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The Role of Thin Films in Blood Glucose and BioSensors
Abstract
Diabetes is now a ubiquitous worldwide disease. An important part of treating this disease is
continuous monitoring and management of blood glucose level. Blood glucose levels can be monitored
either in ex vivo or in vivo configurations. Electrochemical biosensors for glucose play a leading role in
this direction. Amperometric enzyme electrodes, based on glucose oxidase (GO x ) bound to electrode
transducers, are used extensively for home monitoring and have been the target of substantial research
and development. Most electrochemical glucose biosensors rely on electron transfer from glucose to
the electrode via the active site of the enzyme (GOx). However, enzymeless thin film biosensors have
also been developed. This article provides a brief description of the test mechanisms, a brief history of
this technology and summarizes the three generations of thick film and thin film blood glucose
biosensors, including those based on nanomaterials. Advanced designs utilizing carbon nanotubes and
mesoporous Pt electrodes are also addressed.
Introduction
Diabetes is a world-wide public health problem of epidemic proportion. It is one of the leading causes of
death and disability in the world. Diabetes is a group of diseases marked by high glucose levels in the
blood, which may arise from defects in insulin production or insulin action. It is found among a cluster of
metabolic diseases that includes insulin resistance, metabolic syndrome and type 2 diabetes, which are
tied to a global obesity epidemic. In many American communities, up to 40% of children presenting with
type 2 diabetes are obese [1]. Thus, the diagnosis and management of diabetes mellitus requires a tight
monitoring of blood glucose levels and self monitoring in particular.
Monitoring blood glucose levels is critical for controlling diabetes. The challenge of providing such tight
and reliable glycemic control remains the subject of enormous amount of research [2,3]. Blood glucose
levels are monitored by a variety of devices in ex vivo or in vivo configurations. The monitoring devices
are part of a larger family of biosensors.
Biosensors are analytical tools for the analysis of bio-material samples to gain an understanding
of their bio-composition, structure and function by converting a biological response into an
electrical signal. The analytical devices composed of a biological recognition element directly
interfaced to a signal transducer which together relate the concentration of an analyte (or group
of related analytes) to a measurable response.
Blood glucose biosensors utilize a subset of this family, namely bioelectrodes and electrochemical
biosensors for blood glucose play a leading role in this direction. Amperometric enzyme electrodes,
based on glucose oxidase (GOx) bound to electrode transducers, have thus been the target of
substantial research [2,3]. Since Clark and Lyons first proposed the initial concept of glucose enzyme
electrodes in 1962 [4] there has been significant activity towards the development of reliable devices for
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self monitoring and continuous diabetes control. A variety of approaches have been explored in the
operation of glucose enzyme electrodes (i.e., bioelectrodes). In addition to diabetes control, such
devices offer great promise for other important applications, ranging from food analysis to bioprocess
monitoring. Additionally, the great importance of glucose has generated an enormous number of
publications, the flow of which shows no sign of diminishing. Yet, despite of impressive advances in
glucose biosensors, there are still many challenges related to the achievement of clinically accurate tight
glycemic monitoring.

Bioelectrodes
In order to better understand diabetes monitoring and the role of thin films, it will be instructive to
briefly review the history of blood glucose sensors and how bioelectrodes function. Figure 1 shows the
basic elements of a blood glucose sensor and Figure 2 shows working principles of a biosensor. We will
be primarily interested in the bio reaction and the electrodes used in the test strip.

Figure 1. Main components of a biosensor, showing (a) the bio reaction, (b) transducer, (c) processor, (d)
amplifier and (e) display.

Figure 2. Working principles of a biosensor [5].
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The critical mechanism of the biosensor, and one that has experienced the most attention, is improved
transfer of electrons between the GOx active site and the electrode surface. The first glucose enzyme
electrode relied on a thin layer of the enzyme GO x (glucose oxidase ) entrapped over an oxygen
electrode via a semipermeable dialysis membrane [4]. Note that the entire field of biosensors can trace
its origin to this original glucose enzyme electrode (see Figure 3), the first bioelectrode. Measurements
were made based on the monitoring of the oxygen consumed by the enzyme catalyzed reaction:
GO x

glucose + oxygen → gluconic acid + H 2 O 2

Figure 3. Schematic of electrochemical
glucose sensor [5]

