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In this paper, nitrogen incorporated ultrananocrystalline diamond (NUNCD) films were fabricated for use as electrodes
to detect dopamine. The NUNCD electrodes achieved high sensitivity, great selectivity, and excellent detection limits
for dopamine sensing. The NUNCD electrode, fabricated as a potential sensitive biosensor for dopamine without any
catalyst or mediators, demonstrated good activity for the direct detection of dopamine by simply putting the bare NUNCD
electrode into a dopamine solution. Furthermore, the marked selectivity of the NUNCD electrode is very favorable for
the determination of dopamine (DA) concentration (0.32 uM) in the presence of ascorbic acid (AA) and uric acid (UA).
Considering dopamine detection in real biological fluid samples, the NUNCD electrode performed excellently with a
detection limit of 0.39 uM and a high recovery ranging from 90-120%, revealing that NUNCD electrodes have promising

use in the sensing of dopamine.
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INTRODUCTION

Dopamine (DA) is a catecholamine neurotransmitter that is
commonly found in the nervous systems of mammals.
Dopamine modulates the functions of the hormonal, renal,
cardiovascular, and central nervous systems, and con-
trols movement, metal state, and behavior. The normal
level of dopamine in human serum is 0.01-0.1 uM.! An
excess level of dopamine is related to some biological
diseases such as Huntington’s disease, neuroblastoma, or
schizophrenia. A deficit in dopamine concentration is asso-
ciated with Parkinsonism, Alzheimer’s disease, epilepsy,
attention deficit hyperactivity disorder, and restless legs
syndrome.?* Thus, dopamine could act as a biomarker for
these diseases. The release of dopamine from a dopamin-
ergic neuron is rapid and the amount released is quite tiny,
so the detection of dopamine must be rapid and requires
ultra-sensitivity.

Conventional dopamine sensing methods, like high
performance liquid chromatography—mass spectrometry,
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immunosensing microfluidic systems, and spectrophotom-
etry, have achieved good sensitivity and detection lim-
its. However, the complicated and high-cost instruments
used in these methods limit their application. Recently, the
electrochemical method has been extensively researched
for use in dopamine detection, since it is cost-effective,
possesses a short analysis time, and is easy to operate.*
However, the use of the electrochemical method for
detecting dopamine faces some challenges. Firstly, the
interference effect may hinder the dopamine signal. Since
the electrochemical method employs the electroactive
property of dopamine, which oxidizes at a positive poten-
tial and reduces at a negative potential, to detect it, the
coexisting biomolecules in the serum would influence
the signal of the dopamine. In particular, ascorbic acid
and uric acid, the coexisting electroactive species, pro-
vide signals that would merge with the dopamine sig-
nal when a bare electrode, like glassy carbon, is used.””’
Secondly, the electrode may encounter a biofilm-fouling
problem, thereby deteriorating its performance."® The
adsorbed oxidized bimolecular products on the electrode
surface result in a decrease in sensitivity by decreasing
the electroactive sites. In order to overcome this problem,
some scientists employ modified nanostructures, like metal
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nanoparticles,> carbon nanotubes,’ and graphene,!*"? in

order to increase the amount of catalytic sites on the
electrode. Other approaches examined include polymers,'
poly(ionic liquids),'® or selective membranes'® to enhance
the selectivity of the electrodes. However, it usually
requires lots of time, money, and effort in order to fabri-
cate electrodes with nanostructures, and the modifiers are
more likely unstable and easily detachable from the elec-
trode surface during measurement.

Nitrogen incorporated ultrananocrystalline diamond
(NUNCD) films exhibit the excellent properties of dia-
mond, such as a wide working potential window, low
background current, high chemical inertness, and high
hardness.!”™ In addition, through the incorporation of
nitrogen into the grain boundary, the NUNCD films could
have a high conductivity.?>! The synthesis process is also
quite short (~4 hrs), which is beneficial for commercial
use. Moreover, NUNCD films do not require a modifi-
cation process; this is beneficial because the modifica-
tion may detach from the bare electrode and affect the
sensing performance after extensive usage. In our previ-
ous study,?! NUNCD films show excellent electrocatalytic
activity (0.5-500 uM) for sensing dopamine in the pres-
ence of ascorbic acid (AA). To being the biosensor with
higher sensitivity and reliability, direct sensing dopamine
in real samples, like serum is necessary. In this study,
NUNCD grown in nitrogen-rich plasma under bias con-
dition reach higher detection sensitivity for dopamine and
the?? limit of detection can be as low as 0.32 uM in the
presence of more interference or in the serum ex vivo.

