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Abstract

Background: Protein tyrosine kinase 7 (PTK 7) is a membrane receptor, which can be found in various kinds of can-
cers. In view of this, detection of PTK 7 in the peripheral circulation would be an effective way for the early diagnosis

of cancer.

Results: In this work, a multi-carbon dots and aptamer-based signal amplification ratiometric fluorescence probe
was developed. The fluorescence of the aptamer-modified y-CDs and b-CDs were respectively chosen as the detec-
tion signal and interior label. The fluorescence of y-CDs was quenched by Fe;O, and cDNA (complement to aptamer)
compound without PTK 7, but recovered by the addition of PTK 7. Then, the free aptamer was cut by DNase |,

which amplified the detection signal. The ratiometric fluorescence sensor for PTK 7 was established with the LOD of

0016 ng mL~".

Conclusions: Summary, a multi-carbon dots and aptamer-based signal amplification ratiometric fluorescence probe
was developed for the detection of protein tyrosine kinase 7. The developed probe was applied to PTK 7 detection
in MCF-7 cells and human serum with satisfying results, thus indicating that this probe has huge potential in clinical

practice.
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Background

Cancer, as the disease with the highest mortality rate,
attracts a huge amount of attention and during these
pressing moments, the early diagnosis of cancer plays an
important role in its therapy [1-3]. The detection of bio-
markers in body fluid (like blood, urine, saliva) provide
a safe and effective way for the early diagnosis of cancer
[4—6]. Protein tyrosine kinase 7 (PTK 7), also known as
colon cancer kinase-4, is a membrane receptor which is
encoded by the PTK 7 gene, which modulates multiple
Wnt pathways [7]. As stated in previous reports, PTK 7 is
overexpressed in various tumours, such as in lung cancer,
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gastric cancer, ovarian cancer and colon cancer and thus,
the detection of PTK 7 in the peripheral circulation is a
new way to make an early diagnosis [8]. It is essential to
find a sensitive, selective, safe and simple way to detect
PTK 7. Several analytical methods have been reported
in previous research, including western blotting, flow
cytometry, enzyme-linked immunosorbent assay, the
fluorescence analysis method and electrochemistry
immunoassay [9], among which the fluorescence analy-
sis method has been widely used in various fields by vir-
tue of its fast response time, low cost, simple usage and
high sensitivity [10]. Therefore, the fluorescence method
is perceived to be one of the most promising analytical
tools for PTK 7 detection.

Nanomaterials have been wildly used in biomedical
application [11-15]. Carbon dots (CDs) are a new kind
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of fluorescence nanomaterial that have attracted wide
attention owing to their excellent properties including
good photostability, easy modification, stable chemi-
cal properties, favourable biocompatibility and excel-
lent water-solubility [16, 17]. Some of their properties,
specifically for metal ions, micromolecules and protein
analysis, have meant that CDs have been used to set up
biosensors [18—20]. Because of the relatively low con-
centration of PTK 7 in peripheral circulation, the bio-
sensors for PTK 7 detection need to be equipped with
high sensitivity and selectivity. However, despite pos-
sessing excellent optical performances, the fluorescence
materials were found to be limited during the develop-
ment of the PTK 7 sensor as they lacked good selectiv-
ity. Working from this base, an aptamer was introduced
to develop a fluorescence probe. In addition to this, the
loop amplification strategy was employed to enhance
the sensitivity of that developed probe. Now, with these
additions in place, the selectivity of PTK 7 detection
was effectively increased.

