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Abstract

The detection of rare circulating tumor cells (CTCs) in the blood of cancer patients has the 

potential to be a powerful and noninvasive method for examining metastasis, evaluating prognosis, 

assessing tumor sensitivity to drugs, and monitoring therapeutic outcomes. In this study, we have 

developed an efficient strategy to isolate CTCs from the blood of breast cancer patients using a 

microfluidic immune-affinity approach. Additionally, to gain further access to these rare cells for 

downstream characterization, our strategy allows for easy detachment of the captured CTCs from 

*Corresponding Authors: sstott@mgh.harvard.edu, hammond@mit.edu.
Present Address
W.L. is currently located at Department of Chemical Engineering, Texas Tech University, Lubbock, Texas 79409, United States.
▼Author Contributions
M.-H.P. and E.R. contributed equally to this work.
ORCID
Paula T. Hammond: 0000-0002-9835-192X

Notes
The authors declare no competing financial interest.

HHS Public Access
Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2017 July 12.

Published in final edited form as:
J Am Chem Soc. 2017 February 22; 139(7): 2741–2749. doi:10.1021/jacs.6b12236.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the substrate without compromising cell viability or the ability to employ next generation RNA 

sequencing for the identification of specific breast cancer genes. To achieve this, a chemical 

ligand-exchange reaction was engineered to release cells attached to a gold nanoparticle coating 

bound to the surface of a herringbone microfluidic chip (NP-HBCTC-Chip). Compared to the use 

of the unmodified HBCTC-Chip, our approach provides several advantages, including enhanced 

capture efficiency and recovery of isolated CTCs.

Graphical Abstract

INTRODUCTION

Metastasis is responsible for the majority of cancer-related deaths and is thought to be 

initiated by the release of circulating tumor cells (CTCs) from the primary tumor.1 

Enumeration of CTCs present in the peripheral blood of metastatic cancer patients has been 

shown to have prognostic utility in prostate, breast, and colorectal cancers.2 Molecular 

characterization of CTCs may provide a less invasive means of obtaining information from 

the patient’s primary tumor, helping to guide treatment and monitoring of disease 

progression.3 Additionally, since CTCs have been shown to contain genetic material shed 

from primary and metastatic tumors, they provide a unique opportunity to understand the 

biological mechanisms underlying metastasis.4

Although the existence of CTCs was confirmed more than 100 years ago,5 the isolation and 

subsequent profiling of CTCs remains a challenge due to the low number of CTCs present in 

the blood (as few as 1 CTC per 1 × 109 hematological cells) and their physical and 

biological heterogeneity within the same patient.6 The drawbacks of current CTC isolation 

technologies include (i) limited molecular characterization due to high residual cell 

background levels following CTC isolation; (ii) debulking or prelabeling steps that may 

cause cell stress and loss of CTC viability; (iii) the potential presence of CTC 

subpopulations that undergo epithelial-to-mesenchymal transitions, which are associated 

with different expression levels of tumor markers [e.g., epithelial cell adhesion molecule 

(EpCAM), cytokeratin]; and (iv) lack of access to the isolated cells due to technique or 

fixatives used in processing. Currently, the CellSearch system (Veridex, LLC, Raritan, NJ, 

USA) is the only FDA-cleared CTC diagnostic system for enumeration of CTCs in patients 
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with breast, prostate, and metastatic colorectal cancers. Although CTC enumeration using 

this system provides prognostic value in cancer patients,7 CTCs are nonviable and cannot be 

recovered for downstream analysis or ex vivo cell culture. Therefore, there is a need to 

develop technologies that facilitate viable CTC recovery following the cell enrichment 

stage.8

Geometrically patterned microfluidic platforms with antibody-coated surfaces have been 

conceived as an alternative CTC isolation methodology, and high purification efficiencies 

have been demonstrated using this approach.9 The devices are easily fabricated at a low cost, 

permit viable cell isolation with a high sensitivity to low CTC concentration levels, and do 

not require sample preprocessing steps.10 We previously demonstrated that our microfluidic 

herringbone chip (HBCTC-Chip) generates microvortices within whole blood, thereby 

enhancing CTC capture through passive mixing and increased contact time between flowing 

cells and the antibody-functionalized surface.11 Clinical use of HBCTC-Chip with blood 

samples has enabled the determination of CTC signaling pathways by RNA sequencing,12 

demonstration of dynamic changes in CTC phenotypes,13 development of an androgen 

receptor (AR) activity assay for prostate cancer CTCs,14 exploration of the metastatic role of 

