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1. ABSTRACT 
 
 Since the fabrication of the first diamond 
electrode in the mid 1980s, repid progress has been made 
on the development and application of this new type of 
electrode material. Boron-doped diamond (BDD) 
electrodes exhibit outstanding properties compared to 
oxygen-containing sp2 carbon electrodes. These properties 
make BDD electrodes an ideal choice for use in complex 
samples.  In recent years, BDD microelectrodes have been 
applied to in vitro measurements of biological molecules in 
tissues and cells. This review will summarize recent 
progress in the development and applications of BDD 
electrodes in bio-sensing and in vitro measurements of 
biomolecules. In the first section, the methods for BDD 
diamond film deposition and BDD microelectrodes 
preparation are described. This is followed by a description 
and discussion of several approaches for characterization of 
the BDD electrode surface structure, morphology, and 
electrochemical activity. Further, application of BDD 
microelectrodes for use in the in vitro analysis of 
norepinephrine (NE), serotonin (5-HT), nitric oxide (NO), 
histamine, and adenosine from tissues are summarized and 
finally some of the remaining challenges are discussed.  

 
 
 
 
2. INTRODUCTION 
 

Traditional carbon electrode materials, such as 
glassy carbon, pyrolytic graphite and carbon fiber, are 
important for use in electrochemistry due to their low cost 
and simple preparation (1). However, these materials 
possess sp2-bonded carbon structure with an extended π-
electron system and thus suffer from significant corrosion 
in the form of cavitations, pitting, and surface oxidation. 
Diamond has some unique properties such as high thermal 
conductivity, low coefficient of friction, chemical inertness, 
optical transparency between UV and IR wavelength, high 
mechanical stability, and high corrosion resistance (2). In 
1983, the first report on the use of ion-implanted diamond 
as an electrochemical electrode marked the beginning of 
the era of diamond electrode (3). When doped with boron, 
diamond can be semi-conductive depending on the doping 
level and is suitable for use as an electrode (4, 5). There 
have been several reviews (6-9) over the past two decades 
that describe polycrystalline electoral conductive, boron-
doped diamond films, prepared by chemical vapor 
deposition (CVD) for electrochemistry. Due to the stable 
sp3 bonded carbon structure without the extended π-
electron system, BDD electrodes exhibit superior 
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performances compared to the traditional carbon electrode 
materials, including: (1) extremely wide potential window 
of water stability that enables the application of the anodic 
and cathodic potentials used for the detection of biological 
molecules; (2) lower background current which leads to 
improved signal to background and signal to noise ratio, 
and lower limit of detection; (3) good chemical and 
mechanical stability that lead to less molecular adsorption 
and resistance to fouling; (4) good electrochemical activity 
for redox systems without any pre-treatment and a fast 
response time (10-14). These characteristics make diamond 
thin film electrodes excellent electrochemical sensors to the 
analysis for various organic and inorganic species (9, 15, 
16). Preliminary work of BDD electrodes as detectors of 
various bioanalytes, e.g., dopamine (17), norepinephrine 
(18), serotonin (19), nicotinamide adenine dinucleotide 
(NADH) (20), and sulfa drugs (21), have also shown the 
potential of diamond to be used as biosensors.  

 
The first BDD microelectrode with steady state 

cyclic voltammogram was reported in 1998 (22). Only 
recently, have diamond microelectrodes been applied in the 
biological systems and shown to be very useful for the in 
vitro and in vivo measurements of electro-active 
neurosignaling molecules in complex biological systems 
(23-26). Although carbon fiber microelectrodes have long 
been used for in vitro measurement of biological molecules 
by amperometry and fast scan cyclic voltammetry (27-29), 
BDD microelectrodes have attracted numerous attentions 
because of its superb electrochemical properties that are 
mentioned above. BDD microelectrodes have a variety of 
geometries such as discal (30), cylindrical, spherical, 
hemispherical (31), conical (26), and beveled shape (32), 
with the diameters ranging from 5 to 100 µm. Among them, 
discal, cylindrical and conical shaped microelectrodes are 
most widely used for the in vitro neurotransmitter detection. 
These microelectrodes all have small tip dimension (less 
than 30 µm diameter), which provides a spatial resolution 
of 10-100 µm, to allow measurement within a limited space, 
such as a single cell, to be made. Compared to BDD 
macroelectrode, the small size of microelectrodes provide 
significantly higher spatial and temporal resolution, 
enhanced signal to noise ratio due to the small interfacial 
capacitance and lower background current, and minimum 
tissue damage (26, 33).  For in vitro study, BDD 
microelectrodes can monitor the biological molecules from 
the recent release sites and provide information to study the 
release and clearance kinetics of these molecules.  

 
This review focuses mainly on the fabrication 

and application of BDD electrode for in vitro bio-sensing 
and measurements of norepinephrine, serotonin, adenosine, 
histamine and nitric oxide. These neurotransmitters are 
widely distributed in mammalian species. Monitoring their 
levels in tissues or biological fluids, such as plasma, is of 
general importance (34-37). There are also other widely 
used methods to detect these neutrotransmitters, including 
mechanical bioassay (38), and HPLC overflow techniques 
(18). However, these methods are in minute scale with poor 
temporal resolutions and the kinetics of neurotransmitter 
release cannot be measured. Through real-time detection 
with BDD microelectrodes, the time course of local 

neurotransmitter release and clearance can be determined 
and the related mechanisms can be studied.  
 
3. DEPOSITION OF BDD MATERIALS 
 
3.1. Synthetic diamond 

Natural diamond is an electrical insulator with a 
band-gap of ~5.5 eV and a resistivity greater than 1012 Ω-
cm (39). However, the resistivity of synthetic diamond can 
be lowered to 106 Ω-cm when terminated with hydrogen 
(or having it incorporated into the lattice). In fact, diamond 
grown via chemical vapor deposition (CVD) in 
hydrogen-rich environments can exhibit the so-called 
“surface conductivity” (40). Synthetic diamond can be 
made more conductive via doping with elements such as 
boron, nitrogen and phosphorous. Diamond can be made 
p-type by doping with boron, Ea = 0.37 eV, and n-type 
by doping with nitrogen, Ea = 1.7 eV, or phosphorous, 
Ea = 0.56 eV (41). These are large activation energies 
compared to the activation energy for boron-doped Si (ca. 
0.02 eV) (42). Boron is the most commonly used dopant (4, 
5). Hydrogen can act as both a donor and an acceptor. 
Nitrogen is among a few suitable dopants for CVD 
diamond, but unfortunately it forms a deep donor level ~1.7 
eV below the bottom of the conduction band. This is due to 
its structural distortion from the substitutional position in 
the diamond lattice. A breakthrough in synthesizing N-
doped diamond came several years ago through the 
addition of N2 to the CH4/Ar source gas mixture for 
growing ultrananocrystalline diamond (43). Koizumi et al 
reported the growth of n-type diamond on (111)-oriented 
diamond substrates by using a mixture of PH3, CH4 and 
H2 gas in 1997 (44). Following this success, several 
studies have also been reported for phosphorous (P) 
doping during the chemical vapor deposition of diamond 
(41, 45, 46).  

 
The most extensively employed synthetic 

diamond in electrochemistry is the p-type, boron-doped 
material. The resistivity of highly boron-doped diamond 
thin films can be as low as ~0.005 Ω-cm. Both high-quality 
microcrystalline and nanocrystalline boron-doped diamond 
thin films can be routinely prepared now. However, low 
pressure diamond synthesis via CVD dates back to the 
1950s and 60s when research was conducted in both the 
former Soviet Union and the United States (47, 48). Since 
then, developments in CVD technology have enabled the 
production of diamond for a number of applications, such as 
optical windows, wear-resistant coatings for cutting tools, 
thermistors, and electrodes (49). Several CVD growth methods 
exist for producing diamond, all of which utilize a carbon-
containing reactant source gas (e.g., methane and hydrogen), 
an energy source to promote reactant dissociation (e.g., 
microwave, hot-filament, or DC discharge), and a substrate 
(e.g., Si, W, Mo). High-quality (i.e., low defect density and 
low nondiamond carbon impurity content) CVD diamond is 
typically produced at low pressure (10 to 500 Torr), high 
gas temperature (>1700 °C), high substrate temperature 
(700 to 800 °C), and low carbon concentration in the source 
gas (e.g., 0.5%) with an energy source for gas dissociation 
and radical formation (49, 50).
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Figure 1. Schematic commercial MPCVD system (ASTex Inc., Lowell, MA) used for growing nanocrystalline boron-doped 
diamond thin films. 

