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A B S T R A C T   

Covalent linkage between the single-walled carbon nanotube (SWCNT) and CYP101 through a specific site of the 
enzyme can provide a novel method of designing efficient enzyme electrodes using this prototype cytochrome 
P450 enzyme. We have chemically modified the SWCNT with linker 4-carboxy phenyl maleimide (CPMI) con
taining maleimide functional groups. The enzyme was covalently attached on to the SWCNT through the mal
eimide group of the linker (CPMI) to the thiolate group of the surface exposed Cys 58 or Cys 136 of the CYP101 
forming a covalently immobilized protein on the nanotube. Thin film of the modified SWCNT-CPMI- 
CYP101conjugate was made on a glassy carbon (GC) electrode. Direct electrochemistry of the substrate 
(camphor)-bound enzyme was studied using this immobilized enzyme electrode system and the redox potential 
was found to be − 320mV vs Ag/AgCl (3 M KCl), which agrees with the redox potential of the substrate bound 
enzyme reported earlier. 

The electrochemically driven enzymatic mono-oxygenation of camphor by this immobilized enzyme electrode 
system was studied by measurement of the catalytic current at different concentrations of camphor. The catalytic 
current was found to increase with increasing concentration of camphor in presence of oxygen. The product 
formed during the catalysis was identified by mass-spectrometry as hydroxy-camphor.   

1. Introduction 

Carbon nanotubes (CNTs) attracted a lot of research interest due to 
their unusual electronic [1–5], mechanical and adsorptive properties as 
well as their good chemical stability [6]. These features make them 
attractive candidates in nano-scale device applications. Recent studies 
have led to the development of methods of specific functionalization of 
carbon nanotubes [4,5], which can be easily used to design conjugates 
with suitable properties. 

Carbon nanotubes are of two type (i) single-walled carbon nanotubes 
or SWCNT (o.d. 0.7–3 nm); (ii) multi-wall carbon nanotubes or MWCNT 
(o.d. 2–20 nm). Conjugation of proteins or enzymes on the nanotubes 
can be used to prepare novel bio-conjugates [7–10], and nanotubes 
functionalized with BSA and Horse spleen ferritin were shown to retain 

the activity of the protein when attached to CNTs and this conjugation 
was found to be homogeneously dispersible in water. These bio-nano 
conjugates can provide an excellent means of immobilizing large num
ber of enzyme molecules to the nanomaterials and thus can be used to 
design efficient heterogeneous biocatalysts based on the CNT’s. 

These nanotubes can be used to carry out electrochemistry of redox 
metalloenzymes by appropriate design of the bio-nano conjugates. 
MWCNT has been used to prepare electrode to oxidize dopamine and 
protein [11]. Liu et al. recently reported electrochemistry of SWCNT 
film on Pt and gold electrode [12]. Direct electrochemistry of cyto
chrome c on SWCNT modified Glassy Carbon (GC) electrode was also 
reported recently [13]. 

The present report describes covalent modification of SWCNT to the 
heme containing monooxygenase enzyme, cytochrome P450 from 
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P. putida (CYP101) [14–16]. CYP101catalyses hydroxylation of 1 
R-camphor to 5-exo-hydroxy camphor and it represents a large super
family of heme oxygenases involved in drug metabolism, steroid 
biosynthesis and xenobiotic detoxification [16]. The enzymatic cycle 
involves transfer of reducing equivalents to the heme active site and 
binding of molecular oxygen to the metal center leading to the formation 
of high-valent heme redox intermediate(s) that mono-oxygenate the 
substrate anchored at a site near the metal active center [16]. The 
electron transfer to this enzyme takes place from NADH through puti
daredoxin reductase and putidaredoxin making the in vitro enzymatic 
studies of this enzyme difficult and expensive. 

Direct electrochemical methods have been used [13] to efficiently 
transfer electrons to proteins and enzymes, which can provide a simple 
method of carrying out in vitro enzymatic reactions with this enzyme and 
its analogues. Direct electrochemistry of CYP101 at a bare edged-plane 
graphite (EPG) electrode [17] was reported earlier. Subsequently 
several surface modifications in the protein were made and electro
chemically driven catalytic turnover of camphor was demonstrated 
[18]. The covalent coupling of ferrocenyl maleimide to a surface 
cysteine mutant of this enzyme was also reported earlier [18]. Recently 
novel P450 immobilization method was developed for orientation and 
electrical wiring of the enzyme by genetic introduction of an anchor-
peptide or partner protein [19–21] The system was expanded by using 
wired carbon nanotubes within a sol-gel matrix to create a three 
dimensional electrode [22]. 

