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A New Method for Heavy Metals and
Aluminium Detection using Biopolymer-Based
Optical Biosensor

Ling Shing Wong, Chee Sien Wong

Abstract—A biopolymer-based biosensor for heavy metals and
aluminium (Al) detection was constructed with naturally
occurring B-carotene in palm kernel oil used as the biological
reporter. The biosensor was designed with B-carotene entrapped
by polyurethane- a polymer formed through prepolymerization
of palm kernel oil. The presence of copper (Cu), lead (Pb), zinc
(Zn), and Al was detected through the emulsification of f-
carotene, which caused the change of optical density (OD) at A =
450 nm. The results showed the OD increased with the presence
of heavy metals and Al within 0.1 mg/L - 10.0 mg/L. The
biosensor was constructed without extra steps to immobilize the
biological component and it was simple to use with one step
detection. Together with high reproducibility and fast response to
Cu within 15 minutes, the biosensor showed good potential to be
developed as a method to detect the presence of heavy metals and
Al.

Index Terms—Chemical and biological sensor, B-carotene,
heavy metals, spectrophotometry

I. INTRODUCTION

EAVY METALS and Al are widely available in the
environment. Although the detection of these metals

previously relied heavily on conventional analytical
equipment e.g. atomic absorption spectrometer and
inductively coupled plasma mass spectrometer [1-3],

biosensors are increasingly reported as alternative instruments
for the detection of these metals.

A biosensor is an analytical tool that couples a biological
component with an electronic device, in which the response
from the biological component can be captured and transduced
into readable electronic signal. To date, several sensitive
enzyme-based biosensors have been developed for the
detection of heavy metals and Al, e.g. urease conductometry
biosensor [4], a-chymotrypsin amperometric biosensor [5],
acetycholinesterase optical biosensor [6], and invertase-
mutarotase-glucose oxidase-based conductometry biosensor
[7]. Organic compound and DNA have been utilized in
biosensors for heavy metal and Al detection as well [8-10].

Cells are highly favoured biological components in
biosensors for heavy metal detection due to the ability of cells
to respond to wide range of heavy metals [11, 12]. To date,
many types of cells have been reported to be good candidates
for heavy metals detection, for example cyanobacteria [12],
algae [13-15], plant cells [16], and bacteria [17, 18]. The

biological responses of certain photosynthetic pigments, the
change in the concentration of oxygen, and the change of
enzymes’ activities in cells are some of the parameters which
have been measured to detect the presence of heavy metals.

Chlorophyll is a photosynthetic pigment which has been
widely used as the reporter group in whole cell biosensors [12,
15, 19]. A few biosensors based on carotenoids as the reporter
have been reported as well [16, 20]. However, the utilization
of carotenoids as a reporter in biosensors has been limited to
cell-bound carotenoids. To date, the application of non-cell-
bound carotenoids in biosensor application has never been
reported.

In this paper, a biopolymer-based biosensor with
immobilized B-carotene on biopolymer is reported. p-carotene
contained in the kernel of oil palm [21] was immobilized by
the polymer synthesized through the polymerization of palm
kernel oil. The emulsification of B-carotene with the heavy
metals and Al solutions was detected using a
spectrophotometer. This biosensor is novel as it uses non-cell-
bound B-carotene as the biological component. This paper is
the first to report the utilization of a biopolymer synthesized
from natural palm kernel oil in spectrometry biosensor
application.

Il. METHODOLOGY

A. Materials

Monoester polyol from palm kernel (PKO) was produced as
described by Badri et al. [22]. 24-diphenylmethane
diisocyanate (MDI) was purchased from Cosmo Polyurethane
Sdn. Bhd., Klang, Malaysia, tetrahydrofuran (THF) was
supplied by Merck Sdn. Bhd., Shah Alam, Malaysia.
Polyethylene glycol (PEG) was supplied by Fluka Chemie
Sdn. Bhd., Kuala Lumpur, Malaysia, while Cu in the form of
CuS0,.5H,0, Pb in the form of Pb(NOs),, Zn in the form of
ZnS0,4.7H,0, and Al in the form of AI(NOs); were provided
by Systerm, Shah Alam, Malaysia.

