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Abstract

The emergence of microfluidic techniques provides new opportunities for chemicals synthesis and
biomedical applications. Herein, we first develop a microfluidics-based flow and sustainable
strategy to synthesize hierarchical silica-magnetic microflower with unique multilayered structure
for the efficient capture of circulating tumor cells through our engineered microfluidic screening
chip. The production of microflower materials can be realized within 94 milliseconds and a yield
of nearly 5 grams per hour can be achieved. The enhanced bioaccessibility of such multilayered
microflower toward cancer cells (MCF-7 and MDA-MB-231) is demonstrated, and the cancer cell
capture efficiency of this hierarchical immunomagnetic system in clinical blood samples is
significantly increased compared with standard CellSearch™ assay. These findings bring new
insights for engineering functional micro-/nanomaterials in liquid biopsy.

Graphical Abstract

Microfluidics-enabled rapid manufacturing of hierarchical silica-magnetic microflower was
developed for improving the screening efficiency of circulating tumor cells
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During the last decade, circulating tumor cells (CTCs) have received considerable attention
as non-invasive liquid biopsy biomarkers for early detection, diagnosis, and monitoring of
cancer. Different from conventional tissue biopsies that are mostly risky, costly, and time-
consuming, CTCs that shed off from the tumor site into the bloodstream facilitate
convenient, inexpensive, and real-time monitoring of tumor evolution and therapeutic
efficacy, providing the great potential to improve cancer diagnosis and treatment.1—3
Although CTCs occur at relatively low levels in the background of millions of blood cells,*
continuous effort has been made on the development of new methods and techniques that
enable the enrichment and analysis of CTCs, such as microfiltration,® dielectrophoresis,?
hydrodynamic sorting,” acoustophoresis,8 nucleic acid-based assays,® and antibody-based
immunoassays.1%-12 Among these, magnetic nanoparticles (MNPs)-based immunomagnetic
assay has received great interest from researchers due to their unique magnetic response for
separation and antibody-enabled selective binding of CTCs, which promise relatively higher
specificity, better sensitivity, and higher throughput.13-14 The most well-known CellSearch™
system that uses EpCAM-conjugated ferrofluid (Veridex Ferrofluid™) to capture CTCs and
subsequently visualizes them via staining was the first immunomagnetic assay approved by
the US Food and Drug Administration.2:3 This standard protocol provides important
prospects for creating new immunomagnetic platforms with improved outcomes in liquid
biopsy.

In recent years, more and more evidence from both theoretical and experimental aspects has
revealed that particle designs play significant roles in their biological performance.15-19
Particle shape as an important parameter has also gained substantial attention. It has been
found that non-spherical particles, especially those having hierarchical structures, generally
possess more advanced biological behaviors than their spherical counterparts, such as higher
cellular binding efficiency, larger transmembrane capacity, and longer circulation time.20-22
Therefore, the screening performance of CTCs may be well regulated and even greatly
improved through the rational design and controllable synthesis of novel hierarchical
immunomagnetic materials. However, due to limited methods and the intrinsic problems
from conventional batch reactors, there is still a big challenge to fabricate hierarchical
materials in an efficient, reproducible, and scalable manner.2324 Alternatively, the
emergence of microfluidic techniques provides new opportunities for chemical synthesis and
biomedical applications.2> In particular, microfluidics-based microreactors have many
appealing features that batch reactors can hardly achieve, for example, greatly reduced
reactor dimensions and automated operations for minimized local variations, intensive
mixing of chemical reactants for high yields, rapid reaction kinetics for fast screening and
optimization of synthesis parameters, and elevated pressure and temperature in confined
space for reactions with harsh conditions (explosive, toxic, or flammable).26-28

