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DNA Aptamers in the Detection of Leukemia Cells by the
Thickness Shear Mode Acoustics Method

Alexandra Poturnayova,” " Monika Burikova,™

By using the thickness shear mode acoustics method (TSM) and
single-molecule force spectroscopy (SMFS) we studied the
interactions between DNA aptamers (sgc8c) specific to the
protein tyrosine kinase 7 (PTK7), which is localized in the
membranes of leukemia lymphoblastics (MOLT-4), and lympho-
cyte (Jurkat) cell lines, as well with PTK7-negative U266 myeloid
leukemia cells. The TSM method allowed the development of a

1. Introduction

Cancer belongs to the most serious diseases. The success in the
therapy depends on early diagnosis of various types of the
cancer. The leukemia belongs to the most aggressive type of
cancer.™ Currently the diagnosis of this disease is based on
rather expensive and time consuming methods of determina-
tion leukemia cells such as flow cytometry,” polymerase chain
reaction™ or fluorescence assay.*”' These methods, however,
require qualified staffs and can be performed only in specialized
hospital laboratories. In contrast, the biosensor technology may
improve the current situation in proposing much easier and
user friendly methods of cancer cell detection. It is based on
sensing layer that contains specific receptors that recognize
certain cancer markers that are incorporated in plasma
membranes of cancer cells. Among them protein tyrosine
kinase 7 (PTK7) is of special interest due to its over expression
in various cancer cells including leukemia. This membrane
protein is responsible for molecular recognition, ion regulation
and other functions in cell metabolism.*” PTK7 is an important
cancer marker of leukemia, solid tumors including acute
lymphoblastic leukemia (ALL), acute myeloid leukemia (AML),
stomach, colon and lung cancer.®'" PTK7 has been for the first
time identified in melanocytes."*'® Subsequently, the role of
these receptors in regulation of signals generated by neurons,
polarity of mammalian cells and in morphogenetic cell move-
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highly sensitive, label-free biosensor for the detection leukemia
cells with a limit of detection of (195+20) cells/mL. SMFS
approved the high selectivity of the sgc8c aptamers to the PTK7
receptors at the cell surface and allowed determining the
binding probability of the aptamers to the PTK7 receptors at
different cell lines.

ment during embryonic development has been established."*®
PTK7 is also responsible for development of metastases."” The
leukemia cells can be therefore detected by affinity biosensors
that can recognize PTK7. Among recognizing elements, those
based of DNA aptamers are of special interest."®'¥ Aptamers
are synthetics DNA or RNA molecules that in a solution fold into
3D structures forming binding site to the analyte of interest.
Aptamers can be in principle developed for any substances,
cells or tissues. They are also considered as artificial antibodies.
However, in contrast with antibodies they are selected by
in vitro SELEX method (Systematic Evolution of Ligands by
EXponential enrichment) that is based on combinatorial
chemistry.”?"" Aptamers are more stable than antibodies, can
be chemically modified that protect them by nuclease
cleavages. In addition, sensors based on aptamers can be
regenerated without lost of sensitivity and specificity. Using the
cell-SELEX it has been developed the DNA aptamer (sgc8c)
which can recognize T-cells of acute Iymphoblastics
leukemia.”>?* Sgc8c aptamer is selective to the PTK7 with a
high affinity (K, ~1 nM). This aptamer can be used for develop-
ment biosensor for detection of various leukemia cell lines.?**

Electrochemical and acoustics aptasensors for leukemia
diagnostics are in focus due to possibility of label-free detection
of the cells. This is great advantage for early diagnostics of
cancer due to low cost and easy to use. The existing approaches
in development electrochemical and acoustics aptasensors for
detection leukemia cells have been reviewed in our recent
paper.”” In particularly we developed label-free aptasensor for
detection leukemia Jurkat cells using thiolated sgc8c aptamers
immobilized by chemisorption at gold surface. Using electro-
chemical impedance spectroscopy we were able to detect these
cells with a limit of detection (LOD) of 105+ 10 cells/mL.

The mass-sensitive aptasensors are very convenient for
label-free monitoring of binding the cells to the receptors
immobilized at piezocrystal surface as well as due to easy
evaluation of the sensor response. These properties make them
very convenient for practical applications. This technique,
known as quartz crystal microbalance (QCM), is rather popular
method, that allowing studying binding events at the surface
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with high sensitivity by measuring the changes of the series
resonant frequency, f, ,that corresponding to the changes in
mass or thickness at the surface of piezocrystal. More
sophisticated thickness shear mode method (TSM) determines
in addition to the f, value also motional resistance, R, which
evaluation of viscosity contribution in the binding event. So far
the TSM method has been used in development of various
affinity biosensors based on antibodies, DNA aptamers or
calixarenes.”?”" However, aptamer-based acoustics biosensors
for detection cancer cells including leukemia cell lines were up
to now only very little explored. So far only 3 papers focused on
detection leukemia cells by QCM/TSM aptasensors were pub-
lished. Among first was the paper by Pan etal” where
aptamers selective to PTK7 conjugated with magnetic beads
were used for detection leukemia cell lines CCRF-CEM. The
magnetic beads allowed better separation of the cells with
adsorbed aptamers. After injection of the cells the resonant
frequency decreased. The LOD of detection of leukemia cells
was 8x10° cells/mL. Better sensitivity (LOD 1160 cells/mL) of
detection of CCRF-CEM cells has been achieved by QCM
aptasensor with amplified detection using silver enhancement
method.” In our recent paper we used TSM method for
detection of leukemia Jurkat cells with LOD of 463 + 50 cells/mL
using the sgc8c aptamers chemisorbed at gold layer of quartz
crystal.”” However, so far developed mass-sensitive sensors for
detection leukemia cells were not validated in real blood
samples. Therefore in this work we applied TSM method for
detection of Jurkat as well as MOLT-4 leukemia cell lines that
containing PTK7 receptors in their membranes. We used also
another method of aptamer immobilization. Biotinylated sgc8c
aptamers were attached onto the neutravidin layer self
assembled at TSM transducer. Jurkat cells are good model for
studying acute T-cell leukemia. MOLT-4 T-cells have also been
isolated from a patient with T-cell acute lymphoblastic
leukemia.” As a control we used PTK7-negative U266 cell
line.”? We also used atomic force microscopy (AFM) for study
the topography of the cells and single molecule force
spectroscopy (SMFS) for comparative analysis of the binding
probability of sgc8c aptamers to PTK7 receptors in various cell
lines. In this case the DNA aptamers were immobilized on the
AFM tip. SMFS method allowed study of molecular interactions
between aptamers and PTK7 receptors. This approach has been
applied in our recent work for study the interactions of sgc8c
aptamers with Jurkat and U266 cells.*® However, interaction of
aptamers with MOLT-4 cells was not studied so far by SMFS and
not compared with acoustics method.

