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Abstract

Worldwide, diabetes is a rapidly growing problem that is managed at the individual level by
monitoring and controlling blood glucose levels to minimize the negative effects of the disease.
Because of limitations in diagnostic methods, significant research efforts are focused on
developing improved methods to measure glucose. Nanotechnology has impacted these efforts by
increasing the surface area of sensors, improving the catalytic properties of electrodes and
providing nanoscale sensors. Herein, we discuss developments in the past several years on both
nanosensors that directly measure glucose as well as nanomaterials that improve glucose sensor
function. Finally, we discuss challenges that must be overcome to apply these developments in the
clinic.
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Diabetes and Blood Glucose Monitoring

Diabetes is a rapidly growing problem, currently affecting 24 million people in the US alone
[1]. This number could increase to 44.1 million by 2034 with treatment costs approaching
$336 billion (in 2007 dollars) [2]. Diabetes can lead to complications such as serious as
lower-limb amputations, blindness, and cardiovascular disease [1]. Although there is no cure
for diabetes, patients can reduce disease-associated complications through the tight control
of blood glucose levels [1].

In order to attain optimal control, patients must monitor their blood glucose levels.
Currently, this requires a patient to obtain a small sample of blood, usually via a finger
prick. Blood is placed onto a sensor test strip that is then read by a handheld electronic
reader, which reports the blood glucose concentration. These sensors are based on
electrochemical enzymatic measurements (Figure 1) with screen printed electrodes [3] and
provide rapid and accurate measurements of blood glucose without the need for laboratory
analysis. However, there are limitations to this approach including painful sampling,
analyses cannot be performed if the patient is otherwise occupied (e.g. sleeping) and large
fluctuations between sampling time points are missed [4,5]. To help overcome the problems
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with discrete blood glucose measurement, new commercial products focus on continuous
glucose measurement (Box 1). Early stage nanotechnology research involving nanosensors
and nanomaterials is also directed toward continuous monitoring (Box 2).

Box 1

Traditional monitoring of blood glucose uses discrete blood sampling time points during
the course of a day. For many diabetics this provides satisfactory data for the control of
blood glucose levels. However, inherent in this approach lays the risk of overlooking
hypo- and hyperglycemic excursions between sampling points as well as limiting
predictive value. The figure presents a hypothetical case, demonstrating the limitations of
discrete blood sampling. Three of the four measurements are near 100 mg/dL (the
optimal range), with no hypoglycemic events. However, continuous monitoring data
indicates a hypoglycemic event occurred between the first two sampling points, which
was not captured with discrete measurements. Capturing this event would allow the
patient to intercede and avoid complications, highlighting the advantages of an increased
frequency of measurement.

Another advantage of continuous measurements is the estimation of future blood glucose
levels. In the figure, the patient’s blood glucose level is trending lower at the last sample
point. Thus, the patient could take action to limit a major excursion from the desired
blood glucose concentration. This is especially important if the blood glucose trend for
the patient is changing rapidly. Finally, this approach also allows monitoring without
patient intervention, which can be extremely advantageous during sleep when blood
glucose can drop dangerously low [4].

Current technology for continuous glucose monitoring has some disadvantages that have
prevented widespread adoption for the management of diabetes. All FDA approved
devices are implanted sensors, which have a maximum useful lifetime of several days to
a week (partially because the immune system responds to the sensor as a foreign body).
As they are implanted in subcutaneous tissue, these sensors do not directly sample blood,
and this can lead to a time lag in measurements taken during periods of rapid
concentration changes. This lag has been estimated from several minutes to nearly 30
minutes [4]. Additionally, current sensors must be calibrated and checked against
standards as they are only approved for tracking trends in blood glucose levels. Finally,
current sensors are expensive and are not always covered by health insurance plans, so
this technology has not been widely adopted.

Continuous glucose monitoring
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Figure I.

Hypothetical discrete versus continuous glucose monitoring. Discrete samples (red
boxes) are taken every few hours. Continuous monitoring (black circles) provides more
frequent measurements of blood-glucose concentrations.

