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Abstract 

Although nanopillars (NPs) provide a promising tool for capturing tumor cells, the effect of 

mixing NPs with other nanopatterns on cell behavior remains to be further studied. In this 

paper, a method of fabricating silicon nanoscale topographies by combining laser interference 

lithography (LIL) with metal assisted chemical etching (MACE) was introduced to 

investigate the behaviors and pseudopodia of A549 cells on the topologies. It was found that 

cells had a limited manner in spreading with small cell areas on the silicon nanopillar (SiNP) 

arrays, but a good manner in spreading with large cell areas on the silicon nanohole (SiNH) 

arrays. When on the hybrid SiNP/SiNH arrays, cells had medium cell areas and they arranged 

orderly along the boundaries of SiNPs and SiNHs, as well as 80% of cells displayed a 

preference for SiNPs over SiNHs. Furthermore, the lamellipodia and filopodia are dominant 

in the hybrid SiNP/SiNH and SiNP arrays, respectively, both of them are dominant in the 

SiNH arrays. In addition, the atomic force acoustic microscopy (AFAM) was also employed 

to detect the subsurface features of samples. The results suggest that the hybrid SiNP/SiNH 

arrays have a targeted trap and elongation effect on cells. The findings provide a promising 

method in designing hybrid nanostructures for efficient tumor cell traps, as well as regulating 

the cell behaviors and pseudopodia. 
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1. Introduction 

Circulating tumor cells (CTCs) are the general term for 

various types of tumor cells that shed from tumor lesions and 

then escape into the peripheral blood circulation [1]. These 

escaped tumor cells spread through the blood to different 

tissues of the body, causing tumor metastasis [2]. The capture 

and enrichment of tumor cells are of great significance for the 

early diagnosis and intervention of diseases, as well as the 

gene and protein analysis in the later stage. Nowadays, using 

topological structures to regulate cell behavior has become an 

important strategy for cell research in vitro [3-7]. Recently, 

nanostructures inspired by insect wings have been shown to 

be an effective physical strategy for cell capture, which kills 

cells by restricting cell activity and damaging cell membranes 

[8, 9]. Compared with conventional technologies, such as 
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microchips and biomarkers [10-12], the biomimetic 

nanostructures have the advantages of simple preparation and 

high capture efficiency. 

Great efforts have been made to investigate the capture of 

tumor cells from the aspects of preparation methods, substrate 

material selection and nano topography design. Some 

approaches for the fabrication of the bioinspired 

nanostructures have been carried out, such as 

electrodeposition [13], photolithography [14-16], reactive ion 

etching [17], and electron beam lithography [18]. However, 

these methods usually require harsh experimental conditions, 

complicated procedures, expensive equipment and even need 

to use harmful gases during the fabrication. For the selection 

of basement materials, silicon [19-21] and some soft materials 

with good biocompatibility and thermal stability [22-24], such 

as polylactic acid (PLA) [25], are preferred candidates. 

Currently, nanopillars have attracted great attention due to 

their high cell capture efficiency [26-28]. Compared with flat 

substrates, nanopillars provide a larger effective contact area 

for antibody-receptor binding, thus improving cell capture 

efficiency [1]. The isolation and capture of tumor cells were 

studied by adjusting the diameter, height and spacing of 

nanopillars. Moreover, other nanostructures, such as 

nanowires, nanotubes [29, 30], and functionalized surfaces, 

such as those modified with cancer cell capture agents [31], 

have also attracted attention in the field of tumor cells capture. 

However, the preferred nano topography for cell capture and 

specificity is still unclear. In view of the fact that the 

nanostructures used for the capture of tumor cells are 

generally a single type of nanostructures, and different 

nanostructures have different effects on cells. For instance, 

nanopillars facilitate cell capture but restrict cell spreading, 

while nanopores are beneficial to cell spreading but have 

relatively low cell capture efficiency. Therefore, the strategy 

of mixing nanopillars with other nanostructures is an attractive 

topic, and the efficiency of the hybrid nanostructures on cell 

capture is worthy of further study. Studying the mechanism of 

interaction between cells and nano topologies is necessary for 

designing optimal nanostructures for cell capture. 

The simple and convenient methods for fabricating 

nanostructures, as well as the mechanism of interaction 

between cells and nano topologies are both important in 

exploring how cells respond to the surrounding environment. 

In this study, we investigated the effect of nano topographies 

on cell behavior and pseudopodium by culturing A549 cells 

on SiNP arrays, SiNH arrays and hybrid SiNP/SiNH arrays. 

Specifically, the three nano-patterned structures were 

fabricated by combining LIL with MACE. After 24 hours 

incubation on the three nano topographies, the scanning 

electron microscopy (SEM) was applied to investigate cell 

behaviors. In addition, the atomic force acoustic microscopy 

(AFAM) was performed to detect the subsurface features. 