Carbon nanotubes having the graphitic architecture can thus provide 
large surface area to immobilize the enzyme and thus may serve as an 
efficient promoter of direct electrochemistry of CYP101. We have 
designed linker molecules with a maleimide at one end and a carboxylic 
acid, so that carboxylate moiety can be used to covalently linked SWCNT 
leading to the formation of maleimide linkers bound to the SWCNT. The 
maleimide chemistry can then be used to appropriately link the protein 
to the SWCNT. Electrochemistry of protein is carried out by immobi
lizing on carbon nanotube maleimide modified GC electrode. The results 
show that covalent attachment of CYP101 to SWCNT through the mal
eimide containing linker can efficiently promote direct electrochemistry 
of the enzyme on GC electrode that could enable enzymatic mono- 
oxygenation of the substrate. 

2. Materials and methods 

The p-aminobenzoic acid (PABA), maleic anhydride, DTNB (5,5′- 
dithiobis-(2-nitrobenzoic acid) and single-walled carbon nanotubes 
(SWCNT) (1.2–1.5 nm diameter) were purchased from Sigma Aldrich. N, 
N-dimethylformamide (DMF), acetic anhydride, poly-phosphoric acid, 
P2O5 and sodium acetate was bought from SD Fine Chemicals Ltd, India. 
Platinum wire was obtained from Sigma–Aldrich. GC electrode and Ag/ 
AgCl electrodes were from CH-Instruments, USA. All chemicals were of 
analytical grade. 

2.1. Synthesis of N-(4-carboxyphenyl) maleimide (p-CPMI) 

N-(4-Caboxyphenyl) maleimide (p-CPMI) was prepared according to 
reported method [23]. A solution of maleic anhydride (19.62 g, 0.2 mol) 
in DMF was gradually added over a period of 10 min to a well-stirred 
solution of p-aminobenzoic acid (27.42, 0.3 mol) in DMF. The mixture 
was then stirred for 5 h at room temperature. The resulting solution was 
poured in to a large amount of crushed ice to precipitate crude 
N-(4-carboxyphenyl) maleimic acid (p-CPMA). The crude p-CPMA was 
filtered, dried and then recrystallized from ethanol to obtain pure 
p-CPMA (80% yield). The melting point of the compound was 225 ◦C. 

A mixture of 23.5 g (0.1 mol) p-CPMA, 16.4 g (0.2 mol) sodium ac
etate and 120 mL acetic anhydride were stirred for 2 h at 55–60 ◦C. Then 
the cooled reaction mixture was poured into a large amount of crushed 
ice. A light-yellow mass of p-CPMI obtained was filtered and dried at 
60–70 ◦C and recrystallized from methanol. The yield of the product was 

72% and melting point of the compound was 231 ◦C. 

2.2. Conjugation of p-CPMI to SWCNT (SWCNT-CPMI) 

The crude SWCNT samples consist of highly intertwined clusters of 
nanotubes. They were cleaned by refluxing with 2.0 M HNO3, followed 
by ultrasonication in a mixture of conc. H2SO4 and HNO3 (3:1, v/v) and 
washing with Millipore Q water, and finally oven-drying at 120 ◦C. The 
purified SWCNT samples prepared in this method consisted of terminal 
–COOH groups making them slightly water dispersible, though tend to 
precipitate on standing. p-CPMI conjugation to CNT was achieved by a 
Friedel–Crafts’s type acylation reaction according to the reported 
method [24]. An aliquot of 50 mg purified SWCNT, 10 gm 
poly-phosphoric acid, 2 gm P2O5 and 1 gm p-CPMI were placed in 250 
mL resin flask equipped with a high torque mechanical stirrer. The re
action was carried out under nitrogen atmosphere at 130 ◦C for three 
days. After cooling down to room temperature, water was added to the 
reaction mixture. The resulting precipitate was collected and Soxhlet 
extracted with 1:1 mixture of water and methanol to remove any 
adsorbed reagent. The black solid was isolated and dried in oven at 75 ◦C 
for 24 h. This conjugate is called as SWCNT-CPMI. Conjugation of CPMI 
to SWCNT was assayed with the help of Ellman test by estimation of thiol 
from free cysteine in presence of SWCNT-CPMI (Fig. S1 in Supplemen
tary information). Results showed that ~13 nmoles of CPMI bound per 
mg of SWCNT-CPMI. 

2.3. Characterization of the materials 

The morphology of the modified SWCNT was characterized by using 
a FEI Tecnai-20 transmission electron microscope (TEM) equipped with 
a LaB6 filament and was operated at 200 kV. Images were recorded on a 
1 K × 1 K slow scan CCD camera and analyzed using Digital Micrograph 
software (Gatan Inc., USA). SWCNT sample was sonicated in DMF and 
placed on a 200 mesh carbon supported grid. The TEM grid was dried 
under IR lamp before taking the images. 