Box 2
Nanotechnology for glucose sensors

Nanotechnology has been incorporated into glucose sensors using two primary
approaches. First, sensors can be designed using macro- or microscale components (such
as electrodes, membranes and supporting hardware) but incorporate either a
nanostructured surface or a nanomaterial into this design. The nanoscale properties of
these modified systems have several advantages, including higher surface areas (yielding
larger currents and faster responses) and improved catalytic activities. These sensors,
owing to their size, would be implanted similar to current technology if used for
continuous monitoring. Accordingly, these sensors could experience the same drawbacks
as current sensors, including sensor fouling and decreased sensor life as a result of
immune foreign body response.

Secondly, nanofabrication techniques can generate glucose sensors that are nanoscale in
all dimensions. These sensors offer some advantages over traditional sensors for
continuous monitoring: these sensors would be injectable, which could lead to more
facile administration of the sensing system than the current implantation approach.
Additionally, because of the small size of these sensors, they could potentially avoid the
foreign body response of the immune system and, therefore, have longer useful lives.
However, these sensors are a radical change from current continuous monitoring sensors
and there is little clinical data on these systems, so further research is needed before these
nanosensors can be of use to patients.

A defining characteristic of nanomaterials is that they have at least one structural dimension
on the order of 100 nanometers or less [6]. Nanomaterials and nanosensors offer some
significant advantages owing to their small size. High surface area/volume ratios (allowing
larger signals, better catalysis and more rapid movement of analyte through sensors) as well
as enhanced optical properties [quantum dot fluorescence, gold nanoparticle quenching,
surface enhanced raman scattering (SERS)] represent significant benefits over macroscale
materials. Researchers have used these properties to improve the accuracy, size, lifetime and
usability of sensors for the treatment of diabetes. Nanosensors are finally nearing the stages
of commercial and clinical implementation, which will hopefully allow better treatment for
patients suffering from diabetes in the future.

Here, we review recent developments in the field of nanomaterials and nanosensors for
diabetes care. A review by Wang provides an overview of work on electrochemical glucose
biosensors (including nanomaterials [3]); another excellent source is a review by Pickup
concerning nanomedicine for diabetes care and includes a section on nanosensors [5]. We
limit our discussion to sensors that include either nonbiological nanomaterials or that are on
the nanoscale (i.e. we exclude sensors that comprise only chemicals or mutated proteins).
Additionally, we focus our discussion of electrochemical biosensors on those that have been
applied to clinical samples. For additional discussion of electrochemical biosensors, see [7].
Finally, although nanotechnology has been applied to other diabetes targets (e.g.
autoantibodies in type 1 diabetes [8] or acetone as a possible diagnostic in diabetes [9]), we
focus on glucose detection.
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Nanomaterials to supplement current sensors

The most common application of nanotechnology for sensors in diabetes is the use of
nanomaterials to assist standard enzymatic electrochemical detection of glucose (Figure 1).
Incorporation of nanomaterials into these sensors provides a variety of advantages including
increased surface area, more efficient electron transfer from enzyme to electrode and the
ability to include additional catalytic steps. While a detailed discussion of all possible
modifications to the standard electrode would be prohibitively long, we highlight recent
advances that demonstrate the range of options for nanomaterials in glucose sensors.

Carbon nanotube (CNT) incorporation is a heavily investigated modification to enzymatic
electrode detection of glucose, partly because of the electron transfer capabilities of CNTSs as
well as the large surface area. The electrode can be replaced with a highly porous nanofiber
onto which glucose oxidase is immobilized [10]. This structure has a much higher electronic
surface area than bulk metal electrodes, and accordingly can immobilize more enzyme and
generate larger signals. Another approach is to modify the nanotubes with an
electrochemical mediator such as ferrocene to improve the electron transfer between the
enzyme and the electrode [11].

