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Abstract

The spread of cancer throughout the body is driven by circulating tumour cells (CTCs)1. These 

cells detach from the primary tumour and move from the blood stream to a new site of subsequent 

tumour growth. They also carry information about the primary tumour and have the potential to be 

valuable biomarkers for disease diagnosis and progression, and for the molecular characterization 

of certain biological properties of the tumour. However, the limited sensitivity and specificity of 

current methods to measure and study these cells in patient blood samples prevent the realization 

of their full clinical potential. The use of microfluidic devices is a promising method for isolating 

CTCs2, 3; however, the devices are reliant on three-dimensional structures, which limit further 

characterization and expansion of cells on the chip. Here we demonstrate an effective approach to 

isolate CTCs from blood samples of pancreatic, breast and lung cancer patients, by using 

functionalised graphene oxide nanosheets on a patterned gold surface. CTCs were captured with 

high sensitivity at low concentration of target cells (73% ± 32.4 at 3–5 cells/mL blood).

In early stage cancers, CTCs are present in the blood stream at a low concentration and 

epithelial cell adhesion molecule (EpCAM) expression, along with other cancer related 

biomarkers, may be heterogeneous4, 5. Hence, methods for detecting CTC in early stage 

cancer patients need to be more sensitive, reliable and specific6. Existing microfluidic-based 

technologies have improved the recovery of CTC from cancer patients2, 3; however, these 
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technologies rely on micro-structures, trapping arrays2 or microfilters7, limiting downstream 

analysis and further culture. The development of a novel platform that enhances CTC 

isolation, is sensitive, allows imaging of captured CTCs and enables cell culture would 

dramatically increase the use of CTCs in diagnostics and prognostics.

Nanomaterials offer excellent opportunities to improve the sensitivity of biomolecule 

detection due to their high surface area to volume ratio and similar size to biomolecules8, 9. 

Recently, silicon-nanopillars10, quartz-nanowires11 and TiO2 nanofibers12 have been used to 

trap CTCs, with enhanced capture efficiency for nanomaterials with higher aspect ratios; 

however, capture yields were found to be lower than those observed for microfluidic-based 

CTC chips. Graphene oxide (GO) is a promising nanomaterial in application such as drug 

delivery13, biosensing14 and nanocomposites15. Its ease of surface modification using PEG-

based chemistry16, control over the size of its sheets using sonication and filtration17 and its 

unique optical properties18 make GO an attractive material for use in biomolecule detection.

The GO chip we present here takes advantage of this novel nanomaterial for sensitive 

capture of CTCs using functionalised GO nanosheets on a flat substrate (Fig. 1a–b). The 

silicon substrate has 58,957 flower-shaped gold patterns with a dimension of 100 μm × 100 

μm. The distance between each structure in a column is 150 μm and the overall size of the 

microfluidic device is 24.5 mm × 60 mm × 3 mm. The PDMS (polydimethylsiloxane) layer 

forms a microfluidic chamber with a 50 μm height and a total volume of 45 μL. Unlike other 

CTC capture devices with microposts (50~100 μm-thick)2, the effective functionalised 

surface created here enables the device to be a simple, flat and chamber-like structure 

(Supplementary Fig. S1). GO nanosheets are adsorbed onto the patterned gold surface, and 

then chemically functionalised with EpCAM antibodies. The GO functionalisation in this 

study uses a method described by Li et al. with some modifications (Fig. 1c)19. GO 

nanosheets are non-covalently functionalised by phospholipid-polyethylene-glyco-amine 

(PL-PEG-NH2) and the hydrophobic lipid chains of PL-PEG-NH2 are strongly immobilized 

onto the GO surface. Tetrabutylammonium (TBA) hydroxide is added for intercalation and 

complete exfoliation of GO. TBA cations and the amino group of PL-PEG-NH2 interact 

with the patterned gold surface by electrostatic attraction20. N-γ-maleimidobutyryloxy 

succinimide ester (GMBS) is introduced, which has N-hydroxysuccinimide (NHS) esters 

that react with amine groups of GO-PEG to form amide bonds. The CTCs are then captured 

using the following NeutrAvidin and biotinylated EpCAM antibody interactions. SEM 

images reveal that gold patterns were covered with functionalised GO nanosheets (Fig. 1d). 

This shows the high selectivity of GO adsorbed onto the gold patterns rather than silicon 

dioxide substrate as well as the uniform assembly and saturation density of GO on the gold 

pattern.

