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Background: Efficient and precise circulating tumor cells’ (CTCs) capture and release with minimal 

effect on cell viability for CTCs’ analysis are general requirements of CTCs’ detection device in 

clinical application. However, these two essential factors are difficult to be achieved simultaneously. 

Methods: In order to reach the aforementioned goal, we integrated multiple strategies and 

technologies of staggered herringbone structure, nanowires’ substrate, peptides, enzymatic 

release, specific cell staining, and gene sequencing into microfluidic device and the sandwich 

structure peptide-silicon nanowires’ substrate was termed as Pe-SiNWS. 

Results: The Pe-SiNWS demonstrated excellent capture efficiency (95.6%) and high release 

efficiency (92.6%). The good purity (28.5%) and cell viability (93.5%) of CTCs could be 

obtained through specific capture and biological release by using Pe-SiNWS. The good purity 

of CTCs facilitated precise and quick biological analysis, and five types of KRAS mutation 

were detected in 16 pancreatic cancer patients but not in healthy donors. 

Conclusion: The results proved that the effective capture, minor damage release, and precise 

analysis of CTCs could be realized simultaneously by our novel strategy. The successful clini-

cal application indicated that our work was anticipated to open up new opportunities for the 

design of CTC microfluidic device.

Keywords: circulating tumor cells, Pe-SiNWS, biological release, pancreatic cancers

Introduction
Pancreatic cancer typically has a very poor prognosis due to its features of rapid 

progression and deterioration, causing hundreds of thousands of deaths every year.1,2 

More importantly, it usually has no symptoms in the disease’s early stages.2 So early 

diagnosis of pancreatic cancer is particularly important. As we all known, circulating 

tumor cells (CTCs) are disseminated cancer cells from primary or metastatic tumors 

that participate in blood circulation. CTCs carry significant information of tumors, 

which make their effective capture and analysis very critical to investigate cancer 

progression and metastasis.3 Therefore, early CTC detection of pancreatic cancer 

should be significant for clinical utility. However, CTCs existed in blood were really 

rare, making their detection a very challenging task. To address this issue, a variety of 

methods have been developed.4 Initially, immunomagnetic separation was mostly 

used to isolate CTCs, but its low capture efficiency and tedious steps severely limit 

its practical application.5,6 Recently, microfluidic technologies were developed to 

capture CTCs, which attracted more and more attention due to its unique advantages 

including automatic operation, high throughput, and superior sensitivity.6 In addi-

tion, by integrating other separation techniques, such as immunoaffinity purification,7 
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nanostructured surface,8 and size-based filtration system,9 

into microfluidic devices, the efficiency of CTCs capture and 

analysis was further improved. Nevertheless, none of these 

methods fully serves the purpose for biological or clinical 

utility. Generally speaking, immunoaffinity purification often 

suffers from the unsatisfactory recovery of intact CTCs,10 

while nanostructured surface6,8 and size-based filtration 

system10 lack specificity. New technologies are thus desired 

to address these issues in this field.

During the past two decades, scientists have developed 

a great quantity technology for capturing, releasing, and 

analyzing CTCs based on different principles. Mehmet 

Toner’s group combined deterministic lateral displacement, 

inertial focusing, and magnetic deflection parts together 

with microfluidic device that could capture both epithe-

lial cell adhesion molecule (EpCAM, one of the common 

surface markers for CTCs)-positive and -negative CTCs 

by using two separation techniques.11 Subsequently, Moon 

et al12 combined multi-orifice flow fractionation (MOFF) 

and dielectrophoresis (DEP)-based separation method with 

microfluidic device, in which MOFF provided high-through-

put filtration of blood cells, while DEP technique realized 

more precise capture. Rohani et al and Shim et al developed 

CTCs’ isolation and release method based on the continuous-

flow DEP.13,14 Many other researchers also developed CTC 

capture and collection devices, which integrated different 

release methods (eg, trypsin-based assay,15 aptamer-based 

separation,16 temperature response polymer-based assay,17 

and laser capture microdissection (LCM) technology18 into 

nanowire substrates). Despite the notable success of current 

microfluidic devices in the detection of CTCs, most of them 

are still unsatisfactory for actual application, since the release 

and analysis are equally important but less considered as 

compared to capture in clinical application.5,6,10,19 Thus, it 

is significant to explore new technologies and devices for 

actual application of CTCs’ detection.