CNTs can be coupled with other nanomaterials or polymers to form nanocomposites for
glucose detection. Combining CNTs with additional nanomaterials improves aspects such as
catalytic activity. Nanocomposite membranes have recently been fabricated with layer-by-
layer assembly of CNTs and gold nanoparticles [12]. Similar approaches have also coupled
CNTs with metal nanoparticles of silver [13], platinum [14], or gold/platinum [15] as well as
nonmetals such as silica [16] or composites of silica/iron oxide [17]. CNT membranes can
be deposited on nanostructured electrodes, such as alumina-coated-silica modified
electrodes [18] or titanium dioxide (TiO,) nanotube arrays [19]. Another form of
nanostructured carbon, graphene nanosheets, was utilized as a platform to support platinum-
gold or gold nanoparticles [20]. Nanocomposites made from nanotubes and polymers such
as cellulose can serve as a matrix for entrapment of glucose oxidase (GOx) onto an electrode
surface [21].

A variety of nanostructured electrodes provide improvements over conventional
macrostructured electrodes. Zinc oxide deployed as nanowires [22] and nanotube arrays
[23,24] has been used for glucose detection. Nanowire arrays fabricated from ruthenium
[25] and gold [26] have increased surface area and improved electrochemical interrogation
compared with conventional electrodes. In addition to creating nanoscale features on the
surface of the electrode, nanostructure can be generated with nanoparticles. Gold [27],
platinum [28] and palladium [29] nanoparticles have been utilized in membranes to assist
electron transfer and to increase the surface area of the sensor.

Magnetic nanoparticles, commonly made from iron oxide, have also been used for glucose
sensors. These particles can be combined with other systems such as CNTs [17] or used on
their own [30,31]. The magnetic nature of these nanoparticles simplifies the assembly of
GOx-labeled nanoparticles onto the electrode [32] as well as enabling the formation of
nanoparticle conductive wires on the electrode surface [33]. In both of these examples, the
particles were attracted to the electrode surface using magnetic fields, which highlights one
advantage in utilizing magnetic nanoparticles in fabrication of nanoparticle electrode
assemblies.

Nanostructured polymers can improve the development of glucose sensors. Hollow spheres
of conductive polymer can be used to transfer electrons from GOx to the electrode [34].
Conductive polymer electrodes can be used in a method similar to other nanostructured
surfaces, where GOx is immobilized directly on the modified electrode. In one example, the
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electrode surface was covered with highly ordered polyaniline nanotubes, which have GOx
immobilized within the tubes [35]. The use of polymers introduces a range of different
electrochemical properties, including operation at varying potentials. The use of different
potentials helps to minimize electrochemical interference from common electroactive
compounds in blood (e.g. acetaminophen, ascorbic acid, and uric acid) which can cause
nonspecific signals with standard electrochemical detection approaches.

As the goal of research to improve sensors is to assist patients with diabetes, an important
factor to consider when assessing nanomaterial sensors is whether they work in clinical
samples. All of the sensors discussed have at minimum been tested in a buffered system
with glucose; many have been tested with interferants; and most perform better than
standard sensors as a result of the nanomaterials used. However, surprisingly few have been
tested in clinical samples (i.e. blood or serum). The research groups reporting tests in
clinical samples describe comparable sensitivity to conventional testing techniques
[12,13,15,16,28-30,32,35], which is promising for future applications of these sensors (see
Table 1 for further details on these sensors). Testing in clinical samples is only the first step
in proving the utility of nanomaterials application, and very little research has been
performed to demonstrate cost-effective increases in positive attributes when compared with
the standard approach of glucose detection.

Nanomaterials for the direct oxidation of glucose

Coupling biological recognition elements with electrochemistry increases the selectivity and
sensitivity of sensors and explains both the popularity of this approach and the commercial
success of sensors based on proteins. Despite these advantages, there are several drawbacks
to sensors based on biological recognition including the intrinsically poorer stability when
compared with nonbiological systems. As a result of this limitation, many research groups
have focused on the development of glucose detection assays that do not rely on a protein
for recognition and, as a result, could have longer storage lifetimes.

