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The newly formaldehyde biosensor developed that is based on coupled with enzyme (nicotinamide
adenine dinucleotide, NAD") and formaldehyde dehydrogenase (FDH) for the detection of
formaldehyde in fish samples. To maximize the reaction rate, the enzyme acts as biorecognition
immobilized with Nafion membrane which chemically modified on gold electrode. The enzyme
required nicotinamide adenide dinucleotide (NAD™) as a cofactor which then reduced to NADH during
enzymatic reaction. In the system, 0.1 M of potassium phosphate was used as the supporting
electrolyte and 0.5 mM of NAD" was added as the coenzyme. The optimum scan rate was found at 0.1
V/s while the optimum pH was at 8 via cyclic voltammetry. A linear response was ranged from 1 to 10
ppm of formaldehyde, with correlation coefficient (R?) equals to 0.9865 (RSD < 3.05%). The response
time was found less than 1 min. Formaldehyde biosensor showed reproducibility with no significant
different (p > 0.05) at 1, 5 and 10 ppm of formaldehyde (n = 10). For interferences study, it was
showed that the biosensor response retained its specificity for formaldehyde and did not respond to
equivalent additions of methanol and also ethanol and gave the percentage of formaldehyde recovered
ranging from 99.0% to 99.8%. Thus, formaldehyde biosensor is a promising tool and has a potential
application for simple, fast, reusability, reproducibility, sensitivity, storage stability, validity,
interferences and convenient method for the determination of formaldehyde in fish samples.
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1. INTRODUCTION

Formaldehyde (37%) is well-known as formalin. It has been used as preservatives in fish and
seafood to prevent microbial spoilage and prolong the storage time by fishermen or traders before
distribution and marketing the fish to consumers. Although it keeps pleasant look of the fish, also
cause protein denaturation of fish which is characterized as tough, dry and loss of its juiciness as well
as organoleptic mouth-feel. Moreover, it affected the food qualities such as unacceptable texture,
undesirable flavour, odour, colour and can even be harmful to consumers as formaldehyde residues are
retained in the fish muscles although it has been roasted, cooked and boiled [1,2].

Excessive usage of formaldehyde to treat the fish can lead to adverse effect to consumers as
reported by Yanagawa and co-workers [3], where ingestion of formaldehyde residues at certain level in
food can cause ulceration, inflammation of lining of the throat as well as necrosis of mucosal lining of
gastrointestinal tract. In more severe cases, it can induce apoptosis or retardation of cell proliferation of
tumorous cells. Also formaldehyde has been classified “as carcinogenic to humans” by International
Agency for Research on Cancer (IARC) in Group 1 [4].

The determination of formaldehyde in foods especially fish and seafood required a fast, simple
and sensitive method than the conventional methods which have many disadvantages such as time
consuming, suffered of toxic reagent (acetylacetone, trichloroacetic acid, 2,4-dinitrophenylhydrazine)
as well as easily interrupted by various interferences (methanol, aldehyde, ethanol). Methods such as
Nash, HPLC, gas chromatography and fluorescence have been used before. In these methods have
many disadvantages which involved the usages of toxic reagent in the procedure, suffer a lot of
interference, time-consuming, expensive and required well-train operator [5,6].

Currently, electrochemical biosensor has attracted attention to determine formaldehyde
concentration as it fulfilled desired criteria such as real-time measurement, high sensitivity and
selectivity toward the substrate. Several sensors have been developed for the determination of
formaldehyde including optical, polarographic, potentiometric, capacitance, impedance and
amperometric as the most method being used especially to monitor redox reaction [7-10].
Dehydrogenase enzyme is the second class of enzymes as the most being used in the construction of
amperometric biosensor for countless applications. There are more than 250 NAD®-dependent
dehydrogenase enzyme has been found recently. NAD" plays a vital role as electron transporter for the
redox reaction of substrate catalysed by enzyme. The advantage, using dehydrogenase enzyme is that
molecular oxygen never involved in the enzymatic reaction hence not hinder with the result of the
detection [11-13].

