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Microfluidic Chips Enabled One-step Synthetization of
Biofunctionalized CulnS,/ZnS Quantum Dots

Siyi Hu,? Butian Zhang, 9 Shuwen Zeng, ¢ Liwei Liu, Ken-Tye Yong,* Hanbin Ma,*2Yuguo Tang?

Biofunctionalized quantum dots (QDs) are effective targeted fluorescent labels for bioimaging. However, conventional
synthesis of biofunctionalized I-1I-VI core-shell CulnS,/ZnS QDs requires complex bench-top operations, results in limited
product performance and variety, and is not amenable to a ‘one-step’ approach. In this work, we have successfully
demonstrated a fully automated method for preparing denatured bovine serum albumin (dBSA)-CulnS,/ZnS QDs by
introducing microfluidic chips (MF) to synthesize biofunctionalized QDs, hence establishing a ‘one-step’ procedure. We have
also studied and optimized the reaction synthesis parameters. The emission wavelength of dBSA-CulnS,/ZnS QDs is located
in the near-infrared range and can be tuned from 650 to 750 nm by simply varying the reaction parameters. In addition, the
‘one-step’-synthesized dBSA-CulnS,/ZnS QDs have a long average fluorescence lifetime of 153.76 ns at a small particle size
of 5£2 nm. To demonstrate the applicability of the ‘one-step’-synthesized dBSA-CulnS,/ZnS QDs in bioimaging studies, we
modified the QDs with folic acid and hyaluronic acid, and then performed target bioimaging and cytotoxicity tests on
macrophages, liver cancer cells and pancreatic cancer cells. The cell images show that the red emission signals originate
from the QDs, which indicates that the dBSA-CulnS,/ZnS QDs prepared by the MF approach are suitable optical contrast
agents for target bioimaging. This ‘one-step’ MF-based QD synthesis approach could serve as a rapid, cost-effective, and

small-scale nanocrystal production platform for complex QD formulations for a wide range of bioapplications.

Introduction

Quantum Dots (QDs) have achieved widespread use in
biomedical applications owing to the rapid development of
their synthesis and biofunctionalization methods. In the past
decade, cadmium-free I-IlI-VI QDs have been used in bio-
application studies due to their low biotoxicity and
environmentally friendly natures®. I-1lI-VI QDs, such as CulnS,
and AgInS,, which are cadmium-free QDs. In particular, CulnS,
QDs not only have low biotoxicity but also possess additional
chemical and physical properties such as a long
photoluminescence (PL) lifetime, a large Stokes shift, a high
extinction coefficient, and adjustable PL potential in the visible-
near-infrared region!3.
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According to related reports, CulnS, QDs are usually prepared
in the oil phase, and studies of the aqueous phase method are
relatively rare. The main barriers to the synthesis of aqueous-
phase CulnS, QDs are as follows:1) The reaction temperature
needs to be very precise; 2) The reaction time needs to be more
than 4 hours; 3) Cuprous ions are easily oxidized and need to be
handled carefully during the reaction®. However, with the
development of technology, some of the problems
encountered in the synthesis of QDs can be solved by a new
method, such as microfluidics technology.

Microfluidics (MF) has become a powerful tool for QD synthesis
and has several advantages over the bench-top(BT) method>,
such as minimal use of chemicals, reduced the raw materials,
decreased reaction time, the possibility of carrying out several
reactions at once, precisely controlled reaction conditions,
rapid heat transfer due to the large surface-to-volume ratios of
the MF channels, and high integration® 7. The first nanoparticle
synthesis by MF chips was reported by Prof. Andrew deMello’s
group in 20028; they applied continuous flow-based MF chips to
successfully synthesize CD’s nanoparticles. Since then, many
kinds of metallic® 19, metal oxide 11, magnetic'2 and Quantum
dots nanoparticles 1317 have been successfully prepared by MF
chips.

Among the abovementioned materials, colloidal QDs have
attracted much attention from researchers in the field of MF
due to their unique physicochemical properties, and these QDs
have many applications in the biomedical field!8. For the bio-
application of QDs, researchers have always modified the QDs
with biofunctional molecules to make them biocompatible??;
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the whole process in the conventional BT method is very
complicated?®. However, very little success has been realized by
applying the BT method to synthesize biofunctionalized QDs in
a single step?!. Thus, MF chips with the advantage of high
integrability can be modified with different functional units to
simultaneously synthesize and biofunctionalized nanomaterials
in a one-step experiment?2.

