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Abstract

The ratio of the surface area to the volume of materials increases in inverse
proportion to their size and therefore the surface area of nanostructures and
nanomaterials is extremely large compared to that of macroscopic materials of the
same volume, thanks to which it is supposed that chemical and biochemical
reactions may be greatly enhanced and target molecules and cells may be
efficiently trapped on the surface of nanomaterials. It is well known that Cgg
molecules are stable both physically and chemically and the affinity of Cgg
molecules with biomolecules is rather high. Here, we synthesise fibres composed
of Cgp and sulphur and immobilise the surface of the fibres with the primary
antibody; i.e., epithelial cell adhesion molecules (anti-EpCAM), to trap target cells.
The primary antibody is evenly immobilised on the fibres confirmed by a
fluorescent secondary antibody attached to the primary one and then TE2
esophageal and DLD-1 colon cancer cells are successfully trapped by the primary
antibody immobilised on the fibres thanks to its high affinity with TE2 and DLD-1
cells, whereas few IM9 B lymphoblast cells are captured on the fibres since the
affinity of the primary antibody with IM9 cells is extremely low. Furthermore,
those cells trapped by the primary antibody immobilised on the fibres proliferate
faster than native cells thanks to the primary antibody acting as a growth factor.
The present result suggests that different types of cells can be trapped and grown

on nano fibres by immobilising appropriate antibody molecules on the surface of
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the fibres. Even an extremely small number of cells in sample fluids may be
analysed and characterised for the detection of diseases such as cancer in the early
stage by trapping and proliferating target cells on the fibres.

Keywords: Nanotechnology, Materials science, Biotechnology

1. Introduction

Nanostructures can be formed via so-called bottom-up self-organisation/self-
assembly processes as well as top-down ultra-fine ones [1, 2, 3]. Some of the self-
organisation/self-assembly methodologies utilise convective patterns formed in
liquid solvents [4, 5]. Nano/micro particles, which are dispersed in droplets, are
self-assembled to form circular patterns along the circumference of the droplets
after evaporation on substrates; known as the coffee-ring effect [6, 7]. Utilisation
of nanostructures in the field of biomedicine as well as in the fields of mechanics,
electronics, mechatronics and optics has been intensively investigated in recent
years [8, 9]. One of the advantageous features in using nanomaterials in the
biomedical field is their huge area per unit volume, thanks to which biochemical
reactions may be greatly enhanced and the chances of trapping target molecules
and cells may be dramatically increased at nanoscales [10, 11]. Nano fibres were
used to trap target cancer cells [12, 13, 14], while those were also used as scaffolds
for the development of regenerative biomedical materials [13, 15, 16, 17, 18, 19,
20]. However, the synthetic procedure of those nano fibres is quite complicated
and the compatibility and affinity of those nanomaterials with biomolecules and
cells become a crucial issue [10, 20, 21, 22]. Carbon nanotubes (CNTs) have also
been utilised for regenerative medicine, growing cells on the surface of CNTs, and
for the development of biosensors, immobilising the surface of CNTs with some
functional groups [10, 23]. However, the biocompatibility of CNTs may also
become an important factor considering the shape of CNTs; e.g., needle-like
nanomaterials may in general deteriorate the bioactivities [24, 25, 26]. It is known
that the affinity of Cg( fullerene molecules with cells is higher than that of CNTs
[27, 28] and therefore Cgo fullerene molecules have been actively investigated
aiming to utilise them in biomedical studies [29, 30, 31, 32].

Here, we synthesise fibres composed of Cgy molecules and sulphur by dispersing
Ceo and sulphur in benzene and evaporating a droplet of the solution on a substrate.
Clusters composed of radially grown fibres are evenly formed on the substrate. We
then immobilise the surface of the fibres with a primary antibody; i.e., epithelial
cell adhesion molecules (anti-EpCAM), to trap target cells such as TE2 esophageal
and DLD-1 colon cancer cells. We find that the cancer cells are efficiently trapped
via the antigen-antibody reaction on the surface of the fibres. Furthermore, those
cells trapped by the primary antibody immobilised on the fibres proliferate faster

than native cells thanks to anti-EpCAM acting as a growth factor. The present

http://dx.doi.org/10.1016/j.heliyon.2017.e00386
2405-8440/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.heliyon.2017.e00386

3

| Heliyon
Article No~e00386

result suggests that different types of cells can be trapped and proliferated on nano

fibres by immobilising appropriate antibody molecules on the surface of the fibres.

