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Abstract

Background and Objectives: The inability of classic fluorescence-activated cell
sorting to single cancer cell sorting is one of the most significant drawbacks of this
method. The sorting of cancer cells in microdroplets significantly influences our ability
to analyze cancer cell proteins.

Material and Methods: We adapted a developed microfluidic device as a 3D in vitro
model to sorted MCF-7 cancer cells on a chip. A prefabricated microfluidic droplet
chip was used in this research. Then, with the help of synthesized fluorescent probes,
MCF-7 cancer cells were separated from normal cells.

Results: This research presents a modification of GQD bead for high-throughput
analysis and sorting single cancer cells. We elaborate a binding assay as an example of
this approach for detecting MCF-7 cancer cell lines. Graphene quantum dot-decorated
mesoporous silica nanoparticles (GQD@MSNPs) act as fluorescent optical beads
coated in microfluidic droplets. The fluorescent beads capture cancer cells. To enable
droplet sorting at 200 Hz and cell enrichment, a measurable fluorescence signal is
generated when cancer cells bind to these beads and boost the drop's fluorescence
emission.

Conclusion: Herein, we report in vitro results showing that the as-prepared
GQD@MSNSs have exceptional luminous characteristics. The specific surface area and
pore volume of GQD-MSNs were found to be 50% and 40% higher than those of pure
MSNSs, which is rather remarkable. Because of these improved qualities, GQD@MSNs
are demonstrated a large sorting capacity that makes them ideal for diagnosis.

Keywords: Microfluidics [MeSH]; Quantum Dots [MeSH]; Fluorescent Antibody
Technique [MeSH]
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Highlights

o Developing the use of microfluidic chips to
overcome the limitations of Fluorescence-
Activated Cell Sorting (FACS)

e Using GQD@MSNs to sort cancer cells in a
droplet based-microfluidic system

Introduction

A substantial amount of progress has been
achieved over the past several years in our
knowledge of cancer, leading to improved
methods for detecting and treating cancer.
Microfluidic devices can greatly enhance high-
throughput cell-based assays. High-throughput
single-cell assays are described in this procedure
using droplet microfluidics systems (1, 2).
Microfluidic  systems based on  droplet
microfluidics are simple: droplets of water flow in
an inert carrier oil via microfluidic channels on a
chip, where each droplet acts as a microreactor.
As a result, each droplet serves as a microtiter
plate well. Because the droplet volume is often in
the picoliters to nanoliters range, the reaction
volume is thousands to millions of times less than
in a microtiter plate well (3). Droplet analysis is
usually done using fluorescence techniques, and
for this purpose, the droplets can be incubated in
on-chip or off-chip reservoirs. Droplet
classification is usually done using systems based
on dielectrophoresis or sound waves. Then the
drops are broken for specific purposes, and the
contents inside the drops are checked. Nowadays,
droplet-based microfluidic systems are being
developed for various applications such as DNA
sequencing, single-cell analysis, diagnostics, drug
screening, and complex multi-step biological and
chemical assays. Encapsulated cells can be kept
alive longer due to the use of fluorinated carrier
oils that can dissolve oxygen 20 times more than
water. In addition to being very weak solutions,
these oils are suitable for cell-based and
biochemical assays. Cells enclosed in droplets can
be analyzed separately. This feature enables
biochemical and genetic analyses of cells. It can
amplify the released DNA or RNA and is not
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limited to the detection of cell surface grafts,
which is usually the case when using methods
such as FACS. Although the throughput of
microfluidic sorting systems (<2 kHz) is slower
than FACS, the increased flexibility offered by
droplet-based microfluidic systems offers many
advantages. One of the main components of the
microfluidic systems mentioned above to isolate
and label cancer cells are fluorescent materials,
the development of which significantly helps to
increase the efficiency of this system. Many
fluorescent materials have been developed so far
for cellular techniques; here, we present one of the
fluorescent materials based on quantum dots.