B. Preparation of Biopolymer

A volume of 12 mL of THF was added into 10 g of PKO
and stirred until PKO dissolved completely. MDI was then
added to form urethane prepolymer [23]. 2.1 g of PEG was
added followed by agitation at 200 rpm for one hour at room
temperature. After that, 350 pL of the mixture was casted onto
the clear surface of polystyrene cuvette (4.5 mL, 10 mm light
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path) (Chemopharm Sdn. Bhd., Petaling Jaya, Malaysia) and
left in room temperature for 72 hours to allow the complete
evaporation of the solvent. The dried biopolymer was light-
yellow in colour, translucent, and homogenous.

C. The OD for Detection and the Response from Polyol

In order to determine the OD for the detection, 2 mL of
distilled water and Cu solutions (0.1 ppm and 1.0 ppm) were
added respectively into cuvettes with dried biopolymer. OD
readings at A = 300 nm — 600 nm were measured at time zero
minute and 20 minutes after the exposure using
spectrophotometer Biochrom Libral2 (Chemopharm Sdn.
Bhd., Petaling Jaya, Malaysia). OD at A = 450 nm was
selected to be used for the detection of heavy metals. All the
tests in this experiment were conducted in triplicate (n = 3)
unless stated otherwise.

The response of polyol was determined by adding distilled
water and Cu solutions (1 ppm and 10 ppm) to all the
chemicals required for the biopolymer synthesis- polyol, MDI,
THF, and PEG. The response from each of the chemical to
heavy metal was determined by the change of OD at A = 450
nm at time zero minute and 20 minutes after the exposure.

D. Determination of Optimum Exposure Time

Four Cu solutions with concentrations of 0.01 mg/L, 0.10
mg/L, 1.00 mg/L, and 10.00 mg/L were prepared. 2 mL of the
respective Cu solutions were transferred into cuvettes with
dried biopolymer. Distilled water without Cu was added to
cuvette with dried biopolymer as negative control. The change
of OD was measured at A = 450 nm with 15 minutes intervals
for 60 minutes in room temperature and lighting condition.

E. Heavy Metals and Al Tests

The tests on Cu, Pb, Zn, Al (0.01 ppm, 0.10 ppm, 1.00 ppm,
and 10.00 ppm) were conducted with OD at A = 450 nm under
room condition and exposure time set at 15 minutes.

I1l. RESULTS AND DISCUSSION

A. Preparation of Biopolymer

There are several approaches to produce polyurethane, e.g.
prepolymerization, single step  polymerization, and
quasiprepolymer technique [23]. Single step polymerization
can be carried out by mixing diisocyanate and catalyst with
polyol, producing a thin layer of polymer [24].
Quasiprepolymer technique utilizes the reaction between
polyol and diisocyanate, producing urethane prepolymer with
high content of free isocyanate. The method involves creating
partial reaction between diisocyanate with polyol [25].
Prepolymerization on the other hand involves two-steps of
reaction. Firstly, the formation of urethane prepolymer takes
place by mixing polyol and diisocyanate. Then, the extension
of the urethane prepolymer occurs by adding chain extender
which leads to the formation of polyurethane. In this work, the
prepolymerization approach was used to produce the
biopolymer from PKO. The presence of [B-carotene gave
yellowish colour to PKO. The equation of formation of

polyurethane via prepolymerization is shown in Figure 1.

The prepolymerization method produced the biopolymer in
low temperature with literally no shrinkage. These
characteristics of the biopolymer show advantages in
preserving the biomolecules as well as creating a homogenous
layer of film on the surface of cuvette. In addition to that, the
biopolymer showed strong adsorption to the surface of the
cuvette, which facilitated the immobilization process. The
production of biopolymer is shown in Fig. 2.
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Fig. 2. The empty cuvette (A), cuvette with dried biopolymer before the
exposure (B), the wet biopolymer after exposure to the solution with Cu (C),
and the dried biopolymer after the exposure (D).
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B. The OD for the Detection and the Response from Polyol

B-carotene is not soluble in water and forms an emulsion in
water [26]. The emulsification caused the change of
biopolymer from yellowish translucent substance to murky
white non-translucent substance. The presence of PEG
stabilized the emulsion formed [27]. The process of micro
emulsification had made the spectrophotometry detection
possible [28].