CTC clusters,15 and, more recently, realization of single-point mutations in CTC 

deoxyribonucleic acid (DNA).16

Recently, nanostructured substrates have been incorporated into microtechnologies to 

enhance CTC isolation sensitivity.17 Similar to other immunoaffinity approaches, CTCs 

captured in this manner are irreversibly immobilized to the nanoparticles (NPs),18 

nanotubes,19 and nanosheets,20 significantly limiting the ability to perform single-cell 

molecular analysis or long-term culture of this rare cell population. Various approaches 

involving polymer phase transitions (temperature-driven)21 and enzymatic degradation22 

have been developed for single-cell analysis after isolation. Each one of these strategies has 

their advantages and limitations. For thermoresponsive substrates, they require the careful 

control of the surface temperature of the device to achieve uniform recovery of cells, thus, 

additional equipment to control the temperature is required and limits the ability to 

commercially scale these devices. On the other hand, the use of enzymes or chelators such 

as alginate lyase, EDTA, DNases, or endonucleases during recovery of the cells may 

compromise the viability of patient CTCs due to the over exposure to the degraded film 

itself and the enzymatic solution.16b,22

In this study, we utilize a thiolated ligand-exchange reaction with gold nanoparticles 

(AuNPs) on a herringbone chip (NP-HBCTC-Chip) to isolate and release cancer cells from 

whole blood. Our strategy results in a substrate that is stable during the processing of a 

highly complex biological fluid, yet ensures the safe release of the cancer cells for 

subsequent analysis and functional assays. In contrast with antibodies placed on flat silicon 

oxide surfaces, antibody-coated NPs were chemically assembled directly onto the HBCTC-

Chip in our system. Application of this NP-mediated strategy in micro-fluidic devices such 

as the HBCTC-Chip provides the following additional advantages: (a) the nanoroughened 

structure created by the NP assemblies increases the surface area available for adhesion and 

binding, and this synergistically influences specific interactions between cancer cells and 

antibodies, ultimately enhancing tumor capture but reducing nonspecificity due to a 
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differential adhesion profile to nanostructured substrates between cancer cells and normal 

blood cells;23 (b) the metal–thiol interactions can be readily disrupted in the presence of 

excess thiol molecules, such that the original ligands with immobilized antibodies are 

efficiently exchanged with biocompatible thiol molecules [i.e., glutathione (GSH)],24 

resulting in the release of cancer cells from the surface; (c) the irregular surfaces of the NP 

assemblies provide release reagents with access to the surface area under the cells, thereby 

enabling successful release of captured cells for subsequent molecular analysis and ex vivo 

cell culture; and (d) the chemically self-assembled monolayers derived from the reversible 

NP bonds enable the optimization of this method for use with complex surface topographies 

without the need for additional process changes.

Interactions between cells and substrates play a significant role in the modulation of cell 

adhesion and functionality. Recently, three-dimensional nanostructures have been reported to 

exhibit improved cell-capturing efficiencies due to the increased frequency and duration of 

cell/substrate contact achieved in microfluidic channels, and this increase in sensitivity is 

critical for identifying cells in low concentrations, such as CTCs.25 To achieve this 

nanostructured surface in a HBCTC-Chip, AuNPs were used as an efficient platform for 

assembling tumor-specific antibodies, and a 2 nm core was chosen because the surface 

functionality of AuNPs with a small size can be readily manipulated with robustness and an 

increase in the size of NPs (e.g., 100 nm or greater) not necessarily would reflect in an 

increase in capture efficiency under high flow rate.26 The AuNPs used in this work were 

composed of a mixed monolayer of 11-mercaptoundecanoic acid (MUA) and 12-

mercaptododecanoic acid N-hydroxysuccinimide ester (NHS) (Scheme 1a). The NHS 

ligands were used to bind an amine moiety to NeutrAvidin, thereby immobilizing the NPs on 

the surface. Additionally, despite the water insolubility of AuNPs, the carboxylic acid 

(COOH) ligands associated with MUA were used to enhance NP solubility in ethanol, 

thereby facilitating their use with polydimethylsiloxane (PDMS) devices. The NHS-

functionalized AuNPs were immobilized within the herringbone (HB) channels through 

reactions with amine groups on the surface, and the remaining NHS-esters were utilized for 

NeutrAvidin binding. The HBCTC-Chip with bound NeutrAvidin–NP assemblies was coated 

with antibodies via tetravalent biotin–NeutrAvidin binding to facilitate specific tumor cell 

binding (Scheme 1b).

