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Abstract

The development of implantable biosensors for continuous monitoring of metabolites is an area of
sustained scientific and technological interest. On the other hand, nanotechnology, a discipline which
deals with the properties of materials at the nanoscale, is developing as a potent tool to enhance the
performance of these biosensors. This article reviews the current state of implantable biosensors,
highlighting the synergy between nanotechnology and sensor performance. Emphasis is placed on
the electrochemical method of detection in light of its widespread usage and substantial
nanotechnology-based improvements in various aspects of electrochemical biosensor performance.
Finally, issues regarding toxicity and biocompatibility of nanomaterials, along with future prospects
for the application of nanotechnology in implantable biosensors, are discussed.
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1. Introduction

Numerous clinical trials and intensive research efforts have indicated that continuous metabolic
monitoring holds great potential to provide an early indication of various body disorders and
diseases. In view of this, the development of biosensors for the measurement of metabolites
has become an area of intense scientific and technological studies for various research groups
across the world. These studies are driven by the need to replace existing diagnostic tools, such
as glucose test strips, chromatography, mass spectroscopy and enzyme linked immunosorbent
assays (ELISA), with faster and cost effective diagnostic devices that have the potential to
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provide an early signal of metabolic imbalances and assist in the prevention and cure of various
disorders like diabetes and obesity.

1.1. Why Implantable Biosensors?

Miniaturized, implantable biosensors form an important class of biosensors in view of their
ability to provide metabolite(s) level(s) continuously without the need for patient intervention
and regardless of the patient’s physiological state (rest, sleep, exercise etc.). For example,
implantable biosensors form a highly desirable proposition for diabetes management which at
present rely on data obtained from test strips using blood drawn from finger pricking, a
procedure that is not only painful but also is incapable of reflecting the overall direction, trends,
and patterns associated with daily habits (Reach and Wilson 1992). This initiated wide research
efforts focused on developing implantable biosensors for continuous monitoring of various
biologically relevant metabolites (Wang 2001). Other classes of implantable devices that are
intensively researched include sensors for nerve stimulation capable of alleviating acute pain
(Schneider and Stieglitz 2004), sensors for detecting electric signals in brain (Hu and Wilson
19974, b) and sensors for monitoring bio-analytes in brain (O'Neill 1994) together with
implantable drug delivery systems for controlled delivery at the site of pain and stress
(McAllister et al. 2000; Ryu et al. 2007).

The reliability of implantable systems is often undermined by factors like biofouling (Gifford
et al. 2006; Wisniewski et al. 2001) and foreign body response (Wisniewski et al. 2000) in
addition to sensor drifts and lack of temporal resolution (Kerner et al. 1993). In order to alleviate
these issues, researchers have taken clues from the success of synergism between biosensors
and nanotechnology that has led to highly reliable point of care diagnostic devices (Hahm and
Lieber 2004) and biosensors for early detection of cancer. (Liu et al. 2004; Wang 2006; Yu et
al. 2006b; Zheng et al. 2005) which is the subject of this review.

1.1 Scope of this Review

This review aims to survey the current status of implantable biosensors with particular
emphasis on advances based on nanotechnology. Among all biosensors, the ones based on
electrochemical detection have been widespread in view of their design and construction
simplicity. With this in mind, we chose to include only electrochemical biosensors in this
review. After a brief overview on nanotechnology, representative examples that use
nanotechnology to improve various aspects of implantable biosensors are presented. The
review concludes with an outlook of the challenges and future opportunities of nanotechnology
based implantable biosensors.

2. Advances in Electrochemical Biosensors Based On Nanotechnology

2.1. Nanotechnology: Overview and Advantages

Nanotechnology is the understanding and control of matter at dimensions between
approximately 1 and 100 nanometers, where unique phenomena enable novel applications
(Kaehler 1994). As the size of a system decreases below 100 nm and in particular below 10
nm, a number of unusual physiochemical phenomena like enhanced plasticity (Koch et al.
1999), pronounced changes in thermal (Rieth et al. 2000) and optical properties (Polman and
Atwater 2005), enhanced reactivity and catalytic activity (Bell 2003), faster electron/ion
transport (Baetzold 1981; Kim et al. 2009), negative refractivity (Anantha Ramakrishna
2005) and novel quantum mechanical properties (Engheta et al. 2005; Loss 2009; Loss and
DiVincenzo 1998) become pronounced. These properties have been demonstrated with a
number of nanomaterials such as quantum dots and quantum rods, metal nanoparticles,
magnetic nanoparticles, as well as nanowires and nanotubes. These unique properties of
nanomaterials have also prompted many researchers to utilize them for the fabrication of

Biosens Bioelectron. Author manuscript; available in PMC 2011 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vaddiraju et al.

Page 3

implantable biosensors with enhanced performance in terms of miniaturization,
biocompatibility, sensitivity and accuracy etc. which are discussed in subsequent sections.

2.1 Foreign Body Response

The success of any implantable device (biosensors, stents, and drug delivering devices) hinges
on increasing their in vivo reliability and lifetime. The development of most implantable
biosensors has been impeded since they are not capable of reliable in vivo monitoring for longer
than a few hours to days (Gerritsen et al. 1999). Such bio-instability problem is considered to
be a result of the in vivo environment since explanted sensors often function normally (Gifford
et al. 2006). Typically, tissue inflammation and foreign body response sets in within short
periods of time after sensor implantation (Onuki et al. 2008). While the former is caused by
the tissue injury that results from implantation of the device as well as the continual presence
of the device in the body, the latter is a result of the body’s natural response to fibrotically
confine the implanted device and prevent it from interacting with the surrounding tissue (Figure
1a) (Bhardwaj et al. 2008; Onuki et al. 2008; Wisniewski and Reichert 2000). As a result of
this, the implanted sensor becomes fouled with proteins and cells on the order of 10 to 100
microns in thickness within a short period of time following implantation. This cellular
encapsulation forms a mass transfer barrier for analyte (glucose, lactate, etc.) diffusion to the
sensing element, thereby degrading the in vivo sensor performance and long-term stability
(Bhardwaj et al. 2008; Gerritsen et al. 1999; Gifford et al. 2006; Onuki et al. 2008; Wisniewski
and Reichert 2000). For example, it was reported that biofouling-induced reduction in substrate
(i.e. glucose) permeability could be as high as 50% for a glucose sensor, while the negative
tissue reaction had a substantially higher (300 to 500%) greater impact on glucose transport
reduction (Wisniewski et al. 2001). The deposition of active cells on the surface of implantable
sensors can also cause a significant change in the local oxygen concentration, which also can
lead to significant errors in the response of the implantable biosensor (Wu et al. 2007). In fact,
for implantable biosensors the issue of foreign body response has been far more challenging
than device-related issues such as electrical failure (Armour et al. 1990; Updike et al. 1994),
electrode passivation (Hall et al. 1998), enzyme degradation (House et al. 2007; Updike et al.
1994), and component failure (Gilligan et al. 1994) (Figure 1b).