2. Methods  

2.1 Fabrication of hybrid Si nanostructures 

The hybrid Si nanostructures were fabricated by laser 

interference lithography (LIL) combined with metal-assisted 

etching (MACE) [32-34]. In brief, the polished P(100) silicon 

wafers were cut into 1 cm × 1 cm pieces, and then were 

ultrasonically degreased with acetone, ethanol and deionized 

water. The Ag film of 15 nm thick was coated on the cleaned 

silicon surface after they were treated with oxygen plasma for 

about 10 minutes. The laser interference system containing Nd: 

YAG laser (INNOLAS, 1064 nm wavelength, 8 ns pulse, and 

Gaussian beam) and two-beam interference system was used 

to obtain Ag nanopatterns with the period of 14 μm, and the 

single beam energy ranged from 40 mJ to 65 mJ. After these 

steps, the silicon wafers with Ag nanopatterns were immersed 

into etching solutions (HF and H2O2, 10% and 0.6% v/v, 

respectively) for 45 minutes. In order to avoid the influence of 

Ag particles on cell experiments, the corroded samples were 

then immersed in HNO3 with the concentration 65%~68% for 

30 minutes. In addition, all the nanopatterned substrates were 

soaked in deionized water overnight to remove the residual 

corrosive solution before cellular experiments. 

2.2 Cell culture 

A549 cells, belong to the human lung adenocarcinoma cell 

line, were used in our research. Before plating cells, the 

nanopatterned substrates and silicon substrates (control group) 

were sterilized under ultraviolet lamp for 1 hour, and then 

rinsed three times with the phosphate-buffered saline (PBS) 

solution. Cells were maintained in the RPMI-1640 medium 

supplemented with 1% penicillin-streptomycin (Solarbio) and 

10% fatal bovine serum (FBS) at 37°C, 5% CO2 humidified 

incubator.  

2.3 Atomic force microscopy (AFM) characterization of 

substrates 

An atomic force microscope (JPK, Nano Wizard 3, 

Germany) performed in the tapping mode was used for the 

measurement of the topography and surface roughness of the 

substrates. A rotated monolithic silicon Tap300Al-G probe 

(Budget Sensor, China) with the nominal spring constant of 40 

N/m and free resonance frequency of 300 kHz was used. The 

topographic images of substrates were captured at the drive 

frequency of 265.381 kHz and the reference point value of 0.5 

V.  

2.4 Cell fixation 

To characterize the morphology of A549 cells incubated on 

the hybrid SiNP/SiNH arrays by SEM (FEI: Quanta 250 FEG), 

cell fixing in advance was necessary. The cells with the 

density of 160 × 104 cells mL-1 were added to a 24 well-

plate with the substrates placed in the wells. After 24 hours 
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and 72 hours incubation, the cells were rinsed with PBS three 

times and then fixed in the 4% glutaraldehyde solution 

overnight (4°C), followed by again rinse with PBS. 

Afterwards, cells were dehydrated in ethanol at the 

concentrations of 50%, 70%, 80%, 90%, 95% and 100%, 

further dehydrated in tert-butanol overnight (-20°C) and 

finally dried in the vacuum oven. At last, a gold film of 5nm 

thick was deposited on the cells.  

2.5 Immunofluorescence  

After 24 hours of incubation, samples were treated by 4% 

paraformaldehyde solution for about 10 minutes, followed by 

5% Triton X-100 treatment for 5 minutes to increase cell 

membrane permeability. After the steps, the samples were 

stained with FITC-Phalloidin (Solarbio) for 30 minutes. 

Subsequently, the samples were incubated with 4',6-

diamidino-2-phenylindole (DAPI) (Solarbio) for 5 minutes. In 

the experiment, the samples were rinsed two or three times for 

10 minutes by PBS in each staining step. Fluorescence images 

were captured using an inverted microscope with the objective 

magnification of 40× (DS-Ri2, Nikon, Japan).  

2.6 Cells viability 

The cell viability was tested by MTT assay. Cells with the 

density of 5 × 104 cells mL-1 were added to a 24 well-

plate with the substrates placed in the wells. One well with the 

cell suspension (density of 5 × 104 cells mL-1) added was acted 

as the control group. After 12 hour and 24 hour incubation, 

100 μL of MTT solution (5 mg/mL in PBS) were added into 

each well, followed by 37°C incubation for 4 hours. Then, 500 

μL of DMSO was added into each well, followed by shocking 

for 10 minutes. Finally, 500 μL of mixture was added into a 

96 well-plate, and the absorbance was read by a microplate 

reader at the wavelength of 490 nm. 