In this study, based on the merits of microfluidics, we first developed an efficient,
reproducible, and scalable strategy to synthesize hierarchical silica-magnetic microflower
(SMMF) with multilayered structures from miniaturized microreactor (Figure 1, Step I). We
then conjugated the EpCAM antibody on SMMF surface (Figure 1, Step I1) and examined
its CTCs screening performance using our developed CellRich™ microchip (Figure 1, Step
I11). The captured cells were finally identified and enumerated (Figure 1, Step V) and the
results were compared to the standard CellSearch™ system.
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Microfluidics-enabled flow and continuous synthesis of hierarchical microflower materials
with unique multilayered structures was realized by a five-run spiral-shaped microreactor
with two inlets and one outlet (Figures S1 and 2A). The spiral-shaped microchannel was
chosen mainly because of its relatively rapid and intensive mixing performance for the
chemical reagents.2%-3! The smallest diameter of microchannel is 5.25 mm and then it
gradually increases from 11.0 mm to 22.2 mm with an increment of 1.4 mm for each half
run. The height and the width of the microchannel are 50 and 500 um, respectively. The two
inlet flows, one containing tetraethyl orthosilicate (TEOS, 0.34 M in ethanol) and
hexadecylamine (HDA, 0.02 M in ethanol) and the other having polyvinylpyrrolidone (PVP,
0.02 M in water) and magnetic nanoparticles (MNPs, 2 mg/mL in water), were pumped
(Pump 33 DDS, Harvard Apparatus) into the microreactor at room temperature and the
microflower product was collected at the outlet (Figure 2A).

Owing to their unique properties, microreactors provide great promises to synthesize
chemicals in an efficient, reproducible, and scalable manner. To demonstrate this, we first
examined the capacity of such spiral-shaped microreactor for producing silica microflower
when the flow rates of TEOS/HDA and PVP inlet solutions were both 4 mL/min. A
complete mixing of reaction fluids within about one circle of the spiral was revealed by
COMSOL analysis (Figure 2B, see simulation details in SI), and the product can be obtained
within 94 milliseconds (see calculation details in SI), showing the ultrafast reaction kinetics
inside the microchannels. As shown in Figures 2C-F, well-defined silica microflower with
unique multilayered structures having an average size of ~2 um was obtained in a large
scale, the production can achieve nearly 5 grams per hour with over 95% yield. Such three-
dimensional hierarchical microflower structures were further clearly revealed by the
transmission scanning microscopy (TEM, Figure 2G), and there are no obvious batch-to-
batch differences because of the automatic operations in confined microchannels. These
results demonstrated that, compared with conventional batch reactors, microfluidic reactors
provide significant advantages for accelerating and scaling-up the production of micro-/
nanostructures. In addition, we investigated the roles of HDA and PVP in the formation of
silica microflower. There were no obvious materials formed in the absence of HDA, while
some irregular and aggregated materials with typical folds were obtained without the
addition of PVP (Figure S2), revealing the roles of HDA and PV/P as structural-directing
agent and structural-stabilizing agent, respectively. However, if further increasing the flow
rate to 6 mL/min, a mixture of microflower and spherical structures was yielded (Figure S3).
To fabricate the silica-magnetic microflower (SMMF), FeCo MNPs with an average size of
~15 nm and saturation magnetism value of ~74 emu/g were synthesized (Figures S4 and
S5)32:33 and then added into the inlet flow of PVP while keeping the other inlet flow the
same (4 mL/min). It was found that hierarchical microflower structures can still be obtained
with MNPs relatively evenly distributed inside the silica matrix (Figure 2H), which was
further confirmed by energy dispersive X-ray spectroscopy (EDS) element mapping analysis
(Figures 2la-e). The saturation magnetism value of the resulting magnetic microflower was
measured to be ~13 emu/g (Figure S6) and SMMF can be easily separated using an external
magnet (Figure S7).

