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Amperometric Glucose Biosensor Based on Immobilization
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Abstract: A low cost, easy to fabricate, simple to operate, portable and disposable biosensor based
upon the enzyme glucose oxidase (GOD) has been developed. A polymer matrix of Polyethylenemine
(PEI) and Poly Carbamoylsulphonate (PCS) hydrogel has been used for the immobilization of GOD on
a Platinum (Pt) tip of a screen printed graphite electrode. A multi channel potentiostat has been utilized
in the electrode configuration for the amperometric measurement of glucose. The developed
Pt/PCS+PEI/GOD glucose biosensor system could offer a reliable method of glucose determination in
standard stock solutions. The designed glucose bio-sensor system has been duly characterized and the
results obtained are presented. The biosensor has been found to show a sensitivity of
0.72 £ 0.15 nA/puM. Also, the specificity of the enzyme electrode and the storage stability of the GOD
based biosensor system have been studied. The sensor system has also been tested with the real
samples of fruit juice, soft drink and human blood. The biosensor system has been found to possess a
potential for food analysis and clinical utility. Copyright © 2010 IFSA.

Keywords: Biosensor, Amperometry, Glucose, Glucose oxidase, Polymer matrix.
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1. Introduction

Improvevbbbbment of “life quality “is one of the most important objectives of global research efforts
dealing with any area of Science and Technology. The quality of life is closely linked to the detection
and control of diseases, food quality and safety, and quality of environment. Glucose (CsH120g) is a
major component of animal and plant carbohydrates and is the primary source of energy. In medicine
and animal physiology, the term *blood sugar’ refers to the concentration of glucose in the blood.
Diabetes mellitus is a chronic lifelong disease caused by a carbohydrate metabolic block, in which the
human body does not produce or properly use insulin, a hormone needed to convert sugars, starches
and other foods in to energy. Long-term effects include nephropathy and kidney disease, blindness,
nerve damage which often leads to lower limb amputations, heart disease and stroke. In order to
maintain normal blood sugar levels, the diabetic patients need regular sugar level monitoring and also
need daily intake of painful insulin injections. For non diabetics too, a dire necessity has arisen for
undergoing regular checkups for sugar level detection. The sugar level detection and control at an early
stage may help prevent or delay the complications of the diabetes. Hence, a great deal of research
effort is being devoted towards developing a continuous, fast and sensitive blood glucose level
monitoring system.

A quantitative determination of glucose has, therefore, become an important aspect in biochemistry,
clinical chemistry and food analysis. Numerous methods like spectrophotometry, high performance
liquid chromatography (HPLC), polarimetry, capillary electrophoreses etc. have been widely reported
[1-10] for the determination of glucose concentration. However, most of these methods are lengthy
and/or expensive in nature. Also, these methods are not found to be very appropriate for rapid field
tests. In view of the increasing concern over the quantitative determination of glucose (for medical as
well as non-medical reasons), a need has been arising, of late, for developing rapid, portable and low
cost alternate methods for the glucose analysis. Biosensors have been emerging as potential and
alternate methods of food and clinical analysis. Indeed, several researchers reported the fabrication of a
variety of amperometric type glucose biosensors for the detection of glucose concentration [11-18].
The amperometric biosensor based on enzyme electrodes has been the primary choice of the
biosensing systems because of its high sensitivity, short response time and low cost of instrumentation
[19-20]. In the construction of an amperometric biosensor, a number of immobilization techniques
such as physical entrapment, chemical immobilization in an inert matrix, covalent attachment to
electrode surfaces, cross linking etc. have been used to immobilize the relevant enzyme [21-22]. On
the other hand, conducting or non conducting polymer films prepared by an electrochemical
polymerization of a relevant monomer have also been successfully used as enzyme immobilization
media [23-24]. The electropolymerized polymer films of polypyrrole (PPy) and poly o-
phenylenediamine (PPD) received considerable attention in the preparation of glucose biosensor [18,
25-28]. However, the aspects of polymer film structure, perm selectivity character, mechanism of
enzyme incorporation etc. remained uncertain. In order to improve the performance of the glucose
biosensor by enhancing the electron transfer and minimizing the electro chemical interference, various
researchers reported the usage of nano particles [29-31] and carbon nano tubes (CNTs) [32-34].
Despite its advantages, the barrier of dispersing CNTs is known to affect the immobilization of the
enzyme. Recently, Hong Wu et al [35] reported a novel but a complex as well as an expensive type of
functionalized graphene sheet (FGS) based biosensor for sensitive glucose sensing. An important
aspect of the whole gamut of enzyme based glucose biosensor research work appears to find the most
effective immobilization method with minimum electro chemical interference.