Aptamers are DNA or RNA oligonucleotides, which
are selected from random-sequence nucleic acid libraries
by an exponential enrichment (SELEX) process, and can
specifically bind themselves to target molecules through
base pairing [21]. The advantages that aptamers have of
being low-cost, and having high stability, and easy syn-
thesis and labelling mean that aptamers are favoured
when building biosensors [22-24]. Following this intro-
duction of an aptamer, a significant improvement was
seen in the selectivity of the fluorescence probe. As pre-
viously reported, an aptamer-based fluorescent platform
for ultrasensitive adenosine was developed with a 60 PM
limit of detection (LOD) [25]. Furthermore, given that
the aptamer is a single-stranded RNA or DNA that can
be cut by the restriction enzyme, it became possible to
introduce rolling circle amplification into the devel-
opment of the biosensor. As Yao and his co-workers
reported, a photonic crystal-assisted biochip was con-
structed using this rolling circle amplification to circulate
microRNAs detection in serum with an LOD of 0.7 aM
[26]. The strategy of nucleic acid amplification was also
successfully used in the construction of the fluorescence
probe for microRNAs [27]. Additionally, in fluorescence
sensors, the ratiometric fluorescence measurement can
afford simultaneous recordings of two measurable sig-
nals at one excitation wavelength [18, 28]. This is because
one measurable signal plays the role of the interior label,
which can then overcome the drawback that is the ease
in which a single fluorescence measurement can be
influenced by the detection conditions and probe con-
centrations [29, 30]. Nonetheless, CDs are rarely used in
ratiometric fluorescence biosensor for PTK 7 detection.
Taking into account the excellent properties of CDs, it is
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essential to build a ratiometric fluorescence probe for the
detection of PTK 7.

Herein, we aimed to develop a sensitive, selective and
simple fluorescence sensor for the detection of PTK 7.
Dual carbon dots, which emit blue and yellow fluores-
cence (b-CDs and y-CDs) and Fe;O, MNPs, were chosen
to build a ratiometric fluorescence probe. As designed,
the fluorescence of y-CDs (modified by the aptamer of
PTK 7) worked as the detection signal which was then
quenched by the Fe;O, magnetic nanoparticles (MNPs)
and cDNA (complement to aptamer) compound. The
fluorescence of b-CDs was the interior label, and Fe;O,
MNPs were used for magnetic separation. When encoun-
tering PTK 7, the fluorescence produced by the y-CDs
was recovered by separating it from Fe;O, MNPs. In
addition to this, the detection signal was loop amplified
by adding DNase 1. So, a ratiometric fluorescence sensor
towards PTK 7 was established by measuring the fluo-
rescence signals from the y-CDs and b-CDs. The devel-
oped probe was applied to the determination of PTK 7
in MCF-7 cells and human serum to ensure its effective
application.

Experimental section

Chemical and reagents

Ferric trichloride, sodium acetate, citric acid monohy-
drate, diethylenetriamine, N-(3-dimethylaminopropyl)-
Nethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), 4-aminobutyric acid
(GABA) and o-phenylenediamine (OPD) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Recombinant Protein Tyrosine Kinase 7 (PTK
7) was obtained from Wuhan USCN Business Co., Ltd.
(Wuhan, China). The base sequences of the DNA oligo-
nucleotides were provided as follows: aptamer of PTK7
(APT, ATC TAA CTG CTG CGC CGC CGG GAA AAT
ACT GTA CGG TTA GA), cDNA (complementary to
part of the PTK7 aptamer, TCT AAC CGT ACA GTA
TTT TCC CGG CGG CG), and all of them were pur-
chased from Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China). E. coli exonuclease I (DNase I,>10 U
uL™!) was also provided by Shanghai Sangon Biotech-
nology. The purified water was prepared using a water
purification system that was obtained from the Thermo
Scientific technology Co., Ltd. (Shanghai, China). All
other chemicals that did not have special specifications
but were used in this paper were of analytical grade and
used without further purification.

Measurement and apparatus

The fluorescence emission spectra shown in this paper
were measured on a F4600 spectrofluorometer (Hitachi,
Japan) with 380 nm excitation. FT-IR spectra and UV-vis
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spectra were respectively recorded on a FTIR-8400S
spectrometer (Shimadzu, Japan) and WFN-203B spec-
trometer (Jingke, China). The transmission electron
microscopic images (TEM) were measured by a JEM-
2100 transmission electron microscope (JEOL, Japan).
The size distribution of nanoparticles was determined by
the Nicomp380ZLS dynamic light scattering technique
(Santa Barbara, USA).