 
3.2. Deposition of nanocrystalline diamond 

Diamond thin film can be deposited on several 
substrates (e.g. silicon, quartz, platinum, tungsten, 
molybdenum, titanium, tantalum, niobium and carbon) by 
either hot filament or microwave plasma-assisted CVD 
through well understood growth mechanisms (49, 51-53). 
Regardless of the type of substrate used, the surface of 
substrate must be seeded first, usually by being polished 
with diamond powder or ultrasonicated in a suspension of 
diamond nanoparticles (54). This is a prerequisite to 
enhance the initial nucleation density on nondiamond 
substrates. Coating with diamond-like carbon on the 
substrate is another possibility.  

 
To date, there are two procedures for preparing 

nanocrystalline boron-doped diamond thin films. One 
procedure, developed by the Naval Research Laboratory 
group, involves the use of a conventional CH4/H2 source 
gas mixture, so-called nanocrystalline diamond (NCD) (55-
57). Another method, developed by the Argonne National 
Laboratory group, involves the use of a CH4/H2/Ar source 
gas mixture, so-called (ultra)nanocrystalline diamond 
(UNCD) (56, 58-61). CVD deposition of NCD from a H2-
rich gas mixture is similar to that for conventional 
microcrystalline diamond (55-57). These films are faceted 
but the crystal size is small due to the short growth time 
and the high initial nucleation density that is achieved by 
proper substrate preparation and seeding. Films deposited 
from an Ar-rich mixture, on the other hand, are not faceted 

but rather possess a nodular morphology with negligible 
crystal faceting (56, 58-61). Theoretical results suggest that 
the nanocrystalline morphology results, at least in part, 
from a high rate of renucleation due to C2 dimer (59, 62-64). 
These UNCD films are very different from the NCD films 
as the former possess a smaller grain size, more grain 
boundaries, and sp2-bonded carbon atoms in these grain 
boundaries. 
 

Figure 1 shows a typical schematic of microwave 
plasma-assisted chemical vapor deposition (MPCVD) 
system. The UNCD films are typically deposited using a 
1% CH4/5% H2/94% Ar source gas mixture for 2 h. The 
microwave power and system pressure are maintained at 
800 W and 140 Torr, respectively. The substrate 
temperature is ca. 800 °C. Boron doping is accomplished 
by added B2H6 (from a 0.1% B2H6/H2 gas mixture) to the 
source gas. The resulting film thickness is ca. 4 ~ 6 µm. 
The carrier concentration is in the low 1020 cm−3 range with 
a hole mobility between 0.1 and 1 cm2/V s, as determined 
from Hall measurements. The film's electrical resistivity, as 
measured by a 4-point probe apparatus, is ≤0.01 Ω-cm (65). 
On the other hand, a high-quality, hydrogen-terminated 
boron-doped NCD film is typically deposited in this way: 
the unseeded silicon wafer is placed in the microwave 
plasma reactor and exposed to the microwave plasma for 8 
min at a system pressure of 15 Torr, a substrate temperature 
of 750 °C, and a microwave power of 800 W. A gas 
composition consisting of 900 sccm H2, 4 sccm of 0.1% 
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B2H6 in H2, and 7 sccm CH4 flowed through the chamber. 
The wafer is then removed and seeded with ultra-disperse 
nanodiamond particles in an ethanol suspension in an 
ultrasonic bath. The seeded wafer is retuned to the chamber 
for growth (720 min) at a substrate temperature of 750 °C, 
a system pressure of 15 Torr, and a microwave power of 
800 W. The gas composition flowing through the reactor is 
900 sccm H2, 4 sccm of 0.1% B2H6 in H2, and 3 sccm CH4. 
The resultant film is ca.1.5 µm thick. The film has an in-
plane resistivity near 0.01 Ω-cm, similar to the UNCD 
films (55, 57). 
 
3.3. Preparation of BDD microelectrode 

Diamond microelectrodes have been found to 
provide superior detection figures of merit, as compared to 
carbon fibers in terms of linear dynamic range, limit of 
detection, response variability and stability (16). There are 
only a few reports describing the preparation and basic 
electrochemical characterization of diamond 
microelectrodes (22, 26, 31, 32, 66, 67).  

 
The first report on the preparation of a diamond 

microelectrode was published by Cooper et al. in 1998. 
Using sharpened tungsten wire as substrate, they produced 
two types of diamond microelectrodes by hot filament 
CVD (22). Other researchers used similar approach to 
produce BDD microelectrodes. For Example, Sarada et al. 
coated the end of a sharpened 50 µm diameter tungsten 
wire by microwave plasma CVD (68). The electrode was 
then inserted into a pulled glass capillary and back-filled 
with low viscosity epoxy. The end of the capillary was then 
slightly polished to expose the diamond tip. Olivia et al. 
fabricated the diamond microfiber electrode (69) by using 
very similar procedures described by Sarada et al.. The 
difference was in the last step, the end of the capillary was 
polished to expose a ca. 300 µm length of fiber to form the 
microfiber electrode instead of just a diamond tip exposure 
to form a microdisk electrode. Xie et al. pre-sealed a 25 µm 
diameter tungsten wire into a quartz capillary and then 
polished the capillary to expose the end of the wire for 
diamond growth. A disk-shaped microelectrode with about 
25 µm in diameter was formed by using hot filament CVD 
(24). Basu et al. described the preparation of a conical 
shaped BDD microelectrode using a tungsten wire (130 µm 
diameter, 6cm length) as the substrate by microwave 
plasma CVD (70). Both ends of the tungsten wire were 
sheathed in quartz capillaries and insulative diamond was 
deposited on the exposed length of the tungsten wire. The 
diamond coated microelectrode was sealed in a glass 
capillary and insulated by a layer of photoresist. The glass 
capillary was then etched off in diluted HF solution to 
obtain a diamond tip. Recently, Holt et al. reported the 
fabrication of disc- and hemi-spherically-shaped BDD 
ultramicroelectrodes 1–25 µm in diameter (31). 
Electrically-conducting diamond was deposited on 
sharpened and pre-treated tungsten wires by hot filament 
CVD. The microelectrodes were insulated with nail varnish 
to produce the hemispherical architecture. To produce the 
disc shape, the microelectrode was completely coated with 
epoxy followed by a light polish to expose the diamond tip. 
It was also found that nail varnish or epoxy showed good 
insulation, but that microelectrodes insulated with 

electrophoretic paint frequently lead to formation of 
pinholes (71). Suzuki et al. also successfully fabricated 
BDD microelectrodes with 5 µm diameter by MPCVD 
following procedures similar to Sarada et al. (26).  Figure 2 
shows the scanning electron microscopy images for several 
BDD microelectrodes fabricated by different groups.   

 
Different from other groups, Swain group most 

often used Pt wire to prepare BDD microelectrode by 
microwave plasma-assisted CVD (16, 32, 33, 66). 25 and 
10 µm diameter Pt wires are used but 76 and 40 µm 
diameter wires are routinely employed for biological work. 
Details of the approach used are given here: The Pt wire 
was first etched electrochemically in 1 M KOH to form a 
conical shape. An etching solution containing 7.0 g of 
CaCl2•H2O in a mixture of 20 mL of ultrapure water or 20 
mL of acetone (33, 72). A 1.4 cm long piece of Pt wire (76 
µm diam) was used. Both ends of the wire were sharpened 
so that two electrodes could be made from one wire. The 
end of the wire was immersed to a depth of 1 to 2 mm and 
positioned in the center of four connected carbon rod 
counter electrodes during etching. An AC polarization of 
12 V (60 Hz) was applied between the wire and the counter 
electrodes using a variable autotransformer. The etching 
procedure lasted for approximately 5 s until gas evolution 
visibly ceased at the tip. 

