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An electrochemical cholesterol biosensor has been fabricated via covalent immobilization of cholesterol

oxidase and cholesterol esterase (ChOx and ChEt) onto a biocompatible self assembled monolayer

(SAM) of (3-glycidoxypropyl)trimethoxysilane (GPTMS) fabricated onto an indium tin oxide (ITO)

electrode. The ChOx/GPTMS/ITO bioelectrode has been characterized using Fourier transform

infrared spectroscopy (FTIR), contact angle measurements (CA), atomic force microscopy (AFM),

electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV) techniques. The results of

the electrochemical response studies indicate that the ChOx-ChEt/GPTMS/ITO biosensing electrode

can be used to estimate the total cholesterol from 1.5 to 6.1 mM, has sensitivity of 0.351 mA (mg/dl)�1,

and can be used more than 10 times with a shelf life of up to 10 weeks. The value of the Michaelis–

Menten constant (Km) observed as 0.43 mM reveals a strong binding to the biocompatible GPTMS

organic platform and shows low interference effect. Further, this biosensor can be used to estimate the

total cholesterol concentration in serum samples.
1. Introduction

The development of a cholesterol biosensor is of considerable

importance due to the prevalence of cardiovascular diseases.1

The total cholesterol concentration in human blood should be

less than 200 mg dL�1 and should not exceed 239 mg dL�1. The

cholesterol in blood can be estimated using (1) the Lieberman-

Burchard reaction, (2) colorimetry, (3) high performance liquid

chromatography (HPLC), etc. However, these methods require

pre-separation of serum and plasma to prevent optical (colori-

metric) interference.2,3 In this context, biosensors have been

considered as very important since they have the potential to

provide rapid and selective information. Therefore, an efficient,

selective, and sensitive cholesterol sensor is urgently required.

The immobilization of enzymes such as ChOx and ChEt onto an

appropriate matrix is very important to fabricate an effective

biosensor.4 The performance of a biosensor depends on the

surface properties of a matrix material, the availability of func-

tional groups, the mode of enzyme immobilization, and the

activity of the enzyme on the electrode surface.5–8

SAMs have recently become interesting matrices since these

are easy to form and have excellent ordered arrangement and

high reproducibility etc.9–12 SAMs enable the formation of

organic surfaces, whose composition, structure and properties
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can be varied rationally. SAMs also permit reliable control and

provide biocompatible environment for biomolecules at

a substrate surface.13–15 Many systems including long-chain

carboxylic acids (CnH2nCOOH) and organosilane species

(RSiX3, R2SiX2 or R3SiX, where R is an alkyl chain and X is

a chloro or alkoxy group) have been used to fabricate SAMs.16,17

Recently, monolayers of functionalized silanes and epoxysilanes

have attracted much attention for anchoring biomolecules such

as proteins, enzymes and DNAs.18–20 These silanes can act as

cross-linkers because they contain Si–O bonds that react with

surface hydroxyl groups of metal oxides, glass, silicon, quartz

etc. and pendant-functionalized hydrocarbon chains that can

bind with organic materials and desired biomolecules. Therefore,

SAM formation by silanization may provide a uniform layer

onto a desired surface to obtain defined surface properties.

Chrisey et al. have reported the application of trimethox-

ysilylpropyldiethylenetriamine and N-(2-aminoethyl)-3-amino-

propyl-trimethoxysilane (AEAPTS) for covalent binding of

DNA to a silicon (Si) surface.21 Demirel et al. have used a poly

(N-isopropylacrylamide) layer on a Si wafer as a DNA sensor.22

Xia Zhong et al. have utilized two silane layers of a 2D-network

of (3-mercaptopropyl)-trimethoxysilane (MPS) to self-assemble

gold nanoparticles and glucose oxidase for fabricating a glucose

biosensor.23

Silane-based SAMs fabricated onto an ITO coated glass plate

have been found to show interesting physical and chemical

properties such as stability, transparency, and conductivity and

can be utilized for biosensor applications.24 Liju Yang et al. have

developed a SAM based epoxysilane biosensor based on the

immobilization of affinity-purified antibodies for E. coli O157:
Anal. Methods, 2011, 3, 2237–2245 | 2237
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H7 detection.25 Moore et al. have prepared 3-aminopropyl-tri-