Synthesis of Fe;0, magnetic nanoparticles (Fe;0, MNPs)
Fe;O, MNPs were synthesised according to previously
reports [31]. Briefly, 0.54 g of FeCl; and 1.44 g of sodium
acetate were dissolved in 10 mL of glycol. The mixture
was formed by adding the sodium acetate solution to the
FeCl, solution dropwise, while mixing it with a magnetic
stirrer. Then, the mixture was moved to a Teflon-lined
stainless-steel autoclave and heated at 200 °C for 8 h.
The Fe;O, magnetic nanoparticles were obtained after
the reacted mixture was washed with ethanol 3 times.
Subsequently, 0.2 g of dry Fe;O, magnetic nanoparticles
were added to 50 mL of citric acid monohydrate solution
(0.1 g mL™') and placed under an ultrasound for 20 min.
Then, the mixture was mixed with a magnetic stirrer for
4 h at room temperature. The products of the reaction
were washed with water and ethanol several times, dried
under vacuum at 50 °C, and then the carboxylate Fe;O,
MNPs were prepared.

Synthesis of Fe;0,-cDNA

First, cDNA was centrifuged at 4000 rpm for 1 min,
and then 25 uL of phosphate buffer (PBS, pH="7.5) was
added. Subsequently, cDNA (100 uM) was heated at 95 °C
for 4 min, cooled by ice bath for 4 min, and after that, left
to rest at room temperature for a while [32]. This could
facilitate folding cDNA into the minimum energy struc-
ture, which is responsible for specific binding. Second, a
mixture of EDC (10 mg) and NHS (10 mg) was added into
1 mL of Fe;O,-COOH solution (0.2 mg mL™1), which was
then dissolved using PBS (pH=6.0). The mixture was
stirred at 25 °C for 30 min, and the pH was adjusted to
7.5. Finally, 10 pL of the pre-processed cDNA (100 uM)
and 1 mL of Fe;O,—~COOH was mixed and continuously
stirred at room temperature overnight to conduct the
amide linkage between the carboxyl and amino groups.
Fe;O,-cDNA was obtained through the use of magnetic
separation and washed several times to remove any unre-
acted cDNA. The prepared Fe;O,-cDNA was stored in
PBS (pH=7.5) at 4 °C for further use.

Synthesis of b-CDs and y-CDs

The b-CDs were prepared using the one-pot hydrother-
mal method, as previously reported in the literature [33].
Briefly, using an ultrasonic method for a period of 10 min,

Page 3 of 11

1.2 g of citric acid and 600 pL of diethylenetriamine were
dissolved in 20 mL of ultrapure water. Then, the mixture
was poured into a Teflon-lined stainless-steel autoclave
and heated at 200 °C for 6 h. After having cooled to room
temperature, the product was collected and dialysed.
Afterwards, using the vacuum drying method, the brown
powder was obtained for further characterisation and
research. The y-CDs were prepared by the same method
as b-CDs [34]. We used 0.3 g o-PD and 0.3 g GABA as
the carbon source, which were then dissolved in 20 mL
of ultrapure water and sonicated for 15 min. The mixture
was moved to a Teflon-lined stainless-steel autoclave,
heated at 160 °C for 6 h, and then cooled to room tem-
perature. The brownish yellow solution was obtained
after it had been dialysed and enriched using the same
method used for the preparation of b-CDs. The b-CDs
and y-CDs were stored at room temperature for further
research.

Synthesis of y-CDs-APT

To prepare y-CDs-APT, the carboxyl groups of
y-CDs were activated by EDC and NHS. 1 mL y-CDs
(0.1 mg mL™!, pH=6.0), 10 mg EDC and 10 mg NHS
were mixed and stirred at room temperature for 30 min,
and then the pH of the mixture was adjusted to 7.5. In
this part, APT was processed using the same method as
c¢DNA, before then being added to y-CDs. Then, 10 pL
APT was incubated with 1 mL y-CDs (100 uM) at room
temperature for the night to allow for the synthesis of
y-CDs-APT. After that, the prepared y-CDs- APT was
stored at 4 °C for further research.

PTK 7 detection

For the detection of PTK 7, 250 pL of the prepared
Fe;O,- ¢cDNA and 250 pL of the prepared y-CDs-APT
were mixed and then incubated at 25 °C for 60 min. The
mixture was then washed 3 times using PBS by magnetic
separation. Following that, 600 pL variable concentra-
tions of PTK 7, 20 uL b-CDs (1.00 ng mL™!) and 10 pL
DNase I (20 U uL™!) were added into the resulting solu-
tion, and incubated at 37 °C for 30 min. Then, the super-
natant of the resulting solution was collected through
magnetic separation, and the fluorescence spectra were
measured under 380 nm excitation.

