
UC Berkeley
UC Berkeley Previously Published Works

Title
3D printed microfluidic devices for circulating tumor cells (CTCs) isolation

Permalink
https://escholarship.org/uc/item/2256h00b

Authors
Chen, Juhong
Liu, Chun-Yen
Wang, Xinchang
et al.

Publication Date
2020-02-01

DOI
10.1016/j.bios.2019.111900
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2256h00b
https://escholarship.org/uc/item/2256h00b#author
https://escholarship.org
http://www.cdlib.org/


3D printed microfluidic devices for circulating tumor cells 
(CTCs) isolation

Juhong Chena,b,c,d,1,*, Chun-Yen Liue,f,1, Xinchang Wanga,g, Eric Sweeta,b, Nathaniel Liua, 
Xiaohua Gonge, Liwei Lina,b,**

aDepartment of Mechanical Engineering, University of California, Berkeley, USA

bBerkeley Sensor and Actuators Center, USA

cDepartment of Biological Systems Engineering, Virginia Tech, USA

dHangzhou Institute of Advanced Transducing Technology, Wahaha R&D Academe, Hangzhou, 
China

eSchool of Optometry and Vision Science Program, University of California, Berkeley, USA

fDepartment of Materials Science and Engineering, National Cheng Kung University, Tainan, 
Taiwan

gSchool of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai, China

Abstract

Isolation of circulating tumor cells (CTCs) from blood samples has important prognostic and 

therapeutic implications for cancer treatments, but the process is very challenging due to the 

low concentration of CTCs. In this study, we report a novel 3D printed microfluidic device 

functionalized with anti-EpCAM (epithelial cell adhesion molecule) antibodies to isolate CTCs 

from human blood samples. A 3D printing technology was utilized with specially designed interior 

structures to fabricate a microfluidic device with high surface area and fluid flow manipulation, 

increasing capture efficiency of tumor cells. These devices with the optimal flow rate (1 mL/h) and 

channel length (2 cm) were demonstrated to test three kinds of EpCAM positive cancer cell lines 

(MCF-7 breast cancer, SW480 colon cancer, and PC3 prostate cancer), and one kind of EpCAM 
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negative cancer cell line (293T kidney cancer). Experimentally, the capture efficiency higher than 

90% has been achieved, and the isolation of MCF-7 tumor cells from spiked human blood samples 

has also been demonstrated. Combined with DNA-based detection (e.g. polymerase chain reaction 

or DNA sequencing), the detection and analysis of released DNAs from captured tumor cells could 

be another future direction for clinical diagnosis and cancer treatment.
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1. Introduction

Cancer metastasis causes 90% of all cancer-related deaths(Park et al., 2016). In these cases, 

cancer cells are able to detach from a tumor and enter blood vessels to circulate in human 

fluids(Chen et al., 2014; Cheng et al., 2015; Jackson et al., 2017). These tumor cells are 

called circulating tumor cells (CTCs), which have the potential to invade and colonize at 

distal sites, resulting in fatal metastasis(Nagrath et al., 2007; Wu et al., 2017). In the recent 

years, CTCs from the peripheral blood of patients have been reported in the liquid-based 

biopsy as biomarkers for the detection of various cancers, such as breast, prostate, and 

liver cancer(Miller et al., 2010; Pantel and Alix-Panabières, 2013; Riethdorf et al., 2010). 

Furthermore, the enumeration of CTC counts during a specific cancer treatment process has 

been used to monitor the effectiveness of treatment-resistance progression(Kurkuri et al., 

2011; Wu et al., 2014). Thus, there is an urgent need to advance the study of CTC isolation 

and detection to enable both early diagnostics and treatment progresses.

The major challenge for the isolation and detection of CTCs in bloodstream is their 

extremely low concentration (less than 100 cells per mL) as compared to native blood 

cell concentration (>109 cells per mL) (Gleghorn et al., 2010; Talasaz et al., 2009). 