2. Materials and methods
2.1. Synthesis and characterisation of nano fibres

Ceo molecules and sulphur were dissolved in 4.52 mL of benzene. The
concentration of Cgy molecules and sulphur was, respectively, set at 1.2 and 6.2
pmol mL™". The solution was sonicated for 5 min at 20 °C and 1 atm [33]. 100 pL
of the solution was dropped onto the surface of a square glass substrate of 18 X 18
X 0.17 (thickness) mm, the temperature of which had been set at 75 °C using a
heater installed at the bottom of the substrate. Note that the surface of the glass
substrates, which had not been modified with any chemicals, was washed with
ethanol before dropping a droplet of the solution onto it. The ambient temperature
was 20 °C. Nano fibres were formed after the solution had completely evaporated
within 30 s. The structure of the fibres was characterised by a scanning electron
microscope (SEM) (SU8030, Hitachi Co., Ltd.) and elemental analysis was carried
out by energy dispersive X-ray spectrometry (EDS) (X-MAXS80, Horiba Ltd.).

2.2. Surface modification of fibres with the primary antibody

The surface of the fibres was modified with the primary antibody; epithelial cell
adhesion molecules (anti-EpCAM; clone 1B7) [34], in order to capture target cells;
TE2 esophageal and DLD-1 colon cancer cells, following basically the previous
procedure [35, 36]. First, the surface of the fibres was modified with 3-
mercaptopropyl trimethoxysilane (MPTMS) (Sigma Co., Ltd.) by soaking the
fibres in ethanol, in which 4% (v/v) MPTMS was dissolved, for 30 min. Then, the
fibres modified with MPTMS (MPTMS/Cgo-fibres) were coupled with N-
maleimidobutyryloxy succinimide ester (GMBS) (Dojindo Co., Ltd.) by placing
the MPTMS/Cgp-fibres in 0.25 mM aqueous solution of GMBS for 1 h. After
having been washed 3 times with pure water, the fibres modified with GMBS/
MPTMS (GMBS/MPTMS/Cg-fibres) were coupled with an anti-EpCAM by
soaking the GMBS/MPTMS/Cg-fibres in 10 pg mL™" aqueous solution of anti-
EpCAM at 4 °C for 12 h, which resulted in the immobilisation of the primary
antibody on the GMBS/MPTMS/Cgq-fibres; that is, Cg fibres modified with anti-
EpCAM/GMBS/MPTMS (anti-EpCAM/GMBS/MPTMS/Cg(-fibres) were pro-
duced. Note that no streptavidin was used for linking anti-EpCAM to GMBS in
the present study. Note also that the effect of the concentration of aqueous solution
of anti-EpCAM on the quantity of anti-EpCAM immobilised on the GMBS/
MPTMS/Cgo-fibres was investigated changing the concentration of anti-EpCAM in
the solution; 10, 20, 40 and 50 pg mL~'. The anti-EpCAM/GMBS/MPTMS/Ce-

fibres were washed with phosphate-buffered saline (PBS) to remove an excess
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amount of anti-EpCAM, which had not been immobilised on the GMBS/MPTMS/
Ceo-fibres.

2.3. Visualisation of the primary antibody immobilised on the
fibres

A secondary antibody; alexa fluor 488-conjugated anti-mouse IgG antibody
(Invitrogen Co., Ltd.), was used for visualising the primary antibody; anti-EpCAM,
immobilised on the GMBS/MPTMS/Cgo-fibres. The anti-EpCAM/GMBS/
MPTMS/Cg-fibres were placed in 10 pg mL™" aqueous solution of alexa fluor
488 so that alexa fluor 488 was attached to anti-EpCAM. The secondary antibody
attached to the anti-EpCAM/GMBS/MPTMS/Cg-fibres was observed with a
confocal laser microscope (Al, Nicon Co., Ltd.) using a laser beam of 488 nm

wavelength for the excitation of alexa fluor 488.

