
R

T

Y
a

b

a

A
R
R
A
A

K
B
A
D
E
M

C

1

i
m
l
f
i

0
d

Talanta 79 (2009) 1189–1196

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

eview

he application of boron-doped diamond electrodes in amperometric biosensors

anli Zhoua,b, Jinfang Zhia,∗

Key Laboratory of Photochemical Conversion and Optoelectronic Materials, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100190, PR China
Department of Chemistry, Shangqiu Normal University, Shangqiu 476000, PR China

r t i c l e i n f o

rticle history:
eceived 3 February 2009
eceived in revised form 14 May 2009
ccepted 15 May 2009

a b s t r a c t

Boron-doped diamond (BDD) electrodes outperform conventional electrodes in terms of high stabil-
ity, chemical inertness, wide potential window and low background current. Combining the superior
properties of BDD electrodes with the merits of biosensors, such as specificity, sensitivity, and fast
response, amperometric biosensors based on BDD electrodes have attracted the interests of many
vailable online 22 May 2009

eywords:
oron-doped diamond (BDD)
mperometric biosensors
irect detections

researchers. In this review, the latest advances of BDD electrodes with different surfaces includ-
ing hydrogen-terminated, oxygen-terminated, metal nanoparticles-modified, amine-terminated, and
carboxyl-terminated thin films, and microelectrodes, for the construction of various biosensors or the
direct detection of biomolecules were demonstrated. The future trends of BDD electrodes in biosensing
were also discussed.
nzyme biosensors
icroelectrodes
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. Introduction

Owing to their specificity and sensitivity, biosensors have been
ncreasingly developed for many applications in environmental

chemistry [3]. Thereinto, amperometric biosensors, which com-
bine the advantages of the electrochemical techniques with the
high substrate specificity of the enzymes, have emerged as the
most promising alternative for the monitoring of biologically
onitoring and control, food and drug analysis, detection of bio-
ogical metabolites, etc. [1,2]. Biosensors can also meet the need
or continuous, real-time, and in vivo monitoring to replace the
ntermittent analytical techniques used in industrial and clinical

∗ Corresponding author. Tel.: +86 10 82543537; fax: +86 10 82543537.
E-mail address: zhi-mail@mail.ipc.ac.cn (J. Zhi).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.05.026
related species in the past few years. The development and the
performance of amperometric biosensors mainly depend on the
physico-chemical characteristics of the materials employed for
the construction of the transducer and the methods used for the

enzyme immobilization. Many research groups have been studied
the employment of carbon-based materials including, carbon paste,
porous carbon, glassy carbon (GC), carbon nanotubes, and carbon
nanofibers as electrochemical transducers in the field of biosensors
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ment of oxygen-terminated BDD surfaces with hydrogen-plasma
ig. 1. SEM images of (a) a polycrystalline BDD thin film, (b) a nanocrystalline BDD
olycrystalline BDD film (bottom), and (d) the tip of a 76 �m Pt wire covered with a

4–7]. The often-cited advantages of carbon electrodes include
imple preparation methods, large positive potential ranges, and
uitability for chemical modification. Despite their advantages,
raditional carbon electrodes still suffer drawbacks, for example,
lectrode fouling. This problem limits their long-term stability and
eads to frequent polishing or disposal of the electrode after a few
ses.

Boron-doped diamond (BDD) thin films are novel carbon mate-
ials and are gaining big interests. BDD thin films were prepared
y microwave plasma-assisted chemical vapor deposition (MPCVD)
nd hot-filament CVD (HFCVD). Methanol, B2O3 and hydrogen
ere the most commonly employed as the carbon source, boron

ource and carrier gas, respectively. The highly doped BDD films
ith metallic conductivity ([B] > 3 × 1020 cm−3) were used as elec-

rodes. Nowadays, the development of diamond growth by CVD
as enabled the preparation of the BDD electrodes with different
urface structures on various substrates. According to the crys-
al size, the BDD electrodes could be divided into polycrystalline
grain size in �m range) films and nanocrystalline films (grain size
elow 100 nm). Several groups, such as, Fujishima, Swain, Panizza,
ryk, Marken and Compton groups, have been studied the electro-
hemical properties of the BDD electrodes and their application in
lectrosynthesis, water treatment, and electroanalysis of inorganic
nd organic compounds [8–12]. The results have demonstrated
hat the BDD electrodes possess many outstanding properties as
escribed below.