GSH was chosen as a cell release reagent because it is a well-characterized tripeptide, and it 

is the most abundant thiol species in the cytoplasm. GSH performs many important 

physiological functions, such as controlling the redox environment in cells.27 Furthermore, 

the high intracellular concentration of GSH observed physiologically (up to 10 mM in liver 

cells) suggests that it can be used safely without causing critical damage to cells during the 

release process. This approach brings closer the concept “liquid biopsy”: a safe, efficient, 

and precise means of obtaining information about the state of blood-borne metastasis in 

patients.24,28

RESULTS AND DISCUSSION

As a proof-of-principle study, experiments were first performed on a flat silicon substrate 

instead of the herringbone chip, and surface analyses were performed using an ellipsometer 

Park et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2017 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and an atomic force microscope (AFM). Figure 1 shows the change in film thickness 

associated with each step of the assembly process for both the control and NP-mediated chip 

surfaces. First, the monolayer assembly of (3-mercaptopropyl)trimethoxysilane (MPTMS) 

and N-[3-(trimethoxysilyl)propyl]ethylenediamine (AEAPTMS) was observed on the SiO2 

surface, with thicknesses of 0.4 ± 0.1 and 1.0 ± 0.1 nm in the control and NP-mediated 

chips, respectively. The average thickness increased to 0.3 ± 0.1 and 3.5 ± 0.4 nm with 

successful immobilization of N-(γ-maleimidobutyryloxy)succinimide ester (GMBS) and 

NHS-functionalized AuNPs, respectively, which corresponds to the relative molecular/

nanoscale sizes of GMBS and the AuNPs. A significant thickness increase of 1.7 ± 0.3 nm 

was observed for both chips after the NeutrAvidin binding step, and this is consistent with 

the literature reports based on AFM analysis.29 However, with the addition of GSH, we 

observed a reduction in the thickness of the NP-mediated HB chip surfaces, which was 

equivalent to the amount gained in the NeutrAvidin binding step; this loss in thickness 

corresponds to the approximate size of the NeutrAvidin molecule. The topographic images 

of the NP-mediated chip substrates (Figure S1A,B) exhibit a corrugated surface generated 

by the NP assemblies and NP–NeutrAvidin binding, with surface roughness (Rq) values of 

0.497 and 0.705 nm, respectively. This is compared to the GMBS and GMBS–NeutrAvidin 

binding on smooth substrates with Rq values of 0.249 and 0.412 nm, respectively (Figure 

S1C,D).

To demonstrate the successful release of cancer cells from the chip via AuNP–thiol 

exchange reactions, the NP–NeutrAvidin-bound substrates were dipped in different GSH 

solution concentrations for 30 min. A thickness decrease of 1.9 ± 0.4 nm was observed 

following exposure to GSH solution concentrations greater than 0.5 mg/mL, and this is 

indicative of successful NeutrAvidin detachment from the NP surface through ligand 

exchange (Figure 1B). After GSH exposure, the observed 1.9 nm reduction likely 

corresponds to the selective removal of NeutrAvidin and the retention of NPs on the surface 

due to a difficulty in accessibility of release reagent to permeate underneath the immobilized 

small AuNPs (2 nm).

The NP-mediated HB chip (NP-HBCTC-Chip) was fabricated using a PDMS microfluidic 

device with herringbone structures by the chemical modification (sequential reactions of 

amino silane, NHS-AuNPs, NeutrAvidin, and anti-EpCAPM onto the surface) as reported in 

our previous research.11 To assess coverage and uniformity of NeutrAvidin deposition onto 

NPs immobilized on the surface, a fluorescently labeled biotin (biotin-R-phycoerythrin) was 

used, and the fluorescent traces were measured and analyzed. Figure S2A,B shows the 

fluorescent images after the biotin treatment on the surface of the microfluidic device 

prepared in the presence and absence of NeutrAvidin. The strong fluorescence of the biotin 

able to bind NeutraAvidin clearly demonstrates the successful avidin deposition with 

uniform fluorescent intensity (Figure S2C,D). To further evaluate antibody coverage and 

effect on capture efficiency, the surface was functionalized with a fluorescently labeled 

secondary antibody after anti-EpCAM binding. Figure S3A shows the titration curve of the 

antibody coverage at the surface, showing a linear relation between antibody coverage and 

concentration. Importantly, we observed the correlated increase in the capture efficiency of 

PC3 cells with the antibody coverage up to a concentration of 10 μg/mL, but the efficiency 

(98.15 ± 1.1%) was saturated over than the antibody concentration (10 μg/mL) (Figure S3B). 
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These results are in agreement with our prior publications that demonstrate that the optimal 

concentration of capture antibodies is 10 μg/mL.11 In addition, the steady fluorescent 

intensity across the surface of the device indicates the uniformly distributed antibody on the 

device (Figure S3C,D).