An initial approach to enhance in vivo sensor functionality has been the use of biocompatible/
anti fouling coatings (such as Nafion (Galeska et al. 2000; Galeska et al. 2002; Harrison et al.
1988; Moussy et al. 1993), hyaluronic acid (Praveen et al. 2003), humic acids (Galeska et al.
2001; Tipnis et al. 2007), phosphorylcholine (Yang et al. 2000), 2-methacryloyloxyethyl
phosphorylcholine (Ishihara et al. 1994), polyurethanes with phospholipid polar groups
(Ishihara et al. 1996), poly vinyl alcohol hydrogels (Onuki et al. 2008) etc.), that prevent
biofouling and alleviate in part in vivo sensor degradation. These membranes are intended to:
(i) maintain a desired, yet constant flux of passage of analyte molecules over long periods of
time, (ii) reduce protein adsorption, and (iii) promote integration of the sensor with the
surrounding tissues (Bhardwaj et al. 2008; Onuki et al. 2008). In addition, they should be thin
yet porous enough in order to allow the sensor to rapidly respond to fluctuations in analyte
concentration (Tipnis et al. 2007). However, even the use of biocompatible materials that have
no toxic effect on the surrounding tissue is found to evoke a host of immune responses,
associated with the action of implantation (Onuki et al. 2008). For this, a number of
nanotechnology based approaches have been reported, which are discussed in this section. In
the case of implantable biosensors, the plurality of semipermeable membranes that separate
the s.c. tissue and the respective sensing element reduces analyte flux with associated decrease
in sensitivity and increase in sensor’s response time (Tipnis et al. 2007; Vaddiraju et al.
2008).
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While membrane composition defines biocompatibility, it has been suggested that a textured
rather than a smooth sensor outer surface improves in vivo sensor performance by enhancing
vascularity around the implant (Brauker et al. 1995; Sharkawy et al. 1997, 19984, b). For
example, incorporation of a textured ‘angiogenic layer’ onto the surface of implantable glucose
sensor was shown to considerably improve its in vivo performance (Updike et al. 1997). While
the exact mechanism beyond the enhancement is not clearly understood, it is widely believed
that nanostructured membranes have a different contact angle and therefore a different degree
of hydrophobicity or hydrophilicity from a regular smooth membrane which repels the
adsorption of proteins onto the surface of the implant. A different school of thought has
attributed the clotting process to a charge transfer theory, wherein the exchange of electrons
between blood proteins and the implant surface is believed to initiate the release of fibrino
peptides that cause thrombosis (Srinivasan and Sawyer 1970). Based on this, it is suggested
that the time constant for electron exchange is less for nanostructured materials compared to
thrombogenic metal-containing materials, thereby slowing down the clotting process. While
the nature of the reported improvement from the use of nanostructured materials is still under
debate, a number of implantable devices have started to employ such nanostructuring of their
outer membrane surface to alleviate foreign body response (Ainslie et al. 2008). Some of the
nanostructured surfaces include nanoporous titania (Popat et al. 2007; Sahlin et al. 2006),
nanoporous silicon (Ainslie et al. 2008; Desai et al. 2000; Lopez et al. 2006; Striemer et al.
2007), nanoporous carbon (Narayan et al. 2008) etc. These nanostructured materials possessing
high aspect ratio features, can alter cell phenotype, proliferation, and differentiation (Lopez et
al. 2006; Saha et al. 2007). Methodologies to fabricate these nanostructured materials include
ion-track etching, electrochemical corrosion, prolonged anodization, self assembly and a
variety of other nanofabrication methods (Krishnan et al. 2008). In particular, nanofabrication
allows management of shape and spacing in order to optimize drug release kinetics (Desai et
al. 2004; Martin et al. 2005) and to enhance anti-fouling characteristics (Ainslie et al. 2005),
besides precise control over the aspect ratio of the implantable device (Ainslie and Desai
2008). In order to achieve very thin and conformal nanostructured films (necessary for faster
sensor response (Tipnis et al. 2007)) with precise control of pore size, atomic layer deposition
(ALD) technique has also been used.(Adiga et al. 2008; Elam et al. 2003) ALD techniques
employ alternating, self-limiting chemical reactions between gaseous precursor molecules that
closely resemble an atomic layer-by-layer assembly process, thereby affording growth of
ultrathin membrane structures (Xiong et al. 2005).

In an attempt to resemble the functionality of biological systems, researchers have also pursued
nanoporous materials that change their permeability in response to environmental stimuli such
as pH, temperature ionic/solute concentration, as well as magnetic and electric fields (Adiga
et al. 2008). Most of these “smart” nanoporous membranes work on the basis of reversible
expansion and collapse of responsive polymers incorporated within their pores. Such
functionality can be used to impart fissures on the adsorbed protein(s) to re-establish efficient
analyte transport. An extension to this approach has been the incorporation of magnetostrictive
materials to induce local oscillating/vibration motions upon the application of external stimuli
(Ainslie et al. 2005; Yeh et al. 2008). While these vibrations/oscillations are intended to cause
protein desorption, the incorporation of such elements may prove costly and difficult,
especially considering the miniaturization requirements of all implantable systems.

Polymer composite coatings where functional materials were embedded within polymeric
matrices have also been reported to minimize the foreign body response (Yinghong and Chang
Ming 2008). For example, proteases have been incorporated into a variety of different matrices
to reduce the binding of proteins to surfaces by degrading adsorbed biomolecules (Kim et al.
2001; Mueller and Davis 1996). Recently nanocomposite coatings where nanomaterials are
embedded within a polymer matrix are also being used to reduce biofouling (Asuri et al.
2007; Yinghong and Chang Ming 2008). Nanocomposite coatings based on carbon nanotubes
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(Asuri et al. 2007; Rege et al. 2003) and silica nanoparticles (Luckarift et al. 2006) have been
used to reduce biofouling. While the exact mechanism of biofouling reduction is still under
investigation, modulation in local hydrophobicity or hydrophilicity along with oxidative
degradation might be at play (Yinghong and ChangMing 2008).

A recent approach to reduce inflammation and suppress fibrotic encapsulation involves the use
of a variety of tissue response modifiers (TRMs). For this biodegradable microspheres
containing TRMs are embedded within a biocompatible and anti-biofouling polymer
(Bhardwaj et al. 2008; Onuki et al. 2008). The degradation of microspheres can be triggered
either by a change in pH, ionic strength or electrical stimulus which cause a steady release of
TRMs to the tissue surrounding the implant (Bhardwaj et al. 2008; Onuki et al. 2008). Poly
(lactic-co-glycolic acid) (PLGA) is the commonly used materials for microspheres (Hickey et
al. 2002a, b). Such microspheres have been loaded with various tissue response modifiers such
as anti-inflammatory dexamethasone (Bhardwaj et al. 2007), growth factors (i.e. VEGF and
PDGF (Norton et al. 2006; Patil et al. 2007)), vasodilator agents like NO (Frost et al. 2003;
Frost and Meyerhoff 2004; Frost et al. 2002) and combinations thereof (Norton et al. 2006;
Patil et al. 2007).

