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Abstract: Measuring telomerase activity has proven successful for the determination of
cancer in malignant somatic cells. Early conventional methods for the detection of
telomerase activity include in vitro analysis via a primer extension assay, and the telomeric
repeat amplification protocol (TRAP) assay. TRAP incorporates the polymerase chain
reaction (PCR) step to increase the sensitivity of a given sample. However, research
suggests that the TRAP technique suffers from false negative results, caused by failure of
its PCR step. Other limitations of TRAP include the post-PCR steps involving
polyacrylamide gel electrophoresis which are time inefficient. Thus, various efforts have
been made to eliminate the PCR step of TRAP by using a variety of biosensor detection
devices. This review mainly focuses on these alternatives including: optical,
electrochemical, magnetic, and nanowire conductive signaling techniques to measure the
telomerase activity produced via label free biosensor assay—via biocatalytic labels
involving beacons, DNAzyme, ferrocenyl-naphthalene diimides, avidin-alkaline
phosphatase and semiconductor quantum dots (QDs). These biosensor techniques are
sensitive and provide precise and rapid results in the detection of telomerase activity.
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1. Introduction

Cancer is a group of diseases characterized by cell invasion, uncontrollable growth, and metastatic
behavior into surrounding tissues or distant organs [1]. It has become the second leading cause of
death in the United States, heart disease being number one [2]. Tremendous research in early-stage
cancer detection [3] has increased in the last decade. Targets which have been studied include three
different types of circulating biomarkers: DNA, RNA, and protein markers [4]. Today’s technologies
depict various highly-sensitive bioanalytical approaches for targeting these biomarkers [5]. The
detection of telomerase, a ribonucleoprotein complex, has proven very affective as a cancer marker in
tumors [6-7]. It has been found that about 80-90% of more than 950 primary tumors have been
reported to express telomerase activity [8-11].

As normal cells divide, they reach the ‘Hayflick limit’ [12], meaning their finite life span, due to the
end-replication problem [13] involving chromosome shortening. The role of the activated telomerase is
to keep telomeres at the end of eukaryotic chromosomes, long enough to protect the termini of linear
chromosomes from degradation and fusion [14]. Telomerase is a complex reverse transcriptase,
consisting of GT-rich fragments which make up 130-210 kilobases of (TTAGGG), repeats. It is
composed of two main subunits, a catalytic subunit defined as the human telomerase reverse
transcriptase (hTERT) and a template of hTERT defined as the human telomerase RNA (hTR) [15].
Telomerase can be activated due to loss or a mutation of the tumor suppressor activity which can occur
during cellular proliferation, immortalization, and transformation [15].

Research shows that human cells can undergo only a certain number of divisions in vitro until the
DNA telomeric ends are successively shortened with every cell division [12]. In some cases
senescence is overcome in the cell by carcinogen or virus-induced transformation, a complex process,
which results in altered morphology and growth properties [16]. Most of the changed cells cease to
divide and die, thus become immortal [17-19]. Telomerase activity was detected in unicellular
eukaryotes, and it was considered to be responsible for the stability of telomere length [16-23]. Further
early 1990s research on human cells, connected telomerase activity and held it responsible for the
proliferation of human cancer cells [24]. Thus increased telomerase activity can provide important
qualitative and quantitative results for cancer studies [24]. Its detection has been determined using
various bioanalytical assays and techniques.

The very first detections of telomerase were direct telomerase activity assays, which included an
oligonucleotide (as a substrate for the elongation process of telomerase), a cell extract, and a
deoxynucleotide triphosphate (ANTP) mixture [25]. Using end-labeled substrate oligonucleotides or by
incorporation of radioactive dNTP precursors, the activity of telomerase was analyzed [25-26]. This
technique suffered from sensitivity problems. To measure the telomerase activity more affectively, a
lot of the radioactive precursors had to be used [25-26]; this makes it unfavorable for routine use. An
alternative method, which increased the sensitivity of telomerase for its detection, was proposed by
Kim et al [8], and is known as the telomeric repeat amplification protocol (TRAP). The
ribonucleoprotein enzyme telomerase uses its RNA as a template for the synthesis of TTAGGG
repeats at the end of the chromosomes [20-22]. After each TTAGGG repeat unit, telomerase pauses to
reposition on its internal RNA template before it synthesizes the next repeat [21].



