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Chapter 2

Covalent Conjugation of Multi-walled Carbon  
Nanotubes with Proteins

Changqing Yi, Suijian Qi, Dawei Zhang, and Mengsu Yang

Abstract  Linkage of proteins to carbon nanotubes (CNTs) is fundamentally important for applications 
of CNTs in medicinal and biological fields, as well as in biosensor or chemically modulated nanoelec-
tronic devices. In this contribution, we provide a detailed protocol for the synthesis and characterization 
of covalent CNT-protein adducts. Functionalization of multiwalled carbon nanotubes (MWCNTs) with 
proteins has been achieved by the initial carboxylation of MWCNTs followed by amidation with the 
desired proteins. Attenuated total reflection Fourier transform infrared (ATR-FTIR) and X-ray photo-
electron spectroscopy (XPS) measurements validated the presence of a covalent linkage between 
MWCNTs and proteins. The visualization of proteins on the surface of MWCNTs was furthermore 
achieved using atomic force microscopy (AFM). The protein-conjugated nanocomposites can also be 
assembled into multidimensional addressable heterostructures through highly specific biomolecular rec-
ognition system (e.g., antibody–antigen).
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The unique properties of nanomaterials (NMs) in combination 
with the biorecognition abilities of proteins offer particularly 
exciting opportunities in molecular imaging (1–3), therapy (4, 
5), biomolecule delivery (6, 7), and design of functional nanode-
vices (8–12). The loss or retention of the native structure of pro-
teins upon their conjugation onto NMs provides an additional 
variable for controlling NM assembly – intercomponent spacing 
(13). Though biomolecules, such as DNA and proteins, can be 
linked to nanotubes via noncovalent interactions (14, 15), the 
use of covalent chemistry is expected to provide better stability, 
accessibility, and selectivity (16, 17).

1. �Introduction

K. Balasubramanian and M. Burghard (eds.), Carbon Nanotubes: Methods and Protocols, Methods in Molecular Biology, vol. 625,
DOI 10.1007/978-1-60761-579-8_2, © Humana Press, a part of Springer Science + Business Media, LLC 2010



10  Yi et al.

Herein, we report a protocol for covalent conjugation of pro-
teins to carbon nanotube (CNT) surface, which has been achieved 
by the initial carboxylation of CNTs followed by amidation with 
the desired proteins. This two-step chemical method employs 
mild conditions and results in tethering of the organic functional-
ity through a covalent bond. This protocol can also be employed 
to functionalize CNTs with various proteins and amines, includ-
ing primary amines and secondary amines. The protein-
conjugated nanocomposites can be further assembled into 
multidimensional addressable heterostructures through highly 
specific biomolecular recognition system, such as antibody–
antigen interation.

  1.	 Pristine MWCNTs, prepared by the chemical vaporization 
deposition (CVD) method (Nanotech Port, China).

	 2.	10-µm pore size PTFE filter paper (Advantec MFS, Inc.).
	 3.	Ultrasonic cleaning bath (Electron Microscopy Sciences).

  1.	 Mouse monoclonal IgG (Santa Cruz Biotechnology).
	 2.	1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC) 

(Sigma-Aldrich).
	 3.	N-hydroxysuccinimide (NHS) (Sigma-Aldrich).
	 4.	Phosphate buffer solution (PBS): 0.1 mol/L, pH 7.4.

    1.	Transmission electron microscope (TEM), Tecnai 12 (Philips).
	 2.	Copper grids with formvar film (Electron Microscopy Sciences).
	 3.	ULVAC-PHI 5802 XPS system (Kanagawa, Japan).
	 4.	FTIR spectrometer Spectrum One (Perkin Elmer).
	 5.	FTIR microscope equipped with a HgCdTe detector cooled 

with liquid nitrogen (i-Series).
	 6.	Multimode atomic force microscope (Veeco Instruments).

  1.	 Pristine MWCNT powder was oxidized in a 3:1 mixture of 
concentrated H2SO4 (98%) and HNO3 (69%) at 70°C for 4 h 
(18–20) and filtered through a 10-µm pore size PTFE filter 
paper.

Or
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3.1. Carboxylation
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Pristine MWCNTs were refluxed in 4 M HNO3 for 24 h and 
filtered through a 10-µm pore size PTFE filter paper.