2.7 Quantification of cells 

Image J software was used to quantify the cell length and 

area. The Feret’s diameter that the longest distance of two 

points on the cell boundary was defined as the cell length. 50 

cells (0.8 × 0.5 mm2 area) were selected from each of the 

experimental groups (hybrid SiNP/SiNH, SiNP and SiNH 

areas) and the control group (Si wafer) to measure the cell 

 

Figure 1. (a) SEM image of periodic Ag patterns fabricated by LIL. The inset on the top right shows the details of 

nanoparticle array with a high magnification. (b) Corresponding hybrid SiNP/SiNH arrays of (a) after etching and HNO3 

treatment. The inset on the top right shows the details of SiNHs and SiNPs with a high magnification. (c) Cross-sectional 

profiles of hybrid SiNP/SiNH arrays. The red dashed box and blue dashed box show the cross-sections of SiNP and SiNH 

arrays with a high magnification, respectively. (d) Box-plots of height of SiNPs and SiNHs on the hybrid SiNP/SiNH 

arrays. 



Journal XX (XXXX) XXXXXX Author et al  

 4  
 

lengths. 30 cells were randomly selected from the SEM 

images of various types of substrates to measure the average 

cell areas. SEM images were also selected to quantify the ratio 

of cells on the nanopillars in the hybrid SiNP/SiNH areas. 

2.8 Atomic force acoustic microscopy (AFAM) 

characterization of cells  

Before AFAM characterization, cell fixing was carried out, 

which was the same as the cell solidification method presented 

in the "Cell fixation" section. AFAM (CSPM5500, Benyuan, 

China) was performed to detect the subsurface features. 

Vaseline was applied on the back of the sample to make it in 

close contact with the sample stage to reduce the signal 

attenuation. The ACCESS-FM probe (APPNANO, USA) with 

the spring constant of 2.7 N/m was used to the subsurface 

features test with the resonant frequency of 38.414 kHz and 

the reference point value of 0.1 V. The collected data were 

processed by Imager 4.60 (Benyuan, China).  

3. Results and Discussion 

Fig. 1(a) shows the complex Ag patterns fabricated by laser 

interference lithography (LIL). The Ag nanoparticles (AgNPs) 

formed in the areas of maximum intensity distributions, while 

the Ag film appeared in the areas of minimum intensity 

distributions [35, 36]. Fig. 1(b) presents the corresponding Si 

nanostructures of Fig. 1(a) after 45 minutes etching by 10% 

HF and 0.6% H2O2 (v/v) solution, followed by 65%~68% 

HNO3 treatment for 30 minutes. The formations of hybrid Si 

nanopillar and Si nanohole (hybrid SiNP/SiNH) arrays are due 

to the effect of metal assisted chemical etching (MACE). 

During the etching process, Ag generates electron holes by 

reducing H2O2 [32]. The electron holes are injected into the Si 

at the Ag/Si interface and cause the oxidation of the Si to be 

dissolved by HF. As time goes by, the Si is continuously 

etched downward to form the silicon nanoholes. Finally, the 

areas where AgNPs exist eventually form Si nanopores 

(SiNHs), while the areas where the silver film exists form Si 

nanopillars (SiNPs). Fig. 1(c) shows the corresponding cross-

sectional profiles of Fig. 1(b), and the enlarged SEM images 

of SiNHs and SiNPs are shown in the blue dashed box and red 

dashed box, respectively. It can be seen that the top of the 

SiNPs are relatively flat, similar to nails with unsharp tips. The 

etching paths of SiNPs are perpendicular to the surface, while 

the etching paths of SiNHs are mainly perpendicular to the 

surface but with some twisting. Those twisty SiNHs show the 

“walking trace” of AgNP during the sinking [37], resulting in 

a shallower depth of SiNHs compared to SiNPs, as shown in 

Fig. 1(d). The average heights/depths of SiNPs and SiNHs are 

about 1.6 μm and 1.3 μm, respectively. The detailed 

geometrical properties of pillars and holes are shown in Table 

1 (Supporting information). Note that there is no AgNP at the 

bottoms of SiNHs and SiNPs, which proves the effectiveness 

of HNO3 to treat the substrate after etching to avoid the 

influence of Ag on cell experiments. 

To better understand the characteristics of the substrate, the 

topography and surface roughness of the hybrid SiNP/SiNH 

arrays were examined by AFM, as shown in Fig. 2. The AFM 

topographic image of the hybrid SiNP/SiNH arrays in Fig. 2(a) 

matches its SEM image in Fig. 1(b). In the AFM image, the 

bright fringes correspond to the SiNHs, while the dark fringes 

correspond to the SiNPs. The mean surface roughness values 

of nanohole (NH) area and nanopillar (NP) area are about 2.32 

nm and 10.03 nm, respectively. The relative height between 

NHs and NPs in the hybrid SiNP/SiNH array marked with the 

white line in Fig. 2(a) is shown in Fig. 2(b). From the cross-

section curves, it can be clearly seen that the topography of 

NH arrays is about 20 nm higher than that of NP arrays. The 

corresponding 3D image of hybrid SiNP/SiNH array shown in 

Fig. 2(c) presents that the NHs (dark fringes) are higher than 

the NPs (bright fringes), which further confirms the view 

exhibiting in Fig. 2(b). The AFM images of SiNPs and SiNHs 

are also presented in Fig. S1 (Supporting information).  

