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Boron-doped diamond (BDD) electrodes modified with platinum and haemoglobin (Hb)
have been prepared for application as stable and sensitive acrylamide biosensors. The Platinum-
modified BDD (Pt-BDD) was prepared in several steps, including the wet chemical seeding
of Pt particles, the electrochemical overgrowth of Pt seeds, thermal annealing at 700 °C under
N, atmosphere, as well as refresh and activation steps of Pt-BDD by cyclic voltammetry (CV).
The characterization of the prepared Pt-BDD using scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS) and X-ray photoelectron spectroscopy (XPS) showed that
the method can deposit Pt homogenously on the BDD surface with an average particle size of
around 200 nm. The Raman results showed that the treatment steps during modification did not
damage the sp> carbon in the BDD structure. After modification with Hb, the modified BDD
was examined for acrylamide detection. CVs of Hb-Pt-modified BDD (Hb-Pt-BDD) in 0.2 M
acetate buffer saline (ABS) (pH 4.8) containing acrylamide in the concentration range of 0.01 to
1 nM showed linear responses with a detection limit of 0.0085 nM and a quantification limit of 0.026
nM. The excellent stability of the prepared Pt-BDD was confirmed as it showed the reusability
of Pt-BDD by removing the Hb adduct without removing Pt on the BDD surface.

1. Introduction

Acrylamide is a neurotoxin and a potential carcinogenic substance,' formed by the
reaction between reducing sugars, such as glucose and asparagine. The Maillard reaction
mechanism is considered to be responsible for acrylamide formation during food processing,
especially in high-starch foods during cooking at high temperatures (>120 °C).?). The detection
of acrylamide has become necessary to ensure food safety. The standard detection methods of
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acrylamide, including liquid chromatography mass spectrometry/mass spectrometry and gas
chromatography mass spectrometry (LCMS/MS and GCMS), offer high sensitivity, selectivity,
stability, and repeatability.”) However, these methods require high testing cost and skilled
laboratory technicians, which cannot meet the criteria for a real-time and on-line detection of
acrylamide in foods. Therefore, it is highly important to develop a simple, sensitive, and low-
cost method for acrylamide detection in food samples.

On the other hand, the development of biosensors for acrylamide determination is attracting
much attention owing to their ability to do real-time measurement and relatively low cost. One
of the popular methods in the development of acrylamide biosensors was reported to employ
the redox signal of haemoglobin (Hb).(5’7) Hb is a redox protein consisting of four polypeptide
chains. Each of them contains one heme group.®) Iron in the heme groups carries the
electroactive property of Hb that changes in the presence of acrylamide, resulting in the signal
responses of acrylamide.

Hb-based biosensors for acrylamide were developed using gold nanoparticle-modified
ITO glass, single-wall carbon nanotubes, and boron-doped diamond (BDD) electrodes.:¢~®
BDD was selected owing to its superior properties, such as wide potential window and small
background current, which are required in the development of sensors.:)
problem with low stability and sensitivity was often observed because of the instability of
electromediators, i.e., metal particles on the surface BDD.!'%!D Electromediators in acrylamide
biosensors play an important role in electron transfer between Hb and electrodes, while the
unfavourable orientation of Hb molecules on the electrode surface and the distance between the

heme centre and the electrode surface are the main reasons for the slow kinetics of the electron
(12,13)

However, the

transfer.

Some techniques that are generally used to modify BDD with metals have been reported,
such as electrochemical deposition, photochemical reaction, and ion implantation 1%11:14-16)
However, these methods could not achieve a suitable amount or high stability of the deposited
metal on the surface BDD.U%!:9  Moreover, the ion implantation method gives a more
promising result that indicates the high stability of metal particles, but it needs a quite expensive
special instrument %)

In this study, we propose to develop platinum-modified BDD (Pt-BDD) with high stability
and sensitivity for application in acrylamide biosensors. The electrochemical reduction
technique is employed to deposit platinum particles. However, to prepare a stable Pt-BDD,
thermal annealing was applied to BDD after modification with platinum. For acrylamide
detection, a Hb-platinum-modified BDD (Hb-Pt-BDD) surface was used. The high stability of
Pt particles on the BDD surface, as well as that of Hb molecules coated on Pt-BDD, generates
an increase in electron transfer from the electrolyte to the electrode, and accordingly, provides a
higher sensitivity for the determination of acrylamide.