Human breast cancer cell lines (MCF-7, Hs-578T, originally from ATCC) and a human 

prostate cancer cell line (PC-3, originally from ATCC) were labeled with a fluorescent cell 

tracker dye, spiked into buffer at varying concentrations, and flowed through the GO chip. 

The captured cells in the GO chip and the non-captured cells collected in the waste were 

then counted. Different flow rates were applied to find the optimal flow rate (Fig. 2a), and at 

the 1–3 mL/hr rate range, the capture yield was over 82.3% (n=3). 100–1000 MCF-7 cells 

per milliliter were then spiked into buffer solution and captured at a flow rate of 1 mL/hr 
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(Fig. 2b). There was little difference in capture yield between MCF-7 cells (high EpCAM 

expression cells) and PC3 cells (relatively low EpCAM expression cells), whereas the 

capture yield was less than 10% for a non-EpCAM expressing cell line Hs-578T21 (Fig. 2c). 

Next, the functionalised GO chip and a functionalised flat silicon device without microposts 

were compared to examine how GO might increase the capture yield (Fig. 2d). The results 

from spiked cells in buffer solution clearly showed that the GO chip increased capture 

efficiency. Furthermore, it can be seen that cells were specifically captured on the flower-

shaped gold surfaces functionalised with GO. (Fig. 2e–f, Supplementary Fig. S5bc).

To further investigate capture efficiency in human blood samples, varying numbers of 

MCF-7 cells (3–5 cells, 10–20 cells, 100 cells) were spiked into 1 mL of whole blood and 

run through the GO chip and the functionalised flat silicon device (Fig. 3a, Supplementary 

Fig. S7). To differentiate captured CTCs and white blood cells, immunostaining was 

performed by using anti-cytokeratin and anti-CD45, where white blood cells were identified 

as positive for 4′, 6-diamidino-2-phenylindole (DAPI) and cluster of differentiation 45 

(CD45, a common leucocyte antigen), while CTCs were identified as positive for DAPI and 

cytokeratin (CK), but negative for CD45 (Fig. 3b). The average recovery rates of 10–20 and 

100 spiked cells per 1 mL were 94.2% (n=9) and 87.3% (n=3), respectively (Fig. 3a). In the 

case of 3–5 spiked cells per 1 mL, the average recovery rate was 73% (n=10) and five of the 

samples had 100% recovery rate (Supplementary Table S1). The higher standard deviation 

in the 3–5 spiked cell group may be explained by the inherent limitations in capture with cell 

numbers at low levels. The control functionalised flat silicon device had around 48% capture 

for both 10–20 and 100 spiked cells and only 13.3% capture for 3–5 spiked cells (Fig. 3a). 

Similar cell spike experiments were performed with the low EpCAM expressing PC-3 cell 

line and the recoveries were greater than 65% for both 3–5 and 10–20 spiked cells 

(Supplementary Fig. S8a). Furthermore, we compared the recovery of MCF-7 and PC-3 

cells across the GO chip, the GO chip without gold patterns and the functionalised flat 

silicon device and found that the GO chip with gold patterns has higher sensitivity for low 

frequency (3–5 cells) cell recovery (Supplementary Fig. S8b). After MCF-7 cells were 

captured on the GO chip, they were cultured in the device for 6 days (Fig. 3c, 

Supplementary Fig. S9a–f). The captured cells spread on the surface of the substrate and 

showed evidence of active proliferation, measured by 5-Ethynyl-2′-deoxyuridine (EdU) 

staining shown in red fluorescence (Alexa Fluor 647)22 (Fig. 3d, Supplementary Fig. S9g–i). 

Scanning electron microscopy (SEM) images showed the cultured MCF-7 cells spread 

nicely onto the surface of the GO chip (Fig. 3e). The cultured cells were released from the 

chip by trypsinisation and further re-cultured in a 96 well plate (Supplementary Fig. S10).

