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1. Introduction

A novel label-free terbium(in)-aptamer based
aptasensor for ultrasensitive and highly specific
detection of acute lymphoma leukemia cells

Siwen Wu, @+ Nuo Yang,t Liping Zhong, Yiqun Luo, Huiling Wang, Wenlin Gong,
Sufang Zhou, Yanmei Li, Jian He, Haopei Cao, Yong Huang* and Yongxiang Zhao*

Acute leukemia is a malignant clonal disease of hematopoietic stem cells with a high prevalence and mor-
tality rate. However, there are no efficient tools to facilitate early diagnosis and treatment of leukemia.
Therefore, development of new methods for the early diagnosis and prevention of leukemia, especially
non-invasive diagnosis at the cellular level, is imperative. Here, a label-free signal-on fluorescence apta-
sensor based on terbium(i)-aptamer (Tb>*-apt) was applied for the detection of leukemia. The aptamer
sensitizes the fluorescence of Tb** and forms the strong fluorescent Tb**-apt probe. The target cells, the
T-cell acute lymphoblastic leukemia cell line (CCRF-CEM) combined with the Tb*>*-apt probe to form the
Tb**-apt—-CEM complex, were removed by centrifugation, and the supernatant containing a small
amount of the Th®*-apt probe was detected using a fluorescence spectrophotometer. The logarithm of
cell concentration showed a good linear relationship (R> = 0.9881) with the fluorescence signal. The
linear range for CCRF-CEM detection was 5-5 x 10° cells per ml, while the detection limit was 5 cells per
ml of the binding buffer. Clinical samples were collected from 100 cases, and the specificity and positive
rates detected by this method were up to 94% and 90%, respectively. Therefore, a single-stranded DNA-
sensitized terbium(in) luminescence method diagnostic was developed which is rapid, sensitive, and econ-
omical and can be used for diagnosis of various types of leukemia at the early stage.

the bone marrow is one of the mainstay methods used to
detect leukemia in clinics, although other testing methods are

Presently, the threat to human health and life due to high inci-
dence and mortality of refractory cancers is rising annually.’
Acute lymphoblastic leukemia is a common and fatal cancer
that usually begins in the bone marrow, and is characterized
by the presence of a large number of immature white blood
cells in children and adolescents.”® This disease not only
demands a lot of medical and health resources, but also nega-
tively affects the people’s living standards and social welfare.
Acute leukemia can lead to abnormal proliferation and
accumulation of primary cells in the bone marrow and inhibit
hematopoietic development, leading to anemia, thrombocyto-
penia and neutropenia. Moreover, the primary cells can also
infiltrate the liver, spleen and other external tissues to cause
corresponding lesions.” Extracting peripheral blood cells and
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used,’ including fluorescent labeling,*™® cytochemistry,””® flow

cytometry,” " immunohistochemical’*'* and immunopheno-
type analysis, and aptamer-conjugated polymeric nano-
14,15

particles. However, most of these methods not only are
costly, time-consuming, complicated and labor-intensive, but
also require a combination of sophisticated instruments,
which have low sensitivity and demand multiple step proces-
sing making them unsuitable for simple and rapid medical
analysis. Therefore, there is a need to explore a highly specific,
sensitive and cost-effective method to facilitate early diagnosis
and treatment of leukemia. This especially demands for non-
invasive diagnostic and prevention techniques targeted at the
cellular level based on modern analytical chemistry to improve
the treatment and survival rates of the patients.

In order to get highly specific targeting probes, scientists
have used systematic evolution of ligands by exponential
enrichment (SELEX) to screen for the new type of molecular
recognition elements - nucleic acid aptamers.'®™® Due to
their characteristic high affinity to target molecules, aptamers
are often referred to as “chemical antibodies”.'® Compared
with antibodies, aptamers are cheaper, less invasive and easily
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reproducible due to the unambiguous primary structure.?’>>
Aptamers can bind not only to inorganic ions, small mole-
cules, biological macromolecules, but also to supramolecular
substances such as cells, viruses, and pathological tissue
sections.”*>® Moreover, the synthesis of aptamers is easy and
uses short cycles,>®*” and aptamers show good stability*® and
are easy to modify.>>*° The emergence of aptamers has pro-
vided a new identification tool to the biochemistry and the bio-
medical communities. In recent years, nucleic aptamer-based
biosensors have shown promising applications in the detec-
tion of cancer.’’>? In 2006, Tan et al. first selected the live
tumor cell line,>® human acute lymphoblastic leukemia cell
line CCRF-CEM, as target cells to screen for high specificity
and affinity sgc8 aptamers. Subsequently, the sgc8 aptamer
has found wide usage in the detection of acute lymphoblastic
leukemia.**??