Sensors 2008, 8 349

The generated ladder consists of 6 nucleotide units at a given time. The added repeat units by
telomerase can be analyzed by using PCR amplification which uses the telomerase substrate (TS)
oligonucleotide as the forward primer, and an oligonucleotide which is able to anneal to the telomeric
repeats (CX) as the reverse primer [8]. A recent review article published by Fajkus [27] summaries the
TRAP technique and its limitations. A number of modified TRAP techniques were developed to
account for its drawbacks [24-33]. Recent developments in bioelectronics and bionanotechnology [37-
50] result in novel analytical procedures allowing the analysis of telomerase activity with an extremely
high sensitivity without the TRAP assay or the PCR step. The present review paper is aimed to give a
short overview of these novel methods.

2. Label free detection of telomerase activity during hybridization step

Various modifications have been made to the classical TRAP method to account for the sensitivity
limitations [27]. In most cases, high amounts of radioactive labels were added during the hybridization
step, for the detection of telomerase using polyacrylamide electrophoresis; these proved cumbersome
and in most cases inefficient [27]. Furthermore, the amplification via PCR in TRAP, fails by producing
false-negative results [8]. Incorporations of label-free bioelectronic immunoassays [37] have been used
to eliminate radioactive labels; however they still employ the PCR step. Alternatives, such as real-time
biospecific interaction technologies [38] were rapidly considered, even shortly after the birth of TRAP
[8].

More recently, using biosensor technology, Schmidt et al. devised an optical sensor with a
biochemically modified surface to analyze the binding and catalytic properties of telomerase activity in
real time [39] eliminating the TRAP assay. The method is label free, and it uses an integrated optical
grating coupler where the amount of analyte is proportional to the change of the refractive index of the
optical device [39].

First, a catalytic process was achieved by immobilizing the DNA oligonucleotides on the surface of
the sensor. Phosphate groups were covalently-bound to the surface via the 5’-end oligonucleotide.
Consecutively a complimentary DNA strand was added to the immobilized DNA. At the end of the
complimentary DNA, on the 3’end, the DNA contained a short sequence which was free for the
hybridization to occur. After the entire surface was converted with immobilized DNA and its
complimentary stands, the overhanging 5’ends of the DNA were modified with phosphorothioates
(PS). PS are known to provide a 10-fold higher affinity [40] for the binding of the telomerase to the
primer binding site (Figure 1).
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Figure 1. Scheme of the biochemical modification of the sensor surface [39, with
permission].
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The telomerase activity was measured upon the addition of cell extract containing telomerase, in a
reaction buffer, in the presence of dNTPs mixture. The addition of the dNTPs allowed for the starting
of the biocatalyzed synthesis process by telomerase [39]. The activity of the telomerase was measured
by using a sensogram for determination of the surface loading in real time. The plain buffer forces the
enzyme to dissociate from the DNA. The removal of the enzyme from the sensor surface is achieved
by the addition of protenase K. Schmidt et al. determined the amount of nucleotides as incorporated by
the telomerase enzyme. According to their experiments, 45 nucleotides were incorporated; this gave an
enzymatic activity of 1 nucleotide/min [39]. Unfortunately the concentration of the telomerase was not
determined since the immobilized enzyme could not be completely isolated from the sensor surface
[39].

Additional experiments were conducted by Schmidt et al., demonstrating the importance of label-
free oligonucleotides during the hybridization step [41]. They studied the activity of label-free
telomerase via total internal reflection fluorescence, on a fiber optical biosensor system [41].
Comparison was made when incorporating fluorescein isothiocyanate labels (FITC) which labeled the
DNA probe before and after the elongation period of the telomerase sequence GGTTAG [41].

When the primer was elongated without the Oligo-FITC-labeled DNA-probe, the hybridization of
the elongated repeat unit achieved a signal intensity of 0.43 + 0.005 FI (Figure 2 (a)). The
measurement of FI was obtained by taking the difference in FI signal from the baseline, before the
hybridization takes place, and after the baseline, when the FITC labeled DNA-probe has been added.
The difference in FI results due to the elongation portion achieved by the telomerase activity.
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Figure 2. (a) Sensorgram of the telomerase activity using unlabeled dNTP and detecting
the elongated primer by hybridization with FITC-labeled DNA-probe, and (b) Sensorgram
of the integration of FITC-dUTP by telomerase on the surface of the fiberoptical sensor
[41, with permission].
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To determine the effect of the labeled nucleotides on the activity of telomerase, Schmidt et al mixed
a UTP-FITC label with the dNTP before the elongation of the strand occurred. The elongated strand
contained the fluorescent labeled species. Measurements of the fluorescence intensity were significant;
the signal had dropped to 0.03+ 0.005 FI (Figure 2(b)). This was about 12 times lower than the signal
obtained earlier. This decrease in fluorescence intensity was attributed to the addition of the label
which retarded the velocity of the telomerase [41]. As seen from these results, rationucleotides can
inhibit the telomerase activity and slow down the rate of binding. This proves as a limitation to the
usage of the TRAP assay.