In this work, we report the use of a MF chip for the one-step
synthesis of biofunctionalized core/shell heavy metal-free
denatured bovine serum albumin (dBSA)-CulnS,/ZnS QDs. We
have studied and optimized the reaction synthesis parameters.
The emission wavelength of dBSA-CulnS,/ZnS QDs is located in
the near-infrared range and can be tuned from 650 to 750 nm
by simply varying the reaction parameters. The prepared QDs
were then characterized by TEM, lifetime decay, and agarose
gel electrophoresis. Because of the excellent liquid handling
capabilities of the MF approach, the prepared QDs exhibit a high
photostability and colloidal stability. To demonstrate the
applicability of the ‘one-step’-synthesized dBSA-CulnS,/ZnS
QDs in bioimaging studies, we modified the QDs with folic acid
(FA) and hyaluronic acid (HA) and then performed target
bioimaging and cytotoxicity tests on macrophages, liver cancer
cells and pancreatic cancer cells.

Results and discussion
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Figure 1. The physical and mask picture of the fabricated MF
platform
In our one-step synthesis of biofunctional QDs by using
microfluidic chips. The microfluidics chips we designed and
fabricated a polydimethylsiloxane (PDMS)/glass MF chip
containing three kinds of microflow structure, which are Y-

2| J. Name., 2012, 00, 1-3

shape, wave shape and serpentine shape microghannpel We
applied serpentine shape to preheat th®lréattionDprect?sor
solution and to react the growth of QDs after nucleation. The Y-
shape microchannels are used for mixing of precursor solution
and nucleation of QDs. And the wave shape microchannel is
mainly used to rapidly flow the solution of QDs after nucleation,
through this channel to achieve the stirring function, so that the
QDs after nucleation can be dispersed in the reaction system to
achieve well dispersion of the final product.
(@ )

25

2
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Figure 2. (a) the simulation model and the simulation result of
the reaction temperature of 160°C and the flow rate of 0.2
ml/min, (b)The simulation study of the concentration
distribution of the QDs synthesized by the microfluidic chips
with different reaction temperature (100°C, 120°C, 140°C,
160°C and 180°C) and flow rate (0.1, 0.2, 0.3, 0.4 and 0.5
ml/min).

In this work, we first did the simulation study to investigate the
influence of the flow rate and reaction temperature on the
growth rate of QDs in the microfluidics chips. By using the
Reaction Engineering (re), Chemistry(chem), transport of
diluted species (tds), and laminar flow (spf) models in Comsol
Multiphysics 5.4, the relationship between the yield of QDs and
reaction condition (i.e. the flow rate and reaction temperature
in the microfluidics chip) can be theoretically predicted. The
geometric reduced model and the distribution profiles of the
concentration of QDs synthesized in this Y-shape microfluidic
chips, as shown in figure 2(a). And we have collected the value
of the QDs concentration with different reaction temperature
and flow rate at the end of the microfluidic channel, then the
data have been plotted in figure 2(b). From the figure 2(b), we
can see, the QDs concentration increased with the increasing of
reaction temperature and the decreasing of flow rate.
According to the simulation study, we know that when the
reaction temperature is 160 degrees, and the flow rate is
0.2mL/min, more quantum dots can be obtained. Although
more quantum dots can be obtained at 180 degrees, the PDMS
chip is prone to damage at 180 degrees. We then carried out
the QDs synthesis experiment with microfluidic chips under the
same reaction temperature and flow rate to proof the

simulation results.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. The photoluminescent (PL) spectrum of the optimized the reaction parameters of synthesis the CulnS, and CulnS,/ZnS
QDs in Y-shape microfluidic chips. Changing the (a)Cu (b) In (c) S (d) Zn mole fraction ratio, (e) the reaction temperature and flow
rate of synthesis CulnS, and CulnS,/ZnS QDs

In our one-step synthesis of CulnS,/ZnS (CIS/ZnS) QDs using the
MF chip approach, 3-mercaptopropionic acid (MPA) was used
as the surface ligand to stabilize and control the growth of QDs
in the aqueous phase. In contrast to the traditional BT water-
phase synthetic method, this method is more efficient and
simpler, and the reaction conditions can be more precisely
controlled. Because the reaction conditions are different from
those of the traditional synthesis method, the previous reaction
parameters are not very suitable for the MF chip method.
Therefore, in this work, we first investigated the effects of
various Cu:In:S molar ratios in the MF chip method because the
Cu:ln ratio is the major factor contributing to bulk defects or
creating internal defects during the synthesis of CulnS, (CIS)
QDs. Based on the PL spectra in figure 3 (a) (b) and (c), we chose
a Cu:ln:S molar ratio of 0.6:1:2.7. Based on a previous study, we
know that the CIS QDs can be coated with ZnS shells, resulting
in an enhancement of the fluorescence intensity and a blueshift
of the CIS peak in the PL spectrum. We also applied MF chips to
synthesize core-shell CIS/ZnS QDs in one step, and we varied the
Cu:Zn ratio; from figure 3(d), we can see that as the proportion
of Zn increased, the PL intensity increased, and the PL peaks
blue shifted, consistent with the results of the bench-top
method. However, the whole process utilizing MF chips requires

only 5 minutes, which is less than the time required for the
bench-top methods (>1 hour).

