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Review Article

Brief Introduction Into Nanotechnology

Nanotechnology means the development and production of 
devices and structures with dimensions <100 nanometers 
and/or uses characteristic effects and phenomena in this size 
range (quantum effects).1,2 Nanotechnology will lead to 
many application fields with products of nanotechnology 
and procedures, some of which are already mastered. This 
affects particularly electronics, communication technology, 
aerospace industry, automobile industry, energy and chemi-
cal industry, construction, and of course medical devices and 
methods.3 Undoubtedly, nanotechnology is one of the key 
technologies of the 21st century, and it is not surprising that 
the market for nanotechnology increases rapidly. According 
to a recent analysis the revenue increased from $185 million 
in 2005 to $2.7 billion in 2008 and >$20 billion currently.2

In principle certain areas of usage can be distinguished

•• Nanotechnique, ie, the technology for the production 
of nanostructures

•• Nano–building blocks, such as

-Nanoparticles and nanolayers4

-Nanostructures (such as quantum dots)5,6

-Novel types of molecules (eg, carbon nanotubes, fullerenes)7

-Biomolecules (such as proteins, DNA, RNA)8,9

•• Nanotools, such as

-Novel microscopes (scanning tunneling microscope, atomic 
force microscope)

-New technologies in lithography for nanoelectronics

-Self-assembly technologies (eg, DNA synthesis)10

With these tools, there are many different, completely new 
technological possibilities, such as the production of materi-
als with novel properties (eg, nanosolar cell films, carbon 
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Abstract
Nowadays nanotechnology has many applications in products used in various areas of daily life; however, this technology has also 
an option in modern medicine and pharmacy. Therefore, this technology is also an attractive option for the field of diagnosis and 
treatment of diabetes. Many people with diabetes measure their blood glucose levels regularly to determine the insulin dose. Ideally 
glucose values would be measured noninvasively (NI). However, none of all the NI approaches studied in the past decades enabled 
reliable NI measurements under all daily life conditions. Particularly an unfavorable signal-to-noise ratio turned out to be problematic. 
Based on the known physical possibilities for NI glucose monitoring the focus of this review is on nanotechnology approaches. 
Functional prototypes exist for some of these that showed promising results under defined laboratory conditions, indicating a good 
sensitivity and selectivity for glucose. On the second hand is to optimize the technological process of manufacturing. In view of the 
rapid progress in micro- and nanoelectronics hopefully NI glucose monitoring systems can be developed in the near future.
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nanotubes as a key material for nanoelectronics), novel 
devices for nanoelectronics and nanomechanics (eg, nano-
tube transistors, nanocrystals and detectors, nanobiochips), 
new method of surface treatment to achieve improved 
mechanical, thermal, electrical, and chemical properties of 
surfaces, and also various approaches to medicine.

Nanotechnology in Medicine

In medicine a variety of nanosensors are already used for 
diagnostic and therapeutic purposes. Given that such sensors 
are very small in size, they can be implanted directly into the 
organism as measurement tools or therapeutic tools.2,11,12 
Such biochips are made of functional nanoparticles as detec-
tor reagents or nanoarrays for chemical, pharmaceutical, bio-
chemical, and genetic tests and can implanted as sensors for 
continuous monitoring. Some of them will be exemplified:

••   New methods for production of biocompatible 
materials and resulting medical devices, such as
||   Artificial joints (eg, hips) of biocompatible 

nanomaterials13

||   Artificial muscle fibers14

||   Biocompatible coatings of nanomaterials via 
implanted devices to control or support physi-
ological functions (eg, pacemakers)15

||   Envelope of implanted cells with physiologi-
cal control functions (eg, insulin-producing cells) 
from nanomaterials to ensure the protection of 
these before the immune system16-18

••   Nanosensors for medical diagnostics and therapy:
||   Nanosensors for control of physiological pro-

cesses in the organism and cells19,20

||   Nanosensors in cancer diagnosis, which can 
track each specific associated with a specific can-
cer proteins21,22

||   Novel therapeutic approaches with nanopar-
ticles, eg, the smuggling of super paramagnetic 
nanoparticles in tumor cells, which vibrate in an 
alternating electromagnetic field and of the heat 
kills the cell23

||   Nanosensors for continuous monitoring of 
physiological processes (eg, measurement of glu-
cose, lactate, urea, fatty acids, measurement of 
brain activity and autonomic functions)24-27

Of all these options the reaction that is of most interest in the 
field of diabetes technology is the development of glucose 
sensors for continuous glucose monitoring.