Similar label-free methods as discussed above, have also been studied by Maesawa et al. utilizing
the Surface Plasmon Resonance (SPR) biosensor detection technique [42]. This biosensor technique is
similar to the grading coupler which was used by Schmidt et al. The analyte bound to the immobilized
sample is proportional to the refractive index on the surface of the biosensor [42]. For his studies,
Maesawa et al. constructed a telomeric repeat elongation (TRE) assay by immobilizing 5’-biotinylated
oligomers (TS-5" B) oligomer on the streptavidin-pretreated dextran sensor chip surface. Extracts of
telomerase were then allowed to bind to the oligomers for elongation of the immobilized oligomer to
occur [42]. The binding of the telomerase did not require ANTP. The signals measured by the SPR are
given in resonance units (RU) where 1 RU = 1pg/mm® [42]. Measurements were carried out in real
time throughout the elongation and regeneration phases. Quantitative results were given in terms of
elongation values (E-value) as obtained from a sensorgram. Rates of the telomerase activity were
determined using these E-values [42].

Results for seven different types of cancer with varying forms were obtained [42]. These were
compared to the elongation rate in mer/min of normal fibroblasts. As the concentration of telomerase
activity was increased, so was the E-value (Figure 3(a)). Comparison of these cancer cells to normal
fibroblast cells showed that the determination of telomerase was successful using this biosensor
technique. As the concentration of the extracted telomerase extract in the cells was increased the e-
value increased only for the cancerous cells (Figure 3(a)).

In another experiment using the TRE assay, a time dependence of 0.1mg/mL of cell extract was
measured. Results showed that the dependence was a linear concentration function of the e-value, for
the specific cancer cells analyzed and also for the fibroblast cell lines (Figure 3(b)).

More specifically moles of DNA on the surface of the chip were measured by using a relationship
where 1500 RU are equivalent to 1.8ng of DNA (1.276 X 10" mol of TS-5’B oligomer). Therefore
one base of all TS-5’B oligomers resulted in an increase of about 33.8 RU [42].

Additionally to the calculated rates of the elongation via telomerase, Maesawa et al. were able to
correlate their elongation rates to those obtained by the TRAP assay. Results showed that the values
were in good agreement with a correlation factor of 0.848 [42]. Thus, information via the rapid
biosensor chip assays is just as useful as that obtained from the TRAP assay.
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Figure 3. (a) Concentration as a function of e-value, ocolon cancer (SW480), ® normal
fibroblast cell (SCS 2F0-C25) (b) Sensorgrams of SW480 at different infection times [42,
with permission].

3. Biocatalytic enzymes

The main idea in most of the newly developed biocatalytic assays is generally the same. A nucleic
acid which contains the RNA primer is chemically stabilized on a surface via sulfide bonds or is coiled
up in the form of a catalytic beacon. Upon the presence of telomerase, the telomerization begins
resulting in a long nucleic acid containing the repeat units [43-44]. The detection of the telomerized
repeat units is achieved by complementary binding to a catalytic label, forming a catalytic complex ,
which is detected by electrochemical means. Different forms of biocatalytic labels and complexes
formed thereof, are investigated.

3.1. Catalytic beacons

Xiao et al. [43] have used nucleic acid beacons with HeLa cancer cells, in the presence of the
dNTP nucleotide mixture, where the telomerization started on the hairpin end of beacons [43]. Upon
the opening of the beacon, a DNAzyme composed of a single-stranded guanine-rich nucleic acid and
inserted hemin was activated revealing peroxidase-like activities [43]. This complex catalyzed the
oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) in the presence of H,O,
producing color changes in the solution [43].