After we optimized the element ratio for the one-step synthesis
of CIS/ZnS QDs in the MF chips, we optimized the reaction
temperature and the flow rate for this approach, as shown in
figure 3(e) and (f). With increasing temperature and decreasing
flow rate, the PL peaks of the QDs were redshifted. This result
indicated that a high temperature could increase the reaction
efficiency and that a low flow rate could increase the reaction
time, leading to the complete reaction of the QDs. However, the
reaction parameters also have threshold values. After repeated
testing, we chose a reaction temperature of 160 °C and a flow
rate of 0.2 mL/min for the synthesis of CIS/ZnS QDs.

Please do not adjust margins
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Figure 4. (a) TEM image of CulnS,/ZnS QDs and digital images
of CulnS, and CulnS,/ZnS QDs obtained without and with UV
irradiation. (b) Lifetime decay curves of CulnS,/ZnS QDs and
the fitting line. Agarose gel electrophoresis image(c) and PL
spectrum (d) of dBSA-CulnS,/ZnS QDs synthesis by
microfluidics chips with different concentration of dBSA.
(e)Comparison of photostability of CulnS,/ZnS (QDs) and dBSA-
CulnS,/ZnS (dBSA-QDs) prepared by the BT method and the
MF method
Figure 4(a) shows the TEM image of CulnS,/ZnS QDs and digital
images of CulnS, and CulnS,/ZnS QDs. From the image, we can
also see that after coating the CulnS,/ZnS QDs with a ZnS shell,
the fluorescence intensity of the coated QDs is stronger than
that of CulnS,. From the TEM figure, we can see that the
CulnS,/ZnS QDs have an average size of approximately 52 nm,
a relatively uniform size distribution and a clear lattice
structure, the HRTEM picture of the CIS/ZnS QDs as shown in
figure S1(a). The alloyed structure of the microfluidic
synthesized CulnS, and CIS/ZnS QDs was investigated by the
XRD spectroscopy, as shown in figure S1(b). The XRD peaks of
the CIS QDs have the typical diffraction peaks of the tetragonal
CulnS, pattern (JCPDS 27-0159). After coated with the ZnS shell,
the diffraction peaks of the CIS/ZnS QDs shifted to the larger
angels and have the typical diffraction peaks of the ZnS (JCPDS
05-0566), the XRD results show that the application of
microfluidic chips can achieve effective coating of ZnS shell. To
further prove that the CIS/ZnS QDs synthesized by the MF chip
have good optical properties, we also measured their
fluorescence lifetime spectrum. Figure 4(b) shows the
fluorescence lifetime decay and fitting curve for CIS/ZnS QDs.
The fitting curve is obtained by the following quadratic
exponential fitting formula.

