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Abstract: With rising healthcare costs and to improve patient health, diagnostic laboratories have been
challenged to develop new tests that are easy, reliable, cost—effective and accurate and to optimize
existing protocols by making them faster and more beneficial. Determination of ascorbic acid in
sample is one of the most vital biochemical parameters in healthcare. With the availability of new
materials used for developing new sensing techniques has led to remarkable innovations in the design
and construction of ascorbic acid biosensors. The present review describes the specifications of most
of the electrochemical ascorbic acid biosensors reported till date. Copyright © 2012 IFSA.

Keywords: Electrochemical, Ascorbic acid, Dehydroascorbate, Antioxidant, Electrode, Ascorbate
oxidase.

1. Introduction

In 1928, Nobel Prize winner, Dr. Szent-Gyorgyi isolated Vitamin C, also known as ascorbic acid, is
an essential nutrient for humans and certain other animal species. Ascorbate (an ion of ascorbic acid) is
involved in the wide range of essential metabolic reactions in all animals and plants for proper
functioning of the body. It is synthesize by almost all organisms except bats, guinea pigs, capybaras,
tarsiers, monkeys and apes, including human beings and hence essential vitamin needed from outside
sources. Some examples of good sources of vitamin C are green leafy vegetables, berries, citrus fruits,
guavas, tomatoes, melons, papayas, Cabbage, broccoli, cauliflower, leaf lettuce, tomatoes, potatoes,
and beans [1]. The vitamin C properties and its importance for human health have been studied in
detail. It participates in a variety of biochemical reactions and also important for every body process
from bone formation to scar tissue repair [2]. Vitamin C is required in the synthesis of collagen in
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connective tissue (3), neurotransmitters [2], steroid hormones [2], carnitine [4], conversion of
cholesterol to bile acids [5] and enhances iron bioavailability [6]. Ascorbic acid is a water-soluble
antioxidant [7] and helps in the protection of body against pollutants like free radicals commonly
known as Reactive Oxygen Species. Ascorbic acid act as a biological reducing agent, so it is also
linked to prevention of degenerative diseases - such as cataracts [8], certain cancers [9] and
cardiovascular diseases [10]. Ascorbic acid also promotes proper calcium absorption [11] and healing
of wounds [3]. It plays an important role in the prevention of blood clotting and bruising, and
strengthening the walls of the capillaries [12]. Vitamin C is needed for healthy gums that helps to
protect against infection, and also involved in clearing up the infections and is also believed to enhance
the immune system. Deficiency disease caused due to vitamin C is scurvy in humans [13]. However, a
shortage of vitamin C in the body may result in "pinpoint" hemorrhages under the skin and a tendency
to bruise easily, poor wound healing, soft and spongy bleeding gums and loose teeth. Edema also
occurred due to prolonged shortage of vitamin C in the body [12].

The dosage recommended by the Recommended Dietary Allowance (RDA) is 60 mg/day. This amount
helps in providing the prevention against scurvy. Recent studies in this field suggest that an intake of
200-500 mg per day may be the most beneficial for healthy people. The recommend dosage of vitamin
C for pregnant or lactating women is 75-95 mg per day. Daily intake of up to 100 mg of vitamin C is
80 to 90% absorbed. If there is any excess of vitamin C found in the body, it will lose through urine
because vitamin C is water-soluble. When extremely large amounts of vitamin C are taken, it arises
several gastrointestinal problems but it will come back to normal level when the intake of ascorbic acid
is cut or reduced. It is difficult to determine a level where a person may experience discomfort. There
are some people who can easily stomach up to 25,000 mg per day, while others start showing problems
at 600 or 1,000 mg per day.