2.4. Measurement of the amount of the primary antibody
immobilised on fibres using western blotting

Aqueous solution of anti-EpCAM/GMBS/MPTMS/Cg-fibres was centrifuged at
10000 rpm for 5 min to separate a pellet composed of anti-EpCAM/GMBS/
MPTMS/Cgp-fibres from the solvent. Anti-EpCAM molecules were detached from
anti-EpCAM/GMBS/MPTMS/Cgp-fibres and extracted from supernatant, adding
sodium dodecylsulphate (SDS) sample buffer composed of 4% SDS, 20% glycerol,
0.004% bromophenol blue, 0.125 M Tris-Hel and 10% 2-mercaptoethanol to the
fibres and supernatant and heating them at 95 °C for 5 min. Anti-EpCAM
molecules were then separated via electrophoresis in 10% SDS-polyacrylamide gel
for 30 min. Anti-EpCAM was transcribed from the gel to polyvinylidene difluoride
membranes using wet type blotting. The membranes were blocked using blocking
buffer (Toyobo Co., Ltd.) for 1 h at room temperature. Anti-HRP-conjugated anti-
mouse IgG antibody molecules (GE Health Care Bioscience Co., Ltd.) were
attached to anti-EpCAM, which had been transcribed on the membranes, placing
the membranes into aqueous solution (Can Get Signal Solution2, Toyobo Co., Ltd.)
of anti-HRP-conjugated anti-mouse IgG antibody for 1 h at room temperature.
Finally, aqueous solution of HRP chemiluminescence (ECL prime, GE Health Care
Bioscience Co., Ltd.) was dropped onto anti-HRP-conjugated anti-mouse IgG
antibody, which had been attached to anti-EpCAM. The quantity of the primary
antibody; anti-EpCAM, immobilised on GMBS/MPTMS/Cg-fibres was finally
measured based on the HRP chemiluminescence using a CCD imager (LAS 4000,
GE Health Care Bioscience Co., Ltd.).
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2.5. Cultivation, visualisation and trapping of cells

Three human cancer cell lines; i.e., TE2 esophageal cancer cell line, DLD-1 colon
cancer cell line and IM9 B lymphoblast cell line, were separately cultivated in a
medium RPMI-1640 (Sigma Co., Ltd.), which contained 1% glutamine
(GlutaMAX, Gibco Co., Ltd.), 1% pyruvate sodium (Gibco Co., Ltd.), 10% fetal
bovine serum (FBS, Biohit Co., Ltd.) and 1% penicillin/streptomycin (Penstep,
Gibco Co., Ltd.), at 37 °C in an atmosphere of 5% CO, and 100% humidity. Note
that the affinity of the primary antibody; anti-EpCAM, with TE2 and DLD-1 cells
is high, whereas that with IM9 cells is extremely low [36, 37]. 2 mL of trypsin was
injected into the media to collect TE2 and DLD-1 cells, while IM9 was collected
without trypsin. The nuclei of those cancer cells were dyed by soaking the cells in
1 pg mL~" aqueous solution of Hoechst 33342 (Dojindo Co., Ltd.) at 37 °C for 15
min to visualise the cells. A solution of 10000 cells dispersed in 100 pL PBS was
dropped onto the anti-EpCAM/GMBS/MPTMS/Cg,- fibres placed on the substrate
and left for 1 h at 37 °C. Note that the solution of the cells was also dropped onto
the fibres without any surface modification and the substrate, on which no fibres
were placed. Note also that two types of substrates were prepared; (1) the surface
of the substrate was immobilised with anti-EpCAM/GMBS/MPTMS following the
same procedure explained above; and (2) the surface of the substrate was
immobilised only with GMBS/MPTMS. Then, the anti-EpCAM/GMBS/MPTMS/
Ceo-fibres and the substrate were washed with PBS three times to remove cells, which
had not been trapped by the fibres and substrate. 10 pg mL™" aqueous solution of the
secondary antibody; Alexa fluor 488, was dropped onto the fibres and substrates for
visualising the anti-EpCAM, which had not captured the cells. After having been
rinsed with PBS three times, the above cells captured by the primary antibody were
placed into 4% aqueous solution of paraformaldehyde for 20 min to protect the cell
membranes and then rinsed with PBS three times. Finally, cells captured by the
primary antibody on the fibres and substrates were observed with a confocal laser
microscope with a laser of 405 nm wavelength (A1, Nicon Co., Ltd.). The number of
cells, which had been captured by the primary antibody, was counted from five
different images of 261 x 261 pm? located in the central region of the substrate by
image software (Imagel, Freeware) and the number density of the trapped cells was
calculated dividing the number of cells trapped on the fibres by the two-dimensional
surface area corresponding to the images [38, 39]. The significant difference in the
number density of TE2, DLD-1 and IM9 cells trapped onto the fibres and substrates
was evaluated by one-way analysis of variance (one-way ANOVA) setting the
significant level at 0.01 (StatPlus, Analystsoft Inc.).