The unique properties of Mesoporous Silica
Nanoparticles (MSN), such as physical and
chemical stability, high specific surface area,
porosity, and high biocompatibility, make them an
ideal carrier for biological applications (4-7).
Despite these advantages, MSN cannot emit
observable optical signals to enable rapid
detection. One solution to this limitation is
decorating MSNs with fluorescent materials (8-
11). Toxicology and chemical instability could
restrict the utility of these compounds. For
instance, Organic fluorescent dyes and Quantum
Dots (QDs) could easily accumulate in the body's
vital organs, thus reducing their combination's
efficiency with MSN (12, 13). QDs are restricted
in usage because of the severe toxicity, which
includes heavy metals. But there has been a lot of
interest in Graphene Quantum Dots (GQDs) due
to their great biocompatibility and intense
fluorescence (14, 15). Nitrogen-doped GQDs can
provide an imaging depth of 1800 um, far beyond
two-photon imaging. Using these nanoparticles
for cell imaging is not a new issue, but using them
in microfluidic devices to isolate single cancer
cells is a new issue (16). In this study, we report
the development of a nanoparticle-enhanced
biosensor by integrating both the nanoparticles
and immunoassay sensing technologies (Figure
1). Herein, we obtained favorable luminescence
properties for the isolation of cancer cells by
using MSN nanoparticles decorated with
fluorescent GQDs. The specific surface area and
pore volume of these nanoparticles compared to
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pure MSN were 600 m2/g and 0.70 cm?/g. It was
obtained, which leads to an increase of 50% and
40%, respectively. Most importantly, the aspirin
loading capacity of GQDs-MSN can reach 30%,
which is two times higher than that of pure MSN
(18%). Furthermore, to target these nanoparticles,
their surface was modified by folic acid.
Nanoparticles were absorbed to the surface of
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cancer cells through folic acid. When a large
number of these nanoparticles accumulate in the
cancer cell, they cause a detectable fluorescence
signal that enables sorting of the droplets at about
200 Hz. The described microfluidic system is
easily adapted for cancer cell screening. The
microfluidic procedure takes 4 hours to screen 1
million cells.

Sorted droplets

(==

Figure 1. Principle of cancer cell sorting

Materials and Methods

Materials

We bought 98.0 percent diphenyl ether from the
German company Merck, 98.0 percent 1, 4-
phenylenediamine, 99.9 percent ethanol, and 96.0
percent n-hexane. Phosphate buffer saline (PBS)
was made by dissolving enough NaCl (99.5%,
Merck), KCI (99.5%, Merck), Na2HPO4 (99.0%,
Merck), and KH2PO4 (99.5%, Merck) in DI
water (18 M Ohm) and adjusting the solution to
the desired pH (7.4). From Sinopharm Chemical
Reagent Co., Ltd.,, China, we bought sodium
hydroxide (NaOH, A.R.), ammonia (NH3H20,
28-30 wt %), and hydrogen peroxide (H202, 30
wt %), and tetraethylorthosilicate (TEOS, A.R.).
Aladdin Industrial Corporation in China sold (3-
aminopropyl) triethoxysilane (APTES) that was
99 percent pure.

Synthesis of GQDs

P-phenylenediamine was dissolved in diphenyl
ether at 80°C. This mixture was heated to 200°C
for eight hours. To precipitate CQDs, the
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suspension is cooled to room temperature and
then poured into hexane. Three times by
precipitation and centrifugation at 4000 rpm,
GQDs were obtained from the solution.

Synthesis of MSN

After loading CTAB, deionized water, NH3-H20,
and ethanol into a glass reactor, they were stirred
for 30 minutes at 40 ° C. After that, TEOS and
APTES were added. The resultant was stirred for
an additional 12 hr. The precipitate was separated
from the solution by centrifugation and then
washed three times with a solution of water and
ethanol. Extraction using combinations of MeOH
and HCI was finally used to eliminate CTAB and
other organic components. The prepared
precipitate was mixed with methanol and
hydrochloric acid and stirred for 6 hours at 60°C,
and the final product was separated by
centrifugation.