The spectrometry tests showed that the OD increased with
the reduction of wavelength (Fig. 3). The shorter wavelength
caused a higher scattering effect which reduced the amount of
light reaching the sensor. Stable signals were produced by
wavelengths 280 nm — 600 nm. However, the test with Cu
solutions revealed a wavelength of <300 nm produced signals
that exceeded the maximum detection limit of the
spectrophotometer (> 3 Abs). Through statistical analysis, the
detection wavelength at A = 450 nm was selected. The signal
produced at A = 450 nm showed lower deviation and better
dosage-dependent response to Cu.

The tests on PEG, polyol, THF, and MDI with distilled
water and Cu solutions (1.0 ppm and 10.0 ppm) showed that
PEG didn’t cause significant increase in OD at A = 450 nm
with all the analytes. Furthermore, THF precipitated after the
contact with analytes, while high hydrophobicity of MDI
prevented the use of spectrophotometry tests. The test on
polyol however showed significant increase in OD (Average
increase of 6.79% in 1 ppm and 18.43% in 10 ppm of Cu
solutions), thus the reaction of B-carotene containing polyol to
Cu was confirmed.

C. Determination of Optimum Exposure Time

By taking the OD readings in 15mminute intervals for a
duration of 60 minutes, the response curves of the biopolymer
to 0.01 ppm, 0.10 ppm, 1.00 ppm, and 10.00 ppm Cu were
obtained (Fig. 4). The OD increase at 15 minutes of exposure
corresponded to the increase of the concentration of Cu, thus
the exposure time of the biopolymer was set at 15 minutes.

The biopolymer responded to all Cu solutions by the
emulsification of B-carotene, which had been detected using
spectrophotometer at L = 450 nm. In negative control, the OD
increased slowly to 13.24% in 60 minutes of exposure to
distilled water. With the presence of Cu, the rate of OD
increase was higher than in the negative control. The results
suggested that the presence of Cu led to the oxidization of f3-
carotene [29-31] and accelerated the emulsification. However,
the real reaction of Cu in the increasing of OD of the
biopolymer is yet to be studied.

D. Heavy metals and Al Detection

The biopolymer was tested with different concentrations of
Cu, Pb, Zn, and Al. The OD produced by all heavy metals was
higher compared to the OD of the control (Fig. 5). The
statistical analysis showed the average standard deviations of
the responses for Cu, Pb, Zn, and Al were + 0.21%, * 1.24%,
+ 2.84%, and 0.26% respectively. Low standard deviation
indicates high reproducibility, which is an advantage for
biosensor application.

In order to estimate linear detection ranges for all tested
metals, linear trend-lines were plotted on the scatter graphs.
The results for the estimated linear detection range are shown
in Table 1.
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Fig. 5. The increase of OD after 15 minutes of exposure of biopolymer to
different concentrations of Cu, Pb, Zn, and Al, compared to the negative
control

Tab. 1. The estimated linear detection range for heavy metals and Al

Heavy Linear Equation Linear Range r
Metal (ppm)
Cu y =1.885x + 13.35 0.10-10.00 0.9953
Pb y =5.402x + 5.26 0.01-10.00 0.9554
Zn y = 3.285x + 2.1567 0.01-1.00 0.9280
Al y = 1.945x - 3.6417 0.10-10.00 0.9982

The biopolymer with B-carotene has a high potential to be
used in biosensor application. The biopolymer was
synthesized with the biological reporter (B-carotene) contained
in one of the chemical ingredients (polyol), thus extra step to
immobilize the biological reporter as described in many
biosensors was no longer required [11, 32-34]. The strong
adsorption of the biopolymer to the surface of cuvette ensures
that the biopolymer remains intact on the supporting matric for
a long period of time. The tests showed the biopolymer had
high homogeneity of pB-carotene with very low standard
deviations compared to a few other biosensors [17, 32, 35].

