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 ABSTRACT 

Nanomaterials show promising opportunities to address clinical problems (such

as insufficient capture of circulating tumor cells; CTCs) via the high surface

area-to-volume ratio and high affinity for biological cells. However, how to

apply these nanomaterials as a nano-bio interface in a microfluidic device for 

efficient CTC capture with high specificity remains a challenge. In the present 

work, we first found that a titanium dioxide (TiO2) nanorod array that can be 

conveniently prepared on multiple kinds of substrates has high affinity for

tumor cells. Then, the TiO2 nanorod array was vertically grown on the surface 

of a microchannel with hexagonally patterned Si micropillars via a hydrothermal

reaction, forming a new kind of a micro-nano 3D hierarchically structured 

microfluidic device. The vertically grown TiO2 nanorod array was used as a 

sensitive nano-bio interface of this 3D hierarchically structured microfluidic

device, which showed high efficiency of CTC capture (76.7% ± 7.1%) in an

artificial whole-blood sample. 

 
 

1 Introduction 

Tumor metastasis represents the most dangerous 

characteristic of cancer and causes 90% of cancer-related 

deaths [1, 2]. Metastasis in the body represents the 

dissemination of circulating tumor cells (CTCs) that 

are shed by the primary tumor site, circulate in the 

bloodstream, and move to secondary loci ultimately 

developing into metastases [3, 4]. CTCs were found 

even at the early stage of tumor development [5]. 

Because CTCs carry important information about the 

primary tumor, capture and identification of CTCs 

will provide an effective and noninvasive method for 

early cancer diagnosis and treatment. Nonetheless, 
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effective CTC capture is still a great challenge because 

of the extremely low abundance of CTCs in the 

bloodstream.  

Various technologies and devices, such as the 

immunomagnetic separation technology [6–9], flow 

cytometry [10], filter-based approaches [11, 12], and 

microfluidic devices [13–17], have been developed in 

the past decades for CTC capture and identification. 

The CellSearch system, which involves immunomagnetic 

beads conjugated with capture agents (such as an 

antibody against the tumor cell marker epithelial  

cell adhesion molecule [anti-EpCAM antibody]) for 

isolating CTCs, has been used in the clinic and is still 

the only method approved by the US Food and Drug 

Administration (FDA) for CTC detection in metastatic 

breast cancer [6, 7]. A microfluidic device has better 

sensitivity and efficiency of capture of CTCs because 

of its enhanced cell-substrate contact frequency and 

adjustable features [15, 18–20]. Another advantage of 

a microfluidic device is its low cost and low sample 

usage in established techniques [18]. Thus, a microfluidic 

device is considered one of the most promising methods 

for clinical capture of CTCs. However, considering the 

rarity of CTCs, the sensitivity and capture efficiency still 

need to be optimized for a microfluidic device [21]. 

Nanomaterials hold promise for addressing the 

problems of insufficient capture efficiency and low 

specificity via their high surface area-to-volume ratio 

and high affinity for biological cells [15, 21–23]. As a 

matter of fact, cells may encounter various nanoscale 

and microscale features displayed by cellular surface 

components and the extracellular matrix in vivo [24]. 

Some reports have shown that nanostructures at the 

cell–substrate interface play important roles in cellular 

attachment, migration, elongation, and differentiation 

[25–27]. Attempts to use surface nanostructures of 

carbon nanotubes [28], graphene oxide [29–33], Si 

nanowires [34], TiO2 nanofibers [35], soft polystyrene 

nanotubes [36], chitosan nanofibers [37, 38], and 

magnetic nanoparticles [28, 39] have yielded exciting 

results on sensitive and effective capture of CTCs as 

compared to traditional methods. Among these new 

approaches, TiO2 nanomaterials have received more 

attention because of their good biocompatibility, high 

affinity for cells, and easy fabrication with diverse 

morphologies [35, 40–43]. For example, Zhang et al. 

demonstrated that electrospun TiO2 nanofiber has 

good affinity for CTCs, and a TiO2 nanofiber-coated 

substrate has high capture efficiency as compared to 

that without TiO2 nanofiber [35]. Meng et al. developed 

a photoresponsive self-cleaning TiO2 nanosisal-like 

surface coating for CTC capture [40]. Given the advan-

tages of microfluidics and nanostructural interfaces, 

we can hypothesize that the use of nanomaterials as 

a cell–device interface in a microfluidic device can 

combine the advantages of a microfluidic device and 

nanomaterials. 