 
The etched wire was conically-shaped near the 

end and cylindrically-shaped above. Prior to diamond 
deposition, the sharpened wire was ultrasonically cleaned 
in acetone (10 min) and ultrasonically seeded (30 min) in a 
diamond powder suspension (5 nm particles, ca. 20 mg in 
100 mL of ethanol). In order to prevent damage to the 
sharpened ends, the wire was cleaned and seeded while 
vertically suspended in the agitated solution. During the 
seeding process, the surface was scratched by the diamond 
particles with some particles getting embedded. Both the 
scratches and the embedded particles likely serve as the 
initial nucleation sites for film growth. A high 
instantaneous nucleation density is desired because this 
leads to the formation of a continuous film in the shortest 
time with a low nominal thickness. A thin film of boron-
doped diamond was then deposited on the sharpened, 
cleaned and seeded wire. The pretreated Pt wires were 
mounted horizontally on the top of a quartz plate in the 
reactor. The quartz plate was placed in the center of the 
reactor's molybdenum substrate stage and served to 
thermally isolate the wires. The thin film of boron-doped 
diamond was deposited with 4 ~ 5 ppm of diborane (0.1 % 
B2H6 diluted in H2) added for doping. 

 
The diamond microelectrode was then attached to 

a Cu wire with conductive epoxy. Each electrode was 
sealed in polypropylene after the epoxy cured (73, 74). This 
was accomplished by inserting the microelectrode into a 
pipette tip and carefully heating the tapered end using the 
heating coil of a micropipette puller. 
 
4. CHARACTERIZATION OF BDD THIN FILMS 
 

The grain size, surface morphology and surface 
roughness of the BDD thin films prepared from CVD 
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Figure 2. SEM images of  selective diamond deposition onto a tungsten microelectrode (quartz insulator); final tip diameter, 35 
µm (A), microcrystalline BDD growth on nanodiamond seeded tungsten wire, 10 h growth  (B),  the tip of a 25 µm Pt wire 
covered with a BDD film  (C) and BDD deposition on a tungsten wire with tip diameter around 5 µm (D). Reproduced with 
permissions from refs (24, 31, 32, 26).   

 
depend strongly on growth conditions. During the CVD 
process, sp2 or amorphous carbon tend to be formed in the 
grain boundaries and defects. Therefore, the quality of 
BDD thin film varies from growth to growth and need to be 
checked or characterized. Generally, scanning electron 
microscopy (SEM) can be used to probe the morphology of 
BDD thin films such as grain size, microcrystalline 
orientation and surface coverage (75); atomic force 
microscopy (AFM) and conductive probe AFM (CP-AFM) 
can reveal the grain size, surface morphology, surface 
roughness of BDD films due to their high vertical 
resolution (76, 77), especially, CP-AFM is useful for 
investigating the electrical properties of BDD films with 
high spatial resolution (78-80); Raman spectroscopy is the 
most powerful and widely used characterization tool for 
diamond and amorphous carbon films because of its ability 
to distinguish between vibrational modes (phonons) of sp3 

and sp2 bonding configurations (56, 81-85). These are the 
most useful tools for the characterization of BDD thin films. 
Other methods are also used for special purposes. X-ray 
diffraction (XRD) analysis has been used to reveal 
evidence for the microstructure of BDD film (86-88). For 
example, Zhang et al. studied the crystal structure of boron-
doped  micro- and nanocrystalline  diamond  films 
deposited by wafer-scale hot filament chemical vapor 
deposition by XRD and found that the microcrystalline 
films have a preferred (111) texture, while the 
nanocrystalline films exhibit (220) texture (88). X-ray 
photoelectron spectroscopy (XPS) is a special tool used to 
probe the elemental composition of the diamond surfaces 
(89). The atomic concentration ratio can be estimated from 
the peak area and the sensitivity factor of the atoms 
assigned from XPS (90, 91). Additionally, scanning 
tunneling microscopy (STM) (92), 11B NMR (93, 94),
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Figure 3. SEM images of a) nanocrystalline diamond and 
b) ultrananocrystalline diamond. Reproduced with 
permission from ref (75).  
 
secondary ion mass spectrometry (SIMS) (95), 
cathodoluminescence (95-98), and chemiluminescence (82, 
99, 100) are also used for characterization of BDD thin 
films. 

 
Electrochemical characterization is important for 

BDD films used in electrochemistry. For carbon electrodes, 
the heterogeneous electron-transfer rate constant is known 
to be strongly influenced by the amount of exposed edge 
plane on sp2 carbon electrodes (i.e., electronic properties), 
but weakly influenced by the oxygen functionalities 
terminating the edge plane carbon atoms (101-103).  
Surface cleanliness is also important as are the electrolyte 
type and concentration (103). These features can be 
characterized by choosing different electrochemical probes 

such as Fe(CN)6
3-/4-, Ru(NH3)6

3+/2+, IrCl3
3-/4-, IrCl6

2-/3-, 
Fe3+/2+ and methyl viologen, etc.  

 
4.1. Scanning electron microscopy 

Figure 3 shows representative examples for 
UNCD and NCD (75). It is clear that the UNCD film 
consists of small carbon particles, more or less spherical in 
shape. These particles are actually aggregates of diamond 
grains (14, 58, 62). The small particle morphology is 
typical of films deposited from an Ar-rich source gas 
mixture and results from a high renucleation rate during 
growth (59-62). The relatively smooth morphology is 
maintained regardless of the film thickness. On the other 
hand, the NCD film shows a much greater level of faceting. 
Both primary and secondary growths are evident. This 
faceting is typical of films deposited from H2-rich CH4/H2 
source gas mixtures and results from a relatively low 
renucleation rate during deposition. In this mode of film 
growth, initial nucleation events on the substrate create 
diamond crystals that grow three-dimensionally until the 
grains coalesce at thicknesses between 10 and 30 nm. 
Competitive growth exists between the crystals which 
results in a columnar texture in the growth direction. 
 
4.2. Conductive Probe AFM (CP-AFM) 

CP-AFM is a more powerful tool than AFM for 
investigation of BDD surface. It is one such technique that is 
useful for investigating the electrical properties of conductors 
and semiconductors with high spatial resolution (104, 105). 
Both nanometer electrical characterization and topographic 
imaging are provided by CP-AFM. The technique usually 
employs a metal-coated (Pt or Au) cantilever-tip assembly that 
functions as both a scanning electrical contact and force sensor. 
Metal wire probe tips can also be used (106). As a result, direct 
measurements of I-V curves at specific topographical sites on 
the sample are possible. 

 
CP-AFM has been used to probe the conductivity 

across BDD thin-film electrodes with different boron-
doping levels (78), and undoped diamond films (107). The 
general observation, at least in some of the work, is that the 
electrical conductivity is variable across polycrystalline 
diamond with a strong dependence on the grain orientation, 
fraction of grain boundary, and boron-doping level (13, 58, 
108).  

 
Figure 4 shows the topographical (A) and 

conductivity (B) maps of a boron-doped nanocrystalline 
film (NCD) deposited from an H2-rich source gas mixture. 
In the topographical map, a few of the small crystals are 
evident. In the conductive map, isolated highly conductive 
regions are seen over the surface with most of grains 
exhibiting high conductivity. There are some grains and 
boundaries showing lower conductivity (see the grains at 
the middle of the upper edge and lower left corner of 
Figure 4A and B). One reason for the heterogeneous 
conductivity over the film is variability in the boron-doping 
in different growth sectors of the film (79, 109, 110).  