methoxysilane silane onto ITO glass for DNA binding.26 Ruan

et al. have recently demonstrated the application of a (3-glyci-

doxypropyl)trimethoxysilane SAM by immobilizing E. coli

antibodies onto an ITO surface to fabricate an immunosensor for

E. Coli O157:H7 detection.27 Arya et al. have fabricated

a cholesterol sensor based on organic AEAPTS deposited onto

the ITO surface.28

We report results of the studies relating to fabrication of the

(3-glycidoxypropyl)trimethoxysilane (GPTMS) SAM onto ITO

coated glass substrate for immobilization of ChOx and ChEt via

epoxy-amine bonding for detection of free and total cholesterol.

2. Materials and methods

(i) Chemicals and reagents

ChOx (EC 1.1.36 from pseudomonas fluorescens) with specific

activity of 2.4 U mg�1, cholesterol esterase (EC 3.1.1.13 from

pseudomonas species) with specific activity of 165 U mg�1,

3-glycidoxypropyltrimethoxysilane (GPTMS), polidocanol,

cholesterol and cholesterol oleate have been procured from

Sigma-Aldrich (USA). All other chemicals are of analytical grade

and have been used without further purification. The deionized

water is from a Millipore water purification system. The pre-

cleaned hydrolyzed indium-tin-oxide (ITO) glass plates have

been used as substrates for preparation of the GPTMS

monolayer.

(ii) Enzyme solution preparation

The solution of ChOx (4.8 U ml�1) and ChEt (330 U ml�1) is

freshly prepared in phosphate buffer (50 mM, pH 7.0) prior to

use. Cholesterol ester (cholesterol oleate) solution (500 mg dL�1)

is first dissolved in 1% polidocanol (Brij) as a surfactant by

heating and gentle stirring resulting in a clear and colourless

suspension and the final volume is made by addition of 0.9%

NaCl solution. This stock solution is further diluted to prepare

different working concentrations of cholesterol and cholesterol

oleate solution. The stock solution of cholesterol is prepared in

deionized water having 10% Triton X-100 and stored at 4 �C.

(iii) Fabrication of SAM of GPTMS and immobilization of

ChOx and ChEt

The GPTMS SAM on a pre-cleaned ITO plate is prepared as

reported elsewhere.28 In brief, ITO plates are pre-cleaned with

acetone, ethanol, and with copious amounts of de-ionized water.

Further, ITO plates are immersed in a solution of H2O2/NH4OH/

H2O (1 : 1 : 5, v/v) for about 30 min at 80 �C, to obtain uniformly

distributed OH groups on the ITO surface, after which these are

thoroughly rinsed with de-ionized water and are dried. The

electrodes are immersed in a 1% (v/v) solution of 3-glycidoxy-

propyl trimethoxysilane in toluene for about 18 h at room

temperature (25 �C) to form an epoxysilane monolayer that has

many active tail epoxy groups for reacting readily with protein

amino groups.29 The SAM formation electrode is subsequently

rinsed with toluene and water to remove any physically absorbed

epoxysilane from the surface and is then dried under a stream of

nitrogen. ChOx and ChEt (10 mL) are covalently immobilized
2238 | Anal. Methods, 2011, 3, 2237–2245
onto the GPTMS/ITO electrode via formation of a covalent

bond between the epoxy group of silane (GPTMS) and the NH2-

terminal of the enzymes. The ChOx/GPTMS/ITO and ChOx-

ChEt/GPTMS/ITO bioelectrodes are kept for about 4 h in

a humid chamber at room temperature (25 �C) for binding of the
desired enzymes (Scheme 1). The ChOx/GPTMS/ITO and

