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bstract

A simple method for preparing bio-functionalized soluble single-walled carbon nanotubes (SWNTs) is described. Different proteins such as
ovine serum albumin (BSA), cytochrome c and horseradish peroxidase (HRP) were used to solubilize low functionality SWNTs in water aided by
onication. The unbound proteins were removed by column chromatography and the SWNT-protein conjugate was used as the sole anionic dopant
n electropolymerization of polypyrrole from polymerization solution at pH above the isoelectric point of the protein to provide a negative charge.

he morphology of the polypyrrole with SWNT-protein dopant was found to be three-dimensional and fibrous with wide open interlocking pores

n contrast to smooth and cauliflower-like for chloride doped polypyrrole. Enhanced sensor performance was demonstrated for hydrogen peroxide
etection on polypyrrole/SWCNT-HRP nanocomposites modified electrode. Such nanocomposites can be potentially applied for other biosensor
nd bio-fuel cell applications.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Carbon nanotubes (CNTs) exhibit unique electronic, metal-
ic, and structural characteristics [1]. Due to these interesting
roperties there are reports in literature about the sensor appli-
ations of CNTs [2,3]. CNTs show electrocatalytic activity
oward biologically important compounds such as dopamine,
pinephrine, and ascorbic acid [4], NADH [5], phenolic com-
ounds [6], hydrogen peroxide [7], and thiol compounds such as
ysteine, glutathione, and thiolcholine [8,9]. CNTs also possess
igh surface area and have been used to facilitate immobilization
f biological molecules [10–12] and for biosensor applications
13–15].
Another important class of organic material for electronic
evices is conducting polymers (CPs). Conducting polymers
ontain alternating single and double bonds between the car-
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ocomposite; Biosensor

on atoms in their backbone which provide tunable electronic
roperties (metallic to insulator), low energy optical transitions,
ow ionization potential and high electron affinity [16–20]. How-
ver, most of these properties depend on the synthesis procedure
s well as on the dopant nature [21]. Furthermore, conducting
olymers exhibit poor mechanical strength. To this end, CNTs
oped CP nanocomposites have been explored to improve the
echanical and electrical properties of CPs [22–27].
The use of CNTs for promising applications of biosensors,

io-fuel cells, etc., is made difficult due to their poor solubil-
ty in most solvents [28,29]. Of the several methods reported
or the solubilization of CNTs, non-covalent functionalization
s promising because of the simplicity and as it does not affect
he structure of CNTs [30]. In the present work, we report for the
rst time a simple and mild method to bio-functionalize and sol-
bilize single-walled CNTs (SWNTs) in a single step based on
on-covalent adsorption of proteins on to SWNT and the incor-

oration of the SWNT-protein conjugates in polypyrrole as sole
nionic dopant to make nanocomposites for biosensing appli-
ations. This unique method has potential for other important
pplications such as bio-fuel cells.

mailto:adani@engr.ucr.edu
dx.doi.org/10.1016/j.talanta.2007.08.047
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with other published work [32]. HRP also displayed similar
results whereas Cytc was visually inconclusive and would be
verified in a subsequent analytical experiment. The solubiliza-
tion of SWNT by protein adsorption opens a facile and mild route
M.C. Kum et al. / Ta

. Experimental

.1. Materials

Single-walled carbon nanotubes with low functionality, sold
nder the trade name of P2-SWNT, were provided by Carbon
olutions, Inc. (Riverside, CA, USA). Bovine serum albumin
BSA), horseradish peroxidase (HRP), cytochrome c (Cytc),
nd pyrrole monomer were purchased from Sigma–Aldrich
Milwaukee, WI) and all other chemicals and supplies were
urchased from Fisher Scientific (Tustin, CA, USA).

.2. Solubilization/dispersion of SWNTs with proteins and
urification of SWCNT-protein conjugate

One milligram per milliliter of SWNTs and 5 mg/ml of pro-
ein (i.e. BSA, HRP, or Cytc) were dissolved in deionized H2O.
he mixture was sonicated for 20 min and then centrifuged for
min at 13800 × g.