 
4.3. Raman spectra 

Raman spectra is the most widely used 
characterization tool for diamond and amorphous carbon 
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Figure 4. Topographical image (A) and (B) conductivity map of a boron-doped NCD film. Reproduced with permission from ref 
(65).  

 
films because of its ability to distinguish between 
vibrational modes (phonons) of sp3 and sp2 bonding 
configurations (56, 81-85). The interpretation of Raman 
spectra is fairly straightforward for characterizing 
crystalline diamond and graphite, but the interpretation gets 
more complicated for mixed sp2–sp3 bonded materials due 
to differences in the Raman scattering cross-section (56, 81, 
84, 85, 111). The spectra for nanocrystalline diamond films 
are quite distinct from the typical spectrum for single 
crystal diamond, which consists of single, narrow band at 
1332 cm−1 (81, 82). As shown in Figure 5 (A), the spectrum 
for the UNCD film has three primary peaks at 1155, ~1345 
(broad) and 1550 cm−1 with additional scattering intensity 
at 1470 cm−1. This spectrum is very characteristic of 
UNCD films deposited from Ar-rich mixtures (58, 61, 62, 
112). 

 
The diamond one-phonon line at 1331 cm−1 for 

UNCD film is not as prominent as it is for single crystal 
diamond. It is actually hidden by the strong scattering of 
sp2 carbon components in the film. Due to resonant 
enhancement, most of the scattering intensity comes from 
the sp2 bonded carbon in the grain boundaries near 1360 
cm−1, i.e. the so-called D-line of disordered sp2 carbon (81, 
84, 85).  

 
The broad peak at 1550 cm−1 is attributed to the 

nondiamond sp2- bonded carbon in the grain boundaries. It 
is also possible that the sp2-bonded carbon scattering results 
from material at the interface between the diamond film 
and the Si substrate (85). The 1155 cm−1 peak is often used 
as a diagnostic feature of nanocrystalline sp3-bonded 
diamond mainly because of its presence in the spectrum of 
nanocrystalline diamond films (58, 61, 62, 83, 111). This 
assignment is based on the fact that this peak is near a 
maximum in the vibrational density of states at ca. 1200 

cm−1 (61, 83, 111). The most seminal work understanding 
the origin of these two peaks has come from Ferrari and 
Robertson, who concluded that the scattering at these two 
frequencies is not due to C–C sp3 vibrations but rather to 
scattering from trans-polyacetylene oligomers (C–C sp2 
vibrations) of different conjugation lengths in the grain 
boundaries (111).  

 
The Raman spectrum for the heavily boron-doped 

NCD film is very different from that for the UNCD film. In 
Figure 5 (B), the diamond one-phonon peak is downshifted 
to 1312 cm−1, attenuated and superimposed on a broad 
scattering peak centered at 1215 cm−1. There is also a 
weakly intense peak at 1010 cm−1 and a relatively intense 
peak at 477 cm−1. This spectrum is characteristic of heavily 
boron-doped single and polycrystalline (microfaceted) 
diamond films (109, 113, 114). 

 
Figure 5 (C) shows the raman spectra for the 

microcrystalline diamond film from a highly doped 
diamond microelectrode (68). Different from the spectra of 
NCD and UNCD, a single, narrow peak at 1332 cm-1 
indicates the high quality of the single crystal diamond. The 
absence of a peak at around 1600 cm-1 represents that the 
microcrystals are free from nondiamond carbon impurities. 
And the absence of a peak at around 1200 cm-1 indicates 
there is little contribution from disordered diamond. The 
shoulder before the sp3 carbon peak is attributed to the high 
boron doping concentration.  

 
4.4. Electrochemical characterization 

Four most often chosen redox systems used to 
evaluate the electrochemical behavior of the BDD 
electrodes are Fe(CN)6

3-/4-, Ru(NH3)6
3+/2+, IrCl6

2-/3- and 
methyl viologen (101-103). Fe(CN)6

3-/4- was used as a 
probe because the electrode reaction kinetics for this couple
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Figure 5. Raman spectra for boron-doped (A) UNCD (B) 
NCD films (C) microcrystalline BDD film. Reproduced 
with permission from refs (65,68).  

 
are strongly influenced by the amount of exposed edge 
plane on sp2-bonded carbon, as well as the surface 
cleanliness (13, 103, 115-117). Therefore, its 
heterogeneous electron-transfer rate constant is quite 
sensitive to the surface cleanness and chemistry of sp2 and 
sp3 carbon electrodes (6, 101, 102, 118). This redox system 
often behaves anomalously on carbon electrodes and 
should not be considered typical outer-sphere. The 
electrochemical kinetics of Fe(CN)6

3-/4- has been studied 
extensively. For example, studies show that there are 
several factors that can influence the electrode kinetics at 
metal and sp2 carbon electrodes. First, the rate constant is 
strongly influenced by the fraction of edge plane exposed 
on sp2 carbon electrodes (i.e., electronic properties), but 
relatively insensitive to the surface oxygen functionalities 
terminating the edge plane carbon atoms as long as a thick, 
anionically charged oxide film is not present (101-103). 
Second, surface cleanliness is important, as are the 
electrolyte type and concentration (119, 120). For example, 
the involvement of specifically adsorbed cations (e.g., K+) 
through a possible surface-bridging interaction has been 
proposed (119, 120). The rate of reaction increases with 
electrolyte composition in the order of LiCl < NaCl < KCl 
(119). At the 1 mol/L electrolyte concentration, the rate is a 
factor of ~10 higher in KCl than in LiCl at both gold and 
glassy carbon electrodes (101, 102). Third, adsorbed 
monolayers on sp2 carbon electrodes can decrease the rate 
of reaction. The McCreery group observed an increase in 
∆Ep from 5 to 140 mV after modification of the polished 

glassy carbon surface with adsorbed monolayers (121). The 
level of increase depends on the type and coverage of the 
adsorbate. 

 
Different from sp2-bonded carbon electrodes, the 

physicochemical properties of boron-doped diamond 
strongly influence the electrode kinetics of Fe(CN)6

3-/4-. 
∆Ep of Fe(CN)6

3-/4- is very sensitive to the surface 
termination with the smallest ∆Ep observed at the clean, 
hydrogen-terminated surface. After oxygen termination, 
∆Ep increases by over 125 mV but is reversibly reduced to 
the original value after removal of the oxygen 
functionalities by hydrogen plasma treatment (119). The 
sensitivity of the electrode kinetics to surface oxygen at 
diamond is in sharp contrast to the minor effects these 
functionalities have on the response at sp2 carbon 
electrodes. 

 
The Fe(CN)6

3-/4- rate constant is also sensitive to the 
electrolyte composition and ionic strength with the largest 
values observed in KCl and the smallest in LiCl. This 
dependence is presumed to result from the formation of a 
dimeric species consisting of both the oxidized and reduced 
forms of the anion coupled through a bridging cation and 
stabilized by some specific surface interaction (122). However, 
the difference at the 1 mol/L concentration level is only a 
factor of 2-3 rather than 10, as is the case for metal and glassy 
carbon electrodes (5, 108, 117, 123, 124). All the evidence at 
sp2 carbon and diamond electrodes suggests the involvement 
of a clean, non-oxide surface site. 

 
Ru(NH3)6

3+/2+ involves simple electron transfer at 
most electrodes including diamond and sp2 carbon (101-103, 
125). The electrode kinetics for Ru(NH3)6

3+/2+ are relatively 
insensitive to the surface microstructure, surface oxides, and 
adsorbed monolayers on sp2 carbon electrodes (103). The 
electron transfer rate constant of this redox couple is 
insensitive to surface modification, which strongly implies that 
electron transfer does not depend on an interaction with a 
surface site or functional group (124). The most important 
factor affecting the rate of reaction is the electronic properties 
of the electrode, specifically the density of electronic states 
near the formal potential of the redox system.  