2. Results and Discussion
2.1. Viability of Cell Lines

Determination of the cell viability is important for many
biological and biomedical experiments in cell biology, pharma-
cology and oncology. We tested the viability of cells using
trypan blue method.®" The test is based on differences in the
penetration of this day into the cytoplasm of the cells. The
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trypan blue is accumulated in the cells with damaged plasmatic
membrane. These cells are blue in contrast with not damaged
living cells. If the cells are in stress conditions the process of
apoptosis or necrosis is initiated. Damaged cells bind various
reagents and antibodies and have tendency to initiate various
non-specific interactions. Therefore it was important to analyze
whether the cell lines used in experiments (Jurkat, MOLT-4 and
U266) are not damaged at PBS, pH 7.4 during all experiments
with duration of 4-6 hours at standard laboratory conditions.
The experiments were performed in PBS (pH 7.4) at T=23°C
without CO,. After centrifugation and removing of cultivation
media the cell pellet has been resuspended in 5 mL of PBS. The
cell integrity was tested by direct cell counting in Biirker cell by
mixing of trypan blue and cell suspension in ratio 1:1.
According to our analysis all cell lines were viable. Only after
12 hours a low decay of viability was observed. The results of
cell viability within 24 hours are presented in Figure SI-1 of
Supporting information. This means that all cell lines can be
used in further experiments.

2.2. Determination of Leukemia Cells by the TSM Method

Thickness shear mode (TSM) is a sensitive method for studying
the affinity interactions at surfaces. We prepared aptasensors
based on immobilization of sgc8c aptamers at TSM transducer
either by chemisorption of thiolated aptamers or based on high
affinity of biotin to neutravidin using biotinylated aptamers. We
analyzed the changes of series resonant frequency, f, and
motional resistance, R, following addition of Jurkat, MOLT-4
and U266 cell lines. TSM method allows also monitoring of all
steps of sensing surface preparation. Figure 1 shows the
changes of f, and R, values after addition of neutravidin (NA)
and biotinylated sgc8c aptamers.

It can be seen, that addition of neutravidin (concentration:
250 pg/mL) induced decrease of resonant frequency and
increase of motional resistance. Washing of the surface by water
was accompanied by slight increase of f, and increase of R,
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Figure 1. Changes in the series resonant frequency, f,, and motional
resistance, R, after addition of neutravidin (NA) dissolved in water at a
concentration of 250 ug/mL and biotinylated sgc8c aptamers (APT) dissolved
in PBS at a concentration of 0.5 uM. Addition of neutravidin, aptamers, and
washing of the surface with water or PBS is shown by arrows.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cphc.201801126

\\;} ChemPubSoc

values which correspond to removal of the physically adsorbed
neutravidin molecules from the surface. This is evidence of
formation stable neutravidin layer. The final changes of
measured values after washing steps were: Af,=—185.5+
174Hz and AR,=33+1.6Q (mean+S.D. 3 independent
experiments). This is in agreement with previously published
work.?**¥ Because the aptamers were dissolved in PBS, prior
their addition to the neutravidin layer it has been necessary to
wash the surface by PBS. This step is also shown at Figure 1.
The flow of PBS resulted in sharp decrease of both f, and R,
values. This can be connected with changes of molecular slip
between the neutravidin layer and the buffer. The sensitivity of
acoustics parameters to the changes of ionic conditions has
been previously reported.®**” Addition of biotinylated sgc8c
aptamers dissolved in PBS in a concentration of 0.5 uM resulted
in decrease of f, and in increase of R, values. This is due to the
well known strong affinity of biotin to the neutravidin (constant
of dissociation for this bond is K,=10"" M). Washing of the
sensor by PBS resulted in only slight changes of the acoustics
parameters. This is evidence on a weak non-specific adsorption
of aptamers. Thus, the aptamers form stable array at the
neutravidin surface. The final changes of the acoustics parame-
ters after addition of aptamers and washing step by PBS were:
Af,=—42.7+3.0Hz, AR,=4.6+1.7 Q. The increase of the R,
value is evidence of certain viscosity contribution due to the
interaction of DNA strands with surrounding PBS. We should
note that the ratio between Af; and AR,, values are different
when NA and APT are added at the TSM transducer surface.
This ratio depends on the surface properties, such as rigidity of
the sensing layers. It has been shown in our previous work that
NA layer is more rigid in comparison with aptamer arrays.®
Therefore in later case we can observe larger contribution of
surface viscosity to the changes of frequency and motional
resistance. In analogy with our previous work®® from the
frequency changes it is possible to estimate surface density of
neutravidin and aptamers using Sauerbrey equation:*”

Af, = —2.26 x 10°f,2 Am/A (1)

where f; is the fundamental frequency of piezocrystal (8 MHz),
Am is the mass change in grams and A=0.2 cm? is the area of
the gold layer sputtered at the surface of piezocrystal onto
which the sensing layer is formed. It should be noted that
Sauerbrey equation is strongly valid for a rigid layer in vacuum.
However, for small changes in the R, values it might be also
used for a layer in a liquid. In analogy with ref.®¥ and using
Eg. (1) we obtained following values of surface density for NA
and sgc8c aptamers: 1.14x 10" and 4.8x 10" moleculescm™,
respectively. NA has 4 binding sites for biotin. However, due to
immobilization at TSM transducer only 2 binding sites are
available. Therefore maximum binding sites available for
aptamers are 2,28x10'>cm™, which is substantially lower in
comparison with estimated surface density of aptamers. This
may be due to viscosity effect that also contribute to the mass
changes. For example increase of R, value after addition of
aptamers can contribute to decrease of resonant frequency,
which is higher than the real value that is due to only mass
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changes. This effect can explain overestimation of aptamer
surface density. Similar result has been obtained in our recent
paper focused on detection of cytochrome c by acoustics
aptasensor.™

We analyzed two types of biosensors based on 1) biotiny-
lated or 2) thiolated sgc8c aptamers. The scheme of the sensors
is shown on Figure 2. Addition of the leukemia cells (Jurkat

Gold electrode

Neutravidin f Biotin-

. m PTK7 ) Dodecanethiol ‘fTh‘Ol'
aptamer )

aptamer

Figure 2. Scheme of the sensor surface based on the neutravidin and
biotinylated aptamers (a) and those based on thiolated aptamers and
dodecanethiols (b).

and/or MOLT-4) to the different sensing surfaces in a concen-
tration range 50-5x10° cells/mL induced decrease of f, and
increase of R, values. This can be seen on Figure 3 where
changes of these values are presented following addition of
MOLT-4 and Jurkat cells on the sensing surface formed by NA-
biotinylated aptamers (a) or by chemisorbed aptamers on a
gold surface (b).