The viabilities of cells cultured on Si, SiNP, SiNH and 

hybrid SiNP/SiNH substrates for 12 hours and 24 hours were 

test by MTT assay, as shown in Fig. S2 (Supporting 

information). The results showed that the cell viabilities 

increased after they were cultured for 12 hours and 24 hours 

on the substrates, which indicated that the substrates had good 

biocompatibility [13, 14]. Specifically, cell viabilities on the 

Si, SiNH and hybrid SiNP/SiNH substrates were similar to 

 

Figure 2. (a) AFM image of hybrid SiNP/SiNH array. (b) The corresponding height profile of the white line marked in (a). 

(c) Corresponding 3D image of (a). 
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that on the control group, while the cell viability on the SiNP 

substrate is higher than those on the other substrates. The 

results that SiNPs promote cell proliferation are consistent 

with those of other nanopillars [1, 25].  

To study the morphology and spreading of cells on these 

types of arrays, the topography images of cells were 

characterized by SEM. Fig. 3(a) and Fig. 3(b) show the SEM 

images of A549 cells cultured on the control group (Si wafer) 

 

Figure 3. (a) SEM images of A549 cells cultured on the silicon wafer for 24 hours. The image on the right side shows the 

details of cells in the red box with a high magnification. (b) SEM images of A549 cells cultured on the SiNP, SiNH and 

SiNP/SiNH arrays for 24 hours. The images on the right side show the details of cells in the red boxes with a high 

magnification. 
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and experimental groups (SiNP, SiNH and hybrid SiNP/SiNH 

arrays) after 24 hours incubation, respectively. The cells on 

the Si wafer spread well and radially in all directions, and the 

lamellipodia and filopodia are clearly presented. While on the 

experimental group, the spreading profile of cells cultured on 

the SiNP array is different from that on the Si wafer. The cells 

become round and the pseudopodia extend out in a limited 

manner, resulting in a relatively smaller cell size. In contrast, 

the cells incubated on the SiNH arrays stretch out as freely as 

those on the Si wafer with long and multiple filopodia. For the 

cells cultured on the hybrid SiNP/SiNH arrays, they stretch 

and align along the direction of nanohole arrays. The high 

magnification SEM image on the right further shows the 

details of cell elongation and spreading, from which it can be 

clearly seen that the cells take the edge of the nanohole array 

as the grip, and extend along the pattern into a spindle shape. 

 

Figure 4. (a) Histogram depicts the mean cell length measured from the cells in the control group and experimental groups 

after 24 hour incubation. (b) Histogram depicts the mean cell area measured from the cells in the control group and 

experimental groups after 24 hour incubation. It is noted that the data are shown as the mean ± standard errors. *** p < 

0.001, ** p < 0.01, t-test. 

 

Figure 5. (a-b) SEM images showing the details of different areas of the same cell cultured on the SiNP arrays for 24 hours 

with a high magnification. (c-d) SEM images show the details of different areas of the same cell cultured on the SiNH 

arrays for 24 hours with a high magnification. It is noted that the insets on the bottom left of (a) and (c) show the full view 

of the corresponding cells. 
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The SEM images of A549 cells cultured for 72 hours on the 

substrates are also presented in Fig. S3 (Supporting 

information). Compared with Fig. 3 (24 hours), the cells on 

the SiNP arrays have a larger spreading area and the filopodia 

disappear, while the cells on other substrates have no 

significant difference. The corresponding fluorescence 

microscope images of the cells cultured on the Si, SiNP, SiNH 

and SiNP/SiNH for 24 hours. are shown in Fig. S4 (Supporting 

information). The cell behaviors shown in the fluorescence 

images are consistent with those shown in the SEM images.  

It is clearly presented in Fig. 3 that there have obvious 

differences in the morphology and spreading of cells on the 

different arrays. In order to describe these phenomena more 

accurately, the quantitative characterization of cell length and 

area were performed. As shown in Fig. 4(a), the cells on the 

hybrid SiNP/SiNH arrays have the longest cell length of about 

44 μm, and the cells on the Si wafers and SiNH arrays have 

the almost the same cell lengths with the mean values of 34 

μm and 35 μm, respectively, while the cells on the SiNP arrays 

have the shortest cell length about 26 μm. The results are 

consistent with the phenomenon of cell spreading presented in 

Fig. 3. On the other hand, the mean areas of cells on these 

arrays were also quantitatively analysed. The results in Fig. 

4(b) show that the mean areas of cells on the SiNH arrays (416 

μm2) and Si wafer (371 μm2) are greater than those on the 

hybrid SiNP/SiNH (271 μm2) and SiNP arrays (204 μm2). 

Among them, the cell mean area on the Si wafer is smaller 

than that on the SiNH arrays, but the cell mean area on the 

hybrid SiNP/SiNH is larger than that on the SiNP arrays.  