2. Materials and Methods
2.1 Materials and instruments

The BDD films laboratory-made in Keio University, Japan were prepared by microwave
plasma-assisted chemical vapour deposition (MPCVD, CORNES Technologies/ASTeX-5400)
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using a 0.1% boron-to-carbon ratio for the precursor solution. "8 A (100) silicon wafer was
used as the support. The BDD film thickness of around 1 pum was observed. H;PtClg-6H,0,
NaBHj4, and NaOH were supplied by Wako Inc. (Japan), while human Hb H7379 and acrylamide
were purchased from Sigma-Aldrich. All chemicals were used as received without further
purification.

2.2 Modification of platinum at BDD electrode

The modification of platinum at the BDD electrode (or Pt-BBD) was performed by following
the procedures of Gao et al. with some modifications.!'” Briefly, Pt seeds were grown on the
BDD surface by dropping 10 puL of 1.0 M NaBHy4 dissolved in 0.1 M NaOH. Then, 40 pL of
1.0 mM H,PtClg solution was added dropwise. After washing and drying, the electrochemical
overgrowth of Pt seeds was conducted in 5 mL of 1.0 mM H,PtClg solution at a constant
potential of —0.2 V supplied gradually in 1 to 2, 3, 4, and 5 min (total 15 min). After this step,
the Pt-BDD electrode was subjected to rapid thermal annealing at 700 °C for 5 min in N
atmosphere, followed by a refresh step with cyclic voltammetry (CV) between —0.5 and +1.5 V
at a scan rate of 200 mV/s for 100 cycles in 0.1 M H,SOy4. In the last step, further activation
steps were performed using a deposition potential of —0.2 V gradually within 15 min to refresh
the Pt surface. Figure 1 shows the schematic of the modification process of Pt-BDD.

2.3 Modification of Pt-BDD electrodes with Hb

The modification of Pt-BDD with Hb was performed by dropping 15 puL of 0.2 M acetate
buffer saline (ABS) solution (pH 4.8) containing 0.15 mM Hb on Pt, BDD, and Pt-BDD electrodes (1
x 1 cm?) and left for 24 h. The obtained Hb-Pt BDD electrodes were then rinsed with Milli-Q
water and dried in a stream of nitrogen gas. The electrodes were stored in ABS solution at 4 °C
when not in use.

Pt seed
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BDD ¢ BDD (3 BDD
Wet chemical seed Electrochemical overgrowth
of Pt seed

Passivation layer
Fresh layer Pt &~ Binding layer
@ —~
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Fig. 1.  (Color online) Schematic representation of the Pt modification at BDD.
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2.4 Electrode characterization

The modified BDD was characterized by scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDX, JEOL JCM-6000), X-ray photoelectron spectroscopy
(XPS, JEOL JPS-9010TR), and X-ray diffraction (XRD, Bruker D8 Discover), and Raman
spectra were recorded with an Acton SP2500 (Princeton Instruments) with excitation at 532 nm
from a green laser diode at ambient temperature.

2.5 Electrochemical measurements

Electrochemical measurements were conducted using a potentiostat (PGSTAT302N,
AUTOLAB Instrument). A three-electrode system was used with Ag/AgCl reference and Pt
counter electrodes. The working electrode was either BDD, Pt-BDD, Hb-Pt-BDD, Hb-Pt, or
Hb-BDD. The use of hemoglobin was carried out in the same way as the modification of the Pt-
BDD electrode with hemoglobin as described in Sect. 2.3. CV was used for the electrochemical
measurements of acrylamide standard solutions and samples on Hb-Pt BDD electrodes from the
potentials of —0.5 to 1.5 V at a scan rate of 100 mV/s. The electrode area for CV was 0.28 cm?.
The standard solutions were prepared in 0.2 M ABS solution (pH 4.8) with various acrylamide
concentrations (0.01-0.1 nM).?

3. Results and Discussion
3.1 Modification of BDD with Pt particles

Pt particles were seeded on the BDD surface by the chemical reduction reaction of [PtCl6]27
in NaBHy4 solution. NaBH4 was selected in the growth of Pt seeds owing to not only its strong
reduction behaviour but also the nature of the BDD surface with H termination, which has a
relatively positive charge of the C-H surface.?"?? Accordingly, BH; anions were expected to
adsorb on the BDD surface and simultaneously induce the chemical reduction of [PtClg]* to Pt
particles on the BDD surface.