ChOx-ChEt/GPTMS/ITO bioelectrodes thus formed are washed

with phosphate buffer (50 mmol L�1, pH 7.0) containing 0.9%

NaCl and 0.05% Tween 20 to remove any unbound enzyme and

is stored at 4 �C when not in use.
(iv) Characterization

Fourier transform infrared (FTIR) studies of GPTMS/ITO and

ChOx/GPTMS/ITO bioelectrodes have been conducted using the

spectrometer (PerkinElmer, Spectrum BX II) in transmission

mode in the region of 400–4000 cm�1. The contact angle

measurements (DSA100, DSA/V 1.9, Kruss Germany) using the

sessile drop method and atomic force microscopy (AFM, Veeco

DICP2) studies have been used for characterization of both the

GPTMS/ITO electrode and ChOx/GPTMS/ITO electrodes. The

electrochemical behavior of the electrode has been studied using

cyclic voltammetry and impedance measurements on an Autolab

potentiostat/Galvanostat (Eco Chemie, Netherlands) using

a three electrode cell with ITO as the working electrode, platinum

(Pt) wire as the auxiliary electrode and a Ag/AgCl electrode as

reference electrode in phosphate buffer (PBS, 50 mM, pH 7.0,

0.9% NaCl) containing 5 mM [Fe(CN)6]
3�/4�. The AFM

measurements have been performed using a Digital Instrument

NanoScopeIIIa in tapping mode, to investigate the surface

properties.
3. Results and discussion

(i) FTIR analysis

The FTIR spectra of GPTMS and the ChOx modified GPTMS

bioelectrode are shown in Fig. 1. The peaks seen at 3848 and 3625

cm�1 from the GPTMS/ITO (curve a) electrode are due to the

OH stretching mode. The stretching due to alkyl hydrogen is

obtained at 2930 cm�1 and the corresponding bending vibrations

can be seen around 1519 cm�1. The band seen around 1680 cm�1

is due to the bending vibration of –OH on the ITO surface. The

Si–O–Si asymmetric stretching vibration appears as a strong and

broad band around 1054 cm�1. The ether linkage in the glycidoxy

group is known to absorb in the same region and it overlaps with

the strong Si–O–Si absorption. The Si–OH asymmetric stretch-

ing vibration is seen at 850 cm�1. The peak around 831 cm�1 is

due to the symmetric Si–O–Si stretching vibration. The peaks

seen at 571 and 456 cm�1 are attributed to the O–Si–O vibrations.

The out of plane bending vibrations of the C–OH groups can be

seen as a weak peak at 664 cm�1.

The FTIR spectrum of the ChOx/GPTMS/ITO bioelectrode

(curve b) shows a band in the 1069–975 cm�1 region assigned to

the C–H in-plane deformation of the trimethoxysilane unit. The

1637 cm�1 peak is attributed to the amide linkage indicating

ChOx immobilization. The broad absorption peaks seen in the

3200–3350 cm�1 range are due to the O–H and N–H stretching

vibration of epoxy-amine bond conforming immobilized ChOx.
This journal is ª The Royal Society of Chemistry 2011
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Scheme 1 The schematic of the covalent immobilization of ChOx onto the GPTMS/ITO surface.

Fig. 1 FTIR spectra of (a) GPTMS/ITO electrode and (b) ChOx/

GPTMS/ITO bioelectrode.
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(ii) Contact angle studies

Contact angle (CA) measurements have been carried out to

investigate the hydrophilic/hydrophobic character of the SAM

surface. The CA value of hydrolyzed ITO, 48.22�, (Fig. 2A)

increases to 69.19� (Fig. 2B) revealing the fabrication of the

GPTMS monolayer onto the hydrolysed ITO. The increase in

CA can be attributed to the presence of the hydrophobic epoxy

group present in GPTMS. The contact angle decreases to 13�

(Fig. 2C) after the immobilization of ChOx. The decrease in the

value of the contact angle is attributed to the hydrophilic nature

of the surface and thus confirms the immobilization of ChOx on

the GPTMS/ITO electrode surface.
This journal is ª The Royal Society of Chemistry 2011
(iii) Atomic force microscopic (AFM) measurements