From the above qualitative (Fig. 3) and quantitative (Fig. 4) 

analyses, the influences of different arrays on cell behavior 

can be concluded. Generally, as an important substrate 

material for cell research in vitro, Si wafer has 

biocompatibility. Cells on the SiNH arrays present almost the 

same cell lengths and larger cell areas compared with those on 

the Si wafer, indicating that the SiNH arrays facilitate cell 

spreading [1, 13]. Nanopores increase the effective contact 

area between the cells and the substrate without hindering cell 

spreading, which has been confirmed by previous studies [38]. 

When on the SiNP arrays, cells have the shortest cell length 

and smallest spreading area, which is due to the fact that NPs 

are similar to unsharp nails and act as hindrances to the cell 

spreading process [9, 39]. The results suggest that SiNP arrays 

have a negative effect on cell spreading. While on the hybrid 

SiNP/SiNH arrays, cells have the longest cell length and larger 

cell area compared with those on the SiNP arrays. The results 

indicate that mixing the SiNH with the SiNP arrays can 

improve the cell spreading, and the topographic guidance 

provided by the boundary between the SiNP and SiNH makes 

the direction of cell arrangement consistent with the grating 

direction.  

 

Figure 6. (a) SEM image of A549 cells cultured on the SiNP/SiNH arrays for 24 hours. (b-c) corresponding details of cells 

of (a). (d) Histogram depicts the percentage of cells on the NP and NH measured from the cells on the hybrid SiNP/SiNH 

arrays. ***p < 0.001, t-test. It is noted that the data are shown as the mean ± standard errors. 
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To further investigate the influences of the SiNP and SiNH 

arrays on cell behavior, the details of cell spreading were 

presented. The SEM images in Figs. 5(a-b) show the details of 

pseudopodia in different areas of the same cell (on the bottom 

left Fig. 5(a)) cultured on the SiNP arrays. Similarly, the 

details of pseudopodia in different areas of the same cell (on 

the bottom left Fig. 5(c)) cultured on the SiNH arrays are 

shown in Figs. 5(c-d). The inset images on the bottom left of 

(a) and (c) with the scale bars of 10 µm show the full views of 

cells in a lower magnification. The images with the scale bars 

of 4 µm show the details of cells in a higher magnification. On 

the SiNP arrays, the lamellipodia only exist near the cell 

around with the restricted spreading and the filopodia are more 

frequently observed with shorter lengths compared with those 

on the SiNH arrays. While on the SiNH arrays, the 

lamellipodia and filopodia are dominant and they spread freely 

with clear edges. Besides the pseudopodia, stress fibre bundles 

(as shown in Fig. 5(d)) also appear at the edge of the cell, 

which are not observed in the cells cultured on the SiNP arrays. 

Study has shown that lamellipodia are dominant when the 

adhesion force between the substrate and cell is relatively 

large, while filopodia are dominant when that adhesion force 

is relatively small [1]. Therefore, the adhesion force of cells 

on the SiNP arrays is smaller than that on the SiNH arrays in 

this study.  

Similarly, cell behavior on hybrid SiNP/SiNH arrays is also 

worthy of further investigation. Fig. 6 presents the details of 

cells cultured on the SiNP/SiNH arrays. It is clearly shown in 

Fig. 6(a) that the direction of cell is consistent with the grating, 

and the cell extends along the boundary of SiNP and SiNH 

arrays. The spreading of cells is larger than that on the SiNP 

arrays, which suggests that mixing SiNH with the SiNP arrays 

can improve cell spreading. In addition, the lamellipodia are 

more frequently observed in the array. As mentioned above, 

the adhesion force is large when lamellipodia are dominant but 

it is small when filopodia are dominant. Therefore, it is 

reasonable to infer that the cell adhesion force on SiNP/SiNH 

arrays is larger than that on the SiNP arrays. Fig. 6(b) shows 

the corresponding detail of cell marked with the red box in Fig. 

6(a). The stress fibres with obvious directionality on the 

lamellipodia are in the same direction as the grating. This kind 

of directional spreading only appears on the SiNP/SiNH 

arrays, while the spreading of lamellipodia on the SiNP or 

SiNH arrays is radial in all directions. Fig. 6(c) exhibits the 

corresponding detail of cell marked with blue box in Fig. 6(a). 

It shows the edge of the lamellipodium, which is located on 

the SiNPs. In order to better understand the growth behavior 

of cells on the hybrid SiNP/SiNH arrays, the ratio of cells on 

the nanopillars (NPs) located on the surface of the hybrid 

SiNP/SiNH arrays is also quantified, as shown in the Fig. 6(d). 

The observations show that, almost 80% cells on the NPs, but 

only 20% on the nanoholes (NHs). This may be due to the fact 

that the nanopillars similar to the unsharp nails capture the 

cells that fall on them and restrict their movement, which is 

consistent with the previously report that the nanopillars have 

a trapping effect on cells [9, 17].  