One of the most heavily researched areas in nonenzymatic glucose sensors is detection of
glucose oxidation directly at an electrode. This method also has several limitations such as
slow reaction kinetics and the need for a large applied potential, which decreases specificity
[36]. Nanomaterials have helped to overcome these limitations and thereby have allowed the
development of direct-oxidation glucose sensors as replacements for biological recognition
Sensors.

Recent progress in this field can be roughly categorized based on the nanomaterial used in
the sensors. Glucose detection has been demonstrated using copper and copper oxide
nanowires [37], porous films [38] as well as nanoflowers and nanorods [39]. Nanostructured
copper oxide/copper oxalate has also been employed [40]. Detecting the direct oxidation of
glucose, however, does not require copper. Nanoparticles composed of silver [41], gold [42],
nickel [43] and nickel/palladium [44] and other nanostructures such as gold nanowires [45],
nickel hydroxide nanocomposites [46], boron-doped diamond nanorods [47] and platinum/
lead nanoporous networks [48] have been reported. Finally, the inclusion of carbon
nanomaterials in sensor constructs improves sensor performance; metal nanoparticles
incorporated with carbon nanofibers [49,50] or nanotubes [36,50-54], fluorine-doped
nanotubes [55] and boronic acid functionalized nanotubes [56] all have improved oxidation
characteristics (e.g. working potential or sensitivity) when compared with direct oxidation
systems with an unmodified electrode.

Several of the direct glucose oxidation sensors perform in biological samples
[36,40,42,46,51,52,55] (see Table 1 for further details on these sensors). Many of these
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sensors work at high pH, likely precluding in vivo applications; however, Meng and
colleagues [51] have shown that a palladium nanoparticle/CNT system can work in
phosphate buffered saline at pH 7.4 as well as in clinical samples diluted with this buffer,
showing the potential for future in vivo applications. The nanomaterials employed in these
sensors have enabled significantly improved electrochemical properties such as lower
working potentials, improved sensitivity and improved limits of detection. However, they
will likely not see much utility in clinical settings without significant work to improve their
ability to function in undiluted samples like those obtained routinely by patients.

Other electrochemical methods of detection

Nanomaterial-based sensors can also be designed to detect glucose through changes in pH or
charge, often through a field effect transistor (FET). These devices measure a property of the
nanomaterial (such as conductance) that is affected by charges near the surface of the sensor
or the pH of the solvent. As the concentration of glucose changes, the charge near the
surface or the pH changes either as a result of an enzymatic reaction or competitive binding,
causing the sensor to register a change in the measured property. This allows indirect
quantification of glucose concentration, although pH changes in the bulk solution can affect
the measured response.

The breakdown of glucose catalyzed by GOx decreases solution pH by liberating hydrogen
ions, and generates negative charges by producing the gluconate ion. Risveden and
colleagues used a region selective ion sensitive field effect transistor (RISFET) to detect
gluconate generation in order to quantify glucose concentrations [57]. The RISFET focuses
the gluconate between the sensing electrodes, and the increase in current is proportional to
the amount of glucose present. Layer-by-layer assembly of CNTs with GOx allows the
change in pH generated by glucose degradation to be monitored by measuring the
conductance changes in the CNT layer [58]. Modified nanoparticles can also improve the
sensitivity of capacitive electrolyte-insulator-semiconductor (EIS) structures. The use of
gold nanoparticles modified with both GOx and ferrocene improved sensitivity nearly two-
fold over nanoparticles modified with only GOx [59]. In addition to using GOX to recognize
glucose, other proteins such as concanavalin A (ConA), a plant lectin that binds
polysaccharide, can be used in FET detection platforms. A CNT-based FET labeled with the
polysaccharide dextran detected a change in resistance upon binding, or in the presence of
glucose, displacement of ConA with picomolar detection limits [60]. Although unsuitable
for glucose detection in blood or interstitial fluid, this could be valuable for testing in
alternate scenarios or fluids where glucose concentration is very low and has been
demonstrated in spiked plasma (Table 1).