It is, therefore, not surprising that a thorough survey and study of the available literature on the
fabrication of glucose biosensors, starting from the first generation Clark type biosensors [36] up to the
most recent carbon nano tube based ones, indicate that there is still a scope and need for the
development of an enzyme based glucose biosensor which should be simple to construct and easy to
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operate. The authors have recently reported [37, 38] the fabrication of amperometric fructose and
potentiometric urea biosensors utilizing a unique polymer matrix of polyethylenemine (PEI) and poly
carbamolylsuphonate (PCS) hydrogel for the immobilization of the enzymes. In both the cases, the
authors have found the entrapment of the enzymes in the PCS+PEI matrix very attractive due to a
strong adhesion between the enzyme and matrix. The enzyme activity could be retained for longer
duration with high sensitivity and low electro chemical interference. It is thus natural for the authors to
study the efficacy of the PCS+PEI matrix in the development of a glucose biosensor. The authors,
therefore, report the development of a glucose oxidase (GOD) enzyme based amperometric glucose
biosensor utilizing the, (PCS+PEI) polymer matrix in this communication.

2. Experimental
2.1. Chemicals and Reagents

The various solutions utilized in the present investigation were all prepared with analytical reagent
grade chemicals and double distilled water. The various enzymes, monomers, polymers, pastes and the
main chemicals used in this investigation are listed below with their makes.

2.1.2. Enzyme and Polymers

e Glucose oxidase (GOD) (EC: 1.1.34, 50,000 Unit, G-6641) (Sigma, St. Louis, USA)
e Polyethylenemine (50 % w/v aqueous solution) (PEI) (Sigma, USA)
e Poly (carbamoylsulphonate) (PCS) hydrogel (Sens Lab, Germany)

2.1.3. Pastes for Screen Printed Fabrication of the Electrodes

e Platinum paste R-474 (DPM-80) (Ercon, USA)
e Graphite paste G-449 (Ercon, USA)
o Silver/Silver chloride paste R-414 (DPM-68) (Ag/AgCl) (Ercon, USA)

2.1.4. Chemicals

Disodium hydrogen phosphate 67 mM (Merck, Darmstadt, Germany)
Sodium dihydrogen phosphate 67 mM (Merck, Darmstadt, Germany)
Potassium chloride 0.1 M KCI, (Merck, Darmstadt, Germany)
Sodium chloride (Merck, Darmstadt, Germany)

Sodium hydroxide (Merck, Darmstadt, Germany)

D (+) glucose (Sigma, Deisenhofer, Germany)

Ascorbic acid (Sigma, St. Louis, USA)

2.1.5. Apparatus
e Micro pipette (Eppendorf, Germany)

e Multi-Channel ISE/pH/mV/ORP/Temperature Bench top Meter (Thermo Orion, USA)
e Ag/AgCl reference electrode (Thermo Orion, USA)
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2.2. Electrode Fabrication and Enzyme Immobilization

The most common type of working electrodes in amperometric biosensors are platinum, gold and
graphite for the anodic oxidation. In the present investigation, platinum (Pt) was chosen due to its high
chemical inertness and also it provides a wide range of anode working potentials with low electrical
resistivity. The electrode fabrication procedure for the glucose biosensor was essentially the same as
that reported, earlier, by the authors [37] for the amperometric fructose biosensor. However, for the
purpose of continuity and clarity, some of the details of the electrode fabrication are being repeated
here.