Physical Principles That Can Be Used 
for Noninvasive Glucose Monitoring

The interaction of glucose molecules with applied energy 
(radiation, heat, electromagnetic fields, among others) can be 

used for noninvasive (NI) glucose monitoring. A number of 
physical principles can be used; for example light absorp-
tion, light scattering, polarization of light, fluorescence, 
Raman Scattering, photoacoustic and impedance measure-
ment. No sample material is required as the applied energy 
field constitutes directly the measurement probe in a volume 
of tissue. Every atom or molecule has very specific energetic 
characteristics (energy levels), which become obvious when 
energy intake or energy output occurs, that is, so to speak, 
they provide a “fingerprint” of the corresponding atomic or 
molecular species. The nature of molecules can be deter-
mined qualitatively from the position of spectroscopic sig-
nals in a certain measuring range. The concentration can be 
estimated quantitatively from the intensity of the signals.

For measurement of glucose in a certain tissue volume is 
it necessary that a specific interaction of the glucose mole-
cules with the applied energy takes place. This implies the 
difficulty that the concentration of glucose in the human 
body is relatively low with concentrations in the parts- 
per-thousand range. Therefore, glucose signals are weak in 
comparison to other endogenous substances, such as water or 
albumin that prevail in much higher concentrations, giving 
rise to stronger signals. The effect of signals nonoriginating 
from glucose (“noise”) must be compensated and separated 
from the true glucose signal by use of complex mathematical 
algorithms.

Even more critical is the fact, that the radiated energy (eg, 
a beam of light) hits a quite complex structure when it pene-
trates the skin. Because of the strong anisotropy of skin and 
tissue, the measurement signal differs considerably, depend-
ing, for example, on the penetration depth, making it difficult 
to accurately measure glucose. Physical methods are there-
fore touching the limits of measurability of glucose. The cru-
cial question is whether the accuracy and precision required 
for diabetes treatment can be reached by employing such 
methods. Taking as precondition the accuracy of glucose 
meters used by patients today for self-measurement of glu-
cose in capillary blood samples, about 95% of all measure-
ment results should be located within ±15 mg/dL (0.83 
mmol/L) with glucose levels <100 mg/dL (5.6 mmol/L) or 
±15% with values >100 mg/dL.28

Examples of Noninvasive Glucose 
Monitoring Systems

Basically, it is irrelevant whether the sensors used for glu-
cose monitoring provide discrete results, as with blood glu-
cose self-monitoring, or continuous data as with continuous 
glucose monitoring (CGM) in the interstitial fluid. In princi-
ple, both approaches can be realized NI with the same mea-
surement approach. To date most approaches for NI glucose 
monitoring involved measuring methods in which “light” (= 
not necessarily in the visible range) is absorbed or scattered. 
Back in the 1990s patients were offered various underdevel-
oped products to purchase, which did not meet the 
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requirements needed from a clinical and regulatory point of 
view, and thus frustrated the patients and diabetologists (eg, 
DiaSensor 1000, Diasense UK Ltd; GluControl, Arithmed 
GmbH; TouchTrakPRO 200, Samsung Inc).