Atomic force acoustic microscopy (AFAM) can obtain the 

information of subsurface by distinguishing the stiffness of 

 

Figure 7. (a) AFAM topographic image of A549 cells on the SiNP arrays for 24 hours. (b) The details of cells in the red box 

with a high magnification of (a). (c) The corresponding acoustic image of (a). (d) The details of cells in the red box with a 

high magnification of (c). It is noted that the yellow circles mark the different regions between (b) and (d). 
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different materials, which cannot be obtained in the above 

SEM images. However, studies have showed that the 

thickness of samples is the major factor to influence the 

subsurface detection [40]. The limit range of AFAM detection 

is generally less than 1 μm, and the centre height of the cell is 

generally a few micrometres [33], so the edge of the cell is 

selected to observe the subsurface structure. As shown in Fig. 

7, the A549 cells cultured on the hybrid SiNP/SiNH arrays 

after 24 hours incubation was imaged by the AFAM. The 

topography image (Fig. 7(a)) does not show a clear vision of 

the cell edge and nano-pattern substrate, and the interface 

between the cells and SiNHs is not clearly presented in its 

corresponding high magnification image (Fig. 7(b), marked 

with yellow circles). In contrast, the corresponding acoustic 

image in Fig. 7(c) clearly presents the cell morphology and 

substrate pattern, meanwhile, the SiNPs buried in the cell edge 

are clearly presented in yellow circles in Fig. 7(d). Hence, the 

subsurface information provided by AFAM acoustic image is 

able to make up for the lack of topography images, providing 

accurate cell topography information. 

4. Conclusions 

In this work, the silicon nanoscale topographies fabricated 

by LIL combining with MACE were proposed to reveal their 

effects on A549 cells. The experiment results showed that the 

SiNP arrays restricted the cell spreading and the filopodia 

were clearly observed. The SiNH arrays promoted the cell 

spreading, and the lamellipodia and filopodia were also clearly 

observed. However, on the hybrid SiNP/SiNH arrays, the cells 

were trapped and extended directionally. Specifically, about 

80% of the cells were selectively grown on the SiNP and the 

lamellipodia were dominant, as well as the cells were 

elongated along the boundaries of SiNP and SiNH arrays. In 

addition, the subsurface features of samples were also 

revealed by AFAM images. The findings provide a promising 

method in designing hybrid nanostructures for efficient tumor 

cell traps, as well as regulating the cell behavior and 

pseudopodia. 

Acknowledgements 

This work was supported by National Key R&D Program 

of China (No.2017YFE0112100), EU H2020 Program 

(MNR4SCELL No.734174), Jilin Provincial Science and 

Technology Program (Nos.20180414002GH, 

20180414081GH, 20180520203JH, 20190201287JC, 

20190702002GH and 20200901011SF), “111” Project of 

China (D17017), and National Natural Science Foundation of 

China (51972031). This work was also partially supported by 

Changli Nano Biotechnology (China).  

References 

[1] Wang S, Wan Y and Liu Y 2014 Effects of nanopillar array 

diameter and spacing on cancer cell capture and cell behaviors 

Nanoscale 6 12482-12489 

[2] Bos P D, Zhang H F, Nadal C, Gomis R R, Nguyen D X, Minn 

A J, Vijver M J V D, Gerald W L, Foekens J A and Massagué J 

2009 Genes that mediate breast cancer metastasis to the brain 

Nature 459 1005-1009 

[3] Chien F C, Dai Y H, Kuo C W and Chen P 2016 Flexible 

nanopillars to regulate cell adhesion and movement 

Nanotechnology 27 475101 

[4] Haidar A, Ali A A, Veziroglu S, Fiutowski J, Eichler H, Müller 

I, Kiefer K, Faupel F, Bischoff M, Veith M, Aktas O C and 

Abdul-Khaliq H 2019 PTFEP–Al2O3 hybrid nanowires reducing 

thrombosis and biofouling Nanoscale Adv. 1 4659-4664 

[5] Buch-MåNson N, Spangenberg A, Gomez L P C, Malval J-P, 

Soppera O and Martinez K L 2017 Rapid prototyping of 

polymeric nanopillars by 3D direct laser writing for controlling 

cell behavior Sci. Rep-UK 7 9247-9254 

[6] Kuo C W, Chueh D Y and Chen P 2014 Investigation of size–

dependent cell adhesion on nanostructured interfaces J. 

Nanobiotechnol. 12 54 

[7] Simitzi C, Ranella A and Stratakis E 2017 Controlling the 

morphology and outgrowth of nerve and neuroglial cells: The 

effect of surface topography Acta Biomater. 51 21-52 

[8] Hasan J, Webb H K, Truong V K, Pogodin S, Baulin V A, 

Watson G S, Watson J A,  Crawford R J and Ivanova E P 2013 

Selective bactericidal activity of nanopatterned 

superhydrophobic cicada Psaltoda claripennis wing surfaces 

Appl. Microbiol. Biot. 97 9257-9262 

[9] Hu H, Siu V S, Gifford S M, Kim S, Lu M, Meyer P and 

Stolovitzky G A 2017 Bio-inspired silicon nanospikes fabricated 

by metal-assisted chemical etching for antibacterial surfaces Appl. 