Combining complementary separation techniques into 

microfluidic devices seemed to be a strategy to address these 

issues. In this contribution, we adopted and developed a 

new device for the actual application of CTCs’ detection, 

considering its good adaptability for integrating different 

techniques.13–16,20 In our design, two strategies are used to 

improve the capture efficiency. To enhance the interactions 

between cells and channel substrate and further improve 

CTC capture efficiency, unique staggered herringbone struc-

ture and nanowire were adopted in microfluidic device first 

(Figure 1A).21,22 On the other hand, we chose a polypeptide 

CKAAKN with specific affinity for pancreatic cancer cells.23 

We hypothesize that the combination of EpCAM and specific 

peptides CKAAKN can enhance the capture efficiency of 

CTCs in pancreatic cancer patients, because the CKAAKN 

can capture the EpCAM-negative CTCs and specifically bind 

CTCs of pancreatic cancer. With regard to the release of CTCs, 

the peptide digestion is one of the biological methods, which 

have advantages in simple operation, minor damage and effi-

ciently release, and minimal effect on cell viability compared 

to physical method13 and chemical method.24,25 The biological 

method is very important for later CTC analysis. In this work, 

for the first time, novel biological method of enzymatic release 

was adopted and explored, considering the enzyme specificity.

With above design, as shown in Figure 1, Pe-SiNWS 

was established, in which staggered herringbone structure 

was adopted for the fabrication of microfluidic device, 

and nanowires were integrated onto channel substrate 

(Figure 1A). Meanwhile, the strategies of peptide and 

enzymatic release were also adopted (Figure 1B). As a con-

sequence, this Pe-SiNWS realized effective CTC capture 

(95.6%). After enzymatic releasing, obtained CTC could 

also achieve good purity (28.5%) and cell viability (93.5%). 

By using this device, CTCs can be collected from blood 

samples of patients with pancreatic cancer. Through gene 

sequencing, the KRAS mutation in pancreatic cancer can 

be detected quickly. These results prove that the effective 

capture, minor damage release, and analysis of CTCs can be 

realized simultaneously by our new strategy.

Materials and methods
Materials
Single Crystal Silicon Wafer was purchased from Western 

Minmetals (SC) Corporation. Sulfuric acid (98%), hydrogen 

peroxide (30%), silver nitrate (.99.8%), ammonium fluo-

ride ($99.99%), ethanol (.99.5%), and (3-aminopropyl)

triethoxysilane (APTES, 99%) were purchased from 

Sigma-Aldrich. EZ-Link™ NHS-PEG4-Biotin was obtained 

from Thermo Fisher Scientific. Pancreatic cancer cell lines 

(BxPC3, Panc-1, and AsPC3) were purchased from American 

Type Culture Collection (ATCC; Rockville, MD, USA). 

White blood cells (WBCs) were collected from healthy 

donors. RPMI cell culture medium was obtained from 

Thermo Fisher Scientific. Custom peptides were ordered 

from Chinese Peptide Company (Hangzhou, China). Peptide 

digestion reagents (including ArgC, AspN, chymotrypsin, 

GluC, LysargiNase, LysC, LysN, pepsin, and trypsin) were 

obtained from Wako Chemicals (Richmond, VA, USA).
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Methods to prepare silicon nanowires
Lithographically patterned silicon nanowires were prepared 

by a standard photolithography and a chemical wet etching 

process. First, polymethyl methacrylate (PMMA) A8 pho-

toresist was spin coated on a silicon wafer (0.5 mm thick). 

After the exposure of UV light, the silicon wafer was kept in 

etching the solution of NH
4
F/AgNO

3
. Under the assistance 

of Ag nanoparticle deposition, there formed a template on 

the surface of the silicon wafer. Then, H
2
O

2
/NH

4
F was used 

to further etch the template for 10 min and was cleaned by 

H
2
SO

4
/H

2
O

2
 (70/30, v/v), deionized water, and absolute 

ethanol. After being dried with nitrogen, the patterned silicon 

nanowires were obtained.

Preparation of chemical modified and 
biological functioned silicon nanowires
First, photolithography and wet etching were used to introduce 

vertically aligned silicon nanowires onto a silicon wafer. 