For implant coatings that are also capable of releasing TRMs, the release kinetics play an
important role (Galeska et al. 2005). Fast releasing dexamethasone loaded PLGA microspheres
embedded within a biocompatible matrix have been particularly useful in countering
implantation induced inflammation as well as suppressing the time scale of release required to
suppress inflammation and the foreign body response (Bhardwaj et al. 2007). Having said this,
while dexamethasone is particularly suited to control the acute inflammatory response, once
dexamethasone is exhausted from the microsphere composite, the body recognizes the implant
as a foreign material and an immunogenic reaction is triggered that will eventually lead to
fibrous encapsulation (Bhardwaj et al. 2007). Correspondingly this methodology is a mere
suppression of acute phase of inflammation and has a finite time of efficacy so long as a
continuous and sustained delivery of dexamethasone or other anti inflammatory agent(s) takes
place at the vicinity of the implant. For this, zero-order release kinetics are sought to improve
and prolong implant lifetime. In an attempt to achieve the much desired zero-order release
profiles, variations in the size and molecular weight of the microspheres have been utilized
(Onuki et al. 2008). A number of nanofabrication based techniques have also been employed
to improve drug release kinetics (Desai et al. 2004; Martin et al. 2005). For example, (i)
microfabricated asymmetric particles have been utilized to deliver drugs in a concentrated
fashion at the device/intestinal interface (Tao and Desai 2005). Micromachining has also been
employed to control the pore size of a silicon membrane and to afford zero order drug release
kinetics (Desai et al. 1998; Desai et al. 1999). Similarly, systems incorporating titanium
nanotubes with nano-orifices have been predicted to permit zero order kinetics (Ainslie and
Desai 2008; Ainslie et al. 2008). Nano- and micro-fabrication can also be used to create single
or multiple reservoirs of the drug or growth factors to be released. The release of such TRMs
can be triggered using an external stimuli such as electric potential (Ainslie and Desai 2008).

A combination methodology wherein nanotextured surfaces that are also capable of drug
delivery have been recently achieved using composite electrospun nanofibers as coatings for
implantable devices (Abidian and Martin 2009; Hermanson et al. 2007; Kluge et al. 2008;
Wang et al. 2008c). By controlling the voltage utilized during electrospinning, fibers with
diameters in the nanometer size scale have been produced with precise control over the
nanoscale topography (Abidian and Martin 2009; Hermanson et al. 2007; Kluge et al. 2008;
Wang et al. 2008c). Moreover the porosity of these nanofiber coatings has been modulated to
match that of the tissue or extracellular matrix (Sill and von Recum 2008). The high surface
to volume ratio of electrospun fibers provides additional flexibility in enhancing drug loading
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and delivery as well as mass transfer properties (Abidian and Martin 2009; Hermanson et al.
2007; Kluge et al. 2008; Wang et al. 2008c).

Prior to concluding this section, it is worth mentioning that the extent of foreign body response
(and in particular ischemia) is determined by the extent of tissue damage occurred during
implantation (Kvist et al. 2006). This fact has led researchers to try hard in decreasing the
implant size in order to minimize the foreign body response. For example, sensors similar in
size to an acupuncture needle may considerably suppress foreign body response when
compared to larger devices. In view of this, a review of nano- and micro- fabrication based
miniaturization efforts are discussed in the subsequent sections.

2.2 Miniaturization

The prospects of implantable devices and in particular home-based metabolic monitoring can
only be achieved if they can be readily implanted and explanted (for example, needle-assisted)
without the need for complicated surgery. For this to be realized, the implantable device should
be extremely small, which calls for unprecedented miniaturization of various functional
components such as electrodes, power sources, signal processing units and sensory elements.
Moreover, as mentioned above, miniaturized biosensors implanted through ultra fine needles
(similar to the ones used in acupuncture) cause less tissue damage and therefore less
inflammation and foreign body response (Kvist et al. 2006). As with all the criteria discussed
in this review, nanotechnology has been a powerful force to achieve component miniaturization
and integration down to the micrometer level, some of which are discussed in this section.

Miniaturization of implantable systems and in particular biosensors can be grouped under (i)
miniaturization of sensing electrodes and elements and (ii) miniaturization of driving
electronics for power, communication and their subsequent integration/packaging. With
respect to the fabrication of miniaturized electrodes for analyte sensing, immobilization of
enzymes onto an ultra-thin Pt wire (diameters less than 50 um) or carbon nanofibers has been
prominent (Crespi 1991; McMahon et al. 2005; Ward et al. 2004). The latter is well suited for
fabricating nerve stimulating microelectrodes due to the possibility of ultra-fine dimensions
and flexibility (Receveur etal. 2007). In order to further improve the electrocatalytic properties
of carbon nanofibers, these were decorated with various metal nanoparticles without
compromising their flexibility (Tamiya et al. 1993; Wu et al. 2006).

The nanoscale dimensions of single and multi-walled carbon nanotubes together with their
electrocatalytic properties and high surface area has instigated researchers to utilize them as
nanoelectrodes (Kim et al. 2007). For example, Lin et al.(Lin et al. 2004) have demonstrated
a glucose biosensor based on aligned carbon nanotube nanoelectrode ensembles. Because of
the loosely packed nature of the ensemble, each nanotube works as an individual nanoelectrode
and the sufficiently larger (more than the nanotube diameter) space between nanotubes
prevented diffusion layer overlap with the neighboring electrodes, rendering high signal-to-
noise ratio and enhanced detection limits.

Top down micro-/nano-fabrication involving traditional semiconductor processes such as
photolithography, dip-pen nanolithography and micromachining provide another facile avenue
for sensor miniaturization. Kim et al (Errachid et al. 2001; Johnson et al. 1992) have reported
a Si micromachined needle-shaped structure for glucose monitoring. These needle shaped
biosensors along with channels for fluid flow are created by wet and dry etching processes,
while the Ti/Pt working and Ag/AgCl reference electrodes located at the tip of the needle are
patterned by photolithography. Even though these reports focused on glucose monitoring in
situ, they can be easily extended to implantable systems and can be easily produced en
masse.
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More recently, the advent of sub-micron lithography and its subsequent utilization to fabricate
miniaturized transistors has instigated researchers to develop solid state electrochemical
sensing devices in a transistor configuration (Figure 2a and 2b) (Bernards et al. 2008; Forzani
et al. 2004). Biosensors based on traditional Si based transistors as well as the nascent organic
thin film transistors are being developed for a range of analytes. The unique electrical properties
of 1-D nanomaterials like carbon nanotubes (Allen et al. 2007; Besteman et al. 2003), nanorods
(Kang et al. 2007; Wei et al. 2006), nanowires (Wang et al. 2008b) and semiconducting
polymers (Forzani et al. 2004; Yoon et al. 2008) have led researchers to utilize them as channel
materials and develop sensors based on changes induced in either gate conductance,
modulation, transconduction, hysteresis or threshold voltage (Figure 2c). For example, glucose
oxidase (GOy)-coated semiconducting single walled carbon nanotubes (SWNTSs), are shown
to be pH sensitive and their conductance alters upon addition of glucose substrate (Besteman
et al. 2003). These nanojunction-based sensors whose size is only limited by the resolution of
the lithography processes can revolutionize sensor miniaturization even though caution must
be exerted to consider the fundamental aspects of electrochemistry that vary drastically in the
nano scale regimes (Arrigan 2004)