EXPERIMENTAL DETAILS

Chemicals

Nano-diamond powder (~100 nm) was bought from
FACT. Titanium powder (~325 mesh) was obtained from
Alfa Aesar. Ascorbic acid (AA), dopamine (DA), uric acid
(UA), phosphate buffer solution (PBS, 1 M, pH 7.4), and
potassium hydroxide (KOH) were purchased from Sigma-
Aldrich. Secondary distilled water was used to dilute PBS.
The AA, DA, and UA solutions were freshly prepared in
0.1 M PBS.

Synthesis of Diamond Films

The NUNCD and UNCD films were synthesized on the
n-type Si substrate using microwave plasma enhanced
chemical vapor deposition (MPECVD). The Si substrates
were then immersed in a 200 ml methanol solution that
contained 200 mg nano-diamond powder and 200 mg tita-
nium powder to create nucleation sites. The pretreated
samples were put onto the holder in the MPECVD cham-
ber. The synthesis conditions for producing the NUNCD
film was 94% N,/6% CH, gas at 1400 W and 50 torr using
a —300 V substrate bias for 1 hour. The UNCD films were
grown under 99% Ar/1% CH, gas at 1200 W and 120 torr
without any substrate bias for 1 hour.
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Analysis Instrument

The surface morphology of the films was characterized
by field emission scanning electron microscopy (FESEM,
JEOL JSM 6500F). The bonding structures of the films
were analyzed by Raman spectroscopy (Raman, Horiba
Jobin Yvon LABRAM HR 800 UV) and X-ray photo-
electron spectroscopy (XPS, ULVAC-PHI PHI 5000 Ver-
saprobe II). The resistivity of the films was measured by
Hall measurements in a van der Pauw configuration.

Electrochemical Measurement

The electrochemical measurement was conducted using a
potentiostat (600C series, Autolab), and the three-electrode
system was adopted: the reference electrode, counter elec-
trode, and working electrode were Ag/AgCl, Pt wire,
and the fabricated NUNCD film, respectively. The cyclic
voltammetry (CV) was used to analyze the electrochemi-
cal properties of the electrode toward AA, DA, and UA.
The differential pulse voltammetry (DPV) was applied to
detect the dopamine content in the samples. The analyte
volume was 2 ml, and the working electrode was washed
with ethanol, KOH, and DI water after each scan.

RESULTS AND DISCUSSION

Surface Morphology of the Diamond Films

The FESEM images in Figure 1 reveal the morphology
of the UNCD film and the NUNCD film. The top view
of the UNCD film shown in Figure 1(a) indicates that
the film consists of continuous equiaxed grains. Under an
argon-enriched environment, the growing species is C,,
and the second nucleation rate is higher than that of the
hydrogen-enriched plasma; this produces grains which are
several nanometers in size. Figure 1(b) shows the top view
of the NUNCD film. The synthesis conditions were 94%
N,/6% CH, gas, and it was found that the CN species
would dissociate in the plasma under the influence of an
applied bias. The bonding strength of the dissociated CN
species was found to be strong, providing a template for
the anisotropic growing of the grains.”»?* The needle-
like grains are encapsulated by a graphitic phase of grain
boundaries, which enhance the conductivity of the NUNCD
films. The resistivity of the films was measured using Hall
measurements. The resistivity of the UNCD films is on the
order of M) -cm, but after incorporating nitrogen into films
the resistivity of NUNCD film significantly decreased to
63.15 w2 -cm, which was high enough to permit its use as
an electrode for electrochemical sensing.

Raman Analysis of the Diamond Films

Raman spectroscopy is a common tool used to analyze
carbonic materials, providing information like chemical
structure, vibration and stretching modes, and composi-
tion. Figure 2 shows the Raman spectrum of the UNCD
and NUNCD films. The characterized peaks located at
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Figure 1.