Rare earth terbium ion (Tb*") is a promising non-labeled
fluorescent probe that has attracted a great deal of attention>®
because of its unique optical properties, such as a long fluo-
rescence lifetime, large Stokes shift and narrow emission
band.’”*® Fu et al. reported that single-stranded oligonucleo-
tides can enhance the fluorescence of rare earth terbium ions
(Tb*"), but not the double-stranded DNA.*° Another study
reported that G base-rich single-stranded oligonucleotides can
effectively sensitize the fluorescence of Th*".* Based on these
reports, Wei et al. designed a G-base-rich hairpin probe which
sensitizes the Tb*" fluorescence. The heavy metal lead (Pb*")
competitively binds this hairpin probe to quench the fluo-
rescence of Tb®>" This strategy allows a highly sensitive non-
labeled detection of Pb** (detection limit of 0.1 nM).*!

Inspired by the above studies, this study leveraged on the
characteristics of nucleic acid aptamers and single-stranded
DNA sensitized rare earth Tb** fluorescence to design a non-
labeled signal-sensitive fluorescence method for the detection
of CCRF-CEM cells. This method is based on the principle that
the aptamer sensitizes the fluorescence of Tb®>" and forms a
strong fluorescent Tb>*-apt probe. After the target cells CCRF-
CEM combined with Tb**-apt to form a Tb*"-apt-CEM
complex, the supernatant is obtained by centrifugation, and
then the supernatant was detected by fluorescence spectro-
photometer. The concentration of CCRF-CEM cells in 5-5 x
10° cells per ml showed a good linear relationship between the
logarithmic value and the fluorescence signal (R* = 0.9881),
and the detection limit was up to 5 cells per ml. This label-free
signal sensitized fluorescence method has the advantages of
high selectivity, easy operation and rapidity and is expected to
provide a robust, simple, and inexpensive novel method for
the ultrasensitive diagnosis of acute lymphoblastic leukemia.

2. Experimental
2.1. Materials

The label-Free Sgc8 aptamer (apt) with a sequence of 5'-
ATCTAACTGCTGC GCCGCCGGGAAAATACTGTACGGTTAGA-3'
and the label-Free random aptamer (apt-) with a sequence of
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5-ATGTGGCTGCTGCGCCGCCGGGA AAATACTGT
ACGGTTAGA-3" were purchased from Shanghai Sangon

Biological Engineering Technology & services (Shanghali,
China). 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid
(HEPES, pH = 7.2-7.4, >99.5%) and the nitrate of metal salts
(>99%), including potassium (K'), sodium (Na'), silver (Ag"),
magnesium (Mg>"), calcium (Ca*>"), copper (Cu**), zinc (zZn**),
iron (Fe**), and terbium (Tb**), were purchased from Sigma-
Aldrich, Inc. All solutions were produced with ultra-pure
water of 18.2 MQ purified from a Milli-Q purification system
(Milli-Pore, Bedford, MA, USA). CCRF-CEM, Ramos (human
Burkitt’s lymphoma cell lines) cells, and K562 (chronic mye-
locytic leukemia cell lines), HL-60 (human promyelocytic leu-
kemic cell lines), Thp-1 (mononuclear phagocyte system) and
U937 (tissue cell lymphoma cells) cell lines were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China).

2.2. Instruments

All fluorescence measurements were carried out in a 350 pL
quartz cuvette. The excitation wavelength was 292 nm, and the
emission spectra were recorded with both excitation and emis-
sion slits of 5 nm using an F-7000 fluorescence spectrophoto-
meter (Hitachi Company, Tokyo, Japan). The peak intensities
were obtained at 545 nm, and the sampling range was
recorded from 460 nm to 560 nm. All the atomic force
microscopy imaging was performed by fluorescence
microscopy (Nikon DS-Ri1; Nikon, Tokyo, Japan). Cell
Counting Kit-8 was bought from Dojindo, Japan.

2.3. Cell culture

CCRF-CEM, Ramos cells, and K562, HL-60, Thp-1 and U937
cell lines were cultured in 5% carbon dioxide (95% oxygen) at
37 °C for 3 days and the medium of 1640 which contained
10% fetal bovine serum (FBS, Gibco) and 100 U mL™" penicil-
lin-streptomycin (Gibco, Grand Island, NY, USA).