The decrease of resonant frequency demonstrates the
binding of the cells at the sensing surface. Similarly to the
analysis performed above, the viscosity effect indicated by
increase of R, values can also contribute to the decrease of
resonant frequency. The obtained results does not allow
determination of the surface density of the cells at the sensing
surface. However, they might be useful for diagnostics
purposes. In contrast with MOLT-4 and Jurkat cells the control
U266 cells with no PTK7 receptors, did not affect the acoustics
parameters. Based on the kinetics experiments we constructed
calibration curves that represent the plot of Af, and AR, vs.
concentration of the cells (Figure 4). The plots for Jurkat and
MOLT-4 cell lines represent typical isotherms with saturation at
higher cell concentrations. Frequency changes for MOLT-4 cell
lines are more remarkable in comparison with those for Jurkat
cells. Practically no changes of frequency were observed for
control U266 cells. It can be seen that sensing layer formed by
thiolated aptamers (Figure 3B) is very sensitive for low concen-
tration of MOLT-4 and Jurkat cells. Already at the concentration
of 50 cells/mL of MOLT-4 cells we observed significant changes
of the acoustics parameters. Addition of the MOLT-4 cells in a
maximal concentration of 5x10° cells/mL resulted in higher
sensor response (Af,=—121.2+12.0Hz and AR,=6.9+1.1 Q)
in comparison with Jurkat cells at the same concentration (Af,=
—97.6+9.4Hz and AR,=2.5+0.8 Q). We assume that higher
response for MOLT-4 cells is due to better access and higher
surface concentration of PTK7 receptors for this cell line in
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Figure 3. Kinetics of the changes in the f; and R, values following the addition of MOLT-4 and Jurkat cells (in cells/mL). Addition of cells and the washing step
in RPMI media (PBS*) are shown by arrows. The sensor was formed by a) neutravidin and biotinylated aptamers and b) thiolated aptamers chemisorbed on

the gold layer of the TSM transducer.
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Figure 4. Plot of the changes in f, and R,, versus the concentration of the cells. The sensor was formed by: a) neutravidin and biotinylated aptamers and b)
thiolated aptamers chemisorbed at gold layer of TSM transducer. The results represent the (mean +S.D.) from three independent experiments.

comparison with Jurkat cells. When the sensor was formed by
neutravidin layer and biotinylated aptamers the response was
less sensitive. In this case the lowest concentration of MOLT-
4 cells that was possible to detect has been 500 cells/mL.

In order to exclude possible non-specific interactions we
tested the response of TSM transducer following addition of
MOLT-4 and Jurkat cell lines onto the neutravidin layer without
aptamers. In both cases very low non-specific interaction was
observed. For example addition of MOLT-4 at the concentration
of 5x10* cells/mL resulted only in small changes of acoustics
parameters: Af,.=—74+4.0Hz a AR,=1.3+0.2%, which is
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less than 10% of the total specific response for this concen-
tration of the cells. The calibration curves allowed determina-
tion of the limit of detection (LOD) based on signal to noise
ratio (S/N=3) rule. LOD for MOLT-4 and Jurkat cells in a most
sensitive sensor response (thiolated sgc8c aptamers at the TSM
transducers) was: 195+ 20 cells/mL and 463 +50 cells/mL, re-
spectively.

As we mentioned above the changes in resonant frequency
at maximal MOLT-4 cell concentration used for aptasensor
formed by thiolated aptamers were approx. —121.2+12.0 Hz.
Lower frequency changes were observed for other cell lines
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Table 1. Comparison of the properties of the acoustics aptasensors based on sgc8c aptamers for detection leukemia cells.

Cell line Aptamer Method of Linear range LOD, cells Ref.
immobilization detection cells [mL] [mL]

CCRF-CEM Magnetic beads conjugated with aptamers QCm 1x10*-1.5x10° 8x10° [28]
CCRF-CEM Chemisorption on Au layer and amplification by nanoparticles QM 2x10%-10° 1160 [5]

Jurkat Chemisorption on Au layer TSM 50-5x10° 463+ 50 [24]
MOLT-4 Chemisorption on Au layer TSM 50-5x10° 195+20 This work
Jurkat Biotinylated aptamers on neutravidin layers TSM 50-5x10° 510+ 55 This work
MOLT-4 Biotinylated aptamers on neutravidin layers TSM 50-5x10° 570+ 60 This work

including CCRF-CEM that were reported by Shan etal® It
should be, however, noted that these changes corresponding
to label-free acoustics sensors without additional amplification.
These changes are, however, more remarkable when nano-
particles are used for signal amplification although this make
the cell detection more complicated.

Table 1 shows the basic properties of acoustics aptasensors
for leukemia cells detection published so far. It can be seen that
aptasensors presented in our work revealed rather high
sensitivity. The sensor response for MOLT-4 cells was reported
in our work for the first time.

Thus, the best LOD (195 20 cells/mL) has been obtained
by TSM sensor based on chemisorbed sgc8c aptamers. This is
comparable with the LOD for impedimetric aptasensor reported
in our recent work (1054 10 cells/mL).*¥ We should also point
out that as it can be seen from the Table 1 there are differences
in LOD for MOLT-4 cells at different sensing surfaces — NA and
biotinylated aptamers as well as those for thiolated aptamers.
The purpose of this work was particularly in analysis of the
interaction of two cell lines containing PTK7 receptors with two
different sensing layers. Certainly, in the case of Jurkat cells we
did not observed significant changes in the LOD for sensing
layers prepared either by NA layers and biotinylated aptamers
and by the layers formed by thiolated aptamers. However,
Jurkat cells induced less expressed changes of measured values
in comparison with MOLT-4 cells. Therefore different LOD in
detection of MOLT-4 cells at different sensing surfaces can be in
particularly due to the fact of higher response of the sensors in
this case and thus in better resolution of induced changes. We
should also mention, that using amperometric detection with
aptasensors it is possible to reach detection limit of 8-10 cells/
mL. This sensitivity has been reported for detection CCRF-CEM
leukemia cells.***” However, for such a high sensitivity more
complicated approach is required that include sandwich assay
or indirect detection (see Ref****” for more details). The
advantage of acoustic TSM sensor is in easy handling and
analysis of the sensor response. By means of amplification of
detection using for example nanoparticles it would be possible
substantially improve the sensitivity of leukemia cell detections
by mass-sensitive aptasensors. The principles of cell detection
can be applied also for pathogen determination, see for
example paper by Ozalp et al.®*® in which the aptamer-based
QCM sensor has been used for detection of Salmonella cells in
food samples.
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2.3. Regeneration of the Aptamer Surface

The advantage of the aptasensors is in possibility of regener-
ation of sensing surface due to high stability of DNA aptamers.
The regeneration can be performed by various methods for
example by immersion of the sensor in a solution of high salt
concentration, by temperature heating or by immersion in
glycine solution. In our work the best results were achieved by
regeneration of the sensors in 0.2 M glycine, pH 2. In regener-
ation experiments we used MOLT-4 cells that demonstrated
strongest binding to the sensing surface. The incubation of
aptasensor with bound MOLT-4 cells in a concentration of
5x10° cells/mL in the glycine for 10-15 min. resulted in removal
of the cells from the surface. After washing the biosensor with
PBS it was reusable at least for 3 times. This is shown on
Figure SI-2 (see Supporting information) for 3 regeneration
cycles. Thus, at least after 3 times of sensor regeneration the
sensor revealed similar response for the same concentration of
the MOLT-4 cells. This make aptasensors most useful for
diagnostics purposes in comparison with those based on
antibodies because minimize the costs for sensor preparation.
In the case of antibody based biosensors the regeneration is
practically impossible and various attempts resulted in lost of
binding affinity of antibodies.”