Transmission-mode Fourier transform infrared (FTIR) spectroscopy 
was carried out in JASCO FT/IR-4100 spectrophotometer at room 
temperature in the range of 400–4000 cm− 1. The samples were dissolved 
in proper solvent and film was made on CaF2 window. 

All NMR spectra were taken in solution state using a Bruker DMX 600 
(600 MHz) Spectrometer. 

The Raman spectra were obtained from a Horiba Yvon Raman 
Spectrometer T64000, which has an inverted optical microscope 
adapted to a triple-grating equipped with (1024 × 256) liquid N2 cooled 
CCD. A spectra physics model with Argon Ion laser provided the exci
tation at 514.5 nm. The laser power at the sample was 200 mW at the 
laser head and was focused using a 10× objective lens. Wave number 
calibration was carried out using the 521 cm− 1 line of silicon wafer. 
Spectra were recorded by scanning the 1200-1800 cm− 1 region with a 
total acquisition time of 30 min. Spectra were fitted with Lorentzian 
function by searching for the minimum number of frequencies that fit 
the different bands equally well without fixing the position and widths 
of the individual peaks. 

2.4. Expression and purification of the CYP101 

The pCHC1 plasmid containing the gene for the C334A mutant of 
CYP101 (CYP101) used in this study was a kind gift from Prof. L.L. 
Wong, University of Oxford. The cysteine 334 residue is the most surface 
exposed cysteine in the protein, and it tends to cause aggregation of the 
of the protein in vitro. The mutant protein (C334A) used in the present 
study, does not form such aggregates (see later). The plasmid consisting 
of the mutation C334A was expressed in Escherichia coli (BL21-DE3) and 
purified according to literature methods [14] to obtain the wild type 
CYP101. This was stored at − 200Cin 40% glycerol in presence of 1 mM 
camphor. The enzyme aliquots were passed through a PD-10 column 
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(Sephadex G-25, Amersham) to remove the glycerol and camphor 
(wherever necessary) before experiments. 

2.5. Preparation and characterization of the bio-nano conjugates 

SWCNT conjugated maleimide (SWCNT-CPMI) was ultra-sonicated 
in DMF. 200 μl of SWCNT-CPMI (10 mg/mL) dispersed DMF was 
mixed with 50 mM phosphate buffer at pH 7.4 containing 1 mM 
camphor to a final volume of 2 mL 500 μl of concentrated protein so
lution was added to the 2 mL of the above solution and incubated for 30 
min at 4 ◦C to form CYP101 conjugated to SWCNT-CPMI (SWCNT-CPMI: 
CYP101). The unreacted protein was removed by size-exclusion chro
matography using PD-10 column. The protein conjugated to SWCNT- 
CPMI:CYP101 collected by size-exclusion chromatography was used 
for UV–visible absorption, Circular Dichroism (CD) and AFM 
experiments. 

UV–Vis absorption spectra of the protein solution were measured 
using Perkin–Elmer λ-750 instrument. Concentration of CYP101 in the 
protein solution was determined from the absorbance at 391 nm of the 
enzyme in presence of the substrate (ε391 = 102 mM− 1cm− 1). The con
centration of the enzyme conjugated to the SWCNT-CPMI was deter
mined by deconvolution of the UV–visible absorption spectrum of an 
aliquat of the solution of SWCNT-CPMI:CYP101 with that of free 
SWCNT-CPMI (Fig. S2 in Supplementary information). 

All CD spectral measurements were performed using a JASCO-810 
polarimeter. The tertiary structure of CYP101 was measured by 
recording the CD spectra of 20 μM enzyme in potassium phosphate 
buffer (pH 7.4) in 250–700 nm range using quartz cuvette of 1 cm path 
length. Concentration of the enzyme in SWCNT-CPMI:CYP101) was 0.6 
μM. The experiments were also carried out at room temperature unless 
stated otherwise. 

Atomic force microscopy (AFM) was done using a PicoScan (Mo
lecular Imaging USA) setup in non-contact AC mode with a liquid cell. A 
silicon cantilever tip with a resonance frequency of 80 kHz and spring 
constant 5 N/m was used for imaging the sample and the images were 
analyzed using standard image analysis software (SPIP, from Image 
Metrology, Denmark). The particle heights were measured at random 
intervals from several image scans of the sample. 

