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Abstract

A bilayered glucose biosensor consisting of tris[5-amino-1, 10-phenanthroline]iron(II) polymer film redox mediator and
a glucose oxidase layer was prepared on glassy carbon surfaces. The polymer film of the iron complex was immobilized
onto the electrode using cyclic voltammetry via electropolymerization reactions, while the enzyme layer was formed
using a BSA and glutaraldehyde crosslinking reaction. The biosensors gave the largest response in the pH range of 7-8
and were evaluated with respect to storage conditions of room temperature and 4°C. There was no significant difference
between the detection of glucose using the biosensor stored at room temperature versus one stored at 4°C and both
bilayered films remained active for 20 days. The detection limit of the biosensors was found to be 0.30 mM which
corresponds to a signal to noise ratio of 3:1.
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1. Introduction

Diabetes is a metabolic world-wide disease that results in high blood sugar. The Center for Disease Control (CDC)
reports that the estimated economic burden linked with prediabetes, gestational diabetes, and diagnosed diabetes cost
the U.S. $322 billion in 2012. The CDC also states that cost alone in treating diabetes was $245 billion in 2014. There
are numerous complications that come with diabetes including hypertension, blindness, kidney disease, and an increase
risk for a stroke or heart attack. So, the need to monitor blood glucose levels for these people is very clear and necessary.
Biosensors are devices that have the ability to do this. Specifically, enzyme-based biosensors are of great importance for
their ability to detect important biological molecules (Shen et al. 2017; Nakabayashi et al. 1998; Chuang et al. 1997;
Chi and Dong 1993; Creager and Olsen 1995; Shigehara et al. 1981; Battaglini et al. 1999; Dong et al. 1991;
Janarthanan and Mottola 1998; Ohara et al. 1994; Mafatle and Nyokong 1997). Some of these biosensors are based on
using oxygen as a redox mediator and then detecting the by-product hydrogen peroxide. The drawback in this design is
that oxygen levels vary, causing hydrogen peroxide levels and hence analytical signals to fluctuate. Other amperometric
biosensors use redox mediators that are electrostatically linked to a polymer backbone. In these latter cases, there is the
possibility that the redox mediator can leach from the polymer network attached to the electrode. The process of
immobilizing a redox mediator into a hydrogel requires approximately 48 hours to complete (Battaglini et al. 1999),
whereas in our electrode modification process, the time is shortened to 6-8 hours, and the electrode is ready to use in
one day; electropolymerization of the redox mediator described in this paper takes several minutes to complete.
Preparation of a biosensor using ferrocene and an enzyme in a hydrogel matrix is complex and requires more than eight
hours to cure the film under vacuum (Chuang, et al, 1997). The goal in this research was to develop a process in
designing a biosensor within several hours as opposed to several days. The entire immobilization processs takes less
than 10 minutes and the electrode is ready to use the same day. In addition, we show that the electrode can be stored in
room temperature or in a cold environment and the biosensor still maintains activity over a 20-day time frame; these
biosensors do not need to a prepared each day, but are designed for long-term use.

The glucose biosensor developed in this research is based on a multi-layered stepwise mechanism (Emr et al, 1995).
These layers consist of an enzyme layer, redox mediator, and finally the electrode surface. Immobilization of
compounds onto electrode surfaces via electropolymerization is a versatile method that can produce robust polymer
films consistent in thickness and electrochemical reactivity. The compound used in this research contains multiple -NH,
groups that allow extensive crosslinking possibilities. Electroplymerization of this compound produces a
three-dimensional network of active sites for reactions to occur. In this paper, the construction of the redox polymer film
based on tris[5-amino-1, 10-phenanthroline]iron(II), Fe(Phen-NH,); (Figure 1) and an enzyme layer is examined. Cyclic
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and hydrodynamic voltammetry were used to examine the response of the biosensor in the presence of glucose. The
effects of biosensor storage at different temperatures and pH were examined on the response of the biosensor.