2.4. Analysis of a Spiked Human Plasma Sample

To validate developed aptasensors in a complex matrix, the
sensors were used for determination leukemia cells in a spiked
human blood plasma diluted 20x. The obtained recoveries for
various concentrations of MOLT-4 and Jurkat cells are shown in
Table 2. The changes of resonant frequency, f,, after reacting of
sgc8c aptamer with different concentrations of cells in PBS
buffer divided on the frequency response of sgc8c aptamer to
PTK7 positive cells in plasma x100% have been taken for
calculation of sensor recovery. The obtained results suggest
that the aptasensors exhibit satisfactory analytical response
towards PTK7 positive leukemia cells in plasma samples.

2.5. Single-Molecule Force Spectroscopy of the Cells
Single molecule force spectroscopy (SMFS) is unique tool for

study of different type of intra- and inter- molecular inter-
actions. Information obtained by SMFS is significant for under-
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Table 2. Recovery of the aptasensor in a blood plasma spiked by various
concentrations of Jurkat and/or MOLT-4 cells. Recovery is calculated as:
[(Af)pps/ (Af) prasmal X 100 %,where (Af)pes are changes of resonant frequency
following addition of cells at certain concentration in a PBS and (Af,)jasma
those in a blood plasma, respectively. Results represent mean=+SD
obtained from 3 experiments in each series.

Concentration of cells Afs Recovery
in a blood plasma [Hz] [%)]

Jurkat cells

5% 102 —153+35 95.7+£215
5x10° —36.01+8.5 923+£216
5x10* —54.7+9.2 92.7+£155
MOLT-4 cells

5x10° —19.0+4.6 86.0£20.9
5x10° —46.3+9.1 99.0£23.8
5x10* —86.7+9.0 94.7£9.1

standing of the relations between molecular structure and
functions of various substances.’ SMFS is used for determi-
nation of very small forces in a range of pN, provides
information about sample topography, their mechanical proper-
ties and is useful for study the thermodynamics and kinetics of
molecular interactions.”™ SMFS is excellent tool for direct
measurements of intermolecular bonds, for obtaining informa-
tion on infrequent molecular states and on mechanical proper-
ties of molecules that are important for protein functions.*" For
this purpose it is necessary to measure forces between the AFM
tip modified by certain ligand and receptor that is immobilized
on the corresponding surface. Due to existence of repulsive
forces the interaction between the ligand and receptor is
interrupted which is accompanied by cleavage of the intermo-
lecular bonds. The force corresponding to the bond cleavage,
f,, is measured.”” SMFS in our experiments has been realized
using AFM tips modified by sgc8c aptamers that recognized
PTK7 proteins at the surface of leukemia cells. The scheme of
basic principles of SMFS is presented on Figure 5.
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Figure 5. Scheme of the principles of SMFS. A) AFM tip chemistry. Inert
silicon nitride tip is reacted with APTES (1) resulting in reactive amino-groups
on the surface. The heterobifunctional NHS-PEG-Acetal linker (2) is coupled
and deprotected, resulting in an aldehyde residue on the outer PEG end.
Finally, the sgc8c aptamer is covalently bound (3) via an amino-group. B)
Typical force-distance cycle. The ligand functionalized cantilever is ap-
proached to the surface (red line) until a bending force limit is reached
followed by a retraction period (black line). In the case of a sgc8c aptamer -
PTK7 complex formation a downwards bending is observable followed by a
sudden rupture of the complex. This effect is not observable when the same
tip is used but no PTK7 is present in the cells (B, inset).
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Steric conditions for complex formations are crucial for
SMFS measurements. In order to obtain strongest possible
bonds between aptamers and PTK7 receptors, good orientation
and optimal density of aptamers at the tip are necessary. At the
moment of the contact the aptamer at the AFM tip binds to the
PTK7 receptor at the cell surface. First, the attractive forces until
certain critical values are present. Then the repulsive forces take
place. During the action of repulsive forces the bonds between
aptamer and receptors interrupt. This event is recorded as a
force-distance curve (Figure 5B).*" Parabolic shape of the force-
distance curve is the result of specific interaction between the
aptamer and receptor. The force is increased until certain critical
value. Then the interaction is interrupted and the force as well
as the cantilever is zeroed. The height of the jump into the
initial (zero) position reflexes the disruption force of the bond
at certain degree of loading. The principle of this measurement
is based on the direct relation between voltage of photodiode
and the bending of the cantilever, which can be considered as
a spring. Using the Hooke’s law it is possible to transform this
bending into the force.®” For each AFM tip we have measured
5 retraction velocities in the range from 300 to 7500 nm/s. This
corresponds to 10000-14000 force-distance curves. In the
analysis we have to consider each force-distance curve that
corresponded to the specific interaction. Corresponding part of
this force-distance curve that described stretching of PEG linker
has been fitted by first degree polynomial. From available data
we obtained information on the most probable interactions and
force. Obtained values of “binding probability” represent the
ratio of the number of curves of specific interaction to the
totally measured force-distance curves for certain retraction
velocity. Figure 6 shows the results of analysis of SMFS for
Jurkat (left) and MOLT-4 (right) cells, respectively before and
after blocking of PTK7 receptors. The blocking was provided by
incubation of the cells with sgc8c aptamers. We have tested 9
AFM tips that were modified by sgc8c aptamers through
flexible acetal-PEG-NHS linker.