Then, the washed and dried silicon wafer was soaked 

in a freshly prepared toluene solution of 3-aminopropyl 

triethoxysilane (APTES, 1.0 wt%) for 2 h. Afterward, the 

silicon wafer (surface-bonded with mercaptopropylme-

thoxysilane; MPTMS) was taken out and washed with absolute 

ethanol and dried with nitrogen. The modified silicon wafer 

with MPTMS was then soaked in a PBS solution (50 ng/mL, 

200 mL) of NHS-PEG
n
-biotin (n=1,000) for 2 h. Then, the 

silicon wafer was taken out, washed with absolute ethanol, 

dried with nitrogen, and stored under dry environment at 4°C.

Prior to the blood sample test, the silicon wafer was 

washed with PBS and then incubated with 200 µL of strep-

tavidin solution (5.0 µM) for 1 h. After being washed with 

PBS, the silicon wafer was co-incubated with 200 µL of PBS 

containing EpCAM and CKAAKN for 1 h and, then, it was 

washed and connected to the inlet and outlet Tygon fluid 

tubing to the 1-mL syringe (already installed on the syringe 

pump) for CTC capture.

: Modified groups

B

A 3D model of microfluidic chip Parallel microfluidic channel with
staggered herringbone mixer

Si nanowire
substrate

Top view of
nanostructure

2 µm 2 µm

Side view of
nanostructure

PDMS microfluidic
channel

Introduction of
cancer patient blood

Prepared Pe-SiNWS
for CTC capture

Specific capture of
CTC on Pe-SiNWS

Specific release of CTC
from Pe-SiNWS

Enzymatic
release of CTC

CTC

WBCs WBCs WBCs WBCs

CTC
CTC CTC

: Peptide : Peptide digestion reagent

Figure 1 Design idea in this work.
Notes: (A) 3D model of microfluidic chip. (B) Diagrammatic sketch of cTc capture on Pe-siNWs and release from Pe-siNWs.
Abbreviations: cTc, circulating tumor cell; PDMs, polydimethylsiloxane; WBcs, white blood cells.
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Fabrication of microfluidic chip
In this work, the microfluidic system used a microfluidic 

piping (polydimethylsiloxane [PDMS]) system. By adopting 

the subtype structure, one entrance was gradually divided 

into eight parallel microfluidic channels (length 20 mm, 

wide 1 mm). There was a fishbone structure (with a width of 

10 µm and a pitch of 10 µm) on the top of the microfluidic 

tubing. Height of the fishbone structure was 30 µm, and the 

overall height of the microfluidic tubing was 100 µm. PDMS 

chaotic mixers were fabricated based on a soft lithographic 

approach: 1) Designing and printing the masks of microflu-

idic channel structure and fishbone structure, respectively. 

2) The microfluidic channel structure was fabricated by a 

standard photolithographic procedure; A negative photoresist 

(SU8-2100; MicroChem Corp., Newton, MA, USA) was 

spin-coated with a 70 µm thickness onto a 3 in silicon wafer. 

After exposure to UV under the masks of microfluidic chan-

nel structure, the microfluidic channel structure was obtained. 

3). The fishbone structure: another negative photoresist 

(100 µm, SU8-2025; MicroChem Corp.) was spin-coated on 

the same wafer. Prior to UV irradiation, the mask of fishbone 

structure was aligned to get an accurate alignment between 

the prior pattern and the pattern to be imprinted. After 

exposure to UV under the masks of microfluidic channel 

structure, the fishbone structure was obtained. 4) The mold 

was then exposed to trimethylchlorosilane vapor for 2–3 min 

and then transferred to a Petri dish. 5) To prepare a 4.5 mm 

thick chip, a well-mixed PDMS prepolymer (RTV 615 A and 

B in 10–1 ratio; GE Silicones, Waterford, NY, USA) was 

poured into the mold and kept in an oven at 80°C for 48 h. 

The PDMS chaotic was then peeled off from the mold, and 

two through-holes were punched at the fabric channel’s ends 

for connection with the fluidic handler.