A negative potential was applied to a platinum (Pt) cathode for reductive detection of the oxygen
consumption: O 2 + 4H+ + 4 e- → 2H 2 O
This biosensor offered good accuracy and precision but required a blood sample size of 100 µL.
Following this initial work, a wide range of amperometric enzyme electrodes differing in electrode
design or material, immobilization approach, or membrane composition were developed [2]. The
technology advanced by using electron acceptors to replace oxygen in GO x -based blood glucose
measurements [6]. Continuous ex-vivo monitoring of blood glucose was demonstrated in 1982 [7,8].
Second generation glucose biosensors used commercial screen printed strips for self-monitoring [9-13].
Modified electrodes and tailored membranes/coatings were developed to enhance sensor performance
[14]. In the 1990s, electrical communication between the redox center of GOx and the electrode surface
was established, including the use of flexible polymer with osmium redox sites [15-19]. Minimally
invasive subcutaneously implantable devices were also developed [20-25].
It is also possible to use glucose dehydrogenase (GDH) instead of GOx for amperometric biosensing of
glucose. However, the construction of glucose biosensors based on GDH requires a source of NAD+ and a
redox mediator to lower the overvoltage for oxidation of the NADH product. Quinoprotein GDH can also
be used in connection to a pyrroloquinoline quinone (PQQ) cofactor:
Glucose + PQQ(ox) → gluconolactone + PQQ(red)
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While eliminating the need for a NAD+ cofactor, such PQQ enzymes have not been widely used owing to
their limited stability.
The following list summarizes the advancement of blood glucose biosensors, and Figure 4 summarizes
three generations based on different mechanisms of electron transfer, including the use of natural
secondary substrates, artificial redox mediators, or direct electron transfer:
•

First generation: First generation glucose biosensors relied on the use of the natural oxygen
cosubstrate, generation and detection of hydrogen peroxide. Electrons are transferred from
glucose to the electrode via the active site of the enzyme (see Figure 3).
o The biocatalytic reaction involves reduction of the flavin group (FAD) in the enzyme by
reaction with glucose to give the reduced form of the enzyme (FADH 2 ):
GO x (FAD) + glucose → GOx(FADH 2 ) + gluconolactone
Followed by reoxidation of the flavin by molecular oxygen to regenerate the oxidized form of
the enzyme GOx(FAD)
GOx(FADH 2 ) + O 2 →GOx(FAD) + H 2 O 2
o

Measurements of peroxide formation are best made using miniaturized devices which
are commonly carried out on a Pt electrode at a moderate anodic potential of around +
0.6 V (vs Ag/AgCl reference). A YSI probe is most often used, which involves the
entrapment of GOx between an inner antiinterference cellulose acetate membrane and
an outer diffusion limiting/biocompatible one.

•

Second generation: Further improvements were achieved by replacing the oxygen with a
nonphysiological (synthetic) electron acceptor capable of shuttling electrons from the redox
center of the enzyme to the surface of the electrode. This improved transfer of electrons between
the GOx active site and the electrode surface, which the limiting factor in the operation of first
generation amperometric glucose biosensors.
o Enzyme wiring with a redox polymer offered additional improvements in the electrical
contact between the redox center of GOx and electrode surfaces, as shown in Figures 2 and
3. An elegant nondiffusional route for establishing a communication link between GOx and
electrodes was accomplished by ‘wiring’ the enzyme to the surface with a long flexible
hydrophilic polymer backbone [poly(vinylpyridine) or poly(vinylimidazole)] having a dense
array of covalently linked osmium-complex electron relays.

•

Third generation: It is desirable to eliminate the mediator and develop a reagentless glucose
biosensor with a low operating potential, close to that of the redox potential of the enzyme. In
this case, the electron would be transferred directly from glucose to the electrode via the active
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site of the enzyme. The absence of mediators is the main advantage of third generation
biosensors, leading to a very high selectivity (owing to the very low operating potential).
However, acritical challenges must be overcome for the successful realization of this direct electron
transfer route owing to the spatial separation of the donor acceptor pair. Efficient direct electron
transfer at conventional electrodes has been reported only for few redox enzymes. We will address these
biosensors in more detail later in this article.

Figure 4. Three generations of amperometric enzyme electrodes for glucose based on the use of natural
oxygen cofactor (A), artificial redox mediators (B), or direct electron transfer between GOx and the
electrode (C).