The AFM image of the GPTMS/ITO electrode (Fig. 3A) exhibits

a spindle-like structure revealing GPTMS-SAM formation with

surface roughness of 7 nm. The distribution of the GPTMS

monolayer on the ITO surface is uniform, dense, andhomogenous

with only a few homogeneous aggregates. Fig. 3B shows the

topography of the ChOx/GPTMS/ITO bioelectrode indicating

the homogeneity effect and a height of about 10 nm, indicating the

immobilization ofChOx.The change inmorphology of theChOx/

GPTMS/ITO bioelectrode can be attributed to the presence of

ChOxonGPTMS.The globular structure andbigger size ofChOx

attached onto the GPTMS/ITO electrode via covalent binding is

clearly visible. Covalent binding ofChOxwith functionalmoieties

of the GPTMS in an alike fashion indicates that ChOx molecules

are more compact at the GPTMS-SAM/ITO electrode.
(iv) Biocompatibility test of GPTMS-SAM

The biocompatibility of GPTMS has been investigated with both

bacterial culture (E.coli DH5a, Gram negative bacteria) and

plant tissue culture (wheat seed). For the bacterial system, E.coli

is grown for 24 h in nutrient broth medium at 37 �C in a rotary

shaker at 100 rpm, after which 100 mL of culture is spread and 4

wells (5 mm each under sterile conditions) on a nutrient agar

petriplate are made. 25 mL solution of the GPTMS (2%, 1%,

0.1%, and 0.01% in toluene) is added to each well, and is kept

overnight at 37 �C. After 24 h incubation, the control shows the

zone of growth retardation whereas different concentrations of

GPTMS reduce the zone of bacterial growth inhibition indi-

cating the biosafety of GPTMS on the bacterial culture (Fig. 4A).

For plant germination, the wheat seed surface is sterilized by the
Anal. Methods, 2011, 3, 2237–2245 | 2239
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Fig. 2 Contact angle measurement of (A) hydrolyzed ITO, (B) GPTMS/ITO electrode and (C) ChOx/GPTMS/ITO bioelectrode.

Fig. 3 Two dimensional and three dimensional AFM image of (A)

GPTMS/ITO electrode and (B) ChOx/GPTMS/ITO bioelectrode in 3 mm

� 3 mm.

Fig. 4 Snapshot of the agar plates containing (A) E.Coli sp. after 24 h of

incubation, revealing no inhibition zone formation in the plate using

GPTMS solution and (B) wheat seeds after 2 days of incubation,

revealing proper seed germination, showing the biocompatibility of

GPTMS.

Fig. 5 Impedance spectra of (a) hydrolyzed ITO, (b) GPTMS/ITO

electrode and (c) ChOx/GPTMS/ITO bioelectrode.
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following process. Wheat seed is treated with 2 drops of Tween-

80 (detergent) in distilled water (DW) for about 10 min, is then

washed multiple times with DW, after which 70% ethyl alcohol (2

min), 0.1% mercuric chloride (5 min) are added, followed by
2240 | Anal. Methods, 2011, 3, 2237–2245
rinsing with copious amounts of sterilized deionized water. The

wheat seeds are then immersed in different concentrations of

SAM of the GPTMS solution (2%, 1%, 0.1%, and 0.01%) and are

placed on the solid agar media (where plants get nutrients) and

are incubated at room temperature for 48 h. Seed germination is

not clearly visible in 1% and 2% due to a delay in seed germi-

nation. It is perhaps the increased concentration of the GPTMS

molecule that results in delayed seed germination.

Fig. 4B shows the image of GPTMS-SAM obtained after seed

germination and the result reveals appropriate seed germination

in almost all the concentrations of the plant tissue culture, indi-

cating the biocompatible nature of the GPTMS-SAM.
(v) Electrochemical impedance spectroscopy

At the electrode/solution interface the charge transfer phenom-

enon has been investigated using the electrochemical impedance

technique (EIS). The results of EIS measurements indicate

hindrance provided by the GPTMS layer to the transfer of charge

from solution to the electrode due to the insulating nature of

epoxysilane that inhibits the permeability of [Fe(CN)6]
3�/4� to the

surface of the electrode.30 Thus, the change in the charge transfer

resistance (RCT) value can be correlatedwith themodified surface.