Cyclic voltammetric experiments were carried out at room temper
ature using Autolab potentiostat-30 instrument in a three-electrode as
sembly with Ag/AgCl (3 M KCl) as the reference electrode and a 
platinum wire as the counter electrode to GC as working electrode. Ni
trogen gas was purged through 10 mL solution for at least 10 min to 
remove any dissolved oxygen before every experiment. Nitrogen atmo
sphere was maintained over the solutions during experiments. Prior to 
every experiment, suitable pre-treatment of the working electrode was 
carried out. Pre-treatment of GC electrode involves polishing firmly on 
micro-cloth using fine 0.05 μm alumina powders. It was then ultra
sonicated for 1 min in Milli Q water, rinsed thoroughly with water, and 
used immediately. The GC electrode was dipped in the SWCNT-CPMI 
solution in DMF for overnight. The modified electrode was washed by 
dipping in Milli Q water and subsequently dipped in 1% TritonX-100 
solution for 10 min before washing again by Milli Q water. The 
SWCNT-CPMI modified GC electrode then dipped in CYP101 solution 
(20 μM) overnight for formation of the SWCNT-CPMI:CYP101 bio con
jugate on the electrode. The bio-nano conjugate SWCNT-CPMI:CYP101 
prepared by reaction of the protein with SWCNT-CPMI in solution also 
showed analogous electrochemical response when drop casted on the 
GC electrode from a solution containing 1% TritonX-100. The working 
buffer was 40 mM potassium phosphate, 50 mM KCl, pH 7.4. The 
electrode potential values were reported with respect to the Ag/AgCl 
electrode (3 M KCl). 

3. Results and discussion 

3.1. Characterization of p-CPMI 

P-CPMI synthesized by the earlier reported method [23]was char
acterized by FTIR and NMR spectroscopy. 1HNMR spectrum of p-CPMI 
in deuterated DMSO shows peaks at 13.06 δ(s, 1H, COOH), 8.05 δ (d, 
2H, ortho COOH), 7.5 δ (d, 2H, ortho to imide nitrogen), 7.2 δ(s, 2H, 
olefinic), which agree with reported values [23]. The FTIR spectrum of 
p-CPMI (Fig. S3a in Supplementary information) showed two peaks at 
1710 cm− 1 and 1775 cm− 1 corresponding to the carbonyl stretching 
frequency of O––C–N–C––O bond of maleimide (as maleimide has a five 
membered cyclic amide ring and C––C double bond). The FTIR spectrum 
of p-CPMI also shows broad peak at ~3477-2550 cm− 1 due to –OH 
stretching of carboxylic acid. The peak at 1600 cm− 1 is assigned to 
carbonyl group of carboxylic acid and that at 1215 cm− 1 is due to C–O 
stretching of carboxylic acid present in p-CPMI. There is also a peak at 
~1515 cm− 1, which arises due to the aromatic ring in p-CPMI. 

3.2. Covalent linkage of maleimide to SWCNT 

Carbonyl carbon of carboxylic group of p-CPMI can be covalently 
linked to SWCNT by treating with polyphosphoric acid and P2O5 at 
130 ◦C for 3 days in inert atmosphere. Scheme 1 shows the conjugation 
of SWCNT with p-CPMI, which follows a Friedel–Crafts’s type acylation 
reaction [25–29] mechanism as shown earlier. In the present case pol
yphosphoric acid was used as the Lewis acid catalyst. In order to 
determine conjugation of p-CPMI with the nanotube, the FTIR spectrum 
of p-CPMI conjugated SWCNT was obtained (Fig. S3b in Supplementary 
information). Comparison of the FTIR spectrum of pure CPMI (Fig. S3a 
in Supplementary information) with that of p-CPMI linked to the SWCNT 
(Fig. S3b in Supplementary information) showed presence of the broad 
peak ~1710 cm− 1 (shown by vertical dotted line in Fig. S3 in Supple
mentary information) corresponding to the carbonyl stretching fre
quency of O––C–N–C––O bond of maleimide in the SWCNT-CPMI 
conjugate. However, the intensity of the peak is decreased on conjuga
tion on SWCNT. The carbonyl group of the carboxylic acid of p-CPMI 
shows a peak at ~1600 cm− 1. The peak (Fig. S3a in Supplementary 
information) at 1215 cm− 1, present in p-CPMI due to C–O stretching 
frequency of carboxylic acid is absent (Fig. 3b in Supplementary infor
mation) in modified SWCNT, supporting that the carboxylic acid group 
of CPMI participates in the linkage with SWCNT as shown in Scheme 1 
[26]. The peak at 1515 cm− 1 due to aromatic ring in p-CPMI is shifted to 
1509 cm− 1 in functionalized SWCNT. The peaks around 3200 to 3400 
cm− 1 region in SWCNT-CPMI are due to the –OH stretching of carboxylic 
acid of SWCNT (Fig. S3c in Supplementary information). Thus, the FTIR 
data signifies that the p-CPMI is covalently conjugated to SWCNT. It is 
also seen that dispersed solution of p-CPMI conjugated SWCNT (Fig. S4B 
in Supplementary information) in DMF is stable for long time (5–10 
months) while dispersed unmodified SWCNT (Fig. S4A in Supplemen
tary information) in DMF settles down immediately supporting that the 
conjugation of p-CPMI with SWCNT increases the polarity of the nano
tubes making them more stable in the solution. 

