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Abstract

A kind of nanocomposite with good dispersion in water was prepared through noncovalent adsorption of iron picket-fence porphyrin
(FeTMAPP), iron-5,10,15,20-tetrakis[aaaa-2-trismethylammoniomethyl-phenyl]porphyrin, on multiwalled carbon nanotubes
(MWNTs). UV–visible spectroscopic and electrochemical methods were used to characterize the nanocomposite. A gold nanoparti-
cles/nanocomposite self-assembled monolayer was formed on gold electrode and showed highly synergetic behavior towards the elect-
rocatalytic reduction of O2 with a decrease of overpotential of 200 mV. FeTMAPP acted as the catalytic active center, and MWNTs
increased the amount of FeTMAPP adsorbed and accelerated the electron transfer between FeTMAPP and electrode. The resulting bio-
sensor exhibited good response to oxygen with a linear range from 0.52 to 180 lM and a detection limit of 0.38 lM, without the inter-
ference of ascorbic acid and uric acid, which showed an application potential of the proposed nanocomposite and monolayer in detection
of dissolved oxygen and oxidase substrates.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The measurement of dissolved oxygen is very important
in various areas of chemical, physical and environmental
monitoring [1]. Different detection systems such as fluores-
cence [1], chemiluminescence [2], and amperometric meth-
ods [3] have been developed for this purpose. The
reduction of dissolved oxygen on electrode surfaces
involves an electrochemical energy transfer process, which
provides a model for study of fuel cells [4] and metal–oxy-
gen cells [5], and a method for detection of oxidase sub-
strates such as glucose [6,7]. Especially, the enzymatic
fuel cell has earned much attention due to its high efficiency
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and selectivity. This work used one porphyrin derivative to
assemble a nanocomposite and further a monolayer for the
study of electron transfer process of dissolved oxygen.

Porphyrins are a class of naturally occurring compounds
that represent many important enzymes including hemes,
chlorophylls and horseradish peroxidase. The macrocyclic
structure of porphyrin can conjugate many metal elements,
such as Co, Fe, Ni, and Mn, to form stable complexes,
which can generally be used as homogeneous catalysts in
a variety of oxidation and reduction reactions and play
important roles in biological transfer system, especially in
the reduction of dissolved oxygen [8–11]. Among these
complexes, iron porphyrins can be well used as electron
media based on the reversible redox of FeIII/FeII, and exhi-
bit good electrocatalysis to many small molecules related to
life process, including NO [12], neurotransmitters [13],
hydrogen peroxide [14], nitrite [15], and oxygen [16,17].
However, the electrocatalysis of iron porphyrins to the
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reduction of dissolved oxygen is usually reported in acid
solution, which limits their application in biological
system.

Recently, the interactions of porphyrin and carbon
nanotubes have attracted wide attention [18]. These inter-
actions include covalent [19], electrostatic [20], and p–p
noncovalent interactions [21]. The electrostatic conjugation
of porphyrin on multiwalled carbon nanotubes (MWNTs)
produces a well dispersion of MWNTs in water [18]. These
porphyrin conjugated carbon nanotubes have been exten-
sively used photoelectric materials. This work synthesized
a kind of picket-fence porphyrin (FeTMAPP), which has
four pickets around the porphyrin ring and has been con-
sidered as one of the best candidates to mimic the active
sites of different enzymes [22], prepared a novel nanocom-
posite of picket-fence porphyrin conjugated MWNTs
through p–p noncovalent interaction for its assembly on
electrode surface in aid of gold nanoparticles (GNP), and
proposed an application of the nanocomposite in electroca-
talysis in neutral media. The resulting amperometric oxy-
gen biosensor exhibited good stability and repeatability.

2. Experiment

2.1. Chemicals and instruments

Cysteamine (NH2CH2CH2SH) was purchased from
Sigma. MWNTs (>95%, 40–60 nm diameter) were pur-
chased from Shenzhen Nanotech Port Ltd. Co (Shenzhen,
China). All other chemicals were of analytical grade and
were used as received. Aqueous solutions were prepared
with doubly distilled water. 0.2 M phosphate buffer solu-
tion (PBS) was always employed as supporting electrolyte.
The pH value of PBS was 7.0 except those indicated. GNP
with particle size of about 20 nm was prepared according
to the literature [23] and stored in brown glass bottles at
4 �C, which could keep stable for about 1 month.