To demonstrate the impact of the corrugated NP films on cell isolation, the NP-HBCTC-Chip 

was compared with our standard HBCTC-Chip in a controlled experiment. Figure 2 shows 

the capture efficiency and nonspecific binding [NSB, an amount of white blood cells (per 3 

mL) presented on the surface after running each blood sample through the microfluidic 

device] of both PC3 and MDA-MB-231 cancer cells with both NP-HBCTC-Chip 

and HBCTC-Chip substrates. PC3 cells (prostate origin and more epithelial-like) possess 

about 52 000 epithelial cell adhesion molecule (EpCAM) binding sites per cell, whereas 

MB-MDA-231 cells (breast origin and mesenchymal-like) exhibit only 1700 binding sites 

(approximately 30 times fewer).30 Higher capture efficiency (99% vs 82%) and lower NSB 

(35% decrease) were observed for PC3 cells in the NP-functionalized chip compared to that 

of our previous HBCTC-Chip chemistry. Moreover, a substantial increase (1–16%) in capture 

efficiency and an 88% decrease incredibly in NSB were achieved with the MDA-MB-231 

cell line. These improvements were strongly associated with the surface nanostructure of the 

microfluidic chip (Figure S4). Interestingly, the reduction on nonspecificity is an important 

feature of our nanostructured substrates with a differential adhesion profile to nanostructured 

substrates between cancer cells and normal blood cells.23c To enhance the capture efficiency 

with MDA-MB-231 cell lines, which have a low expression level of EpCAM similar to 

human epidermal growth factor receptor 2 (Her2) but a high expression level of epidermal 

growth factor receptor (EGFR), our NP-mediated chip was further functionalized with Her2, 

EGFR, and a cocktail of antibodies (a combination of EpCAM, Her2, and EGFR) and tested 

with MDA-MB-231 cells. Figure 2B shows the high capture efficiency with the use of 

EGFR and cocktail that is a clear indication of the importance of antibody selection for 

CTCs with heterogeneous expression of various antibodies. Using a cocktail approach of 

three antibodies (EpCAM, HER2, and EGFR), our group has demonstrated that breast 

cancer cells across all stages of the EMT transition can be captured.13

The number of CTCs present in patient blood can be highly variable, but it is almost always 

a rare event. Thus, to the capture sensitivity of our device at varying concentrations of cancer 

cells, we added cancer cell into whole blood at concentrations ranging from 5 to 1000 

cells/mL of blood. A linear correlation between the number of spiked (1000 to 10 PC3 

cells/mL) and captured cells (R2 = 0.9947, n = 3) was observed, with capture efficiency 

ranging between 96.4 ± 2.2 and 80.0 ± 1% (Figure 3A). To test ultralow concentrations of 

cancer cells, two different cancer cell lines (MDA-MB-231 and PC3) were investigated. For 

each cell line, five total cells were picked one cell at a time using a micromanipulator and 

spiked into 1 mL of whole blood, prior to flowing through our chip. Using this approach, for 

the MDA-MB-231 cells, the average capture efficiency was 68 ± 29.2%, n = 10, and for the 

PC3 cells, it was 72 ± 26.4%, n = 10 (Figure 3B). These results demonstrate that the 

NP-HBCTC-Chip can efficiently isolate cancer cells at low numbers and antibody expression 

levels by enhancing cell-surface contact and binding affinity between CTC antigens and 

substrate antibodies, regardless of phenotype.
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Based on the thiol exchange reactions illustrated in Scheme 1B, the reversible thiol binding 

to the surface of the AuNPs facilitates detachment of isolated CTCs from the chip in the 

presence of excess GSH. Figure 4A shows the release efficiency achieved by flowing GSH 

(1 mg/mL) for 30 min and the viability of the recovered cancer cells. The NP-HBCTC-Chip 

showed good cell detachment performance, with release efficiencies of 92 and 91% for 

isolated PC3 and MDA-MB-231 cancer cells, respectively. The released cells were 

subsequently cultured in media for up to 5 days, with an average cell viability determined to 

be 78% (MDA-MB-231) and 87% (PC3) relative to our control cells (Figures 4D and S5). 