2.4. Preparation of the Th**-apt fluorescent aptasensor

A suitable aptamer (50 pM) diluted by 252 ul PBS (phosphate-
buffered saline, 10 mM, pH 7.2) and Tb*" solution diluted by
the same volume HEPES buffer (200 mM, 1 mM magnesium
nitrate, pH 7.2) were put in storage solution at 4 °C in the
dark. Magnesium ions were used to stabilize the oligonucleo-
tides’ conformation and decrease the non-specific binding
between other metal ions and the oligonucleotides. The final
concentrations of the oligonucleotides (5 puM oligonucleo-
bases) and terbium nitrate (20 mM) were prepared in PBS. For
example, an application-type mixture (5 pM oligonucleobases,
20 mM Tb**) was formed by adding 160 pl PBS to 40 pl storage
solution.

2.5. Optimization of the fluorescent aptasensor

To optimize the Tb®>" concentration and detection conditions,
the probe preparation method is the same as the preparation
of the Tb**-apt fluorescent aptasensor above, just fixing one
condition to optimize the others. Different concentrations of

This journal is © The Royal Society of Chemistry 2019
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Tb** (5 mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM) with oli-
gonucleotides (5 pM) were detected. In order to explore the
effect of pH value on fluorescence intensity of Th*", the fluo-
rescence intensity of Tb®* (20 mM) with oligonucleotides
(5 pM) in the application-type mixture (pH 4.8, pH 6.0, pH 7.2,
pH 8.4, pH 9.6, pH 11.0, pH 12.0, pH 13.0) was detected. And
the fluorescence intensity of Tb** (20 mM) with oligonucleo-
tides (5 uM) after incubation with CCRF-CEM (1 x 10° cells per
200 pl) at room temperature for different time periods (5 min,
10 min, 20 min, 30 min, 40 min, 60 min) was also detected. All
cell samples were centrifuged at 1000 rpm for 3 min, then
160 pl of the supernatant was collected, and the pH value was
adjusted to 9.6 for detection by fluorescence spectroscopy at
the wavelength range of 460 nm-560 nm. Fluorescence inten-
sity of Tb*>" (20 mM) with oligonucleotides (5 pM) after 10 min
of incubation with CCRF-CEM (1 x 10° cells per 200 ul) at 4 °C,
25 °C and 37 °C was detected, too. Data are expressed as the
mean + SD of 3 independent experiments; the difference
between fluorescence intensities obtained by the rank sum
test is statistically significant (P < 0.05).

2.6. Probe for the detection of cells

A suitable aptamer (50 pM) diluted by 252 pl PBS (10 mM, pH
7.2) and a Tb*" solution diluted by the same volume of HEPES
buffer (200 mM, 1 mM magnesium nitrate, pH 7.2) were used
to prepare the probe storage solution at 4 °C in the dark. 1 ml
of CCRF-CEM cells were collected after centrifugation, the cells
were washed three times with PBS, and then the supernatant
was drained and re-suspended in 160 pl PBS. Finally, 40 pl of
probe storage solution was added and mixed well. The
different concentrations of CCRF-CEM cells (1 to 1 x 10° cells
per 200 pl) were incubated with the Tbh*"-apt fluorescent apta-
sensor at 4 °C in the dark for 10 min. The samples were centri-
fuged at 1000 rpm for 3 min, then 160 pl of the supernatant
was collected, and the pH value was adjusted to 9.6 for detec-
tion by fluorescence spectroscopy at the wavelength range of
460 nm-560 nm.

2.7. Specificity assay

The fluorescence spectrophotometer detected different blood-
related cancer cells. To investigate the specificity of the Tbh*'-
apt fluorescent aptasensor, an F-7000 fluorescence spectro-
photometer and a confocal fluorescence microscope were used
to test different cells, including CCRF-CEM, HL-60 cells,
Ramos cells, K562 cells, PBL cells (peripheral blood lympho-
cytes), Thp-1 cells and U937 cells. Each of the 200 pl reaction
systems including 1 x 10° cells was centrifuged at 1000 rpm for
3 min to collect 160 pl (removing fluid that may contain cells
at the bottom of 40 pl) of the supernatant, and the pH value
was adjusted to 9.6 for detection using the F-7000 fluorescence
spectrophotometer.