The base transducer used in the present work was also a screen printed graphite electrode on a Melinex
sheet of 150 p thicknesses. The graphite paste was screen printed using screens having a mesh size of
68 u. Before and after screen printing, the sheet was annealed for 60 minutes at 373 K. After that,
using a laminating machine (SANON, CR-309, India) a round shaped platinum disk having a 3 mm
diameter was sandwiched between one end of the graphite screen printed electrode and a blank
polyester sheet having a punched hole for exposing the platinum tip. Hence, the lamination was done
in such a way, leaving a round shaped platinum tip of about 0.3 cm diameter exposed for the enzyme
immobilization purpose later. The other end of the electrode was left un-laminated for the electrical
contact purpose. The entire lamination process was carried out at 413 K. A large number of graphite
based platinum tipped electrodes were fabricated in a similar way.

A PCS solution was prepared by dissolving 150 mg PCS prepolymer in 400 ul deionized water. Next,
a PEI solution was prepared by dissolving 2.5 mg PEI prepolymer in 50 ul deionized water. Then, the
GOD enzyme of 4.18 mg was mixed with a 100 pl potassium phosphate buffer solution. The enzyme
solutions were stored at -20°C and were used later as the enzyme stock solutions. A mixture of PCS
and PEI solution was prepared by slowly adding PEI solution using a micro pipette (Eppendorf,
Germany) in to the acidic PCS solution. The PEI (2.5 % in aqueous solution) was added till the pH
value of the mixture solution reached 5.4. Then, 50 ul of GOD stock solution was added to the mixed
solution of PCS and PEI in a proportion of 1:1 and gently stirred at the room temperature of 303 K.
Using the micro pipette, 2 pl mixture of GOD and PCS+PEI solution was dropped on the platinum tip
of the working electrode at the room temperature of 303 K. A batch of several working electrodes were
prepared accordingly and were all kept at 4 °C over night. Fig. 1 shows a schematic of a typical
working electrode for immobilization of GOD through PCS+PEI polymer matrix for use in the
amperometric measurements.

PtPCS+EEL/GOD

Cross Section

Graphite Conducting Track

Electrical Contact Pad Lamination Part

Top View

Fig. 1. Schematic of a typical working electrode of Pt/PCS+PEI/GOD for amperometric measurements.
132



Sensors & Transducers Journal, Vol. 119, Issue 8, August 2010, pp. 129-141

2.3. Measurements

The glucose, in the presence of GOD, produces gluconic acid and hydrogen peroxide (H.0,). By
applying a suitable potential of, say +600 mV, to the platinum electrode (against Ag/AgCI electrode)
an electrochemical oxidation of H,O, takes place. The electrochemical reactions are as follows:

Glucose + O, GOD Gluconic acid + H,0,

H,0, + 0.6V O, + 2H+ + 2¢
.
The electron current thus generated is an indicative of the glucose concentration. A calibration curve
can then be obtained and used for detecting the unknown glucose concentrations.

In the present investigation, a Multi-Channel ISE/pH/mV/ORP/Temperature Bench top Meter (Thermo
Orion, USA) was used in the electrode configuration for the amperometric measurements of glucose
detection. The fabricated enzyme based glucose biosensors were used as the working electrodes with
Ag/AgCI as the reference electrode. The electrodes were suitably dipped in to 30 ml of potassium
phosphate buffer solution and connected to the potentiostat. At the working electrode, a potential of
+600 mV with reference to the Ag/AgCl reference electrodes was applied for the glucose analyte
determination. However, before starting the actual glucose measurements with the fabricated
biosensors, a pre conditioning step was carried out by applying a potential of +1.2 V at the working
electrode (against Ag/AgCl) for about 270 sec at room temperature of 303 K. This pre conditioning
step was carried out for improving the surface morphology of the electrodes.