Due to its immense importance, vitamin C is also widely used as a food additive for providing
complete nutrition to peoples. Apart its great importance in diet, there are several factors which destroy
this vitamin are air, heat, water as well as prolonged storage, overcooking and processing. It creates
problem to the individuals who do not take sufficient amount of vitamin C as recommended by RDA.
This problem can be overcome by estimate/determine the amount of vitamin C in food stuffs. There
are several methods which are used to determine ascorbic acid level in food includes- Colorimetric
method [14], UV spectrophotometric method [15], biosensor based on enzyme electrode [16], High-
Performance Liquid Chromatography [17], enzymatic colorimetric method [18], sequential injection
spectrophotometry [19]. Among these methods, enzymatic methods are comparatively better and
mostly preferred over other methods, because they are simple, sensitive, accurate and selective. The
enzyme used for these methods is ascorbate oxidase which oxidizes L-ascorbic acid into
dehydroascorbic acid by adding molecular oxygen to ascorbic acid [20]. The oxidation of ascorbic acid
occurs as follows:

At anode (working electrode):

Ascorbate oxidase

L-Ascorbate > Dehydroascorbate + 2H™ + 2¢’ (1)
Voltage: 0.6 V

At cathode (Ag/AgCl electrode):

2AgCl +2¢ » 2Ag" +2CrI 2

The reaction involved dehydrogenation of ascorbate to dehydroascorbate by ascorbate oxidase and
capture of released electrons by platinum electrode. These released electrons are relayed to
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electrometer in which it is read as current in mA (milliampere). The electrons then reach Ag/AgCl
electrode, where Ag' ions are reduced to Ag metal. This forms the basis of Ascorbic acid
determination by electrochemical biosensor techniques. The ascorbate oxidase in pure state is mainly
used in the detection of L-ascorbic acid [21]. The ascorbate oxidase is present in the fruits of the
cucurbitaceous class and the amount of ascorbate oxidase enzyme is more in the epicarp of the fruit
[22]. A theme containing ascorbate oxidase has been isolated from Pleurotus ostreatus [23]. However
there are almost no reports on the oxidation of ascorbic acid in microorganisms even though the
occurrence of ascorbate oxidase was reported in Myrothecium verrucaria [24]. There is a report on the
purification and characterization of enzyme from the culture filtrate of Acremonium sps [25].
However, the methods based on enzyme are not economical due to high cost of enzyme. This problem
can be overcome by enhancing the reusability of enzyme through immobilization of enzyme onto some
insoluble support.

2. Biosensors Based on Immobilized Enzyme onto Different Insoluble Supports

The reusable biosensors based on the immobilized ascorbate oxidase are developed for the
determination of L-ascorbic acid level in pharmaceutical, clinical and food stuffs. The versatility in the
methods of enzyme immobilization and different support used for the immobilization of ascorbate
oxidase are described below with some of the ascorbic acid biosensors reported to date.

Matsumoto et al. [26] developed an enzyme electrode with immobilized ascorbate oxidase on collagen
membrane for the determination of ascorbic acid (vitamin C).

Stevanato et al. [16] developed biosensor in which ascorbate oxidase was immobilized on CH-
Sepharose via carbodiimide. The immobilized ascorbate oxidase was utilized in a flow-through system
equipped with a polarographic detector which monitors the oxygen depletion due to the reaction:
ascorbic acid + '/, O, ascorbate oxidase dehydroascorbic acid + H,O. The response of which is linear
between 3 x 107" and 5 x 10" M ascorbic acid. The biosensor was used to measure the ascorbic acid in
biological samples such as human plasma and fruit juices at a rate of about 60 determinations every
hour with a standard deviation lower than 5%.

Macholan and Chmelikova [27] developed a Plant tissue-based membrane biosensor for L-ascorbic
acid by coupling of a slice of the mesocarp of squash (Cucurbita pepo) or cucumber (Cucumis sativus)
to a Clark-type oxygen electrode which allows 0.02-0.57 mmol 1"'L-ascorbic acid to be determined
amperometrically. One tissue slice serves for 50-80 measurements at 30 °C and pH 6. The biosensor is
highly selective towards ascorbic acid. The biosensor has response time of 70-90 s with the relative
standard deviation of about 3%.

Marques and Lima Filho [28] developed a oxygen electrode based on immobilized ascorbate oxidase
for dtermination of ascorbic acid. The detection limit of biosensor was 6.3x10™ with concentration
range from 6.3x107t0 5.0x10™ M.