The enrichment of CTCs is beneficial for cancer diagnostics and treatment such that a 

diverse array of technologies have been developed to address this task. Most of these 

techniques can be classified as (1) label-free and (2) affinity-based isolation of CTCs(Li 

et al., 2015; Murlidhar et al., 2016). Several methodologies have been demonstrated to 

separate CTCs in the label-free route, such as filtration, hydrodynamic chromatography, and 

dielectrophoresis (Earhart et al., 2014; Li et al., 2015; Sun et al., 2012; Wang et al., 2011). 

For example, Shah et al. have reported the capture of cells in microfluidic chip based on 

the positive-dielectrophoresis approach(Shah et al., 2014). But they often fail to achieve a 

high purity of CTCs and compromise cell viability for postprocessing analysis. Currently, 

affinity-based microfluidic devices have attracted significant attention for CTC studies(Lin 

et al., 2014; Reategui et al., 2015; Yoon et al., 2016). A variety of 3D microstructures have 

been proposed to increase the surface area and fluid flow manipulation to result in high 

CTC capture efficiency(Ahmed et al., 2017; Murlidhar et al., 2014; Nagrath et al., 2007; 

Sarioglu et al., 2015). For example, Nagrath et al. have reported antibody-functionalized 

micropillars within microfluidic channels to isolate CTCs(Nagrath et al., 2007). Assorted 

micropillar geometries have been investigated by Ahmed et al. to increase the CTC capture 

efficiency(Ahmed et al., 2017). While these microfluidic systems can capture and separate 
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CTCs from peripheral blood, their lithography-based fabrication processes are complex and 

time-consuming.

The most conventional approaches to fabricate microfluidic devices are based on molding 

techniques involving poly(dimethylsiloxane) (PDMS) and other thermoplastics(Au et al., 

2014; Sackmann et al., 2014). The disadvantages using the conventional approaches have 

limited their wide applications, such as the requirement of cleanroom-based fabrication, 

high cost and time-consuming of wafer processes, and labor intense of manual assembling 

multiple layers(Au et al., 2014; Chen et al., 2015b; Sochol et al., 2016; Tseng et al., 

2014). In addition, it is difficult to efficiently fabricate true 3D structures with high surface 

areas to increase the capture efficiency of CTCs. In the past few years, 3D printing, which 

can create 3D objects layer-by-layer, has received wide attention as a potential alternative 

to the PDMS-based conventional molding process.(Au et al., 2016; Bhattacharjee et al., 

2016; Chan et al., 2017; Sochol et al., 2016). To the best of our knowledge, 3D printed 

microfluidics have not been fabricated to isolate CTCs.

In this study, a microfluidic device was fabricated using 3D printing technology to isolate 

CTCs from peripheral blood samples. The inner surfaces were successfully functionalized 

with antibodies to provide capture sites for tumor cells with a designed fluid flow 

to maximize CTC-antibody interactions in the microfluidic channels. The influences of 

structural design, fluid flow rate, and channel length were investigated and optimized 

to increase the capture efficiency of CTCs. The devices under the optimized conditions 

were demonstrated to capture CTCs from artificially-spiked blood samples, which can later 

be integrated into a larger scale 3D printed network for cancer diagnostic and treatment 

applications.

2. Experimental section

Chemicals, materials, and instrumentation.

3D printed materials (20–40% of proprietary, 15–35% of ethoxylated bisphenol A 

diacrylate, and 1.5–3% of tripropyleneglycol diacrylate) and wax-based ink were purchased 

from 3D Systems. Dopamine hydrochloride, streptavidin, and bovine serum albumin (BSA) 

were purchased from Sigma Aldrich. Biotinylated anti-EpCAM antibodies were purchased 

from Abcam. MCF-7 tumor cells were obtained from cell culture facility at the University 

of California, Berkeley. All other analytical grade chemicals were purchased from Fisher 

Scientific. The Milli-Q water with 18 MΩ/cm was used for the preparation all solution. The 

microfluidic devices were printed using a ProJet 3000HD 3D printers (3D systems). The 

SEM images were captured using FEI Quanta 3D PEG FIB. The fluorescent and brightfield 

images were captured using Zeiss LSM 700 confocal laser scanning microscopy (CLSM).