 
For metal and glassy carbon electrodes, a low 

density of electronic states is seldom an issue. However, for 
semiconducting/semimetallic diamond, the potential dependent 
electronic density of states is an important factor governing the 
response. This is why ∆Ep increases at boron-doped diamond 
thin film electrodes with decreasing boron doping level (123, 
126). ∆Ep for 10 ppm diamond film was 56 mV and increased 
to 78 mV when the doping level decreased to 0.1 ppm. The 
nearly reversible response indicates that there must be a 
sufficient density of electronic states present within the band 
gap at this potential. The evidence suggests that the boron-
doping level and the chemisorbed hydrogen are the most 
important factors controlling the density of electronic states in 
this potential region. 

 
Similar to Ru(NH3)6

3+/2+, IrCl6
2-/3- involves 

simple electron transfer at most electrodes including 
diamond(103) and sp2 carbon (101-103, 125). The k0

app is
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Figure 6. Cyclic voltammetric i-E curves for boron-doped 
diamond microelectrodes (25 µm) in 1 mM K4 [Fe(CN)6] 
plus 1 M KCl at a nail polish-insulated  microelectrode (25 
mV/s). Reproduced with permission from ref (32).  

 
relatively insensitive to the surface microstructure, surface 
oxides, and adsorbed monolayers on sp2 carbon electrodes 
(126). Surface cleanliness is important, although to a lesser 
degree than for Fe(CN)6

3-/4-. The most influential factor is 
the electronic structure of the electrode. 

 
 Methyl viologen also involves simple electron 

transfer at diamond and most other electrodes (121, 127, 
128). The k0

app at diamond is relatively insensitive to 
surface oxides, grain boundaries, defect density, and the 
presence of nondiamond carbon impurities. Like 
Ru(NH3)6

3+/2+, the most important factor influencing the 
rate is the density of electronic states at the formal 
potential. Surface cleanliness and electronic effects appear 
to be the most influential factors determining the rate, and 
this redox system behaves as outer-sphere (80).  

 
During preparation, cracks or defects are more 

easily formed on BDD microelectrode because of the size 
and shape of the electrode. It’s difficult to find these cracks 
or defects by SEM or Raman. Electrochemical 
characterization such as cyclic voltammetry is extremely 
powerful on revealing any defects on the electrode. In 
addition, by using cyclic voltammety, the effective area of 
the microelectrode can be determined, which is very critical 
in the application of BDD microelectrode for analytical 
purpose. Therefore, it’s necessary to conduct 
electrochemical characterization before the BDD 
microelectrode can be used for in vitro biological 
measurement as a sensor. The electrochemical behavior of 
microelectrode is very different from the macroelectrode. 
The microelectrode mentioned in this paper means the 
electrode has at least one dimension smaller than the scale 
of the diffusion layer developed in readily achievable 
experiments, although there is no broadly accepted 
definition of a microelectrode at present. The 
microelectrode electrochemical performance is obviously 
influenced by its shape. The most commonly used shapes 
for microelectrode are discal, spherical, hemispherical and 
cylindrical shape. At long times, where the diffusion layer 
thickness is large compared to the critical dimension, the 
current at any microelectrode approaches a steady state or a 
quasi-steady state, which is called the limiting current and 
can be expressed as (129): 
 

*nFmCiss =  
 
where m is a mass-transfer coefficient, which 

functional form depends on geometry of the 
microelectrode.  

As mentioned previously, BDD microelectrode 
has a variety of geometries and, consequently, different 
current characteristics. For BDD microelectrode with a 
shape of combining cylinder and cone, for example, the 
limiting current is given by (32): 
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In the above equations, n is the number of 
electrons transferred per equivalent, F is the Faraday 
constant, which is 96485 C/mol, A is the electrode area 
(cm2), D is the diffusion coefficient of the analyte (cm2/s), 
C* is the bulk concentration of the analyte (mol/cm3), r is 
the cylinder or cone radius (cm), q = 0.30661, p =1.14466, 
and H is the aspect ratio h/r where h is the height of the 
cone (cm). The measurement period, t (s), is the time of the 
forward voltammetric scan. The surface area of a cone is 
related to its aspect ratio according to the equation A= 
πr2(H + 1)1/2 (32, 130). Therefore, exposed electrode area 
can be determined from the measured mass transport-
limiting current.  

 
Figure 6 shows a typical cyclic voltammetric i-E 

curves for a BDD microelectrode (25 µm) in 1 mM 
K4Fe(CN)6 and 1 M KCl solution with a scan rate of 25 
mV/s. Quasi-steady state current on BDD microelectrode is 
observed in this voltammogram. The E1/2 value is around 
400 mV vs. Ag/AgCl, which reflects the slow electron 
transfer kinetics for diamond electrode (131). This 
voltammogram indicate that the electrode surface is clean, 
no blemish or crack.  
 
5. APPLICATION OF BDD ELECTRODE FOR BIO-
SENSING AND IN VITRO MEASUREMENTS OF 
BIOMOLECULES 
 
5.1. Continuous amperometry 

With continuous amperometry, the potential of the 
working electrode is adjusted to a value at which the 
analyte of interest can be electrolyzed within the mass 
transfer-limited region. The current that flows through the 
working electrode is measured and its amplitude is related 
to the diffusive overflow of analyte in the vicinity of the 
working electrode. Since the potential is held at a certain 
value, the background current is low and therefore, the 
excellent temporal resolution and high sensitivity provided 
by amperometry allows measurement in real time to be 
made. This technique has been successfully applied to the 
measurement of neurotransmitters from tissues and single 
cells, such as adrenal chromaffin cells (132-134). The limit 
of detection of this technique can be as low as attomole and 
zeptomole for measurements of neurotransmitters released 
from single synaptic vesicles (135). However, this 
technique measures the fluxes of all electroactive species 
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to the electrode surface and thus lacks sufficient selectivity 
for many applications.  
 
5.1.1. Norepinephrine measurement from rat 
mesenteric artery 

Norepinephrine (NE) is the principal 
neurotransmitter released from sympathetic nerves. It is a 
member of catecholamine family and is secreted by the 
adrenal medulla and sympathetic nerve endings. NE release 
from sympathetic nerves supplying the cardiovascular 
systems causes vasoconstriction, increased heart rate, blood 
pressure, and it mobilizes glucose stores in the liver and 
skeletal muscle (136).  NE is electroactive and can be 
detected as an oxidation current based on a 2 electron/2 
proton redox reaction with quinone as the final product. 
Pioneered by Gonon and coworkers in 1993, the 
electrochemical method with a carbon fiber microelectrode 
was applied to detect NE released in the sympathetic 
nervous system (137). Since then, this technique has been 
widely used to study neurotransmitter release kinetics in 
vitro and in vivo (133, 138, 139). Park et al for the first 
time applied boron-doped diamond microelectrode to the in 
vitro measurement of NE released from the sympathetic 
nervous system in rat mesenteric arteries (23, 33, 66). The 
BDD microelectrode used in their work was fabricated by 
microwave-CVD and a sharpened 76 µm platinum was 
employed as the substrate to form a conical shaped 
geometry. In their preliminary study, the authors compared 
the response sensitivity, precision and stability of a 
diamond microelectrode with a carbon fiber microelectrode 
for the measurement of NE by cyclic voltammetry (33). 
The key findings are: 1) a smaller peak shift was seen in a 
diamond microelectrode response for a surface-sensitive 
redox system, Fe(CN)6

3-/4-, after tissue and laboratory 
atmosphere exposure compared to a carbon fiber 
microelectrode; 2) a low, stable and pH-independent 
background current was exhibited for a diamond 
microelectrode compared to a pH-dependent background 
current from a carbon fiber microelectrode; 3) the decrease 
of the NE signal generated from flow injection after 4 hours 
tissue exposure was much less from a diamond 
microelectrode (7%) compared to that from a carbon fiber 
microelectrode (30%). The authors attributed the 
deactivation and fouling resistance of diamond 
microelectrode to its hydrophobic, H-terminated sp3-
bonded carbon surface and the absence of extended π-
electron system and surface oxides, which may also be the 
reason for the sluggish electrode reaction kinetics for 
catechol and catecholamine redox chemistry on its surface. 
The bare diamond without a protective ionomer coating 
provided excellent response sensitivity and stability for the 
in vitro measurement of NE in a biological environment.  