The beacon, as depicted in figure 4, contained two termini, designed for two functional nucleic
acid components. One end of the hairpin structure contained a nucleic acid which included the base
sequence, (Figure 4A), while on the other end, in the present of hemin, the base pair was hybridized
(Figure 4B) in the hairpin configuration. The other end of the beacon contained a primer made up of a
nucleic acid segment which was joined (Figure 4C). In the presence of HeLa cancer cells and a INTP
nucleotide mixture, the telomerization process started on the primer (Figure 4C) and the generated
telomere (Figure 4(6)) hybridized to the complementary hairpin loop upon opening of the beacon [43].
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Upon the addition of hemin to the opened hairpin structure, the ABTS oxidation by H,0O,
determined the amount of telomerase activity. Using spectroscopic techniques, the chemiluminecent
product was analyzed (Figure 5).

Results showed that the more colored product accumulated with time, the higher was the
absorbance (Figure 5A). However, as can me seen from Figure SA heat had a dramatic affect on the
absorbance of of the HeLa cells. This decrease is said to be due to nonspecific binding of hemin to the
reaction components [43]. The entire measurement can be performed in 8 minutes, which makes this
procedure very time efficient [43].
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Figure 4. Analyzing telomerase activity via a functional DNA beacon, which self-
generates a DNAzyme [43, with permission].
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Figure 5. (A) Telomerase activity as analyzed by absorption measurements. a) 10 000
HeLa cells and (b) 10 000 heat-treated HeLa cells (95 °C, 10 min). (B) Calibration curve
of the absorbance of HeLa cells [43, with permission].

3.2. DNAzyme

Pavlov et al [44] used catalytic DNAzyme as a label for the amplified chemiluminescence detection
of telomerase activity on a functionalized surface. In their work they use horseradish peroxidase (HRP)
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to mediate the process in the generation of chemiluminescence [44]. The representation of this method
is depicted in Figure 6.

First, the telomere primer (5) was assembled on a gold surface and in the presence of dNTPs, the
functionalized surface was interacted with the HelLa cancer cells. Telomerase was activated in the
presence of HeLa cells, resulting in the amplification of (GGTTAG), units (6). Hybridizing the long
sequence with a pre-designed nucleic acid (7) provided qualitative information about the amount of
telomerase activity. The pre-designed supplement (Struct. I) was capable of forming a catalytic

complex with hemin [44].
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Figure 6. Analysis of telomerase activity using DNAzyme labels and chemiluminescence
as a detection signal [44, with permission].

The chemiluminescence detection of telomerase activity was enabled by the biocatalytic oxidation
of luminol by H,O, and the light emission [44]. For the analysis of telomerase activity, first the
hybridization was accomplished, followed by the catalytic DNAzyme which generated numerous
photons (Figure 7).

Using this technique, results similar to the method using a catalytic beacon were observed [43].
When 10,000 HeLa cells were used, in standard conditions, the intensity of the emitted light, in this
case the integrated photons, where more pronounced than then heat-treating the HeLa cells at 85 °C for
10 min (Figure 7). As the temperature surrounding the HeLa cells was increased, the telomerase in the
HeLa cells became thermally deactivated, resulting in the inhibition of the hybridization of (figure 7
(7)) and the inhibition of the biocatalyzed generation of the chemiluminescence. In addition, the heat-
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treated HeLa cells served as a good control for the employment of the DNAzyme as a label for the
amplified detection of telomerase activity [44].
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Figure 7. Integrated light intensities corresponding to the analysis of (a) 10 000 HeLa cells
using DNAzyme (b) heat-treated HeLa cells (10 000) in the presence of the DNAzyme (c)
10, 000 HeLa cells without the DNAzyme but after interaction with hemin 7 (d-f) 5000,
2500, and 1000 HeLa cells, respectively. Inset: Calibration curve corresponding to the
analysis of different numbers of HeLa cells [44, with permission].

There are two advantages when using this detection setup. First, the nonspecific adsorption caused
by telomerase on the nucleic acid interface or electrode surface is eliminated by the use of nucleic
acids as biocatalysts [44]. Secondly, the use of the catalytic DNAzyme domain and the nucleic acid
domain reduce the number of analysis steps which are involved using the TRAP essay [43-44].