3D printed microfluidic device fabrication.

3D printed microfluidic devices were designed using 3D modelling CAD (SolidWorks) 

and fabricated using a ProJet 3000HD 3D printers (3D systems) according to previously 

reported steps with minor modifications(Sochol et al., 2016). On the Ultra High Definition 

print configuration, this printer enabled an approximately 40 μm resolution in the horizontal 
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plane of the 3D printing process, and slightly better (approximately 30 μm) resolution in 

the vertical direction. Briefly, 3D models of the microfluidic devices in the STL file format 

(a standard file type for high-quality 3D models) were imported into the ProJet Accelerator 

software (3D systems). Under precise digital control, the devices were printed with the 

one open face in contact with the printbed, and printed in parallel such that the printer’s 

primary raster function (laterally across the printbed) traversed the width of the devices 

rather than their length to enable a more uniform print in the cross-section of the flow inputs. 

Specifically, microfluidic devices were printed by depositing either photocurable plastic 

resin or casting wax support materials layer-by-layer using two different printer nozzles (one 

for the photoplastic build material and the other one for sacrificial wax support material). 

Following the 3D printing process, the devices were immersed into food grade mineral oil at 

65 °C and the internal wax were removed using a syringe. Lastly, pressurized air was used to 

evacuate the remaining mineral oil and dry the devices.

Inner structure modification.

Schematic illustration of the surface chemical modification and anti-EpCAM antibody 

immobilization procedures are depicted in Fig. 1. Briefly, dopamine solution (1 mg/mL 

in 10 mM Tris buffer, pH 8.5) was pumped through the channel for 1 h under a constant 

flow rate (1 mL/h). In alkaline solution (pH 8.5), dopamine was self-polymerized into 

poly(dopamine) to coat the inner structures. After washing three times using phosphate 

buffered saline (PBS), streptavidin solution (20 μg/mL in PBS) was pumped for another 

1 h under the same flow rate. Afterward, active sites were blocked with bovine serum 

albumin (BSA, 3% in PBS) to avoid non-specific binding. Finally, biotinylated anti-EpCAM 

antibodies (10 μg/mL in PBS) were introduced to functionalize the inner surface areas via 

biotin-streptavidin interactions. The prepared devices were stored in PBS with 3% BSA in a 

refrigerator until use.

Cell capture simulations.

FLUENT module in the ANSYS WORKBENCH software was employed to perform 

simulations of cell capture based on the finite volume method (FVM), k-ε turbulence model, 

and discrete phase model (DPM). The channels were oriented vertically with the inlet 

downward and the gravitational acceleration was defined as 9.8 m/S2. The continuous phase 

was defined using water with the inlet velocity of 0.0003 m/S according to the flow rate of 1 

mL/h. The discrete phase (cell) was defined as solid particles with an average diameter of 20 

μm and a total flow rate of 9.32 × 10−9 kg/S according to the cell concentration of 1 × 106 

cells/mL. The density of the discrete phase was approximately defined as 1060 kg/m3. All 

the solid particles were injected into the channel from the inlet and distributed evenly on the 

surface.

Cell culture and preparation.

Human breast cancer cell line MCF-7 (passage 2–5) was cultured using DMEM + 

GlutaMAX (Dulbecco’s Modified Eagle’s Medium) with supplements (10% fetal bovine 

serum, 1% penicillin-streptomycin, 1% non-essential amino acid, and 1% sodium pyruvate). 

Cell culture was placed in an incubator at 37 °C with 5% CO2, and the medium was 

renewed every two days. Cancer cells were then suspended and harvested using 0.05% 
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trypsin. Immediately before the cell capture test, cells were washed and resuspended in 

PBS buffer. The concentration of cells was characterized using a hemocytometer. Other 

tumor cell lines (SW480, PC3, and 293T) were cultured in their relative media based on 

the ATCC® recommendations, and cells were harvested using procedures analogous to the 

aforementioned method for MCF-7 cells.