Fernandes et al. [29] developed a biosensor for the determination of L-ascorbic acid. This biosensor
was based on ascorbate oxidase immobilized in a graphite/epoxy electrode by occlusion in a
poly(ethylene-co-vinyl acetate) matrix. The sub-Nerntian response (slope of 50.3+0.6 mV) showed by
the electrode was between 8.0x10 °and 4.5x10*mol 1" for ascorbate, when employing
0.1 mol I'! KH,PO4 buffer at pH 5.0 and 25.0°C. The stability of biosensor was at least 1 month when
stored in a refrigerator. The response time was about 5 min at room temperature.

Akyilaz and Dinckaya [30] fabricated the enzyme electrode for the specific determination of l-ascorbic
acid in fruit juices and vitamin C tablets. Glutaraldehyde was used for the immobilization of ascorbate
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oxidase with gelatin and prepared enzyme electrode by fixing it on pretreated Teflon membrane. The
biosensor  response depends linearly on l-ascorbic acid concentration  between
5.0x10” and 1.2x10 M with a response time 45 s. The biosensor is stable for more than 2 months and
the reusability was more than 200 times.

Fatibello-Filho and Vieira [31] prepared an ascorbic acid biosensor based on carbon paste electrode
modified with crude extract of zucchini (Cucurbita pepo) as a source of peroxidase. This biosensor can
be used for the determination of L-ascorbic acid in pharmaceutical formulations. The analytical
recovery of L-ascorbic acid from five samples ranged from 98.1 to 102.1 %. The detection limit was
2.2x10”mol L™

Greenway and Ongomo [32] developed an enzyme electrode based on ascorbate oxidase immobilized
on cyanogen bromide activated-Sepharose 4B and incorporated in a flow-injection system. The
calibration curve was linear in the range of 0—400 ng ml™' with a correlation coefficient of 0.9994. The
detection limit (26) in phosphate buffer (0.08 M, pH 5.5) was 4.0 ng ml "

Jawaheer et al. [33] developed an individual enzyme-based biosensors involving three-electrode
systems for the detection of ascorbic acid. Ascorbic acid is electrochemically active at the working
potential chosen (+350 mV vs. Ag/AgCl), it can be measured directly.

Khorasai-Motlagh and Noroozifar [34] designed a sensitive modified glassy carbon (GC) electrode for
the determination ascorbic acid. GC electrode was modified with Ni(Il)-macrocyclic complex,
tetrabutylammonium perchlorate and acetonitrile solutions. The calibration curve was linear up to
5 mM. The detection limit was 2.5 x 10 mM. This new modified GC electrode was applied to
commercial pharmaceutical tablets, injections and foods.

Tomita et al. [35] constructed an ascorbic acid biosensor by using the crude ascorbate oxidase which
was immobilized onto nylon net and fixed over the polypropylene membrane of the oxygen electrode
by an o-ring. The ascorbic acid calibration curve was linear from 1.2x10™to 1.0x10” mol L. The
evaluation of biosensor lifetime leads to 500 injections. The biosensor monitors the oxygen depletion,
which is proportional to the ascorbic acid concentration.

Paixao et al. [36] fabricated an ascorbate oxidase based positionable platinum microelectrode by
electrochemical etching for measuring the ascorbic acid content. The standard deviation was found to
be 3 %. The sensor allowed the evaluation of the spatial distribution of the ascorbic acid concentration
in oranges by in-situ measurements.

Zhang et al. [37] developed carbon fiber microelectrodes modified with multi-walled carbon nanotubes
for in vivo measurements of ascorbic acid (AA) in rat brain.

Vermeir et al. 2007 [38] fabricated a high-throughput microplate calorimetric biosensor for rapid
ascorbic acid quantification in food and pharmaceutical products. The sensor is based on microplate
differential calorimetry (MiDiCal) technology in which exothermic reaction occur between ascorbic
acid and ascorbate oxidase causes heat generation which was differentially monitored between two
neighboring wells of an IC-built wafer. The biosensor exhibited a wide functional range from 2.4 to
350 mM with a detection limit of 0.8 mM.