(i) Wide electrochemical potential window in aqueous elec-
rolyte solutions: the characteristic property, which allows the BDD
lectrodes to be used to detect molecules oxidization at high poten-
ials, is ascribed to the extremely low catalytic activity of BDD
lectrodes for both hydrogen and oxygen generation; (ii) low and

table capacitive background current: the low electrostatic capac-
ty minimizes the time to stabilize the background current during
he amperometry, indicating the BDD electrodes superior to other
lectrode materials, with enhancements in the sensitivity for the
ow concentration detection; (iii) high response reproducibility and
lm, (c) an electrochemically sharpened Pt wire (top) and a Pt wire covered with a
film.

long-term response stability: the properties of the insensitivity
to the presence of oxygen dissolved in aqueous solution and the
high resistance to deactivation by fouling due to low and weak
adsorption of polar molecules, make BDD film a stable electrode
for electroanalysis; (iv) morphological and microstructural stabil-
ity at extreme anodic and cathodic potentials and current densities
because of the high stability of sp3-bonded carbon; and (v) good
biocompatibility due to the carbon materials, etc. Therefore, these
prominent properties make BDD thin film an ideal electrode sub-
strate for biosensors.

So far, the applications of the construction of various biosen-
sors or the direct detection of biomolecules by the use of BDD
electrodes, which have been widely reported, have not yet been
summarized. As we know, electrochemical reactions proceed at
the interface between electrolyte solutions and electrodes surfaces,
so the surface structures and properties of BDD electrodes are
important for electrochemical detection. Thus, the present paper
summarizes the biosensors based on BDD electrodes materials
with different surfaces, including hydrogen-terminated, oxygen-
terminated, metal nanoparticles-modified, amine-terminated, and
carboxyl-terminated thin films, and BDD microelectrodes.

2. Detection at hydrogen-terminated BDD electrodes

The surface of an as-deposited polycrystalline BDD electrode
prepared by CVD using hydrogen gas as carrier gas is recognized
to be hydrogen-terminated and its scanning electron microscopy
(SEM) images is shown in Fig. 1a [9]. A clean and homogeneous
hydrogen-terminated BDD surface could be obtained by treat-
or heating at high temperatures (800–1000 ◦C) under hydrogen
atmosphere. The hydrogen-terminated BDD electrodes have high
stability and sensitivity for analysis of a number of biological species
and the performances for the detection of several selected com-
pounds are summarized.
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UA (not shown here), could be obtained at the hydrogen-terminated
BDD electrode. Therefore, the superior performance of the BDD
electrode may bring it as a future glucose detector in the medical
field.
ig. 2. CVs for 50 �M NADH at GC and as-deposited BDD electrodes in 0.1 M PBS (pH
.0). The scan rate was 20 mV s−1.

.1. Detection of nicotinamide adenine dinucleotide

The electrochemical detection of nicotinamide adenine dinu-
leotide (NADH) is of great interest because it is a cofactor in a large
umber of dehydrogenase-based biosensors. A major problem with
he bare GC and other electrodes is the deactivation rapidly due to
he irreversible adsorption of oxidation products on the surfaces.
nother problem with the unmodified and modified electrodes is

he high background current due to the influence of oxygen present
n the solution. Fujishima and his coworkers investigated electro-
hemical oxidation of NADH at as-deposited BDD electrodes [13,14].
he as-deposited BDD electrodes exhibited highly reproducible and
table response of cyclic voltammograms (CVs) for NADH oxidation,
nlike GC electrodes, at which a significant shift of ∼200 mV in the
eak potential was observed within one hour, as shown in Fig. 2.

n addition, due to the inertness toward the adsorption of reactants
nd products, the oxidation peak at the BDD electrode was more
ositive than that at fresh GC electrode. A high sensitivity with a
etection limit of 10 nM was also obtained. An as-deposited BDD
lectrode incorporating an NADH mediated dehydrogenase-based
thanol biosensor also revealed good performances, indicating the
easibility of use of BDD electrodes in NADH-based biosensors.

.2. Detection of biogenic amines

The analysis of biogenic amines, which are a group of natu-
ally occurring amines derived by enzymatic decarboxylation of
he natural amino acids, is essential for the early diagnosis of
eurotransmission defects. Sarada et al. [15] investigated the elec-
rochemistry determination of histamine and serotonin in 0.1 M
hosphate buffer solution (PBS, pH 7.2) at as-deposited BDD elec-
rodes. As shown in Fig. 3, well-defined CVs for histamine were
bserved at the BDD electrodes and the oxidation peak was more
ositive than that at the GC electrode as described above. In con-
rast, the oxidation peak current at the BDD electrode was more

bvious and higher than that at the GC electrode under the con-
ition of the similar electrode area. Importantly, the voltammetric
ignal-to-noise (S/N) ratios obtained at BDD electrodes were 1 order
f magnitude higher than those obtained from GC electrodes. The
omparison of the voltammograms for BDD and GC electrodes indi-
(2009) 1189–1196 1191

cated the superior behavior of BDD electrode in terms of surface
inertness to adsorption and response sensitivity. By use of the
flow injection analysis technique, the BDD electrodes gave a good
response with a linear response range of 0.5–100 and 0.01–50 �M
and a detection limit of 0.5 and 0.01 �M for histamine and sero-
tonin, respectively.