Preparation of artificial CTC sample
Cell suspensions (accurate counts) with a density of 

1×104 cells/mL were prepared from BxPC3 culture dishes 

of non-small-cell pancreatic cancer cell lines with a culture 

abundance of about 95%. Then, through gradient dilution by 

PBS, BxPC3 cell suspensions with a density of 200/20 µL 

could be obtained. Afterward, 20 µL of BxPC3 cell suspen-

sions (200 cells) was added into 180 µL of WBC suspen-

sions (containing 2×105 cells), which was set as 200 µL of 

artificial CTC sample.

Procedure for CTC capture of artificial 
cTc sample
After completing the set-up of the microfluidic device, 

200 µL of artificial sample (prepared freshly within 2 h) was 

injected into the system at different flow rates. As the comple-

tion of sample processing in the microfluidic chip, 100 µL 

of paraformaldehyde solution (2 wt%) was injected into the 

microfluidic chip (flow rate: 1.0 mL/h) to fix the captured 

cells. After disassembling the chips, the silicon nanowire 

substrate slide was removed and slightly washed with PBS. 

Then, 200 µL of the mixing solution of fluorophore labeled 

pancreatic cancer-specific markers of anti-CK (cytokeratin, 

a protein marker for epithelial cells) and anti-CD45 was 

dropped on the silicon nanowire substrate slide. After 24 h 

at 4°C, it was washed by PBS. Then, secondary antibody 

staining was carried out for 30 min, while the corresponding 

CK-PE antibody is the Alex488 marker and the correspond-

ing CD45 antibody is the Alex555 marker. After cleaning, 

surface residue should be removed and, then, the silicon 

nanowire substrate slide was encapsulated by 80 µL of 

Hoechest solution (stained nuclear reagents). Fluorescence 

imaging could be performed by fluorescent microscope. The 

CK+/CD45-/DAPI+ cells were defined as CTC candidates; 

thus, the corresponding capture efficiency could be calculated 

(compared with initially added 200 cancer cells).

Procedure for cTc of clinical pancreatic 
cancer patients
A total of 16 pancreatic cancer patients diagnosed by patholo-

gist from the Department of Oncology, The Central Hospital 

of Wuhan, Tongji Medical College, Huazhong University 

of Science and Technology, and three healthy donors were 

enrolled. Written informed consent was obtained from all 

patients and healthy blood donors. Our project was approved 

by the ethics committee of The Central Hospital of Wuhan 

and was conducted in accordance with the Declaration of 

Helsinki. Taking 4 mL of whole blood from pancreatic cancer 

patients as an example, in our work, the method of gradient 

density centrifugation was adopted to preliminarily purify 

the blood of cancer patients. First, 4 mL of PBS was added 

into 4 mL of whole blood solution and mixed well. Then, the 

diluted blood sample was slowly added to a centrifuge tube 

(15 mL), while 4 mL of gradient density centrifugation solu-

tion (1,077) had been added into the tube already. Centrifu-

gation was performed under 300× g for 40 min. Afterward, 

serum was removed and about 2–4 mL of peripheral blood 

mononuclear cells (PBMCs) was collected. Then, the col-

lected PBMCs were further centrifuged at 400× g for 5 min. 

Afterward, the supernatant was removed and the PBMCs 

were washed with 2 mL of PBS. After the supernatant was 

removed by centrifugation, a mixture solution (400 µL) of 

freshly prepared anti-CK (5 µM), vimentin (VIM) (5 µM), 

and anti-CD45 (5 µM) was added. PBMCs were incubated 
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for 45 min. After cleaning, they were set at 400 µL of PBS. 

Then, the CTC capture procedure and staining method were 

performed following the procedure of artificial CTC sample. 

Here, the CK+/CD45-/DAPI+ cells and VIM+/CD45-/DAPI+ 

cells were defined as CTC candidates to calculate the cor-

responding capture efficiency.

cell viability assay for released cells
With the advantages of the high releasing efficiency presented 

by this method, the cell viability could be conveniently 

detected by the Vi-CELLTM XR (Cell Viability Analyzer; 

Beckman Coulter, Indianapolis, IN, USA). Following the 

capture procedure described earlier, the substrate-modified 

cancer cells are transferred into a 4°C refrigerator for 30 min. 