In this article, the developed formaldehyde biosensor was used to monitor the formaldehyde
redox behaviour by performing cyclic voltammetry and differential pulse voltammetry (DPV) method.
Formaldehyde dehydrogenase NAD" was used as the biorecogniton receptor in the system. The
determination of formaldehyde based on some parameters such as the effect of pH, scan rate, multiple
cycling, response ranges using immobilized enzyme, repeatability, reproducibility, storage stability,
interferences and validity.
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2. MATERIALS AND METHODS

2.1 Reagent

Formaldehyde dehydrogenase [EC 1.2.1.46] from Pseudomonase putida (specific activity
1.6 U/mg), B- nicotinamide adeninde nucleotide, reduced PB- nicotinamide adenine nucleotide,
potassium hydrogen phosphate and potassium hydroxide were purchased from Sigma, USA.
Formaldehyde (37%), Nafion® 117 solution and acetylacetone were purchased from Merck. Other
chemicals were of analytical grade and used as received without further purification. All aqueous
solutions were prepared with deionized water.

2.2 Instrumentation

Voltammetric measurements were carried out using an pAutolab III (EcoChemie, Netherland).
The electrochemical cell consisted of a platinum electrode as the counter electrode (CE), an Ag|AgCI
electrode (3 mm) as the reference electrode (RE) and a gold electrode (WE) as a working electrode.
The data was collected using a computer connected with the analyser.

2.3 Immobilization of enzyme in Nafion

A 50 mg/mL of formaldehyde dehydrogenase solution was made as the stock solution. Adding
phosphate buffer was prepared different concentrations of enzyme loading study. Nafion film was
prepared by drop-coating the gold electrode with 4 ul 0.25% of Nafion solution and then was dried in
air at room temperature (28 °C) for at least 1 h before proceeding to enzyme immobilization. A 0.25 pl
of FDH coated on the surface of gold electrode or the nafion coated gold electrode, which were
referred to herein as FDH/AUE and FDH/Nafion/AuE (enzyme deposited within nafion membrane),
respectively. The resulting electrodes were thoroughly washed and stored in pH7.0 PBS at 4 °C when
they were not in use.

2.4 Preparation of formaldehyde biosensor

The surface of the gold electrode was polished using 0.05 um alumina slurry on a smooth cloth
to ensure the surface was cleaned from any foreign residues. After that, the electrode was
ultrasonicated in an ultrasonic bath for 15 min and then dried with high purify nitrogen stream.
Potassium phosphate buffer (0.1 M) was prepared by dissolving 0.34 mg in 25 mL deionized water and
the pH was adjusted using potassium hydroxide. While the preparation of 100 ppm of formaldehyde
stock solution (6.8 pul of 37% formaldehyde in 25 mL deionized water) and different concentration of
standard formaldehyde solution was prepared by adding deionized water to stock formaldehyde at
certain amount. All the solution was prepared fresh at the beginning of each experimental works.



Int. J. Electrochem. Sci., Vol. 7, 2012 6073

2.5 Statistical analysis

All the experiments were performed in triplicate and standard deviation for all the values were
<5%. The measurements were calculated using software Minitab version 14. The statistical analysis
used to evaluate the result of ANOVA and General Linear Model (GLM).

3. RESULTS AND DISCUSSIONS

3.1 Monitoring the development formaldehyde biosensor

Each component in the electrochemical system was analysed using cyclic voltammetry in order
to determine their peak’s potential to be applied for formaldehyde detection. The component tested
were formaldehyde, phosphate buffer, NAD*, NADH and deionized water (DI). This experiment was
carried out at potential ranging from -1 to 1 volt. Determination of formaldehyde was done by
monitoring the current changes of the reduction of NAD" to NADH. Besides, this reaction was
interrelated with the concentration of formaldehyde.
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Figure 1. Cyclic voltammetry (CV) of each component in the electrochemical system by using bare
gold electrode at potential range of -1 to 1. (DI: deionized water, PB: phosphate buffer, FA:
formaldehyde, NAD: nicotinamide adenine dinucleotide, NADH: reduced nicotinamide
adenine dinucleotide)

According to Garret and Grisham [14], the typical half-cell reaction and their respective
standard reduction potential for NAD" to NADH is at -0.32 V vs. NHE which occurs directly. The
enzymatic reaction and its half-cell reaction equations are shown below:

Enzymatic reaction:
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HCHO + NAD™ + H,O FDH HCOOH + NADH + H*
—
Half-cell reaction:
NAD" +2H" +26° —— NADH + H*