Figure 1. Tris[5-amino-1,10-phenanthroline]lron(II)

2. Method
2.1 Reagents, Solutions, and Instrumentation

The Fe(Phen-NH;); complex was synthesized according to published procedures. Glucose oxidase (GluOx, 128,200
units/g, Type X-S: Aspergillus niger), bovine serum albumin (BSA, lyophilized powder, >96%), and glutaraldehyde (50%
in H,O) used to construct the enzyme layer film were obtained from Sigma-Aldrich (St. Louis, MO., USA). Potassium
hydrogen phosphate used to prepare the buffer solution and glucose used for detection were also purchased from
Sigma-Aldrich. The tetraecthylammonium perchlorate (TEAP), used as supporting electrolyte, was from GFS Chemicals
(Columbus, Ohio, USA). The acetonitrile used as solvent for electropolymerization was purchased from Fisher
Scientific. The water used for solution preparation was purified by reverse osmosis. All electrochemical and
electropolymerizations measurements were performed with the Wavenow Potentiostat (Pine Research Instrumentation,
Durham, NC). A three-electrode electrochemical cell was used consisting of a glassy carbon working electrode
(diameter = 3 mm), a platinum auxiliary electrode, and a Ag/AgCl, 3M NaCl reference electrode. All electrodes were
obtained by Bioanalytical Systems (West Lafayette, IN). All pH measurements were made with a Jenco pH meter.

2.2 Experimental
2.2.1 Electropolymerization of Fe Complex and Characterization of Polymer Film

The formation of the redox polymer film of Fe(Phen-NH,); was completed by electropolymerization reactions using
cyclic voltammetry (CV) (Brown et al. 2002). The electropolymerization was done on glassy carbon electrodes using
CV in a solution of 2.00 x 10~ M of Fe(Phen-NH,); in 0.10 M tetraecthylammonium perchlorate (TEAP) in acetonitrile.
A potential window of 2.00 to 0.00 V and a scan rate of 100 mV/sec for eight cycles was used for electropolymerization.
Cyclic voltammetry and hydrodynamic voltammetry were used to electrochemically characterize the polymer film in a
supporting electrolyte solution of 0.10 M TEAP in acetonitrile. Starting the potential at either 2.00 V or 0.00 V made no
difference in the ability to form the polymer film or the polymer film stability in solution upon electrochemical
stimulation. Characterization was performed for two cycles at a scan rate of 10 mV/sec in a potential window of 2.00 V
to 0.00 V.

2.2.2 Enzyme Layer Formation

The enzyme layer was made by drop casting three components onto the surface of the electrode: 25 mg/mL glucose
oxidase (GluOx), 50 mg/mL bovine serum albumin (BSA), and glutaraldehyde (Kurita et al. 2004). The GluOx and
BSA were both dissolved in a solution of 0.10 M phosphate buffer of pH 7.4; initially, 1% glutaraldehyde was used.
Glucose oxidase and BSA both in the amount of 10 pL each were placed onto the electrode. After ten minutes, 10 pL of
glutaraldehyde were placed on the GluOX and BSA dropwise. A film was formed but immediately degraded off into a
solution containing glucose. A range of concentrations of glutaraldehyde was used to form a film. It was observed that
0.25% glutaraldehyde was the optimal concentration for successful film formation. The electrode was ready to use
within eight hours.

2.2.3 Glucose Detection

After the enzyme layer formed, detection of glucose was achieved using cyclic voltammetry and hydrodynamic
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voltammetry. For cyclic voltammetry, glucose was detected from a solution of glucose dissolved in 0.10 M phosphate
buffer of pH 7.4. Cyclic voltammetry was performed in a potential window of 2.00 to 0.00 V with a scan rate of 25
mV/s for two cycles. An oxidation peak was observed at 1.050 V. This potential was used in hydrodynamic voltammetry
under constant stirring of the solution. After the background current stabilized, a 125 pL injection of 0.050 M glucose in
the same phosphate buffer was introduced to the system.

3. Results
3.1 Electropolymerization and Electrochemical Characterization

Figure 2 illustrates the electropolymerization of the iron-phenanthroline complex. The reduction and oxidation peaks
correspond to Fe*" = Fe*" + ¢". The cathodic and anodic peaks appear at ca. 1.200 V and 1.340 V, respectively, on the
first cycle of electropolymerization. The peak separation, denoted as AE,, of the first and last cycles are 0.140 and 0.270
V. Hence the electrochemistry of the iron redox processes become more quasireversible as the electropolymerization
process continues. The overall change in these potentials is the result of uncompensated resistance as the film increases
in thickness, and/or movement of counterions in the film during its formation. The electropolymerization of the iron
complex was investigated by looking at the effect of scan rate on the peak currents. Two cycles of electropolymerization
from 2.00 V to 0.00 V were completed at scan rates from 25 to 200 mV/sec. Plots of the peak currents for the oxidation
and reduction with respect to the square root of the scan rate in Figure 3 are linear. The linear trends of both the
reduction and oxidation peak currents indicate that diffusion controlled conditions dominate the mass transfer
mechanism of the redox mediator to the electrode surface during electropolymerization (Brown et al. 2002).