Then, the substrate was gently rinsed with a total of 0.5 mL 

of PBS for three times and the cell suspension solutions were 

collected. The released cancer cells on each silicon nanowires 

were finally prepared to a 1.0 mL volume cell suspension, 

which was then carefully transferred to a sample container 

especially for the Vi-CELLTMXR. The cell viability was 

analyzed as a triplicate.

Results and discussion
Preparation of microfluidic chip
Nanoscale structures were spread all over cellular surface, 

and there are many reports that prove the interactions between 

cells and nanostructures. By utilizing these interactions, many 

scientists adopted nanostructure to achieve efficient CTCs’ 

capture.26–29 Silicon nanowire, which were prepared through 

chemical wet etching process on silicon wafer (Figure 2), 

was therefore adopted and prepared the microfluidic device.30 

First, a template was prepared on the surface of the silicon 

Figure 2 Chemical modifications and biological functionalization of silicon nanowire chip.
Notes: (A) Preparation of silicon nanowires by photolithography and chemical wet etching. (B) Chemical modifications of silicon nanowire chip surface. (C) Biological 
functionalization of silicon nanowire chip (Pe-siNWs).
Abbreviations: cTc, circulating tumor cell; sa, streptavidin.
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wafer (under the assist of Ag nanoparticle deposition) and 

then etched by chemical methods for patterning silicon 

nanowires. Generally, for the chemical etching step on 

silicon wafer, HF was often used.31 However, HF was very 

damaging to the operator and environment and would be the 

disadvantage for actual application. To address this issue, 

NH
4
F rather than HF was developed for etching in this work. 

The substitution of HF by NH
4
F was meaningful for opera-

tors that entire operation and preparation process could be 

completed in the general chemical laboratory. Meanwhile, 

the preparation process could be green for environment, thus 

enhancing the practicability. The obtained etched silicon 

wafer was characterized by scanning electron microscope 

(SEM). As shown in Figure 1B, it is clear that the surface 

of silicon wafer demonstrated typical nanowires. On the top 

of the device, there was staggered herringbone structures, 

which would enhance turbulence perpendicular to the silicon 

nanowires’ substrate, and thereby increase the interactions 

between cells and nanowires for further enhancement of 

CTCs capture efficiency.20,21 Meanwhile, microfluidic chan-

nels can also increase the sample transfer efficiency and 

speed up the sample processing, leading to high throughput. 

As a consequence, with environmentally friendly nanowires 

fabrication and new staggered herringbone structure, a new 

microfluidic chip was established to enhance CTCs capture 

efficiency.

Capture of CTCs with microfluidic 
device
With the microfluidic chip in hand, it was then processed 

by chemical modification and biological functionalization 

to bond antibody for further CTC capture (detailed methods 

and procedures are seen in the Supplementary material). After 

the microfluidic device being ready, one typical pancreatic 

cancer cell of BxPC3 was chosen as an example to prepare 

artificial CTC sample (detailed procedures are described 

in the Supplementary material) to optimize test conditions 

and explore the performance of new microfluidic device. 

As described earlier, the immunoaffinity method of anti-

body was extensively adopted to capture CTCs, but single 

antibody usually lost intact CTCs. The strategy of combi-

natorial EpCAM and peptide of pancreatic cancer cell were 

therefore explored here. Through integrating EpCAM and 

peptide of CTCs would decrease the amounts of intact CTC 

and thus improve CTC capture efficiency. To verify our 

idea, the difference between the CTC capture efficiency of 

a single antibody and combination antibody with peptide at 

the same concentration was tested and calculated by counting 

the proportion of the cells captured on the microfluidic device 

(by the method of fluorescence staining, supporting informa-

tion). As shown in Figure 3A, the capture efficiency by single 

EpCAM and CKAAKN were 77.8 and 74.8%, respectively, 

but after integrating them together (CKAAKN and EpCAM, 

abbreviate as CE cocktail), the capture efficiency of CE cock-

tail was greatly enhanced up to 95.6%, indicating the more 

precise capture of combinatorial EpCAM and CKAAKN.