Immunofluorescence imaging was performed in different
blood-related cancer cells. Cells were collected in a 1.5 ml cen-
trifugation tube, washed three times with PBS, incubated with
the Tb*"-apt fluorescent aptasensor at 4 °C in the dark for
10 min and then washed again with PBS. The cells were fixed
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with 4% paraformaldehyde (Sigma-Aldrich, St Louis, MO, USA)
for 10 min, washed with PBS, and stained with 4',6-diamidino-
2-phenylindole dihydrochloride (DAPI; Life Technologies,
Foster City, CA, USA) for 5 min in the dark. The cells were
finally washed with PBS and examined by fluorescence
microscopy.

2.8. Detection of clinical samples

Blood samples were collected from 20 ALL (acute lymphoblas-
tic leukemia) patients, 60 non-ALL patients, and 20 normal
subjects based on clinically diagnosed classifications. All
samples were from the First Affiliated Hospital of Guangxi
Medical University. These experiments were approved by the
Ethics Committee of Guangxi Medical University, and patient’s
informed consent was obtained before the experiment. 5 ml of
peripheral blood of each case was obtained with anti-
coagulants, and human peripheral blood lymphocyte separ-
ation solution (Solarbio, Cat. No. P8610) was added for gradi-
ent centrifugation at a rotation speed of 1000g for 30 min. The
white film layer between plasma and separation solution was
taken. 200 pl of the reaction systems (detection of the cell reac-
tion system above) was added, incubated for 10 min, and then
centrifuged at 1000 rpm for 3 min. 160 pl of the supernatant
was obtained, the pH value was adjusted to 9.6, and the super-
natant fluorescence was detected using the F-7000 fluo-
rescence spectrophotometer.

2.9. Statistical analyses

Each experiment was carried out in triplicate. Data are
expressed as the mean + SD or as the median (range). All stat-
istical analyses were performed using GraphPad Prism 6.02
(GraphPad Software, San Diego, CA, USA). P < 0.05 was con-
sidered statistically significant.

3. Results and discussion
3.1. Principle of the Tb*"-apt fluorescent aptasensor

Based on the characteristics of nucleic acid aptamers and
single-stranded DNA sensitized rare earth Th*" fluorescence, a
label-free signal sensitized fluorescence method was developed
in this study for the detection of CCRF-CEM cells in acute lym-
phoblastic leukemia. The detection principle is shown in
Scheme 1. The hairpin type single-chain aptamer (the yellow
hairpin structure sequence in the figure) can sensitize Tb**
(green particles in the figure) fluorescence. The Tbh*"-apt probe
can recognhize the CCRF-CEM cells specifically to form the
Tbh**-apt-CEM complex, and the supernatant of the Tb*"-apt-
CEM complex collected by centrifugation may be used for fluo-
rescence detection. Compared with the Tb*'-apt-nontarget
cells complex, the fluorescence signal of the corresponding
supernatant was significantly reduced. In contrast, in the
absence of the CCRF-CEM cells, the Tb*"-apt probe was still
present in the supernatant and there was no significant
change in the fluorescence strength.

Analyst, 2019, 144, 3843-3852 | 3845
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Scheme 1 Schematic illustration of the Tb>*-apt fluorescent aptasensor for detection of CCRF-CEM cells.

3.2. Characterization of Th*" fluorescence

The feasibility of this method was first verified by fluorescence
spectroscopy, and the results are shown in Fig. 1A. The fluo-
rescence intensity of Tb**-apt was the strongest. When the
non-target Romas cells were added to the Tb**-apt probe solu-
tion, there was barely any change in the fluorescence intensity,
whereas the fluorescence intensity was significantly decreased
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when the CEM cells were added. And when the non-target
G-base rich single stranded oligonucleotides Tb*"-apt(—) were
incubated with the CEM cells, the fluorescence intensity was
hardly attenuated. A statistical graph showed similar results
(Fig. 1B). The PTK7 protein on the surface of the CEM cell
membrane specifically binds to the Sgc8 aptamer, and the
target cells then removed the probe by centrifugation, leaving
almost no Tb**-apt probe in the supernatant, leading to a
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Fig. 1 (A) Fluorescence emission spectra of Tb**, apt and CCRF-CEM cells under different conditions: Tb**; Apt (5 uM); Tb®* + apt; Tb>* + apt +
CCFF-CEM; Tb®* + apt(-) + CCFF-CEM; Tb>* + apt + Romas; Tb>* (20 mM); CCRF-CEM (1 x 10° cells); Romas (1 x 10° cells). Excitation: 290 nm. (B)
Quantitative analysis of fluorescence emission spectra of Tb**, apt, apt(-) and CCRF-CEM under different conditions. NS, not statistically significant,
*P < 0.05, statistically significant. (C) Fluorescence emission spectra of the aptamer with different metal ions. When the Sgc8 aptamer combines
with the terbium ion, the fluorescence is markedly enhanced, whereas the other metal ions barely show any fluorescence when mixed with the
Sgc8 aptamer. (D) Statistical analysis of fluorescence emission spectra of the aptamer with different metal ions, showing significant differences