Glucose Sensor Technologies
With this brief review in mind, we now address current glucose biosensor technologies and the role of
thin films. These devices are based on thick and thin film technologies, but we focus on thin films. The
most wide used technologies for self monitoring glucose blood (SMBG) testing are [5]
•

Electrochemical: Potentiometric devices (ISE and ISFET), amperometric devices (electrode),
conductometric devices (chemiresistor and BLM)
o Changes in voltage, current, impedance and/or resistance
o Includes thin and thick film electrodes
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•

Optical: Fiber optic and planar devices utilizing absorption, scatter, polarization, reflectivity and
interference of light
o Changes in wavelength, intensity, emission profile, reflectivity, fringe patterns,
polarization state and refractive index

Figure 5 shows the distribution of these technologies as of 2009. Over two thirds of the blood glucose
test strip market is based on electrochemical technology (compared to optical). Nearly half of the
market is electrochemical, with strips based on thick film electrodes. Roughly 30% of the market is
electrochemical, but based on thin-film electrodes produced by vacuum sputtering processes.

Figure 5. Distribution of blood glucose test strip technologies as of 2009 [26].
Electrochemical biosensors are well suited for addressing the needs of personal (home) glucose testing
and have played a key role in the move to a more simple one-step blood sugar testing. Since blood
glucose home testing devices are used daily to diagnose potentially life-threatening events, they must
be comprised of extremely high quality materials. As shown in Figure 5, the majority of personal blood
glucose monitors rely on disposable screen-printed enzyme electrode test strips [26,27,28]. Single use
electrode strips are mass produced by the rapid and simple thick film (screen printing) microfabrication
or vapor deposition process [29,30]. Screen printing technology involves printing patterns of conductors
and insulators onto the surface of planar solid (plastic or ceramic) substrates based on pressing the
corresponding inks through a patterned mask. Each strip contains printed working and reference
electrodes (see Figure 6), with the working one coated with the necessary reagents (i.e., enzyme,
mediator, stabilizer, surfactant, linking, and binding agents) and membranes (Figures 6 and 7). The
reagents are commonly dispensed by ink jet printing technology and deposited in the dry form. A
counter electrode and an additional (‘baseline’) working electrode may also be included. Various
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membranes (mesh, filter) are often incorporated into the test strips and along with surfactants are used
to provide a uniform sample coverage and separate the blood cells. Such single-use devices eliminate
problems of carry over, cross contamination, or drift. Overall, despite their low cost and mass
production such sensor strips are based on a high degree of sophistication essential for ensuring high
clinical accuracy.

Figure 6. Schematic of thick film blood glucose test strip [26].

Figure 7. Cross section of a commercial strip for self-testing of blood glucose (based on the Precision
biosensor manufactured by Abbott Inc.): (A) electrode system; (B) hydrophobic layer (drawing the
blood).
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Fabrication Methods for Thin Film Glucose Test Strips
Figures 7 and 8 shows an example of a test strip based on thin film electrodes [26]. Here noble metals
are used as electrodes, and evaporation processes are used primarily for fabrication of electrodes in test
strips [27]. As we see from above, virtually all electrochemical blood glucose sensors employ enzymes
because of their high selectivity. However, a major problem with these biosensors is that they are
limited for reuse due to the limited lifetime of enzymes, which causes additional expense.
In order to overcome these limitations, mesoporous (pores with a size of 2–50 nm) Pt films formed on a
rod shaped Pt microelectrode were reported for glucose detection without enzymes [31]. With this type
of electrode, the large surface area of the mesoporous Pt significantly enhanced glucose sensitively.

Figure 8. Diagram of thin film Glucose test
strip [26,27].
It is also known that the reactivity of ascorbic acid (AA) and acetaminophen (AP) with glucose in human
blood, is significantly less than with enzymes since the depth of the diffusion layer is several
micrometers in the chronoamperometric diffusion field formed in the electrochemical analysis [29]. The
response current of mesoporous Pt electrodes is large enough to be used as a working electrode
without any enzymes (e.g. GOx) because rapidly oxidizable and reducible reactants such as AA and AP
are readily dissipated in the diffusion layer and slowly reacted reactants (glucose) are distributed and
reacted along with the surface of the mesoporous Pt electrode. The properties of the mesoporous Pt
electrodes were first studied in 1997 [30].

Figure 9. (a) The fabricated Pt black electrode and b)
Mesoporous Pt electrode on a silicon substrate [26].
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Referring to Figure 9a, the planar Pt electrode was deposited by sputtering Ti and Pt films on high
resistivity silicon wafers. A Pt black electrode and the mesoporous Pt electrode were then applied over
the plane Pt electrode. Fabrication steps for this electrode were reported earlier [32]. The Pt black
electrode is a fine powder of with good catalytic properties. The name of platinum black is due to its
black color is generally deposited by electrodeposition [32]. A typical black Pt deposit is shown in Figure
10. Figure 9a shows the fabrication steps for the sputtered Ti/Pt films and the Pt black electrode. The Pt
black electrode was fabricated by electrodeposition of platinum ions on the sputtered Pt electrode from
a 50% HCPA (hexachloroplatinic acid hydrate) aqueous solution, and applying constant potential at
−0.12 V vs. Ag/AgCl reference.