Figures 2(a) and 2(b) show the SEM characterization of the original BDD surface in
comparison with the Pt-BDD surface in wet chemical seeding steps. The platinum particles
tend to assemble at one point owing to the strong reducing agent (NaBHj), which rapidly reacts
with the [PtCls]*>~ ion solution and is difficult to control. This process involves the binding
or seeding of a Pt metal precursor onto the electrode surface by physical adsorption. When
the chemical reduction changes the Pt metal precursor to Pt metals, it will separate from the
solution. On the other hand, BHs of NaBH, absorbed on the electrode surface cannot widely
diffuse (spread) owing to the nonuniform electronic properties of BDD electrodes.?!-??)

To overcome this problem, the electrochemical overgrowth of seeds was performed. A
potential of —0.2 V was applied with an incremental time increase from 1 to 2, 3, 4, and 5 min
(total of 15 min). This step was intended to distribute the Pt nanoparticles homogeneously on
the BDD surface.?® In addition, the electrochemical overgrowth of Pt seeds enlarged the Pt
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Fig. 2. SEM images of (a) original BDD and Pt-BDD surfaces after (b) wet chemical seeding, (c) electrochemical
overgrowth of Pt seeds, (d) thermal annealing, (e) refresh step, and (f) activation step. Inset of Fig. 2(c) shows the
magnification of the figure.

nanoparticles instead of agglomerating them at the BDD substrates. Figure 2(c) shows that the
Pt nanoparticles dispersed on the BDD electrode in a wide surface area, compared with the
seeding result in Fig. 2(b). Moreover, the electrochemical overgrowth of seeds reduced the rate
of agglomeration in wet chemical seeding steps.

However, combining wet chemical seeding and the electrochemical overgrowth of seeds
to modify BDD with platinum resulted in unstable Pt particles, which were easily removed by
heavy flow or washing in an ultrasonic tube. Because of this stability problem, annealing at a
temperature of 700 °C for 5 min in N, atmosphere was conducted.

Annealing was conducted to increase the surface energy of BDD, in order to form an
epitaxial lattice structure between the BDD surface and pt.19 Figure 2(d) shows the quality
improvement of Pt growth on the BDD surface. During annealing, N; gas is drained to inhibit
the formation of oxidized platinum at Pt-BDD. BDD with low surface energy is more stable
because of the lower number of dangling bonds, making it more difficult for Pt to attach. The
more dangling bonds, the easier it will be for Pt to attach to the BDD surface. At the beginning,
the growth of the epitaxial lattice layer formed Pt islands owing to the lattice incompatibility
between Pt and BDD. In general, the lattice tension, surface energy, and interface of the system
play a direct important role in the epitaxial lattice layer by layer or island formation.®

CV was performed to study the processes occurring at every step during the deposition
of Pt on the BDD surface. Before modifying with Pt [Fig. 3(a)], no peak was observed in the
voltammogram of 0.1 M H;SO4 on the original BDD surface in the potential range of —1.5 to
+1.5 V, indicating that the BDD surface was clean.” The voltammograms obtained after Pt
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Fig. 3. Cyclic voltammograms of 0.1 M H,SOy at (a) original BDD and Pt-BDD surfaces after (b) wet chemical
seeding, (c) electrochemical overgrowth of Pt seeds, (d) thermal annealing, (e) refresh step, and (f) activation step.

seeding and electrochemical overgrowth of Pt seeds [Figs. 3(b) and 3(c)] exhibit two peaks
related to two adsorption/desorption reactions of hydrogen. These peaks indicate the presence
of active Pt particles on the BDD surface.??)

annealing [Fig. 3(d)] shows no peaks and only the peak background of BDD remains. These

The voltammogram obtained after thermal

results indicate loss of reactivity at the Pt particle to hydrogen adsorption/desorption. This
might happen owing to the carbon compound that dissolved in platinum and settled on the metal
surface during cooling,m’25 ) which led to the deactivation of the Pt-BDD surface by the formed
passivation layer after the annealing treatment.

To refresh the Pt-BDD surface electrode, CV was repeated 100 times in 0.1 M H;SOq4
solution to dissolve the impurities on the Pt nanoparticle surface on the BDD electrode (refresh
step). The SEM image [Fig. 2(e)] shows an increase in Pt particle size at BDD after the refresh
step. This confirmed the voltammogram in Fig. 3(e), which shows peaks of platinum. However,
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the peak current is still lower than that of BDD after the electrochemical overgrowth of Pt seeds [Fig.
3(c)], suggesting that the removal of the passive layers is incomplete as indicated by the decrease
in the active electrochemical area of Pt.