Gel chromatography was used to purify the SWNT-protein
onjugate from excess protein. Sephadex G-150 that was pre-
oaked and deaerated using a vacuum pump was packed up to
6 cm in a 2.5 cm diameter × 22 cm long glass column. The
WNT-protein supernatant recovered after centrifugation was

ayered on the top of the gel and eluted using water flowing under
ravity. Volume fractions were collected for 1 min duration using
Bio-Rad model 2110 fraction collector (Bio-Rad Laboratories,
ercules, CA, USA) and analyzed for the presence of SWNTs
y measuring absorbance at 500 nm using spectrophotometer
Cary 1E, Varian Inc., Melbourne, Australia) and protein by the
radford protein assay (Bio-Rad Laboratories, Hercules, CA,
SA) and/or absorbance at 280 nm for BSA and 405 nm corre-

ponding to heme for HRP and cytochrome c. Fractions showing
igh absorbance at 725 nm and protein content were pooled for
urther use.

.3. Characterization of SWNT-protein conjugate and
Py/SWNT-protein nanocomposite

Scanning electron microscopy (Leo SUPRA 55, Carl Zeiss,
ermany) and atomic force microscopy (Nanoscope E and asso-

iated equipments, Veeco Instruments, Inc. San Clemente, CA,
SA) were used for investigation of the surface morphology.
Vis–NIR absorption spectra for the SWNT-protein conju-

ate were measured using Mikropack DH-2000 UV–Vis–NIR
ight Source and Ocean Optics HR4000 High Resolution Spec-

rometer (Ocean Optics Inc., Dunedin, FL, USA) using a quartz
uvette.

.4. Electropolymerization and H2O2 detection

Pyrrole was added to the SWNT-protein conjugate pooled
ractions for a final concentration of 0.5 M. The mixture was

onicated for 15 min, the pH adjusted to 7 and then purged with
itrogen gas for 10 min for deaeration.

The electropolymerization was performed using cyclic
oltammetry (CV) from −0.65 to 1.05 V for 50 cycles using a

F
i
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ulti potentio/galvanostat (VMP2, Princeton Applied Research,
ak Ridge, TN, USA). Three electrode configurations were used

or electropolymerization where a polished glassy carbon elec-
rode, platinum wire and Ag/AgCl in 3 M KCl were used as
orking, counter and reference electrode, respectively. The scan

ate was fixed at 50 mV/s.
After the electropolymerization, the PPy/SWNT-protein thin

lm was subjected to overoxidation by cycling the potential from
0.2 to 1.3 V for 50 cycles at 100 mV/s in a deaerated phosphate

uffer solution. The overoxidized film was tested for response to
× 10−3 M hydrogen peroxide at varying potential from −0.3

o 0.2 V vs. Ag/AgCl reference electrode using a BASi Ampero-
etric Detector (LC-4C, BASi Inc., West Lafayette, IN, USA).

. Results and discussion

.1. Solubilization/dispersion of SWNTs with proteins

In an aqueous environment, pristine SWNTs aggregated and
ettled down at the bottom of the vial (Fig. 1, left), but with the
ddition of BSA, the SWNTs appeared well dispersed in a sus-
ension (Fig. 1, right). This SWNT-BSA conjugate was stable
or well over 2 weeks at room temperature. It has been demon-
trated that nonspecific binding occurs between the hydrophobic
urface region of a protein and the side wall of a SWNT
31]. With proteins adsorbed on the surface of the SWNT, the
WNT-protein became more water soluble as the surface of the
anostructures became more hydrophilic. This is in agreement
ig. 1. Photograph of pristine SWNTs (left vial) and SWNT-BSA (right vial)
n an aqueous environment after 2 weeks.
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or synthesizing functional SWNT-protein conjugate in com-
arison to the covalent attachment routes demonstrated to-date.
he elimination of harsh chemicals and conditions employed

n functionalization of CNTs with biomolecules are the added
dvantages of the present methodology.