Real sample determination

To discover the feasibility and practicality of this devel-
oped ratiometric fluorescence probe, two types of real
samples (MCF-7 cells and human serum) were deter-
mined. Firstly, MCEF-7 cells were incubated at 37 °C and
with 5% of CO, for 24 h, and then they were seeded into
a plate at various densities (1 x 10% 2.5x 10% 5x 10%
1x10°% 2.5x10° and 5x10° per mL). After 4 h of
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incubation, 600 uL of MCEF-7 cells at various densities
were detected, as described in “2.7 PTK 7 detection’, fol-
lowed by the implementation of the standard addition
method to verify the reliability of the MCF-7 cells deter-
mination. For the detection of PTK 7 in human serum
samples however, the human serum was diluted with PBS
by a factor of 400. Then, the operation was carried out
according to section “PTK 7 detection”” The reliability of
the serum sample detection was also verified using the
standard addition method.

Results and discussion

Materials characterisation

The TEM images of nanoparticles are displayed in
Fig. 1. As shown in Fig. 1a, the Fe;O, MNPs presented
a rounded shape with a diameter of about 200 nm, and
they dispersed well in the water solution [29]. The SEM
images of Fe;O, MNPs in Fig. 1b also displayed that they
were evenly dispersed with spherical shape, which con-
sistent with the TEM results. The TEM images of b-CDs
and y-CDs were shown in Fig. 1c and d, respectively [16,
35]. As shown, b-CDs were bigger, with a lattice fringe
of 0.31 nm (insert of Fig. 1c), while y-CDs had a lattice
fringe of 0.26 nm (insert of Fig. 1d). Both of them showed
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a spherical shape and were evenly dispersed when in
aqueous solution.

The FT-IR spectra were measured for the purpose of
characterising the structures of the nanomaterials used
in this study. As shown in Fig. 2a, the broad vibration
band around 3400 cm™! was ascribed to —OH stretch-
ing vibration, while the peaks at 1680 and 1200 cm™*
were ascribed to C=0 and C-O stretching vibration,
which appeared in the FT-IR spectra of b-CDs, y-CDs
and Fe;O, MNPs [36, 37]. It can be summarised from the
above stated results that there were carboxyl groups on
their surface. For b-CDs and y-CDs, the FT-IR spectra
also showed peaks at 1580 and 1490 cm™!, which were
attributed to the C=C vibrations in the benzene ring,
indicating that there were aromatic structures in both
b-CDs and y-CDs [22, 25]. The broad vibration band
around 3300 cm ™! and the peak at 1450 cm ™! were attrib-
uted to the vibrations of O—H/N-H and C-N, which thus
implied an existence of —-NH, in y-CDs [34]. For Fe;O,
MNPs, the stretching vibrations of Fe—O showed a char-
acteristic peak near 740 cm ™! in the FT-IR spectra [31].

The UV-vis absorption spectra and fluorescence spec-
tra were measured to further study the characterisation
of b-CDs and y-CDs. The UV-vis absorption spectrum
of b-CDs (Fig. 2b) exhibited two obvious absorption

20 nm

d The TEM image of y-CDs, Insert: high-resolution TEM image of y-CDs

Fig. 1 aThe TEM images of Fe;0, MNPs. b The SEM images of Fe;0, MNPs. ¢ The TEM image of b-CDs, Insert: high-resolution TEM image of b-CDs.

20 nm
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Fig. 2 aThe FT-IR spectra of b-CDs, y-CDs and Fe;O, MNPs. b The UV-vis absorption spectrum and fluorescence spectrum of b-CDs. Insert: the
solution of b-CDs under day light and UV-lamp, respectively. c The UV-vis absorption spectrum and fluorescence spectrum of y-CDs. Insert: the
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bands at~260 nm and~340 nm, which resulted from
n—m* transition of sp? carbon and n—m* transition of
C=0/C=N in b-CDs, which were in accordance with
the FT-IR results [35, 38]. As shown in Fig. 2b, the flu-
orescence spectrum of b-CDs displayed a sharp peak
at 445 nm, which was due to being excited at the wave-
length of 380 nm. The insert images in Fig. 2b show the
respective solution of b-CDs under day light and UV-
lamp. As shown, it was colourless when under day light
but had blue emissions when under the UV-lamp. The
UV-vis absorption spectrum of y-CDs also exhibited
two obvious absorption bands at ~260 nm and ~410 nm
in Fig. 2c. The peak at~260 nm was considered as m—m*
transition caused by sp2 domains in the core of y-CDs,
while the wide absorption band at~410 nm could be
denoted as the functional groups, like C=0O/C=N, which
were attached to the surface of y-CDs [16, 34]. The flu-
orescence of y-CDs had a yellow emission, and when
excited at 380 nm the fluorescence spectrum showed an
emission wavelength at 575 nm. In addition, the insert
images in Fig. 2b showed that the solution of y-CDs was