2.3. Detection of glucose

Sensitive, selective, reliable and fast monitoring of glucose has
become a major concern throughout the world, especially for the
control and treatment of diabetes. There are two major types,
i.e., enzymatic and nonenzymatic sensors, for the electrochemi-
cal detection of glucose. Although the glucose oxidation utilizing
glucose oxidase (GOx) has high selectivity, the glucose biosensors
based on GOx suffer from difficulties in instability. Therefore, the
electrochemical determination of glucose without employing an
enzyme has attracted increasing interest due to its stability, sim-
plicity, reproducibility and being free from oxygen limitation. Metal
electrodes including gold, platinum, copper and nickel are known
for showing the electrocatalytic oxidation of glucose. However, in
real biological matrices, a major problem for direct electrochemical
detection of glucose is the coexistence of many interfering com-
pounds, for example, uric acid (UA) and ascorbic acid (AA). These
compounds can be oxidized at a close potential to that of glucose,
which results in the overlap of voltammetric response at above
metal electrodes.

Lee and Park [16] reported that bare BDD electrodes annealed
with a hydrogen flame can be used to detect glucose directly with-
out any modification with enzymes or metallic catalysts. Fig. 4a
showed a series of CVs for the oxidation of glucose at the hydrogen-
terminated BDD electrodes and the oxidation peak current (650 mV
vs. Ag/AgCl) kept on increasing with the increasing concentration of
glucose. An anodic peak was also observed during the reverse scan,
which indicated that glucose was strongly adsorbed on the elec-
trode surface, and was continuously oxidized during the reverse
scan. The formation of fouling from the oxidized glucose on the
electrode prevented further oxidation of glucose. However, this pas-
sive film could be easily removed by simply rinsing the electrode
with deionized water. Thus, the hydrogen-terminated BDD elec-
trode gave a linear response range of 0.5–10 mM for glucose, which
well encompasses the physiological range of 3–8 mM. Importantly,
the selective detection of glucose in the presence of AA (Fig. 4b) or
Fig. 3. Linear sweep voltammograms for 100 �M histamine in 0.1 PBS (pH 7) at GC
(0.196 cm2) and BDD (0.189 cm2) electrodes. The scan rate was 100 mV s−1.
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ig. 4. (a) CVs of (1) 0, (2) 0.5, (3) 1.0, (4) 2.0, and (5) 5.0 mM glucose in 1.0 M NaOH
oltammograms of (1) 1.0 mM AA and (2) also containing 5.0 mM glucose in 1.0 NaOH
as 10 Hz cm−2.

In a word, hydrogen-terminated BDD shows advantages for elec-
rochemical oxidation of a broad range of biological compounds
13–21], such as NADH, biogenic amines, glucose, l-cysteine, oxalic
cid, glucose, and DNA, etc. Some of the analytical characteris-
ics of above and other compounds are summarized in Table 1.
ts wide electrochemical potential window allows the detection
f biomolecules oxidizing at high potentials, and its resistance to
he adsorption of chemical species on the surface allows the sta-
le electrochemical detection of above molecules. Thus, in most
f these studies, BDD electrodes were found to outperform GC
lectrodes in terms of stability and sensitivity. Additionally, at
he oxygen-terminated BDD electrodes obtained by the treatment
f electrochemical oxidation, the oxidation reaction of the above
egative biomolecules is very less because of the electrostatic
epulsion between the carbon–oxygen dipoles of the electrode sur-
aces and the negative charged compounds [19,20]. However, at
he hydrogen-terminated surface the positive dipolar field created
ttracts the above biomolecules, facilitating the electrochemical
eaction. Therefore, the control of surface termination is impor-
ant for the electrochemical detection of some negative charged

olecules by the use of BDD electrodes.
. Detection at oxygen-terminated BDD electrodes

A hydrogen-terminated BDD electrodes can be altered to oxgen-
erminated by a variety of methods, e.g. anodic treatment at highly

able 1
ome analytical characteristics for the detection of compounds at the BDD electrodes.

lectrode Analyte Linear range (�M) Sensitivity (nA/�M

ydrogen-terminated NADH 0.01–0.5 ∼50
ydrogen-terminated Histamine 0.5–100 4
ydrogen-terminated Glucose 500–1 × 104 ∼3.8
ydrogen-terminated Polyamines 1–1000 0.247–2.58
ydrogen-terminated l-Cysteine 0.1–100 12
ydrogen-terminated Oxalic acid 0.05–10 110.31
ydrogen-terminated DNA 0.1–8d –
ydrogen-terminated Purines 50–250 0.0633e