In our previous study, we found that a rutile TiO2 

nanorod array can be easily grown on various 

substrates by a hydrothermal method and that it 

facilitates the adhesion and prolonged culture of 

mesenchymal stem cells (MSCs) [44]. Considering 

the good biocompatibility, high cell affinity, and the 

large surface area for antibody modification of a 

TiO2 nanorod array, herein, we used the surface of a 

TiO2 nanorod array to improve the affinity, capture, 

identification, and prolonged culture of CTCs. 

Furthermore, a TiO2 nanorod array was applied as a 

nano-bio interface of a micro-nano 3D hierarchically 

structured microfluidic device with hexagonally 

patterned Si pillars in channels. This newly designed 

micro-nano 3D hierarchically structured microfluidic 

device possesses high efficiency of capture of CTCs and 

thus represents a new technique for CTC-based cancer 

diagnosis with high sensitivity and reliability. 

2 Results and discussion 

The TiO2 nanorod array was synthesized on a Si 

substrate after vacuum sputtering of a TiO2 seed layer, 

followed by hydrothermal growth of a TiO2 nanorod 

(Fig. 1(a)). The nanorod array vertically grown on the 

Si substrate (Fig. 1(b)) was examined from the top 

view and cross-sectional view by scanning electron 

microscopy (SEM) (Fig. 1(c)). The individual TiO2 

nanorods were approximately 1.5 μm in length and 

80 nm in diameter (Fig. 1(c)). The density of TiO2 

nanorods was calculated (~35 rods per μm2) by counting 

the nanorods in an SEM image. The growth direction 

of TiO2 nanorods was along [001], as depicted in the 

high-resolution transmission electron microscopy 

(TEM) images in Fig. 1(d). The high surface area-to- 
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volume ratio of the vertically grown TiO2 nanorod 

array should provide more antibody modification 

sites for specific cell attachment as compared with  

a smooth Si substrate. 

The TiO2 nanorod array was functionalized with a 

tumor cell-specific (anti-EpCAM) antibody for tumor 

cell recognition and capture (Fig. 2(a)). To be precise, 

after 3-mercaptopropyl trimethoxysilane (MPTMS) 

modification, a layer of streptavidin (SA) was applied 

to the TiO2 nanorod array by means of a coupling agent, 

N-maleimidobutyryloxy succinimide ester (GMBS), 

which reacted with a –SH group of MPTMS and an 

–NH2 group of SA. Then, the biotinylated anti-EpCAM 

antibody was freshly conjugated with the streptavidin- 

coated substrates for specific CTC capture. To evaluate 

the cell capture performance of the TiO2 nanorod array 

compared to the Si substrate, a human breast cancer 

cell line (MCF-7) with strong expression of EpCAM 

was used as target cells. The cells were added into a 

serum-free culture medium to a final concentration of 

105 per mL and flowed through the substrate (1 cm × 

1 cm) in a circulation chamber by the action of a 

microinjection pump at a flow rate of 1 mL·h–1 for  

1 h (Fig. S1 in the Electronic Supplementary Material 

(ESM)). The cytoskeleton and nuclei of the captured 

cells were stained green and blue, respectively, by 

fluorescein isothiocyanate conjugated phalloidin 

(FITC-phalloidin) and 4,6-diamidino-2-phenylindole 

(DAPI), respectively. As shown in Fig. 2(b), the 

biotinylated anti-EpCAM antibody-modified substrate 

with a TiO2 nanorod array captured much more target 

cells, whereas the Si substrate with or without 

modification by the biotinylated anti-EpCAM antibody 

captured few cells. Even without the modification 

by the anti-EpCAM antibody, the TiO2 nanorod array 

showed greater cell capture ability than the anti- 

EpCAM antibody-modified Si substrate. Moreover, 

target cells captured on the TiO2 nanorod array 

appeared spread and had more pseudopodia attached 

to the nanorods, whereas the cells captured by the  

Si substrate showed spherical morphology with  

few extended pseudopodia (Fig. 2(c)). These results 

suggested that the TiO2 nanorod array improved the 

contact and adhesion ability of the cells toward the 

substrates, as a result of the strong cell–TiO2 nanorod 

array affinity and interaction. To further evaluate the 

selective ability of the TiO2 nanorod array to capture 

target cells, a nonspecific cell line (HeLa cells) with 

low EpCAM expression was also flowed through the 

TiO2 nanorod array under the same conditions. The 

results indicated that only a few HeLa cells were 

captured by the TiO2 nanorod array as compared   

to MCF-7 cells; this finding is suggestive of good 

specificity for target cells (Fig. 2(d)). 