brown when under day light but had a yellow emission
when under UV-lamp.

Principle of PTK 7 sensing

In this paper, a ratiometric fluorescence probe for the
detection of PTK 7 was developed based on dual carbon
dots and then it was applied to real samples to test its
effectiveness. The preparation process and PTK 7 detec-
tion mechanism of this ratiometric fluorescence probe is
described in Scheme 1. Firstly, cDNA (complementary
to part of the PTK7 aptamer) was connected with Fe;O,
to form Fe;O,-cDNA, and APT (aptamer of PTK7) was
conjugated with y-CDs to form y-CDs-APT. The fluores-
cence of y-CDs was quenched by the specific connection
between Fe;O,-cDNA and y-CDs-APT (y-CDs-APT-
¢DNA-Fe;O,). The fluorescence of y-CDs was then
recovered after adding PTK7, as y-CDs-APT conju-
gated with PTK7 (y-CDs-APT-PTK?) to isolate it from
Fe;O,-cDNA. Then, the APT of y-CDs-APT-PTK7 was
cut by adding DNase I, which resulted in the freeing of
PTK?7. Subsequently, the y-CDs-APT-cDNA-Fe;O, was



Ma et al. J Nanobiotechnol (2021) 19:47

Page 6 of 11

® YCDs ® b-CDs

1:03()4 MNPs x

— .
O

signal
amplification

DNase I

With PTK 7

Bl

Vi

® quenched y-CDs

PTK?7

Scheme 1 Preparation process and PTK 7 detection mechanism of the ratiometric fluorescence probe

broken once more by the free PTK7, more y-CDs were
removed from the surface of Fe;O,, and a loop amplifier
was developed. In summary, the detection signal of this
ratiometric fluorescence probe was provided by y-CDs
and b-CDs, and was amplified by DNase I.

To discover a possible detection mechanism for this
probe, various research papers have been studied. Obvi-
ously, the inner-filter effect based on the extensive
ultraviolet absorption of Fe;O, MNPs quenched the
fluorescence of y-CDs [29]. However, the fluorescence
of b-CDs with a certain concentration was quenched by
y-CDs with increased concentrations, and the quench-
ing degree was increasing (Fig. 3a). In addition, as shown
in Fig. 3b, there was a huge overlay between the UV-vis
absorption spectrum of y-CDs and the fluorescence spec-
trum of b-CDs. This means that the quenching could
be caused by a fluorescence resonance energy transfer
or inner filter effect between b-CDs and y-CDs [39, 40].
However, the fluorescence of b-CDs was not quenched
when the probe was used to detect PTK 7. As shown in
Fig. 3¢, the fluorescence spectrum of b-CDs was kept at
a stable value when mixed with various concentration
of y-CDs-APT (20, 50, 100 ng mL™!). To discover the
internal reason for whether the fluorescence of b-CDs

was quenched or not, the fluorescence lifetime spectra
of b-CDs, b-CDs+y-CDs and b-CDs +y-CDs-APT were
all measured. As Fig. 3d described, when it was added to
y-CDs the fluorescence lifetime of b-CDs was reduced
(from 13.78 to 1.59 ns), but it showed no change after
being mixed with y-CDs-APT. The fluorescence life-
time of b-CDs meanwhile, was reduced if there was an
energy transfer [18, 41]. The data in Fig. 3d indicated that
whether the fluorescence quenching behaviour of b-CDs
by y-CDs disappeared or not was due to their separa-
tion. The separation of molecules in y-CDs and b-CDs
was increased by the APT modified y-CDs and thus,
destroyed their electron or energy transfer process.