With respect to miniaturization of driving electronics, the emerging field of nanofabrication
together with the advent of sub-micron lithography techniques provides a powerful
combination. As nanotechnology concepts continue to advance manufacturing in the
semiconductor industry (lwai 2009), so will the miniaturization of driving electronics of
implantable sensors. For example, the use of inorganic nanowires and carbon nanotubes in
transistor configurations (Avouris et al. 2007; Huang et al. 2007; lwai 2009; Lu and Lieber
2007; Sharma and Ahuja 2008) together with advances in immersion lithography and maskless
techniques will ultimately enable sensor miniaturization down to the micron level. Similarly,
the use of nanowires for interconnects, nanocomposites for low dielectric materials and
improvements in 3-D chip integration will help advance such miniaturized devices to a size
that can be fitted within an acupuncture needle. This will be augmented by advances in power
source components, which at the present time pose a major challenge to sensor development.
Nanotechnology together with novel materials and fabrication methodologies are expected to
provide advances in battery technologies and power generating circuits based on inductive
coupling, variations in electromagnetic fields, electrostatic conversion of mechanical
vibrations, and capacitance changes due to external vibrations etc (Mokwa and Schnakenberg
2001; Receveur et al. 2007). An easier approach could be the use of biofuel cells employing
enzymatic reactions as power generating sources, though at present these have low power
conversion efficiencies (Chen et al. 2001; Mano et al. 2002, 2003). The use of high surface
area nanostructured anodes and cathodes together with nanomaterial-enhanced enzymatic
catalysis could ultimately generate miniaturized biofuel cells with adequate power conversion
efficiencies.

We conclude this section with a note on the use of polymeric materials for both electrode as
well as electronic component miniaturization and for eventual replacement of traditional silicon
based materials. The flexible nature of polymeric materials together with their low temperature
processing and demonstrated biocompatibility with enzymes renders them advantageous over
traditional Si- and glass-based materials. Moreover the soft and flexible nature of polymers
could minimize the chance of tissue damage to the body during implantation and can be
advantageous for applications where the device has to be able to adapt itself to the shape of
the human anatomy. The work of Li etal. (Li etal. 2007), where sensing electrodes are patterned
on a polymeric Kapton film and subsequently rolled up to form a two dimensional cylindrical
electrode, presents a possible step forward. As schematically shown in Figure 3, such polymer
based biosensors can be rolled to a point where they could potentially be fitted within a blood
vessel as appropriate. In view of the well known corrosion resistance and antifouling nature of
some polymeric substrates such as polyimides (Receveur et al. 2007; Sachs et al. 2005), this
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approach in combination with conventional printing techniques (such as screen/inkjet printing)
has the potential for roll-to-roll large scale production of implantable devices. Plastic-
compatible, low resistance, printable, gold nanoparticle-based formulations are already being
used to form interconnects in functional electronic devices (Huang et al. 2003; Redinger et al.
2004). Similarly, reports on screen/inkjet printing based fabrication of various functional
electronic components such as capacitors (Liu et al. 2003), photodiodes (Wojciechowski et al.
2009), RC filters (Chen et al. 2003) etc., have already started to emerge. Finally, emerging
polymeric nanocomposites based on various nanomaterials can be used to alter the surface
charge, hydrophilicity and tensile strength of these devices in order to ultimately enhance their
antifouling properties.

2.3. Oxygen dependence

A large fraction of biosensing technologies rely on oxidase enzymes as a biorecognition
element that catalyzes analyte oxidation to form hydrogen peroxide as shown specifically for
GOy-driven glucose oxidation in Reaction 1 in Figure 4 (Wilson and Gifford 2005). In the case
of electrochemical biosensors, the as generated hydrogen peroxide is amperometrically
detected at the working electrode (Reaction 2 in Figure 4). Owing to the fact that oxygen is the
cofactor for most oxidase enzymes, the response of such sensing element is subject to changes
from variations in the local oxygen concentration (McMahon et al. 2005;McMahon and O'Neill
2005;Vaddiraju et al. 2008). This turns out to be a major concern for implantable biosensors
since the amount of dissolved oxygen in the body can be considerably lower than the
concentration of typically monitored analytes (i.e. glucose and to a lesser extent lactate). Such
an oxygen imbalance can lead to a severe stoichiometric limitation of the enzymatic reaction
1 in Figure 4. The situation can be more acute upon implantation due to factors such as
anesthesia which generally lower oxygen levels (Fischer et al. 1989), inflammatory host
response reactions that lead to local consumption of oxygen by inflammatory cells at the
vicinity of the biosensor (Lowry and Fillenz 2001) as well as physical conditions such as
exercise which also lower the oxygen concentration in subcutaneous tissue (Wu et al. 2007).
Such oxygen limitation leads to a saturation in sensor response at higher analyte concentrations
(quantified as loss of sensor linearity) and hence, compromises the clinical accuracy necessary
for proper therapeutic decisions.

In order to decrease oxygen dependence a number of approaches have been employed. These
can be classified into three generations of biosensors. First generation biosensors (Figure 4)
typically utilize outer membranes that significantly decrease the analyte flux while impeding
the oxygen influx to a lesser extent (Vaddiraju et al. 2008;Yu et al. 2006a). This approach is
in accordance with the need to equip implantable devices with outer membranes that are
necessary for decreasing in vivo biofouling and foreign body response. Flux limiting
membranes typically employ the size and the hydrophobicity differences between analyte
(e.g. glucose) and oxygen. Increasing the hydrophobicity improves O, storage while at the
same time impedes analyte passage due to the latter’s hydrophilic nature. A number of flux
limiting membranes have been employed over the years such as Nafion® (Galeska et al.
2000;Moussy et al. 1993), polyurethane (Ishihara et al. 1996;Yu et al. 2006a), cellulose acetate
(Kyrolainen et al. 1995) and layer-by-layer (LBL) assembled polyelectrolytes and/or
multivalent cations (Tipnis et al. 2007;Vaddiraju et al. 2008) as well as other polymeric
membranes (Harrison et al. 1988;Ishihara et al. 1996;Praveen et al. 2003;Wu et al. 2007;Yang
et al. 2000). The presence of these flux limiting membranes together with anti-fouling
membranes contributes to decreased sensor sensitivity and increased response time (Tipnis et
al. 2007). Moreover, these membranes are prone to degradation for a number of reasons
including oxidative degradation, calcification, delamination etc. In order to alleviate these
issues and improve sensor performance, two strategies have been employed: (i) replace oxygen
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with synthetic mediators (2"d generation biosensors) and (ii) directly link the redox center of
the enzyme with nano-sized electrodes (3™ generation biosensors).