To distinguish the specific interactions between aptamers
and PTK7 receptors from non-specific for example at adhesion,
it has been necessary to perform experiments that can approve
this specificity. For this purpose we performed blocking experi-
ments in which the PTK7 receptors at the cells were blocked
overnight by incubation with sgc8c aptamers. The aptamers
bind to the receptors, and thus blocked them from interaction
with aptamers immobilized at the cantilever. The blocking
experiments were performed with the same cantilever (C) and
with the same retraction velocity for which we obtained
maximal probability of interactions. The blocking of the
receptors resulted in substantial decrease of binding probability
from 48.6+39% to 42+1.4% for MOLT-4 cells and from
37.5+5.0% to 4.3+3.1% for Jurkat cells (Figure 6). Donoghue
et al.*® compared interaction of Hela cells with sgc8c aptamers
and with anti-PTK7 antibodies using SMFS. They performed also
blocking experiment by addition of surplus amount of the
sgc8c aptamers. This resulted in substantial decrease of binding
probability from 13.2% to 4.7%. The binding probability
obtained for MOLT-4 cells in our experiments was higher in
comparison with results published in Ref.*® This can be due to
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Figure 6. The results of the SMFS analysis expressed by means of the binding probability (a) before and after blocking the PTK7 receptors at the surface of
Jurkat (left) and MOLT-4 (right) cells, respectively. The values represent (mean + SD) obtained from 9 experiments in each series. b) The plot of probability
density function (pdf) vs. force, F. The red curve represents a typical pdf of the unbinding forces measured on cell surface with expressed PTK7 at constant

pulling velocity (1500 nm/s).

the higher surface density of PTK7 receptors at the surface of
MOLT-4 cells. Additional reason that resulted in higher binding
probability was due to the flexible linker that allowed free
rotation of the aptamer and thus it was able to find more
receptors at the cell surface™ So far discussed results have
been realized on the MOLT-4 and Jurkat cell lines. For complete
understanding of the mechanisms of the specific interactions of
sgc8c aptamers with the cell surface it has been necessary to
test the interactions also using the cells that do not contain
PTK7 receptors. It was important to use the same cantilever
with the same retraction velocity 1500 nm/s like in previous
experiments. Our experiments showed that the binding proba-
bility was highest for MOLT-4 cells (48.6 +-3.9%) and lowest for
U266 cells (3.3+1.5). The binding probability for Jurkat cells
were 37.5+5.0% and this is in good agreement with work by
Leitner at al.®® Figure SI-3 in Supporting information summa-
rizes all experiments on the cells including U266 cells that do
not contain PTK7 receptors. Different values of binding
probability for MOLT-4 and Jurkat cells with those for Hela cells
obtained in Ref. [43] is evidence of different surface density of
PTK7 receptors at above mentioned cell lines. The experiments
on MOLT-4 cells have been realized by us for the first time. The
sensitivity of sgc8c aptamers to the MOLT-4 cells is, however,
rather high as it is evident from paper by Shangguan et al.”?
Therefore we assume that higher binding probability is
connected with higher surface density of PTK7 receptors at
MOLT-4 cells. Taghdisi et al.*”’ used flow cytometry for targeted
delivery of daunorubicin into the MOLT-4 cells using sgc8c
aptamers. For comparison of non-specific interactions they used
U266 cells and showed that sgc8c-daunorubicin complex was
effective for MOLT-4 but not for U266 cells. This experiment
does not evaluate probability of the availability of PTK7
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receptors at the surface of MOLT-4 cells, but approve existence
of these receptors, which agree well with our work.

2.6. AFM Topography of the Cells

To obtain complete information about the cells used in experi-
ments we also applied AFM topography method. This allowed
us to obtain information about the size and distribution of the
cells at the surface. The samples were prepared according to
the method described in Experimental section below. The
topography has been investigated at 3 to 5 different sites at the
sample surface with the size of the scans 80x80, 50x50, 20X
20 um. The typical topography of the cells with height profiles
are presented on Figure 7. Based on obtained height profiles it
can be seen that the size of MOLT-4 cells is similar to those of
Jurkat cells: the height was approx. 3 um and width of 11-
13 um. These cell lines are suspended cells of spherical shape in
cultivation media. However, after immobilization on the surface
the cells partially lost their spherical shape. After immobilization
at the surface the MOLT-4 cells formed certain groups close to
each others (Figure 7a). It can be also seen certain branching at
the cell surface. The average size of the MOLT-4 cells was 11 um
(Figure 7b) which is in good agreement with paper by Lin
etal“ At the surface the cell shape was, however, elliptic.
Average size of Jurkat cells was 13-15 um (Figure 7e) which
agree well with Ref. [47] U266 cells are partially semi adherent.
Their behavior at the surface was similar to the epithelial cells.
After immobilization at the surface they changed the shape
from spherical to flatten of a different shape and formed certain
aggregates. Average height of these cells was 1.5-2 um (Fig-
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Figure 7. AFM topography of the cells immobilized at the glass surface by the Cell-Tak method. a) MOLT-4, b) Jurkat, c) U266 cell lines. d)-f) height profiles in

marked sites. The size of AFM pictures is 80 X80 pum, the height scale is z=4 pm.

ure 7f). It should be noted that planar cells are more suitable for
measuring topography and SMFS.

3. Conclusions

Early diagnostics of cancer is nowadays a big challenge that
substantially improves positive prognosis in the therapy of this
disease. The development of highly sensitive and easy-to-use
diagnostics methods is therefore a rather urgent issue. The
biosensor technology can substantially help in solving this
problem. It is based on using specific receptors that recognize
cancer markers in the biological liquids (blood or urea) or in a
surface of cancer cells; for example, protein tyrosine kinase 7
(PTK?7) is a well-known cancer marker that is in particularly
localized at several leukemia cell lines including MOLT-4 and
Jurkat. Among biosensors those based on label-free approach
are of special interest, because minimize the cost for labeling
the receptors and make the assay easier. The acoustics TSM
method fulfills these requirements. Another novelty in cancer
diagnostics consisting in application of DNA/RNA aptamers that
are rather selective to the cancer markers and can replace more
expensive and less stable antibodies. Using TSM method and
DNA aptamers (sgc8c) specific to PTK7 receptors we developed
high sensitive label-free biosensor for detection of leukemia
cells with limit of detection (LOD) 195+ 20 cells/mL. We have
shown that this method most sensitive determine MOLT-4 cell
lines, which is probably due to higher density of PTK7 receptors
in their membranes. Control experiments using U266 cells that
does not contain PTK7 receptors approved high selectivity of
the sgc8c aptamers. This has been shown also by additional
method that we used in experiments - single molecule force
spectroscopy (SMFS). This method allowed us to determine
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probability of binding the aptamers to PTK7 receptors, which
was highest for MOLT-4 cell lines. Thus, the obtained results are
rather promising for improvement of cancer diagnostics.

Experimental Section

Cell Lines

Jurkat (TIB-152, human acute leukemia T cells), MOLT-4 (CRL-1582,
human T lymphoblast cell line), U266 (TIB-196, B lymphocyte,
human myeloma) cell lines were incubated in RPMI 1640 (PAN
Biotech, Germany) supplemented with 10% fetal bovine serum
(FBS, PAN Biotech) and 1% penicillin-streptomycin (Sigma Aldrich,
Germany). Cell cultures were maintained at 37°C in humidity 5%
CO, atmosphere. As a buffer we used PBS, pH 7.4.

