiological conditions.

The field of functionalization of CNTs is currently expand-
ing. Several different ways have been considered and are un-
der active investigation. Exhaustive as well as critical reviews
have appeared in the literature recently."®’! Herein, we focus
on covalent attachment of bioactive molecules to CNTs,
mainly as achieved in our laboratories. Our main scope is to
demonstrate that CNTs can serve as useful scaffolds for new
nanobiotechnological applications.!®!
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2. Synthesis

We have recently reported that CNTs undergo 1,3-dipolar
cycloaddition when heated in DMF in the presence of an
a-amino acid and an aldehyde.[g] The scope of the reaction is
very broad and provides functionalized CNTs (f-CNTs) that
exhibit extraordinary solubility in organic solvents and even
in aqueous solutions (e.g., f-CNT 1a has a solubility in chloro-
form of 50 mgmL™, Scheme 1). The enhanced solubility al-
lows several physico-chemical studies previously impossible

R-NH-CH,-COOH
(CH20)n

130°C in DMF

1a, R = //\/O\/\O/\/OCH3
1b, R - ,’\/O\/\O/\/NH-BOCJ HEl
2 Rz -~ OurgANHOr

(Boc, tert-butyloxycarbonyl)

Scheme 1. Dipolar cycloaddition to CNTs of azomethine ylides generated by
condensation of an a-amino acid and p-formaldehyde.

for CNTs. For instance, 'H-NMR of f-CNTs can be easily re-
corded, which shows relatively broad bands for protons close
to the CNTSs, becoming sharper for more distant protons. This
is expected on the basis of the different magnetic environ-
ments that the protons experience when close to the curved
graphitic region. On the other hand, when far from the CNT
electron cloud the organic moiety is free to move and rotate,
making the signal more resolved.

Virtually any functional group can be attached to CNTs, so
that f-CNTs are now available for technological applications.
For example, f-CNTs possessing several thousands of active
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groups can be further functionalized with biologically active
moieties. To extend the use of CNTs in biology and medicinal
chemistry, it is necessary to prepare a material soluble in phys-
iological solutions. For this purpose, f-CNT 2 (Scheme 2)
modified with an ammonium-terminated triethylene glycol
chain was prepared from the corresponding Boc-protected
amine (1b, Fig. 1). f-CNT 2 is highly soluble in aqueous solu-
tions (>20 mgmL ™).l No precipitation due to aggregation
phenomena was observed after storing f-CNT 2 solution for
over one month. The amount of amino groups homoge-
neously distributed at the ends and around the side walls of
the wires was determined using the quantitative Kaiser test, a
common practice in peptide chemistry.[”] A loading (number
of millimoles of amino groups per gram of material) in the
range 0.3-0.5 mmol g”! was achieved, typical of the resins for

TFA +H3N

Scheme 2. Amino acid and peptide functionalization of CNTs.
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solid-phase peptide synthesis.[“] f-CNT 2 was tested to prove
its utility in peptide synthesis and was therefore functional-
ized with N-terminal protected amino acids. f-CNT 3 bearing
a N-protected glycine residue was obtained, which was fully
characterized by spectroscopic and microscopic techniques
(Scheme 2).[10] Soon after, we were able to attach a series of
amino acids and bioactive peptides to the amino functions of
the tubes, to obtain conjugates 4-7 (Scheme 2). The C-termi-
nus of a fully-protected pentapeptide was coupled, via the
fragment condensation strategy, to the amino groups of
f-CNT 2, affording peptide-CNT conjugate 5 (Fig. 1).”! The
formation of a covalent bond between the CNT and the pep-
tide was confirmed by two-dimensional (2D) NMR experi-
ments, so that all the spin systems of the peptide moiety were

identified.
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Fig. 1. Transmission electron microscopy image of the tangled bundles of
A) f-CNT 2 and B) peptide-CNT 5.

f-CNT 2 was also modified by coupling a maleimido linker.
This group allows a selective chemical ligation of peptides,
provided that a cysteine residue with a free thiol is present.
The conjugation of peptides using this strategy was demon-
strated using the epitope of 19 amino acids from the VP1 en-
velop protein of the foot-and-mouth disease virus (FMDV). A
necessary cysteine residue was inserted at the N-terminus to
allow chemical ligation. Peptide—-CNT 6 was obtained, which
represents the first example of a bioactive peptide covalently
linked to CNTs.'2l More recently, we have prepared CNT 4
containing an N-terminal and side chain N-deprotected lysine
that increases the water solubility of the tubes (Scheme 2).
The bifunctional amino acid residue permits the introduction
of two copies of the peptide as shown for conjugate 7
(Scheme 2).1"3) Again, we used the selective chemical ligation
through a maleimido linker to bind FMDV peptide to the
nanotube. f-CNTs 6 and 7 were tested for their biological
activity, and in particular their immunological properties (see
below).