A 1 M glucose stock solution was prepared first. The glucose sensor was investigated in a phosphate
buffer (pH 6.8) of 30 ml solution in a measuring cell with the addition of 10 ml/1 M glucose stock
solution. Then, 30 ul of the stock solution was gradually and manually added in to this buffer solution
by a micro pipette (Eppendorf, Germany) along with a continuous stirring for about 10 to 12 minutes
to get the stable base line. A stabilized (after about 15-18 sec.) reading of the amperometric response
was then recorded on the potentiostat against the known glucose concentration. Then, solutions of the
known glucose concentrations were carefully added, as the test samples, to the above buffer to study
the glucose testing ability of the sensor. The procedure was repeated for various other concentrations
of glucose in steps of 30 ul and a calibration curve was, thus, obtained. It is to be noted here that the
sensor was connected to the potentiostat continuously during the entire calibration procedure.

Commercial brands of fruit juice (orange and apple juices), soft drinks (fanta and cola) and also,
human blood samples collected from the local pathological testing laboratories where used as the real
samples for the detection of their glucose concentration levels by the fabricated Pt/PCS+PEI/GOD
glucose biosensor system. The results obtained were than compared with those obtained by the
commercial methods.

3. Results and Discussion
3.1. Response Behaviour
The effect of the working potential on the amperometric response of the enzyme electrode was

examined in the potential range of 300-900 mV against Ag/AgCl reference. The highest amperometric
response was obtained at a potential of 600 mV (Fig. 2).
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Fig. 2. Effect of working potential on the response.

Fig. 3 shows the variations of the amperometric current generated in the bio-electro chemical cell
when standard glucose stock solution samples of 20 pug/ml were added in steps. After each addition,
the current was found to increase proportionately. The average increase was 15 = 0.50 nA per each
20 pg/ml. The response was found to be very fast (10 to 15 sec) and the signal was stable between the
sample additions. The recovery time was about 30 seconds. The response time depends upon the
analyte, co-substrate and the product transport through different membranes. The thickness and
permeability of the polymer matrix (membrane) are very critical in determining the response
behaviour. They also depend upon the activity of the molecular reorganization system. The higher the
activity of the system, the smaller will be the response time.
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Fig. 3. The amperometric response of the enzyme electrode to successive glucose additions.
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3.2. Calibration Curve and Sensitivity

Using the amperometric responses obtained from Fig. 3, a typical calibration curve for the developed
glucose biosensor was obtained as shown in Fig. 4. It is clearly seen from the Fig. 4 that the enzyme
electrode produces a linear steady state amperometric response up to 10-12 mM glucose. The
calibration curve exhibits a good linearity with a correlation coefficient of 0.9998 (n=10).

The existence of this linear relationship between the current and concentration of glucose is important
for the accurate determination of glucose levels in human blood which lie within a narrow range
of 3.5 to 5.0 mM [39]. The response current approached a saturation value at higher glucose
concentrations in the present case and the trend was found to be similar for a number of electrodes.
The sensitivity or slope of the linear calibration curve of the Pt/PCS+PEI/GOD glucose biosensor
system has been found to be 0.72 £ 0.15 nA/uM. In addition, the detection limit for the designed
glucose biosensor system has been observed to be about 0.35 pM. The limit was calculated following
the procedure reported by Susana et al. [40] using the values of the slope of the linear calibration plot
and the standard deviation. The standard deviation was estimated from the amperometric signals
(n = 10) of 8 mM glucose.
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Fig. 4. Calibration curve of the enzyme electrode for glucose.

3.3. pH Dependence

The pH dependence of the buffer medium on the amperometric response to the glucose of the enzyme
electrode was studied over the clinically and commercially relevant range. The pH optimum of an
immobilized enzyme may not be the same as that of the soluble enzyme. Bound to a negatively
charged matrix, the pH optimum shifts to higher value, while on a positively charged support, the
converse may be true [41].

Fig. 5 shows the biosensor response against the pH of the buffer solution used. The highest response
was observed at pH 6.8 which was subsequently utilized in further studies. However, it is important to
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note that the glucose assay is based up on the electrochemical oxidation of the hydrogen peroxide
which itself is a pH dependent redox process. The pH dependence of the biosensor system might also
be due to the contribution of the polymer matrix’s amphiphilic characteristics in the micro
environment of the enzyme near the bulk electrode.

Response (nA)

e

0/0
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Fig. 5. Influence of pH on the response of the glucose biosensor.