Raman spectroscopy has been used to characterize the functionalized 
SWCNTs. The inset of (Fig. S5 in Supplementary information shows 
Raman spectra of SWCNT and SWCNT-CPMI. Each spectrum showed 
two peaks known as D band and G band. The D band found near 1300 
cm− 1 is used to evaluate the defect density present in the tubular wall 
structure and the G-band in the 1550–1600 cm− 1 region of spectrum is 
due to the [30,31] tangential C–C stretching of SWCNT carbon atoms. 
The ratio of D/G band intensity (ID/IG) depends on the sp2 hybridized 
carbon content. Bare SWCNT shows strong G band at 1573 cm− 1 is 
Raman allowed phonon high frequency mode and the D band at 1321 
cm− 1 originates from defects in the sites on nanotube surface. After 
functionalization, the peak positions in Raman spectra and relative in
tensities of G and D band change slightly. The ratios of the intensities of 
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the D and G band i.e. ID/IG for unmodified SWCNT is 0.67 and for 
SWCNT conjugated p-CPMI is 0.87. This means that the G band intensity 
in case of SWCNT-CPMI decreases and D band intensity increases. This 
may be due to the covalent linkage of p-CPMI to SWCNT. Raman char
acterization thus supports that SWCNT has indeed been modified. 

SWCNT-CPMI was adsorbed on the GC electrode by dipping the 
electrode overnight to a dispersed solution of SWCNT-CPMI in DMF. 
Raman spectroscopy is also used to characterize the SWCNT-CPMI 
modified GCE. Raman spectrum of bare GCE (Fig. S5 in Supplemen
tary information) shows very low intensity D band at 1350 cm− 1 and G 
band at 1593.9 cm− 1 because of the presence of sp2 and sp3 carbon 
atoms. Unmodified SWCNT shows D band at 1330.9 cm− 1 and G band at 
1566.5 cm− 1. But SWCNT adsorbed on the surface of the GCE shows a 
clear red shift of D and G bands (Figure S5 in Supplementary informa
tion) because of the interaction of SWCNT with the polar groups 
(epoxide, carboxylic acid some hydroxyl group) of GCE on being 
adsorbed on it. Again, the SWCNT-CPMI shows two characteristic peaks 
at 1362.2 cm− 1 (D band) 1579.2 cm− 1 (G band). But, the Raman spec
trum of SWCNT-CPMI adsorbed on GCE also shows a red shift in the 
position of G (1591 cm− 1) band. These results clearly show that GC 
electrode is indeed modified with SWCNT-CPMI, as determined by Ell
man test (Fig. S1 in Supplementary information). 

Transmission electron micrograph (TEM) can give detailed infor
mation regarding structure and morphology of SWCNT and SWCNT- 
CPMI. Fig. S6(A) in Supplementary information shows morphology of 
pure SWCNT in which tubular structure is seen it also shows that surface 
of nanotube is smooth. Fig. S6(B) shows TEM images of SWCNT-CPMI at 
100 nm resolution. The results show that after modification the carbon 
nanotube structure and morphology is changed. The black spots in the 
images maybe due to formation of amorphous carbon nanoparticles 
formed during modification or due to small amount metallic impurity in 
the material. Images also shows bud like structure on carbon nanotube 
surface. 

In order to check whether there was any effect of the linkage of the 
protein to SWCNT –CPMI in the SWCNT-CPMI-CYP101 conjugate on the 
active site of the protein, CD spectroscopy has been done in the visible 
region that correspond to the absorption of the heme residue. The far-UV 
CD spectrum of a protein provides information about the secondary 
structure of a protein, while the circular dichroism spectrum arising due 
to asymmetric environment around a chromophore such as heme in the 
visible region, provides important information about the tertiary struc
ture around the heme center in the protein. Fig. 1 shows the comparison 
of the visible CD spectra of the free CYP101, and CYP101 covalently 
linked to SWCNT-CPMI (SWCNT-CPMI-CYP101) in presence of the 
substrate, camphor. The visible CD spectrum of CYP101 arises from the 
heme chromophore due to asymmetry around the metal prosthetic 
group inside the folded protein cavity. The visible CD spectra of the 
enzyme in presence of the substrate showed a negative band at ~400 nm 
region corresponding to the anisotropic environment around the heme 
in the active site of the enzyme. The visible CD spectrum of free CYP101 
and that of SWCNT-CPMI-CYP101 match with each other, indicating 

that there was no change in the heme environment on conjugation of the 
enzyme in the present case. 