Under highly controlled conditions in the laboratory glu-
cose can be measured in the human skin by absorption spec-
troscopy. However, besides a high technical effort, the 
measurement accuracy is not sufficient and the reproducibil-
ity of the results as well. Despite various efforts of a number 
of companies and academic institutions, all such approaches 
failed. One example is the Sensys GTS™, a device devel-
oped by Sensys Medical Inc, a US company. This measure-
ment system employed light absorption in the near infrared 
range (NIR). The company had initially built a compact 
desktop unit, which then was developed into a patient’s 
device for every day’s use. To assure reproducible measure-
ments, the measuring point at the skin has to be prepared by 
shaving, application of a hydrogel, washing and finally dry-
ing to create defined skin moisture.29 If the preparation and 
measurement was conducted by a technician, 79.6% of 
paired measurement results were in the zone A and 20.1% of 
the values in the still acceptable zone B, making reference to 
the error grid analysis (EGA). This analysis compares the 
results obtained with the test device with those obtained with 
a laboratory device under clinical aspects of accuracy. 
However, if preparation and measurements were made by 
patients themselves, only 37.5% of the values were in zone A 
and 45.8% in zone B.30 Such a high influence of external 
conditions is not acceptable under real-life applications and 
explains why such devices were not successful.

Another example is a device which was under develop-
ment by Grove Instruments. They also rely on absorption of 
light in the NIR for glucose measurement and presented 
results, in which 96.3% of the measurement results were in 
zone A of the EGA.31 However, the measurements were per-
formed without blinded experimenters and subsequent data 
analysis was performed by the company. Thus, no indepen-
dent evaluation of the measurement performance of this 
device was performed.

The physical principle of Raman scattering uses the inci-
dent light of a specific wavelength (monochromatic light) 
that is scattered inelastically by the glucose molecules, thus 
it is shifted in frequency. With different molecules, the scat-
tering occurs differently, producing spectral bands at differ-
ent frequencies of the spectrum (the term “spectrum” refers 
to the intensity of lines over a frequency range). The glucose 
concentration is determined by measuring the intensity of the 
characteristic bands for glucose.32

The problem in evaluation of such spectra is that a vari-
ety of other molecules also generate spectral peaks which 
have to be separated from the glucose signals. For exam-
ple in a sample with 2 sugar molecules, glucose and galac-
tose, it is difficult to distinguish both molecules in the 
Raman spectrum because spectral lines, although at dif-
ferent frequencies (or wave numbers), are broad and 

overlap. Follow is an inadequate measurement accuracy 
from a clinical point of view.32,33

In the year 2010, the company C8 MediSensors from 
California presented a NI glucose measurement system 
based on Raman spectroscopy. No data obtained in clinical 
studies with the system were ever published in journals with 
a peer review process. In 2012, this system received a CE 
mark which in principle enables the company to market their 
device in Europe. The company had a notable presence in the 
industry exhibition area of different congresses. Nevertheless, 
in 2013 C8 MediSensors had to file bankruptcy as it becomes 
obvious that the measurement quality of the system was 
insufficient.

The negative assessment of the 2 optical methods used in 
these 2 devices does not mean that such approaches cannot 
be used in principle; however, a massive improvement in the 
signal-to-noise ratio is required. This will hopefully be pos-
sible by better receivers (photo receiver, etc), a development 
which is linked to the improvements seen with modern 
microelectronics/nanotechnology (see below).

A different approach was used by the company PreciSense. 
A glucose sensor is implanted into the upper region of subcu-
taneous adipose tissue. For measurement of glucose a fluo-
rescent light is applied to the skin. Fluorescence occurs when 
an atom after its excitation (energy supply by irradiation with 
light, for example) returns to the ground energy state.34,35 
The released energy is usually emitted, for example, as light 
and can be measured. However, a direct measurement inside 
the tissue is almost impossible. Therefore, the PreciSense 
approach is based on the measurement of the glucose-depen-
dent fluorescence using the affinity principle: 2 components, 
dextran and a glucose-binding material with a specific fluo-
rescence, are brought together (concanavalin A labeled with 
a fluorescent substance). If no glucose is prevailing in the 
measurement sample, a characteristic fluorescence light is 
emitted after excitation with laser light. This light can be 
measured with an optical sensor. However, if glucose is 
added, the dextran is displaced from the bonds of the second 
component (glucose possesses a higher affinity to it). The 
newly formed bonds change the fluorescence signal. This 
change depends on the change in the glucose concentration 
and shows a shift in the wavelength (color) of light.34