3.4. Temperature Dependence

The effect of temperature of the buffer solution on the response of the Pt/PCS+PEI/GOD glucose
biosensor system was studied in the range of 283 — 333 K (Fig. 6). It is seen that the amperometric
response initially increases with the temperature and decreases later. The response reached a maximum
at about 308 K. The decrease of the response after 308 K may be attributed to the thermal inactivation
of the enzyme or the enhanced disproportionate kinetics of hydrogen peroxide at higher temperatures
which is favored over the electrochemical oxidation at the platinum electrode [42].
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Fig. 6. Effect of temperature on the response of the glucose biosensor.
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3.5. Specificity, Selectivity and Interference

In order to confirm the specificity of the enzyme electrode, the amperometric response to glucose
injections without the enzyme were checked. Since, no measurable amperometric response could be
observed, it has been concluded that the enzyme layer in polymer matrix was not only essential but
also responsible for the observed results. The use of enzyme based amperometric glucose biosensors
for determining substrates in complex media, like biological fluids, poses some problems such as the
interference of electro active species giving a Faradic response at the working potential or fouling of
the electrode surface [20]. The interference of electro active species can be decreased by using a
mediator to decrease the working potential. In the present investigation, a working potential of
+600 mV against Ag/AgCl was used for the glucose detection. At such a potential, there may be
interferences from other oxdisable species such as ascorbic acid (AA), uric acid (UA), acetaminophen
(AP) etc.

One approach to avoid interferents and improve the selectivity is the use of selective membranes that
are permeable for hydrogen peroxide but not permeable to interferents’ spices like AA, UA, AP etc. in
glucose detection. In general, the selectivity of the polymer/membrane used in the enzyme
immobilization depends on its pore size and charges [22]. Recently, electropolymerized non-
conducting polymer films have been used to develop enzyme based amperometric biosensors [43]. The
non-conducting polymers normally exhibit good selectivity and fast response and, therefore, have
attracted much attention recently. However, their use is still a matter of concern in the biosensor
research because of their relatively high detection limit and low response currents. To increase the
response current, ferrocene, an electron transfer mediator for the amperometric hydrogen peroxide
sensor, has been used in the biosensors based on the non-conducting polymer [39, 44-45]. Hence, in
order to mitigate the interference effects, the recent glucose biosensor systems utilize electro
polymerization of non-conducting polymers with artificial mediators, making the whole process still
more complex.

The authors, in the present investigation, utilized a unique but a simple to synthesize polymer matrix of
PCS+PEI without any artificial mediator. The system was then subjected to interference tests by
adding AA and UA in to the biosensor cell system. The sensor was found to respond successfully to
glucose injections in the presence of these interferents. The interfering effects were estimated as a
percentage of difference in the biosensor signal recorded in the presence of the interferents. The
difference in the response current was found within 3 % of relative standard deviation (RSD). The
PCS+PEI polymer matrix used in the present investigation has been found to act as an effective barrier
to protect the electrodes from the AA and UA interference as well as from the fouling during the
glucose detection. Probably the size exclusion and/or anion—exclusion capabilities of the unique
PCS+PEI matrix resulted in the suppression of the interferences. The antifouling property of the
polymer matrix should make the present sensor system highly suitable for the determination of glucose
very effectively in biological fluids such as blood or serum and also in fruit juices and other food
products.

3.6. Storage Stability and Shelf Life

Most enzymes lose their activity when not stored in refrigerator, and therefore, storage at low
temperature (+4 °C) is one of the most important parameters to retain the stability of glucose
biosensors. Moreover, in order to attain high water content in the immobilized layer, the sensors were
kept in a closed bottle together with wet cotton to achieve moisture condition. Fig. 7 compares the
storage stability of the two enzyme sensors under different moist conditions of the refrigerator.
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The operational stability of a biosensor response may vary considerably depending upon the sensor
geometry, method of preparation, biological recognition reactions etc. Although some biosensors have
been reported to be usable under laboratory conditions for more than one year, their practical life time
is either unknown or limited to a few days/weeks when they are incorporated in to practical use.
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Fig. 7. Storage stability of Pt/PCS+PEI/GOD glucose biosensor. Inset shows continuous
operation of the biosensor.