between Tb** and other ions that mixed with the aptamer.
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rapid decrease of the fluorescence. While the individual Tb>",
apt, CEM, and Romas cells are almost non-fluorescent, the
Tb*"-apt probe emits green fluorescence under ultraviolet
light. In order to confirm the characteristics of Tb*" sensitized
specificity of DNA, Tb** and other different ions in the physical
environment were reacted with aptamers. The results showed
that when the aptamer binds to the terbium ion, the fluo-
rescence is markedly enhanced, whereas the other metal ions
(including K", Na", Ag*, cu®, zn*", Mg**, Ca*', Fe*") show
almost no fluorescence when they are bound to the aptamer
(Fig. 1C), and a statistical graph of the reaction of Tb** and
other different ions with aptamers showed a similar trend
(Fig. 1D). This result also indicates that the hairpin type
single-chain aptamer can sensitize Tb** fluorescence.
However, silver, calcium, copper, iron, potassium, magnesium,
and sodium ions do not have this function. The specific prin-
ciple is similar to the hairpin structure of aptamers that may
be affected by the coordination of strontium ions and aptamer
polyguanine rings studied.*"

3.3. Experimental condition optimization

The experimental conditions were optimized, and the results
are shown in Fig. 2. The aptamer concentration was fixed at
5 uM, and the Tb>* concentration was then optimized. When
the concentration of Tb*" was 20 mM, the fluorescence inten-
sity was the highest (Fig. 2A), so 20 mM Tb>" was selected as
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the optimal concentration. By adjusting the pH of the probe
(Tb**-apt) solution, it was found that the fluorescence was
strongest when the pH was 9.6; thus, pH = 9.6 was chosen
(Fig. 2B). When the incubation time was in the range of 5 to
10 min, the fluorescence intensity increased with time, while
the incubation time in the range of 10 to 30 min led to a
plateau in the fluorescence intensity. Considering the time
efficiency, 10 min was selected as the optimum incubation
time for follow-up experiments (Fig. 2C). At the same time, the
fluorescence was most intense when incubated at 4 °C
(Fig. 2D); therefore, 4 °C was chosen as the optimal hybridiz-
ation temperature.

3.4. Analytical performance of the aptasensor

Under the selected optimal conditions, the sensitivity of the
fluorescence method was examined. As shown in Fig. 3A, the
difference in the fluorescence intensity gradually decreases
with the increase of the concentration of the CEM cells (a.
Tb**-apt; b. 10° cells per 200 pl, c. 10" cells per 200 pl, d. 10>
cells per 200 pl, e. 10° cells per 200 l, f. 10* cells per 200 pl, g.
10° cells per 200 pl, h. 10° cells per 200 pl). In the range of 1 to
10° cells per 200 pl, the logarithm of the concentration of the
CEM cells showed a good linear relationship with the fluo-
rescence signal, the fluorescence intensity as a function of
Tbh**-apt minus logarithm of concentration of the cells. The
results were the average of four repetitive experiments, with
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Fig. 2 Optimization of Th** concentration and detection conditions. (A) Concentration of Tb** (5 mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM) with
oligonucleotides (5 pM). (B) Fluorescence intensity of To** (20 mM) with oligonucleotides (5 uM) in the application-type mixture (pH 4.8, pH 6.0, pH
7.2, pH 8.4, pH 9.6, pH 11.0, pH 12.0, pH 13.0). (C) Fluorescence intensity of Tb*>* (20 mM) with oligonucleotides (5 uM) after incubation with
CCRF-CEM (1 x 10° cells per 200 pl) at room temperature for different incubation periods. (D) Fluorescence intensity of Tb>* with oligonucleotides
in the application-type mixture (5 M oligonucleobases, 20 mM Tb**, pH 7.2) after 10 min of incubation with CCRF-CEM (1 x 10° cells per 200 pl) at
4 °C, 25 °C and 37 °C. Data are expressed as the mean + SD of 3 independent experiments; ***P < 0.001.
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Fig. 3 (A) Fluorescence emission spectra of the Tb**-apt fluorescent aptasensor in the presence of different concentrations of CCRF-CEM cells (a.
Tb**-apt, b. 10° cells per 200 pl, c. 10 cells per 200 pl, d. 10 cells per 200 pl, e. 10° cells per 200 pl, f. 10* cells per 200 pl, g. 10° cells per 200 pl, h.
10° cells per 200 pl). (B) Linear relationship between the fluorescence intensity and the concentration of CCRF-CEM cells. (C) Specificity of the fluor-
escent aptasensor for CEM. The fluorescence intensity rate (F — Fo)/F of the Th**-apt fluorescent aptasensor in the presence of CEM, HL-60, Ramos,
K562, PBL, THP-1, and U937 cells, respectively (1 x 10° cells per 200 pl), where F and Fy are the fluorescence intensity without and with detection
cells at 545 nm. Excitation: 290 nm. (D) Fluorescence micrographs of six different cells after mixing with Tb®*-apt. Nuclei were stained with DAPI.