1160 cm™!, 1332 cm™!, 1350 cm™!, and 1580 cm™!
are referred to as the v, band resonance peak, dia-
mond characterization peak, D band resonance peak, and
G band resonance peak, respectively. The v, band reso-
nance peak originates from trans-polyacetylene.”>?’ The
diamond peak is related to the sp® bonding structure and is
in the 75, mode. The D band is the A, breathing mode of
the sp? atoms in the ring, which represents the disordered
carbons. The G band results from the E,, stretching mode
of all sp? sites.”®?* Compared to the Raman spectrum of
the UNCD films in curve (a), which were deposited with-
out nitrogen, the typical Raman spectrum of the NUNCD
films, synthesized under nitrogen plasma, is shown in
Figure 2 curve (b). By incorporating nitrogen into the film,
the position of the D band shifted from 1350 cm™! to
1425 cm™! and the G band shifted from 1580 cm™! to
1590 cm™!, which is a result of the increasing graphitic
phase. In addition, the diamond characteristic peak and v,
band resonance peak were shown to be suppressed with
the incorporation of nitrogen, which is due to the larger
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Figure 2. Raman spectra of UNCD (curve a) and NUNCD
(curve b) films.
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FESEM images of the (a) UNCD and (b) NUNCD films grown for 1 hr.

graphitic content in the NUNCD films. The blue shift of
the sp®-related resonance peaks, the unobvious diamond
characteristic peak, and the v, band resonance peak reflect
the increasing graphitic phase content, and this contributes
to the high conductivity of the NUNCD films.

XPS Analysis of NUNCD

The chemical composition of the NUNCD films was inves-
tigated by XPS, and the corresponding XPS spectra are
shown in Figure 3. The XPS survey spectrum (Fig. 3(a))
revealed only the presence of carbon atoms in the NUNCD
films. The Cls peak located at 285 eV resulted from
the Lorentzian peaks at binding energies of 284.48 eV,
285.34 eV, 285.84 eV, and 286.29 eV for sp* C=C, sp*
C=C, sp*> C=N, and sp® C-N, respectively. The rela-
tive peak intensity of sp> C=C to the total carbon-based
phase is about 57.11%, indicating that a large amount of
graphitic phase was present in the NUNCD films. In addi-
tion, the presence of a sp> C=N and a sp’> C-N peak
reflect that N atoms have successfully been incorporated
into the NUNCD films.

OES Analysis of Plasma

The chemical species in the plasma were monitored and
recorded by optical emission spectroscopy (OES) under
varied substrate biases (Fig. 4(a)) and chamber pressures
(Fig. 4(b)). The CN violent system (~388.69 nm and
~421.00 nm) and C, swan system (~472.81 nm and
~517.57 nm) are observed in the spectrum, indicating
that the CN and C, growth species are contained in the
N,/CH, plasma. The C, species contributed to the growth
of the diamond, and the CN species provided the tem-
plate for anisotropic growth, resulting in the needle-like
structure of NUNCD grains. Altering the pressure in the
chamber or the applied bias did not change the OES
spectrum.

Electrochemical Properties of the Electrode
The electrochemical behavior of the NUNCD electrode
for use in detecting AA, DA, and UA was investigated
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Figure 3.

by cyclic voltammetry. Some redox couples are shown in
Figure 5(a). The peaks at —0.03 V, 0.15 V, and 0.28 V
are in reference to the oxidation signals of AA, DA, and
UA, respectively. The oxidation peak current was found
to have increased with an increasing scan rate. Moreover,
Figures 5(b)—(d) indicate the peak currents of AA, DA,
and UA are proportional to the square root of the scan
rate. This relationship is considered to be the diffusion-
controlled mechanism that is accounted for by the Cottrell
equation, and the current was found to be limited by the
diffusion of the analyte species onto the electrode surface.
In this situation, the CV experiment only sampled a small
portion of the solution, i.e., the diffusion layer at the sur-
face of the NUNCD film, which implies that the surface
properties of the NUNCD film dominates the sensitivity of
the electrodes.