In addition to resistance and conductance based methods, other electronic measurements can
be used for glucose detection. In the presence of glucose, dextran displacement from ConA,
immobilized onto an electrode coated with gold nanoparticles, changes capacitance across
the electrode [61]. lon-selective electrodes can potentiometrically measure free silver ions
(Ag*), which are released from silver nanoparticles in the presence of hydrogen peroxide
generated by GOx [62]. Finally, glucose can be detected by electrochemiluminescence after
glucose oxidation on palladium nanoparticle functionalized nanotubes, although with a
linear range of detection several orders of magnitude below physiological blood glucose
concentration [63].

The nanomaterials and nanofabrication techniques employed in these sensor architectures
improve sensitivity as well as yield extremely low limits of detection. Although far too low
for applications in direct clinical samples, these might be of utility in other testing scenarios
or when coupled with methods to increase the working range to physiological levels.
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Although one sensor was demonstrated in human plasma doped with extremely low
concentrations of glucose [60], there is little other research on the clinical applicability of
these sensors or improvement over commercial sensors for the care of patients with diabetes.

Fluorescent polymeric nanosensors

Electrochemical detection technologies represent a large portion of research into glucose
detection and dominate the field of commercially available sensors. However, for in vivo
continuous monitoring, fluorescence-based sensors offer several advantages. Chief among
them is the ability to optically interrogate the sensors through the skin rather than having an
electrode system implanted. This approach often involves a “smart tattoo” for the patient, as
sensors would be implanted into the skin of the patient similar to regular tattoos (Figure 2).
However, unlike regular tattoos, these smart tattoos would be only temporary and would
need to be replaced on the time scale of weeks to months to account for sensor migration
and loss of signal owing to degradation. The sensors would change fluorescence properties
in response to blood glucose, and this change could be read out using optical interrogation
through the skin. This method would eliminate or reduce the need for patients to take blood
samples while allowing data to be collected in a more continuous manner. This also
minimizes the chances for infection at the implantation site and avoids other complications
of implanted devices such as capsule formation and the accompanying decreases in glucose
transport [64].

With this goal in mind, a variety of nanosensor technologies have been developed using
fluorescence signals. Several such sensors are based on polymeric nanosensors incorporating
boronic acid derivatives to recognize glucose. Nanospheres based on N-isopropylacrylamide
containing a covalently bound phenyl-boronic acid derivative as well as two attached
fluorophores have been synthesized [65]. In the absence of sugar, the nanospheres are small,
holding the fluorophores close together and allowing efficient Forster resonance energy
transfer (FRET). Upon sugar binding to the boronic acid, the polymer swells, increasing the
average distance between the fluorophores. This decreases FRET, which increases the donor
fluorescence and decreases the acceptor fluorescence. This approach was subsequently
improved (faster response times, large and reversible signal changes in physiological
concentration ranges) by using multiple boronic acid derivatives and altering the
concentrations of fluorophores used [66].

Fluorescent nanosensors have also been developed based on highly plasticized hydrophobic
polymers [67] (Figure 2b,Table 2). A hydrophobic boronic acid capable of extracting
glucose was incorporated into the core of the nanosensor. The diol-containing dye, alizarin,
was used as the reporting group. In the absence of glucose, boronic acid binds the
nonfluorescent alizarin, generating a fluorescent complex. In the presence of glucose,
boronic acid binds glucose, releasing alizarin and decreasing overall fluorescence. As all of
the components are hydrophobic, they remain in the core of the sensor, making the sensors
reversible, which is essential for continuous glucose monitoring. Importantly, these sensors
have been used to monitor the blood glucose of mice in vivo, and can track blood glucose
throughout the physiological range (from 66 mg/deciliter (dL) or 3.7 mM to 427 mg/dL or
23.7 mM)[67]. Thus, these nanosensors represent a step towards the development of a
“smart tattoo” for glucose monitoring.