Subsequently, suitable throughput of this microfluidic 

device was also investigated, following the procedures 

described in supporting information. As shown in Figure 3B, 

the microfluidic device realized the highest capture efficiency 

of 91.4%, when the flow rate is 1.0 mL/h. It is worth to note 

that even flow rate reached 5.0 mL/h and microfluidic device 

kept 82.6% capture efficiency, demonstrating its merit of 

high throughput. When the new microfluidic device real-

ized excellent CTC capture, the possibility of false-positive 

results should be excluded. With this consideration, WBCs 

(2.0×106/mL) from healthy human blood, as reference, were 

adopted to prepare artificial blood sample without CTC. 

At the same time, the capture efficiency of different types 

of pancreatic cancer cells (BxPC3, Panc-1, and AsPC-1) 

were also explored. As shown in Figure 3C, with artificial 

blood sample without CTC, the capture efficient efficiency of 

WBCs was very low, indicating excellent anti-interference of 

this device. On the other hand, for different pancreatic cancer 

cells of BxPC3, Panc-1, and AsPC-1, our microfluidic device 

showed good stability that all of the three groups achieved 

high CTC capture efficiency. From these results, the posi-

tive and excellent CTC capture of this microfluidic device 

could be confirmed.

To clarify the contributions of different functional com-

ponents in this device, the capture efficiencies of similar 

microfluidic devices with different functional components 

(Flat: device with flat surface; Flat/“CE cocktail”: device 

with flat surface and combinatorial EpCAM and CKAAKN; 

NWs: device with nanowires; and NWs/“CE cocktail”: 

device with nanowires’ surface and combinatorial EpCAM 

and CKAAKN) were compared and the results are shown 

in Figure 3D. For different types of pancreatic cancer cells, 

the microfluidic device with NWs/“CE cocktail” realized 

highest capture efficiency and then was NWs and Flat/“CE 

cocktail”, while the microfluidic device only with Flat dem-

onstrated lowest capture efficiency. As compared to Flat 

device, higher capture efficiency of Flat/“CE cocktail” device 

could illustrated the enhanced CTC capture efficiency from 

combinatorial EpCAM and CKAAKN (the different results 

between NWs/“CE cocktail” device and NWs’ device could 
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also prove this). On the other hand, NWs’ device showed 

higher capture efficiency than Flat device, confirming the 

advantages of nanowire structure. These results convinced 

us that both the designs in this microfluidic device of com-

binatorial EpCAM and CKAAKN and nanowires’ structure 

contributed to improve CTC capture efficiency. It is worth to 

note that the gap between NWs’ device and Flat device was 

much lower than that between NWs/“CE cocktail” device 

and Flat/“CE cocktail” device, providing the advantages of 

integration methods in microfluidic devices.

Release of CTCs in microfluidic device
To analyze CTCs, the captured CTCs should be released 

from microfluidic device. The purity and viability of obtained 

CTCs were very important for later analysis.8,14,15,32,33 Herein, 

enzymatic release of CTCs was investigated for the first 

time to achieve highly efficient release and minimal effect 

on cell viability. Because CTCs were captured by EpCAM, 

adding peptide digestion reagent to cut off the peptide should 

release CTCs from microfluidic device. In this work, nine 

different peptide digestion reagents (including ArgC, AspN, 

chymotrypsin, GluC, LysargiNase, LysC, LysN, pepsin, and 

trypsin) were adopted to explore their performance of CTC 

release in microfluidic device. As shown in Figure 4A, com-

pared with other digestion reagents, chymotrypsin and trypsin 

illustrated much higher release efficiencies (85.5 and 86.2%, 

respectively). Subsequently, the CTCs’ release efficiencies 

of these two enzymes were further optimized by changing 

the concentration. According to Figure 4B, the best release 

efficiency (92.6%) of CTCs was realized at the concentration 

of 1 wt% by using chymotrypsin as the digestion reagent.

Cell viability of obtained CTCs was another key point for 

later analysis. High cell viability allowed in situ cell culture 

and analysis, which could simplify detection procedures. 