Second generation biosensors (Figure 4) have attempted to decrease oxygen dependence by
employing redox mediators that compete with oxygen in catalyzing the enzymatic reaction
(Equations 3 and 4 in Figure 4). Various redox mediators have been reported (Atrash and
O'Neill 1995;Cass et al. 1984;Chen et al. 1995;Kosela et al. 2002;Kulys et al. 1995;Lei et al.
1996;Scheller et al. 1991) but most of these sensors have not been tested in vivo owing to the
toxicity of the mediators and their potential to leach out of the sensors. In addition, the oxidation
of the reduced enzyme by oxygen can occur even in the presence of the mediator, which can
lead to erroneous signal levels. To overcome some of these drawbacks, covalent coupling of
mediators to flexible hydrogel polymers have been utilized (Calvo et al. 1996;Foulds and Lowe
1988;Gregg and Heller 1990,1991;0haraet al. 1993). This is a promising approach particularly
in the case of conducting polymers that act as polymeric mediators (Gajovic et al. 1999;Hale
et al. 1989;Kaku et al. 1994;Palys et al. 2007;Yu et al. 2003b). The ability of conducting
polymers to intimately associate with enzymes without loss of activity provides an electrical
pathway between the enzyme and the electrode that can lead to higher output currents and
faster responses (Gajovic et al. 1999;Hale et al. 1989;Kaku et al. 1994;Palys et al. 2007;Yu et
al. 2003b).

Owing to the similar size of nanomaterials and redox enzymes as an extension to second
generation biosensors, various nanomaterials have been used to directly wire the redox center
of enzymes to the electrode surfaces (Gilardi and Fantuzzi 2001). This can in part mitigate the
oxygen dependence and render nanotechnology as a formidable contender for the development
of advanced biosensing concepts. Figure 5 illustrates a typical configuration of a third
generation biosensor. As can be seen from Figure 5, in the third generation biosensor the redox
cofactor of the enzyme is covalently (or electrostatically) bound to the working electrode. This
facilitates the re-reduction (or re-oxidation) of the enzymes after they have interacted with their
substrates and assists in carrying electrons or holes to or from the working electrode. Various
configurations of biosensors, wherein nanomaterials such as gold nanoparticles, carbon
nanotubes, and magnetic nanoparticles serve as electrical connectors between the electrode
and the enzyme redox center have been reported (Chen et al. 2007; Ferri et al. 1998; Hrapovic
etal. 2004; Jia et al. 2002; Koopal et al. 1992; Kumar and Chen 2007; Li et al. 2006; Liu et al.
2007a; Liu et al. 2005; Xu and Han 2004; Yu et al. 2003a; Yu et al. 2005b; Yu et al. 2003b;
Zhang et al. 2007). Extensive studies are being carried out to develop novel electrode surface
functionalities, new electrode materials and new proteins that allow direct electron transfer
between enzymes and electrodes (Bowden et al. 1984; Chattopadhyay and Mazumdar 2001;
Fan et al. 2000; Gorton et al. 1999; Hamachi et al. 1994; House et al. 2007; Katz and Willner
2004; Stoica et al. 2006; Wang et al. 2004; Zayats et al. 2005; Zhang and Li 2004). However,
it is worth mentioning that only a few of these reports were able to show no interferences from
oxygen (Albery et al. 1985; Baravik et al. 2009; Khan et al. 1996; Palmisano et al. 2002) and
in most cases the proof of such mediatorless, oxygen-independent analyte detection remains
challenging (Ghindilis et al. 1997). In a combinatorial approach of second and third generation
biosensors, Joshi et al (Joshi et al. 2005) have incorporated SWNTs within the redox hydrogels
to further enhance sensor performance. The enhancement in sensor performance was based on
the fact that the enzyme becomes partially unfolded when incubated with nanotubes, which
allows for improved access to the FAD centers by the osmium redox centers. In addition, a
reduction in the electron-transfer distance due to partial unfolding of glucose oxidase as it
adsorbs onto the nanotube and penetration of nanotube closer to the FAD center isalso possible.

It is worth mentioning here that none of these second and third generation implantable
biosensors have been tested in vivo. This is probably due to lack of comprehensive knowledge
on their toxicity (Fiorito et al. 2006). Moreover, the necessity of outer membranes to avoid
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biofouling on these implantable sensors makes the use of first generation biosensors desirable
for in vivo application. To this end, nanotechnology has been used to improve oxygen
independence of first generation implantable biosensors. For example, nanotechnology can be
used to improve the 2-dimensional cylindrical sensor developed by Gough’s group (Gough et
al. 1985). As shown in Figure 6, these researchers have employed a 2 dimensional cylindrical
working electrode with one open end. Owing to the hydrophobic nature of the cylindrical
coating, oxygen diffusion is facilitated from all directions, whereas glucose diffuses only from
one direction (that is the open end of the cylinder) (Gough et al. 1985). While a cylindrical
shaped sensor could be difficult to miniaturize, nanofabrication techniques can be used to create
high aspect ratio electrodes within a Si based working electrode wherein the oxygen path length
is considerably reduced compared to the analyte path length, rendering the sensor oxygen
independent. Similarly, the work of Li etal. (Li etal. 2007) discussed above (Figure 3), utilizing
a polymeric Kapton film to roll up a 2 dimensional cylindrical electrode could be a promising
approach. Another approach utilizing metal nanoparticle dispersed carbon paste electrode (Liu
and Wang 2001) is also promising in view of its simplicity and the reports on non-toxicity of
gold nanoparticles (Connor et al. 2005).

2.4. Sensitivity and Selectivity

The term sensitivity of a biosensor refers to the magnitude of its response, while selectivity
addresses its ability to respond only to changes of the intended analyte within the pool of
numerous metabolites present in the body. Both sensitivity and selectivity are important criteria
for an implantable biosensor. These two parameters can be considered interrelated based on
fact that methodologies to improve sensitivity of a sensor usually degrade the selectivity. In
addition, membrane-based improvements in selectivity typically interfere with the sensitivity
of the sensors and in most cases decrease it. Methodologies to improve selectivity and
sensitivity of an implantable biosensor, in particular based on nanotechnology are discussed
in this section.

The sensitivity of implantable biosensor is dependent on: (i) physical design, (ii) activity of
the enzyme, (iii) surface activity of the working electrode, (iv) inner polymer membranes
(covering the surface of the working electrode) that are used to either immobilize enzymes or
eliminate interferences (McMahon et al. 2005), and (v) the presence of an outer membrane
required to alleviate oxygen dependence and/or to prevent biofouling (Vaddiraju et al. 2008;
Yu et al. 2006a).