The life time of the biosensor of the present investigation was found to be in the range of 5-6 days and
a slight decrease in electrode response was observed later, in a continuous operation. This life time is
quite suitable for disposable types of biosensors. A gradual decrease in the amperometric current was
observed after an average of 25 to 30 measurements (at room temperature of 303 K) of 12 Hours/Day
continuous operation. An untested Pt/PCS+PEI/GOD biosensor system was found to remain intact for
about four months or so. A prudent use, maximum 12 hours/day operation and storage at very low
temperatures, enabled the sensor system to function properly up to about 60-75 days.

3.7. Real Samples

The fabricated enzyme based glucose biosensor has been then tested for real sample analysis by using
a commercial soft drink of ‘fanta’, ‘cola’, fruit juices of orange and apple and also human blood
samples collected from hospitals. The results obtained for the fruit juices and soft drinks were
compared with those obtained with HPLC test. The content of glucose in the blood samples
determined by the biosensor was compared with those measured by the biochemical analyzer of the
hospital. Table 1 summarizes the results obtained during the present investigation.

The results indicate that the performance of the Pt/PCS+PEI/GOD biosensor system is at par with the
commercially accepted methods.

In the present case, the GOD was immobilized in a polymer matrix of PEI and PCS hydrogel. The
combination of PCS hydrogel and the layer forming PEI were found to offer a better enzyme
entrapment instead of the layer only type of entrapment by the reported electropolymerized polymers.
The authors believe that the present gel entrapment based GOD biosensor offers a simpler option
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compared to that of cross linking based biosensor system. Cross linking an enzyme to itself is both
expensive and inefficient as some of the protein material will inevitably be acting as a support and
resulting in a relatively low enzyme activity. In addition, the cross linking immobilization procedure
has a disadvantage of harsh treatment of bio catalyst by toxic chemicals [22]. Hence, the PCS gel
entrapment based glucose biosensor may be viewed as a low cost, easy to fabricate, simple to operate,
portable and disposable type.

Table 1. Comparison of Glucose determined by using the fabricated biosensor
and commercial HPLC/ Hospital test method.

Glucose Concentration Glucose Concentration
samples determined by dete_rnjir_led by _
Pt/PCS+PEI/GOD HPLC (fruit juice)/ Hospital
Biosensor Test (human blood)
Fruit Juice / Soft Drink
1. Orange Juice 23.41 + 0.24 mg/dL 24.08 mg/dL
2. Apple Juice 24.36 + 0.20 mg/dL 24.93 mg/dL
3. Fanta Soft drink 27.59 £ 0.12 mg/dL 27.32 mg/dL
4, Cola Soft drink 21.78 £ 0.12 mg/dL 22.32 mg/dL
Human Blood
5. Sample: 1 4.48 mM 4.36 mM
6. Sample: 2 4.12 mM 3.93 mM
7. Sample: 3 6.19 mM 6.52 mM
8. Sample: 4 5.48 mM 5.73 mM
9. Sample: 5 8.76 mM 8.44 mM

4. Conclusions

A low cost, easy to fabricate, simple to operate and a disposable type of glucose biosensor based upon
GOD enzyme immobilized in a unique polymer matrix of PCS+PEI has been developed and reported.
The sensitivity of the designed and fabricated glucose biosensor has been found to be
0.72 +£0.15 nA/uM. In addition, the lower detection limit for the glucose biosensor has been observed
to be about 0.35 uM of glucose. The PCS+PEI polymer matrix used in the present investigation has
been found to be an effective barrier to the interferents such as ascorbic acid (AA) and uric acid (UA).
The Pt/PCS+PEI/GOD glucose biosensor system has been tested for the determination of glucose
concentration in real samples of fruit juice, soft drinks and human blood. The results indicated a close
agreement with those obtained by HPLC and hospital test methods. The developed Pt/PCS+PEI/GOD
glucose biosensor system without the presences of an artificial mediator could offer a rapid and
reproducible method for the specific determination of glucose in the real samples.
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