4| J. Name., 2012, 00, 1-3

F(t)=Biexp(—t/t1) +Bzexp (—1t/T2),., ricie o)
The average fluorescence lifetime is calcated BYFoRPHHEEH)RY
T = (B17{ + B273)/(B1T1 + B212)
(2)
B; and B, represent the weights of the fluorescence lifetimes of
each group, where B;=5.846% and B,=94.154%; t; and T,
represent time constants, where 1;=5.96 ns and 1,=154.13 ns.
The generation of t; originates from the nonradiative
recombination of the surface defects of the QDs and the
radiation of the electron-hole pairs, which is the fast portion of
the fluorescence lifetime. The generation of t; is derived from
the process in which the doublet decays to the ground state,
which is the slow portion of the fluorescence lifetime and is also
the part that contributes to the fluorescence lifetime of the
QDs, resulting in a longer fluorescence lifetime for the QDs. The
average fluorescence lifetime of CIS/ZnS QDs calculated by
formula (2) is 153.76 ns.
The main application of near-infrared CIS/ZnS QDs is
bioimaging. Therefore, in addition to having good near-infrared
optical properties, these QDs also need to have good
biocompatibility, such as low toxicity, easy biomodification and
high photostability. In our previous paper, we demonstrated
that BSA could be used as a stabilizer to synthesize BSA-CdTe
QDs in MF chips!3. From the experimental process, we found
that dBSA could increase the PL intensity of QDs. Because dBSA
is a kind of biomacromolecule that contains 35 cysteine
residues, which can be used as stabilizer to interact polyvalent
with QDs, we can prepare chemically reduced BSAZ3 24, The
dBSA also makes the QD surface more biofunctional and
simultaneously reduces the toxicity of the QDs?> 26, Therefore,
we applied MF chips (as shown in figure 1) to successfully
synthesize dBSA- CIS/ZnS QDs in one step. In the synthesis
process, we varied the concentration of dBSA in the reaction.
To further investigate the binding efficiency of different
concentrations of dBSA and QDs, gel electrophoresis was used,
as shown in figure 4(c). As the concentration of dBSA increased,
the distance between the initial hole and the band of dBSA-QDs
gradually decreased, which means that the molecular weight of
the finally obtained dBSA-QDs gradually increased. Figure 4(d)
shows the PL intensity of the dBSA-QDs synthesized with
different concentrations of dBSA. The PL intensity increased
with increasing dBSA concentration, but when the dBSA
concentration was 4 mg/mL, the PL intensity decreased, which
may be because the stabilizers around the QDs were saturated.
If the excessive stabilizer was present, the PL intensity of the
QDs was decreased. Therefore, in subsequent experiments, we
applied dBSA of 2mg/mL.
The photostability of QDs is an important factor to be
considered when utilizing them as optical probes for
bioimaging. Figure 4(e) shows the hydrodynamic sizes of
CIS/ZnS QDs produced by the BT and MF methods and the dBSA-
CulnS,/ZnS QDs produced by the MF method. These samples
were exposed to continuous UV light radiation for 32 hours. The
hydrodynamic sizes were monitored by dynamic light scattering

This journal is © The Royal Society of Chemistry 20xx
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(DLS) at room temperature. More specifically, after 16 hours of
UV radiation, the particle size increased by 70% for the QDs
generated by the MF method, but an increase of 400% was
observed for the QDs generated by the BT method. At the same
time, we also monitored the change of PL spectrum for 10
hours, and the results showed that the PL intensity of MF QDs
decreased less than that of BT QDs, the results as shown in
figure S5. This clearly shows that the photostability of QDs
prepared using the MF method is significantly better than that
of QDs prepared by the BT method. This is because MF method
can accurately control reaction temperature and time at first;
The secondly, it has a high surface-to-volume ratio, which
increase the reaction efficiency and makes the reaction of
coating ZnS shell and dBSA modification complete; Finally, the
nucleation process can be precisely controlled to make the
precursor solution fully and rapidly mixing, which improves the
nucleation efficiency?’”. The above advantages effectively
improve the quality of the obtained QDs and thereby improve
the photostability of QDs.

As shown in figure 4(e), another set of comparative experiments
were performed to compare the photostability of CIS/ZnS QDs
and dBSA-CIS/ZnS QDs synthesized by the MF method. After
monitoring for 32 hours, the particle size increased by 15% for
the dBSA-QDs and by 200% for the QDs. Therefore, the
photostability of the dBSA-QDs prepared by the MF method is
significantly higher than that of the QDs fabricated by the same
method because dBSA is rich in cysteine groups and can act as
a stabilizer for QDs, thus preventing the agglomeration or
precipitation of QDs by balancing the activity of cuprous and
indium ions in the QDs. The surface of the QDs can be modified
by coordination between the sulfhydryl groups of the surface
cysteine groups and the metal ion to enhance the water
solubility of the QDs, promote their dispersion in water, and
avoid precipitation. Moreover, through a comparative analysis
of the quantum dot yield, it can also be found that the quantum
dots synthesized by the microfluidic chip is also significantly
higher than the BT method, and dBSA also effectively improves
the quantum yield, as shown in table S1.

As mentioned above, we have demonstrated the QDs prepared
by MF have better optical stability and colloid stability, and the
emission wavelength is in the near infrared region, which make
them can be the candidate PL probe in the in vitro bioimaging
study and biosensor detection application. In order to prove
that the dBSA-CIS/ZnS QDs synthesized by MF method are
convenient for specific biological functionalization and can be
used for in vitro target cell imaging study in near infrared
wavelength. Here, we selected macrophage cells (RAW264.7),
pancreatic cancer cells (Panc-1) and liver cancer cells (HepG-2)
for in vitro bioimaging studies. According to the previous study,
specific cell imaging of Panc-1 can be achieved by modifying the
surface of QDs with folic acid(FA)!3. And for the HepG-2 cell,
there are some researchers have found that Hyaluronic Acid
(HA) has a good specificity?2. Therefore, in this study, FA and HA,
two commonly used cancer cell targeting molecules, were