Reagents and Materials

(3-Aminopropyl)triethoxysilane (APTES), sodium cyanoborohydride
(NaCNBH;), ethylenediaminetetraacetic acid (EDTA), Tris(hydroxyl-
methyl)laminomethane (Tris), triethylamin (TEA), 1-dodecanethiol
(DDT), paraformaldehyde, HBSS buffer (all were of analytical grade)
were supplied by Sigma Aldrich (Germany). Inorganic salts, chloro-
form, ethanol, isopropanol, citric acid (p.a.) were from Slavus
(Slovakia). Human plasma norm-Trol 1 samples were acquired from
Helena BioSciences, UK. Neutravidin (NA) was purchased from
Thermo Fischer Scientific GmbH (Germany). The sgc8c DNA
aptamers (5" ATC TAA CTG CTG CGC CGC GAA AAT ACT GTA CGG
TTA GA-3') modified at its 5-end by thiol, biotin or amino groups
were synthesized by Eurogentec (Belgium). This sequence was
taken from Ref.”? The aptamer stock solutions were prepared by
dissolving lyophilized oligonucleotides in TE buffer (1 mM EDTA,
10 mM Tris, pH 8). As a buffer we used PBS (10 MM phosphate
buffer saline: 10 mM NaH,PO,,1.8 mM KH,PO,, 137 mM NaCl and
2.7 mM KCl, pH 7.4). Cell-Tak was obtained from BD Bioscience
(Belgium). The heterobifunctional crosslinker NHS-PEG-Acetal were
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obtained from JKU Linz (Austria). The deionised water was prepared
by PureLab Classic UV (Elga Water Systems, UK).

Preparation of Acoustics Aptasensors and Cell Detection

The thickness shear mode (TSM) acoustic method has been
described in details in our previous paper.” Briefly it is based on
determination of series resonant frequency, f, and motional
resistance, R,, of AT-cut quartz crystal with immobilized DNA
aptamers. The f; value is sensitive to the mass or thickness changes,
while R,, represents viscosity contribution to the frequency changes
of the molecular slip between biosensing layer and surrounding
liquid.*® The f, and R,, values were determined using a network
analyzer 8712ES (Agilent Technologies, USA) by analysis of complex
impedance spectra of quartz crystal oscillation. In experiment the
quartz crystal of fundamental frequency 8 MHz and working area of
0.2 cm? (Total Frequency Control Ltd, UK) has been placed into the
acryl flow cell with a working volume of approx. 100 uL. The cell
was generous gift from prof. M. Thompson (University of Toronto,
Canada) and its construction was published in Ref. [34]. The cells
studied were allowed to flow with a rate of 50 pL/min on the
surface of the aptasensor using syringe pump Genie Plus (Kent
Scientific, USA). We used two types of biosensors based on 1)
biotinylated or 2) thiolated sgc8c aptamers. Biotinylated aptamers
were immobilized on neutravidin (NA) layer self assembled at clear
gold surface of quartz crystal (for cleaning procedure of quartz
crystal, see Ref. [33]). NA layers were formed by flow of neutravidin
dissolved in a deionised water in a concentration of 250 pug/mL.
Aptamer array was formed by flowing sgc8c aptamers dissolved in
PBS in a concentration of 0.5 uM. In a second method, the mixture
of 0.5 uM thiolated aptamers and 1 mM dodecanethiol has been
added on the surface of clean quartz crystal and incubated
overnight. After rinsing the sensing surface by PBS buffer it was
ready for experiments with cells. All experiments were performed at
ambient temperature (T=23°C). We should note that the concen-
tration of aptamers 0.5 pM has been chosen based on the special
experiments in which we analyzed the response of the sensors
based on both biotinylated and thiolated aptamers for various
concentrations of aptamers (0.5-2 uM) and showed that surface
formed by 0.5 uM aptamers revealed most remarkable changes of
the resonant frequency. This is illustrated on Figure SI-4 of
Supporting information.

Detection of Cells in Spiked Human Plasma

The experiments were performed using aptasensors based on
thiolated aptamers that revealed higher response to the cells. The
samples were prepared by addition of corresponding cells into the
20 times diluted blood plasma. The response of the sensor after
addition of the cells in a plasma and those in PBS was compared
and the sensor recovery was determined as follows: [(Af,)PBS/(Af,)
plasma] x 100 %, where (Af,)PBS are changes of resonant frequency
following addition of cells at certain concentration in a PBS and
(Af)plasma those in a blood plasma, respectively.

Sample Preparation for the AFM Measurements

Cells were adsorbed on a glass slide under sterile conditions. Prior
cell adsorption the glass slides were washed in isopropanol and in
sterile Millipore water several times. BD Cell-Tak in 5% acetic acid
was hand spreaded on the glass surface. As soon as the acetic acid
evaporates (about 5 min.), a coating of BD Cell-Tak is left behind.
The glass slide was washed with ethanol and sterile Millipore water.
The cells were centrifuged and cell pellet was resuspended in RPMI
media (without FBS). 1000 pl of cell suspension was added on the
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glass slide and incubated under air atmosphere with 5% CO, at
37°C for 30 min. Before fixation the glass surface with adsorbed
cells was rinsed three times in PBS. Cells were then fixed with 4%
paraformaldehyde in HBSS over a period of 60 min. at room
temperature and washed again in PBS for three times. Afterwards
the cells were left in PBS and used immediately for force measure-
ment or stored in the fridge for a maximum 2 days.?”

AFM-Tip Modification by Aptamers

Functionalization of AFM tips often requires a three-step protocol
(Figure 5A). First, amino-functionalization of the inert tip material is
necessary, followed by the connection of a crosslinker and ending
up in the coupling of the aptamer molecule. AFM probes were
functionalized with 3-aminopropyl triethoxysilane (APTES) by the
method described in Ref. [49]. Briefly, the freshly APTES coated tips
were immersed in NHS-PEG-Acetal crosslinker for 2 h, at presence
of triethylamine. After 120 minutes, the tips were washed three-
times with chloroform and ethanol and dried in a nitrogen stream.
Finally, the AFM tips were immersed in 40 uL PBS solution of
0.5 pM amino-sgc8c aptamer and 2 uL freshly prepared aqueous
solution of 1M NaCNBH, was added and allowed to react for
1 hour. The unreacted aldehyde groups were blocked by addition
of 5 uL of 1 M ethanolamine to the tip surface. In the last step, the
tips were washed by PBS and used immediately for force
spectroscopy experiments or stored in PBS buffer in fridge until
use. All washing steps were performed three times.