2.6. Proliferation of the cells trapped on the fibres

Setting the anti-EpCAM/GMBS/MPTMS/Cgq-fibres, on which the cells had been

trapped, in each well on a 24-well plate and dropping 1 mL of the culture medium into
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each well, the cells on the fibres were cultivated in a CO, incubator at 37 °C in the
atmosphere of 5% CO, and 100% humidity for 24, 48 and 72 h. 100 pL of reagent; cell
counting kit-8 (Dojin Co., Ltd), having been dropped into each well after incubation,
the 24-well plate was placed in the CO, incubator for 3 h. Then, the number of cells
grown after 24, 48 and 72 h was evaluated measuring the absorbance of photons of
450 nm wavelength with a microplate reader, noting that the absorbance of photons of
600 nm was subtracted as the background from that of 450 nm. The growth of cells on
substrates and in the presence of fibres without any surface modification was also
measured following the same procedure as described above. Statistical analysis was
performed using the one-way ANOVA (StatPlus, Analystsoft Inc.) and the significant

level was set at 0.01. The results were presented as mean + standard deviation.

3. Results and discussion

100 pL of the solution of Cgo and sulphur dissolved in benzene was dropped onto
the glass substrate, the temperature of which had been set at 75 °C, as mentioned,
and we found that fibres were formed by Cg and sulphur after the evaporation of
benzene. Note that no fibres were grown without sulphur [40, 41] and therefore it
is supposed that mixing sulphur and Cgy with the solvent is essential for the
formation of fibres [33]. SEM images and EDS mappings of the fibres are shown
in Fig. 1. Fibres grew from core seeds in radial directions and clusters composed of
fibres were evenly formed on the substrate. The length and width of each fibre
were, respectively, of the order of 10 pm and 100 nm. In our previous study, in
which case the concentration of Cgy molecules and sulphur was set at 0.6 and 3.1
pmol mL™" and the surface temperature of the substrate was lower than 50 °C,
highly aligned Cg, fullerene nano fibres were grown in perpendicular directions
along the circumference of a droplet via the coffee ring effect [33], noting that no
fibres were formed in the central part of the substrate. In the present study, on the
contrary, fibres were synthesised in the droplet during the evaporation process and
finally deposited evenly on the surface of the substrate due to the relatively high
concentration of Cg molecules and sulphur; 1.2 and 6.2 pmol mL™", and high

evaporation rate; i.e., the substrate temperature was set at 75 °C.

Confocal laser microscopic images of the secondary antibody; Alexa fluor 488,
which was attached to the primary antibody; anti-EpCAM, are shown in Fig. 2.
Note that almost all of the primary antibody in the solution was immobilised on the
fibres when the fibres were soaked in 10 pg mL ™" aqueous solution of the primary
antibody (see Fig. 3 for the effect of the initial concentration of aqueous solution of
the primary antibody on the quantity of the primary antibody immobilised on the
fibres, which was measured by western blotting). It is clearly shown that the
primary antibody was uniformly immobilised on the Cg, fibres. We suppose that
GMBS was immobilised on MPTMS via a reaction between sulphhydryl group in
MPTMS and maleimide in GMBS, whereas anti-EpCAM was successfully
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Fig. 1. SEM images and EDS mappings of fibres. (a) SEM image of fibres. The scale bar represents