.2. Characterization of SWNT-protein conjugates

The morphology of SWNT-BSA conjugate was character-
zed with SEM and AFM. The SEM images (Fig. 2) distinctly
ifferentiated between the highly dispersed state of SWNT-
SA conjugates and the aggregated state of pristine SWNTs.
he AFM image (Fig. 3) of a single SWNT-BSA conjugate
tructure showed numerous globular structures binding to a lin-
ar structure potentially consisting of multiple SWNTs. The
ength and diameter of the structure in the AFM image sug-
ested that there were multiple SWNTs since the dimensions
f the entire structure were well over the typical length and
iameter of a single SWNT. It was very likely that the hydropho-
ic side walls of several SWNTs bound to each other in a
tacking manner as well as to the hydrophobic surface of the
roteins. The size of the globular structures from the AFM
mage also indicated numerous BSA proteins amassing together.

hese images confirmed the formation of SWNT-protein conju-
ate.

The amounts of CNTs dispersed can be determined from the
bsorbance in either the visible range at 500 nm or in the near-

ig. 2. SEM images of pristine SWNTs (A) and SWNT-BSA conjugates (B).
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Fig. 3. AFM image of SWCNT-protein conjugate.

nfra red region at 1025 nm [33,34]. While the absorbance in
he visible range has no specific attribute to any CNT property,
he NIR absorbance is a characteristic of the SWNTs relating
o the S22 interband transition. The absorbance of the SWNT-
rotein dispersion at both wavelengths indicated the presence
f SWNTs in the dispersion and the trend of decreasing sol-
bility in the order of BSA > HRP > cytochrome c. Based on
025 nm absorbance, for which there is no reported extinc-
ion coefficient, the SWNT-BSA was approximately five times

ore soluble than SWNT-HRP, whereas SWNT-cytochrome
was very weakly soluble while solubility calculated based

n the reported extinction coefficient of 28.6 L g−1 cm−1 for
iPco SWNT [35] at 500 nm the solubility were 52.4, 21.3

nd 3.8 mg/L for SWNT-BSA, SWNT-HRP and SWNT-Cytc,
espectively (Fig. 4). The drastic difference in solubility can be
ttributed to a varying level of hydrophobic interaction between
he proteins and the SWNTs resulting in a varying amount of sol-
bilized SWNTs. If a protein does not have a sufficiently large
urface area of hydrophobic groove on its surface, then the level
f hydrophobic interaction with SWNTs can be significantly

educed and thus negatively affect the solubilization via non-
ovalent functionalization. The predominant absorbance peak
t 405 nm for HRP and cytochrome c is attributed to the heme
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of the film allows the film to be more porous with increased
surface area, which would reduce the mass transfer limitation
compared to a thick polypyrrole film. Having a larger surface
area and lower mass transfer limitation facilitating easier access
Fig. 4. Vis–NIR absorption spectra of SWNT-proteins.

n these proteins and is an additional confirmation of the pres-
nce of these proteins in the conjugates and the concentration
rend.

.3. Electropolymerization of PPy with SWNT-protein
onjugate as dopant

CNTs solubilized by introducing –COOH groups or by cova-
ent attachment of poly(m-aminobenzene sulfonic acid) have
een used as a dopant in polypyrrole film to improve the con-
uctivity and mechanical strength of the film [27,36]. In this
ork, SWNT solubilized through protein adsorption was applied

s the dopant instead. Since the pI of BSA is around 4.7 and
he pI of the 7 isozymes of HRP is reported to be between

and 9, both SWNT-proteins conjugates can have overall net
egative charges at the pH 7 used for electrochemical polymer-
zation which would allow SWNT-protein conjugates to act as
opants in a polypyrrole film. Pyrrole was added to the puri-
ed SWNT-protein suspension and electropolymerized into a
lm using cyclic voltammetry (Fig. 5). The CVs exhibited typ-

cal growth behaviors of an electropolymerization process with
pronounced reduction peak. Because no electrolyte has been

dded into the deposition bath, SWNT-protein was acting as
oth an electrolyte and a dopant during the electropolymeriza-
ion process. The current was much lower during the growth in
omparison to the PPy/Cl film because of the higher conductivity
nd concentration of Cl− anion compared to the SWNT-protein
onjugate. SWNT-cytochrome c was not used in this experiment
ecause of the very low concentration. For SWNT-cytochrome c
onjugate to act as dopant, the electropolymerization would have
o be performed at pH above 11 because the pI of cytochrome c
s in the range of 10.37–10.80.