DPV Response of Dopamine

Differential pulse voltammetry (DPV) was employed to
detect dopamine due to the advantage it possesses of
a lower IR drop and a non-Faradaic current, having a
higher signal to noise ratio in comparison with other
voltammetry methods. The NUNCD films were used
as working electrodes to detect dopamine in PBS by
DPV. Figure 6(a) shows the results of these experiments,

(a) XPS survey spectrum and (b) high-resolution scan spectrum over C1s for the NUNCD film.

wherein the oxidation peak of dopamine was found to
exist at 0.13 V. A larger amount of dopamine content
in the PBS results in a larger dopamine oxidation peak
current, and there exists two linear relationships between
these properties as shown in Figure 6(b). The linear regres-
sion equations are expressed as I, (uA)=5.23+3.41Cp,
(uM) (R? = 0.99035) over the range from 0.38 uM to
12.38 uM, and I, (uA) = 5.23+43.41Cp, (uM) (R* =
0.99733) over the range from 12.38 uM to 33 uM. The
corresponding sensitivity for dopamine was found to be
3.41 wA/uM and 1.30 wA/uM, respectively, for these two
regions. The adsorption strength at a higher dopamine con-
tent differed from that at lower dopamine content, result-
ing in the two different sensitivities of the electrode.*
Figures 7(a) and (b) illustrate the adsorption mechanism
of the lower dopamine content and higher dopamine con-
tent solutions at the NUNCD electrode, respectively. At a
lower concentration, all of the biomolecules adsorb onto
the electrode easily through first layer adsorption, which
belongs to the monolayer adsorption mechanism. At higher
concentration, however, some biomolecules need to cross
the first layer biomolecules in order to adsorb onto the
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Figure 4. Optical emission spectra of the NUNCD films at different (a) substrate biases, and (b) chamber pressures.
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Figure 5. (a) Cyclic voltammetry for 330 uM AA, 33 uM DA, and 33 uM UA in PBS (pH 7.4) using the NUNCD electrode. The

relationship of the oxidant peak currents of (b) DA, (c) AA, and (d) UA with the square root of the scan rate.

electrode, resulting in lower adsorption strength due to
the multilayer adsorption. The weaker adsorption strength
resulted in a lower sensitivity at higher dopamine content.
The detection limit is estimated to be 0.32 uM (S/N = 3).
The analytic results are listed in Table I.

Interference Test

Coexisting electroactive species, such as AA and UA, may
hinder and interfere with the performance of the electrode
in sensing dopamine. As such, 330 uM of AA and 33 uM
of UA were added to dopamine solution in order to exam-
ine the performance of the NUNCD electrode under these
conditions. The DPV results are displayed in Figure 6(c),
exhibiting three distinguishable peaks at —0.06 V, 0.13 'V,
and 0.27 V, which are assigned to the oxidation peaks
of AA, DA, and UA, respectively. The presence of AA
and UA are shown to have no effect on the peak poten-
tial of DA, which had the same value of 0.13 V that was
observed when sensing only dopamine. The large peak sep-
aration indicates that the NUNCD electrode possesses great
selectivity toward AA, DA, and UA. Following this, the
dopamine concentration was increased from 0 to 33 uM in
the presence of 330 uM AA and 33 uM UA. (Fig. 6(d)).
The oxidation peak current of the dopamine increased
with an increasing amount of dopamine. Owing to differ-
ent adsorption mechanisms at each biomolecular content
range, the sensitivity of the NUNCD electrode toward DA
decreased at a higher DA concentration. The sensitivity
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of the NUNCD electrode toward DA at 0.38-8.25 uM
was 4.79 wA/uM and the sensitivity at 0.38-33 uM was
1.61 wA/uM. The linear regression equations are expressed
as I, (uA) =12.93+4.79C,, (uM) (R* = 0.98432) over
the range from 0.38 uM to 8.25 uM, and I, (uA) =
38.48+1.61C,, (uM) (R?> =0.95965) over the range from
8.25 uM to 33 uM. The detection limit was estimate to be
0.32 uM. The analytic results are listed in Table I.