100 pm. (b) SEM image of fibres. The scale bar represents 60 pm. (c) EDS mapping of carbon
corresponding to (b). (d) EDS mapping of sulphur corresponding to (b). The fibres were composed of
Cgo and sulphur.

immobilised on GMBS via a bond between amine in anti-EpCAM and N-
hydroxysuccinimide in GMBS. We believe that the present anti-EpCAM
immobilisation procedure without using streptavidin significantly reduces some
cumbersome process and the immobilisation time.

Confocal laser microscopic images of cells trapped on the surface of the fibres,
which were modified with the primary antibody, are shown in Fig. 4, where blue
and green, respectively, represent the nuclei of cells and the secondary antibody
attached to the primary antibody on the fibres. It is supposed that both TE2
esophageal and DLD-1 colon cancer cells were firmly trapped on the surface of the
fibres thanks to the primary antibody, considering that neither the cells trapped by
anti-EpCAM nor anti-EpCAM itself were removed after the cells and fibres having
been rinsed three times with PBS. The number density of cells trapped on fibres
and substrates is shown in Fig. 5. The number density of TE2 esophageal and
DLD-1 colon cancer cells trapped on the anti-EpCAM/GMBS/MPTMS/Cg-fibres
and anti-EpCAM/GMBS/MPTMS/substrates was higher than that of IM9 B
lymphoblast cells since the affinity of the primary antibody with TE2 and DLD-1 is
much higher than that of IM9 [34, 37, 38], and that the number density of the cells
trapped on fibres and substrates with surface modification with the primary
antibody is much higher than that without any surface modification. It is clearly
shown that the augmentation of the surface area of materials and modification of
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Fig. 2. Confocal laser microscopic images of the primary antibody; anti-EpCAM, immobilised on the
surface of fibres. The secondary antibody; alexa fluor 488, which had been attached to the primary
antibody, was visualised using a laser beam of 488 nm wavelength. The scale bar in image (a) and (b),
respectively, represents 50 and 10 pm.
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Fig. 3. Effect of the initial concentration of aqueous solution of the primary antibody; anti-EpCAM, on
the quantity of the primary antibody immobilised on the surface of fibres. Blue bar: Quantity of the
primary antibody immobilised on the surface of fibres; Red bar: Quantity of the primary antibody

remained in the supernatant.
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Fig. 4. Confocal laser microscopic images of the primary antibody; anti-EpCAM, immobilised on the
surface of fibres and cells trapped by the primary antibody immobilised on fibres. (a-1) Low
magnification image of TE2 cells trapped on fibres. The scale bar represents 100 pm. (a-2) High
magnification image of TE2 cells trapped on fibres. The scale bar represents 10 pm. (b-1) Low
magnification image of DLD-1 cells trapped on fibres. The scale bar represents 100 pm. (b-2) High
magnification image of DLD-1 cells trapped on fibres. The scale bar represents 10 pm. Green colour

represents the primary antibody, whereas blue the nuclei of the cancer cells.

the surface of materials with a specific antibody possessing a high affinity with

target cells greatly improved the trapping efficiency of the target cells.

It is important to know whether the cells trapped on the anti-EpCAM/GMBS/
MPTMS/Cgp-fibres will proliferate or not. If the cells on the fibres grow, detailed
analysis and characterisation of the cells can be carried out, which may make it
possible to detect and examine even an extremely small number of cells existing in
sample fluids. In the present study, two types of cells; TE2 and DLD-1, which had
been trapped on the anti-EpCAM/GMBS/MPTMS/Cg,-fibres, were cultivated as
explained in the previous section. The proliferation of TE2 and DLD-1 cells
trapped on the fibres, which had been immobilised with antibody; anti-EpCAM,
and IMO cells in the presence of fibres is shown in Fig. 6, where the growth of the

cells in the presence of fibres without any surface modification and the native cells
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Fig. 5. Number density of TE2 esophageal cancer cells, DLD-1 colon cancer cells and IM9 B
lymphoblast cells trapped on the surface of fibres and substrates. Those cells trapped on the surface of
fibres and substrates without any surface modification are shown in the inset. Blue bar: Number density
of cells trapped on the surface of fibres modified with the primary antibody; Red bar: Number density of
cells trapped on the surface of glass substrates modified with the primary antibody; Green bar: Number
density of cells trapped on the surface of fibres without any primary antibody; Purple bar: Number

density of cells trapped on the surface of glass substrates without any primary antibody.