Zheng et al., 2009 [39] developed an ordered mesoporous carbon (OMC)/Nafion composite film for
the determination of Ascorbic acid. OMC/Nafion suspension was prepared by dispersing the insoluble
OMC into the ethanol in presence of 0.5 % nafion. After evaporation of ethanol, a uniform
OMC/Nafion composite film-coated glassy carbon electrode (GCE) was obtained by simple casting
deposition.
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Pundir et al. 2010 [40] constructed an ascorbate biosensor with immobilized ascorbate oxidase onto
epoxy resin "Araldite" membrane to measure ascorbic acid. The retention of initial activity of free
enzyme was 79.4 %. The enzyme electrode can be reused 200 times without considerable loss of
activity during the storage of 90 days when stored at 4°C.

Chauhan et al. 2011 [41] fabricated an ascorbate biosensor based on the immobilized ascorbate
oxidase for ascorbic acid determination in sera, fruit juices and vitamin C tablets. An ascorbate oxidase
was immobilized covalently onto a carboxylated multiwalled carbon nanotubes and the surface of Au
electrode was treated electrochemically for the deposition of polyaniline (c-MWCNT/PANI) layer.
Linear range, response time and detection limit were 2-206 uM, 2 s and 0.9 uM respectively. The
biosensor showed optimum response at pH 5.8 and in a broader temperature range (30—45 °C), when
polarized at +0.6 V. The analytical recovery was 91% and 6.5 % and 11.4% within and between batch
coefficients of variation respectively for five serum samples. There was a good correlation (r = 0.98)
between fruit juice ascorbic acid values by the standard 2,6-dichlorophenolindophenol (DCPIP)
method and the present method. The reusability of enzyme electrode was found 200 times with storage
period of 2 months, when stored at 4 °C.

Chauhan et al. 2011 [42] constructed a non-enzymatic ascorbate sensor by single-step electro-
deposition method. Gold electrode was modified with copper nanoparticles (CuNPs), carboxylated
multi-walled carbon nanotubes (MWCNTSs) and polyaniline (PANI) composite by electro-deposition.
The sensor showed optimum response within 2s at +0.4 V. The response was linear up to 600 uM
ascorbic acid concentration. The detection limit was 1.0 uM and half life of electrode was 4 months.

Ibupoto et al. 2011 [43] developed a biosensor based on the functionalized ZnO nanorods for
potentiometric determination of L-ascorbic acid. Ascorbate oxidase was immobilized onto the ZnO
nanorods by cross linking molecule 3-glycidoxypropy-1-trimethoxysilane (GPTS). The response time
was less than 10 seconds with detection limit of 1x10° M. The biosensor has linear concentration
range from 1x10° to 5x10™ M for the detection of vitamin C.

Yang et al., 2012 [44] developed ascorbate oxidase (AO) electrochemical biosensor based on the

biocompatible poly(3, 4-ethylenedioxythiophene) (PEDOT) matrices, which was easily prepared by
single-step electrodeposition technique in ionic liquid microemulsions.

3. Applications of Ascorbic acid Biosensor
(1) In pharmaceutical industry. Ongoing research is looking at the clinical use of vitamin C in the
prevention and treatment of human diseases. It is necessary to determine the appropriate level of

ascorbic acid for making drugs used for human diseases.

(i1) In food industry. Ascorbic acid is used as preservative in food industry. Therefore, biosensors used
for the determination of ascorbic acid in food stuffs have great value in food industry.

(ii1) In clinical diagnosis. These biosensors can be used for clinical diagnosis of human diseases by
detecting the level of ascorbic acid present in the blood, urine etc.

(iv) In determining food nutritional value. Biosensors can also be used for determining the ascorbic
acid levels in food stuffs which provide nutritional information related to these food stuffs.

147



Sensors & Transducers Journal, Vol. 143, Issue 8, August 2012, pp. 143-151

Table 1. A brief account of various ascorbate biosensors.