	 2.	After filtration, the refluxed MWCNTs were exposed to 1 M 
HCl and sonicated for about 30 min.

	 3.	The carboxylated MWCNTs were filtered, and washed with 
deionized water and dried in air.

     1.	MWCNT-COOH and mouse monoclonal IgG was mixed in 
a tube at the ratio 1:10.

	 2.	A mixture solution of 0.40 M 1-ethyl-3-(3-dimethyl-amino-
propyl) carbodiimide (EDC) and 0.10  M N-hydroxy 
succinimide (NHS) was added to initiate cross-linking reac-
tions between carboxyl groups on MWCNTs and amine 
groups in IgG.

	 3.	The reaction tubes were rotated at room temperature for 1 h.
	 4.	After centrifugation and decanting supernate, mouse IgG 

functionalized MWCNTs were re-suspended in PBS buffer.

     1.	5 mL of dilute aqueous sample was spotted onto a grid and 
left for 90 s.

	 2.	Lightly touch one edge of the grid with filter paper to wipe 
off moisture.

	 3.	Grids were then allowed to air dry prior to analysis.
	 4.	TEM: Observe the samples on grids in electron microscopy 

with an accelerating voltage of 120 kV. Figure 1 shows the 
results obtained.

     1.	Parameter setting:
(a)	 Pressure ranges are as follows: 2 × 10−6 mbar (fast entry 

chamber), 4 × 10−8 mbar (preparation chamber), and 
4 × 10−9 mbar (sample analysis chamber).

(b)	 High transmission FAT mode, 14.12 keV, 25 mA, Al Ka 
(1,486.7 eV), was used for the analysis at 90° electron 
take off angle for normal non-charging samples (45° for 
the charging samples).

(c)	 The analyzer slit width was set for 0.8 mm, and the resulting 
overall energy resolution was 0.35 eV.

	 2.	The SCIENTA software was used for data acquisition and 
data analysis.

	 3.	The binding energy of the C1s of graphite, 284.5  eV 
(±0.35 eV energy resolution of the spectrometer at the settings 
employed) was taken as the reference.

	 4.	Prior to individual elemental scans, a survey scan was taken 
for all the samples in order to detect the elements present.

3.2. �Amidation

3.3. TEM 
Characterization

3.4. XPS 
Measurements (See 
Notes 3 and 4)
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	 5.	The obtained XPS spectra of CNT-protein adduct are listed 
in Fig. 2. The C1s XPS of the oxidized nanotubes in Fig. 2a 
shows a large peak at 284.4 eV from the nanotubes, a smaller 
peak at 286.4 eV, and a well-separated peak at 288.8 eV. The 
peak at 288.8 eV is attributed to the carbonyl group in the 
carboxylic acid group. The peak at 286.4, 2 eV higher than 
the main peak, is attributed to C atoms in ether-like linkages. 
The corresponding N(1s) spectrum shows no signal above 
the detection limit of the instrument, even with extensive sig-
nal averaging. After conjugation with proteins, the modified 
tubes were characterized by XPS after briefly warming to 
75°C in an ultrahigh vacuum to remove any residual physi-
cally adsorbed proteins. Compared to the main bulk C1s at 
284.4 eV, the resulting C1s photoelectron spectrum shows 
some narrowing of the bulk peak (Fig. 2b). We notice that 
there is no significant intensity near 288.8 eV. The absence of 
intensity at 288.8 eV is important because the C1s binding 
energy of carboxylic groups is expected to decrease signifi-
cantly when a carboxylic acid group is converted to a carbonyl 
amide, which is at 288.45  eV. Carbon atoms in carboxylic 
acid groups and in carbonyl amide groups typically have C1s 
binding energies ~4.0 eV and ~3.0 eV higher, respectively, 
than C atoms in alkanes (21). Thus, the changes we observe in 
the C1s spectrum support the formation of a carbonyl amide 
linkage to the nanotubes. The N1s spectrum shows a peak 

Fig. 1. (a) and (b) TEM images of the carboxylated MWCNTs
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with a binding energy of 399.7 eV (Fig. 2c). Previous studies 
have shown that amides have binding energies in the range of 
~399.5–400.2 eV (21). Therefore, the peak energies are con-
sistent with the formation of the amide bonds.