Due to its unique hierarchical multilayers, SMMF is expected to significantly increase the
bioaccessibility toward cancer cells and thus enhance the circulating tumor cells screening
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efficiency. To demonstrate this, we first functionalized the SMMF particle surface with
FITC-conjugated Anti-EpCAM (SMMF-EpCAM, see details in SI),343% which is commonly
used in current immunomagnetic assays including the standard CellSearch™. The FITC
conjugates of antibody help not only on confirming the successful functionalization (Figure
S8), but also on tracking the particle locations fluorescently after in contact with cancer
cells. As comparison, two different kinds of human breast cancer cell lines (MCF-7 and
MDA-MB-231) were used, where MCF-7 cell and MDA-MB-231 cell are EpCAMPOS and
EpCAM!oWneg respectively.36 Cytotoxicity assay with a CCK-8 kit revealed that SMMF-
EpCAM has good biocompatibility even when the particle concentration was up to 250
ug/mL (Figure S9). We then investigated the effect of treatment time and concentration of
SMMF-EpCAM on the cellular binding performance using flow cytometry (Figures 3A-B),
fluorescent microscopy (Figure 3C), and SEM (Figure 3D). Flow cytometry and fluorescent
microscopy can quantitatively and qualitatively measure the fluorescent intensity of cells,
respectively, while SEM could provide direct information of the interactions between
particles and cells. As shown in Figure 3A, flow cytometry results demonstrated that both
MCF-7 and MDA-MB-231 cells exhibit fast binding kinetics within the first 30 min and
nearly continuous incremental binding behaviour in the following several hours. It is noted
that, as expected, MCF-7 cells have an obvious higher binding activity of SMMF-EpCAM
than MDA-MB-231 cells, which was further confirmed by the fluorescent microscopy
results (Figure 3C). In addition, flow cytometry results revealed that the cellular binding
amount of SMMF-EpCAM by MCF-7 and MDA-MB-231 cells was not only cell type-
dependent but also increased with increasing particle concentrations (Figure 3B). We also
used SEM to directly investigate the detailed interactions of particles with cells. As shown in
Figure 3D, at a particle concentration of 25 ug/mL, there were very few microflowers on the
cell surfaces. When increasing the particle concentration to 100 ug/mL and above, a large
numbers of microflowers were obviously observed on the cell surfaces, especially for
MCEF-7 cells. These results demonstrated that such unique microflower structure interacts
with cancer cells in a fast and efficient manner, which may improve the screening
performance when applying them into liquid biopsy.

Owing to the enhanced bioaccessibility from hierarchical multilayered structure, such
microflower may show great performance in the screening of CTCs. To demonstrate this, we
examined the capture and enrichment efficiency of SMMF-EpCAM in tumor cells-spiked
whole blood samples through our developed microfluidic screening system (CellRich™,
Figure $10).37-40 As demonstrated, the combination of microfluidics and immunoassays
affords a promising platform for sensitive, high throughput, low sample consumption, and
automatic point-of-care diagnosis.}24! The design parameters and working principle of our
microchip are shown in Figures 4A-B. A special polydimethylsiloxane (PDMS) cartridge is
bound to a standard glass slide forming a hexagonal microchamber. Three permanent
magnets are placed outside the PDMS cartridge with alternate polarities, and the blood
samples are introduced into the microchannel by an external syringe pump. When blood
samples flow through the microchannel, immunomagnetic particles-bound cancer cells can
be magnetically captured and deposited onto the glass slide surface, while the normal
hematocytes flow out of the microchannel. After the screening process, the captured cells
fixed on the glass slide surface can be immunofluorescently stained for identification,
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enumeration, and further analysis. Here, we chose to spike relatively rare number of MCF-7
and MDA-MB-231 cells (~50 cells) into healthy (non-cancerous) human whole blood to
examine the screening capacity of SMMF-EpCAM during the early stage of cancer (see
details in Sl). Capture rate is defined as the ratio of captured cancer cell numbers from the
screening blood samples to the average cell numbers counted on three control glass slides
that are prepared from the same cell suspension as the blood samples spiked. The captured
cancer cells on the glass slide can be easily identified by the morphology or the typical green
fluorescent signal from SMMF-EpCAM under a microscope. To avoid the possible
interference of dust and white blood cells, we further used Hoechst 33342 (blue-fluorescent
DNA probe) and Anti-Pan Cytokeratin eFluor® 615 (red-fluorescent cytokeratin probe) to
immunofluorescently stain the experimental slides. With these treatment, cancer cells exhibit
recognizable blue, red, and green color (Figure 4C), we thus can accurately distinguish the
cancer cells and calculate the capture rates. The results in figure 4D show that SMMF-
EpCAM has greatly enhanced the capture rates (>85%) of MCF-7 cells at the screening flow
rates of 2.5 mL/h and 5 mL/h, whereas, the capture rates of SMMF-BSA and Veridex
Ferrofluid (EpCAM-conjugated from CellSearch™, Figure S11) were relatively low (~40-
50%). In addition, SMMF-EpCAM and SMMF-BSA have similar capture rates of MDA-
MB-231 cells (~30-40%) at the screening flow rates of 2.5 mL/h and 5 mL/h, and still
greatly higher than that of Veridex Ferrofluid (<15 %). We further used SEM to observe the
interactions between the captured cancer cells and the immunomagnetic particles. Due to its
unique multilayered structure, SMMF-EpCAM can be easily identified under SEM,
providing a convenient way to track the cancer cells. As shown in figures 4E-F, MCF-7 cells
could bind more numbers of SMMF-EpCAM than MDA-MB-231 cells. Compared with
SMMF-BSA and Veridex Ferrofluid, SMMF-EpCAM exhibited obviously larger binding
amount of the captured cancer cells, especially MCF-7 cells (Figure S12). These results are
in good agreement with the observations of microflower-cell interaction from figure 3 and
clearly demonstrated their capture rate difference from figure 4D, showing the promising
performance of such hierarchical multilayered microflower structure in CTCs screening.