Nanotechnology can also facilitate the development of “smart tattoos” using microspheres in
addition to nanoscale sensors. For example, glucose/galactose binding proteins can be
incorporated on the surface of a microsphere using layer-by-layer assembly of a nanofilm to
encapsulate the components [68]. The fluorescence intensity and lifetime of the fluorescent
protein and the spheres change in response to glucose, although this has been demonstrated
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in concentration range lower than the clinically relevant range. Future work should be
directed to translate the sensitivity of this technology towards the physiological range.
Catalytically inactive GOx has been used as a recognition element inside layer-by-layer
assembled nanofilms [69-70]. These films were assembled on dissolvable manganese
carbonate microspheres and then the interior microsphere was dissolved, leaving the
nanofilm behind. The modified GOx, labeled with a dye, and dextran, labeled with a
quencher, were then loaded through the nanofilm. Upon exposure to glucose, the dextran
and GOx separate and fluorescence increases. Upon removal of glucose, this process is
reversed as both components are contained inside the nanofilm; thus, this is a reversible
sensor. Later work expanded this concept to alginate microspheres [71]. Importantly, this
work makes use of near-infrared fluorophores, which offers an advantage for in vivo
application, as background signal from tissue and biological fluids is minimized, allowing
easier imaging through the skin. Layer-by-layer assembly has also been used to fabricate
GOx-molecular wire shells around gold nanoparticles [72]. By using osmium molecular
wires, Scodeller and colleagues demonstrated glucose dependant changes in the resonant
Raman signals, which were amplified by the presence of the gold nanoparticles through
SERS [72]. Barone and colleagues utilized nanomaterials to generate a “smart tattoo”. They
fabricated a hydrogel containing a modified GOx, which caused the hydrogel to change
internal conformation. This change was measured through the fluorescence of embedded
CNTs, yielding excellent signal changes with response to glucose in buffered systems. They
also demonstrated excellent signal to noise imaging of the hydrogels (without the glucose
responsive element) in mice using a standard microscope [73]. Nanotubes as fluorophores
have two important attributes for in vivo application: they have near-infrared fluorescence
and they do not photobleach (allowing easier imaging and longer useful lifetimes). The same
group also demonstrated a sensor approach based on glucose controlled aggregation of CNT
(labeled with a glucose analogue) onto ConA. As the aggregates have different fluorescence
than free CNTSs, detection of glucose is possible through measuring the CNT fluorescence
change [74]. This system could be encapsulated in a microdialysis capillary for implantation
and imaging, although a wider dynamic range is needed before clinical application [75]. Of
note, this group also discusses the future potential cost of manufacture for these sensors,
finding that costs will likely be similar to current devices [75].

These “smart tattoo” approaches are a large departure from both current electrochemical
glucose sensors as well as from the nanomaterial electrochemical approaches. They offer the
ability to measure glucose through the skin, allowing continuous monitoring with a less
invasive approach. Additionally, many of these sensors would not be possible without
nanomaterials or nanofabrication techniques. The nanosize of some of the sensors also might
avoid the immune system effects as well as ease eventual injection, although both of these
attributes will require future laboratory and clinical studies. This category of sensors
demonstrates the possibilities in advancing glucose sensors through the use of
nanotechnology.

Quantum dots in glucose sensors

In addition to utilizing nanomaterials to encapsulate sensor components, nanomaterials can
be functional agents in the sensor architecture. Semiconductor quantum dots (QDs) have
excellent optical properties for use in sensors, such as narrow fluorescence peaks and
minimal photobleaching. However, the QDs themselves do not interact with glucose, and
hence have no inherent recognition ability and must be coupled to a recognition element for
successful implementation. Several research groups have coupled cadmium telluride (CdTe)
QDs with GOx to fabricate sensing systems similar to the one shown in Figure 3a. The
luminescence of these QDs is quenched by the hydrogen peroxide generated by the enzyme
in the presence of glucose. Tethering the enzyme directly to a CdTe QD [76] or using layer-
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by-layer assembly to form a nanofilm of CdTe QDs covered by a nanofilm of GOx [77]
allows rapid optical detection of glucose. In fact, the nanofilm approach allows accurate
quantification of serum samples [77]. Direct conjugation of GOx with manganese-doped
zinc sulfide (ZnS) QDs also yielded a sensor capable of detecting glucose in clinical samples
[78]. Similarly, the phosphorescence of TiOy/silicon dioxide (SiO,) nanocomposites is
quenched by peroxide, and coupling with GOx allows serum detection of glucose
comparable to current detection methods [79].