Optical microscopy images of isolated cancer cells on the NP-HBCTC-Chip before and 3 

min after GSH treatment illustrate the efficiency of this system for cell isolation and release 

(Figure 4B,C). To quantify a proliferation rate of the released PC3 and MB-MDA 231 cells 

from our microfluidic platform, an MTT assay was used to measure the absorbance at 570 

nm at different time points. During 8 days, any significant difference was not found for the 

control and released cells using the highest concentration (1 mg/mL) of GSH (Figure S6).

Blood samples from a small cohort of metastatic breast cancer patients were used to test the 

clinical utility of the AuNP assembly. To maximize capture efficiency from cancer patients 

as mentioned above, all of our patient results were obtained with the use of an antibody 

cocktail at 10 μg/mL.13 Blood samples from four metastatic breast cancer patients and two 

healthy individuals were processed through our NP-HBCTC-Chip, with an average of 3.5 mL 

of blood analyzed per patient. We were able to identify CTCs (Figure 5A,B) in all patients 

using immunofluorescence staining techniques. Cells were identified as CTCs if they stained 

positive for DNA with 4′,6-diamidino-2-phenylindole (DAPI), expressed the tumor markers 

EpCAM, and cadherin 11 (CDH11), and did not express the leukocyte marker CD45.22c A 

patient sample was considered positive for CTCs when at least 2 CTCs/mL were detected. 

This threshold was established based upon positive event levels detected in the two healthy 

controls (median = 0.9 CTCs/mL, mean = 0.7 ± 0.3 CTCs/mL). CTC counts ranging from 6 

to 12 CTCs/mL (median = 7.4 CTCs/mL, mean = 8.2 ± 2.7 CTCs/mL) were obtained in the 

breast cancer patients (Figure 6C). One interesting feature of the nanocoating is that it 

captured not only individual CTCs (Figure 5A) but also CTC clusters present in the 

peripheral blood of metastatic cancer patients (Figure 5B). CTC clusters have higher 

metastatic potential than single CTCs owing to their biological and physical shielding from 

the immune system and blood flow shear stresses.31 Therefore, our NP-HBCTC-Chip 

approach demonstrated improved versatility and sensitivity toward CTCs.

To further demonstrate that our system is a powerful and noninvasive method for 

understanding CTC biology, the molecular characterization was performed using a patient-

derived breast (Brx) CTC line as a biological model system.13 Our CTC cell lines have been 

derived from patient CTCs that are highly heterogeneous and also are more sensitive to 

culture and manipulation conditions than immortalized cell lines (e.g., hypoxic conditions, 

nonadherent culture, specialized media).32 Using imaging flow cytometry, cell viability was 

measured using calcein AM, and apoptotic cells were identified using a caspase 3/7 

fluorescence probe. We compared control cells (obtained directly from culture) to cells 

captured and released using NP-HBCTC-Chip (Figure 6A,B). Also, anti-EpCAM and CD45 

markers were used to distinguish cancer cells and white blood cells after release (Figure 

6A,B). Figure 6C,D shows the gate used for viability quantification of control versus 
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captured/released Brx cells. The viability oscillates between 87 and 93% with both control 

and released cells having almost identical scatter plots. Also, the expression levels of 

EpCAM for both control and released cells show nearly identical profiles with a mean 

EpCAM intensity of 4.5 × 105 ± 2.9 × 105 and 3.8 × 105 ± 2.7 × 105, respectively (Figure 

6E,F). Also, we analyzed the size distribution to identify any potential changes as a result of 

microfluidic processing. Figure 6G,H shows that there are no significant changes in size 

distribution, with the mean area of 544 ± 210 and 480 ± 170 for control versus captured 

cells, respectively.

Our biocompatible and safe method was further confirmed by the identical threshold cycle 

(Ct) values for both control and released Brx cells using RT-qPCR, whereby lower Ct values 

represent higher gene expression (Figure 6I and Figures S7 and S8). Ct values for control 

cells versus cells released from our device were 22.38 (SD 0.23) and 22.34 (SD 0.56) for 

EpCAM, 31.86 (SD 0.08) and 31.69 (SD 0.12) for Cdh3, 26.05 (SD 0.05) and 25.87 (SD 

0.06) for Her2, 32.79 (SD 0.19) and 32.86 (0.13) for Met, and 32.73 (SD 0.08) and 32.93 

(SD 0.16) for EGFR. Taken together, these results are a clear indication that the chemical 

release with the use of GSH for thiol exchange does not affect viability or the molecular 

signature of our Brx CTC line.