In the reaction, formaldehyde dehydrogenase acts as the electron transfer to facilitate the
addition of one hydrogen atom to NAD" and reduced it to NADH, whereas formaldehyde will be
converted to formic acid. The experiment was conducted by using bare electrode to monitor the
potential peak of NAD" with and without formaldehyde, NADH and also to determine whether
formaldehyde, phosphate buffer and deionized water might coincide with NAD" /NADH peak. As
featured in Fig. 1, the potential of NAD", NADH and NAD" with addition of formaldehyde was at
range of -0.3 to -0.2 V which close to the potential cited from the literature previously described by
Garret and Grisham [14]. For deionized water, it did not exhibit any peak, while phosphate buffer
(0.25 V) and formaldehyde (-0.5 V) peaks were appeared outside the range of NAD*/NADH potential.
Therefore, such electrochemical electrolyte was applied to construct formaldehyde biosensor after
certifying the components in the system did not interfere with each other.

3.2 Effect of redox reaction
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Figure 2. Redox reaction of free and immobilized enzyme by using CV (-1 to 1 volt) in the present of
formaldehyde

The redox reaction was investigated monitoring the behaviour of enzyme reaction for free and
immobilized enzyme in the presence of formaldehyde by using cyclic voltammetry (Fig. 2). Based on
results, the intensity of cathodic peaks for the immobilization enzyme was higher than free enzyme.
This result showed that the immobilization of enzyme had advantage to support and enhanced the
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catalytic activity of enzyme to occur maximally. By retaining its position with strong adherent with
Nafion, the enzyme was recovered easily to its original form by detaching from the substrate and
product, so that it can be used continuously. Beside, immobilization of enzyme can minimize
denaturation of the enzyme during the operation and improve the stability of enzyme and also give
effect to the changes of enzyme kinetic [15]. Some researchers [16,17] reported of Nafion as an
effective protector to the coated electrode from fouling agent which existed in biological and food
sample, and also prohibited from anionic interferences.

In addition, Soldatkin et al. [18] have drawn attention to the fact that addition of Nafion
membrane can reduce the effects of buffer concentration on the sensor response significantly. By using
CV, the potential was shifted to more negatively region at -0.45 V. This scenario occurred due to the
effect of Nafion polymer properties for immobilization of the enzyme.

3.3 Effect of supporting electrolyte
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Figure 3. CV method on the effect of supporting electrolyte to redox reaction of NAD" using
immobilized enzyme in the presence of formaldehyde

Supporting electrolyte such as buffer is an important as it influenced the activation of the
enzyme effectiveness in aqueous condition without interrupting their catalytic activity. Buffer played a
vital role to maintain the native conformation of the enzyme and prevented inactivation of enzyme
resulting from surrounding factors [19]. Several compositions of buffer such as phosphate buffer
(potassium and sodium), Tris and KCI salt were carried out using cyclic voltammetry analysis in the
presence of formaldehyde using coated electrode.

As shown in Figure 3, the usage of phosphate buffer is mainly investigated as it has interesting
properties such as stability at various temperatures, non-toxic to enzyme protein (from structural
alteration), microbial resistance and can be stored for several weeks. K™ and Na" phosphate buffer can
give effect to the diffusion coefficient across the polymer since Nafion acted as a cationic-exchange
polymer that attributably from the inside of the polymer (sulfonate groups that have negatively
charge). This polymer reduced the diffusion of total proton flux through the Nafion with the ‘carrier-
mediated’ mechanism and created potential barrier for negatively charged buffer ions (PO4 that may
also form HPO,? and H,PO™) [18,20]. Phosphate buffer is also crucial to produce two hydrogen ions
in the second enzyme reaction for reduction of NADH [21].

The addition of K" and Na* phosphate and the mixture of both cationic buffers were carried out
but yielded several distinctive peaks (undesired peaks) that may interfered with the determination
which came from many possible ions effect (e.g. OH", H* and PO,*). Besides, the addition of KCI salt
did not improve the supporting electrolyte system. Although some of the experiments showed well
shape (only one peak of anodic and cathodic) response but the peaks were due to buffer redox reaction
which misinterpreted as NAD" reduction. This is proven by an experiment conducted in the absence of
formaldehyde that showed the similar voltammogram.