200.0
150.0
100.0 -
50.0

0.0

Current (LA)

-50.0

-100.0

-150.0 T T T 1
0.00 0.50 1.00 1.50 2.00
Potential (V)

Figure 2. Cyclic voltammogram of 2.00 x 10° M Fe(Phen-NH,); in 01.0 M TEAP in acetonitrile, and a scan rate of 100
mV/sec for eight cycles in a potential window of 2.00 V to 0.00 V.

3.2 Characterization

Figure 4 shows the characterization of the iron complex on the glassy carbon electrode. The peak separation and the
formal reduction potential for the redox process Fe** = Fe®* + ¢ is 0.020 V and 1.205 V, respectively. The formal
reduction potential was determined using (Epa +Epc)/2. This value is in good agreement with E® for the same redox
reaction during the electropolymerization process. No doubt that as the characterization scan rate decreases, the peak
separation will also decrease as more time is allowed for the charge transfer process to occur, relative to the time scale
of the cyclic voltammogram. The small peak separation indicates good charge transfer within the thin film. The
electrochemical response of the film is a result of electron self-exchange reactions or “electron hopping” between the
redox centers. Also, the anodic and cathodic peaks are symmetrical, but the peak width at half-height is greater than the
theoretical value of 90.4 mV.
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Figure 3. Effect of scan rate on peak current. A solution of 2.00 x 10° M Fe(Phen-NH,); in 0.10 M TEAP in acetonitrile
was used. Scan rates: 25 mV/sec — 200 mV/sec. Potential window of 2.00 V to 0.00 V was used.
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Figure 4. Cyclic voltammogram of GCE containing the polymer film of Fe(Phen-NH,); in 0.10 M TEAP in acetonitrile
and a scan rate of 10 mV/sec with a potential window of 2.00 V to 0.00 V.

This has been attributed to non-equivalent redox centers or the presence of attractive or repulsive forces with the films
(Anson et al, 1981). Previous results indicate the films do not grow in regular layers and hence it is unlikely that there is
an even distribution of redox centers across the film, both laterally and longitudinally. One characterization CV was
completed from 2.00 V to 0.00 V at a range of scan rates. The scan rates used ranged from 10 mV/sec to 100 mV/sec at
20 mV/sec intervals. The linear trends of both the reduction and oxidation peak currents with respect to the scan rate
confirm good charge transfer as shown in Figure 5.

3.3 Glucose Detection

Cyclic voltammetry was used as the initial method to characterize the bilayered electrode in buffered solutions of
glucose. Figure 6 shows an overlay of three characterization cyclic voltammograms in 1.00, 2.00, and 3.00 mM glucose
solutions.
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Figure 5. Effect of scan rate on peak current of the iron redox polymer film on a glassy carbon electrode. A supporting
electrolyte solution of 0.10 M TEAP in acetonitrile was used. Scan rates: 10 mV/sec — 100 mV/sec at 20.0 mV/sec
intervals.

Two cycles of characterization in the presence of glucose were completed at 25 mV/sec. As the concentration of glucose
increased, the peak at ca. 1.050 V increased. This characterization peak is near the same potential for the oxidation and
reduction of the iron redox center in Figures 2 and 4. This indicates that the Fe*”** redox couple is involved in the
reactions for detecting glucose.

50.0 4

40.0

1.00mM

Current (HA)
N
o
o
1

- = =200mM
10.0 A

0.00 0.50 1.00 1.50 2.00
Potential (V)

Figure 6. Overlay of cyclic voltammograms of 1.00-3.00 mM glucose detection. Two characterization cycles of glucose
were completed from 2.00 to 0.00 V at 25 mV/sec.