3.3. Ferrocenylnaphthalene diimide

Sato et al [45], used a biocatalytic technique which provides an electrochemical signal which is
based on ferrocenylnaphthalene diimide (figure 8A (1)) which can bind to tetraplex DNA by using
telomerase from HeLa cancer cells (figure 8B). The principle of the method is the same as discussed
above; however in this case, the telomerase activity is detected via a large amount of potassium ions
studied via the quartz crystal microbalance electrochemical technique [45]. Under these conditions, the
tetraplex DNA is formed on the electrode and ferrocenylnaphthalene diimide is concentrated on the
tetraplex DNA [45].

Results show that in order for the detection of the telomerase to be made, telomere DNA has to
assume a tetraplex structure. This is only possible under a large amount of potassium ions as detected
by electrochemical techniques using spectroscopic means [45].
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Figure 8. (A) Structure of ferrocenylnaphthalene diimine (1). (B) Principle methodology
of the electrochemical assay. [45, with permission].

3.4. Avidin-alkaline Phosphatase conjugate

Pavlov et al demonstrated that the amplification pathway for the telomerase activity of HeLa cancer
cells can be detected via the Avidin-alkaline Phosphatase label [46]. The set up (figure 9) consists of a
thiolated nucleic acid (A1) bonded to a gold electrode via a sulfide bond. In the presence of ANTP and
the HeLa cell containing telomerase were amplified on the primer bound to the surface. The
telomerase sequence was reacted with a redesigned biotinylated nucleic acid (A2). Hybridization of
the biotinylated nucleic acid to the complimentary telomere sequence occurred, followed by the
association of the avidin-alkaline phosphatase (AP) conjuagate (A3) [46] to the biotin labels, the AP
was catalyzed by oxidative hydrolysis of a 5-bromo-4-chrloro-3-indohyl phosphate (A4) to the
insoluble derivative (5) which provided the amplification path [46]. Electrochemical techniques were
used to monitor the amount of an insoluble product (AS5) generated on the electrode surface
(Figure 9A).

Using chronopotentiometry, an electrochemical technique which applies a constant current between
the working electrode and the auxiliary electrode, provides the potential between the working
electrode and the reference electrode changes, which are measured as a function of time [46].
Measurements were recorded in terms of over-potentials. The higher the over-potential, the greater the
insulation of the electrode surface by the precipitate [46]. These results provide information about
telomerase activity in HeLa cells, the greater the telomerization, the larger the resulting precipitate on
the surface of the electrode and thus the higher the over-potential. When the experiment was
performed with the pre-heated HeLa cells the over potential drastically decreased, suggesting that the
telomerase was deactivated [46].

Another similar experiment was performed using a similar setup (Figure 9B), however in this
experiment, the treatment of the functionalized electrode with the HeLa cells extract included not only
dNTPs but also biotin-labeled dUTP. This biotin-labeled dUTP allows for the elimination of the
hybridization step, since it was directly bound to one of the sites on the telomere repeat unit [46].

Using the chronopotentiometry technique, results with a slightly higher over-potential for the
reduction of the redox labels was observed [46]. The increase in the over-potential suggested that
using biotin-labeled dUTP results in a little more accumulation of the insoluble product on the surface
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electrode. Other methods for the analysis of telomerase activity were accomplished by
microgravimetric quartz-crystal-microbalance (BCM) measurements. Assemblies of nucleic acid
monolayers on the Au-surfaces were characterized using this technique. Results show a similar trend;
as the concentration of telomerase in the analyzed sample increases, the content of telomeres on the
crystal surface also increases [46].
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Figure 9. (A) The amplified analysis of telomerase activity by the hybridization of biotin-
labeled telomere-repeat and the binding of avidin-alkaline phosphatase (5). (B) The
amplified analysis of telomerase activity by the telomerase-induced generation of a biotin-
labeled telomere, followed by the avidin-alkaline phosphatase conjugate (5) [46, with
permission].

4. Nanoparticles labels for detection of telomerase activity
4.1. Semiconductor quantum dots (ODs)

Techniques mentioned above discussed, the detection of telomerase activity via the electrochemical
means which included either a catalytic complex incorporated on a solid gold surface, or a complex
using a catalytic beacon which opened and formed a DNAzyme complex when present under
telomerase activity, that did not require a solid surface, or the formation of a precipitate [43-46].
Recent reports by Patolsky et al [47] use nanoparticles, semiconductor quantum dots (QDs) made from
CdSe-ZnS core-shell quantum dots, as solid surfaces to which the nucleic acid containing the RNA
primer is mobilized (figure 10). These quantum dots exhibit photochemical centers for lighting-up the
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Figure 10. Telomerization on Nucleic Acid Funcionalized CdSe-ZnS QDs with the
incorporation of Texas Red-labeled dUTP [47, with permission].