CTC capture and analysis.

The cell capture experiments were performed using antibody-modified 3D printed 

microfluidic devices. Cell lines (MCF-7, SW480, PC3, or 293T) in PBS were adjusted 

to the concentration of 1 × 106 cells/mL. Cell suspensions in syringes were pumped through 

using the Cole-Parmer tubing at room temperature. Outlet solutions containing unbound 

cells were collected, and the cell concentrations were also estimated using hemocytometry. 

Unlike the planar architecture, 3D printed devices make microscopy difficult to directly 

count the captured cells(Lin et al., 2017; Nagrath et al., 2007). Thus, cell capture efficiency 

was computed based on (total CTCs – escaped CTCs)/total CTCs. All experiments were 

repeated at least three times.

Blood sample analysis.

A whole blood sample from a healthy donor was collected and stored in EDTA coated 

tubes for use within 48 h. Human breast cancer cell line MCF-7/GFP was cultured and 

prepared using the above-mentioned methods. The harvested cells (1 × 106 cells/mL) were 

spiked into the whole blood sample without any further treatment. The artificial patient 

blood sample was then pumped through the anti-EpCAM antibody modified 3D printed 

microfluidic device. Fluorescence and brightfield images were captured using confocal laser 

scanning microscopy (CLSM) to determine the number of tumor cells with GFP expression 

and blood cells, respectively.

Statistical analysis.

All data are presented as mean ± standard deviation (SD) from at least three experimental 

datasets. The student t-test using SigmaPlot 12 software was conducted to determine if 

each set of data was significantly different from the corresponding control set. One asterisk 

(*) indicates a difference (0.01 < p < 0.05) and two asterisks (**) represents a significant 

difference (p < 0.01) between the two compared sets of data.

3. Results and discussion

3.1. Surface modification of 3D printed microfluidic device for CTC capture

In order to produce antibody-specific interaction and capture CTCs, the inner surfaces 

are modified using a layer-by-layer coating method (Fig. 1). Mussel-inspired self-

polymerization of dopamine in alkaline solution (pH 8.5) was applied to generate a 

biocompatible nanostructured polydopamine (PDA) coating on the inner surface(Lee et 

al., 2007; Lynge et al., 2011). There are two reasons for the polydopamine coating: (1) 

this reaction provides a simple surface coating to virtually any materials and (2) its amine 

and catechol groups ease bioconjugation of other molecules. In this study, reactive sites 

on the PDA coating provide accessible covalent anchors for streptavidin to enable the 
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immobilization of biotinylated anti-EpCAM antibodies as interfaces to capture specific 

CTCs(Lee et al., 2009; Zhang et al., 2016). Excess active sites were blocked with BSA 

proteins to prevent non-specific binding. The surface morphology of 3D printed materials 

after different modifications were characterized using scanning electron microscopy (SEM) 

images. As shown in Fig. S1a, the changes of surface morphology are observed after each 

modification step. Based on our previous study, the polydopamine could generate a coating 

with thickness of 50–100 nm, which made the differences between bare- and polydopamine-

coating (Chen et al., 2015a). However, the streptavidin and antibodies are small proteins 

(less than 10 nm), which resulted in the similar morphology among polydopamine-, 

streptavidin-, and antibody-coatings. As reported in the previous publications, the wettability 

of the inner surface would affect the cell capture efficacy because the hydrophilicity of the 

3D printed materials increased water retention, preventing cell-inner structure interactions 

and decreasing nonspecific cell adhesion(Li et al., 2015). The surface roughness of ±95 

μm in-plane and ±31 μm out-of-plane was reported in our previous publication(Sochol et 

al., 2016). As shown in Fig. S1b, the contact angles after each surface modification were 

measured to slightly change from 99.12° ± 0.55, 104.16° ± 1.46, 97.15° ± 1.29, to 91.47° 

± 2.79 for bare, polydopamine-coated, streptavidin-coated, and antibody-coated surfaces, 

respectively.