Liu et at. [36] reported the construction of organic-inorganic
hybrid-based biosensor with unique immobilization of organic
detection element on silica surface. However, the sensor
required complicated fabrication which involved very high
temperature in certain steps. The biosensor as described in this
work could be fabricated mostly under room temperature. The
responses towards heavy metals and Al (considered as light
metal) showed the biosensor designed in this work can be
potentially used to detect wide range of metals. The working
condition under room temperature with pH near to 7 could be
an advantage for this biosensor to be used for environmental
sample assessment.

This biosensor could be used for qualitative detection for
Cu, Pb, and Zn at concentrations of 0.01 mg/L to 10.00 mg/L,
and for the detection of Al at concentrations of 0.1 mg/L to
10.0 mg/L. High r? values in the estimated linear detection
range indicates the possibility of diversification of the
biopolymer applications in quantitative detection.

IV. CONCLUSION

A novel biopolymer-based biosensor has been developed
using naturally occurring pB-carotene from palm kernel oil as
reporter group. The tests showed that the biosensor was
sensitive to Cu, Pb, Zn, and Al. The biosensor showed good
potential in terms of reproducibility and rapid response to
heavy metals and Al. In addition, the presence of B-carotene
naturally in palm kernel oil eased the immobilization of
biological reporter. The operation of the biosensor with simple
one-step detection using simple spectrophotometry equipment
was another advantage in the construction of a practical
biosensor.

[1]

[2

31

(41

(5]

[6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

REFERENCES

Z. Fang, et al., "An efficient flow-injection system with on-line
ion-exchange preconcentration for the determination of trace
amounts of heavy metals by atomic absorption spectrometry,”
Analytica Chimica Acta, vol. 164, pp. 23-39, 1984.

V. L. Dressler, et al., "Determination of heavy metals by
inductively coupled plasma mass spectrometry after on-line
separation and preconcentration,” Spectrochimica Acta Part B:
Atomic Spectroscopy, vol. 53, pp. 1527-1539, 1998.

S. Tokalioglu, et al., "Determination of heavy metals and their
speciation in lake sediments by flame atomic absorption
spectrometry after a four-stage sequential extraction procedure,"
Analytica Chimica Acta, vol. 413, pp. 33-40, 2000.

G. A. Zhylyak, et al., "Application of urease conductometric
biosensor for heavy-metal ion determination,” Sensors and
Actuators B: Chemical, vol. 24, pp. 145-148, 1995.

M. Barquero-Quir6s, et al., "Biosensor for aluminium(lil) based
on its inhibition of a-chymotrypsin immobilized on a screen-
printed carbon electrode modified with gold nanoparticles,”
Microchimica Acta, vol. 179, pp. 65-70, 2012/10/01 2012.

H.-c. Tsai and R.-a. Doong, "Simultaneous determination of pH,
urea, acetylcholine and heavy metals using array-based enzymatic
optical biosensor,” Biosensors and Bioelectronics, vol. 20, pp.
1796-1804, 2005.

O. O. Soldatkin, et al., "Novel conductometric biosensor based on
three-enzyme system for selective determination of heavy metal
ions," Bioelectrochemistry, vol. 83, pp. 25-30, 2012.

F. Long, et al., "Rapid on-site/in-situ detection of heavy metal ions
in environmental water using a structure-switching DNA optical
biosensor," Scientific Reports, vol. 3, 2013.

Y. Zhang, et al., "A novel graphene-DNA biosensor for selective
detection of mercury ions," Biosensors and Bioelectronics, vol. 48,
pp. 180-187, 2013.