3. Biological Properties

Up until now only pristine CNTs have been used in the field
of peptide chemistry: 1) to selectively bind amphiphilic helical
peptides through van der Waals interactions!'* and 2) to dis-
criminate between hydrophobic peptides derived from phage
displayed peptide libraries.”) We have reasoned that the
covalent binding of bioactive peptides to CNTs would have
interesting applications in vaccine delivery. Initially, our goal
was to study the ability of such systems to stimulate antigen-
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specific immune responses. Indeed, we were able to demon-
strate that peptide-CNTs are recognized by specific monoclo-
nal and polyclonal antibodies and induce high titers of anti-
bodies following different immunization protocols. For this
study, we chose a B-cell epitope corresponding to the se-
quence  “'Gly-Ser-Gly-Val-Arg-Gly-Asp-Phe-Gly-Ser-Leu-
Ala-Pro-Arg-Val-Ala-Arg-Gln-Leu'® from VP1 protein of
FMDV."¥! This peptide was a very promising candidate for
vaccine formulation because it represents a virus neutralizing
and protective epitope.l'”! The antigenicity, namely the capac-
ity of an antibody to recognize the peptide attached onto the
CNT, and the immunogenicity, corresponding to the capacity
of peptide-CNTs to elicit peptide-specific antibodies, were
studied. The antigenic characteristics of both peptide—CNT
conjugates 6 and 7 have been evaluated using surface plasmon
resonance (SPR, BIAcore technology) and enzyme-linked im-
munosorbent assays (ELISA). The SPR technique allows the
study of antigen-antibody interactions in real time. A specific
anti-FMDV 141-159 peptide monoclonal antibody (mAb) was
fixed to a gold chip via a second antibody. A solution of free
FMDV peptide, acetylated CNTs 2, or CNT-linked peptides 6
and 7 was passed over the immobilized mAb to measure the
increase in mass due to the interaction between the different
entities (Fig. 2). CNTs without any bound peptide did not re-
act with the mAb, whereas free peptide, mono-conjugate 6,
and bis-conjugate 7 interacted with increasing mass. The re-
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Fig. 2. Sensorgrams obtained by allowing the analytes to react with an anti-pep-
tide mAb. The association phase required 4 min, the dissociation phase 5 min.
Response with peptide-CNT 7, peptide-CNT 6, free FMDV peptide, and acety-
lated CNT 2 (Ac-2) at 5 uM concentration (bold lines). Thin lines show the
theoretical curves (Langmuir 1:1) for peptide-CNT 7 (Kq=170 nM), peptide—
CNT 6 (K4=300 nM), and free FMDV peptide (K4=350 nM). RU value corre-
sponds to the resonance unit (1000 RU =1 ngmm™ of analyte).

sults obtained from these measurements suggested that the
peptide linked to the CNT retains its structural characteristics
for recognition by the specific antibody.'">!* This was further
confirmed by coating the functionalized CNTs on ELISA
plates and allowing them to react with the specific antibodies.
This experiment confirmed that the secondary structure of the
nanotube-linked peptide, necessary for the spatial interaction
with the antibody, is properly presented by the carbon
wires.'”l The immunogenicity of peptide—-CNTs conjugates 6
and 7 was subsequently evaluated by a series of experiments
in vivo."®! Immunization of mice with 6 and 7 enhanced anti-
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FMDV peptide antibody responses as compared to the free
peptide. The antibodies were peptide-specific and were not
directed to the peptide CNT linker. Most importantly, no anti-
bodies against f-CNT 2 devoid of peptide moiety were detect-
able. The lack of immune response to CNT is of fundamental
importance in view of their use as a carrier system for anti-
gens. Normally, the low immunogenicity of peptide antigens is
improved by coupling them to carrier proteins. However, such
systems could influence the immune response to the linked
peptide by causing the phenomenon of epitopic suppression
(e.g., high titers of non-specific antibodies are generated
against the carrier protein).l'®!

4. Conclusion and Perspectives

Functionalized CNTs hold a lot of promise for applications
in the field of medicinal chemistry. In particular, conjugation
of bioactive peptides to the external walls of the tubes allows
to prepare bioactive materials endowed of immunological
properties. The development of new systems based on CNT
scaffolds to target different issues can be envisaged. Besides
delivery of candidate vaccine antigens, other applications,
including delivery of drugs, peptidomimetics, proteins, oligo-
nucletides, can be achieved using CNTs. Conjugation of plas-
mid DNA would open the way to gene therapy. In addition,
CNT-displayed peptides have several advantages for use in
diagnostics: 1) their efficient binding on ELISA plates over-
comes potential problems encountered with direct coating of
peptides onto a solid support due to their physico-chemical
properties; ii) they present peptides in a more accessible way
for antibody recognition in comparison to peptides coated
directly onto the ELISA plate; iii) they have the potential to
present different epitopes thus allowing higher diagnostic
accuracy. The possibility of creating multifunctionalized CNTs
for the selective binding of different peptides may also repre-
sent an area of further development.
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