The activation step was performed on the Pt-BDD surface in order to obtain new active
Pt nanoparticles with a large area. This step was carried out by an electrodeposition method
similar to the gradual electrochemical growth at the —0.2 V potential in 15 min. After the
activation step, the size and distribution of Pt particles on the BDD surface increased as shown
in Fig. 2(f). Observation by EDX confirmed that Pt particles on the BDD surface were around
98.4 in mass percentage. Further confirmation of the voltammetry results in the activation step
showed that the peak current clearly increased after reactivation with electrodeposition [Fig.
3()].

To confirm the effects of all the treatments on the structure of BDD (sp3 carbon), Raman
characterization was performed (Fig. 4). All spectra show a sharp sp° peak at around 1330 cm ™!
and the absence of the sp” peaks at around 1500 cm !, indicating that all the steps in the above
treatments did not damage the sp® structure of BDD.!7-18:26)

The chemical composition of the BDD surface before and after modification was studied
by XPS (Fig. 5). All spectra show peaks of Pt 47/, and 4fs), at binding energies of around 71.0
and 74.6 eV, respectively, confirming that Pt was successfully deposited on BDD. The Pt peak
intensity after wet chemical seeding (line a) was very low as the interaction between Pt and
the BDD surface relied on the adsorption of BHs with metal ions. The intensities of both Pt
peaks increased after the electrochemical overgrowth of Pt seeds, which later decreased after
the thermal annealing step in N atmosphere, confirming the formation of the passivation layer
during this step. After the refresh step, the Pt peak intensity did not significantly increase,
suggesting that the step could not remove the passive layer completely. However, the peak
increased after the activation step, suggesting the increase in the amount of active platinum on
the surface of the electrode.
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Fig. 4. (Color online) Raman spectra of the original Fig.5. (Color online) XPS spectra of Pt-BDD
bare BDD (line a) and Pt-BDD after wet chemical after wet chemical seeding (line a), electrochemical
seeding (line b), thermal annealing (line ¢), and overgrowth of Pt seeds (line b), thermal annealing (line

activation step (line d). ¢), refresh step (line d), and activation step (line e).
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XRD patterns were measured to study the crystal structure of the Pt-BDD surface during
the modification steps (Fig. 6). A sharp peak at 20 of 43.23° indicated the presence of the
(111)-diamond phase of the BDD film.?"?”) The Pt deposited on the BDD surface formed a
face-centered cubic (fcc) pattern with sharp peaks of Pt (111) and Pt (220) at 28 values of 39.73
and 75.22, respectively. The sharp peaks observed also indicated that the Pt particles deposited
by this method produced crystalline Pt.

After the wet chemical seeding steps (Fig. 6, line a), the XRD spectrum showed that the Pt (111)
and Pt (220) peaks slightly shifted to 40.08 and 75.43, respectively. Moreover, the decrease in
peak intensity confirmed the formation of the passivation layer at Pt particles during annealing (Fig.
6, line b). However, the peaks of Pt (111) and Pt (220) shifted back to 26 values of around 39.79
and 75.13 after the activation step (Fig. 6, line c), although they could not recover to the initial
20 resulting in the seeding step. This is probably caused by the deposition of Pt occurring only
on the Pt particles, which has been successfully activated on the BDD surface. As the activation
step could not totally remove the passivation surface, the area that could be electrodeposited
with Pt became smaller than that obtained by the wet chemical seeding step.

3.2 Response measurements of acrylamide biosensor

Hb was immobilized by dropping the Hb solution on the Pt-BDD surface. Hb contains
electroactive heme groups inside its globin structure. In metal-based electrodes, such as gold
and platinum, the measurements of Hb by CV resulted in an oxidation peak of the quasi-
reversible reaction of Hb-Fe®*/Hb-Fe?* as an active center.®”) However, in the presence of
acrylamide, adduct compounds of Hb are formed as reaction products between acrylamide and
—NH; of valine terminals.®*® Such adduct compounds can change the Hb structure, affecting
the accessibility of the active center of Hb to electrodes. Thus, slower kinetics occurred and the
oxidation current peak intensity of the active center of heme decreased.(-2%39

Figure 7 shows a comparison of CV at various concentrations of acrylamide in 0.1 M ABS
(pH 4.8) at Hb-Pt, Hb-BDD, and Pt-BDD electrodes. Although the decrease in peak current
was observed at around +1.0 V (vs Ag/AgCl) at the Hb-Pt electrode [Figs. 7(a) and 7(b)], the
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Fig. 6.  (Color online) XRD patterns of Pt-BDD after wet chemical seeding (line a), thermal annealing (line b),
and activation step (line c).
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Fig. 7. (Color online) Cyclic voltammograms of various concentrations of acrylamide and its related magnification
at (a and b) Hb-Pt, (c and d) Hb-BDD, and (e and f) Pt-BDD electrodes.