A. Shokrollahi and R. Aghaei, "Spectrophotometeric determination
of trace amounts of AI** ion in water samples after cloud point
extraction using quinizarin as a complexing agent," Environmental
Monitoring and Assessment, vol. 186, pp. 1113-1121, 2014/02/01
2014.

L. S. Wong, et al., "Toxicity biosensor for the evaluation of
cadmium toxicity based on photosynthetic behavior of
cyanobacteria Anabaena torulosa," Asian Journal of Biochemistry,
vol. 3, pp. 162-168, 2008.

L. S. Wong, et al., "Whole cell biosensor using Anabaena torulosa
with optical transduction for environmental toxicity evaluation,"
Journal of Sensors, vol. 2013, p. ID 567272, 2013.

C. Chouteau, et al., "A bi-enzymatic whole cell conductometric
biosensor for heavy metal ions and pesticides detection in water
samples,” Biosensors and Bioelectronics, vol. 21, pp. 273-281,
2005.

I. Shitanda, et al., "Amperometric screen-printed algal biosensor
with flow injection analysis system for detection of environmental
toxic compounds,” Electrochimica Acta, vol. 54, pp. 4933-4936,
2009.

F. Lefevre, et al., "Algal fluorescence sensor integrated into a
microfluidic chip for water pollutant detection,” Lab on a Chip,
vol. 12, pp. 787-793, 2012.

L. S. Wong and C. W. Choong, "The responses of natural cell-
bounded carotenoids to short term of exposure to heavy metals,"
International ~ Proceedings of Chemical, Biological &
Environmental Engineering: Environment and BioScience, vol. 44,
pp. 103-108, 2012.

M. Souiri, et al., "A novel 3-D nano-assembly bacteria based
biosensor for enhanced detection of heavy metal pollutants,”
Journal of Environmental Science and Engineering A, vol. 1, pp.
924-935, 2012.

I. Ganesh, et al., "Engineered fumarate sensing Escherichia coli
based on novel chimeric two-component system," Journal of
Biotechnology, vol. 168, pp. 560-566, 2013.

Y. Ferro, et al., "Development of a Biosensor for Environmental
Monitoring Based on Microalgae Immobilized in Silica
Hydrogels," Sensors, vol. 12, pp. 16879-16891, 2012.

K. Yoshida, et al., "Novel carotenoid-based biosensor for simple
visual detection of arsenite: characterization and preliminary


https://www.researchgate.net/publication/233843770_Development_of_a_Biosensor_for_Environmental_Monitoring_Based_on_Microalgae_Immobilized_in_Silica_Hydrogels?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/233843770_Development_of_a_Biosensor_for_Environmental_Monitoring_Based_on_Microalgae_Immobilized_in_Silica_Hydrogels?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/233843770_Development_of_a_Biosensor_for_Environmental_Monitoring_Based_on_Microalgae_Immobilized_in_Silica_Hydrogels?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/233843770_Development_of_a_Biosensor_for_Environmental_Monitoring_Based_on_Microalgae_Immobilized_in_Silica_Hydrogels?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/257446106_Biosensor_for_aluminiumIII_based_on_its_inhibition_of_a-chymotrypsin_immobilized_on_a_screen-printed_carbon_electrode_modified_with_gold_nanoparticles?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/257446106_Biosensor_for_aluminiumIII_based_on_its_inhibition_of_a-chymotrypsin_immobilized_on_a_screen-printed_carbon_electrode_modified_with_gold_nanoparticles?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/257446106_Biosensor_for_aluminiumIII_based_on_its_inhibition_of_a-chymotrypsin_immobilized_on_a_screen-printed_carbon_electrode_modified_with_gold_nanoparticles?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/257446106_Biosensor_for_aluminiumIII_based_on_its_inhibition_of_a-chymotrypsin_immobilized_on_a_screen-printed_carbon_electrode_modified_with_gold_nanoparticles?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==
https://www.researchgate.net/publication/257446106_Biosensor_for_aluminiumIII_based_on_its_inhibition_of_a-chymotrypsin_immobilized_on_a_screen-printed_carbon_electrode_modified_with_gold_nanoparticles?el=1_x_8&enrichId=rgreq-02208bfab38c26a38653db5d8eb332e1-XXX&enrichSource=Y292ZXJQYWdlOzI3MjA5MjczMjtBUzoxOTU1MDE4MDc5MzU0OTJAMTQyMzYyMjY3MTMwMA==

The full article is published in IEEE Sensors Journal, Vol. 15(1), Page 471-475, January 2015.

evaluation for environmental application,” Applied and
Environmental Microbiology, vol. 74, pp. 6730-6738, 2008.