The AFM image (Fig. S7(A) in Supplementary information) shows 
needle like structure for SWCNT-CPMI, having height of 3–4 nm, which 
is the diameter of SWCNT. Comparison of the AFM image of a very dilute 
solution of CYP101 that indicate the protein height profile of 4–5 nm 
with that of SWCNT-CPMI linked CYP101 (Fig. S7 in Supplementary 
information) with height profile of 8–9 nm support that protein is indeed 
attached to the SWCNT through the CPMI linkage. 

Analysis of the protein sequence (UniProtKB - P00183 (CPXA_P
SEPU)) shows that CYP101 consists of 8 cysteines. The surface accessi
bility of the cysteine residues in CYP101 are obtained by analyses of the 
crystal structure (PDB code 1DZ4) with the WHAT IF Web Interface 
[32]. The cysteine residues along with corresponding surface accessi
bility (in parentheses, ̊A

2 
) of the thiol group are given as follows: C148 

(0.0), C242 (0.6), C285 (0.0), C334 (28.3), C357 (0.0), C85 (0.2), C58 
(4.7) and C136 (4.1). Among them, C357 is the 5th ligand of heme iron 
and buried inside the protein matrix. Cysteine 334 is the most surface 
exposed cysteine, with accessible surface of the terminal thiol group of 

28.3 Å
2
, and it tends to cause aggregation of the of the protein in vitro. 

Cysteine 334 residue has hence been mutated to alanine (C334A) in the 
present study. Cysteine 58 and 136 are hence the most exposed cysteine 

residue with surface accessibility 4.7 and 4.1 Å
2 

respectively in the 
C334A mutant of CYP101. Thus, when CYP101 reacts with 
SWCNT-CPMI, the most exposed cysteines i.e.C58 and C136 possibly get 
covalently linked to the CNT, forming the covalent conjugation of the 
carbon nanotube through maleimide linkage of CPMI with a cysteine 
(C58 or C136) of the protein [15]. 

Scheme 1. Functionalization of SWCNT by N-(4-Carboxyphenyl) maleimide (CPMI).  

Fig. 1. Visible CD spectra representing the tertiary structure around the heme 
of CYP101 (solid line) and SWCNT - CPMI linked CYP101 (dashed line) in 
presence of 1 mM camphor. 
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It is however important to note that the present results does not rull 
out the possibility of small fraction of the protein adsorbed on the 
SWCNT-CPMI in a partially unfolded conformation leading to surface 
exposer of some of the buried cysteine in the protein. An estimation of 
CPMI bound to the SWCNT in SWCNT-CPMI by Ellman test (Fig. S1 in 
Supplementary information) suggested preence of ~13 nmoles of active 
maleimide bound per mg of SWCNT-CPMI. However, the estimation of 
CYP101 bound to the nanotube determined from the absorption spec
trum of the heme of CYP101 (Fig. S2 in Supplementary information) 
indicated ~7 nmoles of CYP101 bound per mg of SWCNT-CPMI. The 
results may indicate that partial denaturation of CYP101 leading to 
binding of more than one cysteine residues from the protein to the 
SWCNT-CPMI or depletion of heme from the protein (forming inactive 
apo-enzyme) during the conjugation might be responsible for the 
observed lower binding of the folded protein onto the nanotube. 

3.3. Direct electrochemistry of CYP101 conjugated to SWCNT-CPMI 

Electrochemical studies of CYP101 in solution and in the form of thin 
film have earlier been reported [17,33,34] on graphite as well as on 
glassy carbon electrodes. However, in both cases the protein was 
nonspecifically oriented on the electrode surface. We have recently 
shown that specific immobilization of pyrene maleimide conjugated 
CYP101 on GC electrode [15] can help to achieve good quasi-reversible 
electrochemical response as well as excellent electrocatalysis by the 
enzyme. In order to achieve better electrochemical communication and 
higher loading of the enzyme we modified the GC electrode with 
SWCNT-CPMI and subsequently the modified electrode is allowed to 
react with the protein solution. The most surface exposed cysteine res
idue of CYP101 would be linked to the maleimide of CPMI to form 
immobilized enzyme on the SWCNT associated to the electrode. This has 
already been demonstrated by peptide digestion [15] in pyrene mal
eimide conjugated CYP101. Enzyme Immobilization strategy on GC 
electrode is shown in Scheme 2. 

The association of CYP101 to the SWCNT-CPMI modified GC elec
trode was carried out in presence of TritonX 100 solution (Experimental 
section) so that the surfactant micelles could act as cushions in between 
protein and SWCNT to avoid irreversible adsorption or denaturation of 
the protein onto the electrode/unmodified SWCNT. This method may 
also avoid possibility of random orientation of protein. Cyclic voltam
metry of CYP101 covalently linked to SWCNT-CPMI shows midpoint 
potential − 320 ± 10 mV (vs. Ag/AgCl) in presence of 1 mM camphor 
under anaerobic condition, which agrees with earlier reports [15,17]. 
Fig. 2A shows typical cyclic voltammetry response of the 
SWCNT-CPMI-CYP101 on GC electrode [15]. The peak currents were 
linearly dependent on scan rate indicating that the enzyme is adsorbed 
on electrode surface. Peak current (Ip) for surface controlled process is 
given by equation (1) [15]. 