Scale bars indicate 50 pm.

Table 1 Comparison of analytical properties of CCRF-CEM cytosensors

Detection

Detection method Linear range limit/mL Ref.
Colorimetric 3.30 x 10°-2.69 x 10° 214 42
Quartz crystal microbalance 8.00 x 10°~1.00 x 10> 8000 43
Aptamer-conjugated magnetic beads 1.00 x 10*-1.50 x 10> 8000 44
Flow cytometry 7.50 X 10°-6.25 x 10° 750 45
Fluorescence 5.00-5.00 x 10° 5 This work
error bars indicating the standard deviation (Fig. 3B). The o
linear equation was F = —680.2C + 5750.6 (F is the fluorescence
intensity, C is Tb**-apt minus logarithm of concentration of ~ 1004 —_-
the cells), R* = 0.9881, and the detection limit is 5 cells per ml. & -
Compared with other reported fluorescence methods in g 807
Table 1, this method can significantly reduce the detection S 60 -
limit, suggesting a better sensitivity. -

Under the selected optimal conditions, the specificity of the 3 404
fluorescence method was investigated. According to the results 20 4
shown in Fig. 3C, the intensity of fluorescence of the CEM
cells was significantly higher than that of other control cells. 0 - T T

Control 10 20 40 80 160

In addition, as shown in Fig. 3D, the probes bound well to the
target cell CEM as detected using the confocal microscope,
emitting green fluorescence, whereas the probes did not bind
to other cells, as only blue nuclei could be seen. These experi-

3848 | Analyst, 2019, 144, 3843-3852

Concentration of Tbh* (mM)