xygen-terminated Dopamine 1–70; 0.1–1 ∼70
xygen-terminated Uric acid 0.05–1 12.2
xygen-terminated Glutathione 1–250 –
xygen-terminated Purines, pyrimidines 0.1–10 –
uNPs-modified Dopamine 0.01–10 –
yrosinase-modified p-Cresol 1–200 76.4
yt c-modified H2O2 1–450 18.6
icroelectrode Catecholamines 0.06–1 –

a Relative standard deviation.
b References.
c Cadaverine.
d �g mL−1.
e Xanthine.
drogen-terminated BDD electrodes. The scan rate was 20 mV s−1; (b) square wave
drogen-terminated BDD electrodes. The pulse height was 25 mV, and the frequency

positive potentials, oxygen plasma treatment, high treatment tem-
peratures (300–1000 ◦C) under O2 atmosphere, boiling in strong
acid, and oxidation by strong oxidant. Electrochemical oxidation is
convenient and popular for the use of electrochemistry, because the
treatment can be performed in the same system as the electrochem-
ical measurements. After treatment, a certain amount of C–OH and
C O groups confirmed by X-ray photoelectron spectroscopy mea-
surement were introduced on BDD surface [22]. Compounds with
positive charge maybe easily oxidized at oxygen-terminated BDD
electrode in comparison with that at as-deposited BDD electrode
since electrostatic attraction force from carbon–oxygen functional-
ities. While, as discussed above, negative charge compounds were
more clearly obtained at as-deposited BDD electrode than those at
oxygen-terminated BDD electrode due to the electrostatic repul-
sion at the oxidized surface existed. Thus, oxygen-terminated BDD
electrodes could show selectivity (either enhancement or suppres-
sion) for detection of some biomolecules due to the carbon–oxygen
dipoles of surface.

3.1. Selective detection of dopamine in the presence of ascorbic
acid
Dopamine (DA) is an important neurotransmitter in mamalian
central nervous system. A loss of DA-containing neurons may result
in serious disease such as Parkinson’s disease. The electrochemical
detection of DA at carbon-based electrodes has received intense

) Limit of detection (�M) Repeatability RSDa (%) Useful lifetime Re.b

0.01 – 3 months [14]
0.5 5 (15 injections) – [15]
– – – [16]
1 9.7c (50 injections) – [17]
0.021 3.5 (five runs) 1 month [18]

∼0.0005 2.05 (10 injections) 3 months [19]
0.0037–0.01d – – [20]
2.1e 4.4e (8 injections) – [21]
0.05 – 3 months [26]
0.015 1.15 (20 measurements) >3 months [28]
0.0014 < 3 (3 days) – [29]
0.03–0.16 2.63–4.89 (1 month) – [30]
0.001 ∼1 (10 measurements) – [31]
0.1 1.9 (10 measurements) 5 weeks [36]
0.7 2.1 (10 measurements) 6 weeks [41]
0.051 4.5 (5 measurements) – [49]
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ttention in part due to the possible future development of prac-
ical in vivo sensors. Major problem of electrochemical detection
A is the overlapping of oxidation waves between DA and inter-

ering compounds (e.g. AA) at the above bare electrodes. Recently,
ome nano-materials, e.g. carbon nanotubes [23], gold nanoparti-
les [24], and polymer thin film [25] modified GC electrodes were
sed to carry out the selective detection of DA in the presence of
A. However, there are difficulties remaining to be solved, such as
omplicated preparation methods and long-term stability.

Fujishima’s group researched the electrochemical detection of
A in the presence of AA at BDD electrodes [26,27]. At as-deposited
DD (hydrogen-terminated) electrode, the anodic peak potential
Ep,a) of DA and AA was 0.76 and 0.80 V (vs. saturated calomel
lectrode, SCE) in 0.1 M HClO4, respectively. After electrochemical
reatment of BDD (oxygen-terminated) electrode, the Ep,a of DA and
A was 0.80 and 1.3 V (vs. SCE), respectively. CV for a solution con-

aining both DA and AA in 0.1 M HClO4 at the oxygen-terminated
DD electrode exhibited two well-defined anodic peaks. Therefore,
A can be selectively determined in the presence of AA using the
xygen-terminated BDD electrode, and as a result, a low detec-
ion limit of 50 nM (S/N = 3) and long-term stability (3 months)
as obtained. Possible explanation of the selective detection for
A is that the oxidized BDD surface acquires surface dipoles as
result of introducing C O functional groups, which then elec-

rostatically repel the oxygen-containing group on AA with strong
ipoles. That is to say, the AA oxidation is impeded owing to the high
otential required and the spatial locations separates from oxidized
DD surface. For the protonated DA, the interaction between the
mmonium group of DA is relatively strong with both hydrogen-
nd oxygen-terminated BDD electrode, so that the equilibrium dis-
ances and the electron transfer rates are not greatly different. For
he same reason, excellent selectivity and sensitivity for the detec-
ion of UA in the presence of high concentrations of AA was obtained
t oxygen-terminated BDD electrodes [28].