Ip =
n2F2

4RT
AΓν (1)  

where, n = number of electrons transferred, F = Faraday’s constant, R =
universal gas constant, T = absolute temperature in Kelvin (T = 298 K), 
A = surface area of the electrode, Γ = surface coverage or the concen
tration of the redox active adsorbed in mol/cm2, ν = scan rate. 

The plot of peak current (cathodic, Ipc and anodic, Ipa) versus scan 
rate shown in Fig. 2B was fitted to the above equation (1). From the 
slope of each plot given by [(n2F2 /4RT)AΓ ], the number of molecules of 
the enzyme associated with the electrode surface (Γ) were estimated to 
be, 1.624 × 10− 10 mol/cm2 and 1.64 × 10− 10 mol/cm2, respectively for 
the cathodic and anodic peaks. The known geometric area of the elec
trode surface (A = 0.071 cm2), and the other constants were used to 
estimate the surface coverage (Γ). Taking the average of the results of Γ 
from the cathodic and anodic peaks, (9.8±1.8) × 1013 molecules of the 

Scheme 2. Schematic representation of SWCNT -CPMI linked CYP101 modified GC electrode.  

Fig. 2. (A) Cyclic voltammogram of SWCNT -CPMI linked CYP101 (solid line), 
SWCNT-CPMI before linking the protein (dashed line) and bare SWCNT (dot- 
dot-dash line) scan rate 2 mV/s; (B) Plot of peak potential (Ep) vs ln(ν) of 
CYP101 immobilized on SWCNT -CPMI modified GC electrode; (C) Plot of peak 
current (Ip) vs scan rate (ν) of CYP101 immobilized on SWCNT -CPMI modified 
glassy carbon electrode. The solution contained 40 mM phosphate buffer pH 
7.4, 30 mM KCl, and 1 mM camphor at room temperature in nitrogen satu
rated solution. 
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enzyme were estimated to be immobilized per cm2 of the electrode 
surface, which is higher than that found in case of pyrene maleimide 
modified electrode [15]. 

Cyclic voltammetry of the immobilized enzyme shows that separa
tion between the cathodic and anodic peaks (ΔEp) is ~180 mV (for 2 
mV/s scan rate), indicating that the electron transfer from electrode to 
immobilized enzyme is slow. The rate of heterogeneous electron transfer 
between electrode and the immobilized enzyme was estimated by the 
Laviron’s method. The value of the transfer coefficient (α) was deter
mined using equation (2). 

Epc =E0 −
RT
αnF

ln
(

αnFν
RTks

)

=

[

E0 −
RT
αnF

ln
(

αnF
RTks

)]

−
RT
αnF

ln(ν) (2)  

Epa =E0 +
RT

(1 − α)nF
ln
(
(1 − α)nFν

RTks

)

=

[

E0 +
RT

(1 − α)nF
ln
(
(1 − α)nF

RTks

)]

+
RT

(1 − α)nF
ln(ν)

Where E0 is the apparent midpoint potential, ks is the heterogeneous 
electron transfer rate constant, ν is the scan rate, and the number of 
electrons transferred,n = 1. The potentials for the cathodic (Epc) and 
anodic (Epa) peaks varied linearly with ln(ν) as shown in Fig. 2C. The 
ratio of the slopes of the plots was analyzed to estimate the average 
value of α as 0.58. 

The rate of heterogeneous electron transfer between the electrode 
and the SWCNT-CPMI linked CYP101 was determined by Laviron’s 
method from equation (3) at different scan rates: 

log(ks)= α log(1 − α)+ (1 − α)log(α) − log
(

RT
nFν

)

−
α(1 − α)nFΔEp

2.303RT

−
2.303RT

nFα(1 − α) (3)  

ΔEp =
2.303RT

nFα(1 − α)

(

α log(1 − α)+ (1 − α)log(α) − log
(

RT
nF

)

− log(ks)

)

+
2.303RT

nFα(1 − α) log(ν)

Where, ΔEp is the peak potential separation. Using the value of α as 0.58, 
the heterogeneous electron-transfer rate constant (ks) for the SWCNT- 
CPMI linked enzyme was found to be 0.311 ± 0.02 s− 1. The rate of 
electron transfer from the electrode to the unconjugated enzyme under 

analogous conditions was found to be smaller (0.016 s− 1). 
In order to check whether immobilized enzyme is catalytically active 

and site-specific linkage has indeed occurred, we studied catalytic ac
tivity of the enzyme electrode system in oxygen saturated buffer with 
different concentrations of camphor. In presence of oxygen the reduc
tion current increases enormously and oxidation current decreases 
analogous to that reported by us earlier [15]. This result proves that 
CYP101 immobilized on SWCNT-CPMI conjugate on the GC electrode 
shows electrocatalytic activity. The cyclic voltammetry experiment 
shows linear increase in the catalytic current at − 0.390 V (vs Ag/AgCl) 
with increase in concentration of the substrate [15]. 