Fresh blood samples obtained from patients with metastatic breast cancer (n=7), early stage 

lung cancer (n=4) and metastatic pancreatic cancer (n=9) along with 6 age matched healthy 

individuals (Fig. 4, Supplementary Fig. S11) were processed on GO chips. Clinical data on 

these patients are available in Supplementary Table 2. CTCs in these samples were 

identified as DAPI positive nucleated cells staining positive for CK 7, 8 and negative for 

CD45 (Fig. 4a, d, g). Up to 23 CTCs/mL were captured from patient samples (n=39), with 

all patients analyzed (n=20) having ≥ 2 CTCs/mL (see Supplementary Table 2). We were 

unable to measure any CTCs in healthy controls (n=6, Fig. 4h, Supplementary Table S2). A 

small number of double positive cells (both CD45+ and CK+) were found in some patient 
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samples. Given, very little has been known about the origin and significance of these 

cells23, 24, we excluded these from CTC enumeration. Two capture experiments were run in 

parallel for blood samples from breast cancer patients (n=6): one to collect the number of 

CK+ CTCs and another to stain cells with Human Epidermal Growth Factor Receptor 2 

(HER2) along with CD45 to exclude the white blood cells (Fig. 4b). Almost all patients had 

a greater number of EpCAM+, HER2+ and CD45− cells (11 ± 6 CTCs/mL) than EpCAM+, 

CK+ and CD45− cells (3 ± 1 CTCs/mL) (Fig. 4c). Although both HER2-positive and HER2-

negative primary breast tumour tissues were analyzed, CTCs from the respective blood 

samples showed a higher percentage of HER2-positive cells. It has been previously reported 

that the Veridex CellSearch platform is unable to capture CTCs in 30 to 35% of metastatic 

breast cancer patients1, 25, 26 and detected less than 5 CTCs per 7.5 mL in 70% of the 

samples with greater than 1 CTC per 7.5 mL. In a study comparing microfluidic approaches 

to CellSearch, the reported number of CTCs in metastatic breast cancer patients was ≤ 5 per 

7.5 mL from 9 analyzed breast cancer patients27. For a similar cohort size, we detected 22 

CTCs per 7.5 mL in metastatic breast cancer patients. Nine total pancreatic cancer patients 

were also analyzed, among which 7 were stage IV metastatic cancer patients, and 2 were 

patients with stage III disease. All patients had ≥ 2 CTCs/mL, with a mean of 5 ± 4 

CTCs/mL. In addition to staining for CK, we analyzed samples in parallel for the epithelial 

to mesenchymal transition (EMT) marker, Zinc finger E-box-binding homeobox 1 (ZEB-1) 

along with CD45 to distinguish the white blood cells. Figure 4e presents a cluster of two 

CTCs expressing ZEB-1 which co-localized with the DAPI-stained nucleus. The average 

number of ZEB-1+ CTCs isolated was 2 ± 2 CTCs/mL. Among four early stage lung cancer 

patients analyzed, all of had ≥ 2 CTCs/mL, with a mean of 4 ± 1 CTCs/mL. To demonstrate 

downstream molecular assay feasibility, we extracted RNA from CTCs recovered from 

breast cancer patients. RNA extracted from four out of six breast cancer samples showed 

HER2 gene expression (Fig. 4i), whereas healthy control samples were negative for HER2. 

The bar chart shows the HER2 gene expression normalized with Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) in pure MCF-7 cells (100 cells), CTCs extracted from 

breast cancer patients. The negative controls (healthy blood run through the device) did not 

show the HER2 expression (up to 35 cycles).

In summary, we present a novel strategy using GO for sensitive planar CTC capture. 

Capture yields and detection sensitivities for single digit CTCs spiked into blood were much 

higher than the reported yields in the literature10. With functionalised GO nano-assemblies 

on the patterned gold surface as an effective tool, we were able to isolate, capture, identify 

and characterize rare CTCs in the blood of cancer patients for early cancer detection. The 

GO chip successfully isolates CTCs from early stage lung cancer patients along with 

advanced metastatic cancer patients. Recently two approaches were reported that are 

antibody independent and rely strictly on isolation of CTCs based on cell size27, 28. 

However their sensitivity in isolating CTCs in clinical samples was suboptimal compared to 

the capture efficiencies noted in this study. Furthermore, with filter-based techniques, 

downstream molecular assays still remain a significant challenge. Although larger clinical 

studies are warranted to validate our approach, the results demonstrate our ability to isolate 

CTCs from early stage cancer patients. Of interest, analysis of 6 breast cancer patient 

samples revealed both HER2-positive and HER2-negative cells primary tumours, but a 
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relatively increased presence of HER2+ cells in the circulation. This warrants further 

mechanistic investigation, however studies have shown that metastatic lesions vary from the 

primary tumour in 5–30%29, 30 and that CTCs can be HER2-positive when the primary 

tumour is HER2-negative31–33, highlighting the importance of understanding the functional 

heterogeneity of cancer cells. Although further work is needed to refine the conditions, the 

extension of the platform to conventional cell culture techniques is a useful advantage. In 

summary, we demonstrate the efficacy of graphene oxide in a sensitive planar CTC capture 

device GO chip that provides a platform for functional studies of captured CTCs from blood.