All these results stated above indicate that there is no
energy or photoelectron transfer process in the sensing
mechanism of this probe, which means that the sensor
acts in a more controlled way.

Characterisation of Fe;0,-cDNA and y-CDs-APT

To build the probe, Fe;0,-cDNA and y-CDs-APT should
be pre-composed. The conditions of this process were
optimised, and the results are shown in Additional file 1:
Fig. S1. As shown, when the reaction time was 60 min
and the temperature was at 25 °C, the probe had a better
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response to PTK 7. So, 60 min and 25 °C were chosen as
the optimal temperature and reaction time, respectively.
Next, to prove the connection between Fe,;O, MNPs
and cDNA, the UV-vis absorption spectra of Fe;O,
MNPs, Fe;O,-cDNA and ¢cDNA were shown in Fig. 4a.
As shown, Fe;O, MNPs showed a broad absorption band
at 200 ~ 800 nm, which was consistent with the previous
report [31]. For Fe;O,-cDNA, a significant absorption
peak was shown at ~ 260 nm as well as showing the same
broad absorption band as Fe;O, MNPs at 200 ~ 800 nm.
Furthermore, the significant absorption peak at ~260 nm
was also shown in the UV-vis absorption spectra of
c¢DNA [19]. The results mean a successful conjunction
of Fe;O, MNPs and ¢cDNA. To prove the conjunction of
APT and y-CDs, the AGE experiment was evaluated. As
Fig. 4b shows, APT displayed no fluorescence emission
when under UV lamp while the fluorescence of y-CDs
and y-CDs-APT (marked by white circle) were observed.

The fluorescence spot of y-CDs-APT moved slower than
that of y-CDs, which caused the change of shape, size and
surface charge of y-CDs-APT conjugates [36]. The zeta
potential of these materials was also evaluated and the
results are displayed in Figure S1. The zeta potential of
Fe;O, MNPs and y-CDs both show a raised change after
being attached to cDNA and APT, respectively [42]. All
of these results indicate the successfully connection of
Fe;O,-cDNA and y-CDs-APT.

PTK 7 determination

To improve the sensitivity of the sensor, DNase I was
added to this system, and as expected, with this addition,
the developed sensor had a higher response to PTK 7.
As shown in Fig. 5a, the fluorescence intensity of y-CDs
(emission at 580 nm) was significantly enhanced when
DNase I was added, while the fluorescence intensity of
b-CDs remained nearly unchanged. The adding of DNase
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I enlarged the detection signals and improved the sensi-
tivity of the probe. The results were consistent with the
principle of this probe.

The reactive conditions were optimized through a sin-
gle-factor test, and the results are displayed in Additional
file 1: Fig. S2. The Fe;O,-cDNA and y-CDs-APT hybrid-
isation temperature of 4 °C (Additional file 1: Fig. S2A)
and 60 min reactive time were chosen as the optimum
conditions. The optimum concentration (Figure S2C) and
reactive time (Additional file 1: Fig. S2D) of DNase I were
chosen as 20 U and 30 min, respectively. The changes in
fluorescence intensity were then recorded under these
optimised conditions and following the addition of vari-
ous concentrations of PTK 7 (0, 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50, 100 and 200 ng mL™!). As shown in Fig. 5b, with
the increase of the PTK 7 concentration, the fluorescence
intensity at 580 nm gradually increased while the fluores-
cence intensity at 460 nm remained unchanged. To find
out the relationship between the PTK 7 concentrations

and changing fluorescence intensity, the concentrations
of PTK 7 and ratiometric fluorescence intensity (Isgo/1440)
were analysed. As Fig. 5¢ shows, there was a good linear
relationship between I g)/1,¢, and the logarithm of PTK
7 concentrations (log (PTK7)) when it was in the range
of 0.1-100 ng mL ™!, The calibration equation was (n=3):
Ligy/Lago=0.46653 log (PTK7)+0.9226, r=0.9922. The
limit of detection (LOD) based on 306/K (where o is the
standard deviation of the blank measurement, and k is
the slope of the calibration graph) was 0.016 ng mL™},
which was comparable or superior to most of the existing
fluorescence probes for PTK 7 [43-46]. The comparison
results are listed in Additional file 1: Table S1.