3.2. Characterisation of CTC capture after each surface modification of 3D printed 
surface

The effectiveness to capture CTCs was studied experimentally. In this study, 3D printed 

materials after each surface modification were incubated with MCF-7 cells (1 × 106 

cells/mL) in PBS at room temperature for 30 min. After washing three times to remove 

cells that did not attach strongly to the surfaces, tumor cells on 3D printed materials were 

characterized using SEM images. As shown in Fig. 2a, tumor cells are highlighted with blue 

color. Due to the physical attachment, tumor cells appeared to be plump spheroids affixed to 

the surfaces (Figs. 2a–1 and 2a-3). On the contrary, as shown in Fig. 2a-2 and 2a-4, tumor 

cells appear flattened with flagellum attached onto the material surface (indicated by red 

arrows) due to specific recognition.

The numbers of tumor cells attaching on 3D printed surfaces after each modification step 

were enumerated using confocal fluorescent images. Nuclear acids of tumor cells were 

stained using 4′,6-diamidino-2-phenylindole (DAPI) to be blue color and imaged using 

CLSM (Fig. 2b). Five images at 20× magnification were randomly picked and the tumor cell 

counts on each image were averaged (Fig. 2c). In comparison to bare (unmodified) surface, 

the surface with polydopamine modification can increase the cell capture rate. As reported 

in the previous publications, catecholamine groups could capture all kinds of cells (including 

blood cells) by the amine groups, resulting in non-specific capture(Ku et al., 2010). After the 

active surface were coated with streptavidin blocked with the bovine serum albumin (BSA), 

fewer tumor cells were captured. The modification of anti-EpCAM antibodies provided 

specific bindings to tumor cells with the EpCAM antigens and the number of captured tumor 

cells significantly increased.
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3.3. Inner design of 3D printed microfluidic device

Prior to isolate CTCs, the 3D microfluidic devices were optimized to maximize the 

interactions between tumor cells and functionalized inner surfaces by (1) increasing the 

surface areas and (2) manipulating fluid flow. Fig. 3a shows the design of a reference 

structure with a 2.75 × 2.75 × 10 mm3 chamber without inner geometries as model #0, 

which has a surface area of 190 mm2. A total of 12-layer vertical bars (in model #1 and 

#2) and 12-layer mesh-like structure (in model #3 and #4) were added into the fluidic 

chamber to increase the total surface areas to 350 mm2 and 404 mm2, respectively. The 

dimensions of each layer are labeled in Fig. 3a. In order to increase cell capture efficacy, 

the flow pattern and speed in these designs were simulated (Fig. 3b). For models #1 and 

#3, the inner patterns are aligned with each other in different rows such that cells are less 

likely to get in contact with the surface on the backside of the bars, and less effective 

cell capture efficacy is expected, which is consistent with the previous reports(Nagrath et 

al., 2007). For models #2 and #4, the odd patterns are shifted by 500 μm (lateral shift in 

model #2 and both lateral and vertical shifts in model #4) to introduce interpose features 

within the directions of the fluidic flows. Compared with model #1 and #3, model #2 and 

#4 can decrease local velocity (especially model #4), improving the interactions between 

cells and surfaces of inner structures, respectively. These results indicated that the model #4 

has the huge potential to increase the interaction between tumor cells and microfluidic inner 

structures.

3.4. Simulation and experimental results for CTC capture

The simulation and experimental results for CTC capture are compared in Fig. 4. All 

simulation parameters related to cell capture efficiency were defined based on actual 

experimental conditions. The simulated trajectories of particles traveling in the microfluidic 

systems of different models are shown in Fig. 4a. The particle intensity at the outlet layer 

was shown in Fig. 4b. There are fewer particles observed in the outlet of model #4, 

indicating higher cell capture efficiency. In simulation, the particles were captured when 

they contacted the inner structure for the first time, which was used to calculate capture 

efficiency. In reality, the particles could be captured for the second or third contact with 

the inner structures. As shown in Fig. 4c, experimental capture efficiencies were lower than 

simulation results because the particles could not be captured for the first-time contact. 