Figure 10. SEM of Pt black [30].
Figure 9b shows the fabrication steps for the full mesoporous Pt electrode. The mesoporous Pt
electrode with approximately 3 nm pore diameter was electrodeposited over the sputtered Pt layer,
patterned with a nonionic surfactant octaethylene glycol monohexadecyl ether (C 16 EO 8 ) and HCPA.
Liquid crystal templates with hexagonally arrayed pillars were prepared at 25 °C, Pt was
electrodeposited by applying constant potential at −0.12 V vs. Ag/AgCl (reference). In this step, the
thickness of mesoporous Pt was equal to that of the Pt black electrode. After electrodeposition, the
surfactant templates were fully removed in deionized water by soaking and rinsing.
The performance of the two electrodes was compared. As demonstrated in Figures 11 and 12, the
mesoporous Pt electrode was found to be more sensitive than the Pt black electrode for slowly reacted
reactants (e.g. glucose). The response current of the mesoporous Pt electrode, shown in Figure 11, was
similar to that of the Pt black electrode in rapidly oxidizable and reducible reactants (e.g. hydrogen
peroxide and sulfuric acid), but is significantly better than that of the Pt black electrode in slowly reacted
reactants (e.g. glucose), which indicated that the mesoporous Pt electrode was much more sensitive
than the Pt black electrode in glucose solution. Additionally, nanopores of the mesoporous Pt electrode
increased effectiveness for the analysis of glucose.
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Chronoamperometry was performed at various glucose concentrations to verify blood glucose sensing
of the electrodes. Figure 12 shows amperometric responses of the Pt electrodes at various glucose
concentrations at an applied voltage 0.4 V vs. Ag/AgCl reference at various concentrations of glucose for
exposures of 6 s. Amperometric response was found to increase linearly with glucose concentration for
both electrodes. Thus, mesoporous Pt electrodes were found to be promising for the development of
enzymeless electrochemical sensors. These results also suggested that the mesoporous Pt electrode is
useful for micro-batteries, micro-fuel cells, and other electrochemical sensor applications. In particular,
the mesoporous Pt electrode has great potential for use in chemical, environmental, and biological
analysis systems.

Figure 11. Comparison of chronoamperometric
responses of Pt electrodes in 10 mM glucose
with 0.1 M PBS solution at an applied voltage

Figure 12. Comparison of amperometric responses of Pt
electrodes to the successive addition of 10 mM glucose
with 0.1 M PBS solution at an applied voltage 0.4 V [28].

The Future of Thin Films in Blood Glucose Biosensors
Nanotechnology
The emergence of nanotechnology has opened new horizons for the application of nanomaterials in
bioanalytical chemistry. Recent advances in nanotechnology offer exciting prospects in the field of
bioelectronics. One of the main problems with glucose biosensors is efficient electron transfer from
glucose to the electrode via the active site of the enzyme. Carbon nanotubes (CNT) can have almost
perfect electrical conduction properties and are being developed for a wide range of microelectronic
and sensor applications, including biosensors [33]. Functionalized graphene (e.g., single wall carbon
nanotubes: SWCNT) is now being developed for use in glucose biosensors [34]. Owing to the similar
dimensions of nanoparticles and redox proteins nanoparticles and nanomaterials can be used for
effective electrical wiring of redox enzymes. Various nanomaterials, including gold nanoparticles or CNT,
have thus been used as electrical connectors between the electrode and the redox center of GOx. For
example, apo-glucose oxidase can be reconstituted on a 1.4 nm gold nanocrystal functionalized with the
FAD cofactor [35]. A Au nanoparticle, can be immobilized onto a Au electrode by means of a dithiol
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linker, and will act as an “electrical nanoplug” (relay unit) for the electrical wiring of its redox-active
center. This leads to a high electron transfer turnover rate of ~5000/s.
Additionally, CNT can be coupled to enzymes to provide a favorable surface orientation and act as an
electrical connector between their redox center and the electrode surface. Particularly useful for this
application have been vertically aligned CNTs that act as molecular wires (‘nanoconnectors’) between
the underlying electrode and a redox enzyme [36-38]. Figure 13 shows how aligned reconstituted GOx
on the edge of SWCNT’s can be linked to an electrode surface [36]. Such enzyme reconstitution on the
end of CNT represents an extremely efficient approach for ‘plugging’ an electrode into GOx. Electrons are
transported along distances greater than 150 nm, with the length of the SWCNT controlling the rate of
electron transport. An interfacial electron transfer rate constant of 42/s was estimated for 50 nm long
SWCNT. At present, activation of the bioelectrocatalytic functions of GOx by nanoparticles or CNT
requires electrical over potentials (beyond the thermodynamic redox potential of the enzyme redox
center). Improving contact between the nanomaterial and the electrode might decrease this over
potential.