In this work, cell viability of released CTC with different 

concentrations of chymotrypsin was collected (the methods 

are described in the Supplementary material) and results are 

listed in Figure 4C. It is clear that cell viability of released 

CTCs was reduced, accompanying with the enhanced 

concentration of chymotrypsin. Considering the release 

Figure 3 Optimization of cTc capture conditions in pancreatic cancer.
Notes: (A) The capture efficiency of single EpCAM and combination EpCAM with polypeptide CKAAKN. (B) The capture efficiency with different flow rates. (C) The 
capture efficiency and comparison of different cell lines of pancreatic cancer and WBCs. (D) The capture efficiency and comparison of microfluidic devices with different 
functional components.
Abbreviations: cTc, circulating tumor cell; epcaM, epithelial cell adhesion molecule; WBcs, white blood cells.
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efficiency and cell viability, 1 wt% chymotrypsin was the 

best condition for CTC release. Under the optimized release 

condition, the CTCs’ viability and purity (the “purity” is 

the percentage of CTCs accounts for the CTCs and immune 

cells; here, mainly refers to WBCs in peripheral blood) of 

captured and released were tested (Figure 4D). The results 

illustrated that this new microfluidic device realized high 

CTCs viability up to 96.7% but with low purity only 0.5% 

(due to nonspecific capture of WBCs by nanowire structure). 

After enzymatic release of chymotrypsin, CTCs still kept 

high viability 93.5%. Due to specific peptide digestion by 

chymotrypsin, CTCs were released from microfluidic device 

and achieved the good purity of 28.5%, which was high 

enough for later molecular biology analysis.

Detection of cTc of clinical pancreatic 
cancer patients
KRAS mutations are the hallmark of the late-stage pan-

creatic cancer, and KRAS also be considered as a key 

oncogene and therapeutic target in pancreatic cancer.34 

After optimizing all the test conditions, this microfluidic 

device was further used for the detection of CTCs of actual 

clinical pancreatic cancer patients. Before the test, clinical 

blood samples should be pretreated firstly (the methods 

are described in the Supplementary material). During this 

process, clinical blood samples should be placed into BD 

Vacutainer Glass ACD Solution A tube (8.5 mL) to avoid the 

antigenic damage on the cell surface by EDTA anticoagulant 

(antigenic damage will affect the binding of antibody and 

reduce the capture efficiency). In addition, first 2 mL of 

blood sample in the tube should be removed, because there 

were exfoliated epithelial cells by needle, which might cause 

false-positive results.

CTCs often have different cell phenotypes. Herein, the 

fluorescence imaging technology (the processing procedure 

is summarized in the Supplementary material) was employed 

to further verify and analyze different CTCs. As shown in 

Figure 5A, CTCs with different cell phenotypes were verified 

Figure 4 Optimization of cTc release conditions after capture.
Notes: (A) Tests for CTC release efficiency under different peptide digestion reagents. (B) CTC release efficiency of chymotrypsin and trypsin with different concentrations. 
(C) Effect of different concentrations of chymotrypsin on CTC release efficiency and CTC viability. (D) changes in the viability and purity of cTc on capture and after 
release.
Abbreviation: cTc, circulating tumor cell.
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through unique fluorescence staining, in which DAPI was 

used to stain living cells, anti-CK was used to stain CTCs 

with epithelial cell phenotype, VIM was used to stain CTCs 

with interstitial cell phenotype,35 and CD45 was used to 

stain WBCs. This result confirmed our design that CTCs 

with different phenotypic ethnic groups could be captured 

by combinatorial EpCAM and CKAAKN for more effec-

tive CTC capture, which was significant in early warning of 

metastasis of pancreatic cancer.

After enzymatic release, harvested CTC still kept high 

viability and good purity, which could be used for the further 

test of CTC gene mutations in the blood. CTCs’ analysis 

from all pancreatic cancer patients and three healthy donors 

were carried out. Using the techniques described earlier, the 

released CTC suspensions were collected. After neutral-

ization and washing, CTC pellets were subjected to DNA 

extraction and amplification using WGA4 single-cell whole 

genome amplification kit (Sigma-Aldrich Co., St Louis, 

MO, USA). Afterward, the pancreatic cancer marker gene 

KRAS was amplified and Sanger sequenced. As shown in 

Figure 5B, five types of KRAS mutation were detected in 

samples from 16 pancreatic cancer patients but not in healthy 

donors’ samples.

Conclusion
In this work, we have developed a simple assembly, easy to 

operate, and environmentally friendly microfluidic device 

Pe-SiNWS. The Pe-SiNWS could facilitate to specific cap-

ture, biological release, and precise analysis of CTC. Our 

work provided a novel method of CTC detection and would 

be a good candidate for actual clinical application.
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