Single-Molecule Force Spectroscopy and AFM Topography

AFM measurements were performed in PBS buffer using an Agilent
5500 AFM (Agilent Technologies, USA). Silicon AFM cantilevers
(model MSCT, Bruker AFM probes, Germany) with a nominal spring
constant of 0.01 to 0.03 N/m were used. The imaging scan speed
was adjusted to 1line/s at 512 data points/line. AFM topography
measurements were performed in tapping mode. The data analysis
was performed using freeware Gwyddion software (http://gwyd-
dion.net). SMFS method was used for study the interaction between
amino-terminated aptamers sgc8c and PTK7 receptors. For this
purpose the force-distance cycles were recorded using sgc8c
functionalized MSCT cantilevers. The MOLT-4, Jurkat or U266 cells
were fixed on a glass slides. In SMFS experiments different pulling
velocities were used and the loading rate dependence of the
unbinding force was determined. At each pulling velocity, 1000 to
2000 force distance cycles (FDCs) were recorded. To ensure
position-independent results, the location on the cell was shifted
by 200 nm after 200 FDCs. MATLAB R2008a (The MathWorks, Natick,
MA) was used for force curve analysis. Finally, in order to show the
specificity of the results the cell surface was blocked by sgc8c
aptamers and compared to unblocked measurement at the same
pulling velocity. The data analysis used in this work was described
in details in our previous paper.™”

Acknowledgements

We are grateful to the Slovak Research and Development Agency
(Project No. APVV-14-0267) and to Science Grant Agency VEGA
(project No. 1/0152/15) for financial support. This contribution is
also the result of the project implementation (ITMS 26240120027)
supported by the OPRaD funded by the ERDF.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AA


https://doi.org/10.1002/cphc.201801126

\\;} ChemPubSoc

Conflict of Interest

The authors declare no conflict of interest.

Keywords: atomic force microscopy

DNA aptamers

leukemia - PTK7 - thickness shear mode

[
[12
[13
[14

[15]

[16
nz

[18
[19
[20
[21
[22

[23

124

[25

[26

ChemPhysChem 2019, 20, 1-11

R. Siegel, D. Naishadham, A. Jemal, Ca-Cancer J. Clin. 2012, 62, 10-29.
J. M. Peters, M. Q. Ansari, Arch. Pathol. Lab. Med. 2011, 135, 44-54.

R. A. Ghossein, S. Bhattacharya, Eur. J. Cancer 2000, 36, 1681-1694.

R. Misra, S. K. Sahoo, Mol. Pharmaceutics 2011, 8, 852-866.

Talanta 2014, 126, 130-135.

Y. Arinaminpathy, E. Khurana, D. M. Engelman, M.B. Gerstein, Drug
Discovery Today 2009, 14, 1130-1135.

D. Grimm, J. Bauer, J. Pietsch, M. Infanger, J. Eucker, C. Eilles, J.
Schoenberger, Curr. Med. Chem. 2011, 18, 176-190.

S. Saha, A. Bardelli, P. Buckhaults, V. E. Velculescu, C. Rago, B. St. Croix,
K. E. Romans, M. A. Choti, C. Lengauer, K. W. Kinzler, B. Vogelstein,
Science 2001, 294, 1343-1346.

H. Endoh, S. Tomida, Y. Yatabe, H. Konishi, H. Osada, K. Tajima, H.
Kuwano, T. Takahashi, T. Mitsudomim, J. Clin. Oncol. 2004, 22, 811-819.
T. Prebet, A.C. Lhoumeau, C. Arnoulet, A. Aulas, S. Marchetto, S.
Audebert, F. Puppo, C. Chabannon, D. Sainty, M. J. Santoni, M. Sebbagh,
V. Summerour, Y. Huon, W. S. Shin, S. T. Lee, B. Esterni, N. Vey, J. P. Borg,
Blood 2010, 16, 2315-2323.

K. R. Kampen, J. Membr. Biol. 2011, 242, 69-74.

S.T. Lee, K. M. Strunk, R. A. Spritz, Oncogene 1993, 8, 5304-5310.

S. K. Park, H.S. Lee, S. T. Lee, J. Biochem. 1996, 119, 235-239.

J.N. Lin, C.L. Lin, M. C. Lin, C. H. Lai, H. H. Lin, C.H. Yang, F. C. Sung,
C. H. Kao, Lancet Oncol. 2015, 16, 1335-1343.

X. Lu, A.G. Borchers, C. Jolicoeur, H. Rayburn, J. C. Baker, M. Tessier-
Lavigne, Nature 2004, 430, 93-98.

I. Shnitsar, A. Borchers, Development 2008, 135, 4015-4024.

G. Wagner, H. Peradziryi, P. Wehner, A. Borchers, Biochem. Biophys. Res.
Commun. 2010, 402, 402-407.

T. Hianik, J. Wang, Electroanalysis 2009, 21, 1223-1235.

R. Rapini, G. Marrazza, Bioelectrochemistry 2017, 118, 47-61.

A. D. Ellington, J. W. Szostak, Nature 1990, 346, 818-822.

C. Tuerk, L. Gold, Science 1990, 249, 505-510.

D. Shangguan, Y. Li, Z. Tang, Z.C. Cao, H. W. Chen, P. Mallikaratchy, K.
Sefah, C.J. Yang, W. Tan, Proc. Natl. Acad. Sci. USA 2006, 103, 11838-
11843.

D. Shangguan, Z. H. Cao, L. Meng, P. Mallikaratchy, K. Sefah, H. Wang, Y.
Li, W. H. Tan, J. Proteome Res. 2008, 7, 2133-2139.

L. Babelova, M. Eliasova Sohova, A. Poturnayova, M. Burikova, J. Bizik, T.
Hianik, Electroanalysis 2018, 30, 1487-1495.

M. Snejdarkova, L. Svobodova, V. Polohova, T. Hianik Anal. Bioanal.
Chem. 2008, 390, 1087-1091.

M. Liss, B. Petersen, H. Wolf, E. Prohaska, Anal. Chem. 2002, 74, 4488-
4495.

CHEMPHYSCHEM
Articles

[27] M. Snejdarkova, A. Poturnayova, P. Rybar, P. Lhotak, M. Himl, K. Flidrova,
T. Hianik, Bioelectrochemistry 2010, 80, 55-81.

Y. Pan, M. Guo, Z. Nie, Y. Huang, C. Pan, K. Zeng, Y. Zhang, S. Yao,
Biosens. Bioelectron. 2010, 25, 1609-1614.

K. Sak, H. Everaus, Curr. Genomics 2017, 18, 3-26.

M. Leitner, A. Poturnayova, C. Lamprecht, S. Weich, M. Snejdarkova, I.
Karpisova, T. Hianik, A. Ebner, Anal. Bioanal. Chem. 2017, 409, 2767~
2776.