Fig. 5 shows the charge transfer resistance (Nyquist diameter) of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 (A): Cyclic votammograms for (a) ITO surface, (b) GPTMS/ITO

electrode, (c) ChOx/GPTMS/ITO bioelectrodes in three-electrode

configuration with Ag/AgCl electrode as a reference electrode in PBS

solution (50 mM, pH 7.0, 0.9% NaCl). (B) Cyclic voltammograms (CV)

of ChOx/GPTMS/ITO bioelectrode as a function of scan rate, Inset a:

curve between I (A) and square root of scan rate (mV s�1), Inset b: curve

between E (V) and logarithm of scan rate (mV s�1).
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hydrolyzed ITO (a), GPTMS/ITO (b) and the ChOx/GPTMS/

ITO bioelectrode (c). The value of RCT for GPTMS/ITO (668.55

ohms, curve b) is found to be higher than that of the ITO electrode

(311.67, curve a). This suggests that deposition of GPTMS SAM

onto the ITO surface hinders the electrode transfer kinetics

between the electrolyte and the ITO electrode revealing fabrica-

tion of the SAM. The value of RCT (1467.53 ohms, curve c) for

the ChOx/GPTMS/ITO bioelectrode is larger than that of the

GPTMS/ITO electrode (RCT 668.55 ohms). The increase in the

value of RCT is attributed to the hindrance caused by the macro-

molecular structure ofChOx to the electron transfer. This increase

in the value of RCT on the immobilization of the enzyme (ChOx)

further confirms the immobilization of the enzyme.

(vi) Cyclic voltammetric studies

Fig. 6A shows the cyclic voltammograms (CV) obtained for

hydrolyzed ITO (a), GPTMS/ITO electrode (b) and ChOx/

GPTMS/ITO bioelectrode (c). The decrease in the value of the

electrochemical response current of the GPTMS/ITO electrode

than that of hydrolyzed ITO electrode indicates the formation of

a SAM of GPTMS onto the ITO surface. The decrease in the

electrochemical response current value can be attributed to the

non-conducting nature of the GPTMS-SAM on the ITO surface

that inhibits the permeability of the redox couple [Fe(CN)6]
3�/4�

towards the ITO electrode. The decrease in the value of the

oxidation current observed after immobilization of ChOx onto

the GPTMS/ITO electrode is attributed to the hindrance caused

by the macromolecular structure of ChOx to the electron trans-

port indicating immobilization of the ChOx.

Fig. 6B shows the results of CV studies obtained for the ChOx/

GPTMS/ITO bioelectrode in PBS (50 mM, pH 7.0, 0.9% NaCl)

containing 5 mM redox couple [Fe(CN)6]
3�/4� as a function of

scan rate from 50 to 100 mV s�1. It can be seen that the peak-to-

peak potential (DE ¼ Ea � Ec) and magnitude of the current

[both anodic (Ia) and cathodic (Ic)] exhibits a linear relationship

with the square of the root of the scan rate (inset, Fig. 6B)

indicating that the electrode undergoes uniform facile charge

transfer kinetics and reversible electron transfer kinetics,

according to eqn (1)–(3).

DE (V) (ChOx/GPTMS/ITO bioelectrode)¼ 0.2 (V) + 0.421 (s) *

scan rate (mV s�1) with regression coefficient ¼ 0.998 (1)

Ia (ChOx/GPTMS/ITO bioelectrode) ¼ 120.9 m + 94.6 m * scan

rate (mV s�1) with regression coefficient ¼ 0.997 (2)

Ic (ChOx/GPTMS/ITO bioelectrode)¼ 130 m + 50.8 m * scan rate

(mV s�1) with regression coefficient ¼ 0.998 (3)

GPTMS-SAM provides covalent bonding to immobilized

biomolecules (ChOx and ChEt) and acts as a molecular wire

between biomolecules and the electrode surface. Besides this,

GPTMS-SAM is one molecule thick and hence it provides easier

access to the analyte (cholesterol molecule) for faster transfer of

charges due to the molecular interaction between the analyte and

biomolecules being near the vicinity of electrode surface resulting

in higher sensitivity of the fabricated bioelectrode.