To test the impact of our release mechanism on gene expression profiles of the CTCs, next 

generation RNA sequencing analysis was performed on CTCs isolated from metastatic 

breast cancer patients. For each sample, the blood sample was split between a “released” and 

“control” condition. After isolating RNA on-chip for both control and released conditions, 

the CTCs were released using our ligand-exchange approach (see Experimental Section) 

followed by RNA isolation. Unsupervised clustering of RNA isolated using the different 

processing conditions resulted in each paired patient sample (e.g., control and release) 

clustering together for the top 1000 of the most variant genes (Figure S9 and Table S1). 

When we looked at gene expression profiles for breast-cancer-specific genes, our data 

demonstrate remarkably negligible changes in expression levels between our control and 

released CTCs (Figure 7). Moreover, we were able to identify unique breast cancer gene 

signatures related to disease progression (e.g., KRT8, KRT18),33 patient survival (e.g., 

TFF3),34 risk of metastasis (e.g., CLCA2),35 and the epithelial to mesenchymal transition 

(e.g., S100A14, S100A16)36 of cancer cells during the dissemination of the disease (Figure 

7 and Table S2).

CONCLUSION

We have demonstrated an alternative strategy to efficiently isolate cancer cells from the 

peripheral blood using thiolmodified AuNPs assembled on HBCTC-Chip surfaces. Using our 

NP-HBCTC-Chip, the isolated cancer cells from mesenchymal and epithelial cancer cell 

lines as well as metastatic breast cancer patient samples can be recovered through simple 

thiol exchange reactions without any significant damage. The inherent advantages of the 

NP-HBCTC-Chip include ease of fabrication, flexibility for use with diverse ligand-exchange 

functional groups, and accessibility to three-dimensional surface structures, thereby 

facilitating cell binding and release. The approach taken for both capture and release shows 
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limited impact on cell viability and the ability to perform sensitive downstream assays such 

as next generation RNA sequencing.

EXPERIMENTAL SECTION

Fabrication of the NP-Bound Microfluidic Herringbone Chip

1-Pentanethiol, 11-mercaptoundecanoic acid (MUA), 12-mercaptododecanoic acid N-

hydroxysuccinimide (NHS) ester, gold-(III) chloride hydrate, sodium azide, Tween 20, 

bovine serum albumin (BSA), (3-mercaptopropyl) trimethoxysilane, N-(γ-

maleimidobutyryloxy)succinimide ester (GMBS), and N-[3-

(trimethoxysilyl)propyl]ethylenediamine (AEAPTMS) were purchased from Sigma-Aldrich 

Corporation (St. Louis, MO, USA) and used without further purification. The NP-bound 

microfluidic herringbone chip (NP-HBCTC-Chip) was fabricated using a previously 

described method.12 Briefly, the HBCTC-Chip consists of a 1 in. × 3 in. glass slide and a 

poly(dimethylsiloxane) (PDMS, Sylgard184, Dow Corning Corporation, Midland, MI, 

USA) layer containing eight microchannels with a herringbone pattern on the upper surface. 

The glass slide and PDMS layer are bonded together following oxygen plasma treatment. To 

chemically modify the device, the microfluidic channels were first treated with 1 wt % 

solution of AEAPTMS in ethanol for 1 h at room temperature, followed by repeated 

complete washings with ethanol. Subsequently, the chip was incubated in a 0.01 wt % 

ethanol solution of NHS-functionalized AuNPs for 30 min at room temperature and rinsed 

with ethanol to allow amide formation as a means of binding the particles to the aminated 

surface. Next, the channels were filled with 20 μg/mL NeutrAvidin (Pierce Biotechnology 

Company, Rockford, IL, USA) solution in PBS for 1 h, thereby allowing free lysines in the 

NeutrAvidin to react with the remaining free NHS-ester and bind the tetravalent NeutrAvidin 

protein to the particle surface. The NP–NeutrAvidin-bound chips were stored in a solution of 

NeutrAvidin at 4 °C until ready for use. Within 24 h of the experiment, a 20 μg/mL PBS 

solution of human EpCAM biotinylated goat antibody (R&D Systems, Inc., Minneapolis, 

MN, USA) containing 1 wt % BSA and 0.09 wt % sodium azide was added to the chip for 1 

h, followed by rinsing with ethanol and PBS. One hour prior to running the experiments, the 

chip was purged with 3 wt % BSA and 0.05 wt % Tween 20.