.2. Simultaneous detection of oxidized and reduced glutathione

Glutathione (GSH) is among the most important antioxidant
n cells involved in enzymatical reduction of hydroperoxides and
onenzymatical retainment of vitamin E and C in reduced and

unctional forms. In the presence of oxidants, GSH is oxidized to
lutathione disulfide (GSSG), which is either reduced enzymatically
y glutathione reductase or excreted from cells into extracellular
uids. Thus, the GSSG/GSH ration serves as an indicator of oxida-
ive stress. The early techniques for the measurement of GSH and
SSG were based on an enzymatic recycling and high performance

iquid chromatography method, which suffer from low sensitivity
nd complicated pretreatment. Electrochemical method is simple
nd sensitive, but the electrochemical detection of GSSG, which is
positively charged molecule, is difficult due to the high oxidation
otentials.

Terashima et al. [29] studied the amperometric detection of
SSG and GSH at anodically oxidized BDD electrodes. Fig. 5 showed
comparison of CVs for GSSG obtained at oxidized BDD, GC, and Pt
lectrodes in acidic medium (pH 2). At the Pt electrode, a small oxi-
ation current was observed in the potential as the peak of surface
xide formation, and the peak current overlapped with oxygen evo-
ution when increasing potential. In case of GC electrodes, surface
ouling due to the adsorption of reaction products was observed
uring oxidation of GSSG, and the background current caused an

ncrease because of the relatively high potential. For comparison,

he response of GSSG at oxidized BDD electrodes showed two well-
efined peaks with diffusion controlled limiting currents. However,
he GSSG oxidation was not so sensitive at as-deposited BDD elec-
rodes. These were because, at the oxidized BDD electrode, the GSSG
xidation was ascribed to the electrostatical attraction between the
Fig. 5. CVs for 1 mM GSSG in Britton–Robinson buffer solution (pH 2) at oxidized
BDD, GC, and Pt electrodes. The scan rate was 100 mV s−1. Thin lines represent back-
ground current.

positively charged GSSG molecule in acidic solution and a negative
dipolar field formed by oxygen functional groups of electrode sur-
face. To obtain the simultaneous quantification of GSSG and GSH,
liquid chromatography coupled with the oxidized BDD electrodes
as electrochemical detection was used. The detection limits for GSH
and GSSG were 1.4 and 1.9 nmol (S/N = 3), respectively. The variation
in day-to-day response during 3 days were less than 3%. The high
stable amperometric response of the oxidized BDD electrode could
be ascribed to the high electrochemical stability and the surface
reactivation of oxidized electrodes as a detector. Moreover, high per-
formance liquid chromatography system using oxygen-terminated
BDD electrochemical detector has been also demonstrated to be a
promising approach for the simultaneous detection of purine and
pyrimidiane bases [30].

In brief, the oxygen-terminated BDD electrodes have outstand-
ing features in a much wider potentials window, and higher surface
stability from fouling compared to hydrogen-terminated BDD elec-
trodes. Importantly, the oxygen-terminated BDD electrodes are able
to achieve selective detection of certain compounds under certain
conditions. The significant advantages including very ease of prepa-
ration, very high stability, high sensitivity and good selectivity,
make oxygen-terminated BDD electrodes an interesting candidate
for the study of the direct detection of biological molecules.

4. Detection at metal nanoparticles-modified BDD
electrodes

Assembly of ordered metal nanoparticles, in particular gold

nanoparticles (AuNPs) have a wide range of applications in elec-
tronics, catalysis, and analysis. Metal nanoparticles could be
immobilized on BDD surface by vacuum vapor deposition, elec-
trochemical deposition, sputtering or layer-by-layer self-assembly.
Considering the outstanding properties of BDD electrodes, assem-
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ly of ordered metal are expected to have a wide range of
pplications in the field of biocatalysis.

To determine DA with high sensitivity and selectivity, the mod-
fication of AuNPs on BDD electrode was studied. Weng et al.
31] reported that BDD electrode was modified with gold clusters
y electro-deposition and the electrochemical performance of DA
nd AA was investigated on the Au/BDD electrode. AuNPs with a
ize distribution between 20 and 400 nm were deposited on the
DD surface after deposition. The AuNPs-modified BDD electrode
howed a higher activity for DA oxidation than AA; the oxidation
eak of DA shifted to a less-positive potential (0.11 V) than that of
A (0.26 V), and a much higher peak current could be observed for
A oxidation than that of AA. As a result, the AuNPs-modified BDD
lectrode could selectively determine DA in the presence of a large
xcess of AA with detection limit of 0.1 �M, but it could not resist
ouling. After the further modification of carboxylic groups on the
uNPs, the carboxyl-terminated electrode had a better antifouling
ffect and higher sensitivity for DA detection due to the electro-
tatic attraction. The minimal detection limit of 1.0 nM and linear
ange of 10 nM to 10 �M could be achieved. The detection limit was
ower than that of direct detection of DA at oxygen-terminated BDD
lectrodes discussed in section of 3.1, indicating that the AuNPs
ntroduced on the surface are indeed a useful catalyst to the DA
xidation.