[21] C. Chong and W. Siew, "Chemical and physical properties of palm
kernel oil," in Proceedings of the World Conference on Lauric
Oils: Sources. Processing and Applications, 1994, pp. 79-83.

[22] K. H. Badri, et al., "Production of a high-functionality RBD palm
kernel oil-based polyester polyol,” Journal of Applied Polymer
Science, vol. 81, pp. 384-389, 2001.

[23] C. S. Wong and K. H. Badri, "Chemical analyses of palm kernel
oil-based polyurethane prepolymer,” Material Sciences and
Applications vol. 3, pp. 78-86, 2011.

[24] I. Clemistson, Castable Polyurethane Elastomers. New York:
Taylor & Francis Group, 2008.
[25] J. Liu, et al,, "FTIR studies on the compatibility of hard-soft

segments for polyurethane—imide copolymers with different soft
segments,” European Polymer Journal, vol. 38, pp. 661-665, 2002.

[26] B.-S. Chu, et al., "Preparation and Characterization of B-Carotene
Nanodispersions Prepared by Solvent Displacement Technique,"”
Journal of Agricultural and Food Chemistry, vol. 55, pp. 6754-
6760, 2007/08/01 2007.

[27] F. Liu and D. Liu, "Long-Circulating Emulsions (Oil-in-Water) as
Carriers for Lipophilic Drugs," Pharmaceutical Research, vol. 12,
pp. 1060-1064, 1995/07/01 1995.

[28] T. G. Mason, et al., "Nanoemulsions: formation, structure, and
physical properties," Journal of Physics: Condensed Matter, vol.
18 pp. R635-R666, 2006.

[29] D. L. Baker, et al., "Reaction of beta-carotene with cigarette smoke
oxidants. Identification of carotenoid oxidation products and
evaluation of the prooxidant/ antioxidant effect,” Chemical
Research in Toxicology, vol. 12, pp. 535-543, 1999.

[30] J. Collén, et al., "Induction of Oxidative Stress in the Red
Macroalga Gracilaria tenuistipitata by Pollutant Metals," Archives
of Environmental Contamination and Toxicology, vol. 45, pp. 337-
342, 2003/10/01 2003.

[31] E. Pinto, et al., "Heavy metal-induced oxidative stress in algae,"
Journal of Phycology, vol. 39, pp. 1008-1018, 2003.
[32] L. S. Wong, et al., "Performance of a Cyanobacteria Whole Cell-

Based Fluorescence Biosensor for Heavy Metal and Pesticide
Detection," Sensors, vol. 13, pp. 6394-6404, 2013.

[33] H. Shin, "Agarose-gel-immobilized recombinant bacterial
biosensors for simple and disposable on-site detection of phenolic
compounds,” Applied Microbiology and Biotechnology, vol. 93,
pp. 1895-1904, 2012/03/01 2012.

[34] I. Khimji, et al., "Visual optical biosensors based on DNA-
functionalized polyacrylamide hydrogels,” Methods, vol. 64, pp.
292-298, 2013.

[35] M. Di Lorenzo, et al., "A single-chamber microbial fuel cell as a
biosensor for wastewaters," Water research, vol. 43, pp. 3145-
3154, 2009.

[36] T. Liu, et al,, "An inorganic-organic hybrid optical sensor for

heavy metal ion detection based on immobilizing 4-(2-pyridylazo)-
resorcinol on functionalized HMS," Journal of Hazardous
Materials, vol. 201, pp. 155-161, 2012.