The attachment of the nucleic acid unit, containing the G-rich sequence recognized by telomerase

for the generation of telomerase activity, contained a thiolated end group which made it possible for
the attachment to the CdSe-ZnS QDs (figure 10(1)). In the presence of telomerase from HelLa cancer
cells and a mixture containing dNTP and Texas-Red 14-dUTP (TR-dUTP, upon excitation of the
CdSe-ZnS QDs, an emission peak at a wavelength equal to 560 nm was observed [47]. Emission of
light decreases with time, since the light emitted is passed on and absorbed by the dye-modified dUTP,

in the presence of the telomerase activity, showing an absorbance at a wavelength equal to 610 nm.

Therefore, the emission spectra at 610 nm increased with time (figure 11A).
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Figure 11. (A) Emission spectra upon the time-dependent DNA replication on the CdSe-
ZnS QDs: orange, before addition of TR-dUTP; black purple and blue, after 1, 30, and 60
min of replication. (B) time-dependent decrease of the CdSe-ZnS emission (a) and the dye

fluorescence increase (b), upon replication on the QDs [47, with permission].

Figure 11B shows a plot of the values of the emission spectra, intensity at the two wavelengths of

interest as a function of time. A decrease of the QDs emission was observed as the intensity of the dye

fluorescence increased (Figure 11B). Control tests were performed, empirically by changing one
parameter and keeping the rest constant, to make these results conclusive. In addition, AFM images of
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the CdSe-ZnS QDs before and after telomerase treatment were recorded. Results provide qualitative
information about the synthesized hinged DNA strands [47]. The picture corresponds to a telomerase-
induced elongation of about 1000 base units in the telomeric DNA chain (Figure 12B).

Figure 12. (A) AFM image of QDs before telomerase treatment. (B) AFM image of the
CdSe-ZnS QD after 60min of telomerization [47, with permission]

4.2. Magnetic Particles

Weizmann et al [49] used a technique which incorporated magnetic nanoparticles in the presence of
a magnetic field. This rotation of the magnetic particles by an external magnet allowed the particles to
behave as rotating microelectrodes [49]. The biocatalytic processes at the surface of the electrode were
controlled by convection [49]. This procedure enhanced biocatalytic transformations for detection of
telomerase activity.

When attracting the magnetic particles, functionalized with telomerase-synthesized labeled
telomeres close to the electrode, the rotation and electrogeneration of chemiluminescence resulted in
exceptional sensitivity in the detection of telomerase activity [49].

The magnetic particles were functionalized with an amine and then activated with the bifunctional
reagent 3-maleimidopropionic acid-N-hydroxysuccinimide ester. The mercaptohexyl-modified nucleic
acid on one end contained a primer on the other end contains the G-rich RNA; the modified end was
covalently linked to the magnetic particles [49].

The functionalized magnetic particles were treated with telomerase-containing cell extracts in the
presence of a ANTP mixture that include biotin-labeled dUTP (Figure 11A). During telomerization,
biotin labels were incorporated to the magnetic particles. The consequent binding of avidin-
horseradish peroxidase (HRP) conjugate to biotin labels provided the biocatalytic conjugate into the
telomere chains [49]. Using an external magnet, the magnetic particles containing the biocatalytic
complex were collected at the bottom of the flask (excess materials washed away). After mixing the
system with naphthoquinone-functionalized magnetic particles, the mixture of particles was introduced
into an electrochemical cell that includes luminal [49]. When the quinine was reduced to
hydroquinone, the electrocatalyzed reduction of O, to produce H,O, which was further used to mediate
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the HRP-catalyzed oxidation of luminol with the associated emission of light was observed [49]. The
magnetic particles can covalently bond approximately 30,000 oligonucleotide units per particle [49].