In addition, complex nanoparticles of negatively charged AuNPs
nd polymer spheres were modified on BDD electrodes and the
odified BDD electrodes were used to study the electrochemical

ehaviors of DA and AA [32]. The modified BDD electrode exhibit
igh electrocatalytic activities toward the DA oxidation, while the
A oxidation showed almost no response and the unoxidized AA
ould not cause any side reactions due to electrostatic repulsion
egatively charged AuNPs and AA. The results displayed an effective
etection of DA in the presence of AA at the modified BDD electrode
ith detection limit of DA of 0.8 �M.

In brief, the modification of metal nanoparticles on the BDD elec-
rode makes it a candidate to prepare highly active electrode for the
atalytic oxidation (or reduction) of biomolecules. Especially, the
mmobilization of charged nanoparticles on BDD electrode could
eterminate special biomolecules in biological system with high
electivity and high sensitivity.

. Biosensors based on immobilizing tyrosinase at
mine-terminated BDD electrodes

Due to the inert nature of BDD surfaces, the immobiliza-
ion of biomolecules on BDD surfaces for the fabrication of
mperometric biosensors requires surface activation procedures
o provide the reactive groups, such as amino and carboxylic
roups. Generally, amine-terminated BDD electrodes could be
chieved by modification several methods, e.g. (i) etching a
ydrogen-terminated BDD surface by NH3 plasma in specific reac-
or, (ii) chemical modification of an oxidized BDD surface with
3-aminopropyl) triethoxysilane [33], (iii) photochemical reaction
f amino molecules containing a vinyl group with a hydrogen-
erminated BDD surface by free radical mechanism [34], and (iv)
iazonium functionalization of 4-nitrobenzendiazonium tetrafluo-
oborate with hydrogen-terminated BDD electrodes by combined
hemical and electrochemical processes [35]. Thus, a layer of amine
roups introduced on the BDD surface could serve as binding sites
or attachment of biomolecules.

On the other hand, tyrosinase, also known as polyphenol oxi-

ase, can catalyse two reactions: ortho-hydroxylation of phenols to
atechol and the further oxidation of catechols to ortho-quinones,
oth in the presence of molecular oxygen. Then the quinone gen-
rated could be reduced by the electrodes, reforming the original
henols, thus forming a bio-electrocatalytic amplification cycle.
(2009) 1189–1196

Moreover, the polymerization of phenols and interference from
oxidizable species could be prevented because of the low poten-
tial for reduction of o-quinones on tyrosinase-based sensors. The
key aspects in the construction of this kind of biosensors is the
choice of method and substrate for immobilizing the tyrosinase
on the electrode surfaces. Tyrosinase-based biosensors reported
have employed conventional electrode materials as substrates, such
as GC, carbon-paste, gold, and other materials. But these enzyme
electrodes suffer from complication in manipulation, desorption
of enzyme from electrode materials, and/or weak in retaining
the bioactivity of tyrosinase. Thus, biosensors based on negatively
charged tyrosinase (pI 4.5) immobilized on the positively charged
amino groups of BDD electrodes in neutral buffer solution are of
considerable interest due to the outstanding properties of BDD films
and the reliability of covalent immobilization.

Notsu et al. [33] reported the immobilization of tyrosinase
on a BDD electrode. Firstly, (3-aminopropyl) triethoxysilane was
used to modify BDD electrode treated by electrochemical oxida-
tion, ant then a tyrosinase film cross-linked with glutaraldehyde.
The low limit with 10−6 M for bisphenol-A was achieved at the
enzyme electrodes by using a flow injection system. However, the
tyrosinase-modified BDD electrode retained its initial activity only
for a few days in storage under dry conditions, due to weak bonding
of (3-aminopropyl) triethoxysilane with BDD surface.