This journal is © The Royal Society of Chemistry 20xx
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selected to perform surface-specific biofunctionalization on the
dBSA-CIS/ZnS QDs, and the modified QD®wWeredHpplicd@edin
vitro cell imaging and cytotoxicity studies.
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Figure 5. The FT-IR spectra and TEM images of FA-modified
dBSA- CulnS,/ZnS QDs (a, b) and HA-modified dBSA-
CulnS,/ZnS QDs (c, d)

To confirm the combination of HA and FA biomolecules with the
dBSA-CIS/ZnS QDs, Fourier transform infrared (FT-IR) spectra
and TEM images were used to characterize the QDs. Figure 5(a)
shows the FT-IR spectra of FA-dBSA-CIS/ZnS QDs and FA
powder. From the spectra, we can see that FA has vibration
peaks at 1696 cm™ (C=0 bond), 1606 cm™® (-NH group), and 1485
cm! (benzene ring). The intensity of these three peaks is weaker
and the peaks become broader for FA-dBSA-QDs than for FA,
which indicates that a combination of covalent bonds occurs at
the above three positions. These results prove that FA is
effectively combined with dBSA-QDs mainly through covalent

bonds.

For the HA combination, as shown in figure 5(c), HA has obvious
vibration peaks or characteristic peaks at 1660 cm-?, 1600 cm-?,
1550 cm?, and 1412 cm?, of which the peaks at 1600 cm™ and
1412 cm? are assigned to the asymmetric and symmetric
vibrational peaks of the carboxyl group, and those at 1600 cm™
and 1550 cm are characteristic peaks of the amide | and amide
Il bonds, respectively. In the FT-IR spectrum of HA-ADH-QDs,
compared with that of HA, the peaks broaden, and the
characteristic peaks disappear, indicating that the QDs
combined with HA through the carboxyl groups and amides via
covalent bonds.

We also performed TEM characterization of the samples.
Figures 5(b) and 5(d) show the TEM images of QDs modified by
FA and HA, respectively. The modified QDs still have a good
lattice and morphological structure, and the QDs themselves
remain approximately 5 nm in size. The particle size and surface
lattice structure did not show significant changes, no obvious

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins



https://doi.org/10.1039/d0lc00202j

Published on 13 July 2020. Downloaded by University of Glasgow Library on 7/13/2020 9:16:54 AM.

lcab on-a Chip

agglomeration occurred after modification, and the dispersion
was uniform. The hydrodynamic size distribution of MF CIS QDs,
MF CIS/ZnS QDs, FA-QDs and HA-QDs in aqueous suspension
measured by dynamic light scattering (DLS), the results as
shown in figure S2, which indicated the prepared QDs have
good dispersion, and the zeta potential of the prepared QDs
have been shown in figure S3. The zeta potential of FA and HA
modified QDs were all negatively charged, and the zeta
potential were close to -30mV, indicating that they have good
stability and suitable for the bioimaging study. We also applied
PL spectrum to characterize FA-QDs and HA-QDs, the PL
spectrum of HA-QDs and FA-QDs are blue-shifted compared to
the spectra of dBSA-QDs, which proved that HA or FA were
successfully modified on the surface of dBSA-QDs, and still had
good photoluminescent properties, the PL spectrum as shown
in figure S4.

For the bioimaging study, a preliminary assessment of the use
of dBSA-CIS/ZnS, FA-dBSA-CIS/ZnS and HA-dBSA-CIS/ZnS QDs
first using RAW264.7
macrophages. Because macrophages are sensitive to the

for bioimaging was performed

surrounding environment and have no specificity for PL probes,
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they can be used to evaluate the biological compatibility-and
toxicity of PL probes. As illustrated in figQrel&{a}2the control
group did not interfere with near-infrared autofluorescence
under the excitation of the blue light without adding any
sample. Strong cellular uptake was observed for the dBSA-QD,
FA-dBSA-QD HA-dBSA-QD formulations, the
concentration of QDs is 25ug/mL. The red emission signals

and and
originated from the QDs. At the same time, the cell state of the
experimental group remained good compared with the cell
state of the control group, and there was no change in cell
morphology or cell wall damage, indicating that the cytotoxicity
of these three kinds of QDs is relatively low. To further
demonstrate the cellular activity of these three kinds of QDs on
macrophages, the cytotoxicity was further tested by the MTT
assay. The results are shown in figure 6(b). The cadmium-free
QDs exhibited a significantly lower toxicity than the cadmium-
containing dBSA-CdTe QDs. At concentrations less than 100
ug/mL, the toxicity of dBSA-QDs, FA-dBSA-QDs and HA-dBSA-
QDs were all greater than 70%, which indicates that these three
kinds of QDs are suitable for cell imaging studies.