Conclusions

In summary, we first developed a microfluidics-based flow and continuous strategy for
accelerating and scaling-up the production of hierarchical microflower with unique
multilayered structure and employed it as a promising immunomagnetic probe for
circulating tumor cells screening through our developed microfluidic chip. Using the
miniaturized spiral-shaped microreactor, the microflower material could be produced within
94 ms at a reagent flow rate of 4 mL/min and the production yield achieved nearly 5 grams
per hour. Relying on its enhanced bioaccessibility from the multilayered structure, SMMF-
EpCAM showed relatively fast cellular binding kinetics during the first 30 min, and the
cellular binding amount was particle concentration-dependent. Through our screening
microchip, it was found that SMMF-EpCAM exhibited greatly higher capture rates than
SMMF-BSA and Veridex Ferrofluid towards tumor cells (especially MCF-7 cells)-spiked
whole blood samples at different screening flow rates. These findings bring new insights not
only for the sustainable and controllable synthesis of functional micro-/nanomaterials, but
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also for the rational design of particulate systems in diverse fields, such as separation and
purification, catalysis, liquid biopsy, and biosensor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic workflow showing the step-by-step process of microfluidics-enabled synthesis of

SMMF toward CTCs screening.
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Figure 2.
Microfluidic synthesis and characterization of SMMF. (A) The photograph showing the

microfluidic device used in this study, with a U.S. five cent coin for scale. (B) Simulation
results demonstrating mixing at a flow rate of 4mL/min in microfluidic spiral channel, where
two flows having different concentrations achieve complete mixing within about one run
(see details in SI). (C-F) SEM image of hierarchical silica microflower at different
magnifications. (G) and (H) showing TEM images of the as-synthesized silica microflower
and FeCo-doped silica-magnetic microflower, respectively. (1) SEM image of SMMF (a) and
the corresponding EDS elemental mapping analysis showing the presence of O (b), Si (c), Fe
(d), and Co (e).
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Figure 3.
Interactions of SMMF-EpCAM with MCF-7 and MDA-MB-231 cells. (A) Cellular binding

kinetics of SMMF-EpCAM at a particle concentration of 100 pg/mL with MCF-7 and
MDA-MB-231 cells over 300 min. (B) Cellular binding efficiency of SMMF-EpCAM at
different particle concentrations for 30 min. (C) Bright-field and fluorescent microscopic
images of cells exposed to SMMF-EpCAM (100 pg/mL) for 30 min. Scale bar = 20 ym. (D)
SEM images of cells after treated with SMMF-EpCAM for 30 min. Scale bar =5 um.
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Figure 4.

Microfluidic screening of tumor cells with hierarchical microflower material. (A) Schematic
image of our developed microchip for CTCs screening. (B) The cross-section of microchip
for showing the working principle in this study. (C) Representative images of captured
MCEF-7 cell and MDA-MB-231 cell using SMMF-EpCAM. Scale bar = 20 ym. (D)
Screening efficiency comparison of SMMF-EpCAM, SMMF-BSA, and Veridex Ferrofluid
(from CellSearch™, see details in Sl) at different screening flow rates for the tumor cells
spiked in whole blood samples. (E) and (F) are the representative SEM images of SMMF-
EpCAM-captured MCF-7 cell and MDA-MB-231 cell, respectively. Scale bar =5 um.

Biomater Sci. Author manuscript; available in PMC 2019 November 20.



	Abstract
	Graphical Abstract
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

