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Glucose biosensor containing cysteine (Cys), glutaraldehyde (GA) and glucose oxidase (GOx) onto
gold electrode is constructed and already electrochemically tested. Now, the electrochemical behavior
of biosensor in human serum is further investigated and supported by morphological characterization
of layers for the first time. The morphology and microstructure of layers was examined by Fourier
transformed infra red spectroscopy (FTIR), atomic force (AFM) and optical microscopy (OM). The
electrochemical indication that the Cys-GA-GOx film on Au surface is not compact and that there
were some bare regions which remain catalytically active is supported by AFM and OM results. The
construction and the nature of bonding of Au-Cys-GA-GOx biosensor layers is confirmed by the FTIR
study.
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1. INTRODUCTION

The number of people with diabetes is growing rapidly [1, 2]. Improved glycemic control
reduced the risk of progression of complications related to diabetes mellitus. The limitations of old
concepts of measuring glycemia require new methods to assess bodily biochemistry as fast and easier
as possible, so to diagnose diabetic eye disease in the early stage. The development of an efficient
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biosensor for monitoring blood glucose levels would be great tool combating diabetes mellitus [3—8].

There is a need to develop an electrochemical glucose biosensor by immobilizing enzyme on
an electrode surface. Gold is usually used for immobilization of enzymes [9-11] and the first
modification step involve compounds with thiol (-SH) group [12—15], or cysteine as cheaper and more
stable. Glutaraldehyde (GA) is a well known powerful crosslinker with reactive aldehyde groups on
both ends and one of the most widely used reagents for the activation of aminated surface [16]. GOx is
a first choice as a biosensing model molecule in many studies because it is stable, relatively low cost
compound [17, 18], and frequently used in clinical praxis [19-21].

Numerous biosensors were already constructed and tested [22—27]. Biosensor containing Cys,
GA and GOx on gold electrode was constructed and it is preliminary electrochemically investigated
and compared with similar sensors found in available literature data [28]. The glucose oxidase-
glutaraldehyde-cysteine modified gold electrode as a biosensor exhibits excellent sensitivity,
selectivity and stability for glucose monitoring. The important advantage of the investigated system
enables proper glucose detection in biological systems because of the lack of interferences with O, or
H,0, [28].

In this work we continue development of our biosensor in human serum with the physical
insight in its layers obtained by successive attachment of Cys, GA and GOx onto gold electrode. The
electrochemical performances of biosensor are presented showing the effective potential area for
glucose sensing in human serum. The surface morphology of biosensor and structure of layers of
modified gold electrode was analyzed and characterized by FTIR, AFM and OM techniques and
connected with the electrochemical ability.

2. MATERIALS AND METHODS

2.1. Chemicals

Glucose oxidase from Aspergillus niger (EC 1.1.3.4), Type VII, 149 800 U g-1 (~ 150 U mg-1
solid), L-cysteine and D-(+)-glucose were purchased from Sigma Aldrich. Glutaraldehyde was
purchased from Acros Organics, and salts for the phosphate buffer from Merck Alkaloid. Milipore
Waters Milli-Q purification unit was used in order to obtain deionized water.

The modification of Au electrode with cysteine (Au-Cys) was performed as it was described
previously [28].

2.2. Electrochemical experiment

For cyclic voltammetry (CV), PGZ 402 Volta Lab (Radiometer Analytical, Lyon, France) was
used. The three electrode electrochemical cell and the preparation of polycrystalline gold electrode
(surface area 0.5 cm?) were described in detail previously [29]. A gold wire was used as the counter
electrode and a saturated calomel electrode (SCE) as the reference electrode. All potentials are given
vs. SCE. The electrolytes were deoxygenated by purging with nitrogen.
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The human serum was collected and clinically prepared from twenty healthy volunteers and

spiked with glucose using procedure described previously [30].

2.3. Surface characterization

IR spectra were recorded on a Thermo Scientific Nicolet 6700 FT-IR spectrometer, using the
attenuated total reflectance (ATR) technique from the Smart accessory with diamond crystal (Smart
Orbit, Thermo Scientific, Madison, WI, USA). Spectral data were collected in the mid-IR range (1800—
600 cm™ ') with 64 scans and 2 cm™' resolution. A background spectrum (32 scans) was recorded before
every sample spectrum. IR spectra were baseline corrected and smoothed using OMNIC software
(version 7.0, Thermo Scientific, USA), and exported to SPC files [31].