RAW264.7 Macrophage Cells
H Control [l HA-CIS/ZnS [l FA-CIS/ZnS [0 dBSA-CIS/ZnS [@ dBSA-CdTe

50 100 200
QDs Concentration (pg/mL)

300

Figure 6. Microscope images (a) and cell viability (b) of RAW264.7 cells

According to the cell imaging and toxicity study results of
the HA-dBSA-QDs and FA-dBSA-QDs were
applied for the further specific target imaging of cancer cells.
Cell imaging of HepG-2 cells with HA-dBSA-QDs was performed,

macrophages,

and the images are shown in figure 7(a); the first line is the
control group, and there is no autofluorescence interference in
the near-infrared emission range. The second line shows the
QDs without HA modification, and there is no obvious red
fluorescence signal in the cells, indicating that the QDs without
HA modification did not enter the cells for labelling. In the HA-

6 | J. Name., 2012, 00, 1-3

QD experiment group, there is a clear red fluorescence signal in
the cells. Compared with that of the control group, the cell
morphology in the group treated with HA-QDs remained
basically the same, indicating that the HA-QDs have a specific
labelling effect on HepG-2 cells. From the toxicity experiment
results, shown in figure 7(b), we can also see that HA-QDs have
low cytotoxicity to HepG-2 cells and can be used as specific
fluorescent biomarkers for targeted bioimaging studies of liver
cancer cells.

This journal is © The Royal Society of Chemistry 20xx


https://doi.org/10.1039/d0lc00202j

Page 7 of 10

Published on 13 July 2020. Downloaded by University of Glasgow Library on 7/13/2020 9:16:54 AM.

(@) Overlay Fluorescent

Transmission

QDs Control

Cell Viability (%)

HA-QDs

(b)

lab on-a Chip

View Article Online
DOI: 10.1039/D0OLC00202J

[ Control
[ HA-CIS/ZnS

HepG2 Cells (24h)

25 50 100 200 300
QDs Concentration (ug/mL)

Figure 7. Microscope images (a) and cell viability (b) of HepG-2 cells

Then, cell imaging of Panc-1 pancreatic cancer cells with FA-
dBSA-QDs was performed. The experimental method was
similar to that used for the HepG-2 cells. Fluorescence imaging
of Panc-1 cells, as shown in figure 8(a), was obtained under blue
light excitation at a wavelength of 450 nm. In the control group,
the cells showed no autofluorescence interference in the near-
infrared emission range, and the second line shows the QDs
without FA modification. After addition of the QDs to the Panc-

(a)

Overlay Transmission Fluorescent

Control

QDs
Cell Viability (%)

FA-QDs

{b)

1 cells, no fluorescent signal was observed, indicating that the
QDs are not specific to the Panc-1 cells. The FA-QDs show a clear
red fluorescence signal in the dark-field fluorescence image of
Panc-1 cells. Moreover, the cell state remained good compared
to that of the control group, indicating that the toxicity of this
material has no effect on cell health, as demonstrated by the
cytotoxicity test in figure 8(b).

I Control
[ FA-QDs
i

Panc-1 Cells (24h)

100 -

80 4

60 4

401

204

25 50 100 200 300
QDs Concentration (pg/mL)

Figure 8. Microscope images (a) and cell viability (b) of Panc-1 cells
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lab on-a Chip

Experimental
Materials
Copper(ll) chloride (CuCl,, 99%), indium(lll) chloride

tetrahydrate (InCl3*4H,0, 97%), zinc acetate (Zn(Ac),, 99.99%),
3MPA (299%), ammonium hydroxide solution (NH,OH, 28.0%-
30.0%), BSA (298%), FA (297%), N-hydroxysuccinimide (NHs,
98%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), adipic dihydrazide (ADH) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich. Sodium
sulfide hydrate (Na,SexH,0, 60-63%) was obtained from ACROS
Organics. Sodium hydroxide (NaOH, AR) and hydrochloric acid
(HCI, AR) were purchased from Sinopharm Chemical Reagent
Co., Ltd. 10x Tris-acetate-EDTA (TAE, pH=8.0) and agarose
powder were purchased from Vivantis Ltd. Sodium hyaluronate
(HA) with a mass of 215 kDa was purchased from American
Lifecore Company. All chemicals were used as received without
further purification. The deionized (DI, 18.2 MQecm) water
used in all the studies was purified by a Milli-Q water
purification system.