As shown in Fig. 6, the surface morphology of the PPy films
iffered remarkably between the PPy/SWNT-BSA and PPy/Cl
lms. SEM image of PPy/SWNT-BSA film revealed a very

brous three-dimensional reticular structure with interlocking
ores whereas the image of PPy/Cl displayed a typical smooth
nd cauliflower morphology. As the solubilized SWNT-BSAs
ere being integrated into the polypyrrole film during the elec-

F
(
0
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ropolymerization process, polypyrrole also coated the surfaces
f these conjugates and produced these fibrous structures on the
lm. These images further verified that SWNT-BSA have been
mbedded in the polymer matrix as a dopant. The fibrous nature
ig. 5. Potentiodynamic electropolymerization of PPy with (A) SWNT-BSA,
B) SWNT-HRP, and (C) Cl− as dopants. Pyrrole concentration was fixed at
.5 M. The scan rate was at 50 mV/s for 50 cycles.
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WNT-BSA and (B) PPy/Cl− thin films.
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Fig. 6. SEM images of (A) PPy/S

o substrate are favorable for many engineering applications such
s fuel cells, in addition to the sensor application demonstrated
n the current work.

.4. Application of SWNT-HRP conjugate doped
olypyrrole composite

Recent studies have shown that CNTs can enhance elec-
rochemical reactivity of biomolecules and promote electron
ransfer reactions of proteins. To evaluate the potential of SWNT-
rotein doped polypyrrole film for biosensor, we studied the
esponse to H2O2 of PPy/SWNT-HRP nanocomposites film and
ompared to the response of the PPy film in which the HRP
no SWNT) was entrapped during the electropolymerization
ith chloride dopant by performing hydrodynamic voltamme-

ry (HDV). Since PPy is conducting and also has reducing
ower and can interfere in the signal from the interaction of
he SWNT-HRP or HRP with hydrogen peroxide, the films
ere overoxidized to render them non-conducting/insulating.
s shown in Fig. 7, the CVs for both films at the end
f the overoxidation appeared identical in phosphate buffer

olution transforming the polypyrrole matrix insensitive to
2O2 and thereby allowing the measured signal to be orig-

nated from the reduction of H2O2 by SWNT-HRP or HRP
nly.

a
f
t
s

Fig. 7. Overoxidation of (A) PPy/SWNT
ig. 8. Hydrodynamic voltammogram of PPy/SWCNT-HRP and PPy/Cl−/HRP
lms with 5 mM H2O2 as the analyte.

Fig. 8 shows a comparison of the response of PPy/SWCNT-
RP and PPy/Cl/HRP modified electrodes as a function of
pplied potential to 5 mM H2O2. The output current over the
ull range of potential for the SWNT-HRP doped PPy was higher
han for the HRP modified chloride doped PPy. The results show
pecifically at −0.3 V, the improvement in response was well

-HRP and (B) PPy/Cl−/HRP films.
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ver 5-fold in comparison against the PPy/Cl/HRP film. The
nhanced response can be attributed to several factors. First, the
nhanced electron transfer within the polypyrrole matrix from
he presence of SWNTs. Second, the direct electron transfer
rom the active site of the enzymes to the electrode through
he SWNT bridging them. Third, improved accessibility of the
nzyme catalytic sites for the substrate due to highly open reticu-
ar morphology of the nanocomposite film. Lastly, the increased
oading of the HRP in the film resulting from the incorpora-
ion of SWNT-protein as a dopant and improved efficiency of
rotein immobilization by adsorption on the SWNTs over the
onventional method of entrapment in the film.

. Conclusion

We demonstrated for the first time a simple and benign
ethod for one-step solubilization and functionalization of
NTs through adsorption under mild/benign conditions and

he application of the SWCNT-protein conjugates as dopants
or the facile synthesis of SWNT-protein-polypyrrole nanocom-
osites by electrochemical polymerization. The resulting
anocomposites demonstrated enhanced sensor performance
hen compared to film with entrapped enzyme. Such strat-

gy potentially can be employed for other biosensors and
io-fuel cell applications by simply substituting another pro-
ein.
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