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Abstract: Circulating tumor cells (CTCs) are important clinical markers for both cancer early diagnosis
and prognosis. Various techniques have been developed in the past decade to isolate and quantify
these cells from the blood while microfluidic technology attracts significant attention due to better
controlled microenvironment. When combined with advanced nanotechnologies, CTC isolation
performance in microfluidic devices can be further improved. In this article, by extending the
wavy-herringbone concept developed earlier in our team, we prepared a hierarchical microfluidic
chip by introducing a uniform coating of nanoparticles with anti-epithelial cell adhesion molecule
(EpCAM) on wavy microgrooves. This hierarchical structured platform not only maintains the capture
purity of the wavy-herringbone structure but improves the capture efficiency thanks to the larger
surface area to volume ratio brought by nanoparticles. Our results demonstrated a capture efficiency
of almost 100% at a low shear rate of 60/s. Even at a higher shear rate of 400/s, the hierarchical
micro/nanostructures demonstrated an enhancement of up to ~3-fold for capture efficiency (i.e.,
70%) and ~1.5-fold for capture purity (i.e., 68%), compared to wavy-herringbone structures without
nanoparticle coating. With these promising results, this hierarchical structured platform represents a
technological advancement for CTC isolation and cancer care.
Keywords: microfluidics; nanoparticles; circulating tumor cell (CTC) isolation

1. Introduction
Tumors are among the leading causes of deaths across the world. Tumor detection, especially
in the early stage, is of great interest to both researchers and clinicians. Conventional imaging
techniques such as MRI may be used for initial confirmation of cancer occurrence while malignancy
still requires an invasive biopsy [1]. However, the discomfort and risk of infection brought by most
invasive biopsies lay a hurdle for general acceptance. Liquid biopsy is appealing for cancer diagnosis
due to its non-invasiveness and easy sampling procedure. Several cancer biomarkers have been
identified [2–5], among which circulating tumor cells (CTCs) have attracted a lot of attention recently.
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CTCs are originated from primary tumors and circulating in the blood vessel during metastasis.
Recent studies have revealed that the number of CTCs can be used for early cancer detection [6]
and cancer prognosis [7,8]. However, detecting CTCs is inherently challenging due to the cell rarity,
i.e., 1-100 CTCs per 1 mL blood versus billions of normal blood cells. Various techniques have
been developed to overcome the challenge, taking advantage of unique physical properties (e.g.,
size [9,10], dielectricity [11,12], and deformability [13,14]) and surface biochemistry [15–17] of CTCs.
Immunoaffinity separation uses specific antibody-antigen interactions to either capture CTCs (positive
isolation [15,16]) or depletes [18,19] white blood cells (WBCs, negative isolation). Although promising
results with high capture efficiencies have been achieved in various platforms [15,16,20,21], the capture
purity or specificity remains to be improved.
The advancement of micro- and nanofabrication techniques enables the design of new smart
structures to enhance the performance of CTC microfluidic chips. A hallmark microfluidic device with
grooved herringbone (HB) structures [22] was shown to isolate CTCs with a capture efficiency up to
93% and a purity of 14% by stretching the HB structures and disturbing the flow streamlines to increase
cell-surface interactions. Various derivatives of the HB chip [20,23,24] were developed subsequently,
for example, by incorporation of nanostructures, including nanopillars [25] and nanovelcro [26], into
microfluidics to increase the overall surface area and enhance the cell-surface interactions. These
hierarchical structures presented a better capture efficiency and their clinical utilities were demonstrated
on patients of various cancer phenotypes [26–28]. However, one main limitation of the grooved-HB
chip is non-uniform shear stress distribution in the channel, thus trapping WBCs in regions with
extremely low shear stress and sacrifices the purity. To overcome this limitation, we have recently
developed a wavy-HB chip where the smooth groove edges eliminate regions with extremely low shear
stress. The wavy-HB chips showed a capture efficiency up to 85% and a purity up to 39.4% [24,29].
Leveraging our success with the wavy-HB chips and knowledge that nanostructures with a
diameter of 100 nm enhance CTC capture [30], here we combined the two features by coating the
wavy-HB microstructure with nanoparticles (NPs) in this study. This hierarchical structure reflects
advantages from both microscale and nanoscale: by constructing the wavy-HB microstructures, the
chip preserves a high purity by eliminating the extremely low-shear regions (demonstrated in an
earlier study [31]), by integrating NPs, the chip presents a high capture efficiency due to both HB
induced vortex effect and NP induced enhanced cell-surface interactions. As follows, the fabrication
steps to integrate the wavy-HB microstructures and NPs were described, followed by scanning
electron microscopy (SEM) characterization. The working mechanism of the microfluidic chip was first
proposed. Finally, the tumor cell capture tests were performed and the results were compared with
other designs reported in literature.