in the absence of the fibres is also represented as a control. The growth rate of both
TE2 and DLD-1 cells trapped on the antibody, which had been immobilised on the
fibres, was higher than that in the presence of fibres without any surface
modification and the native ones in the absence of fibres, which confirms that the
antibody; anti-EpCAM, worked as a cells’ growth factor [42] as well as cell

capturing molecules.

We demonstrated using TE2 esophageal, DLD-1 colon cancer and IM9 B
lymphoblast cells as model ones that target cells; that is, TE2 and DLD-1 cells,
were successfully trapped on fibres, which had been immobilised with a specific
antibody; anti-EpCAM. The present result shows that different types of cells can be
efficiently captured using nano fibres by immobilising the surface of the fibres
with specific antibodies possessing high affinities with target cells. What is more,
the trapped cells proliferated thanks to the antibody; anti-EpCAM, acting as a
growth factor, which suggests that even an extremely small number of cells such as
circulating tumour cells (CTCs) in blood may be detected in the early stage of
cancer spread since the number of cells can be increased after target cells having
been trapped using fibres, on which antibody molecules are immobilised. In terms
of practicality, the fibres may also be used for capturing obstacle cells such as
white and red blood cells in advance and then CTCs may be trapped by setting a
series of fibres. Note that the present synthetic methodology is advantageous in
such a sense that fibres can be instantly grown anywhere on the surface of
substrates. We will be developing some practical methodologies for trapping and
characterising an extremely small number of target cells such as CTCs in sample

fluids using the present hybrid fibres.
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Fig. 6. Growth of TE2 esophageal and DLD-1 colon cancer cells and IM9 B lymphoblast cells. The
growth of cells in the presence of fibres with/without surface modification and native cells in the
absence of fibres is shown. (a) Growth of TE2 cells; (b) Growth of DLD-1 cells; (¢) Growth of IM9
cells. Blue bar: Growth of cells after 24 h cultivation; Red bar: 48 h; Green bar: 72 h. The growth rate of
TE2 and DLD-1 cells trapped by the primary antibody, which was immobilised on the fibres, is higher
than that in the presence of fibres without any surface modification and native cells. The growth of IM9
cells was suppressed in the absence of fibres with/without surface modification with the primary
antibody.

4. Conclusions

We synthesised fibres composed of Cgy and sulphur by dropping a droplet of a
solution of Cgg and sulphur dissolved in benzene and evaporating the droplet on a
substrate. The synthetic methodology is so simple that fibres can be formed within
30 s on any area on a substrate/device. The surface of the fibres was immobilised
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with the primary antibody to trap target cells. We finally trapped TE2 esophageal
and DLD-1 colon cancer cells on the fibres. We demonstrated that the number of
captured target cells was greatly increased using the nano fibres, the surface of
which was immobilised with a specific antibody. We also investigated the
proliferation of TE2 and DLD-1 cells trapped on the antibody, which had been
immobilised on the surface of the fibres, and found that the growth rate of the cells
trapped on the anti-EpCAM/GMBS/MPTMS/Cg-fibres was higher than that of the
native cells. The present result suggests that different types of cells and
biomolecules can be trapped on nano fibres by immobilising appropriate antibody
molecules on the surface of the fibres and that the cells can be grown on the fibres
for further analysis and characterisation of the cells for the detection of diseases.
What is more, the present methodology may well be utilised for the capture of
exosomes discharged from cancer cells for the detection of cancer in the early
stage, considering that a number of exosomes is discharged from each circulating
tumour cell [43, 44].
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