Fig. 4 Relative viability of CCRF-CEM cells incubated with Tb**-apt at
different concentrations for 24 h.
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Table 2 General clinical information
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Number Gender Age (years) Sample Diagnosis
Acute lymphoblastic leukemia patients (ALL)
1 Female 28 Peripheral blood/bone marrow T-ALL-L1
2 Female 13 Peripheral blood T-ALL-L2
3 Male 6 Peripheral blood/bone marrow T-ALL-L1
4 Male 8 Peripheral blood/bone marrow T-ALL-L1
5 Female 9 Peripheral blood/bone marrow T-ALL-L2
6 Male 20 Peripheral blood/bone marrow T-ALL-L2
7 Male 12 Peripheral blood/bone marrow T-ALL-L1
8 Male 19 Peripheral blood/bone marrow T-ALL-L1
9 Male 29 Peripheral blood/bone marrow T-ALL-L2
10 Female 5 Peripheral blood/bone marrow T-ALL-L1
11 Female 34 Peripheral blood/bone marrow T-ALL-L1
12 Male 8 Peripheral blood/bone marrow T-ALL-L2
13 Male 9 Peripheral blood/bone marrow T-ALL-L1
14 Female 15 Peripheral blood/bone marrow B-ALL
15 Female 12 Peripheral blood/bone marrow T-ALL-L1
16 Male 54 Peripheral blood/bone marrow T-ALL-L2
17 Male 2 Peripheral blood/bone marrow T-ALL-L2
18 Male 9 Peripheral blood/bone marrow T-ALL-L1
19 Male 6 Peripheral blood/bone marrow T-ALL-L1
20 Female 6 Peripheral blood/bone marrow T-ALL-L2
Acute myelocytic leukemia patients (AML)
1 Male 59 Peripheral blood/bone marrow AML-M1
2 Male 33 Peripheral blood/bone marrow AML-M3
3 Female 65 Peripheral blood/bone marrow AML-MO
4 Male 45 Peripheral blood/bone marrow AML-M1
5 Female 58 Peripheral blood/bone marrow AML-M1
6 Male 13 Peripheral blood/bone marrow AML-M1
7 Male 10 Peripheral blood/bone marrow AML-M1
8 Female 5 Peripheral blood/bone marrow AML-M1
9 Female 5 Peripheral blood/bone marrow AML-M3
10 Male 8 Peripheral blood/bone marrow AML-M4
11 Male 54 Bone marrow AML-M3
12 Male 7 Peripheral blood/bone marrow AML-M3
13 Female 31 Bone marrow AML-M3
14 Male 21 Peripheral blood/bone marrow AML-M3
15 Female 54 Peripheral blood/bone marrow AML-M1
16 Male 23 Peripheral blood/bone marrow AML-M1
17 Female 5 Peripheral blood/bone marrow AML-M1
18 Female 18 Bone marrow AML-M3
19 Male 17 Peripheral blood/bone marrow AML-M1
20 Male 17 Peripheral blood/bone marrow AML-M4
Chronic lymphocytic leukemia (CLL)
1 Male 58 Peripheral blood/bone marrow B-CLL
2 Male 45 Peripheral blood/bone marrow B-CLL
3 Male 57 Peripheral blood/bone marrow B-CLL
4 Female 6 Peripheral blood/bone marrow B-CLL
5 Female 8 Bone marrow B-CLL
6 Female 9 Peripheral blood/bone marrow B-CLL
7 Female 12 Bone marrow B-CLL
8 Female 7 Peripheral blood B-CLL
9 Male 5 Peripheral blood/bone marrow B-CLL
10 Male 16 Peripheral blood/bone marrow B-CLL
11 Male 23 Peripheral blood/bone marrow T-CLL
12 Male 18 Bone marrow B-CLL
13 Male 17 Peripheral blood/bone marrow B-CLL
14 Female 25 Peripheral blood/bone marrow B-CLL
15 Female 29 Peripheral blood/bone marrow B-CLL
16 Female 5 Peripheral blood/bone marrow T-CLL
17 Male 6 Peripheral blood B-CLL
18 Male 6 Peripheral blood B-CLL
19 Female 8 Bone marrow B-CLL
20 Female 59 Peripheral blood/bone marrow B-CLL
Other
1 Male 56 Peripheral blood/bone marrow Myelodysplastic histiocytosis
2 Male 34 Peripheral blood/bone marrow Myelodysplastic histiocytosis
3 Female 26 Peripheral blood/bone marrow Myelodysplastic histiocytosis
4 Male 21 Peripheral blood/bone marrow Myelodysplastic histiocytosis
5 Male 5 Peripheral blood/bone marrow Thrombocytopenic purpura
6 Female 14 Peripheral blood/bone marrow Thrombocytopenic purpura
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Table 2 (Contd.)
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Number Gender Age (years) Sample Diagnosis