Atomic force microscope (AFM) was employed to observe the gold surface after each
modification step. NanoScope III A (Veeco Digital Instruments, USA) microscope was used. Tapping
mode AFM images were recorded at the room temperature using etched silicon cantilevers with force
constant 60 N/m. Image analysis was done by Nanoscope image processing software. The surface
characterization was also performed using optical microscope (Olympus CX41) connected to the

computer.

3. RESULTS AND DISCUSSION
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Figure 1. CVs obtained on Au-Cys-GA-GOx electrode using phosphate buffer (0.1 M, pH 7.0) for
different glucose concentration spiked with human serum at scan rate of 100 mVs ™. Inset: j vs.
E from -200 mV to 400 mV.

The ability of the presented biosensor for the glucose measuring was tested by CV for the
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different glucose concentrations spiked with human serum as is presented in Fig. 1. The serum samples
obtained from 20 healthy volunteers, spiked with the glucose concentrations (clinical values for
healthy people [30, 32] gave the same electrochemical response.

In the presented range of the glucose concentrations there is a linear relationship between
current vs. glucose from 1.5 to 8 mmol 17, as is presented in inset in Fig. 1. The linear current/glucose
concentrations dependency is observed in the area of the potential from -200 mV to 400 mV.
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Figure 2. FTIR spectra of: a) cysteine, b) glutaraldehyde, c) glucose oxidase, d) Au-Cys-GA-GOx
biosensor (range 4000-400 cm™), and ¢) Au-Cys-GA-GOx biosensor (range 2000-400 cm™).
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In this way the effective potential area for glucose sensing in human serum is established and it
is explained as follows. It is well known that OH™ enables glucose oxidation and the AuOH formation
on the gold surface in the potential range -0.1 to 0.3 V occurs [33]. This indicates that the Cys-GA-
GOx film on Au surface is not compact and that there were some bare regions which remain
catalytically active. It is supported by AFM and OM results and will be discussed in detail. It is
important to notice that glucose oxidation in the whole range of the potential presented in Figl
proceeds with 50% lower anodic currents on bare gold electrode than on the sensor surface [28].

In order to improve further the physical insight in the construction and the nature of bonding of
Au-Cys-GA-GOx biosensor layers, the FTIR study is performed and presented in Fig. 2.

Spectra of Cys, GA and GOx (Fig. 2. a, b, c¢) exhibit all the characteristic bands described in the
literature [34-36]. Au electrode modification is elucidated and confirmed by observing the part of the
spectrum between 1800 and 500 cm™ (Fig. 2¢). The absence of band at 1715 cm™, that in the spectrum
of GA originates from —C=0O group, indicates that reaction with enzyme amino groups occurred. The
most prominent bands in the spectrum of biosensor at 1675 and 1160 cm ™' originates from the amide I
band and enzyme carbohydrate moiety and undoubtedly confirms the attachment of glucose oxidase.
In addition, the band at 1675 cm ™' is broader in comparison to amide I band in the spectrum of free
enzyme what can be explained by overlapping with absorption of imino group formed by the reaction
of glutaraldehyde carbonyl group and enzyme amino group [37].

In order to obtain better insight in characteristics of this biosensor, it was necessary to make
analysis of all elements or layers of which the biosensor is constructed. The surface characterization of
the initial surface area (Au), as well as the surface areas after the added Cys, GA and GOx are done by
the AFM technique and the change in the surface morphology after each subsequent modification step
are presented in Fig. 3.

AFM images of pure Au surface area (Fig. 3a) and those obtained with the addition of cysteine
(Au-Cys; Fig. 3b and c). The AFM analysis showed that the RMS roughness of the surface area of Au
with the adsorbed cysteine (Au-Cys; Fig. 3b) compared with the same surface area of pure Au was
larger for about 30 % (Fig. 3a). Also, it can be seen from Fig. 3¢ that molecules of cysteine do not
cover the surface area of Au completely. This is in a complete accordance with the effective potential
area presented in inset (Fig. 1) and with the catalytic influence of pure gold electrode uncovered by
biosensor layers.