The nature of the working electrode as well as its surface activity plays an important role in
defining sensor sensitivity for enzymatic sensors. Sensors based on Pt working electrodes were
shown to exhibit the highest sensitivity for the oxidation of H,O, among the typical inert
electrode materials such as glassy carbon, palladium, gold and Pt. Based on this, platinization
of working electrodes to impart nano scale roughness and thereby enhanced surface area and
electrocatalytic activity has been a well known route to obtain significant gains in sensitivity
(De Corcuera et al. 2005). Growth conditions during the platinization process have been
modulated to yield various nanoscale morphologies like particles or networks as well as to vary
their growth densities (De Corcuera et al. 2005; Kim and Oh 1996). Other strategies to enhance
the surface activity of these working electrodes include modification of the working electrode
with nanoparticles of Pt (Somasundrum et al. 1996), Ag (Welch et al. 2005), Ru (Kohma et al.
2007), Rd (Kotzian et al. 2006; Yang et al. 1998), Ir (Irhayem et al. 2002), Pd (Sakslund et al.
1996), and Au (Bharathi and Nogami 2001). Similarly, surface modification of working
electrodes with nanostructured carbon (i.e. single- and multi-walled carbon nanotubes) have
also been reported (Gooding 2005; Liu et al. 2007b; Luque et al. 2006; Sherigara et al. 2003;
Tang et al. 2004; Wang 2005; Yang et al. 2006a; Yang et al. 2006b; Yu et al. 2003a). While
the primary goal was to increase the surface area of the working electrode, research has proven
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that these nanostructured materials also impart substantial enhancements in electro-catalytic
activity due to a large number of quinoid moieties at the tips of these nanotubes (Kim et al.
2007).

More recently, capitalizing on the nanoscale dimensions of carbon nanotubes, researchers have
started to utilize them as nanoelectrodes as well as ensemble nanoelectrodes (Lin et al. 2004;
Yu et al. 2003a). Numerous optimization studies on the density of the nanoelectrode ensemble
have been performed so that the distance between two nanoelectrodes is larger than the diameter
of each nanotube in the bundle, in order to minimize or eliminate overlap of the diffusion layer
(Guiseppi-Elie et al.; Rahman and Guiseppi-Elie 2009). In this way each nanotube or nanotube
bundle works as an individual nanoelectrode rendering them highly sensitive with enhanced
detection limits.

One of the major concerns with electrochemical biosensors is surface poisoning of the working
electrodes with the products of the electrochemical reaction which can lead to the eventual loss
of sensor sensitivity. This necessitates frequent electrochemical cleaning of the working
electrode which involves the application of higher potentials to desorb the electrochemical
reaction products, which in turn can degrade sensor selectivity. Similarly, the electro-catalytic
reduction of some analytes such as oxygen is impaired by its weak tendency to adsorb and
segregate on the working electrode (Hahn 1998). Such poor kinetics also necessitated the use
of higher working potentials to improve sensitivity. Surface modification of the working
electrodes with platinum and gold nanoparticles (Li et al. 1998; Somasundrum et al. 1996),
SWNTSs (Gooding 2005; Liu et al. 2007b; Sherigara et al. 2003; Tang et al. 2004; Wang
2005; Yu et al. 2003a), multi-walled carbon nanotubes (MWNTS) (Dai and Shiu 2004; Qu et
al. 2004; Salimi et al. 2007) and combinations thereof (Luque et al. 2006; Male et al. 2007;
Wang and Zhang 2001) has been shown to alleviate both these issues and thus improve
sensitivity at low operating potentials.

The issue of low sensor selectivity arises from the fact that the high potential (i.e. 0.6-0.7 V
vs. Ag/AgCI reference electrode) required for electrochemical oxidation of enzymatically
generated H,0O, in most implantable biosensors also promotes the oxidation of many
endogenous species (such as ascorbic acid (AA), uric acid (UA), acetaminophen (AP),
dopamine, and NO, etc.) rendering the sensor response erroneous. The use of perm-selective
membranes (i.e., Nafion, polyester sulfonic acid, and cellulose acetate) on top of the working
electrodes comes at the expense of sensitivity and response time. With this in mind,
considerable research effort has been expended to reduce the operating potential of first
generation implantable biosensors. Working electrode modification with nanostructured
materials such as SWNTs and MWNTSs discussed above, have also improved the selectivity
of the sensors by specifically lowering the overpotential for electrochemical oxidation of
H,0, (Dai and Shiu 2004; Gooding 2005; Liu et al. 2007b; Qu et al. 2004; Salimi et al.
2007; Tang et al. 2004; Wang 2005; Yang et al. 2006a).

The use of carbon nanotubes (CNT) modified working electrodes has also facilitated the
cathodic reduction of H,O5 in negative potential regimes (equation 5) which can avoid
interferences from anodically (i.e. in positive voltage regimes) oxidizing species (Li et al.
1998; Lin et al. 2004; Salimi et al. 2007).

Hy0y+2H +2¢~ —22Y5 21,0 5)

For example, Figure 7 illustrates the response of a SWNT-incorporated glucose sensor to
sequential additions of glucose, AA, UA and AC when operated at —0.2 V (corresponding to
the reduction of H,0, produced by GO, as shown in equations 6-7).
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Glu cos e+GO, (FAD) — Glucarolactone+GO, (FADH,) (6)
GO, (FADH)+0, — GO, (FAD)+H,0, %)

where FAD is the oxidized form of the prosthetic group, flavin adenine dinucleotide. The sensor
showed adequate sensitivity towards glucose additions while remaining insensitive to AA, UA
and AC (Lin et al. 2004). However, further investigation is needed to address the role of
electrochemical reduction of O, (equations (8) and (9) below) during the operation of sensors
at negative voltages which can also contribute to the signal.

I 0.
—0,42H +2¢- 22 B0
2 ®)

0r+2H 12 2, H,0, ©

Preliminary results in our laboratory have confirmed that the potential for the reduction of
0O, and H,0, on CNT maodified electrodes do overlap with each other (unpublished work).

2.5. Enzyme Immobilization and Long Term Stability

Enzyme immobilization forms another important parameter of implantable biosensors in view
of the fact that it dictates the sensitivity, selectivity and long term stability. The two common
enzyme immobilization (on the working electrode) techniques involve (i) enzyme/bovine
serum albumin crosslinked with glutaraldehyde (House et al. 2007) and (ii) electrochemical
growth of a conductive polymer matrix that incorporates the enzyme as charge balancing anions
within the growing cationic polymer chains (McMahon et al. 2005). The long term stability
and activity of these immobilized enzymes is however of concern for implantable biosensors.
While sensor degradation due to loss of enzyme activity is rare (Updike et al. 1994), reports
have indicated that inhibition of enzyme catalysis can be caused by transition metal ions, such
as Zn%* and Fe2* (Binyamin et al. 2001), as well by low molecular weight serum components
(Gerritsen et al. 1999). Moreover, recent studies have shown that while glucose sensors loaded
with excess glucose oxidase could extend the life time of the sensor (Yu et al. 2005a), any
excess free (uncrosslinked) glucose oxidase originally entrapped within the glutaraldehyde
crosslinked enzyme layer can slowly leach out and thereby contributing to a decline in
sensitivity over time (House et al. 2007). Thus, optimization of the amount of enzyme and
crosslinking agent with respect to sensitivity is critical to extend the functional in vivo life time.