7 Male 12 Peripheral blood/bone marrow Non-Hodgkin’s lymphoma

8 Male 52 Peripheral blood/bone marrow Non-Hodgkin’s lymphoma

9 Female 51 Peripheral blood/bone marrow Thrombocytopenic purpura

10 Female 25 Peripheral blood/bone marrow Iron deficiency anemia

11 Female 18 Peripheral blood/bone marrow Iron deficiency anemia

12 Male 15 Peripheral blood/bone marrow Iron deficiency anemia

13 Female 14 Peripheral blood/bone marrow The Mediterranean anemia

14 Male 16 Peripheral blood/bone marrow The Mediterranean anemia

15 Male 29 Peripheral blood/bone marrow The Mediterranean anemia

16 Female 38 Peripheral blood/bone marrow The Mediterranean anemia

17 Male 45 Peripheral blood/bone marrow The Mediterranean anemia

18 Female 56 Peripheral blood/bone marrow Hodgkin’s lymphoma

19 Male 29 Peripheral blood/bone marrow Hodgkin’s lymphoma

20 Male 37 Peripheral blood/bone marrow Hodgkin’s lymphoma
Healthy volunteers Normal

1 Female 18 Peripheral blood Normal

2 Male 20 Peripheral blood Normal

3 Male 25 Peripheral blood Normal

4 Female 24 Peripheral blood Normal

5 Male 24 Peripheral blood Normal

6 Male 48 Peripheral blood Normal

7 Female 45 Peripheral blood Normal

8 Male 34 Peripheral blood Normal

9 Male 35 Peripheral blood Normal

10 Male 28 Peripheral blood Normal

11 Male 28 Peripheral blood Normal

12 Male 27 Peripheral blood Normal

13 Female 26 Peripheral blood Normal

14 Male 26 Peripheral blood Normal

15 Male 26 Peripheral blood Normal

16 Male 27 Peripheral blood Normal

17 Male 25 Peripheral blood Normal

18 Male 25 Peripheral blood Normal

19 Female 24 Peripheral blood Normal

20 Male 24 Peripheral blood Normal

Table 3 Comparison of clinical diagnosis rate and detection rate of this
experimental method

Number of
diagnoses
Number of by this
clinical experimental
Group diagnoses method
ALL group 20 18
Non-ALL group and the normal group 80 5

ALL, acute lymphoblastic leukemia.

mental results show that this method has strong anti-inter-
ference and high specificity for CEM cells.

3.5. The cytotoxicity of the probe

In order to investigate whether the apt-Tb*" probe is destruc-
tive to the sample during the assay, in vitro toxicity assessment
was performed at the cellular level using the Cell Counting Kit-
8. The CEM cells were co-cultured with different concen-
trations of probes, and the cell viability was measured after co-
culture for a certain period. Fig. 4 shows that as the probe con-
centration increases (10 mM, 20 mM, 40 mM, 80 mM,
160 mM), the viability of the cells is reduced, but even at a

3850 | Analyst, 2019, 144, 3843-3852

maximum concentration of 160 mM, the probe is incubated

with the CEM cells for 4 h; therefore, the vitality can be pre-

served above 90%. This result indicates that the probe has

(F-F,)/F

0.2

Fig. 5 Specificity of the fluorescent aptasensor for clinical samples. The
fluorescence intensity rate (F — Fo)/F of the Tb®*-apt fluorescent apta-
sensor in the presence of ALL (acute lymphoblastic leukemia), AML
(acute myelocytic leukemia), CLL (chronic lymphocytic leukemia), other
(including myelodysplastic histiocytosis, Hodgkin's lymphoma, non-
Hodgkin’s lymphoma, thrombocytopenic purpura, iron deficiency
anemia, the Mediterranean anemia), normal, where F and F, are the flu-
orescence intensity without and with detection cells at 545 nm.
Excitation: 290 nm.
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good biocompatibility with no toxicity to cells during a short
period.

3.6. Analysis of clinical samples

In order to evaluate the applicability of this method, 100 clini-
cal samples were collected, of which 20 were from clinically
diagnosed ALL patients, 60 were from non-acute lymphoblastic
leukemia patients, and 20 were from normal healthy volun-
teers. Table 3 shows a specificity of 94% and a positive rate of
90%, while clinical sample specific information is shown in
Table 2. Obviously, the ALL group is significantly different
from the non-ALL group and the normal group as shown in
Fig. 5. These results indicate that the fluorescence method can
be applied for the detection of acute leukemia in blood
samples of clinical patients.

4. Conclusion

In this work, we successfully developed a non-labeled signal
sensitized fluorescence method for the detection of leukemia
based on the characteristics of nucleic acid aptamer sensitized
rare earth Tb*" fluorescence. Compared with known cancer
cell assay methods, this strategy has some superior features.
First, the strategy of detection is inexpensive and convenient
because no labels are required. Second, the affinity, stability,
and specificity of the aptamer bound by Tb*' are greatly
enhanced under optimal conditions. Lastly, it is applicable for
many types of cancer cells that use different aptamers to ident-
ify probes. Therefore, this simple, rapid, sensitive, universal
and specific cancer cell detection strategy provides a new
approach for the detection of cancer cells by the label-free fluo-
rescence method. Compared with the antigen-antibody sand-
wich technique, this method shortens the detection time,
enabling rapid analysis and formulation of treatment plans for
patients as it provides a detailed classification of leukemia in
real-time samples.
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