Design and fabrication of MF chips

The MF chips were fabricated through soft lithography and
replica molding methods based on previous research 3. Briefly,
the negative photoresist SU-8 (GM1070, Gersteltec Engineering
Solutions, Switzerland) was spin coated onto a 4-inch silicon
wafer, followed by UV patterning of the channels (3 minutes,
lamp power: 355 W). The patterned wafer was developed using
an AZ developer (Branchburg, NJ) to remove the unexposed
photoresist to form an SU-8 model. A PDMS mixture containing
curing agent and base resin (Dow Corning, US) with a weight
ratio of 1:10 was poured onto the model and cured at 120 °C for
10 minutes. The cured PDMS layer with MF channels was then
carefully peeled off, and finally, the PDMS layer was bonded to
a glass slide by means of a plasma process.

MF synthesis of aqueous-phase CulnS,, CulnS,/ZnS and dBSA-
CulnS,/ZnS

First, Cu* and In3 mixed solutions were prepared. The Cu*
precursor was prepared by dissolving 18 mg of CuCl, in 0.5 mL
of ammonia water and 180 pL of MPA mixed solution to obtain
a clear Cu* solution. The In3* precursor was prepared by
dissolving InCl3:4H,0 in 10 mL of DI water containing 68 pL of
MPA and then adjusting the pH of the In3* solution to 10 with
NaOH. Then, the Cu* precursor and In3* precursor were mixed
and stirred for 5 minutes and transferred to a 10 mL syringe.
Second, the Na,S solution was prepared by dissolved 72 mg of
Na,S in 10 mL of DI water and then placed in a 10 mL syringe.
Third, the Zn?* precursor was prepared by dissolving 7 mg of
Zn(Ac), in 10 mL of DI water containing 5 uL of MPA, adjusting
the pH to 10 with NaOH, and then loading the solution into a 10
mL syringe. Fourth, a 30 mL dBSA solution was prepared with a
concentration of 16 mg/mL by a reaction between BSA at 70°
and NaBH, to obtain dBSA. Finally, the MF chip was placed on a
hot plate, and the dBSA modifier was placed on another hot
plate, and the temperatures were adjusted to 160 °C and 80 °C,
respectively. After preheating for 5 minutes, the above Cu* and
In3* mixed solution and the syringes of Na,S and Zn?* precursors
were placed into the multichannel microinjection. On the
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pump, the propulsion speed was set to 0.2 mL/min,andthe
syringes were connected to the correspdnding éharnRel (R0t
start the syringe pump. The syringe containing dBSA was placed
on another single-channel syringe pump, and the advancement
speed was adjusted to 0.5 mL/min. When the CulnS,/ZnS QDs
exit at the CulnS,/ZnS outlet, the dBSA syringe pump was
started. A sample vial was placed at the end of the system to
collect the final dBSA-CulnS,/ZnS product. The collected dBSA-
CulnS,/ZnS QDs were purified by 50 kDa cut-off ultrafiltration
tubes and centrifuged at 8000 rad/min for 10 minutes.
Biomodification of dBSA-CulnS,/ZnS QDs by FA and HA.

The biomodification methods were previously reported?® 30,
Briefly, for FA modification, 4 mL each of a 2.3 mg/mL EDC
solution and a 3.86 mg/mL NHs solution were prepared, and 6
mg of FA was dissolved in 3 mL of DMSO solution to obtain a 2
mg/mL FA solution. Then, 100 pL of EDC was added to a 2
mg/mL QD solution and stirred for 2 minutes, and then 100uL
of NHs was added and stirred for 2 minutes to activate the
amino group on the surface of the QDs. Finally, 600 pL of 2
mg/mL FA solution was added to the activated QD solution and
stirred for 3 hours. The FA-dBSA-CulnS,/ZnS QDs were purified
by centrifugation at 8000 rad/min for 10 minutes using a 3 kDa
cut-off ultrafiltration tube.

For HA modification, a HA-ADH solution must first be
prepared3’ 32 First, 50 mg of HA was dissolved in 10 mL of DI
water, 0.92 g of ADH was added to the HA solution, the pH of
the HA-AD solution was adjusted to 4.8 with HCI, and the
solution was stirred for 30 minutes. Next, 0.1 g of EDC powder
was added, the solution was stirred for 2 hours, the pH was
adjusted to 7 by adding NaOH, and the reaction was stopped.
The solution was dialyzed in a 3 kDa dialysis bag for 24 hours,
and the precipitate was washed with ethanol to obtain pure HA-
ADH for use. Second, 4 mL each of a 2.3 mg/mL EDC solution
and a 3.86 mg/mL of NHs solution were prepared, and 7 mg of
HA-ADH was dissolved in 3 mL of DI water to obtain a 2.3 mg/mL
HA-ADH solution. Third, 100 pL of EDC and 100 pL of NHs were
added in sequence to 2 mL of dBSA-CulnS,/ZnS QD solution and
stirred for 2 minutes. Then, 3 mL of 2.3 mg/mL HA-ADH was
added to the activated QD solution and stirred for 4 hours. The
prepared HA dBSA-CulnS,/ZnS QDs were centrifuged and
purified by a 50 kDa cut-off ultrafiltration tube at 8000 rad/min
for 10 minutes.