2. Method and Materials
2.1. Fabrication and Surface Functionalization of the Hierarchical CTC Chip
The hierarchical microfluidic chip was fabricated in two steps, as shown in Figure 1. First, a
polydimethylsiloxane (PDMS) slab with micron sized wavy-HB structures was made by using the
reflow process reported earlier [25]. Briefly, an SU8 master with sharp grooved-HB was first fabricated
by photolithography, followed by replication to a PDMS mold. A second SU8 pattern was then
replicated through capillary force lithography by pressing the PDMS mold on an uncured photoresist
layer at 95 ◦ C. After cooling down to room temperature and removing the PDMS mold, the sharp
grooved-HB structures were melted into wavy-HB structures by baking at 55 ◦ C. The wavy-HB SU8
master was then treated with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS, Alfa Aesar, Ward
Hill, MA, USA) and used for PDMS replication. APDMS cover layer was made through the traditional
soft lithography method, followed by punching the inlet and outlet holes.

water to remove the excess PAH, negatively charged silica NPs with a diameter of 100 nm
(nanoComposix, San Diego, CA, USA) were deposited by immersing the PDMS slab in 1% NP
ethanol solution for 5 s. To control the deposition consistency for each deposition, an automated
manipulator was used to fix the pulling velocity at 5 mm/min [33]. The deposited PDMS slab was
dried overnight under an enclosed environment of ethanol to reduce particle clumping due to
evaporation
[34–35].
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electron microscopy (SEM). Lastly, the hierarchical PDMS slab was assembled with the PDMS cover
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2.2. Preparation of Cell Samplesand Cell Capture
In this study, blood spiked with HCT-116 cells were used to model CTC captured from patients
with colon cancer. Cells were cultured following a standard protocol by routinely feeding the cells with
a medium comprised of Dulbecco’s Modified Eagle’s Medium, 1% penicillin/streptomycin antibiotics,
and 10% fetal bovine serum. Upon 70–80% confluency, cells were trypsinized and diluted to 103 –105 /mL
in either a phosphate buffered saline (PBS) buffer solution containing 4 mg/mL alginate or healthy
whole blood purchased from Innovative Research.
The cell suspension was injected into microfluidic chips at prescribed flow rates ranging from
580 µL/hr to 3600 µL/hr, which covers the range commonly used in the literature [16,36]. A PBS buffer
solution was injected right after cell capture to remove all suspended cells, followed by a fixation
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process using 4% paraformaldehyde. To identify the captured cells, cells were treated with 0.2% Triton
X-100 and stained with a cocktail solution of 40 ,6-diamidino-2-phenylindole (DAPI), anti-cytokeratin
fluorescein isothiocyanate (FITC) and CD45 PE. Cells that were DPAI positive, cytokeratin positive
and
CD45 negative
Micromachines
2019, 10, x were identified as tumor cells, while the ones that were DAPI positive,
4 ofcytokeratin
10
negative and CD45 positive were treated as WBCs. Meanwhile, only cells with morphology integrity
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(EthD-1) was used to perform a LIVE/DEAD assay. Cells were treated as viable if they were calcein-AM
To identify cell viability, a cocktail solution containing calcein-AM and ethidium homodimer
positive and EthD-1 negative, while all others were treated as dead.
(EthD-1) was used to perform a LIVE/DEAD assay. Cells were treated as viable if they were
calcein-AM positive and EthD-1 negative, while all others were treated as dead.
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3. Results and Discussions
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3.3. Cancer Cell Capture
3.3. Cancer Cell Capture
To evaluate the device performance, HCT-116 cancer cells were spiked into both PBS buffer
To evaluate the device performance, HCT-116 cancer cells were spiked into both PBS buffer and
and healthy whole blood. After cell capture, a standard fluorescent staining protocol was used
healthy whole blood. After cell capture, a standard fluorescent staining protocol was used to
to differentiate captured cancer cells and WBCs, which were then counted to calculate the capture
differentiate captured cancer cells and WBCs, which were then counted to calculate the capture
efficiency and purity. Typical fluorescent images of captured cancer cells and WBCs are shown in
efficiency and purity. Typical fluorescent images of captured cancer cells and WBCs are shown in
Figure 4a,b. Furthermore, it was noticed that the hierarchical wavy-HB chip could capture both single
Figure 4a,b. Furthermore, it was noticed that the hierarchical wavy-HB chip could capture both
cancer cells and cell clusters, which were shown to better correlate to cancer prognostics [8].
single cancer cells and cell clusters, which were shown to better correlate to cancer prognostics [8].
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