  1.	 Sample preparation: MWCNT-protein adducts were grinded 
to a fine powder.

	 2.	Sample loading: The ZnSe through top-plate of the horizontal 
ATR was covered by a fine layer of the grinded sample, avoiding 
air bubble formation on the crystal surface.

	 3.	Parameters setting: A detector gain of 1 and a speed of the 
moving mirror of 0.6 cm−1 were employed.

3.5. ATR-FTIR 
Measurements  
(See Notes 5 and 6)

Fig. 2. XPS of chemically modified CNTs. C1s spectrum of CNT-COOH (a); C1s spectrum of protein functionalized CNTs 
(b), showing elimination of the carboxylic peak and increased peak from the amide group. N1s spectrum of protein func-
tionalized MWCNTs (c)
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	 4.	Spectra measurements: The spectra were obtained in the 
absorbance mode from 4,000 to 700 cm−1 by accumulating 
100 scans, working with a spectral resolution of 2 cm−1.

	 5.	Control: Absorbance spectra were corrected versus a spec-
trum of distilled water, obtained in the same instrumental 
conditions.

	 6.	Figure 2.3 shows the typical ATR-FTIR spectra of MWCNT-
COOH before and after functionalization by IgG. The 
absorption peak at 1,569 cm−1 indicates the presence of amide 
bond which comes from the covalent linkage between CNTs 
and IgG through the functional groups.

	 1.	MWCNT-protein adducts suspension: Suspend MWCNT-
protein adducts in PBS to a concentration of 1 mg/mL. This 
concentration provides convenient coverage for AFM imaging 
and may be used for a variety of similar size samples.

	 2.	Prepare mica: Cleave a fresh mica surface by first pressing 
some adhesive tape against the top mica surface, then peeling 
off the tape. Glue mica to a small puck (e.g., using epoxy).

	 3.	Deposit sample solution on mica: Deposit 50 mL of protein 
solution on the freshly cleaved mica.

	 4.	Sample to bind to substrates: Allow 20–30 min for the sample 
to bind to the mica substrate. Binding time may vary with 
different samples (it can be up to 24 h).

	 5.	Rinse unbound sample: Rinse the sample with a large quantity 
of buffer to remove unbound protein.

	 6.	AFM measurements: AFM measurements were performed 
under ambient conditions using a NanoScope V Controller 

3.6. AFM 
Measurements

Fig.  3. ATR-FTIR spectra of CNTs. The absorption peak at 1,569  cm−1 indicates the 
presence of amide linkage between MWCNTs and IgG
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with a multimode atomic force microscope in tapping mode 
with standard 125 mm single-crystal silicon cantilevers.

	 7.	Figure 4 shows the herein obtained AFM images: MWCNTs 
appear as bright lines in the image and the circle particles 
represent bound proteins. Proteins are connected to the side-
wall of nanotubes, indicating that oxidization took place in 
the defect sites of sidewalls. From the observations of several 
samples, we conclude that protein attachment mainly occurred 
at nanotube sidewalls, because chemical functionalization 
occurred primarily at the sidewalls. This AFM image is similar 
to that of cytochrome c-functionalized purified SWCNTs 
which was taken by Davis and co-workers (14).

Fig. 4. (a) and (b) AFM (tapping mode) images of protein-MWCNT adducts. MWCNTs 
appear as bright lines and the circle particles represent bound proteins
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	 1.	Unless stated otherwise, water used in this protocol was 
Milli-Q deionized water.

	 2.	Unless stated otherwise, the CNT suspensions should be pre-
pared in D.I water and followed by ultrasonication for 30 min.

	 3.	Use only polyethylene gloves. Other gloves may contain silicones 
that can contaminate the surface.

	 4.	Make sure everything, used to handle or store your samples, 
is clean (tweezers, etc.). It is recommended to have a dedicated 
set of clean tools for handling your samples. In particular, 
take care to avoid grease, oils, and silicone contaminants 
around your tools and work area. A general cleaning protocol 
that often works is to clean the utensils that will handle samples 
with the following solvents (in this order): Hexanes, Methylene 
chloride, Methanol, and Acetone.

	 5.	The sample must be in direct contact with the ATR crystal, 
because the evanescent wave or bubble only extends beyond 
the crystal 0.5–5 mm.

	 6.	The refractive index of the crystal must be significantly greater 
than that of the sample or else internal reflectance will not 
occur – the light will be transmitted rather than internally 
reflected in the crystal.
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