Then, the TiO2 nanorod array was assembled in a 

microfluidic device as a nanostructure cell–device 

 

Figure 1 A TiO2 nanorod array on a Si substrate. (a) A scheme showing the synthesis of a TiO2 nanorod array on a Si substrate. (b) An
SEM image of the Si substrate. (c) SEM images showing the top view and side view of the TiO2 nanorod array on Si. (d) A TEM image 
of a single TiO2 nanorod and high-resolution TEM images of the selected area (inset). 



 

 | www.editorialmanager.com/nare/default.asp 

4 Nano Res.

interface for improvement of CTC capture. The 

microfluidic device was composed of a 40 mm × 20 mm 

Si substrate, on which there was a microfluidic channel 

of 70 mm in length, 4 mm in width, and 115 μm in 

height (Fig. 3(a)). To improve the cell–device contact 

frequency, 2.8 × 105 hexagonally patterned Si micro-

pillars were constructed in the microfluidic channel 

(Fig. 3(a)). The whole surface of the microfluidic 

channel, including the side wall of the Si pillars and 

the bottom of the channel, was coated with a layer  

of a vertically grown TiO2 nanorod array, forming a 

micro-nano 3D hierarchical structure. As shown in 

Fig. 3(b), the silicon substrates were first coated with 

a layer of a photoresist, which had patterned pitch 

prepared by photolithography (PL), and the micro-

channel with Si micropillars was constructed after a 

plasma etching process. After removal of the photoresist 

with acetone, the substrate was vacuum-spurred with 

a layer of a TiO2 seed, and the TiO2 nanorod array was 

hydrothermally grown on it. Next, the micro-nano 

3D hierarchically structured microfluidic device was 

constructed after the substrate was encapsulated by 

 

Figure 2 The planar surface of a TiO2 nanorod array for capture of MCF-7 cells. (a) A scheme showing the modification of the TiO2

nanorod array with an antibody for tumor cell capture. (b) The capture ability of a Si substrate and TiO2 nanorod array (toward MCF-7 
cells) with or without EpCAM modification. The cytoskeleton and nuclei were stained green and blue, respectively. (c) SEM images of
target cells captured by the Si substrate with and without the TiO2 nanorod array. (d) Selective affinity of the TiO2 nanorod array for 
MCF-7 cells (high EpCAM expression) and HeLa cells (low EpCAM expression). The cytoskeleton and nuclei were stained green and
blue, respectively. 
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polydimethylsiloxane (PDMS) with two holes as the 

entrance and the exit, forming a microfluidic device. 

The device was functionalized with the anti-EpCAM 

antibody by sequential flowing of MPTMS, GMBS, 

streptavidin, and the biotinylated anti-EpCAM antibody. 

As shown in Fig. 3(c), the hexagonally patterned Si 

micropillars in the resulting microchannel had a 

dimeter of ~50 μm, and the distance between Si pillars 

was also ~50 μm. The height of the channel and Si 

pillars was ~115 m (Fig. S2 in the ESM). After the 

hydrothermal reaction, a layer of a TiO2 nanorod array 

was vertically grown on all the side walls of the Si pillars 

(Fig. 3(d) and Fig. S3 in the ESM), whose diameter, 

height, and interspacing were similar to those of the 

TiO2 nanorod array grown on the plain Si substrate. 

After the modification with the anti-EpCAM antibody, 

we flowed 1 mL of an MCF-7 cell suspension (10,000 

per mL) through the microfluidic device at a flow 

rate of 0.5 mL·h–1 at 37 °C (Fig. S4 in the ESM). As 

shown in confocal laser scanning microscopy (CLSM) 

 

Figure 3 The TiO2 nanorod array as a cell–substrate interface in a microfluidic device for improved tumor cell capture. (a) A scheme 
of the microfluidic device for tumor cell capture. (b) A scheme showing the preparation of a TiO2 nanorod array-modified microfluidic 
device. (c) SEM images (top and side view) of hexagonally patterned Si pillars in the microfluidic device. (d) SEM images of TiO2

nanorod array-modified Si pillars. (e) The capture ability of the microfluidic device toward MCF-7 cells with or without the TiO2

nanorod array modification. (f) SEM images of target cells captured by the TiO2 nanorod array-modified Si pillars. (g) Capture 
efficiency of the microfluidic device toward MCF-7 cells with or without the TiO2 nanorod array modification (n = 3). 
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images (Fig. 3(e)), the microfluidic device with the 

TiO2 nanorod array as a nano-bio interface captured 

more target cells, whereas the microfluidic device 

without the TiO2 nanorod array captured fewer cells. 