Another NI glucose monitoring device is GlucoTrack®, 
developed by the company Integrity Inc. based in Israel. This 
device, which has a CE mark, combines 3 physical principles 
for glucose measurement: ultra-sound, application of elec-
tromagnetic waves and calorimetry. Each individual method 
has a certain sensitivity and specificity for glucose. Individual 
calibration is requires to be performed prior to conducting 
measurement. This calibration is valid for 6 months. 
Unfortunately, no full publications presenting data from clin-
ical studies are available; however, data were presented at 
various congresses. Data from 1 recent study with >200 
patients showed that measurement results were in 95.3 ± 
1.6% of the cases in the clinically acceptable A+B zones of 
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the EGA. The MARD (mean absolute relative difference) 
was 30.8 ± 2.2%.36

The issue of insufficient signal to noise ratio which can be 
mainly attributed to the skin can be bypassed if the glucose 
sensors are implanted either directly in the vascular system 
(= blood glucose measurement) or under the skin in the sub-
cutaneous adipose tissue to provide access to the interstitial 
fluid. However, implantation means that at least the surgical 
insertion procedure is not NI. Nevertheless, if the glucose 
sensor has a long shelf life, that is, it can be used for months 
or even years, then an implantable system might be an attrac-
tive alternative. An example for such a system is a device 
that is currently under clinical development by the US-based 
company Senseonics.37 This system measures glucose by 
means of laser induced fluorescence.

A thin cylinder shaped sensor (diameter: 3 mm, length: 14 
mm) is implanted in the subcutaneous tissue. The obtained 
measurement results with this approach in the clinical stud-
ies performed that far showed that the results are as often in 
zone A of the error grid plot as with currently available CGM 
systems (about 80% in A, 16-19% in B).

Opportunities for glucose sensors with 
nanotechnology

In view of the limitations and disadvantages of the currently 
applied technologies for glucose monitoring other approaches 
are of high interest.

Nanotechnology opens up completely new possibilities 
for the development of glucose sensors. In nanostructures 
characteristic effects take place, which are not found in bulk 
materials. Also the ratio of surface area to volume is very 
large. This leads to a number of physical and chemical effects 
such as interfacial phenomena, altered reactivity, charge car-
rier effects and quantum mechanical effects38,39 as well as 
enhanced optical properties (for example quantum dot fluo-
rescence). In miniaturized glucose sensors, such nanoscale 
properties can have several advantages, including higher sur-
face areas (yielding larger currents and faster responses) and 
improved catalytic activities. This should result in an 
improved sensitivity of the glucose sensor, a lower signal-to-
noise ratio and a higher selectivity of the measurement.

Nanofabrication techniques can generate glucose sensors 
with very small dimensions (for example by laser ablation, 
chemical vapor deposition or arc discharge [Nanotubs, 
Fullerene etc]).40 Such small sensors can be easily implanted 
or would be injectable in sense of “glucose measurement tat-
toos.”41,42 In addition, they could potentially avoid the for-
eign body response of the immune system answer due to 
their small size and, consequently, have longer lifetimes. 
Finally, micro- and nanoelectronic technologies offer the 
possibility of a cost-effective mass production. As the costs 
of such sensors depend massively on their widespread usage, 
diabetes therapy might be revolutionized if low-cost glucose 
sensors based on nanotechnology become available.

Examples of Nanomaterials and 
Nanostructures in Experimental 
Glucose Sensors

Micro- and nanoelectronics offer new solutions for glucose 
sensors with a high signal-to-noise ratio. Well-studied nano-
materials are nanotubes, especially carbon nanotubes. 
Nanotubes can be classified as single-walled nanotubes and 
multiwalled nanotubes. Typically, the diameter of a nanotube 
is few nanometers, the tube wall can be up to 0.3 nanometers 
thick (Figure 1). Such molecular assemblies of carbon atoms 
were presented for the first time in the Russian physical litera-
ture as early as in the late 50s,43 then again in the Anglo-Saxon 
literature 3 decades later.44 During the production process at 
very high temperatures, specific substances can be introduced 
into these nanotubes. These react with glucose (for example: 
glucose oxidase  bound to a fluorescent dye).