The attachment of GA was confirmed by the AFM technique as shown in Fig. 3d. The line
section analysis of the part of surface area shown in Fig. 3d is given in Fig. 3e, from which can be seen
that the size of GA agglomerates was around 300 nm. It is important to note that they are uniform over
the surface, in a size as well as in a distribution.

The immobilization of GOx on GA activated surface proceed through a two step mechanism
with the first being adsorption and the second covalent bonding [38]. By choosing Cys and GA as
linkers the adsorption was reduced to a minimum as it was previously confirmed [39]. It can be seen
from Fig. 3f that the surface area is not completely covered with the enzyme. Small enzyme aggregates
(10-20 nm) are properly grouped over the previously introduced GA.
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Figure 3. a) Au (0.65 x 0.65 x 0.1 um); (RMS: 5.875 nm), b) Au-Cys (1 x 1 x 0.15 um); (RMS: 8.704
nm), ¢) Au-Cys (10 x 10 x 1.5 pm), d) Au-Cys-GA (1.25 x 1.25 x 0.2 um), e) top view and line
section analysis of the part of surface area under d), and f) Au-Cys-Ga-GOx (3 x 3 x 0.2 um).

Due to specific crystallization of serum on the biosensor surface area, the further
characterization of the biosensor was done by the OM technique. Figure 4 shows the surface area of
the biosensor (Fig. 4a and b), as well as the surface areas of the biosensor with the added glucose (Fig.
4c and d), with the added glucose and serum (Fig. 4e, f and g), and with the added serum only (Fig. 4h
and 1).
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Figure 4. The surface morphologies characterized by optical microscopy (OM) technique: a) and b)
biosensor, ¢) and d) the biosensor with the addition of glucose, ¢), f) and g) the biosensor with
the addition of glucose and serum, and h) and 1) the biosensor with serum.

The absence of full coverage of the biosensor by ingredients already observed by the AFM
technique is confirmed by the OM technique (Fig. 4a and b). It can be seen from Fig. 4a and 4b that
the biosensor consists of small grains of spherical shape size uniformly distributed on Au electrode.
The addition of glucose had not any effect on the appearance of the biosensor at the macro level, as
shown in Fig. 4c and d. However, the remarkable change of surface morphology is observed by the
addition of serum on the biosensor with the added glucose (Fig. 4e, f and g). The appearance of the
biosensor with added glucose and serum is spider's web-like without any similarity with previously
observed surface morphologies of the biosensor. It is clear that this appearance of the surface area can
be ascribed to crystallization of serum on the biosensor with glucose, because the similar surface
morphology is observed when serum was added on the biosensor without glucose (Fig. 4h and 1). It is
necessary to note that the strong effect of serum on the surface morphology has been already observed
in the case of sildenafil citrate [29], but different from those observed here.
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Anyway, it is necessary to note that similar reports dealing with the investigation of the effect
of serum crystallization on morphology of the glucose biosensor by OM technique are not found in the
literature. Among reports using OM technique for surface characterization of different forms of serum,
it was found [40] that several crystal forms of recombinant and wild-type human serum albumin
(HSA), such as a large rhombohedral-shaped crystals and trapezoidal blades, can be grown under
suitable crystallization conditions. Investigating structural features of HSA, it was also shown [41] that
globules or spherical particles can be formed by crystallization from 10% aqueous solution of HSA. A
rod shaped micro crystals of copper complexes were formed with bovine serum albumin (BSA) using a
superficial solution-based route [42]. On the other hand, a wire shaped structures of cadmium (Il)
complexes with BSA and HSA were formed indicating that optical microscopy is a useful tool to
investigate the morphology of the formed nanostructures [43].

4. CONCLUSION

Electrochemical ability of presented biosensor exhibit a linear relationship between current vs.
glucose from 1.5 to 8 mmol "' with the effective potential range from -200 mV to 400 mV in a
samples containing human serum. This potential range is in accordance with the AuOH formation on
the gold surface enabling glucose oxidation. This indication that the Cys-GA-GOx film on Au surface
is not compact and that there were some bare regions which remain catalytically active is supported by
AFM and OM results. The construction and the nature of bonding of Au-Cys-GA-GOx biosensor
layers is confirmed the FTIR study.
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