Synthesis of GQDs@MSN

MSN-NH2 that had already been made was put
into the GQDs aqueous solution and mixed with
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an ultrasonic mixer for 30 minutes. The mixture
was then stirred at room temperature for 12 hours
and left to sit at room temperature overnight. The
solution was then put through an ultracentrifuge,
and the precipitates were washed five times with
deionized water and ethanol. They were then
dried in an oven at 80 °C for 12 hours.

Cell Sorting

In cell culture flasks containing DMEM with 15%
FBS and 1% penicillin/streptomycin, MCF-7, and
NIH3T3 cells were seeded at a density of 1x106
cells per flask. Cells are cultured at 37°C and in
5% carbon dioxide. To remove the cell layer, add
3 mL of a solution that contains 0.25% trypsin
and 0.53 mM of EDTA. Trypsin has to be
neutralized by adding 10 mL of full growth media
to the flask once the MCF-7 cell layer has been
removed. On the other hand, Use CAD software,
such as Autodesk AutoCAD, to design the pattern
of a droplet microfluidic system printed on a
photolithography mask. Features in the provided
designs should be printed at a minimum of 24,000
d.p.i. to achieve sufficient resolution. After that,
we dilute the cell suspension and insert it into the
inlet channel of the microfluidic device.

Results
Characterizations of nanoparticles.

Figure 2 a and b illustrate the pore size and N2
adsorption and desorption isotherms of the MSN
and GQD@MSN. As can be seen in Figure 2a, the
isotherm of MSN is classified into the category of
type IV isotherms, which are typical of materials
with a mesoporous structure. At a P/Po ratio of
0.20, the surface area of a single point is 402.81
m2/g. The corresponding pore size distribution
was calculated from the adsorption branch of the
nitrogen isotherm by the BJH method, and it
shows a narrow pore size distribution peak at 4.40
nm. Additionally, the single point adsorption total
pore volume of pores less than 69.28 nm diameter
at P/Po = 0.97 is 0.47 cm3/g. A representative
type 1V curve can be shown in Figure 2b for the
N2 adsorption-desorption isotherms of
GQDs@MSN. This curve has a specific surface
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area of 640.82 m2/g, an average pore width of
4.02 nm, and the total pore volume of pores is
0.70 cm3/g. Additionally, the specific surface area
and total pore volume of pores were increased,
while the average pore diameter was scarcely
decreased. This could be attributed to the fact that
the pore depth increased upon the attachment of
GQDs on the surface of MSN by electrostatic
interaction. These results indicate that the as-
synthesized GQDs@MSN with mesoporous
structures and large surface area may feature
significant GQDs loading capacity as contrast
agents.

Figure 2c presents the FT-IR spectrum of p-PD,
GQD, MSN, and GQD@MSN. The GQD
exhibited unique characteristic peaks at around
2848-2918 cm-1, 1336-1384 cm-1, and 1225-
1234 cm-1 that were not present in the starting
materials (p-PD). They are associated with the
aliphatic stretching vibrations (vC-H, v C-N=,
vC-0), which imply intermolecular cyclization,
decomposition, and condensation reactions during
the production of the GQDs. To confirm the
validity of the MSN, the stretching vibrations of
Si-O-Si (1086 cm-1; 798 cm-1) and the bands at
948 cm-1 of Si-OH were used. OH, stretching
vibrations of hydrogen-bonded surface silanol
groups and water adsorption were also attributed
to a prominent peak at 3439 cm-1. MSN was
effectively synthesized using the aforesaid
approach, as shown by the peaks at 1627 cm-1
and 1500 cm-1, which were attributed to the H-O-
H bending vibrations of physically adsorbed water
and the N-H vibration stretching, respectively.
Compared to MSN, a new weak peak appeared at
1470 cm-1 and 618 cm-1, which were attributed
to the N-H stretching vibration and C-N stretching
vibration, respectively. GQDs were shown to be
an excellent surface decoration for the MSN, as
demonstrated by these findings. Figure 1d shows
the PL intensity of GQD@MSN. The
corresponding peak at the excitation wavelength
of 450 nm has been prepared, which has a sharp
and robust emission peak at 600 nm, making it an
ideal candidate for photoluminescence properties.
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Figure 2. (a) N2 adsorption/desorption isotherms of MSN (b) N2 adsorption/desorption isotherms of GQDs@MSN.
The plots of pore size distribution from the adsorption curve are shown. (c) FT-IR spectra of p-PD, GQD, MSN,
GQDs@MSN (d) The PL intensity of GQDsS@MSN ( ex= 450 nm)