These approaches can be applied with recognition elements other than GOx. ConA also
recognizes glucose and can be tethered to QDs. However, upon glucose recognition, no
peroxide is generated, so another fluorescence quenching mechanism must be used. For
example, the addition of gold nanoparticles labeled with B-cyclodextrin (B-CD) quench
fluorescence by FRET, as B-CD bhinds to ConA, bringing the nanoparticle close to the QD
[80]. Glucose can displace the B-CD, which increases QD fluorescence, even in clinical
samples. Boronic acids can also be attached to a QD to detect glucose; in one example, a
fluorophore-labeled sugar was used as the FRET-based quencher of a cadmium selenide/
ZnS QD [81] (similar to Figure 3b).

QDs can also be used as a reference signal. One demonstration of this approach uses a film
of QDs as a reference, which is covered by a film of oxygen-responsive dye and finally a
GOx layer [82]. The signal from the oxygen-responsive dye changes with glucose
concentration as GOx activity locally depletes the oxygen, while the signal from the QDs
remains constant. This allows colorimetric quantification of glucose concentrations in the
hypoglycemic range. QDs can also assist amperometric glucose biosensors [83]. Upon UV
irradiation, cadmium sulfide QDs can generate electron-hole pairs. Using a membrane
containing platinum nanoparticles to assist with extracting the electron, these QDs increase
the electrochemical signal obtained from GOXx detection of glucose with the application of
UV light, yielding a more sensitive current response to glucose. However, the use of UV
light would preclude most application in biological samples due to the large UV absorbance
of proteins. Finally, although not based on QDs, silica luminescent nanoparticles with
embedded europium complexes can sense glucose through interactions between glucose and
europium; direct interaction displaces water molecules, which quench fluorescence [84].
This approach yields increases in fluorescence with glucose detection and, owing in part to
the optical properties of europium, allows accurate quantification in clinical samples.

As a replacement for current electrochemical sensors, fluorescent sensors based on QDs will
likely be more expensive. However, these approaches could also be converted into “smart
tattoo” systems through implantation into the skin, yielding the benefits described above. Of
course, implantation into the body would require stringent toxicity testing because of
possible problems with cadmium-containing particles. For implantation of some of the
systems (such as displacement of B-CD [80] or a labeled sugar [81]), they must first be
encapsulated to allow reversible signaling. QDs also have ideal optical properties for long-
term implantation (i.e. they will not photobleach over time), and many of the discussed
systems [77-80,82,84] have been demonstrated in clinical samples (Table 2), which bodes
well for future in vivo use.

Concluding remarks

Research and development of nanosensors for the management of diabetes is an important
research area and will remain so in the future. Even though progress in this field is rapid, the
ultimate goal of achieving long-term, accurate, and continuous glucose monitoring in
patients has not been reached. In order to help achieve this goal, future work should
emphasize testing in realistic, clinical samples even for proof of concept sensor designs.
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These sensors should also be compared more thoroughly with commercially available
sensors to better demonstrate the advantages or disadvantages of the nanosensors. These
direct comparisons should help to justify the additional cost and effort to overcome
manufacturing challenges associated with nanosensors compared with standard sensors. The
cost and effort of large-scale manufacture of new sensor approaches must provide either
extreme improvements in accuracy with minimal additional new cost or an improvement in
patient quality of life. This is a large problem to overcome for the approaches that
incorporate nanomaterials into electrochemical detection approaches or detect glucose
through direct oxidation, as the patient must still undergo the same sampling methods
(finger-stick), yielding no improvement in quality of life. In order to have an impact on
diabetes, these sensors must demonstrate extremely high improvements in response, as cost
is unlikely to decrease below current manufacturing approaches. In addition to cost, other
questions remain about the ability for these approaches to impact clinical care (Box 3),
including biocompatibility and sensor lifetime; these questions must be answered through
further research in order for patients to benefit from this technology.