In other view, similar results (as mentioned above) were obtained by using Tris buffer alone or
addition of KCI salt which found the cation K* and anion CI" redox reaction. However, by using K*
phosphate buffer with KOH was showed only one distinctive peak that referred to NAD™ reduction and
appeared at negative region (around -0.5 to -0.1 volt). This is strengthened by experiment using
phosphate buffer alone without addition of formaldehyde did not yielded any peak at negative region
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as mentioned in section 3.1. Thus, K* phosphate buffer with KOH without salt is used as supporting
electrolyte in the development of formaldehyde electrochemical system.

3.4 Effect of multiple cycling
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Figure 4. CV method on the effect of multiple cycling to redox reaction of free enzyme in the presence
of formaldehyde

Multiple cycling was performed the redox reaction rate using 5 ppm of formaldehyde by cyclic
voltammetry measurement. The multiple cycling was scanned for ten times within the potential range
of -1to 1 V as shown in Fig. 4. A gradual decreased of reduction peaks was observed, indicating the
behaviour of enzymatic reaction that took place at the coating electrode declined as there was no
further interaction at active site of the enzyme occurred efficiently with the analyte. The condition of
which free enzyme did not embedded in matrix to retain its movement, made it floating freely or
‘suspended’ in electrochemical electrolyte might contributed to this matter. As can be seen, only the
first scan showed well developed voltammogram and the following cycles was a similar response and
the potential altered to the positively region a bit indicating irreversible enzymatic reaction.

3.5 Effect of pH

pH played an important role in providing the appropriate environment for the enzyme to
operate efficiently. However, different pHs may cause the activation or denaturation of the enzyme as
well as the enzyme activity significantly. Therefore, this study was conducted by using free enzyme
under its optimum pH range (6.6 to 8.3) to understand the enzyme behaviour towards various pH.
From the results (refer to Supplementary Fig. 1S), different pH caused large changes to enzyme
activity as well as the current changes measurement (using DPV method). The enzyme activity
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increased maximally up to pH 8.0 with the increasing of pH buffer but decreased after that. Besides,
the obtained result is similar as reported by Herschkovitz et al. [6]. As explained by Gonzalez-Saiz and
Pizarro [22], this phenomenon could be described by the changes of ionization state which resulted
from the different consequence of the activity as the enzyme did not go through hydrolysis reaction in
the pH range study. From this study, it showed that the enzyme activity preferred to an alkaline
microenvironment of pH 8.0 rather than acidic or neutral pH with current changes measurement of 6.7
nA with RSD value of 8.16% (n=3).

3.6 Response range using enzyme
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Figure 5. Response range of formaldehyde determination by using free form enzyme via DPV method
(0.1 M phosphate buffer, pH 8, 0.5 mM NAD", 50 mg/ml FDH, E, = -0.4 V).

This study was investigated the limitation of substrate concentration by using free enzyme. The
response range of formaldehyde was used 30 mg/mL FDH at different concentrations of formaldehyde
(0.1 to 9 ppm) using DPV method and used in triplicate. As presented in Fig. 5 the current response
was increased drastically from 0.1 to 1 ppm of formaldehyde indicating that the biosensor can be used
until 1 ppm of formaldehyde only. Beyond that concentration, the result was decreased due to system
had reached its restriction (equilibrium) and saturated with the substrate molecules hence the
enzymatic reaction could not be occurred effectively. The calibration curve of correlation coefficient
was of 0.9865. Furthermore, high concentration of formaldehyde evoked competition of substrate to
bind at the active site of the inadequate enzyme amount and slowed down the transport rate of the
substrate. Thus, it is necessary to immobilize the enzyme with suitable matrix due to improve the range
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of formaldehyde responses which would give significant impact to the performance of the biosensor
such as stability, efficiency and flexibility.

3.7 Reproducibility test

The reproducibility of formaldehyde biosensor using different working electrode that fabricated
via the same set of procedure for formaldehyde determination for ten times yielded varying signals or
current changes measurement (supplementary Fig. 2S). However, from the statistical analysis there
were no significant differences at the 0.05 probability level which indicated a good reproducibility
response without having a big variation in current changes with p-value of 1 ppm (0.988), 5 ppm
(0.995) and 10 ppm (1.000). Reproducibility was related with precision especially to obtain calibration
data from a large set of fabricate coated electrode. Therefore, in order to achieve that the aspects such
as producing the same layer thickness of coating, handling with packaging, cleanliness to avoid
redundant contamination, condition of workplace and the psychological state of the person in charge
should be given attention. There is problems probability the reasons why the reproducibility of
formaldehyde biosensor had a bit fluctuation in the current measurements.