Phys. Lett. 111 253701-253705 

[10] Liu H, Yu X, Cai B, You S, He Z, Huang Q, Rao L, Li S, Liu C, 

Sun W, Liu W, Guo S and Zhao X 2015 Capture and release of 

cancer cells using electrospun etchable MnO2 nanofibers 

integrated in microchannels Appl. Phys. Lett. 106 093703-

093707 

[11] Zhao W, Cui C H, Bose S, Guo D, Shen C, Wong W P, Halvorsen 

K, Farokhzad O, Teo G S L, Philips J A, Dorfman D M, Karnik 

R and Karp J M 2012 Bioinspired multivalent DNA network for 

capture and release of cells P. Natl. Acad. Sci. USA 109 19626-

19631 

[12] Qin W, Chen L, Wang Z and Li Q 2020 Bioinspired DNA 

nanointerface with anisotropic aptamers for accurate capture of 

circulating tumor cells Adv. Sci. 7 2000647 

[13] Haq F, Anandan V, Keith C and Zhang G 2007 Neurite 

development in PC12 cells cultured on nanopillars and nanopores 

with sizes comparable with filopodia Int. J. Nanomed. 2 107-115 

[14] Qi S, Yi C, Ji S, Fong C and Yang M 2009 Cell adhesion and 

spreading behavior on vertically aligned silicon nanowire arrays 

ACS Appl. Mater. Inter. 1 30-33 

[15] Ranella A, Barberoglou M, Bakogianni S, Fotakis C and 

Stratakis E 2010 Tuning cell adhesion by controlling the 

roughness and wettability of 3D micro/nano silicon structures 

Acta Biomater. 6 2711-2720 

[16] Jeon H, Koo S, Reese W M, Loskill P, Grigoropoulos C P and 

Healy K E 2015 Directing cell migration and organization via 

nanocrater-patterned cell-repellent interfaces Nat. Mater. 14 918-

923 

http://med.wanfangdata.com.cn/Paper/Search?q=%e4%bd%9c%e8%80%85%3a(Joan%2cMassagu%c3%a9)
https://xueshu.baidu.com/s?wd=author%3A%28J%20Fiutowski%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28H%20Eichler%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28I%20M%C3%BCller%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28K%20Kiefer%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28F%20Faupel%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28M%20Bischoff%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28M%20Veith%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://pubs.rsc.org/en/results?searchtext=Author%3AHashim%20Abdul-Khaliq
https://xueshu.baidu.com/s?wd=author%3A%28S%20Pogodin%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28VA%20Baulin%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28GS%20Watson%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28JA%20Watson%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28RJ%20Crawford%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28EP%20Ivanova%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28S%20Kim%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28M%20Lu%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28P%20Meyer%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28GA%20Stolovitzky%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28You%2C%20Su-jian%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28He%2C%20Zhao-bo%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28Huang%2C%20Qin-qin%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28L%20Rao%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28Li%2C%20Sha-sha%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28C%20Liu%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson


Journal XX (XXXX) XXXXXX Author et al  

 10  
 

[17] Turner A M P, Dowell N, Turner S W P, Kam L, Isaacson M, 

Tuner J N, Craighead H G and Shain W 2000 Attachment of 

astroglial cells to microfabricated pillar arrays of different 

geometries J. Biomed. Mater. Res. 51 430-441 

[18] Kim E, Yoo S, Moon C, Nelson B and Choi H 2015 SU-8-based 

nanoporous substrate for migration of neuronal cells 

Microelectron. Eng. 141 173-177 

[19] Beckwith K S, Ullmann S, Vinje J and Sikorski P 2019 Influence 

of nanopillar arrays on fibroblast motility, adhesion, and 

migration mechanisms Small 15 1902514-1902525 

[20] Peng F, Su Y, Zhong Y, Fan C, Lee S-T and He Y 2014 Silicon 

nanomaterials platform for bioimaging, biosensing, and cancer 

therapy Accounts Chem. Res. 47 612-623 

[21] Yiannakou C, Simitzi C, Manousaki A, Fotakis C, Ranella A and 

Stratakis E 2017 Cell patterning via laser micro/nano structured 

silicon surfaces Biofabrication 9 025024 

[22] Amgoth C, Dharmapuri G, Kalle A M and Paik P 2016 
Nanoporous capsules of block co-polymers of [(MeO-PEG-NH)-