Box 3
Outstanding Questions

»  Can nanomaterials be designed to help improve biocompatibility and sensor
lifetime for implantable sensors?

» Do nanomaterials improve current sensors at a level that offsets the increased
cost of manufacture?

»  Are there additional considerations for biocompatibility of nanoscale materials?
» Can nanoscale sensors minimize tissue encapsulation and protein fouling?

»  Can nanosensors be administered in locations to minimize glucose transport
time lag?

Nanoscale sensors have the potential to drastically improve continuous glucose monitoring
capabilities and improve patient quality of life. Macrosensors can be compromised during
implantation through degradation of the sensor and fibrous capsule formation. Nanosensors
might avoid these drawbacks, allowing more long-term monitoring and reaching the goal of
a closed-loop artificial pancreas. Current diabetes treatment involves sampling blood to
obtain blood-glucose concentration, calculation of the needed insulin dose and injection of
the drug. The closed-loop pancreas would eliminate the need for the patient to perform these
steps, as it would perform all three tasks, similar to a natural pancreas. Continuous
monitoring, like that achieved by some of the systems discussed here, is a necessary part of
this long-term goal. Additionally, “smart tattoo” approaches minimize the need for
implantation of electrochemical sensors to attain this goal, which minimizes patient
inconvenience and pain. Nanosensors have the capability to improve the lives of future
patients living with diabetes.
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Figure 1.
Nanostructured materials used in glucose sensors. Standard glucose oxidase (GOx) based
electrochemical biosensors (a, b) utilize a GOXx layer to recognize glucose and generate an
electrochemical signal. This signal is transferred from the enzyme through O, reduction to
H»0, (a) or reduction of another chemical mediator (b). Nanomaterials can be incorporated
into these sensors in order to increase surface area, improve catalytic action, modify
operating parameters, and improve electron transfer from the enzyme to the electrode. This
can be accomplished through the use of single types of nanomaterials (c) such as CNTs, or
nanocomposites consisting of multiple nanomaterials working together (d).
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Figure 2.
Polymeric nanosensors for “smart tattoos.” Smart tattoos (a) are implanted in the skin of a

patient to assist with continuous monitoring of glucose levels. The sensors change their
fluorescent properties with glucose concentration, which allows optical interrogation of
glucose levels without blood draws. One example of this class of sensors (b) is nanosensors
composed of a hydrophobic polymer containing lipophilic glucose recognition elements and
fluorescent reporters. In the absence of glucose (left), the boronic acid-based recognition
element is bound to the reporter alizarin (orange), forming a fluorescent complex. In the
presence of glucose (right, gray), the boronic acid binds to glucose, extracts it into the sensor
core, displacing the fluorophore alizarin in the process, rendering it nonfluorescent (light
orange). This causes a decrease in fluorescence, signaling detection of glucose through
optical interrogation [67].
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Figure 3.

Quantum Dot-based glucose sensors. The fluorescence or phosphorescence of QDs can be
quenched by hydrogen peroxide. Glucose sensors are fabricated through attachment of GOx
to a QD reporter (a). In the presence of glucose, the enzyme generates hydrogen peroxide,
which quenches the QD, providing an optical signal change proportional to glucose
concentrations. For examples, see [76—79]. QDs can also be quenched by chromophores
through FRET (b). Glucose sensors can be fabricated through attachment of a recognition
element to the QD and attaching a FRET quencher to a glucose analogue. Without glucose,
these molecules are bound together, quenching the QD fluorescence. Glucose displaces the
guencher, increasing QD fluorescence. For examples, see [80-81].
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