 
The authors further applied this technique 

together with the video microscopy technique to a more 
comprehensive study for the in vitro monitoring of 
endogenous NE release and the effect of NE on the 
contractile response of a rat mesenteric artery (23). The set-
up for the diamond microelectrode, electrical stimulator, 
the rat tissue, the current-time profile and the 
corresponding blood vessel contraction are shown in Figure  
7. NE release was elicited by electrical stimulation and is 

frequency dependent. The detection potential was set up at 
+ 0.8 V vs. Ag/AgCl reference electrode. The current that 
flows through the working electrode was measured and its 
amplitude was related to the diffusive overflow of NE from 
multiple neuroeffector junctions in the vicinity of the 
working electrode. The release of NE from the sympathetic 
nerves was verified by using a sodium channel antagonist, 
tetrodotoxin, which can block nerve conduction and 
therefore abolish NE release.  Combined with related drugs, 
the authors studied the frequency-dependent release and 
clearance of NE, as well as the function of NE on the 
contractile response of the rat mesenteric arteries. The 
results demonstrate that continuous amperometric 
monitoring of NE with a BDD microelectrode and video 
imaging of vascular tone can be used to study the real time 
local measurement of the temporal relationship between 
nerve-stimulated NE release and arterial constriction. The 
NE release and clearance mechanisms can therefore be 
investigated by using this technique coupled with drugs. 
The key was the use of a diamond microelectrode because 
of the excellent response sensitivity, reproducibility, and 
stability it provided. 
 
5.1.2. Serotonin (5-HT) measurement from guinea pig 
and rabbit intestinal mucosal layer, and rhesus monkey 
lymphocytes 
 Serotonin (5-hydroxytryptamine, 5-HT) is an 
important signaling molecule in the gastrointestinal tract 
(36). Over 90% of the body's 5-HT is synthesized and 
stored in the enterochromaffin (EC) cells located in the 
mucosa of the gut (140). 5-HT is electroactive and can be 
oxidized by a one electron reaction (141, 142). Its 
measurement in the intestinal mucosa was accomplished 
using electrochemical method with a carbon fiber 
microelectrode positioned on the mucosa of guinea pig 
ileum maintained in vitro (143). Using this approach, it has 
been possible to monitor 5-HT release from a few EC cells 
in real time. However, the oxidation of 5-HT can form a 
radical cation, which deprotonates to form a serotonin 
radical that reacts with other molecules to form dimers or 
trimers absorbed onto the surface of the carbon fiber 
electrode. Therefore, the electrochemical monitoring of 5-
HT in vitro or in vivo is often hindered by the electrode 
fouling and signal loss (28, 144) resulting from this 
insulating film on the carbon fiber surface. Recently, Patel 
et al and Zhao et al successfully detected 5-HT from the 
EC cells of the intestinal mucosal layer in the guinea pig 
using a BDD microelectrode (25, 145, 146). The conical 
shaped BDD microelectrode was fabricated using the same 
method described above. The detection potential of the 
working electrode was set up at +0.7 V vs. Ag/AgCl and 
the local 5-HT overflow was measured as an oxidation 
current. The endogenous 5-HT overflow was elicited by 
both mechanical and electrical stimulation. The 2.5 times 
increased current caused by serotonin transporter (SERT) 
inhibitor, fluoxetine (1 mM), verified that the oxidation 
current was associated with 5-HT. Both 5-HT and the 
paracrine hormone, melatonin, were detected in the 
extracellular solution. The key to the accurate and stable 
measurements of 5-HT is the properties of the BDD 
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Figure 7. Video image showing the setup for in vitro measurement of NE with a diamond microelectrode from a mesenteric 
artery and the current time response curve. Video micrographs showing a mesenteric artery (A) before and (B) after a 20-Hz 
electrical stimulation (60 pulses with a 0.3-ms pulse width). The bipolar stimulator electrode and the diamond microelectrode, 
both positioned at the artery surface, are evident in (A). The NE oxidation reaction mechanism is shown in (C). Characteristic 
contractile (top) and NE oxidation current (bottom) response transients in response to a 20-Hz stimulation are presented in (D). 
Detection potential at 800 mV. Several numerical parameters are obtained from these curves, including the maximum oxidation 
current, Imax; the current rise time, Tr; the time required for current decay to 50% of the maximum, T50; the time required for full 
current decay, TD; the percent constriction, C%; the time required to reach full constriction, TC; the time required for full vessel 
relaxation, TR; and the latency period prior to the onset of constriction, TL. Reproduced with permission from ref (23).  
 
microelectrode minimize fouling that is observed on the 
carbon fiber or noble metal microelectrodes during in vitro 
measurements (144, 147). Due to absence of the extended 
π-electron system and a lack of polar carbon-oxygen 
surface groups, only some minor electrode fouling was 
seen for diamond and the stabilized response enabled the 
accurate recording of 5-HT in vitro. The important finding 
from their work is continuous amperometry coupled with a 
BDD microelectrode provides accurate and stable 
measurements of 5-HT release, allowing physiological 
studies of EC cell to be conducted. 
 
 In the following study conducted by Bian et al, 
BDD microelectrodes were utilized to investigate the 5-HT 
release from EC cells in the intestinal mucosa of neonate 

and adult guinea pigs (148). The authors compared the 5-
HT oxidation current with and without the SERT inhibitor, 
fluoxetine (1 mM), from neonate and adult guinea pigs EC 
cells. Fluoxetine potentiated oxidation currents in adult but 
not neonatal tissues indicating that the SERT function is 
age dependent. Combined with immunohistochemical and 
Western blot measurements, the results suggested that 
functional SERT expression is not yet developed and 
therefore, there is no mechanism for clearance of 5-HT 
released by EC cells in the neonatal intestine.   
 
 In a separate study, Patel used the BDD 
microelectrode simultaneously recorded both 5-HT and 
melatonin overflow from EC cells in the mucosa of rabbit 
ileum (149). Melatonin is a paracrine signalling molecules, 



Boron-doped diamond microelectrodes for in vitro measurements 

529 

which may also be synthesized by EC cells and has 
influence on intestinal muscles (150). Electrochemical 
measurements were carried out using amperometric 
detection, where the potential of +0.7 V vs. Ag/AgCl was 
utilized for the detection of 5-HT, and a potential of +0.8 V 
vs. Ag/AgCl was used to oxidize both 5-HT and melatonin. 
The oxidation peak amplitudes were calibrated by the flow 
injection analysis. The key finding of this work is that 5-
HT and melatonin can be simultaneously monitored in real 
time by using a BDD microelectrode and they may be 
modulated by different mechanisms in the mucosa EC cells 
of rabbit ileum.  
 
 Singh and coworkers just published their work on 
the detection of 5-HT in lymphocytes from adult rhesus 
monkeys using BDD microelectrodes (151). By doing that, 
they intended to investigate variations in 5-HT transport in 
primary lymphocytes associated with the rhesus 5-HT 
transporter gene-linked polymorphism (rh5-HTTLPR). 
They first compared the response signals of 10 µM 5-HT 
solutions from both 70 µm cylindrical BBD 
microelectrodes and 30 µm cylindrical carbon fiber 
microelectrodes. The average 5-HT oxidation half-wave 
potential (E1/2