In such a way, the nanotube functions as a light ampli-
fier. The fluorescence signal can be measured and reflect 
the glucose concentration. It is envisioned that such nano-
tubes are wrapped in a dialysis fiber and transplanted under 
the skin. For the glucose measurement, the skin area is irra-
diated with a laser and the glucose concentration measured 
via the fluorescent light induced. The thinner the nanotubes 
are, the larger the band gap and the greater the energy 
absorption and the fluorescence signal.45 On basic of sin-
gle-wall-nanotubes enzyme-based optical glucose sensors 
were investigated.46,47 In combination with enzymes for the 
catalysis of glucose reaction (eg, immobilized glucose oxi-
dase [GOx]), the decisive advantage of such nanostructures 
is the very large surface area and the efficient electron 
transfer from enzyme to electrode.48 The carbon nanotube 
(CNT) fiber, 28 µm in diameter, was made of bundles of 
double walled CNTs concentrically compacted into multi-
ple layers forming a nanoporous network structure. Cyclic 
voltammetry study revealed a superior electrocatalytic 
activity for CNT fiber compared to the traditional Pt–Ir coil 
electrode. The electrode end tip of the CNT fiber was 
freeze-fractured to obtain a unique brush-like nanostructure 
resembling a scaled-down electrical “flex,” where GOx 
enzyme was immobilized using glutaraldehyde cross-link-
ing in the presence of bovine serum albumin. An outer 
epoxy-polyurethane layer was used as semipermeable 
membrane. The sensor function was tested against a stan-
dard reference electrode. The sensitivities, linear detection 
range and linearity for detecting glucose for the miniature 
CNT fiber electrode were better than that reported for a 
Pt-Ir coil electrode. Thermal annealing of the CNT fiber at 
250°C for 30 minutes prior to fabrication of the sensor 
resulted in a 7.5-fold increase in glucose sensitivity. The 
CNT fiber based glucose biosensor was shown to be stable 
for up to 70 days.48

The use of nanostructured materials in glucose sensors in 
comparison to currently used GOx sensors of first generation 
is shown in Figure 2.49
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Similar to ordinary glucose sensors based on GOx, it is 
possible to improve electron transfer between the enzyme 
and the electrode by using an electrochemical mediator. This 
is reduced by the GOx reaction and transfers its electrons to 
the electrode. In this sense, an approach is to modify the 
nanotubes with an electrochemical mediator such as ferro-
cene,50 ferricyanide,51 or another. A further improvement in 
sensor performance is made possible by the combination of 
CNTs with various nanoparticles, for example, noble metals 
(silver, gold, platinum) or silica, titanium dioxide, and others 
(Figure 2, right). This combination of nanomaterials 
improves the catalytic activity and following the sensitivity 
of measurement.

A further example is a combination of dextran coated 
nanotube with the concanavalin A (Con A) to a Protein 
Affinity-Based Optical Glucose Sensors.52 In presence of 
Con A the nanotube with dextran aggregates and the fluores-
cence signal decreases. In presence of glucose the aggrega-
tion between the (dextran)-nanotube and Con A dissolves 
and the fluorescence signal increases.

Options for Nonelectrochemical 
Measurement Methods With 
Nanotechnology

An attractive option for glucose monitoring are biocompati-
ble polymeric nanosensors implanted under the skin (like a 