Cell Capture and Release

Breast (MDA-MD-231) and prostate (PC3) cancer cell lines were obtained from the 

American Type Culture Collection (ATCC). Cancer cell lines were expanded using the 

appropriate protocols, and they were used at 85% cell confluence. Before the experiment, 

cells were stained with CellTracker Green CMFDA dye (Thermo Fisher Scientific, Waltham, 

MA, USA) for 15 min and then trypsinized. Stained cells were spiked in healthy blood at a 

concentration of 1000 cells/mL and run through the microfluidic device. A 3 mL sample of 

spiked blood with cancer cells was run at a flow rate of 1 mL/h. Immediately, the 

microfluidic chip was rinsed with PBS for 1 h. The CTC capture efficiency on the surface of 

the chip was evaluated with an automated protocol.11 For release of captured CTCs, each 

GSH solution concentration in PBS containing 1% BSA was run at a flow rate 1 mL/h 

through the microfluidic chip for 30 min. After being rinsed with PBS, the cells from the 

chip were collected in a vial containing cell media and connected to the outlet of the device. 
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Cells remaining on the microfluidic device and in the collection vial were both imaged and 

counted manually using a fluorescence microscope. The viability of the cells was evaluated 

after the release process using propidium iodide staining to identify the membranes of 

compromised cells.

Blood Processing

Blood samples from healthy donors and cancer patients were collected according to an 

institutional review board protocol. A total of four metastatic breast cancer patients and two 

healthy individuals were included in this study. Blood was collected in Vacutainer tubes 

(Becton Dickinson, Franklin Lakes, NJ, USA) containing the anticoagulant 

ethylenediaminetetraacetic acid (EDTA), and the samples without pretreatment were 

processed within 4 h of blood draw. Typically, for 3 mL of whole blood, the total processing 

time (including release) is 4 h.

Immunofluorescence Staining

CTCs were identified with mouse anti-EPCAM (3:100, Cell Signaling Technology, Inc., 

Danvers, MA, USA) and anti-cadherin 11 (CDH11) (1:10, R&D Systems, Inc., Minneapolis, 

MN, USA) conjugated to Alexa Fluor 488 dye. White blood cells were stained with mouse 

anti-CD45 (1:20, BD Biosciences, San Jose, CA, USA) conjugated to PE-CF594 dye. DAPI 

was used as a nuclear stain for the cells.

MTT Assay

Released cells were seeded at 2000 cells/mL into 96-well plates, and MTT solution was 

added at different time points and incubated at 37 °C for 4 h. Then, the reaction was stopped 

according to the manufacturer. Absorbance was measured at 570 nm and samples in 

triplicate.

Imaging Flow Cytometry

Imaging flow cytometry was performed using the ImageStreamX Mark II imaging flow 

cytometer (Amnis Corporation) equipped with a 40× objective, six imaging channels, and 

405, 488, and 642 nm lasers. For analysis of cell viability and EpCAM expression, Brx cells 

obtained from culture or captured/released from our microfluidic device were resuspended 

in RPMI (supplemented with 0.3% BSA and HEPES) and stained with the following 

antibodies and stains where applicable: calcein blue AM (2.5 μM, ThermoFisher Scientific), 

CellEvent caspase 3/7 green detection reagent (1.75 μM, Life Technologies), PE-conjugated 

EpCAM antibody (1:260, clone VU1D9, Cell Signaling), PE-cf594-conjugated CD45 

antibody (1:400, clone H130, BD Bioscience), and DRAQ5 (1 μM, Cell Signaling 

Technologies). Cells were acquired/gated using the nuclear marker DRAQ5. EpCAM 

positive cells were gated for viable cells (calcein positive and caspase 3/7 negative) versus 

dead cells (caspase 3/7 positive).