To improve the stability of tyrosinase-based BDD electrodes,
Zhi’s group studied the covalent immobilization of tyrosinase
onto the amine-terminated BDD electrode [36,37]. The amine
active BDD surfaces were obtained by two methods. One
was that the hydrogen-terminated BDD surface was treated
with allylamine by photochemical reaction. Another was that
the hydrogen-terminated BDD surface was treated with 4-
nitrobenzenediazonium tetrafluoroborate. The difference of these
two methods was that the photochemical reaction linked the amino
group to BDD surface via an alkyl chain, while the diazonium
method typically used an aromatic ring. Both the two tyrosinase-
modified BDD electrodes by the above methods exhibited fast
response, high sensitivity and wide linear range for the detection of
phenolic compounds. For comparison, the sensitivity of the enzyme
electrode by diazonium method was higher than the enzyme elec-
trode by photochemical method, which might be because, the aryl
ring of diazonium molecule was more conductive than alkyl chain.
That is to say, the aryl ring could be well-suited for the electron
transfer between enzyme molecules and the BDD electrodes. The
sensitivity of the enzyme electrode by diazonium method was also
higher than those of the tyrosinase biosensors reported [38–40],
which could be attributed to the high and reliable loading of enzyme
by present method. The two developed enzyme electrodes could
retain about 90% of its initial activity for the response of phenols
after 1 month. The high stability could be ascribed to the strongly
covalent bonding of tyrosinase to the BDD electrodes and the high
chemical and electrochemical stability of the BDD substrates. To
sum up, the amine-functionalized BDD electrodes is an interesting
alternative for application in biosensing technology.

6. Biosensors based on immobilizing cytochrome c at
cayboxyl-terminated BDD electrodes

Direct electron transfer reactions between redox proteins and
electrode surfaces has attracted considerable interest. Understand-
ing of these reactions can establish a fundamental and desirable
model for studying the natural redox properties of the protein, the

interfacial charge transfer process, and the relationship between
their structure and biological functions. Moreover, the study of
direct electron transfer between proteins and underlying electrodes
could also provide a platform for fabricating biosensors. It is known
that the heme-containing proteins such as horseradish peroxidase,
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ytochrome c (Cyt c), and myoglobin, have a direct electrochemical
ehavior for its redox center of FeIII/II at the electrode surface and
he ability to electrocatalyze the reduction of H2O2. However, direct
lectrochemistry of these proteins at a bare electrode is difficult
ecause of its extremely slow electron transfer kinetics at the elec-
rode/solution interface and its short-live and transient response on
metal electrode surface. Common electrode materials employed

hould be modified with mediators by special methods.
On the other hand, compared with the polycrystalline BDD elec-

rodes, nanocrystalline BDD (NBDD) electrodes have a smoother
urface while maintaining the intact BDD properties. Fig. 1b shows
he SEM images of NBDD electrodes [41]. Furthermore, in addition
o boron doping, the sp2-bonded carbon phase on grain boundaries
f NBDD films can provide charge carries and high carrier mobility
athways, which may lead to better reversible properties of elec-
rodes for redox systems [42]. Thus, NBDD electrode is expected to
e a more suitable candidate to provide a high activity for biosen-
ors. In fact, surface smoothness of BDD electrodes could affect
heir amperometric response significantly. It has been demon-
trated that mechanical polishing of a polycrystalline BDD electrode
o a nanometer-scale finish has shown to result in a well-defined
oltammetric response of Cyt c in solution [43]. Haymond et al. [44]
ave also reported that direct electron transfer could occur between
yt c existing in solution and the as-deposited NBDD electrode with
uasi-reversible, diffusion-controlled electron transfer kinetics.

Zhi’s group reported the functionalization of NBDD films via
hotochemical reaction with undecylenic acid methyl ester and
ubsequent removal of the protection ester groups to produce
carboxyl-terminated surface [41]. Then Cyt c was successfully

mmobilized on NBDD electrode by the bonding of negatively
harged carboxylic groups and positively charged lysine residue of
yt c (pI 10). The Cyt c-modified NBDD electrode showed a pair of
uasi-reversible redox peaks with a formal potential (E0) of 0.061 V
vs. Ag/AgCl) in 0.1 M PBS (pH 7.0) and a high electron transfer
onstant (ks) of 5.2 ± 0.6 s−1. Compared to a Cyt c-modified poly-
rystalline BDD electrode, the electron transfer was faster at the Cyt
-modified NBDD electrode due to the incorporated sp2 state car-
on as charge transfer mediators on the NBDD surface. It is known
hat amperometric biosensors based on Cyt c immobilized on elec-
rode surfaces could be used to detect H2O2 selectively, because Cyt
as heme-containing proteins is able to electrocatalyze the reduc-

ion of H2O2. Investigation of the electrocatalytic activity of the Cyt
-modified NBDD electrode toward H2O2 exhibited a rapid amper-
metric response (5 s), a wide linear range (1–450 �M), and a low
etection limit (0.7 �M at S/N = 3). In addition, the response sta-
ility of Cyt c-modified NBDD electrode toward H2O2 was nearly
quivalent to that of the Cyt c-modified polycrystalline BDD elec-
rode but was significantly higher than that of the Cyt c-modified
C electrode.

In a word, the outstanding electrochemical properties, including
ide potential window, low background current, and extreme sta-

ility, together with its inherent biocompatibility and flat surface,
ake the conductive NBDD thin films as an interesting candidate

or the substrate of a third-generation biosensor.