tattoo). The fluorescence properties of such sensors change 
in response to changes in the glucose concentration in the 
interstitial fluid. Such changes can be read out using optical 
interrogation through the skin after light excitation with a 
laser beam. Such sensors can based on polymeric nanosen-
sors incorporating boronic acid derivatives to recognize glu-
cose. Nanospheres based on N-isopropylacrylamide 
containing a covalently bound phenyl-boronic acid deriva-
tive as well as 2 attached fluorophores have been synthe-
sized.53 In case of low glucose concentration the nanospheres 
are small and holding the fluorophores close together. The 
consequence is an efficient resonance energy transfer. In case 
of higher glucose concentration the glucose binding to the 
boronic acid is reduced, subsequently the polymer swells 
which increases the average distance between fluorophores. 
Therefore this decreases resonance energy transfer, which 
increases the donor fluorescence and decreases the acceptor 
fluorescence. Special fluoresphores can be CNT that showed 
a glucose controlled aggregation onto concanavalin A. As the 
aggregates have different fluorescence than free CNTs, 
detection of glucose is possible through measuring the CNT 
fluorescence change.54

An interesting nanostructure is quantum dots, usually 
made of semiconductor material (eg, CdSe, InGaAs, or 
GaInP/InP). Quantum dots can be prepared by molecular 
beam epitaxy or lithographically processes in semiconductor 
layer system (nanolayers with a few atomic layers), for 

Figure 2.  Nanostructured materials used in glucose sensors. Left: Presently used electrochemical glucose sensors use glucose oxidase 
(GOx) for chemical process and generate an electrochemical signal. This signal is transferred through O

2
 reduction to H

2
O

2
 (or can 

reduce another chemical mediator). Nanomaterials can be incorporated into such sensors 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 (middle) such as carbon nanotubes or nanocomposites consisting of multiple 
nanomaterials working together (right) (modified from Cash and Clark49).

Figure 1.  Nanotubes approximately few nanometers in diameter composed of carbon atoms. Each point represents a carbon atom.
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example, with an electron beam and following dry etching 
procedure. A quantum dot is small enough to exhibit quan-
tum mechanical properties. Typically, a quantum dot con-
tains about 10,000 atoms. Charge carriers (electrons, holes) 
in a quantum dot are so far limited in their mobility in all 3 
spatial directions that their energy no longer continuous, but 
only discrete values may assume. Quantum dots thus behave 
like atoms, but can their shape, size or the number of elec-
trons are influenced in them. These electronic and optical 
properties of quantum dots can be tailored.40 This enables 
production of quantum dots that have favorable optical prop-
erties for use in different sensors. As this sensor itself do not 
interact with glucose molecules directly, an attachment for 
example of GOx to a quantum dot is necessary. In this case 
the luminescence of quantum dots can be quenched by 
hydrogen peroxide. In the presence of glucose, the enzyme 
generates hydrogen peroxide, which quenches the quantum 
dots, providing an optical signal change proportional to glu-
cose concentrations. For enhancement of GOx activity the 
assembling of a complex with quantum dots of different 
compounds is possible, for example CdTe.55

Outlook

Currently no NI glucose system is available that has docu-
mented its usability under all conditions in daily life; how-
ever, numerous academic institutions and companies are 
working on respective developments.

The ongoing miniaturization of semiconductor integrated 
circuits since its first introduction nearly half a century ago, 
has finally led to nanotechnological solutions which enable 
completely new approaches for glucose sensing.39,44 It is 
already possible with existing technology to produce glucose 
sensors as integrated components, like integrated circuits 

(see Figure 3 as an example). With such sensor architecture 
it is also conceivable that on a sensor chip not only enzymes 
for glucose measurement are placed, but additional enzymes 
for other relevant metabolic products, such as ketone bodies 
or lactate. This would allow supervising the metabolic pro-
cesses of the organism in a complex fashion.

Nanotechnology will most probably enable development 
of glucose sensors that offer a number of advantages over 
known CGM systems, for example such sensors would be 
injectable under the skin. A NI measurement of glucose with 
a sufficient accuracy might be possible by using novel physi-
cal effects that occur in nanomaterial.56 Thus, glucose moni-
toring systems based on nanotechnology might represent the 
beginning of a revolution in glucose sensing.

Abbreviations

CGM, continuous glucose monitoring; CNT, carbon nanotube; 
EGA, error grid analysis; GOx, glucose oxidase; H

2
O

2
, hydrogen 
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tive difference; NIR, near infrared range.
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