Real Sample Analyses

To evaluate the feasibility of using a NUNCD electrode
for DA sensing in a bio-mimetic and biological envi-
ronment, fetal bovine serum was used. The dopamine
was added in the diluted fetal bovine serum in quanti-
ties from O to 33 uM, and the DPV results are shown
in Figure 6(e). The overall response currents were found
to have decreased because of the matrix effects of other
substances present in the fetal bovine serum. The rela-
tionship between the dopamine oxidation current and its
concentration is shown in Figure 6(f). There are two linear
ranges at 0.77-8.25 uM and 8.25-33 uM, where the
regression equations are I, (wA) =5.23+3.41C), (uM)
(R* =0.99035) and I, (nA) = 30.12+ 1.30Cp, (uM)
(R?> = 0.99733), respectively. The respective sensitivities
are about 1.25 uA/uM (0.77-8.25 uM) and 0.65 uA/uM
(8.25-33 uM), which are lower than those of PBS, owing
to the matrix effect of the fetal bovine serum. The detec-
tion limit was estimate to be 0.39 uM.
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Figure 6. NUNCD electrode detection in 0-33 uM DA in PBS (pH 7.4) by (a) DPV and (b) the calibration curve. Detection in
330 M AA, 0-33 uM DA, and 33 uM UA in PBS (pH 7.4) by (c) DPV and (d) the calibration curve. Detection in 0-33 uM DA in

FBS by (e) DPV and (f) the calibration curve.

Dopamine Content Determination Using a
Calibration Curve

The constructed calibration curve was used to determine
the dopamine content in the AA, DA, and UA mixture
solutions. The unknown dopamine content sample was

(a) low concentration

monolayer adsorption

@ biomolecule in the second layer

detected via DPV in order to obtain the oxidation peak cur-
rent of dopamine, which was then inputted into the calibra-
tion curve and the dopamine concentration was calculated.
The determined dopamine content was compared with the
value that was added. In order to evaluate the accuracy

(b) high concentration
multilayer adsorption

@ biomolecule in the first layer

Figure 7. Schematic of the adsorption mechanism at a (a) low concentration and (b) high concentration.
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Table I. Detection parameters of the NUNCD electrode.

Detection limit  Linear range  Sensitivity

Sample (M) (M) (WA/pM)
DA in PBS 0.32 0.38-12.38 3.41
12.38-33 1.30
DA, AA, UA in PBS 0.32 0.38-8.25 4.79
8.25-33 1.61
DA in FBS 0.39 0.77-8.25 1.25
8.25-33 0.65

Table Il. Results of dopamine content determination in blind

samples.

Sample Added (uM) Found (M) Recovery (%)
DA, AA, and 413 4.93 119.37
UA in PBS 8.25 8.76 106.18
12.38 14.12 114.05
DA in FBS 413 3.90 94.43
8.25 7.70 93.33
12.38 11.64 94.06

of the NUNCD electrode toward dopamine detection, the
recovery, defined as the percentage ratio of instrument-
obtained value to the actual added content, was used. The
results are listed in Table II. The recovery of the NUNCD
electrode ranged from about 90-120%, which is promising
for the detection of dopamine.

CONCLUSIONS

In this study, as-grown NUNCD films using MPECVD
and 94% N,/6% CH, plasmas, were examined for their
use in the selective and sensitive detection of dopamine.
This was tested simply by immersing the film into a solu-
tion containing dopamine without the extra modification
of the surface of the film. The NUNCD electrode with a
needle-like structure exhibited high conductivity and elec-
trochemical activity towards dopamine oxidation, even in
the presence of common interferants (e.g., UA and AA).
The detection limit was determined to be 0.32 uM in the
controlled dopamine-containing solutions with and with-
out interferants. Moreover, in a biological fluid, i.e., serum,
the detection limit was determined to be around 0.39 uM,
and the recovery was in the range of 90-120%. The appli-
cation of NUNCD electrodes for dopamine oxidation and
the resulting selectivity and stability were determined to be
sufficient for practical dopamine detection. These promis-
ing results, combined with the biocompatibility of dia-
mond films, make this biosensor an exceptional choice for
dopamine detection in vitro.
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