Moreover, after flowing through the micro-nano   

3D hierarchically structured microfluidic device,  

the cells adhered tightly to the surface of the TiO2 

nanorod array grown on the side wall of the Si pillars 

(Fig. 3(f)). Additionally, most target cells captured 

by the microfluidic device without the TiO2 nanorod 

array were located at the bottom of the microfluidic 

channel, whereas target cells captured by the 

microfluidic device with the surface layer of the 

TiO2 nanorod array were distributed not only on the 

bottom of the channel but also on the side wall of  

the Si micropillars (Fig. S5 in the ESM). Four cell 

concentrations were used for evaluating the capture 

efficiency of the micro-nano 3D hierarchically struc-

tured microfluidic device. The capture yield of the 

microfluidic device was calculated by counting of 

the fluorescently labeled target cells under CLSM. As 

shown in Fig. 3(g), after flowing of cell suspensions 

of different concentrations, the capture yield of the 

microfluidic device with the surface layer of the TiO2 

nanorod array was calculated and found to be 80.0% ± 

10.0%, 76.3% ± 9.5%, 70.3% ± 15.0%, and 74.9% ± 8.5% 

(n = 3) at tumor cell density 10, 100, 1,000, and 10,000, 

respectively. These data were apparently better than 

the capture yield of the microfluidic device without 

the TiO2 nanorod array (46.7% ± 5.8%, 43.3% ± 16.3%, 

44.0% ± 8.9%, and 44.6% ± 10.9% (n = 3) at the cell 

density of 10, 100, 1,000, and 10,000, respectively). 

These results revealed that the TiO2 nanorod array 

containing the immobilized anti-EpCAM antibody 

was sufficiently sensitive for the capture of tumor cells. 

As a bio-nano interface of the microfluidic device, the 

TiO2 nanorod array improved the ability to capture 

tumor cells significantly and effectively. 

To demonstrate the potential clinical applications 

of the micro-nano 3D hierarchically structured 

microfluidic device, artificial whole-blood samples 

containing CTCs were prepared to evaluate the CTC 

capture ability of the microfluidic device containing 

the TiO2 nanorod array (Fig. 4(a)). Artificial CTC 

blood samples were prepared by spiking normal 

human blood with MCF-7 cells at cell density ~10, 50, 

or 100 cells·mL−1. After we flowed the blood samples 

through the TiO2 nanorod array-modified microfluidic 

device, the captured cells were stained with an Alexa 

Fluor 488-conjugated anti-CD45 antibody (CD45 is a 

marker of white blood cells; WBCs), an Alexa Fluor 

647-conjugated anticytokeratin antibody (cytokeratin 

is a protein marker of epithelial cells), and with DAPI 

(nuclear staining) to identify and count CTCs among 

nonspecifically captured WBCs. The latter were 

identified as DAPI- and CD45-positive, whereas CTCs 

were identified as positive for DAPI and cytokeratin 

but negative for CD45 (Fig. 4(b)). The CTC recovery 

rates from whole-blood samples were 76.7% ± 7.1%, 

69.3% ± 13.4%, and 68% ± 11.3% (n = 3) when the 

tumor cell density in whole blood was 10, 50, and 100 

per mL, respectively (Fig. 4(c)). After capture in the 

TiO2 nanorod array-modified microfluidic device, 

MCF-7 cells were cultured in the microchannel for  

7 days. The captured cells grew and proliferated well in 

the microchannel with the layer of the TiO2 nanorod 

array (Fig. 4(d)), suggesting that a TiO2 nanorod array 

can be used as a biocompatible cell–substrate interface 

for prolonged culture and proliferation of CTCs. For 

patients with very low abundance of CTCs in systemic 

circulation, the proliferation of CTCs directly after 

cell capture makes gene or protein analysis possible 

for cancer diagnosis (as a “liquid biopsy”) and for 

subsequent personalized treatment. 

3 Conclusions 

In the present work, we demonstrated that a vertically 

grown TiO2 nanorod array has high affinity for tumor 

cells and better efficiency of capture of tumor cells  

in comparison with a smooth Si substrate. Taking 

advantage of the facile preparation of a TiO2 nanorod 

array on the surface of various kinds of substrates, 

we constructed a novel micro-nano 3D hierarchically 

structured microfluidic device using the TiO2 nanorod 

array as a sensitive nano-bio interface for effective 

capture of CTCs. The micro-nano 3D hierarchically 

structured microfluidic device shows high efficiency 

of CTC capture (76.7% ± 7.1%) in artificial whole- 

blood samples. Although further work is needed to 

refine the conditions for clinical capture of CTCs, the 

potential practical applications such as isolation of 
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rare populations of cells, early diagnosis and long- 

term monitoring of cancer, and molecular biological 

analysis of captured rare cells are worth the effort. 
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