Methods

Surface modification

GMBS solution was flowed through the PEG functionalised GO chip at a 20 μL/min flow 

rate using a syringe pump (Harvard Apparatus). After 30 minutes of incubation, the device 

was washed with ethanol at 100 μL/min. 50 μg/mL NeutrAvidin was prepared and flowed 

through the device at 20 μL/min. After 1 hour incubation, the device was flushed with 

phosphate buffered saline (PBS) at 100 μL/min to remove the excessive NeutrAvidin. 

Finally, biotinylated EpCAM antibody at a concentration of 20 μg/mL in PBS with 1% (w/v) 

BSA was flowed through the device for 10 minutes at 20 μL/min. After 1 hour incubation, 

PBS was flowed to wash then, 1% or 3% BSA solution in PBS was flowed at 100 μL/min 

for 5 minutes. After flowing BSA solution, the device was allowed to incubate for 30 

minutes.

Cell culture and labeling

Tissue culture reagents were purchased from GIBCO Invitrogen Corporation/Life 

Technologies Life Sciences unless otherwise specified. MCF-7/Hs-578T and PC-3 cells 

were cultured in DMEM and DMEM/F12 medium containing 10% fetal bovine serum and 

1% penicillin-streptomycin solution. When cells reached more than 70–80% confluence, 

they were harvested and labeled with a green cell tracking dye (Invitrogen, CellTracker 

Green CMFDA, C7025). Subsequently, these fluorescence tracked cells were used to 

perform the capture efficiency experiments. For a low number cell spiking (3–20), cells 

were diluted in serum-free medium starting at an initial concentration of 1 × 105 cells/mL. 1 

μL of the concentrated cell suspension was transferred to a low-attachment 96-well plate. 

The transferred cells were counted under the microscope, then immediately pipetted into a 1 

mL of whole blood. After removing the cells from the 96-well plate, we counted the 

remaining cells at the same position. By subtracting these cells left behind from the original 

spot, the total number of cells spiked into blood was estimated.

Cytokeratin and CD45 staining

After flowing blood samples with low number of non-labeled cells, the captured cells were 

washed with PBS, fixed with 4% paraformaldehyde (PFA), permeabilized with 0.2% Triton-

X and incubated for 30 minutes followed by PBS wash. The device was incubated for 30 

minutes with 1 mL of blocking buffer containing 2% normal goat serum and 3% BSA. Anti-

cytokeratin 7/8 (BD Biosciences) and anti-CD45 (BD Biosciences) were diluted to 5 μg/mL 

in 1% BSA. These antibodies were flowed through the GO chip for 20 minutes at 50 μL/min 
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and incubated for 1 hour. After absorption of the primary antibody, the GO chip was washed 

with PBS. Anti-cytokeratin was probed with Alexa Fluor 488 IgG2a FITC (Invitrogen) and 

the anti-CD45 was probed with Alexa Fluor 546 IgG1 (Invitrogen). The secondary 

antibodies were diluted in 1% BSA at a 1:200 ratio, flowed through the GO chip for 20 

minutes at 50 μL/min, incubated for 1 hour and followed by washing with PBS. To stain 

nuclei of the captured cells, DAPI (1:1000 dilution in PBS) was flowed for 20 minutes at 50 

μL/min and the device was incubated for 15 minutes and washed with PBS.

Blood specimen collection

Blood samples were drawn from patients with tumours and healthy donors after obtaining 

informed consent under an IRB-approved protocol. All specimens were collected into 

EDTA tubes and were processed within 3 hours.