Figure 13. assembly of the CNT electrically contacted GOx electrode [34].
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The ultimate goal of this technology is to eliminate the mediator and develop a reagentless (and possibly
an enzymeless) glucose biosensor with a low operating potential, close to that of the redox potential of
the enzyme. Here, the electron is transferred directly from glucose to the electrode via the active site of
the enzyme. The absence of mediators is the main advantage of third-generation biosensors, leading to
a very high selectivity (owing to the very low operating potential). However, critical challenges must be
overcome for the successful realization of this direct electron transfer route owing to the spatial
separation of the donor acceptor pair. Efficient direct electron transfer at conventional electrodes has
been reported only for few redox enzymes. To this end, new electrode materials are being developed to
obtain direct electron transfer of GOx. An optimally designed electrode configuration must ensure that the
electron transfer distance between the immobilized protein and the surface is made as short as possible.
Referring back to Figure 4 which summarizes the three generations of amperometric glucose biosensors
based on different mechanisms of electron transfer, including the use of natural secondary substrates,
artificial redox mediators, or direct electron transfer, third generation glucose sensors are shown on the
right of the Figure. Although substantial progress has been made on the electronic coupling of GOx,
further improvements in the charge transport between its FAD redox center and electrodes are needed
[39].
One technique for creating third generation amperometric glucose biosensors is to use conducting organic
salt electrodes based on charge transfer complexes such as tetrathiafulvalene-tetracyanoquinodimethane
(TTF-TCNQ) [40-42]. Different electron transfer mechanisms at TTFTCNQ electrodes have been proposed,
and the precise mechanism of GOx catalysis remains controversial [39]. For example, one such mechanism is
based on a stable charge transfer complex electrode [41].
The device relies on the growing tree shaped crystal structure of TTF-TCNQ. The close proximity and
favorable orientation of the enzyme at the crystal surface apparently allows direct oxidation of the enzyme
and selective glucose measurements at 0.1 V (vs Ag/AgCl reference), although they did not provide a
convincing evidence for such direct electron transfer. A number of other devices have been proposed as
third generation blood glucose biosensors [42 – 46], and will not be described here.
The Market
The explosive growth of diabetes is the primary driver for the increase in revenue for products that
enable self management of the disease. Global figures and estimates for self monitoring of blood
glucose (SMBG) product revenue show an increase that outpaces the increase in diagnosed diabetes
cases alone, as shown in Table 1. Self testing has increased significantly, which drives the market for self
monitoring blood glucose products [47,48]. Studies clearly indicate that SMBG is the most important
factor in achieving glycemic control. The ability to monitor one’s blood glucose at home (or other
locations outside of a clinical laboratory) has been described as a recent “miracle” in diabetes treatment
[49].
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Table 1: Worldwide market for SMBG products.
Year
Global Revenue, $billion
1998
2.7
2005
7.0
2009
10.0
2012
12.0
SMBG TEST STRIP MARKET
Today’s technology for self monitoring of blood glucose has taken nearly 50 years passed through three
generations and is now involving microstructures. Self monitoring involves miniature devices with test
strips. Amperometric enzyme electrodes, based on glucose oxidase (GO x ) bound to electrode
transducers, are used extensively for home monitoring. Most electrochemical glucose biosensors rely on
electron transfer from glucose to the electrode via the active site of the enzyme (GOx). However,
enzymeless thin film biosensors have also been developed. Early test strips required up to 50 µL of
blood and developed a change in color in response to the presence of glucose. Electrochemical systems
own the majority of today’s market, and utilize sample sizes well less than 1 µL. Electrochemical SMBG
tests strips are primarily based on thick film technology but thin films also corner part of this market.
Advanced designs utilize carbon nanotubes and mesoporous Pt electrodes. Since SMBG system
manufacturers have significant resource and regulatory hurdles to surmount, suppliers of thin film based
products need to convince test strip manufacturers that vacuum coated flexible substrates reduce cost
and process complexity while providing product performance advantages.
Materion offers a number of products and services applicable to fabrication of blood glucose test strips.
A wide range of source materials is available for evaporation and sputtering processes. Materion also
offers Technical Services to support your deposition and materials problems
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