Providing that the functionalized magnetic particles behaved as rotating microelectrodes, the speed
of the rotation was proportional to the light emitted by the system (Figure 12(a)). The telomerase
activity was directly related to the actual telomerase content in the sample.
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Figure 13. Amplified rapid detection of telomerase activity by multilabeled rotating
magnetic particles. (A) Multilabeling of magnetic particles. (B) Generation of amplified
chemiluminescence upon rotation of the magnetic particles[49, with permission].
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Figure 14: (A) Chemiluminescence intensities obtained with HelLa cell line extracts
(100,000 cells), at different rotation speeds: a) 0 rpm, b) 20 rpm, c) 60 rpm, d) 400 rpm, e)
2000 rpm. (B) Calibration curve corresponding to chemiluminescence intensities of
extracts containing: a) varying numbers of HeLa cells at a constant rotation speed of 2000
rpm; b) cell free control sample [49, with permission].

Experiments where the speed of the rotations of the magnetic particles was kept constant telomerase
detetion in HeLa cells showed a linear relationship (Figure 14(b)). One limitation in this method could
be a potential loss of the covalently linked complex from the magnetic particle thus resulting in some
of the light not being recorded.

4.3. Magnetic nanosensor

An alternative approach from using rotating magnetic particles is to use magnetic particles for the
construction of a magnetic nanosensor [50]. This approach was used by Grimm et al and it utilized the
GGTTAG repeat sequence to construct thiolated oligonucleotides with the incorporation of magnetic
nanoparticles (composed of cross-linked iron oxide with amide) for the detection of telomerase
activity. The magnetic nanoparticles were confined in the sensor system with the thiolated
oligonucleotides. These nanosensors were selected to identify 30-bp telomeric repeats when
complimenting to the telomeric repeat unit [50].

Atomic force spectroscopy was used to examine the dispersion and the particle size of the magnetic
particles in the nanosensors [50]. Results showed that the particles were monodispersed and their
average size was 45 £ 5 nm, as measured by laser light scattering [50]. The incubation of the
nanosensor with the telomeric repeats, as seen by atomic force microscopy, resulted in an assembly
line of the nanosensors along the repeating telomeric sequence [50]. This was not observed for a
controlled nonsense sequence, which suggests that the telomerase activity can be determined by the
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hybridization of an oligonucleotide, which contains nano-magnetic particles aligned in between the
hybridized telomerase repeat sequences (figure 15).
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Figure 15. Telomerase magnetic nanosensor, assembly of nanoparticles is depicted by
using atomic force microscopy [50, with permission].

Furthermore, relaxometry studies, where the effect of the hybridization on the magnetic spin-spin
relaxation time (T2) was analyzed. Via strong and rapid magnetic switching (6T2), the relaxation of
hybridized telomeric repeat units with the magnetic nanosensors was performed. Results from the
magnetic switching were used to confirm the alignment of the nanoparticles in the hybridized
telomeric repeats. In the control group where a nonsense sequence was used no hybridization occurred,
this was detected by observing no measurable dT2 (Figure 16).

0 20 40 80
Minutes

Figure 16. Induced magnetic T2 changes when adding telomeric repeat units or a primer
[50, with permission].

The magnetic switching of 12 different cancer cells were monitored using magnetic sensors, where
various controls and conditions were considered. Results were able to detect all 12 types of cancer by
the magnetic properties of the sensors (Figure 17). Magnetic resonance imaging of plates were also
collected showing the telomerase activity intensity (Figure 18). The range of the telomerase activity
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was identified in a unit scale ranging from 0-7.5 (1 unit = 2.94 x 8T2), where 7.5 was the highest
detectable telomerase activity [50].
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Figure 17. Detection of telomerase activity in different cell and tissue samples using the
magnetic switch assay [50, with permission].

Figure 18. Detection of Telomerase activity using magnetic resonance imaging [50, with
permission].

The sensitivity of this technique was also analyzed. Results based on a MR relaxometer-based assay
were obtained [50]. They suggest that the minimum sensitivity of this nanosenser assay is about 100
attomoles when using samples which are recorded by relaxometers, however the sensitivity can go all
the way down to the detection of a single molecule which is about 10 attomole by the magnetic force
microscopy [50]. These results nicely compete with the sensitivity threshold of the TRAP technique
with a correlation coefficient of 0.99 (Figure 19).
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Figure 19. Comparison of the sensitivities of benchtop magnetic and standard TRAP assay
using a 54-mer telomeric repeat [50, with permission].