Cell Treatment with EdU

To measure cells’ ability to proliferate, Click-iT EdU Imaging Kit (Invitrogen, C10340) was 

used. After capturing cells, the GO chip was washed with PBS, and 10 μM EdU solution 

was added to the chip. The chip was incubated overnight, washed with PBS and followed by 

cell fixation with 4% PFA. After 15 minutes of incubation, the chip was washed with 3% 

BSA twice, followed by cell permeabilization with 0.5% Triton X-100 in PBS and incubated 

for 20 minutes. The chip was washed with 3% BSA twice and 0.5 mL of Click-iT reaction 

cocktail was added, followed by 30 minutes incubation and washing once with 3% BSA. For 

nucleus staining, 1 mL of 1X Hoechst 33342 solution was added and cells in the chip were 

incubated for 30 minutes and washed with 1 mL of PBS.

qRT-PCR analysis of captured CTCs

The RNA from captured CTCs either from spike samples or from patient’s blood samples 

was extracted from the GO chip using Arcturus Picopure RNA isolation kit according to the 

manufacturer’s instruction (ABI, Life Technologies). Then concentrated preparation of total 

RNA for each sample was used in RT reaction followed by pre-amplification of cDNAs 

using the pooled TaqMan Gene Expression assays of target genes and Cell-to-CT Kit 

according to the manufacturer’s instruction (Ambion, Life Technologies) on the Eppendorf 

mastercycler pro S instrument. Finally, gene expression experiments for each pre-amplified 

sample were performed using TaqMan Gene Expression Assays for GAPDH and HER2 

(Life Technologies) in a multiplex qPCR setting on the ABI 7900HT instrument. Data were 

presented as mean Ct for mRNA expression level of studied genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GO chip and functionalisation/characterisation of GO
a, Schematic diagram of the GO chip. b, Schematic showing the conjugation chemistry 

between functionalised GO nanosheets and EpCAM antibodies. GO nanosheets are adsorbed 

onto the gold pattern. The GMBS crosslinker binds to PL-PEG-NH2 onto the GO 

nanosheets. The NeutrAvidin is connected to the GMBS and biotinylated EpCAM. c, 
Preparation procedures of the functionalized GO. d, SEM image of gold patterns. Inset: 

magnified SEM image of adsorbed GO nanosheets on gold patterns.
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Figure 2. Characterization of the GO-chip with cells in buffer solution
a, Flow rate dependency on capture efficiency of MCF-7 cells. Error bars represent the 

standard deviation of three replicates. b, Capture efficiency of MCF-7 cells at the 1 mL/hr. 

The red solid line is a fit to the result expected. c, Comparison of different cell lines; MCF-7 

cells (high EpCAM expression), PC-3 cells (low EpCAM expression), and Hs-578T cells 

(no EpCAM expression). Error bars represent the standard deviation of three replicates. d, 
Cell recovery of MCF-7 cells compared to functionalized flat silicon device. Error bars 

represent the standard deviation of three replicates. Inset: photograph of GO chip (left) and 

photograph of functionalized flat silicon device (right). e, Fluorescence image of the 

captured MCF-7 cells. Inset: magnified (10x) fluorescence image of the captured MCF-7 

cells. f, SEM image of the captured MCF-7 cell on the gold pattern. Inset: magnified SEM 

image of the captured MCF-7 cell.
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Figure 3. Characterization of the GO-chip with MCF-7 cells spiked into whole blood
a, Cell recovery MCF-7 cells spiked into 1 mL of whole blood at varying spike 

concentration from 3 to 100 cells/mL. Error bars represent the standard deviation of 

replicates. b, Fluorescence microscope image of MCF-7 and white blood cells stained with 

DAPI (blue), cytokeratin (red), and CD 45 (green). c, Fluorescence microscope image of 6-

day-cultured MCF-7 cells. d, Fluorescence microscope image depicting proliferation of 

cells. e, SEM image of a captured and 6-day-cultured MCF-7 cell.
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Figure 4. Fluorescence microscope images and quantification of CTCs captured from cancer 
patient samples
a, CTC captured from breast cancer patient #6 (Br6). b, CTCs captured from breast cancer 

patient #2 (Br2). c, Quantification of CTCs captured from breast cancer patients. d, CTC 

captured from pancreatic cancer patient #2 (Pan2); Fluorescence particle from Alexa Fluor 

488 dye shows that CTC has no FITC (green). e, Two CTCs captured from pancreatic 

cancer patient #9 (Pan9). f, Quantification of CTCs captured from pancreatic cancer 

patients. g, CTC captured from early lung cancer patient #3 (L3). h, Quantification of CTCs 

captured from lung cancer patients and 6 healthy donors. i, HER2 gene expression 

(normalized to GAPDH) of captured CTCs by qRT-PCR. Four out of six patients showed 

expression higher than the gene expression of MCF-7 cells (100 cells).
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