Similar capture efficiencies were observed for model #2 and #4, which both had the shift 

patterns, indicating that the capture efficiency can be increased by increasing surface area 

and manipulating fluid flow. Although there are some differences in capture efficiency 

between simulation and experiment results, experimental results show a similar trend as the 

simulation results with lower capture efficiency values in all models (Fig. 4c). Based on 

these results, model #4 will be used for the future CTC isolation in human blood samples.

3.5. Optimization of CTC capture

In order to further improve the cell capture efficiency, experimental settings (flow rate and 

channel length) were investigated using model #4 (Fig. 5a–b). For flow rate, the capture 

efficiencies as high as 88.79 ± 3.52% and 84.19 ± 3.44% were obtained at flow rates of 

0.5 and 1 mL/h, respectively. It was observed that higher flow speed could result in the 
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decreasing of the capture efficiency, and when the flow rate reached 3 mL/h, the efficiency 

dramatically dropped to 19.52 ± 8.96%. Since there was no significant difference (p-value = 

0.12) in terms of capture efficiency between flow rates of 0.5 and 1 mL/h, the flow rate of 1 

mL/h was chosen in this work for subsequent experiments. Similarly, the capture efficiencies 

are significant differences (p-value = 0.005) between the channel length of 1 and 2 cm. And, 

the capture efficiency was found to level off at the channel length of 2 cm, which was chosen 

for subsequent experiments.

To investigate the general applicability of the 3D printed microfluidic devices, different 

human cancer cell lines (MCF-7 breast cancer, SW480 colon cancer, PC3 prostate cancer, 

and 293T kidney cancer) were tested and their capture efficiencies are shown in Fig. 5c. All 

MCF-7, SW480, and PC3 are EpCAM positive with resulting capture efficiencies of 92.42 

± 2.00%, 87.74 ± 1.22%, and 89.35 ± 1.21%, respectively. The slight differences between 

capture efficiencies were caused by varying degrees of EpCAM expression on the surfaces 

of each tumor cell line(Ahmed et al., 2017; Stott et al., 2010). As a negative control, capture 

efficiency as low as 26.14 ± 5.30% is observed for EpCAM negative cell line (293T). 

Conclusively, the anti-EpCAM antibody modified surfaces in the 3D printed microfluidic 

devices can specifically capture EpCAM-positive tumor cells at the capture efficiencies of 

around 90%.

3.6. Capturing CTCs from spiked whole blood samples

Artificial patient blood samples were made to validate the capture efficacy of our 3D printed 

microfluidic devices. The EDTA anticoagulated whole blood was collected from a healthy 

donor in the University Health Center at the University of California, Berkeley and used 

without any pre-treatment within 48 h. Instead of MCF-7 cells, MCF-7/GFP cells (with 

green fluorescent protein) were spiked into the whole blood. While pre-processing blood 

samples (density-gradient centrifugation) can minimize the sample volume and shorten 

experiment time, CTCs could potentially be lost during the process to result in lower capture 

efficiencies(Qasaimeh et al., 2017). In this study, MCF-7/GFP tumor cells were spiked into 

whole blood, which were directly injected into the anti-EpCAM antibody functionalized 

3D printed microfluidic devices without any sample preparation. The artificially spiked 

blood samples before and after flowing through the 3D printed microfluidic devices were 

characterized using CLSM (in Fig. 6a–b), where fluorescence images were used to quantify 

MCF-7/GFP (green color) and brightfield images were used to quantify blood cells. As the 

negative and positive controls, MCF-7/GFP in PBS and blood sample were also imaged 

(Figs. S2a–b). The number of blood cells and MCF-7/GFP tumor cells were counted from 

5 randomly picked images and plotted in Fig. 6c and d, respectively. It is found that the 

number of blood cells remained consistent before and after the isolation process, indicating 

that our devices have negligible specific bindings to blood cells. On the other hand, the 

tumor cell number significantly decreased in the output blood solutions (Fig. 6d). After 

the capture process, tumor cell numbers were found to be less than five counts per image, 

implying an average capture efficiency of MCF-7/GFP as high as 95% in the blood samples. 