The optimization of working pH for the enzyme electrode is

considered to be important because ability of amino acids
This journal is ª The Royal Society of Chemistry 2011
present at the active sites of the enzyme to interact with the

substrate depends on the electrostatic interaction which in turn

depends on the pH of the solution. To find the optimal pH, the

activity of the ChOx/GPTMS/ITO bioelectrode can be measured

in the pH range of 6.0 to 8.0 at 25 �C (data not shown). The

optimum current is obtained at pH 7.0. Hence all experiments

have been conducted at pH 7.0 at which the natural structures of

biomolecules are retained.
(vii) Response studies of the ChOx-ChEt/GPTMS/ITO

bioelectrode

The electrochemical response characteristics of the ChOx/

GPTMS/ITO bioelectrode (Fig. 7A) have been conducted as

a function of cholesterol concentration (25–400 mg dl�1) in PBS
Anal. Methods, 2011, 3, 2237–2245 | 2241
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Scheme 2 Schematic illustration of the biochemical reaction at the

ChEt-ChOx/GPTMS/ITO bioelectrode.
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(50 mM, pH 7.0, 0.9%NaCl) containing 5 mM [Fe(CN)6
3�/4�] for

the 60 s. The biochemical reaction (Scheme. 2) involved in the

electrochemical measurements is:

CholestrolOleateþH2O �����!ChEt
Cholestrolþ Fatty acid ((i))

ITO-GPTMS-ChOxoxi + Cholestrol + O2 / ITO-GPTMS-

ChOxred + 4-cholesten-3-one + H2O2 ((ii))

H2O2 ����������������!Electrochemical oxidation
2Hþ þO2 þ 2e� ((iii))

Fig. 7A shows the variation of the electrochemical response

current recorded for the ChOx/GPTMS/ITO bioelectrode as

a function of free cholesterol concentration. The increase in the

value of oxidation current with the increase in cholesterol

concentration indicates an increase in the concentration of H2O2

(as shown in Fig. 7). The bioelectrode follows enzyme kinetics

{Inset Fig. 7A (i)}; at relatively low concentrations of choles-

terol, the current increases almost linearly with an increased

cholesterol concentration but at higher cholesterol concentration
Fig. 7 (A and B): Electrochemical response of the ChOx/GPTMS/ITO

and ChOx-ChEt/GPTMS/ITO bioelectrode at different concentration of

cholesterol, 25, 50, 100, 200, 300, 400 mg dl�1, at a scan rate of 50 mV s�1.

Inset: Calibration plot between the magnitude of current (mA) and

cholesterol concentration (mg dl�1) (Boltzman fit, R2 ¼ 0.996, inset i).

(Inset ii): Hanes plot of covalently immobilized ChOx and ChEt onto

GPTMS of SAM.

2242 | Anal. Methods, 2011, 3, 2237–2245
the current increases by a smaller magnitude. The linearity is

found from 100 to 400 mg dl�1 (2.58–10.34 mM). The sensitivity

of the ChOx/GPTMS/ITO bioelectrode estimated from the

slope of the curve has been found to be 0.594 mA (mg/dl)�1.

The enzyme–substrate kinetic parameter (Michaelis–Menten

constant, Km) can be estimated from the Hanes Plot {inset

Fig. 7A (ii)}, between cholesterol concentrations and cholesterol

concentration/current. The value of Km for the ChOx/GPTMS/

ITO bioelectrode is found to be 0.60 mM indicating a high

affinity for cholesterol in the immobilization of ChOx to
Fig. 8 (A) The effect of interferents on the electrochemical response of

the ChOx/GPTMS/ITO bioelectrode (inset % effect of interferents. (B)

Shelf-life curve for the ChOx/GPTMS/ITO bioelectrode as a function of

time.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 (A) Electrochemical representation of the ChOx/GPTMS/ITO bioelectrode reuseability. Inset: showing CV of ITO, GPTMS/ITO electrode and

ChOx/GPTMS/ITO (multitime use) bioelectrode. (B) Effect of temperature on ChOx/GPTMS/ITO bioelectrode. (C) Electrochemical response time

from 5 to 60 s incubation period.
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GPTMS. The highest catalytic turnover is obtained at a relatively

low substrate concentration for the enzyme with a small value

of Km.