L. L. Chan, K. J. McCulley, S. L. Kessel, Methods Mol. Biol. 2017, 1601, 27—
41.

X. Wang, J.S. Ellis, E-L. Lyle, P. Sundaram, M. Thompson, Mol. BioSyst.
2006, 2, 184-192.

A. Poturnayova, G. Castillo, V. Subjakova, M. Tatarko, M. Snejdarkova, T.
Hianik, Sens. Actuators B 2017, 238, 817-828.

N. Tassew, M. Thompson, Biophys. Chem. 2003, 106, 241-252.

G. Sauerbrey, Zeitschrift fiir Physik 1959, 155, 206-222.

S. M. Khoshfetrat, M. A. Mehrgardi, Bioelectrochemistry 2017, 114, 24-32.
M. A. Tabrizi, M. Shamsipur, R. Saber, S. Sarkar, Anal. Chim. Acta 2017,
985, 61-68.

V. C. Ozalp, G. Bayramoglu, Y. Erdem, M. Y. Arica, Anal. Chim. Acta 2015,
853, 533-540.

F. Long, B. Cao, A. Khanal, S. Fang, R. Shahbazian-Yassar, Beilstein J.
Nanotechnol. 2014, 5, 2122-2128.

Y. Kim, W. Kim, J. W. Park, Bull. Korean Chem. Soc. 2016, 37, 1895-1907.
A. Ebner, R. Nevo, Ch. Rankl, J. Preiner, H. Gruber, R. Kapon, Z. Reich, P.
Hinterdorfer in Handbook of Single-Molecule Biophysics Chapter 15 (eds.
P. Hinterdorfer, A.van Oijen) Springer Science+ Business Media LLC,
New York, 2009, pp. 407-447.

S. Dutta, B. A. Armitage, Y. L. Lyubchenko, Biochemistry 2016, 55, 1523-
1528.

M. B. Donoghue, X. Shi, X. Fang, W. Tan, Anal. Bioanal. Chem. 2012, 402,
3205-3209.

L. Wildling, B. Unterauer, R. Zhu, A. Rupprecht, T. Haselgribler, C. Rankl,
A. Ebner, D. Vater, P. Pollheimer, E. E. Pohl, P. Hinterdorfer, H. J. Gruber,
Bioconjugate Chem. 2011, 22, 1239-1248.

S. M. Taghdisi, K. Abnous, F. Mosaffa, J. Behravan, J. Drug Target. 2010,
18, 277-281.

H.-P. Lin, J. Y. Chang, S--R. Lin, M.-H. Lee, S.-S. Huang, L.-S. Hsu, N.-S.
Chang, Genes and Cancer 2011, 2, 550-562.

A. Tozeren, L. H. Mackie, M. B. Lawrence, P.Y. Chan, M. L. Dustin, T. A.
Springer, Biophys. J. 1992, 63, 247-258.

J.S. Ellis, M. Thompson, Chem. Commun. 2004, 11, 1310-1311.

A. Ebner, P. Hinterdorfer, H. J. Gruber, Ultramicroscopy 2007, 107, 922-
927.

I. Neundlinger, A. Poturnayova, I. Karpisova, C. Rankl, P. Hinterdorfer, M.
Snejdarkova, T. Hianik, A. Ebner, Biophys. J. 2011, 101, 1781-1787.

[28]

[29]
[30

31]

Manuscript received: December 4, 2018

Revised manuscript received: December 13, 2018
Accepted manuscript online: December 15, 2018
Version of record online: INE, I

www.chemphyschem.org

10

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 77


https://doi.org/10.3322/caac.20138
https://doi.org/10.1016/S0959-8049(00)00152-0
https://doi.org/10.1021/mp100455h
https://doi.org/10.1016/j.talanta.2014.03.056
https://doi.org/10.1016/j.drudis.2009.08.006
https://doi.org/10.1016/j.drudis.2009.08.006
https://doi.org/10.1126/science.1065817
https://doi.org/10.1200/JCO.2004.04.109
https://doi.org/10.1007/s00232-011-9381-7
https://doi.org/10.1093/oxfordjournals.jbchem.a021228
https://doi.org/10.1016/S1470-2045(15)00060-1
https://doi.org/10.1038/nature02677
https://doi.org/10.1242/dev.023556
https://doi.org/10.1016/j.bbrc.2010.10.044
https://doi.org/10.1016/j.bbrc.2010.10.044
https://doi.org/10.1002/elan.200904566
https://doi.org/10.1016/j.bioelechem.2017.07.004
https://doi.org/10.1038/346818a0
https://doi.org/10.1126/science.2200121
https://doi.org/10.1073/pnas.0602615103
https://doi.org/10.1073/pnas.0602615103
https://doi.org/10.1021/pr700894d
https://doi.org/10.1021/ac011294p
https://doi.org/10.1021/ac011294p
https://doi.org/10.1016/j.bios.2009.11.022
https://doi.org/10.1007/s00216-017-0238-5
https://doi.org/10.1007/s00216-017-0238-5
https://doi.org/10.1007/978-1-4939-6960-9_3
https://doi.org/10.1007/978-1-4939-6960-9_3
https://doi.org/10.1039/b600186f
https://doi.org/10.1039/b600186f
https://doi.org/10.1016/j.snb.2016.07.113
https://doi.org/10.1007/BF01337937
https://doi.org/10.1016/j.bioelechem.2016.12.001
https://doi.org/10.1016/j.aca.2014.10.010
https://doi.org/10.1016/j.aca.2014.10.010
https://doi.org/10.3762/bjnano.5.221
https://doi.org/10.3762/bjnano.5.221
https://doi.org/10.1002/bkcs.11022
https://doi.org/10.1021/acs.biochem.5b01250
https://doi.org/10.1021/acs.biochem.5b01250
https://doi.org/10.1021/bc200099t
https://doi.org/10.3109/10611860903434050
https://doi.org/10.3109/10611860903434050
https://doi.org/10.1177/1947601911418498
https://doi.org/10.1016/j.ultramic.2007.02.035
https://doi.org/10.1016/j.ultramic.2007.02.035
https://doi.org/10.1016/j.bpj.2011.07.054
https://doi.org/10.1016/j.bpj.2011.07.054

{®xChemPubSoc CHEMPHYSCHEM
Nk Europe Articles

ARTICLES

DNA aptamers that are specific to
the protein tyrosine kinase 7 (PTK7),
which is localized in the membranes
of various leukemia cell lines, were
studied. The acoustics thickness
shear mode method allowed the de-
velopment of a highly sensitive TEELTTIATEY
biosensor for the detection of Sl At |
leukemia cells with a detection limit
of (195 £ 20) cells/mL.
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