No. Biosensor fabrication Characteristics Reference
1 Ascorbate oxidase immobilized on collagen [26]
" | membrane. -
7 Immoblhzeq ascorbat.e. ogldase on CH- 3% 107 and 5% 104 M [16]
Sepharose via carbodiimide.
Clark-type oxygen electrode coupled with Detection limit = 0.02—0.57 mmol 1,
3. . . . o [27]
slice of mesocarp contains ascorbate oxidase | response time = 70-90 s.
Ascorbate oxidase immobilized on oxygen Detection limit = 6.3x10°,
4, electrode ve concentration range = 6.3x10” [28]
t05.0x10* M
Ascorbate oxidase immobilized in a Detection limit = 8.0x10° M, response
5. | graphite/epoxy electrode by occlusion in a time = 5 min, self life of 1 month when [29]
poly(ethylene-co-vinyl acetate) matrix stored in refrigerator
Ascorbate oxidase immobilized with gelatin L .
using glutaraldehyde and fixed on pretreated Response time = 54 >, responsse lincar
6. range =5.0 X 107 - 1.2 x 10” M, self [30]
teflon membrane served as an enzyme n
life = 2 months.
electrode
7 Carbon paste electrode modified with Detection limit =2.2 x 10° mol L™, [31]
" | peroxidase. analytical recovery = 98.1 to 102.1 %.
8 Ascorbate oxidase immobilized on cyanogen | Detection limit = 4.0 ng ml ', correlation [32]
" | bromide activated-Sepharose 4B coefficient = 0.9994.
Enzyme-based biosensors involving three-
9. [33]
electrode systems. -——=
Glassy carbon electrode modified with
10, | Nilh)-macrocyclic complex, Detection limit of 2.5 x 10 mM. [34]
tetrabutylammonium perchlorate and
acetonitrile solutions.
Ascorbate oxidase immobilized on nylon net . _ 4
Linear range = 1.2x10
11. | and fixed over the polypropylene membrane 3 B [35]
. to 1.0x10” mol L.
of the oxygen electrode by an o-ring.
Ascorbate oxidase based platinum
12. | microelectrode prepared by electrochemical o [36]
etching
13 Carbon fiber microelectrodes modified with [37]
" | multi-walled carbon nanotubes -
. . L Linear response range = 2.4 to 350 mM,
14. | microplate calorimetric biosensor detection limit = 0.8 mM. [38]
. Concentration range = 40-800 uM,
15. gﬁgﬂ?ﬁgﬁozzmposm film-coated glassy detection limit = 20 pM, correlation [39]
coefficient (r) = 0.998
. . . . Retention = 79.4 %, self life of 90 days
16. | Ascorbate oxidase immobilized epoxy resin when stored at 4 °C. [40]
Linear range = 2-206 pM, response time
Ascorbate oxidase immobilized on =2 s, detection limit = 0.9 uM,
17. | multiwalled carbon nanotubes/polyaniline analytical recovery = 91 %, correlation [41]
modified Au electrode. coefficient (r) = 0.98, self life of 2
months when stored at 4 °C.
Gold electrode modified with copper
nanoparticles (CuNPs), carboxylated multi- C .
18. | walled carbon nanotubes (MWCNTs) and _Detectlon l.1m1t. l'f) MM, response time [42]
.. . = 2s, half-life time = 4 months.
polyaniline (PANI) composite by electro-
deposition.
19 Ascorbate oxidase immobilized on ZnO Linear dynamic concentration range = [43]
" | nanorods. 1x10° to 5107 M.
Ascorbate oxidase (AO) electrochemical
20 biosensor based on the biocompatible poly(3, [44]

4-ethylenedioxythiophene) (PEDOT)
matrices
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4. Conclusion

Due to its rapid and automated analysis, biosensors provide an early warning about the health of the
peoples. Advances in application of conducting polymers to biosensors also bring revolutionary
changes in the biosensor techniques and technologies. Miniaturization of these biosensors makes them
easy to use for consumers. Thus, biosensors with all these properties are more reliable, simple,
sensitive and inexpensive than many other conventional methods.
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