Ultraviolet–visible (UV–vis) absorption spectra were
recorded with a Lambda 35 UV/VIS spectrometer (Per-
kin-Elmer instruments, USA), the detection solution or
suspension was prepared through sonication in water for
1 min. Cyclic voltammetric experiments were performed
on a BAS electrochemical workstation (Epsilon, USA),
and amperometric experiments were preformed on a CHI
660B electrochemical workstation (CH Instruments Inc.,
USA). All experiments were carried out using a conven-
tional three-electrode system with a modified gold electrode
as working, a platinum foil as auxiliary, and a saturated
calomel electrode as reference electrodes.

2.2. Preparation of FeTMAPP

Iron-5,10,15,20-tetrakis[aaaa-2-trismethylammonio-
methyl-phenyl]porphyrin (FeTMAPP) was prepared accord-
ing to Scheme 1:

aaaa-TAPP (260 mg, 0.39 mmol), prepared firstly fol-
lowing the literature [22], was dissolved in dry CH2Cl2
(100 mL). Chloroacetyl chloride (0.4 mL, 5.0 mmol) was
added to this solution followed by N,N-diethylaniline
(0.5 mL, 3.2 mmol), and then the mixture was stirred at
room temperature (RT) for 3 h. The reaction mixture was
washed with a dilute NaHCO3 solution and dried over
MgSO4. After concentration, the residue was purified by
chromatography on silica gel with EtOAc/CH2Cl2 (v/v:
20/80) and then CH3OH/CH2Cl2 (v/v: 5/95) to give
aaaa-TCPP solid (300 mg, 79%). 1H NMR (500 MHz,
CDCl3): d 8.76 (s, 8H), 8.66 (d, J = 3.0 Hz, 4H), 8.04 (d,
J = 6.5 Hz, 4H), 7.94 (s, 4H), 7.85 (t, J = 8.0 Hz, 4H),
7.56 (t, J = 7.5 Hz, 4H), 3.35 (s, 8H), 2.64 (s, 2H); 13C
NMR (CDCl3): 163.71, 138.04, 134.71, 131.62, 130.44,
124.12, 120.70, 114.54, 42.71; MS (ESI): m/e = 979.3
[M+H]+ for C52H39Cl4N8O4. HRMS (ESI) for C52H39-
Cl4N8O4 [M+H]+: calcd. 979.1848, found 979.1860.

aaaa-TCPP (120 mg, 0.12 mmol) was stirred in a tri-
methylamine solution in ethyl alcohol (33%, 10 mL) over-
night at RT under N2 atmosphere. The mixture was
concentrated under vacuum. The residue was recrystallized
from CH3OH/acetone solvent to give compound 1H2 as a
solid (112 mg, 75%). 1H NMR (500 MHz, DMSO-d6): d
10.23 (s, 4H), 8.64 (s, 8H), 8.02 (d, J = 8.0 Hz, 4H), 7.97
(t, J = 7.5 Hz, 4H), 7.87 (d, J = 7.5 Hz, 4H), 7.65 (t, J =
7.5 Hz, 4H), 3.85 (s, 8H), 2.69 (s, 36H, NMe3), 2.86
(s, 2H); MS (ESI): m/e = 1180.0 [M�Cl]+ for C64H74-
Cl3N12O4; HRMS (ESI) for C64H74Cl3N12O4 [M�Cl]+:
calcd. 1179.5022, found 1179.5013.

The preparation of aaaa-TCPP(Fe) was carried out
under a N2 atmosphere. To a solution of aaaa-TCPP
(200 mg, 0.2 mmol) in dry THF/benzene (20 mL, v/v: 1:1)
was added FeBr2 (200 mg, 0.9 mmol) followed by 2,6-luti-
dine (0.2 mL). The mixture was gently refluxed for 2 h.
After concentration, the residue was dissolved in CH2Cl2
and washed with water, diluted HCl, and saturated NaCl
solution. CH2Cl2 extract was dried over anhydrous
Na2SO4 and then concentrated. The crude product was
purified by column chromatography with eluent THF/
CH2Cl2 (v/v: 10/90) on silica gel to give product aaaa-
TCPP(Fe) (182 mg, 83%) as a solid.