Fig. 7B shows the value of total cholesterol by using the ChOx-

ChEt/GPTMS/ITO bioelectrode under similar reaction condi-

tions. It can be seen that the bioelectrode has linearity between

100–400 mg dl�1 {inset Fig. 7B (i)} with regression coefficient

(R ¼ 0.986). The sensitivity and Km value of the ChOx-ChEt/

GPTMS/ITO bioelectrode are found to be 0.351 mA (mg/dl)�1,

28.4 mg dl�1 (0.43 mM) {inset Fig. 7B (ii)}, respectively.
(viii) Self-life and effect of interferents

The selectivity of the ChOx/GPTMS/ITO bioelectrode has been

determined by measuring the electrochemical response while
Table 1 Determination of cholesterol in serum samples by ChOx/GPTMS/I

Cholesterol
concentration (mg/dL)

Value of current obtained with serum
sample (mA)

155 0.3886
190 0.4012
214 0.4058
257 0.4172
280 0.4076

This journal is ª The Royal Society of Chemistry 2011
adding normal concentrations of different interferents (Fig. 8A),

such as glucose (5 mM), urea (1 mM), lactic acid (0.5 mM), uric

acid (0.1 mM) and ascorbic acid (0.05 mM) in phosphate buffer

(50 mM, pH 7.0, 0.9% NaCl) containing 5 mM [Fe(CN)6]
3�/4� at

50mV s�1 scan rate. The deviation of response has been calculated

according to (Ii � Ig)/Ig, where Ii and Ig are the steady-state

currents recorded for PBS containing equal amounts (1 : 1) of

cholesterol (200 mg dl�1) and interferent. The electrochemical

response studies indicate that the results of value of the current

decreases by a negligible amount. Interference studies of the

ChOx/GPTMS/ITO electrode are represented by a pie chart

(Inset: Fig. 8A). The value of the current obtained in the bio-

electrode in the presence of cholesterol is 14.7% and themaximum

interference of the current in the presence of glucose is 1%.

However, it is 0.2% in presence of lactic and uric acid respectively.
TO bioelectrode

Value of current obtained for pure
cholesterol sample (mA) % RSD

0.3503 10.9
0.3942 1.77
0.3966 2.32
0.3854 8.25
0.3902 4.47

Anal. Methods, 2011, 3, 2237–2245 | 2243
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Table 2 Determination of cholesterol in serum samples by ChEt-ChOx/GPTMS/ITO bioelectrode

Cholesterol
concentration (mg/dL)

Value of current obtained with serum
sample (mA)

Value of current obtained for
cholesterol oleate sample (mA) % RSD

131 0.5493 0.5300 3.6
167 0.5678 0.5430 4.5
184 0.5246 0.5536 5.2
195 0.5682 0.5619 1.1
214 0.5757 0.5756 0.01
236 0.6018 0.6010 0.13

Table 3 Characteristics of the ChOx-ChEt/GPTMS/ITO bioelectrode and others reported in the literature for total cholesterol estimation

S. N Immobilization matrix
Sensing
element

Method of
immobilization Linearity Transducer used

Km

(mM)
Sensitivity and
shelf life Reference

1 MWNTs ChOx,
ChEt, HRP

Physical
entrapment

100–400
mg dl�1

Amperometry — 0.0059 mA (mg/dl)�1 33

2 Thiotic acid/gold ChOx,
ChEt

Biotin-avidin 1–6 mM Square wave voltammetry — 69 nA mM�1,
10 days

34

3 N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane

ChOx,
ChEt, HRP

Covalent 0.15–7.68
mM

Spectrophotometric and
electrochemical (CV)