. In vivo detection at BDD microelectrodes

The small size of the microelectrodes renders them suitable for
se in vivo detection. Carbon fiber microelectrodes have been used
idely for biomolecules detection in biological system because of

heir small size (<30 �m), biocompatible, and temporal response

45]. However, during exposure to physiological environments, sur-
ace fouling by biomolecule adsorption makes that the response
tability and sensitivity at carbon fiber microelectrodes are low.
esides, for activation of the carbon electrodes, pretreatment
ould introduce surface roughening, surface oxide formation, and
(2009) 1189–1196 1195

microstructural damage. Recently, BDD microelectrodes have been
fabricated by deposited a BDD film on a metal wire substrate
[46,47]. SEM images of a microsized Pt wire before and after coat-
ing of BDD thin film, and the tip of the Pt wire covered with a BDD
film were showed in Fig. 1c and d, respectively. The result of Raman
spectra (not shown here) showed that the BDD microelectrode was
of good quality under certain deposition condition. The BDD micro-
electrodes were expected to meet the above listed requirements in
biological environments, because of its (i) hard, lubricious and bio-
compatible nature that enables easy penetration into tissue with
minimal damage, (ii) low background current over a wide potential
range, (iii) extreme high electrochemical stability ascribed to the
hydrophobic sp3-bonded carbon surface on which weak adsorp-
tion of polar biomolecules and contaminants occurs, (iv) chemical
inertness. Therefore, BDD microelectrodes are attractive for in vitro
electroanalytical measurements.

The catecholamines, such as, norepinephrine, epinephrine, and
DA, play an important role in neurotransmission and other phys-
iological process. For clinical and diagnostic reasons, monitoring
catecholamine levels in tissue and biological fluids requires highly
sensitive and reliable analytical techniques. Swain’s group stud-
ied amperometric detection for norepinephrine detection in tissue
or nervous system using BDD microelectrodes [46–49]. Compared
with conventional carbon fiber electrodes, the BDD microelectrodes
exhibited improved response performances, including, higher sen-
sitivity, stability, and reproducibility. Specifically, coupled with
video microscopy, simultaneously amperometric monitoring with
the microelectrode was used to measure norepinephrine released
from rat sympathetic nerves innervating meseteric arteries and
veins in vitro, and the evoked contractile response. Additionally,
by virtue of capillary zone or capillary electrophoresis, the amper-
ometric detection was obtained very high sensitivity with a low
detection limit of 51 nM (S/N = 3).

Continuous amperometry with the BDD microelectrode was
used to measure serotonin overflow as an oxidation current [50].
With the recording microelectrode positioned about 1 mm above
the mucosa, serotonin released from enterochromaffin cells, was
elicited by both mechanical and electrical overflow stimulation.
Some minor electrode fouling, a common problem with the oxida-
tive detection of serotonin at the carbon fiber microelectrode, was
observed for BDD microelectrode but the response was enough sta-
ble to record in vitro. The fact that the oxidation current increased
in the presence of the serotonin transporter inhibitor indicated that
the measured signal was associated with serotonin. Serotonin dis-
position in the intestinal mucosa of neonatal and adult guinea pigs
was also compared using a BDD microelectrode and continuous
amperometry [51].

These results could help us to learn about behavioral changes
and the onset of neural disease conditions [52]. In view of the
remarkable performance of the BDD microelectrode, it is useful
for real-time measurement of samples in vivo, providing superior
response sensitivity, precision, and stability as compared to a car-
bon fiber microelectrode.

8. Conclusions

In conclusion, several functional BDD electrodes have been used
for determining various bio-analytes over the past decade or so.
Because of the excellent properties of BDD substrates, these BDD-
based amperometric biosensors exhibited good performances in
terms of high sensitivity, selectivity, reproducibility and long-term

stability. That is to say, BDD electrodes are interesting candidates
for the construction of amperometric biosensors or the direct elec-
trochemical detection of biomolecules.

Despite the impressive progress in the development of BDD-
based amperometric biosensors, the promise of the application
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f these biosensors in real biological systems has not been ful-
lled, and there are still many challenges and obstacles related
o the achievement of a highly stable and reliable continuous
iomolecules monitoring. Future developments will rely upon
he close collaboration of analytical technology, electrochemistry,
iological engineering and other relative technologies to ensure
ffective application and exploitation of BDD electrode materi-
ls in amperometric biosensing. There are some areas of interests
pened up by these developments. One promising area is in search
f reliable modification method of BDD electrode surfaces to further
nhance the selectivity and sensitivity for biomolecules detec-
ion in complex systems. Another area for future advances is the
DD sensor arrays for detecting several bio-analytes at once. With
he development of the electron beam and nanoimprint lithog-
aphy, there is an opportunities for fabrication of ordered micro-
r nanostructure on BDD thin films. Therefore, the prepared BDD
icroelectrode-arrays could be used for the real-time and in vivo

etection of biologically related species in real biological systems.
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