The preparation of FeTMAPP was also carried out
under a N2 atmosphere. aaaa-TCPP(Fe) (150 mg,
0.14 mmol) was stirred in a trimethylamine solution in
ethyl alcohol (33%, 15 mL) overnight at RT. Excess tri-
methylamine and solvent were evaporated off under vac-
uum. The residue was recrystallized from CH3OH/
acetone/CH2Cl2 to give FeTMAPP (160 mg, 88%) as a
solid. MS (ESI): m/e = 1268 C64H72Cl4FeN12O4 [M�Cl]+;
HRMS (ESI) for C64H72Cl4FeN12O4 [M�Cl]+: calcd.
1268.3903, found 1268.3926.

2.3. Preparation of MWNTs-FeTMAPP nanocomposite

1.5 mg MWNTs was added into 1 mL 1.36 mg mL�1

FeTMAPP solution. After the mixture was sonicated for
1 min at RT, the resulting suspension was filtered with a
Millipore porous filter (0.45 lm, Millipore). The sediment



Scheme 1. Synthesis of cationic picket-fence porphyrin (FeTMAPP). (i) Chloroacetyl chloride in CH2Cl2, stirring at RT for 3 h; (ii) FeBr2 in THF/
benzene, reflux in N2 for 2 h; (iii) and (iv) trimethylamine in ethyl alcohol in N2 at RT, overnight.
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was then washed with distilled water to remove nonad-
sorbed FeTMAPP. The obtained MWNTs-FeTMAPP
nanocomposites could be dispersed in 1 mL doubly dis-
tilled water again by sonication, to obtain a stable nano-
composites suspension (photo c, Fig. 1).

2.4. Preparation of GNP/MWNTs-FeTMAPP

nanocomposite self-assembled monolayer modified electrode

Gold disc electrodes (CH Instruments Inc., USA,
2.0 mm in diameter) were abraded with fine silicon carbide
paper, successively polished with 0.3- and 0.05-lm alumina
slurry, and sonicated in water and absolute ethanol. As
shown in Fig. 1, the cysteamine self-assembled monolayer
(Au/Cys) was firstly prepared by immersing the cleaned
gold electrode in 0.1 M cysteamine at 4 �C overnight and
washed with distilled water. This electrode was then
immersed in GNP solution at 4 �C for 12 h to form a
GNP self-assembled monolayer via the interaction between
Fig. 1. Photos of (a) pristine MWNTs, (b) FeTMAPP solution and (c) MWN
MWNTs-FeTMAPP monolayer.
the exposed –NH2 of cysteamine and GNP [24]. After
washing with distilled water, the resulting GNP modified
electrode was immersed in 1.5 mg mL�1 MWNTs-FeT-
MAPP nanocomposite suspension overnight to form
MWNTs-FeTMAPP self-assembled monolayer through
electrostatic interaction between the negatively charged
GNP and the positively charged MWNTs-FeTMAPP
nanocomposite. The resulting GNP/MWNTs-FeTMAPP
modified electrode was washed with doubly distilled water
and stored at 4 �C in air. As control, a GNP/FeTMAPP
modified gold electrode was prepared with a similar
procedure.

3. Results and discussion

3.1. Characteristics of MWNTs-FeTMAPP

As shown in Fig. 1, it was difficult to disperse the pris-
tine MWNTs in water because of its hydrophobic surface
Ts-FeTMAPP dispersion and fabrication process of self-assembled GNP/



Fig. 3. Cyclic voltammograms of (A) bare (a), GNP (b) and GNP/
MWNTs-FeTMAPP (c) modified electrodes in 0.1 M KCl containing
1.0 mM [Fe(CN)6]3� at 100 mV s�1 and (B) GNP/MWNTs-FeTMAPP
modified electrode in nitrogen-saturated PBS at 40, 80, 100, 200, 300, 400
and 500 mV s�1 (from inner to outer). Inset: plots of oxidation and
reduction peak currents vs. v.
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(photo a, Fig. 1). FeTMAPP was soluble in water (photo b,
Fig. 1), and its adsorption on MWNTs through the strong
p–p stocking force produced MWNTs-FeTMAPP nano-
composites, which greatly improved the dispersion of
MWNTs in water due to the hydrophilicity of the adsorbed
FeTMAPP molecules (photo c, Fig. 1). The suspension of
the nanocomposites was stable for at least one month,
which highly facilitated the application of MWNTs in
development of biosensors.