3.8 Repeatability assay

Repeatability is defined as the degree of single coated sensor that could be used continually
for a series of measurement under the similar operating conditions which can be produced the same
result using the same concentration of the substrate. From the results, the current changes were
decreased after the subsequent measurement for the different concentrations of formaldehyde (1, 5 and
10 ppm) (supplementary Fig. 3S). In fact, repeatability essentially depends on the stability of
immobilization of enzyme in Nafion for enzymatic reaction. In this experiment, the current changes
dropped gradually after used the same working electrode and shown by high percentage of RSD (1
ppm: 26.68%; 5 ppm: 39.10% and 10 ppm: 38.37%). This was related with the weakness of the
interaction between enzyme coating and formaldehyde and caused the leaking of enzyme. Perhaps, this
problem could be enhanced by the addition of mediator or electron transporter (such as ferrocene) that
might be able to make the enzyme reaction become reversible and reusable for further enzymatic
reaction by reoxidized the NADH again. Thus, the generating stable biosensor could be used
repetitively.

3.9 Interferences studies by ratio

Continuing the previous study, the influence of interferences was carried out by adding the
potential interferences in the electrochemical that contained formaldehyde at different ratios (1:1, 1:2
and 1:3). The study was conducted by using DPV method for analysis and repeated three times. The
increase of the interference ratio which contained more interfering molecules caused the decrease of
the current changes of formaldehyde a bit (supplementary Fig. 4S). This result apparently showed by
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percentage of formaldehyde recovered which gave 99.3 to 99.8 % (ethanol) and 99.0 to 99.8 %
(methanol), respectively.

In spite of that, the biosensor response was not significantly affected by the presence of the
interferences in the system. In concluded that the formaldehyde biosensor retained its specificity
towards formaldehyde and the addition of methanol or ethanol did not give immense response.

3.10 Storage stability

This study was conducted by period of time, where the slurry of the enzyme immobilized in
Nafion was stored at 4°C for determination of formaldehyde monthly using DPV method. From the
results, the current changes measurements for storage shelf life of formaldehyde biosensor were still
90% although exceeded to six months at three different concentrations of formaldehyde (1, 5 and 10

ppm).
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Figure 6. Storage stability of formaldehyde biosensor in monthly periods (mean values + % RSD,
n=3) using DPV method.

As featured in Fig. 6, the current changes measurements were decreased slightly possibly due
to the changes of the enzyme immobilization composition and the loss of protein chain of enzyme
flexibility. There also might be due the distinction of microenvironment existed surrounding the
enzyme molecule within the polymer.

From statistical analysis, the results were significantly difference using Tukey method for
pairwise comparison with confidence interval of 95%. The storage study was dependent on the
condition of storage either dry or wet, type of buffer and the atmosphere composition (in this study
was under nitrogen). This study was important especially in the industrial sector where the material
need to be produced for a large amount and required more complex industrial set-ups and also difficult
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to monitor their stability lifetime. Therefore, it was important to determine its due date before it
perished and became ineffective [24].

4. CONCLUSION

The developed formaldehyde biosensor used with free form enzyme and immobilized in Nafion
polymer due to improve its stability and then deposited on the gold electrode. Both condition yielded
current changes which is correlated with the concentration of substrate. Using free enzyme, the peak’s
potential reduction of NAD" has found at -0.2 V. A limit of detection is 0.016 ppm of formaldehyde in
aqueous solution and a response time less than 1 min. It also showed a high reproducibility,
repeatability, storage stability and interferences for the determination of formaldehyde in fish samples.
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Figure 1S. CV method on the effect of pH to redox reaction of free enzyme in the present of
formaldehyde (mean values + % RSD, n=3)
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Figure 2S. Reproducibility of formaldehyde biosensor at different concentrations of formaldehyde
using DPV method
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Figure 3S. Repeatability of formaldehyde biosensor at different concentrations of formaldehyde using

DPV method.
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Figure 4S. Percentage of formaldehyde recovery for interferences studies (DPV) carried out at
different ratio using immobilized enzyme (mean values + % RSD, n=3).
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