To ensure the selectivity, accuracy and repeatability
of this developed probe, the relative studies were meas-
ured. The selectivity of this probe was measured by add-
ing interfering proteins and ions, and the results are
displayed in Fig. 6. As shown in Fig. 6a, the developed
probe had a high response to PTK 7 and no response
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Fig. 6 Selectivity of PTK 7 detection, and concentration of PTK 7 was 100 ng mL~". a Concentrations of BSA, Hb and DDPIV were 1000 ng mL™",
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to other proteins (BSA, Hb and DPPIV). In addition,
the probe showed no significant difference in its PTK 7
detection after the addition, or non-addition, of high-
concentration interference ions (shown in Fig. 6b). These
results indicate that the developed sensor has excellent
selectivity and anti-interference mechanisms. Follow-
ing this, the precision and accuracy of this ratiometric
fluorescence probe were measured. As shown in Addi-
tional file 1: Table S2, they were studied by assaying 0.20,
5.00 and 80.00 ng mL™" of PTK 7 in three separate runs.
The intra-day and inter-day relative standard deviations
(RSDs) were in the range of 3.6-10.2% and 1.8—-10.9%,
respectively, while the accuracies were all in the range
of 97.5-101.5%. The results suggest that the ratiometric
fluorescence probe has promising potential for the detec-
tion of PTK 7, and could be used for determination in
real samples.

Detection in real samples

According to the functions of this developed probe,
MCE-7 cells and human serum were used as the practical
examples. Taking MCEF-7 cell determination as an exam-
ple, it could be seen that the intensity of the fluorescence
of this developed probe increased with the rising cell
density (Fig. 7a). Furthermore, it was observed in Fig. 7b
that there was a good linear relationship between PTK
7 concentrations and MCF-7 cell density in the range
of 1x10* to 5x10° per mL (C prg 7=3.784 C . gen.
sity T0-2126, r=0.9989, n=3, and the unit of cell density
was 1 x 10* per mL). Next the recovery of PTK 7 during
MCE-7 cell determination were evaluated, and the results
are displayed in Additional file 1: Table S3. As shown,
the recoveries for the detection of PTK 7 in MCEF-7 cells
were between 94.2% and 105.3%. The RSDs were from 2.7
to 4.9%. Additionally, the developed sensor was used to
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Fig. 7 a Fluorescence spectra of the probe in the presence of various cell densities of MCF-7 cells (in range of 1 x 10%to 5 x 10° per mL). b The

iy
=
8 16004 2
£
2 1200+
S
=
o 800
<
=
8
% 400
St
S
)
h 0 T T T
500 600 700
Wavelength (nm)
calibration curve of PTK 7 detection in MCF-7 cells in range of 1 x 10*-5 x 10° per mL




Ma et al. J Nanobiotechnol (2021) 19:47

detect PTK 7 in human serum, with the recovery results
shown in Additional file 1: Table S4. Additional file 1:
Table S4 shows that the PTK 7 recoveries in human
serum were between 90.2 and 96.4% while the RSDs were
from 3.9 to 6.7%.

All of the results prove that this multi-nanomaterial
based ratiometric fluorescence sensor has excellent sen-
sitivity and selectivity, and that the probe could be used
to detect PTK 7 in MCF-7 cells and human serum. These
results indicate that the developed probe has great poten-
tial for use in clinical applications.

Conclusion

In summary, we successfully developed a ratiometric flu-
orescence probe based on multi-nanomaterials (b-CDs,
y-CDs and Fe;O, MNPs) and an aptamer for PTK 7
detection in this work. In the absence of PTK 7, a y-CDs
modified aptamer and cDNA modified Fe;O, MNPs
were assembled together, the fluorescence of y-CDs
was quenched by Fe;O, MNPs but recovered by adding
PTK 7, and the ratiometric fluorescence probe was built
by using b-CDs as the internal reference. Additionally,
DNase I was added in order to set up a loop amplifier to
enhance the sensitivity of this probe. This developed sen-
sor exhibits a LOD of up to 0.016 ng mL~}, which out-
performs previous methods and is highly sensitive and
selective in its determination of PTK 7. Furthermore,
this sensitive and selective probe was successfully used
to detect PTK 7 in both MCF-7 cells and human serum.
This thus shows a huge potential for its application in
clinical practice.
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