The FESEM image of the prepared GQDs@MSN
is illustrated in Figure 3. As seen in Figure 3,
GQDs@MSN are nanoparticles with a uniform
spherical shape and an average particle size of 250

SEM MAG: 136 kx
Det: SE

Date(m/d/y): 05/04/19 BI: 15.00

WD: 6.07 mm
SEM HV: 15.0 kV

200 nm

nm. In addition, DLS data indicate that the size of
these nanoparticles is slightly larger than this
amount, which explains this variation in
hydrodynamic nanoparticle diameter.

MIRA3 TESCAN|

Performance in nanospace

Figure 3. FESEM of a GQD@MSNs. The morphology of these particles is spherical, and the average particle size is
around 250 nm.
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The design of the droplet microfluidic chip was
taken based on one of the articles related to the
research team of Mazutis et al. (17), and it was
ready to be used after preparing the mask and
lithography steps (Figure 4a). After MCF-7 cells
and NIH3T3 fibroblasts were cultured, they were
separated from the culture medium and entered
into one of the microfluidic input channels, and

GQD@MSN were entered from the other channel.
After the cells and GQD@MSN were trapped
inside the droplets and after 15 minutes of
incubation, they were re-entered the microfluidic
channel, and after the amplified fluorescent signal
inside the cells was observed through the
electrical signal applied by the Au electrode,
cancer cells were isolated (Figure 4b and c).

Figure 4. (a) Design of microfluidic devices. (b) Bright-field image of droplet MCF-7 cells after microfluidic sorting
(c) Red fluorescenc single MCF-7 cells

Discussion

The data relating to pore size and N2 gas
adsorption and desorption isotherms shown that
utilizing MSN as a porous carrier could be a
highly perfect choice for delivering graphene
guantum dots. The specific surface area and pore
volume of GQD-MSNs were found to be 50% and
40% higher than those of pure MSNs, which is
rather remarkable. Because of these improved
gualities, GQD-MSNs are demonstrated a large
sorting capacity that makes them ideal for
diagnosis. On the other hand, the utilization of
silica nanoparticles reduces the toxicity of these
guantum data and results in substantially less
damage being caused to the cells. In addition, our
results  suggested that the  synthesized
GQDs@MSN, with their Mesoporous
architectures and large surface areas could be able
to greatly boost the loading capacity of
fluorescent materials. The formation of graphene
guantum dots was further demonstrated by FTIR
research, which also demonstrated that the loading
of quantum graphene into MSN is a physical
process.
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Conclusion

In conclusion, we have demonstrated that
GQD@MSN can separate cancer cells from other
types of cells. This separation can also be
achieved by altering the surface of GQD@MSN
with specific antibodies. Here, using a pre-
designed chip, we efficiently separated cancer
cells from normal cells using the threshold signal.
It should be no surprise that the biocompatibility
of the nanoparticles utilized in the experiment
might be helpful in future analyses of the
separated cells. To extract data about DNA, for
instance, it should go without saying that these
GQD@MSN should not harm the protein
structure or any of the other components of the
cell. As a result, the development of such
chemicals is still in the early stages of research
and development.
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