b-(L-GluA)]-PCL for the controlled release of anticancer drugs 

for therapeutic applications Nanotechnology 27 125101 

[23] Amgoth C, Chen S, Malavath T and Tang G 2020 Block 

copolymer [(L-GluA-5-BE)-b-(L-AspA-4-BE)]- based 

nanoflower capsules with thermosensitive morphology and pH-

responsive drug release for cancer therapy J. Mater. Chem. B 8 

9258-9268 

[24] Amgoth C, Santhosh R, Malavath T, Singh A, Murali B and Tang 

G 2020 Solvent-assisted [(Glycine)-(MP-SiO2NPs)] aggregate 

for drug loading and cancer therapy ChemistrySelect 5 8221-

8232 

[25] Zhang S, Ma B, Liu F, Duan J, Wang S, Qiu J, Li D, Sang Y, Liu 

C, Liu D and Liu H 2018 Polylactic acid nanopillar array-driven 

osteogenic differentiation of human adipose-derived stem cells 

determined by pillar diameter Nano Lett. 18 2243-2253 

[26] Lou H Y, Zhao W, Hanson L, Zeng C, Cui Y and Cui B 2017 

Dual-functional lipid coating for the nanopillar-based capture of 

circulating tumor cells with high purity and efficiency Langmuir 

33 1097-1104 

[27] Wang S, Liu K, Liu J, Yu Z T-F, Xu X, Zhao L, Lee T, Lee E K, 

Reiss J, Lee Y-K, Chung L W K, Huang J, Rettig M, Seligson D, 

Duraiswamy K N, Shen C K-F and Tseng H-R 2011 Highly 

efficient capture of circulating tumor cells by using 

nanostructured silicon substrates with integrated chaotic 

micromixers Angew. Chem. Int. Ed. Engl. 50 3084-3091 

[28] Zhang F, Jiang Y, Liu X, Meng J, Zhang P, Liu H, Yang G, Li G, 

Jiang L, Wan L-J, Hu J-S and Wang S 2015 Hierarchical 

nanowire arrays as three-dimensional fractal nanobiointerfaces 

for high efficient capture of cancer cells Nano Lett. 16 766-772 

[29] Aktas O C, Sander M, Miro M M, Lee J, Akkan C K, Smail H, 

Ott A and Veith M 2011 Enhanced fibroblast cell adhesion on 

Al/Al2O3 nanowires Appl. Surf. Sci. 257 3489-3494 

[30] Liu X, Chen L, Liu H, Yang G, Zhang P, Han D, Wang S and 

Jiang L 2013 Bio-inspired soft polystyrene nanotube substrate for 

rapid and highly efficient breast cancer-cell capture NPG Asia 

Mater. 5 e63 

[31] Munz M, Baeuerle P A and Gires O 2009 The emerging role of 

EpCAM in cancer and stem cell signaling Cancer Res. 69 5627-

5635 

[32] Guo X, Li S, Lei Z, Lei Z, Liu R, Li L, Wang L, Dong L, Peng K 

and Wang Z 2020 Controllable patterning of hybrid silicon 

nanowire and nanohole arrays by laser interference lithography 

Phys. Status Solidi-R. 14 2000024-2000028 

[33] Liu Y, Li L, Yang Y, Tian L Wu X, Weng Z, Guo X, Lei Z, Qu 

K, Yan J and Wang Z 2020 Investigating effects of silicon 

nanowire and nanohole arrays on fibroblasts via AFAM Appl. 

Nanosci. 10 3717-3724 

[34] Wang J, Hu Y, Zhao H, Fu H, Wang Y, Huo C and Peng K 2018 

Oxidant concentration modulated metal/silicon interface 

electrical field mediates metal-assisted chemical etching of 

silicon Adv. Mater. Interfaces 5 1801132-1801142 

[35] Li L, Wang Z, Li W, Peng K, Zhang Z, Yu M, Song Z, Weng Z, 

Wang D and Zhao L 2015 Fabrication of Pt nanowires with a 

diffraction unlimited feature size by high-threshold lithography 

Appl. Phys. Lett. 107 133104-133108 

[36] Zhou Z, Song Z, Li L, Zhang J and Wang Z 2015 Fabrication of 

periodic variable-sized Pt nanoparticles via laser interference 

patterning Appl. Surf. Sci. 335 65-70 

[37] Hildreth O J, Lin W and Wong C P 2009 Effect of catalyst shape 

and etchant composition on etching direction in metal-assisted 

chemical etching of silicon to fabricate 3D nanostructures ACS 

Nano 3 4033-4042 

[38] Cha K J, Hong J M, Cho D-W and Kim D S 2013 Enhanced 

osteogenic fate and function of MC3T3-E1 cells on 

nanoengineered polystyrene surfaces with nanopillar and 

nanopore arrays Biofabrication 5 025007 

[39] Bandara C D, Singh S, Afara I O, Wolff A, Tesfamichael T, 

Ostrikov K and Oloyede A 2017 Bactericidal effects of natural 

nanotopography of dragonfly wing on escherichia coli ACS Appl. 

Mater. Interfaces 9 6746-6760 

[40] Yip K, Cui T, Sun Y and Filleter T 2019 Investigating the 

detection limit of subsurface holes under graphite with atomic 

force acoustic microscopy Nanoscale 11 10961-10967 