1.46 124 nA (mg/dl)�1,
10 weeks

35

4 GPTMS SAM ChOx,
ChEt

Covalent 100–400
mg dl�1

Cyclic voltametry 0.43 0.351 mA (mg/dl)�1,
10 weeks

Present
work
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The shelf-life of the ChOx/GPTMS/ITO bioelectrode has been

monitored by measuring the electrochemical current response

with respect to time, with regular intervals of 1 day as shown in

(Fig. 8B). It is observed that this bioelectrode retains about 85%

of enzyme (ChOx) activity even after about 9 days when stored in

refrigerated conditions (4 �C) and after which the current

response decreases up to 72% in about 10 weeks (data not

shown). For activity measurements, a temperature of 30 �C and

a ChOx concentration of 200 mg dl�1 are used.
(ix) Effect of temperature, reusability, response time and serum

sample analysis of the ChOx/GPTMS/ITO bioelectrode

Fig. 9A shows the electrochemical bar plot of reusability

measuring at 200 mg dl�1 cholesterol concentration in PBS (50

mM, pH 7.0, 0.9% NaCl) containing 5 mM [Fe(CN)6
3�/4�] indi-

cating that the ChOx/GPTMS/ITO bioelectrode can be used

more than 10 times. The activity of the ChOx/GPTMS/ITO

bioelectrode has been measured as a function of temperature

varying from 20 to 60 �C (Fig. 9B). It is observed that the value of

response current increases with increasing the temperature up to

50 �C. The higher thermal stability of the ChOx/GPTMS/ITO

bioelectrode can be attributed to the epoxy SAM acting as

a pillar which retains the biological conformation of the enzyme

at higher temperatures. For the determination of the response

time we have measured the electrochemical response current

from 5 to 60 s as shown in Fig. 9C. The magnitude of the current

increases initially (5 to 40 s) and after 40 s the current becomes

almost constant indicating that 40 s is the response time of the

ChOx/GPTMS/ITO bioelectrode.

Traditionally, cholesterol is determined by using a non-enzy-

matic spectroscopic technique using colored substances.31 This

method usually involves a complex procedure for the precipita-

tion of lipoprotein fractions and suffers from low specificity,

instability of reagents compounded with high cost and
2244 | Anal. Methods, 2011, 3, 2237–2245
standardization difficulties. Hence, it is desirable to develop

techniques for the cost-effective, convenient, rapid and sensitive

estimation of cholesterol. Enzymatic methods offer selectivity,

specificity and high sensitivity for the determination of choles-

terol.32 Therefore attempts have been made to estimate the total

cholesterol concentration present in serum samples by using the

ChEt-ChOx/GPTMS/ITO bioelectrode. Serum samples of

known concentration have been obtained from a clinic located in

New Delhi. It can be seen that magnitude of the current obtained

with serum samples and pure cholesterol samples is reasonable

(Table 1 and 2.). Table 3 shows the characteristics of cholesterol

biosensor based on the ChOx-ChEt/GPTMS/ITO electrode,

including those reported in the literature.33–35
4. Conclusions

We have fabricated an electrochemical cholesterol biosensor via

covalent immobilization of ChOx and ChEt onto a GPTMS-

SAM fabricated onto ITO. The fabricated ChOx-ChEt/GPTMS/

ITO bioelectrodes exhibit high sensitivity of 0.351 mA (mg/dl)�1

and a linearity range of 100–400 mg dl�1 with detection limit as

90.7 mg dl�1 of total cholesterol concentration. The low Km value

of 0.43 mM indicates that the bioelectrode has a high enzyme

affinity towards ChOx and ChEt. The stability of the bond

between the specific functional group of ChOx and GPTMS-

SAM on the ITO electrode surface results in increased thermal

stability of the bioelectrode up to about 50 �C. The shelf-life of

the electrode is found to be approximately 10 weeks when stored

at 4 �C, and the electrode can be reused more than 10 times with

40 s as the response time. Moreover, this biosensor virtually

minimizes the effect of interference and can be useful to detect

total cholesterol in real serum samples containing other analytes.

Efforts should be made to improve the detection limit of the

biocompatible GPTMS-SAM platform for cholesterol detection

for in vitro sensing. The results of these studies have implications
This journal is ª The Royal Society of Chemistry 2011
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towards the application of this biocompatible platform towards

in vivo sensing.
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