The UV–vis absorption spectra of FeTMAPP,
MWNTs-FeTMAPP, and oxidized MWNTs are shown in
Fig. 2. FeTMAPP solution exhibited a typical porphyrin
visible spectrum (curve a, Fig. 2), with Soret band at
414 nm and several weaker absorptions (Q bands) at
longer wavelengths (500–700 nm). MWNTs-FeTMAPP
dispersion (curve b, Fig. 2) showed similar UV–visible
spectrum with FeTMAPP solution, besides the faintness
of Q bands, while the oxidized MWNTs dispersion did
not show obvious adsorption (curve c, Fig. 2). The Soret
band of MWNTs-FeTMAPP showed a decrease of inten-
sity with a red shift from 414 nm to 421 nm, indicating
the formation of J-typed aggregate nucleated on MWNTs
[21].

3.2. Assembly and electrochemical characterization of

GNP/MWNTs-FeTMAPP

FeTMAPP is positively charged in aqueous solution at
pH 7.0, which makes it suitable to construct self-assembly
monolayer through electrostatic interaction. Fig. 3A shows
the cyclic voltammograms of the bare and modified elec-
trodes in 0.1 M KCl containing 1.0 mM [Fe(CN)6]3�.
Due to the electrode reaction of [Fe(CN)6]3�/4� redox cou-
ple, the bare gold electrode exhibited a pair of well-defined
redox peaks (curve a). Upon formation of GNP mono-
layer, the redox peak currents slightly increased and the
peak-to-peak separation decreased (curve b), indicating
Fig. 2. UV spectra of (a) 0.34 mg mL�1 FeTMAPP solution, (b)
0.38 mg mL�1 MWNTs-FeTMAPP nanocomposites and (c) 0.38 mg mL�1

oxidized MWNTs suspensions.
the presence of GNP could prompt the electron transfer
and improve the reversibility of electrode reaction [25].
At MWNTs-FeTMAPP modified electrode the redox peak
currents greatly increased (curve c), which was attributed
to the larger apparent surface of electrode due to the pres-
ence of nanocomposite.

The GNP/MWNTs-FeTMAPP modified electrode
showed a pair of redox peaks at �0.326 V and �0.400 V
in nitrogen-saturated PBS at 40 mV s�1 (Fig. 3B), which
were attributed to the electrode reaction of Fe(III)T-
MAPP/Fe(II)TMAPP redox couple. Both the oxidation
and reduction peak currents were proportional to the scan
rate (inset, Fig. 3B), indicating a surface controlled elec-
trode process.

The amount of FeTMAPP adsorbed on electrode sur-
face could be evaluated from the integration of the anodic
or cathodic current peak area of Fe(III)TMAPP/Fe(II)-
TMAPP redox couple. The value was estimated to be
5.15 · 10�9 mol cm�2, which was larger than those of
3.8 · 10�11 mol cm�2 for cobalt tetramethoxyphenyl
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porphyrin [4] and 2.7 · 10�9 mol cm�2 for hemin/MWNTs
[26] modified electrode. The coverage value was much lar-
ger than the monolayer coverage of FeTMAPP molecules.
This was obviously due to a mass of FeTMAPP molecules
in the nanocomposite.

The redox potential of FeTMAPP in the monolayer
showed strong dependence on the pH value of the external
solution. With an increasing pH the formal potential, mid-
point of reduction and oxidation potentials, shifted nega-
tively, exhibiting a linear relationship with a slope of
�52.4 mV pH�1 over a pH range from 3.5 to 8.0. This
value was very close to �57.6 mV pH�1, the theoretical
value at 18 �C, indicating one proton participated in the
one-electron redox process. The electrode reaction could
be described as follows:

MWNTs-FeðIIIÞTMAPPðH2OÞðOHÞ þHþ þ e�

!MWNTs-FeðIIÞTMAPPðH2OÞ2

3.3. Electrocatalytic reduction of dissolved oxygen on

GNP/MWNTs-FeTMAPP modified electrode

The reduction of dissolved oxygen at bare gold electrode
occurred at �0.2 V with a reduction peak potential of
�0.5 V (curve b, Fig. 4A). After the self-assembly of
GNP, the electrochemical behavior changed slightly in
PBS saturated with nitrogen, but the starting potential
for the reduction of dissolved oxygen shifted to �0.14 V,
and the reduction peak current increased (curve b,
Fig. 4B). The presence of GNP prompted the electron
Fig. 4. Cyclic voltammograms of (A) bare electrode, (B) GNP, (C) GNP
(a) nitrogen-saturated PBS and (b) oxygen-saturated PBS. Scan rate: 100 mV
transfer of dissolved oxygen at electrode surface and cata-
lyzed its reduction [27].