Fig. 3 shows plot of reduction current vs concentration of camphor 
for CYP101, pyrene maleimide conjugated CYP101 [15] and 
SWCNT-CPMI conjugated CYP101. In case of SWCNT-CPMI linked 
CYP101 reduction current is larger compared to that in case of pyrene 
maleimide conjugated CYP101. This suggests that the surface loading of 
protein is higher in case of SWCNT-CPMI linked enzyme and SWCNT 
possibly promotes the electron transfer. 

In order to assess the catalytic activity of the immobilized enzyme, 
we carried out ESI-mass spectroscopic studies on the electro catalytic 
reaction solution containing 1 mM camphor at different time intervals 
during the electrocatalysis by the enzyme electrodes. ESI-mass spectrum 
of the reaction solution showed that prior to the electrocatalysis, the 
mass spectrum of the sample extracted in chloroform showed a single 
peak at m/z 153 (Fig. 4A) confirming the presence of pure camphor in 
the solution. The mass spectra of the reaction mixture after electro
catalysis for 10 min using a non-specifically adsorbed unconjugated 
CYP101 containing GC electrode showed formation of only a small 
amount of hydroxyl camphor as evident from a weak peak at m/z 169 
(Fig. 4B). Since the active site and substrate-binding cavity was un
changed the reaction product would be 5-exo-hydroxycamphor with 
molecular weight 169. The peak for hydroxyl camphor was found to be 
much more intense (Fig. 4C) when SWCNT-CPMI linked CYP101 
immobilized on the GC electrode was used for the electrocatalysis of the 
camphor solution. This indicates that the CYP101enzyme immobilized 
to the electrode by SWCNT –CPMI is more efficient in catalyzing the 
hydroxylation of the substrate compared to the unconjugated enzyme 
non-specifically adsorbed to the electrode. This supports that electron 
transport from the electrode to the SWCNT conjugated p-CPMI linked 
CYP101 shows better enzymatic activity compared to that from the 
electrode to the unconjugated non-specifically adsorbed enzyme. The 
intensity of the hydroxyl camphor peak (m/z 169) was increased further 
on continuing the electrocatalysis for extended time (Fig. 4D), indicating 

Fig. 3. Plot of reduction current Vs concentration of camphor showing the 
effect of increase in concentration of camphor on reduction current (●) CYP101 
conjugated to pyrene maleimide, (▴) WTCYP101 and (■) SWCNT –CPMI linked 
CYP101 in 40 mM PB pH 7.4, 50 mM KCl. 

Fig. 4. ESIMS spectra of 40 mM phosphate buffer (pH 7.4) containing (A) 1 mM 
camphor, (B) products of electrocatalysis of 1 mM of camphor by unconjugated 
WT cytochrome P450cam on glassy carbon electrode after 10 min, (C) products 
of electrocatalysis of 1 mM of camphor by SWCNT-CPMI linked WT cytochrome 
P450cam on the electrode for 10 min, and (D) the same electrode as in (C) after 
20 min. 
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that the SWCNT conjugated p-CPMI linked enzyme was indeed catalyt
ically active for longer time. 

4. Conclusions 

The covalent conjugation of CYP101 through a maleimide based 
linker to SWCNT has been achieved. SWCNT-CPMI linker is character
ized by different techniques. SWCNT’s are linked to CYP101 through 
CPMI. This conjugate was immobilized on GC electrode. Direct elec
trochemical study shows midpoint potential of − 320mV (verses Ag/ 
AgCl) at pH 7.4. Air saturated solution of the nano-bio conjugate shows 
catalytic response, and the product formed is characterized by ESI-MS. 
Comparative study between pyrene maleimide conjugated CYP101 
and SWCNT conjugated CYP101 shows high catalytic efficiency when 
CYP101 is conjugated to SWCNT. The results highlighted a novel 
method of conjugation of SWCNT to the cytochrome P450 enzyme that 
can be used to coat onto the Glassy carbon (GC) electrodes to form the 
enzyme electrode system. Such nano-bio conjugated enzyme electrode 
can be used to drive electro-catalysis of mono-oxygenation of suitable 
substrates. 
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