ox) was 0.5 ± 0.008 V at the BDD 
microelectrode and 0.3 ± 0.005 V at the carbon fiber 
microelectrode, which is consistent with that a more 
sluggish electrode reaction kinetics happens on the BDD 
microelectrode surface. However, the signal to background 
ratio was significantly higher at the BDD microelectrode 
than that at the carbon fiber microelectrode. The absence of 
redox-active ionizable surface groups and lower 
concentrations of internal charge carriers in BDD 
microelectrode lead to lower background currents and noise. 
According to the 5-HT signal – applied detection 
potential plot, the oxidative potential of + 0.8 V vs. 
Ag/AgCl at BDD microelectrode and + 0.55 V vs. 
Ag/AgCl at carbon fiber microelectrode were applied for 5-
HT detection. Under these condition, the responses to 1 µM 
5-HT by BDD microelectrode, bare carbon fiber 
microelectrode and Nafion-coated carbon fiber 
microelectrode were further compared. BDD 
microelectrode showed significantly higher signal-to-noise, 
signal-to-background ratios, better limit of detection, and 
minimum fouling in both 10 µM 5-HT solution and 
lymphocytes compared to those of Nafion-coated or bare 
carbon fiber microelectrodes. Furthermore, the original 
signal for BDD microelectrode could almost be fully 
recovered by the treatment of isopropanol after fouling. 
BDD microelectrodes were then used for the in vitro 
measurement of 5-HT in lymphocytes from adult rhesus 
monkeys because of their excellent response sensitivity and 
stability. Combined with the use of 5-HT selective reuptake 
inhibitor, paroxetine (100 nM), the authors concluded that 
there was reduced 5-HT uptake rates in lymphocytes from 
adult rhesus monkeys carrying the short allele of the 5-
HTTLPR and lymphocytes could possibly be used as 
peripheral biomarkers for investigating genetic or 
pharmacologic alterations in 5-HT transporter function. 
The use of BDD microelectrodes, in contrast to carbon 
fiber microelectrodes used previously in the brain study, 
enabled these high-sensitivity and high-resolution 
measurements.   

5.1.3. Nitric oxide measurement from guinea pig ileum 
Nitric oxide (NO) is a gaseous signaling 

molecule and an inhibitory neurotransmitter that causes 
relaxation of the muscle layers in the gut (152). It plays a 
very important role in the gut function. NO release from 
myenteric neurons was measured indirectly by measuring 
drug or electrical stimulation induced relaxation of smooth 
muscle (153). Very few techniques can be used for the real-
time measurement of NO near the sites of release. NO is 
electrochemically active at many electrodes and can be 
detected as an oxidation current which is proportional to 
the amount of NO at the electrode surface. Electrochemical 
techniques with a carbon fiber microelectrode or a polyion-
coated gold electrode have been used to detect NO release 
in the brain slice (154-156). Patel et al for the first time 
described the monitor of NO release from myenteric 
neurons in vitro in isolated segments of guinea pig ileum 
using continuous amperometry with a BDD microelectrode 
(157). The diameter of BDD microelectrode is around 40 
µm and the applied potential determined by differential 
pulse voltammetry for NO measurement was +1 V vs. 
Ag/AgCl.  Nicotine (1 µM) superfusion was used to induce 
the release of NO from the longitudinal muscle myenteric 
plexus of guinea pig ileum by activating nicotinic 
acetylcholine receptors expressed by myenteric neurons 
and myenteric nerve endings. Due to the resistance to 
fouling, BDD microelectrodes showed 4 times higher 
signal of NO induced by nicotine (1 µM), compared to 
carbon fiber microelectrodes. The most challenging part for 
the in vitro NO measurement is selectivity since there are 
other electroactive molecules, such as NE, 5-HT, and nitrite, 
which can also be oxidized at the applied potential for NO 
detection but cannot be distinguished by amperometry.  
The authors verified that the oxidation current detected by a 
BDD microelectrode was solely caused by NO flux by 
showing that 1) there was no current at +0.75 V vs. 
Ag/AgCl, where the oxidation of catecholamines and 
biogenic amines can occur, 2) the NO synthesis antagonist, 
N-nitro-I-arginine, almost completely abolished the 
oxidation current, 3) current was reduced by the NO 
scavenger, myoglobin. The authors then compared the 
difference in NO release from the myenteric plexus and 
circular muscle.  The key finding for this work is 
continuous amperometry with a plain BDD microelectrode 
is very useful in the real-time monitor of locally produced 
NO and the investigation of NO signaling in the gut.    
 
5.1.4. Histamine measurement from oxyntic glands of 
guinea pig stomach 

Histamine is a biogenic amine involved in local 
immune responses as well as regulating physiological 
function in the gut and acting as a neurotransmitter. An 
important site of histamine storage and release is the 
enterochromaffin-like (ECL) cell of the stomach (158, 
159). Histamine levels in the stomach can be monitored by 
microdialysis and off-line separation-based methods which 
are less of temporal resolution (160, 161). Bitziou et al. 
recently reported a dual-sensor method for the real-time 
simultaneous detection of pH changes and histamine 
release from oxyntic glands of isolated guinea pig stomach 
(162).  A BDD microelectrode was used in an 
amperometric mode to detect histamine released from the 
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Figure 8. Experimental controls conducted for biological in vitro measurements and the influence of various pharmacological 
treatments. (A), repeated response over the tissue at a potential of 1.2 V, which is sufficient to oxidize histamine and at 1 V, 
which shows if any of the signal is due to catecholamines and serotonin. (B), the response obtained from the BDD and IrO2 pH 
sensor with and without the tissue, showing that the responses obtained are from the isolated stomach tissue. The shaded gray box 
indicates the duration when the sensor is located within 1 mm over the tissue. The responses obtained before and after cimetidine 
(H2 receptor antagonist), acetylcholine, and histamine treatment from the iridium oxide pH sensor are shown in (C), and in (D), 
the responses from the BDD microelectrode are shown. Reproduced with permission from ref (162).  

 
ECL cell, while an iridium oxide pH microelectrode was 
used in a potentiometric mode to record the pH decrease 
associated with acid secretion. The BDD microelectrodes 
used in this work were fabricated by microwave-CVD 
technique with 40 µm platinum wires as the substrate and 
around 100-200 µm exposed electrode length. Differential 
pulse voltammogram of 50 µM histamine was obtained 
first for the identification of the histamine oxidation 
potential. Amperometric measurements using flow 
injection analysis were then carried out for the calibration 
of histamine.  The in vitro recordings of histamine levels 
from the ECL cells were conducted using amperometric 
detection at + 1.2 V vs. Ag/AgCl. The BDD 
microelectrodes can sensitively, reproducibly and stably 
record the histamine level in vitro. Figure 8 shows the 

responses from the dual electrodes system for in vitro 
measurements of histamine, and the signal changes as a 
function of pharmacological treatment. The concern of 
oxidation current contributed by other electroactive 
compounds, such as 5-HT, dopamine and nitric oxide, was 
eliminated by showing that there was no signal response at 
the potential of + 1.0 V vs. Ag/AgCl, where 5-HT, 
dopamine and nitric oxide can be oxidized. It also showed 
that there was no interference for the measurements of 
histamine on the BDD microelectrode with the 
measurements carried out on the pH electrode. 

 
The authors then applied this dual-sensor system 

for probing the signaling mechanism that influences acid 
secretion in the guinea pig stomach. When cimetidine, a H2 
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receptor antagonist, was added to the physiological 
buffer, there was a 2-fold increase in ∆i while a 
significant decrease in ∆pH compared to the control. 
However, the increase of the current was unanticipated 
and the information was not sufficient to explain how 
the H2 receptor antagonist regulates the level of 
histamine. The conclusion that acetylcholine can 
modulate gastric acid secretion via a neuronal 
mechanism was drawn based on the finding of the 
significantly decreased endogenous histamine current 
level and pH of the buffer after acetylcholine 
application to tissue. With the novel two-sensor-system 
and the pharmacological agents, the authors showed that 
the simultaneous measurement was physiological 
relevant and acetylcholine influences muscarinic 
receptors on the parietal cell via a direct mechanism, 
rather than through the ECL cell. These important 
findings highlight that continuous amperometry 
monitoring of histamine with a BDD microelectrode and 
the recording of pH change by an iridium oxide pH 
microelectrode can be very useful in obtaining the 
information for significant signaling mechanisms and 
pathways.    