The GNP/FeTMAPP modified electrode exhibited bet-
ter catalysis to the reduction of dissolved oxygen than
GNP modified electrode (Fig. 4C), leading to a lower
overpotential with a starting reduction potential of
�0.08 V and a reduction peak at �0.38 V. This came
from the presence of FeTMAPP, which meant that FeT-
MAPP could electrocatalyzed the reduction of dissolved
oxygen, thus the reduction and oxidation peak currents
of FeTMAPP increased and decreased, respectively. The
relatively lower reduction current of dissolved oxygen
than that at GNP modified electrode might be due to
the decreasing apparent area upon adsorption of FeT-
MAPP on GNP.

At the GNP/MWNTs-FeTMAPP modified electrode
the electrocatalysis toward the reduction of dissolved oxy-
gen was further enhanced. As shown in Fig. 4D, the start-
ing potential for the reduction of dissolved oxygen shifted
to �0.0 V and the reduction peak occurred at �0.25 V.
The reduction peak current also greatly increased. Com-
pared with the electrocatalysis of MWNTs due to the
metal impurities in CNT sample [28,29], the presence of
MWNTs could prompt the electron transfer and increase
the amount of FeTMAPP on electrode surface, exhibiting
a synergy in electrocatalysis. FeTMAPP acted as electron
transfer mediator to accelerate the reduction of dissolved
oxygen, and MWNTs increased electron transfer rate,
prompting the process of FeTMAPP mediated oxygen
reduction.
/FeTMAPP and (D) GNP/MWNTs-FeTMAPP modified electrodes in
s�1.
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3.4. Performance of GNP/MWNTs-FeTMAPP

self-assembled monolayer modified electrode as

amperometric dissolved oxygen biosensor

Amperometric measurements were performed in a stir-
red PBS at an applied potential of �0.25 V. Fig. 5 shows
the typical current–time responses of GNP/MWNTs-FeT-
MAPP self-assembled monolayer modified electrode to
successive additions of oxygen saturated PBS. A sharp
increase of current was observed after each addition of
oxygen, and the response reached 98% of the steady state
value within 4 s, showing a very fast response. With the
saturated concentration of 2.6 · 10�4 mol L�1 for dis-
solved oxygen in water [30], its linear calibration range
at the modified electrode was from 0.52 to 180 lM
(R = 0.997, n = 21) (inset, Fig. 5), wider than 15–45 lM
of the biosensor based on VB12[31], and 0.06–4 lM at
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and
laccase modified electrode [32]. The sensitivity of the pro-
posed modified electrode was about 59.4 lA mM�1 with
the detection limit of 0.38 lM at a signal-to-noise ratio
of three. The effects of common interfering species on
the biosensor response were examined. The injection of
the same concentration of ascorbic acid (AA) or uric acid
(UA) did not interfere with the amperometric response of
dissolved oxygen. Besides, the detection potential of
�0.25 V, more positive than those at other amperometric
oxygen biosensors, avoided the interference of electro-
chemically reducible compounds.

The reproducibility and storage stability of the GNP/
MWNTs-FeTMAPP self-assembled monolayer modified
electrode were examined. The relative standard deviation
(RSD) for the detection of dissolved oxygen with three
electrodes prepared independently under the same condi-
tions was 2.1%. When the biosensor was stored in dry at
4 �C and measured everyday, it retained about 84% of its
original sensitivity after 2 weeks.
Fig. 5. Amperometric responses of GNP/MWNTs-FeTMAPP modified
electrode to successive additions of oxygen-saturated PBS into a stirred
nitrogen-saturated PBS at �0.25 V. Inset: calibration curve.
4. Conclusions

A simple method is proposed to prepare a kind of
nanocomposites of MWNTs and FeTMAPP with good
dispersion in water. The nanocomposites can be conve-
niently used to construct a GNP/MWNTs-FeTMAPP
self-assembled monolayer modified electrode and develop
a sensitive amperometric oxygen biosensor. The synergy
of MWNTs and FeTMAPP enhances the electrocatalytic
action of FeTMAPP to the reduction of dissolved oxy-
gen. The sensitive detection of dissolved oxygen would
provide a potential application of the nanocomposite
and monolayer for preparing the biosensors of oxidase
substrates. The supramolecular complex of charged
metalloporphyrin and MWNTs provides a new insight
to mimic the catalytic processes of the heme-containing
enzymes.
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