Due to the intricate relationship between the catalytic activity of an enzyme and its
immobilization protocol, various immaobilization protocols have been reported. In particular,
nanostructured supports are believed to be able to retain the catalytic activity as well as ensure
the immobilization efficiency of the enzyme to a large extent (Guto et al. 2007; Kim et al.
2006). Enhanced stability (temperature, environment), and efficiency of various enzymes have
been reported upon their immobilization onto electrospun nanofibers, nanoparticles and nano-
forests of nanowires and nanotubes as well as nanostructured ceramics (Guto et al. 2007; Kim
et al. 2008; Phadtare et al. 2004; Wang et al. 2009). While a more detailed understanding of
the stability enhancement mechanism is beyond the scope of this review, several factors can
be at play such as (i) the large surface areas of these nanostructures which reduce mass transfer
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limitations, (ii) multiple sites for interaction and attachment of the enzymes to promote
stability, (iii) well defined pore size of the nanostructured supports that suit the dimensions of
protein molecules. Whatever the reason might be, such nanostructured supports for enzyme
immobilization could be a potential vehicle to not only enhance implantable biosensor lifetime
but also modify device architecture to alleviate some of the issues discussed earlier in this
review. For example, the CNT nanoelectrode ensemble described above (Figure 7) (Lin et al.
2004) can be used to immobilize enzymes to achieve both enzymatic stability as well as
improve sensor sensitivity. Moreover, such nanoelectrode configuration can be overcoated
with hydrogels to improve its antifouling properties. Such design considerations might not only
improve the lifetime of an implantable biosensor but also facilitate extreme miniaturization
and enhance signal-to-noise ratio.

We conclude this section with a note on the emergence of non-enzymatic detection of
metabolites as a potent tool for continuous monitoring of metabolites. Important metabolites
such as glucose have been reported to show a facile oxidation peak at nanostructured electrodes
such as Pt nano forests(Yuan et al. 2005), Pt-Pb alloy nanowires (Wang et al. 2008a), gold
nanoparticles (Zhou et al. 2009), alloy nanostructures (containing Pt, Pb, Au, Pd and Rh)
(Myung et al. 2009) owing to their high surface area and electrocatatalytic activity. In
particular, the high surface area of these electrodes has been utilized to overcome issues of
sensitivity discussed above. Such highly sensitive, nonenzymatic metabolite detection is
however hindered by its lack of specificity and rapid loss in sensitivity as a result of surface
poisoning due to adsorbed intermediates and chloride ions. For this, nanostructured electrodes
based on carbon nanotubes (Wang et al. 2007; Ye et al. 2004) and carbon nanotube/metal
nanoparticle combinations (Wang and Zhang 2001; Zhou et al. 2009) have also been used not
only to lower operating potentials but also alleviate surface poisoning. While the field of non
enzymatic detection for implantable sensors is still nascent, such methodologies are expected
to further improve the field because of the miniaturization requirements and enzymatic stability
issues discussed above.

2.6. Limit of Detection

Limit of detection of an implantable sensor refers to the lowest change in analyte concentration
that it can be detected. This is a critical parameter for monitoring analytes present at ultra-low
levels, like glutamate in the brain (McMahon et al. 2005) and glutamic oxaloacetic
transaminase in the liver (Huang et al. 2006).

Limit of detection can also be lowered by using the nano-/microelectrodes discussed earlier
(Guiseppi-Elie et al. 2009; Lin et al. 2004; Rahman and Guiseppi-Elie 2009). This is because
they experience hemispherical diffusional profiles, thereby imparting stir-independence to
sensor responses and lowering the limit of detection (Barton et al. 2004). To alleviate the low
sensitivity of individual nanoelectrodes, ensembles of nanoelectrode can be used in the form
of an array to allow a cumulative and hence larger response (Lin et al. 2004). More recently,
in the area of point of care immunosensors, carbon nanotube forests have been utilized to lower
H>0, limits of detection down to the pico-molar range (Yu et al. 2006b). Whether such
chemical amplification techniques can be used in implantable biosensors remains to be shown.
Having said this, working electrode modification with nanoparticles discussed above, is also
expected to improve the limit of detection of implantable sensors. Keeping in mind the high
cost involved in the design of nanoelectrodes, Karyakin et al. (Karyakin et al. 2009) have
employed nanostructuring of the enzyme layer rather than the working electrodes and have
achieved a two orders of magnitude lower detection limit (10~ nM of H,05) without a decrease
of sensitivity compared to sensor with no enzyme nanostructuring. While optimization in such
enzyme nanostructuring will further improve the limit of detection, a combinatorial approach
involving enzyme nanostructuring on a nano-/micro-electrodes together with effective
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modifications in sensor architecture (McMahon et al. 2005) is expected to further reduce the
limit of detection.

2.7 Toxicity and Biocompatibility of Nanomaterials and the Future of Nanotechnology in

Health Care

Having discussed the diverse advantages of nanotechnology to improve the performance of
implantable systems such as biosensors and stents, this section provides an overview of the
toxicity of nanomaterials and the future of nanotechnology in implantable biosensors. This
discussion is important not only for the completeness of this review but in view of the fact that
the various nanoparticles used in these implantable devices can eventually enter the human
body if particular care is not exerted to inhibit such action. While there are two extreme
viewpoints on the health risk of nanomaterials namely that nanomaterials pose no health risks
or that they pose extreme risk, the reality may be somewhere in between. For example, the
inflammation and foreign body response of a nanotextured surface is found to be lesser than a
flat surface (Ainslie and Desai 2008; Ainslie et al. 2008; Desai et al. 2000; Popat et al. 2007;
Sahlin et al. 2006), but the small size of nanoparticles, similar to that of carbon aerosols, can
facilitate entry into the human body through various means and could cause potential health
risks (Hoet et al. 2004; Hurt et al. 2006; Lacerda et al. 2006). In the case of implantable
biosensors, it can be argued that these nanomaterials are not directly in contact with the tissue
but are buried deep inside the sensor and so the problem of their toxicity arise only when
potential leaching is a concern. Covalent coupling of nanomaterials to other functional
component of the sensor can significantly minimize their potential to leach out, thereby
eliminating any potential toxicity issue. At the same time, more studies are needed to quantify
the immunogenicity of nanoparticles as well as their pharmacokinetics. Investigations into the
effect of nanoparticle size and surface properties on immunogenicity may also help deduce a
critical size beyond which the movement of the nanoparticles in the body is significantly
restricted. Unfortunately, such studies should be performed for each nanomaterial and the
likelihood of universality appears remote. Similarly, improvements in the resolution of various
3D tomographic techniques are needed to ultimately decipher the fate/transport/uptake of
nanomaterials at the vicinity of the implant.