difference was too small to observe. On the other hand, there was no correlation observed
between the peak currents with the increase in acrylamide concentration at the Hb-BDD
electrode since BDD has very weak responses to Hb [Figs. 7(c) and 7(d)]. In the case of the
Pt-BDD electrode [Figs. 7(e) and 7(f)], although the oxidation reduction of Pt was observed,
acrylamide is not particularly electroactive at both the Pt and BDD electrodes, resulting in the
lack of correlation between current and acrylamide concentration.
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In Hb-Pt-BDD (Fig. 8), typical oxidation peaks at around +1.0 V (vs Ag/AgCl) were
observed to decrease with the increase in acrylamide concentration. The plots of the maximum
peak currents of acrylamide in the concentration range of 0.01 to 0.1 nM show good linearity
with R? = 0.991. The estimated limit of detection (LoD) calculated from the intercept of the
linear equation added by standard deviation times three was found to be 0.0085 nM, while that
of quantification (LoQ) was 0.026 nM. This LoQ was the lowest concentration that could be
measured in real measurements. The results indicated that Hb-Pt-BDD could be a promising
electrode for application in an acrylamide biosensor.

Lastly, the stability of Pt-BDD was examined. Figure 9 shows the SEM images of Hb-
Pt-BDD after preparation, application as acrylamide sensors, and cleaning Hb. There was
no significant difference between the results obtained before and after application as the
acrylamide sensors as also observed in the voltammetry responses of acrylamide. The Hb-Pt-
BDD electrode could be applied with good stability for at least 10 times to make calibration
curves of acrylamide in the concentration range of 0.01 to 0.1 nM before the responses
decreased.

EDX measurements were used to characterize the changes observed in the electrodes before
and after application as acrylamide sensors. Table 1 shows that the chemical composition of the
electrodes changed before and after applications. Although the mass percentage of Fe on the
electrode surface decreased, the Pt composition increased significantly from 81.27 to 97.98%,
suggesting that some amount of Hb was released to expose platinum particles under the Hb
film.

To remove Hb from the Pt-BDD surface, cleaning with CV in the potential range of —1.0
to +2.0 V (vs Ag/AgCl) in 0.1 M NaClO4 was performed. The SEM image of Pt-BDD after
cleaning with CV [Fig. 9(c)] shows that the figure was comparable to that of BDD before
modification with Hb [Fig. 2(e)].
percentage of Pt increased after cleaning (Table 1).

However, further study by EDX shows that the mass
In contrast, the mass percentage of Fe
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Fig. 8.

(Color online) (a) Cyclic voltammograms of various concentrations of acrylamide Hb-Pt-BDD, (b) its
magnification, and (c) peak currents as functions of acrylamide concentration.
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Fig. 9. SEM images of Hb-Pt-BDD (a) as-prepared, (b) after 10 applications as acrylamide sensors, and (c) after
cleaning with CV in 0.1 M NaCl0y.

Table 1
Chemical compositions of Pt-BDD electrode in the absence of Hb and Hb-Pt-BDD electrodes as prepared,
application as acrylamide sensors, and after cleaning with CV in 0.1 m NaClOy4 solution.

Element Before Hb modification As prepared After application After cleaning
(%omass) (% mass) (% mass) (% mass)

C 4.61 16.77 10.96 8.25

(6] 0.59 1.81 0.91 1.24

Fe NA 0.15 0.09 NA

Pt 94.80 81.27 87.98 90.60

decreased. The decrease in the mass percentage of Fe into zero indicated that Hb could
be totally released from the Pt-BDD surface. Further comparison with Pt-BDD before
modification with Hb shows that the amount of Pt slightly decreases (by around 4%), suggesting
good stability of Pt particles on the BDD surface.

4. Conclusions

Pt particles have been successfully modified on a BDD surface using several steps, including
the wet chemical seeding of Pt particles, the electrochemical overgrowth of Pt seeds, thermal
annealing at 700 °C under N; atmosphere, and refresh and activation steps of Pt-BDD by CV.
This method gives the high stability of Pt particles induced by modification with Hb and low
LoD (0.0085 nM) and LoQ (0.026 nM) for acrylamide sensors. This shows that the method of
preparing Pt-BDD was promising for online applications, including food and environmental
monitoring.
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