We have tested three devices and the results were consistent over these devices. These 

results demonstrate that our anti-EpCAM antibody functionalized 3D printed microfluidic 
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devices exhibit great performance toward the specific capture of MCF-7 tumor cells in 

whole blood samples for potential promises toward clinical applications.

The major challenge in this field is the low concentration of CTCs in the blood. Since our 

prototype 3D device is not transparent, it is not possible to image and examine the captured 

cells directly, especially for cells with low concentrations. Alternatively, we estimate 

the capture efficiency by counting the cell concentration difference before and after the 

isolation process by a high cell concentration of 106 cells/mL. We believe the cell capture 

efficiency results could be extended for those at low concentrations. Although similar 

capture efficacities have been reported in the previous publications using conventional 

fabrication processes, they are generally limited for applications in laboratory settings with 

simple 2D-based structures. (Table S1). (Ahmed et al., 2017; Cheng et al., 2015; Earhart et 

al., 2014; Kim et al., 2013; Myung and Hong, 2015) Manufacturability with high-throughput 

and low-cost is important for practical applications, while true 3D geometry opens up the 

possibility of a variety of complex structures with high surface areas and features for better 

CTC capture efficiencies. 3D printed prototypes as presented in this work demonstrate the 

feasibility toward these directions.

4. Conclusion

In conclusion, we have demonstrated a 3D printed CTC-capture microfluidic device to 

dramatically increase the surface area with manipulated fluid flow patterns to improve the 

contact interactions between the tumor cell and 3D printed inner structures. The inner 

structures are then functionalized with anti-EpCAM antibodies to provide specific capture 

of EpCAM positive human cancer cell lines (such as, MCF-7 breast cancer, SW480 colon 

cancer, and PC3 prostate cancer). The results show CTC-capture efficiencies up to 92.42 

± 2.00% for MCF-7, 87.74 ± 1.22% for SW480, and 89.35 ± 1.21% for PC3 cells 

Furthermore, the 3D printed microfluidic devices have been demonstrated to isolate CTCs 

from artificial blood samples. In combination with enzymatic lysis of the captured tumor 

cells and the analysis of the released DNA in the blood, the 3D printed microfluidic 

technique could open up opportunities for the isolation of rare tumor cells and early 

detection of cancer metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Schematic illustration of the setup pf microfluidic platform, and (b) schematic 

representation of surface modification chemistry and anti-EpCAM antibody immobilization 

procedures.
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Fig. 2. 
(a) SEM images of the captured tumor cells (breast cancer cell line, MCF-7) on 3D printed 

material surface after different modifications, and (b) confocal fluorescent images and (c) 

quantification of the captured tumor cells (breast cancer cell line, MCF-7) after different 

surface modifications.

Chen et al. Page 14

Biosens Bioelectron. Author manuscript; available in PMC 2022 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
(a) Designs of five different 3D printed microfluidic devices (inserted images are the inner 

structures) and (b) velocity magnitude profiles of five different designs.
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Fig. 4. 
(a) Simulated particle tracing within five different 3D printed microfluidic devices (inserted 

images are the cross-section of simulated particle tracing), (b) the Z-axis side view of the 

simulated particle tracing in the last layer, and (c) capture efficiency between simulation and 

experimental results on tumor cell isolation.
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Fig. 5. 
Capture efficiency optimization (a) at flow rate of 0.5, 1.0, 1.5, 2.0, and 3.0 mL/h and 

(b) using channel length from 1 to 5 cm, (c) the selectivity of anti-EpCAM functionalized 

3D printed microfluidic device on breast cancer (MCF-7), colon cancer (SW480), prostate 

cancer (PC3), and kidney cancer (293T).
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Fig. 6. 
Fluorescence microscopy image and quantification of CTCs isolation from blood samples. 

(a–b) Fluorescence and brightfield images of artificial patient blood samples before and after 

isolation, respectively. (c) quantification of blood cells from artificial patient blood sample, 

and (d) quantification of CTCs from artificial patient blood samples.
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