3. Summary and Future Perspectives

Since their discovery 40 years ago, Clark type biosensor technologies have seen considerable
growth in terms of device complexity, usability and their ability to enter the commercial market.
However, over the last decade this growth has accelerated tremendously thanks to the
burgeoning field of nanotechnology. In this paper, we have made an effort to provide a
comprehensive overview on the emerging synergy between implantable electrochemical
biosensors and nanotechnology. A major thrust of this synergy between implantable biosensors
and nanotechnology has been to tackle two issues, namely miniaturization and post-
implantation inflammation. Since the amount of inflammation depends on the size of the
implanted device, nanotechnology has been used to not only decrease inflammation but also
to considerably miniaturize the implant size. Similarly, various kinds of nanoparticles,
nanotubes and nanowires have been used to improve basic biosensor parameters such as
sensitivity, selectivity, etc.

Nanotechnology based advances in the implantable device field have opened up a lot of
opportunities, while at the same time raised some concerns. One pressing issue to tackle is the
biocompatibility of nanomaterials that are used to enhance implantable biosensor performance.
Apart from regular toxicology studies, one interesting avenue is the potential incorporation of
imaging capability (using fluorescent nanoparticles) onto implantable devices. This would not
only track their fate as a function of time, fibrotic encapsulation and device degradation but
also assist in deciphering the capacity of leached nanomaterials. Such imaging capability would
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also help in easy explantation of the sensor at the end of its useful lifetime. Another effort
towards this end would be the realization of biodegradable implantable devices, which can be
triggered to biodegrade at the end of their useful lifetime similar to biodegradable sutures used
for surgery. The combination of biocompatible and biodegradable materials within the same
implantable device is not trivial but not impossible considering the tremendous growth of
nanotechnology in the years to come.

Finally, efforts to develop an implantable biosensor for a particular analyte (mostly glucose)
should be supplemented with research on implantable biosensors for multiple analyte detection.
Such a step will be the key to building sensor robustness, which is expected to increase
confidence levels in analyte readings. Moreover, the availability of monitoring multiple
metabolites can assist in early disease detection. Contrary to the widespread notion that this
would naturally be an extension of single analyte biosensor this task is not trivial because all
of the body metabolites are interdependent, and in some cases, patient (physiology) dependant.
The developing area of nanotechnology together with the elegant and multi disciplinary
research involving new sensing concepts is well suited to provide a combinatorial sensing motif
similar to point-of-care array detection methodologies. Such capability would certainly open
the door for the development of highly sensitive, multi-analyte and multi-metabolite sensing
platforms. This is expected to provide the user with not only the ability to monitor common
disorders but also determine which of his/her daily habits exacerbate metabolic imbalances.
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Figure 1.

(a) Sequence of events that are initiated around an implant leading to the formation of fibrous
capsules around implantable systems (Frost and Meyerhoff 2006). (Reprinted with permission
from American Chemical Society) (b) Various failure mechanisms reported for an implantable
biosensor (Wisniewski and Reichert 2000). (Reprinted with permission from Elsevier)
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Figure 2.

(a) Schematic representation of a nanotube field-effect transistor (NTFET) device (Allen et al.
2007); (b) Schematic of a typical organic electrochemical transistor along with a typical
reaction of interest that is utilized at the gate electrode (Bernards et al. 2008); (c) Typical
NTFET transfer characteristic (source—drain conductance vs gate voltage) that can be used to
measure analyte concentrations. (i) Maximum conductance, (ii) modulation, (iii)
transconductance, iv) hysteresis, and (v) threshold voltage (Allen et al. 2007). (Figures 2a and
c are reprinted with permission from Wiley VCH from reference; Figure 2b is reprinted with
permission from Royal Society of Chemistry)
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Figure 3.

(a) Mustration of the proof-of-concept BioMEMS sensors based on polymeric substrates rolled
up to form a catheter, wherein the sensing element is located on the inner walls of the rolled-
up catheter. (b) Structure and working principle of glucose sensor showing the three electrodes
and bent active region (Li et al. 2007). (Reprinted with permission from Elsevier)

1duasnuey Joyiny vVd-HIN

1duosnuely Joyiny vd-HIN

Biosens Bioelectron. Author manuscript; available in PMC 2011 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vaddiraju et al. Page 25

lf‘gf/AgCl Electronol a Diffusion Limiting
Efeg::g: Of}c)}f:]?; ﬁlil;?;;flz Glutaraldehyde-immobilized (a (i;e.neratiogz) land/or
Glucose Oxidase (GOD) Enzyme lcompatipie
i (FPD) lay\er ( ) d Outer Membrane

MRed Glucose

GOD,,

0,

H,0,
(1%t Gen.)

GODyeq
Gluconic
. Mox Acid
Potential > Ascorbic acid, Uric acid,
- <X Acetaminophen
\%
15t Generation:
GO, |
Glucose + O — Gluconic Acid + HO, (Reaction 1)
+
H,0, Ag\/,ﬁ»zm + 0y + 2e- (Reaction 2)

2"d Generation:

GO, |
Glucose + M,,— Gluconic Acid + M., (Reaction 3)

MRed %Ag; Mox + 2e- (Reaction 4)

Figure 4.
Schematic cross section of the first generation and second generation oxidase- based glucose
biosensors, along with relevant reactions needed to afford electrochemical detection.
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Figure 5.

Schematic cross section of a third generation of biosensors specifically shown for glucose
oxidase-based glucose detection.
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(b) ’
RADIAL DIFFUSION
% F/? OF OXYGEN ONLY
HYDROPHOBIC
LAYER
CYLINDRICAL
ENZYME OXYGEN
GEL SENSOR
\
|
AXIAL DIFFUSION OF
GLUCOSE AND OXYGEN

Schematic cross section of (a) a typical one dimensional sensor where glucose and oxygen
both diffuse in the same direction, mainly perpendicular to the plane of the electrode and (b)
a two dimensional sensor, where glucose and oxygen diffuse axially into the enzyme gel but
only oxygen can diffuse radially into the gel through the hydrophobic membrane (Gough et al.
1985). (Reproduced with permission from American Chemical Society)
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(a) Various steps in the fabrication of a glucose biosensor based on carbon nanotube
nanoelectrode ensembles: (i) Electrochemical treatment of the carbon nanotube NEEs for
functionalization (ii) Coupling of the glucose oxidase (GOx) enzyme to the functionalized
carbon nanotube NEEs. (b) Response of the carbon nanotube based glucose biosensors to 5
mM addition of glucose (G), followed by 0.5 mM additions of each of: ascorbic acid (AA),
uric acid (UA) and acetaminophen (AC) operating at —0.2 V vs Ag/AgCI reference electrode
(Lin et al. 2004). (Reprinted with permission from American Chemical Society.)
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