Typical blood glucose levels are 4.4-6.6 mM (Wang 2008). The peak currents from voltammograms were recorded and
plotted with respect to the glucose concentration (Figure 7). The calibration curve equation is: y = 3.51 pA. mM™" x +
221 pA, with R’= 0.9940. The range of standards for the calibration curve is very suitable for montinoring typical
glucose levels. The potential of 1.050 V was used as the test potential for the hydrodynamic voltammetry studies. A
current response was observed after an injection of glucose to the system. Each step-wise change in current is the result
of glucose being introduced to the system (Figure 8). The response of the biosensor towards glucose was less than 1
second. However, it required approximately 5 seconds for the response current to reach a steady-state value. This
response time and time reach steady state is better than others (e.g, 10 seconds or longer). The detection limit of 0.30
mM was determined as the concentration of glucose that provided a signal to noise ratio of 3.
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Figure 7. Linear current response with respect to concentration of glucose. The range of concentration of glucose
measured was 0.00-6.00 mM at 1.050 V. The calibration curve equation: y = 3.51 pA. mM™" x +2.21 pA, with
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Figure 8. Hydrodynamic voltammogram at an applied potential of 1.050 V (vs Ag/AgCl). Seven, 125 pL injections of
0.050 M glucose were introduced to the system

The reactions related to the detection of glucose using this system are described by equations (1)-(3):

GOx(FAD) + Glucose> GOx(FADH,) + gluconolactone (1
GOx(FADH,) + 2Fe¢**> GOx(FAD) + 2Fe’ + 2H" ()
2Fe’" > 2Fe’ +2e- 3)

In equations (2)-(3), the focus is placed on the redox transformation of iron (Fe**) in the Fe(Phen-NH,), complex
because the Phen-NH, ligand system does not undergo a reduction or oxidation within the potential window used. In
equation 1, the glucose undergoes an oxidation via the enzyme, and then the reduced form of the enzyme GOx(FADH,)
becomes oxidized by the film as shown in equation 2. The response of the film in equation 3 gives rise to the analytical
signal observed. The inset hydrodynamic diagram shows that the biosensor reaches a steady-state current within 9
seconds. During this time frame, the current varies between 7.74-7.78 pA and thereafter, until the next injection of
glucose. In approximately 5 seconds the current has reached a value of 7.74 pA and only changes to 7.78 pA within 9
seconds. This is slightly better than those reported using other methods of redox mediator immobilization strategies.

3.4 pH Study

The effect of pH on detection of glucose was studied as enzymatic activity can be affected by pH and at certain pH
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levels, the enzyme can begin to denature. This study helped gain an understanding how the enzyme layer of
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Figure 9. Plot of current change with respect to pH. The pH measured ranged from 5.00-8.00. The highest current
response was at pH 7.00.
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Figure 10. Graph showing the variation of the glucose response for two modified electrodes with glucose oxidase and
Fe(Phen-NH,); at room temperature and 4°C.

The biosensor behaved in varying pH levels. Four different solutions of 6 mM glucose were made in 0.10 M phosphate
buffer at pH 5.00, 6.00, 7.00, and 8.00. Detection of glucose was performed using CV. Two cycles were completed from
2.00 to 0.00 V at 25 mV/sec. As seen in Figure 9, the highest current response occurs at a pH of 7. It is predicted that
this relationship has a bell-shaped curve, peaking between pH 7 and 8. The pH of blood spans from 7.35-7.45 which is
in this range (Effros et al. 2010).

3.5 Temperature Storage Study

Two biosensors were constructed to study how long the devices could detect glucose and the effect of storing the
devices at different temperatures. One was stored at room temperature (RT) and the other at 4°C as shown in Figure 10.
For twenty days, each biosensor was used to detect 3 mM glucose by CV. After their usage, they were both safely stored
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at their respective temperatures. A paired #-test was used to test the difference between the current response of each
electrode every day they were used. Based on the paired #-test that at a 95% confidence level (n=11), there was no
significant difference between the responses of the two biosensors stored at room temperature (black graph) versus 4°C
(blue graph).

4. Conclusion

In this paper, the electrochemical behavior of a Fe(Phen NH,); redox polymer film in a glucose biosensor has been
investigated by cyclic and hydrodynamic voltammetric techniques. Two biosensors were stored at different
temperatures, one at room temperature and the other at 4°C. Throughout 20 days of storage, both biosensors consistently
detected glucose. It was observed that the biosensor performs best in the pH range of 7-8 which encompasses the
standard blood pH range of 7.35-7.45. The detection limit of the biosensors is 0.30 mM. Based on the studies performed,
a durable and sensitive bliayered glucose biosensor can be constructed Fe(Phen NH,); as a redox mediator.
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