Cell Imaging study

RAW264.7 macrophages, Panc-1 pancreatic cancer cells and
HepG-2 liver cancer cells were obtained from the American
Type Culture Collection (ATCC). The materials used in the cell
experiments were DMEM high-sugar medium, RPMI-1640
medium, and fetal bovine serum (FBS) purchased from HyClone
and penicillin and streptomycin purchased from Gibco. The cells
were cultured as follows:

1) RAW264.7 macrophages and Panc-1 pancreatic cancer cells
Cell culture was carried out using DMEM high-glucose medium
containing 10% FBS, 100 pg/mL penicillin, and 100 pg/mL
streptomycin. The cells were used after a cell density of 70%
was achieved in a 5% CO,, saturated humidity, 37 °C cell culture
incubator.

2) HepG-2 liver cancer cells

This journal is © The Royal Society of Chemistry 20xx
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Cell culture was carried out using RPMI-1640 medium
containing 10% BSA, 100 pg/mL penicillin, and 100 pg/mL
streptomycin. The cells were used after a cell density of 70%
was achieved in a 5% CO,, saturated humidity, 37 °C cell culture
incubator.

3) Cell imaging

Cells were first digested with 0.25% trypsin and then seeded in
6-well plates. The cells before the experiment need to be
cultured for 24 hours, and the density was approximately 60%
to 70%. The QD samples used for imaging were dissolved in PBS
at a concentration of 100 pg/mL (pH = 7.2). Then, 20~40 pL of
sample was added to each well of the 6-well plates, shaken
gently, and incubated for 4 hours at 37 °Cin 5% CO,. The culture
solution was then removed, and the samples were washed with
PBS 3 times. An inverted fluorescence microscope was used to
observe the cell morphology and perform fluorescence imaging
Cell viability study
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
salt (MTT), purchased from Sigma Company, was used for
colorimetric analysis. After dissolving dBSA-CdTe, dBSA-
CulnS,/ZnS, FA-dBSA-CulnS,/ZnS and HA-dBSA-CulnS,/ZnS QDs
at concentrations of 25, 50, 100, 200, and 300 pg/mL in PBS, 4
uL of each mixture was added to a well plate, shaken and
cultured at 37 °C in 5% CO, for 24 hours. After 24 hours, 18 uL
of 5 mg/mL MTT solution was added to each well, shaken, and
cultured at 37 °C in 5% CO, for 4 hours. After aspirating the
solution in each well, 150 pL of DMSO was added. The plate was
scanned at 490 nm using a Bio-Rad plate reader. The final cell
viability data were obtained by normalizing the absorbance
values of each well and comparing them with the reference
control sample wells.

Conclusions

In summary, we presented a detailed study on applying an MF
chip for the synthesis of CulnS,, CulnS,/ZnS, and dBSA-
CulnS,/ZnS QDs. The microfluidics chips were fabricated by soft
lithography and replica molding methods, which include the Y-
shape, wave-shape and snake shape structure in the chips, the
minimum microflow channel width is 200um. The MF method is
quite different from the traditional method in terms of chemical
reaction conditions. Therefore, the MF chip synthesis should be
optimized based on the Cu:In:S ratio and the reaction condition
in the passivation reaction. After optimization, we found that
the reaction concentration for the MF method is the Cu:ln:S
molar ratio of 0.6:1:2.7, the suitable reaction condition are the
reaction temperature of 160°C and a flow rate of 0.2mL/min .
The comparison experiment shows that the QDs synthesized by
MF method have better optical and colloidal stability than BT
method. Meanwhile, it is also found that the introduction of
dBSA as a co-stabilizer can improve the PL intensity and stability
of NIR CulnS,/ZnS QDs. For the target cell imaging study, the
biomolecules HA and FA were induced for specific surface
modification of dBSA-CulnS,/ZnS QDs. Cell imaging and cell
viability assays of these biomolecule-modified QDs yielded good
results for HepG-2 and Panc-1 cells. Since biofunctionalized QDs
can be used as optical probes for in vitro bioimaging, our work

This journal is © The Royal Society of Chemistry 20xx
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will certainly open up an avenue for developjpg ,ac.highly
integrated MF system that is capable of prepatiHE Wigh-qualiss
biocompatible, and easily biofunctionalized near-infrared QDs
for direct usage in cell and tumor in vitro imaging work.
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