 
5.2. Fast scan cyclic voltammetry 
 Amperometry offers excellent temporal 
resolution and sensitivity, but it is typically difficult to 
interpret amperometric results for component mixtures. 
In this case, the other most often used method, fast scan 
cyclic voltammetry (FSCV), is a good choice. FSCV can 
generate a ‘‘finger print’’ response for each analyte, 
potentially allowing a distinguishable measurement in 
the presence of multiple components (163, 164). In 
FSCV, a gradually increasing or decreasing potential is 
applied at the working electrode with a high scan rate (> 
100 V/s). When the maximum or minimum desired 
potential is reached, the direction of the sweep is 
reversed. The current flow is measured during increases 
and decreases in electrode potential. At a high scan rate, 
a relatively large background current is seen and the 
smaller faradaic current can only be detected after 
background subtraction. The occurrence of a signal peak 
at a particular potential reflects transient change of the 
local concentration of substance present at the vicinity 
of the working electrode. Qualitative and quantitative 
information can be obtained for each redox pair when 
different species possess different oxidation and 
reduction potentials (165). This technique has been 
applied to measurements of dopamine, NE, serotonin, 
and ascorbic acid especially in the central nervous 
system (164, 166, 167).  The advantage of this technique 
is that different compounds can be distinguished by 
different position of the peaks in the voltammogram.  
 
5.2.1. Adenosine measurement from PreBötzinger 
Complex in rat brain stem 
 Adenosine is an important neuromodulator which 
has an inhibitory effect in the central nervous system (37). 
Xie et al for the first time detected adenosine in a neural 
system in vitro by using a BDD microelectrode (24). The 
authors fabricated the non-planar, needle-like microdisk 
diamond microelectrodes by using hot-filament assisted 

CVD fabrication technique. A tungsten microwire with a 
25µm diameter was presealed into a pulled quartz 
capillary and only the tip was polished to expose the 
tungsten substrate for diamond deposition. The diamond 
microsensor was calibrated using standard flow 
injection analysis as well as FSCV. The FSCV potential 
was scanned linearly between -1.0 and +1.5 V vs. 
Ag/AgCl reference electrode with a scan rate of 500 V/s. 
The adenosine oxidation peak appeared at +1.1 V vs. 
Ag/AgCl reference electrode. The lowest concentration 
of detected adenosine shown in their work was 10 nM, 
which was lower than the estimated basal adenosine 
level in vivo (50~200 nM). And the limit of detection 
was 2 nM with S/N equals to 3. They applied this 
technique for in vitro measurement of adenosine in the 
PreBötzinger Complex (PreBötC) in the rat brain stem, a 
site rich in adenosine releasing neurons and is the 
commonly accepted site for respiratory rhythmogenesis. 
The diamond-based sensor was positioned into the 
PreBötC where only serotonin and adenosine are 
electrochemically active and can be distinguished by 
FSCV according to their different oxidation and 
reduction peak potentials. The in vitro adenosine 
detection from A2A receptor activation results are shown 
in Figure 9. The data representing FSCV 
voltammograms obtained over time are compactly 
represented by the 3-D false color plot to map adenosine 
concentrations in the PreBötC of the rat brain. Although 
the exact release site of adenosine in the PreBötC was 
not located, the authors demonstrated the capability of a 
diamond-based probe for in vitro adenosine sensing in 
the central nervous system, and the possibility of 
investigating the role of adenosine in respiratory 
rhythmogenesis (i.e., the modulation of one’s breathing 
rate) by using this sensor.  
 
5.2.2. Serotonin (5-HT) measurement from aplysia 
californica metacerebral cell 
 Halpern et al recorded the serotonin level from 
the metacerebral cell in a marine mollusk, Aplysia 
californica, using a BDD microelectrode by FSCV (168). 
Specifically, the authors were trying to determine the 
release site and concentration of serotonin from the 
metacerebral cell, which has multiple roles in feeding 
behavior, such as biting, rejecting, and swallowing. Disk 
shaped diamond microelectrode with a diameter of 30 
µm was fabricated using the same method described 
above. A linear voltage sweep, from -0.4 to +1.2 V vs. 
Ag/AgCl, at a rate of 300 V/s was applied to detect the 
electrically stimulated release of serotonin, which had 
an oxidation peak at +0.958 V and a reduction peak at 
+0.362 V. This technique was then applied to the in 
vitro detection of serotonin at the I2 muscle fibers of the 
Aplysia. This study demonstrated the possibility of 
direct measurement of electrical activity from a specific 
cell. The capability of a BDD microelectrode working 
both as a sensor for electrical activity and a neural 
stimulating electrode was the key finding of this work. 
Diamond microelectrode arrays with these functions will 
possibly be applied for mapping the chemical and 
electrical signals in vivo during a complete feeding 
behavior in their future studies.
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Figure 9. In vitro adenosine detection at a diamond microelectrode in the PreBötC region of a rat pup. (A), 3D false color plot 
shows the time varying voltammograms as adenosine is released upon CGS 21680 administration. (B), The cyclic voltammogram 
confirms adenosine release. (C), Adenosine oxidation current initially increased and then continually oscillated; the current data 
was converted to (D) the corresponding adenosine concentration by (E) post-calibration of the electrode with flow injection 
analysis. Reproduced with permission from ref (24).  
 
6. CONCLUSIONS AND PERSPECTIVE 
 
 The studies presented in this review clearly 
demonstrate that BDD electrodes, without any polymer 
coating, can provide sensitive, stable and selective response 
for neurotransmitter detection in vitro. Due to its unique 
properties, such as small size, low background current and 
high resistance to fouling, BDD microelectrodes have 
shown a very promising future for biological research. 
Compared to other experimental approaches, e.g., 
microwave irradiation or microdialysis, electrochemical 
analysis with a BDD microelectrode can minimize serious 
tissue damage and provide high temporal resolution (24). 
However, there are also some challenges to overcome to 
advance the widespread use of BDD microelectrodes in 
physiological studies. First, methodology development for 
detection of biological molecules that are not electroactive 
can broaden the application of BDD microelectrodes. Some 
biological molecules also play very important roles as 
signaling molecules but cannot be detected by 
electrochemical methods because they are not electroactive, 
such as adenosine 5’-triphosphate (ATP). ATP is a 

multifunctional nucleotide. Detection of ATP could be 
accomplished by coating the BDD with materials that could 
form an ATP sensor. For example, amperometric 
microbiosensors based on glucose oxidase and hexokinase 
immobilized within a polymer matrix at the surface of Pt 
disk microelectrodes were reported for the detection of 
extracellular ATP levels at rat carotid bodies (169). 
Utilization of proper polymer coatings may assist the use of 
BDD microelectrodes for the detection of non-electroactive 
compounds. Second, the size of the microelectrode needs to 
be reduced. One of the advantages of microelectrode is its 
high spatial resolution. The Holt and Fujishima groups 
have successfully fabricated BDD microelectrodes with 
diameter < 5 µm. However, this size is still considered 
large for single cell in vitro measurements. There has been 
report of the monitoring of real-time dopamine release from 
single living vesicles of single rat pheochromocytoma 
(PC12) cells by carbon fiber nanoelectrodes (tip diameter = 
ca. 100 nm) (170).  In order to achieve the real time 
measurement of biological molecules from single vesicle, 
the size of the BDD microelectrode needs to be further 
reduced. The deposition of an evenly distributed ultra-thin 
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layer of BDD film onto the substrate is the most critical step 
for the minimization of microelectrodes, partially due to the 
existence of pinholes. An ordered BDD ultra-microelectrode 
array with optimum spacing could also be a future direction for 
the same analyte detection from different cells or several 
analytes detection from the same cell simultaneously (171, 
172). Third, the reaction kinetics of various redox systems at 
diamond electrode surface is not well understood yet. Diamond 
electrodes have a sluggish response to catecholamines, such as 
norepinephrine, dopamine, and serotonin, but they do exhibit 
relatively fast electron transfer for some redox systems. In vitro 
electrochemical measurements of biomolecules are normally 
involved with the application of pharmacological agents. In the 
presence of some drugs, the microelectrode response to the 
molecules of interest may be altered by drug absorption onto 
the microelectrode surface (173). Therefore, the drug effects 
on electrode response sensitivity and stability should be 
determined before the in vitro electrochemical measurements 
of biomolecules with a BDD microelectrode. 
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