In addition this technique is very fast when compared to TRAP technique [50]. As reported it takes
about 150 min for the entire analysis to be performed [50]. Additionally it does not require a PCR step,
labeled nucleotides, a post PCR gel electrophorises, or a solid phase. Some research [42] also suggests
that not all telomerase activity is correlated to the telomerase length. Since this technique does not
measure the telomeric length, it is a safer technique than TRE [42]. In addition, nanosensors are very
useful techniques used for the screening of telomerase inhibitors and it can also be used to monitor

telomerase regulation [50].

4.4. Nanowire sensor chip

Zheng et al. developed a label-free, highly sensitive nanowire sensor array which could be used for
the detection of various cancer markers [51]. The sensor is a multiplexed electrical detector, which
incorporates p-type antibody-functionalized silicon-nanowire and surface receptors into arrays [S1].

The array is designed by attachment of monoclonal antibodies (mAbs) to the surface of the
nanowire [51]. The silicon-nanowire surfaces are presented with aldehyde end groups on the nanowire
surface. These aldehydic groups are then joined to mAbs, the free aldehyde groups are blocked by
using ethanolamine [51].

This technique can be used with different types of silicon nanowires, such as p-type and n-types to
form the electrical contacts by photolithography and metal deposition steps [51]. A conductance
change was produced when a particular cancer marker protein was bound to the surface-linked mAbs
if there was a matching receptor-modified silicon-nanowire device present [51]. However there will
not be a conductance change produced if a silicon nanowire was lacking the specific antibody receptor
[51].

This construction of this nanowire sensor was used for the determination of telomerase activity
where the silicon-nanowire within an array which was first functionalized with oligonucleotide
primers which would hybridize complimentary to the telomerase site [51]. The conduction of the
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nanowire can provide information about the presence or absence of telomerase in a particular cell
extract [51]. The silicon micro array was selected to be made up of n-type nanowires which showed a
decrease in conductance when successful binding of the telomerase to the oligonucleotide primers
occurred [51]. The decrease in conductance was due to the telomerase being positively charged at a
physiological pH [51].

These results are shown in the Figure 20 (a), where the conductance decreases with time after the
addition of 100 HeLa cells. In the contrary if the tissue extract is not cancerous, this meant that there
was no telomerase and thus the conductance of the sample remained the same (figure 20 (b)).
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Figure 20. Detection of telomerase (a) Conductance-versus-time data recorded for
oligonucleotide-modified p-type silicon-nanowire devices. (b) Conductance-versus-time
data recorded for oligonucleotide-modified nanowire device. (¢) Conductance-versus-time
data recorded on a p-type silicon-nanowire device [51, with permission].

In addition, deoxynucleotide triphosphates (ANTPs) can be used for the determination of telomerase
activity. The addition of dNTPs in the presence of telomerase results in the elongation of the telomeric
unit, increasing conductance [51]. This increase in conductance is due to the incorporation of
negatively charged nucleotides near the nanowire surface. This is also observed in Figure 20 (a),
however as seen in Figure 20 (b) there is no increase observed after the addition of the dNTPs which
means that there was initially no telomerase present.

The number of HeLa cells was found to be directly proportional to the conductance decrease in the
Figure 20(a). The same was observed for the increase of the conductance after the introduction of the
dNTPs. These results suggest that the conduction is also directly proportional to the telomerase
concentrations [51].

In addition to studying the cancer in ideal cell extracts such as the HeLa cells, this technique was
used for the detection of other protein cancer markers in clinical samples of blood serum where results
obtained gave relevant information about the activity of the protein cancer [51]. In addition to all the
other advantages which have been mentioned thoughtout the review, this particular nanowire sensor
array is the first device which has been used for the detection of cancer in the human blood [51]. As
seen from the results, the future promises a new technology with the availability of many nano-

materials.




Sensors 2008, 8 366
5. Conclusions

The TRAP method, even with its modifications, involves a lot of steps which make the procedure
not as efficient. Their post PCR analysis using gels electrophoreses is also a tedious procedure. In
addition, a few modifications of the TRAP assay eliminated the PCR amplification step which was
responsible for the presence of Tag-polymerase inhibitors in clinical samples resulting in false-
negative results [27]. This review article provided other methods for the detection of telomerase
activity which eliminate the PCR step and the TRAP assay combined. To date these methods include,
label-free, various biocatalytic methods, and the incorporation of nanoparticles for the construction of
biosensors. A review of these other methods suggests that these procedures are simple, efficient and
accurate in the detection of telomerase activity. These techniques are versatile in detecting telomerase
in various cancer cells.
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