RT-qPCR

RNA from control and Brx cells captured/released from the microfluidic device were 

extracted using the RNeasy Plus micro kit (Cat# 74034, Qiagen), as per manufacturer’s 
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direction. RNA integrity number was obtained using a 2100 Bioanalyzer instrument (Agilent 

Genomics), with values ranging from 8 to 9. A spectrophotometer (Biophotometer, 

Eppendorf) was used to ascertain purity and yields. The 260/280 ranged from 1.92 to 2.00 

for all samples. The high capacity cDNA reverse transcription kit (Cat# 4368814, Applied 

Biosystems) was used for cDNA synthesis using 1 μg of total RNA. cDNA synthesis was 

performed on a C1000 Touch thermal cycler (Bio-Rad Laboratories). Quantitative PCR was 

performed using the TaqMan gene expression master mix (Cat# 4369016, Applied 

Biosystems) on the CFX96 real-time system (Bio-Rad Laboratories), with all appropriate 

controls (e.g., no template and no enzyme controls). TaqMan probes which span exons were 

all purchased from ThermoFisher as follows: EpCAM (Cat# 4331182), Cdh3 (Cat# 331182), 

HER2/ERBB2 (Cat# 4331182), Met (Cat# 4331182), and EGFR (Cat# 4331182). All 

cancer-specific probes did not amplify in samples containing purified white blood cells 

(WBCs), except Her2, which has been confirmed to be expressed in peripheral blood cells.37 

Also, amplification of PTPRC (CD45; Cat# 4331182) confirmed Brx cells obtained directly 

from culture contained no contaminating WBCs (as expected), whereas cells isolated from 

the device contained low levels of contaminating WBCs as indicated by the high Ct value 

(low gene expression) of CD45. The contaminating WBCs in Brx cells isolated from our 

device would also contribute to the gene expression of housekeeping genes such as actin.

Library Preparation and RNA Sequencing

Captured and released CTCs were lysed with 700 μL of qiazol, and RNA was extracted 

using a RNAeasy mini kit from Qiagen (Hilden, Germany). RNA was amplified using a 

modified protocol38 and sequenced at the Broad Institute of Harvard and MIT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Thickness changes with each surface modification step in the proof-of-principle studies 

comparing NeutrAvidin binding for NP-mediated and control silica substrates. (B) 

Thickness changes by NeutrAvidin detachment through ligand exchange as a function of 

GSH concentration for 30 min.

Park et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2017 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Comparison of capture efficiencies and nonspecific binding of cancer cells. PC3 and 

MDA-MB-231 cells were spiked into whole blood and run through the original HBCTC-

Chip11 and the NP-HBCTC-Chip. Cells were captured on the surface of the microfluidic 

device functionalized with anti-EpCAM. Capture efficiency and nonspecific cell binding 

were quantified using a previously developed protocol.11 (B) Capture efficiency of MDA-

MB-231 cells with different capture antibodies (cocktail is a combination of EpCAM, Her2, 

and EGFR). Combined fluorescent and bright-field microscopic images of viable (C) PC3 

and (D) MDA-MB-231 cells isolated on the NP-HBCTC-Chip (scale bar = 100 μm).
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Figure 3. 
(A) Linear correlation (R2 = 0.9947) was determined between the number of spiked and 

captured PC3 cells with NP-HBCTC-Chip, with cancer cell lines spiked into whole blood at 

a concentration of 10, 50, 100, 200, 500, and 1000 (n = 3 for each condition). (B) Chip 

capture performance for ultralow concentrations of cancer cells (5 cells/mL of whole blood, 

n = 10). Each data point indicates the capture efficiency of an independent experiment for 

MB-MDA-231 and PC3 cells. Cell capture efficiency at such low cancer cell concentrations 

varied from 0 to 100%. For spiking concentrations of 1000, 500, and 200 cells per mL, a 

serial dilution of an initial 100 000 cells/mL was used. A micromanipulator equipped with a 

microneedle was used for spiking concentrations of 100, 50, 10, and 5 cancer cells/mL of 

whole blood.
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Figure 4. 
(A) Release efficiency and cell viability of recovered PC3 and MDA-MB-231 CTCs using 

the NP-HBCTC-Chip. After whole blood spiked with cancer cells was run, the NP-HBCTC-

Chip was washed with phosphate-buffered saline, and a solution of 1% bovine serum 

albumin with 1 mg/mL of GSH was incubated for 30 min. Bright-field microscopy images 

of isolated CTCs on the NP-HBCTC-Chip (B) before and (C) 3 min after GSH treatment 

(scale bar = 150 μm). (D) Image of cultured individual CTCs 24 h after recovery from the 

chip (scale bar = 30 μm).
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Figure 5. 
Immunofluorescence staining of cell-surface receptors of a captured (A) single CTC and (B) 

CTC cluster from a metastatic breast cancer patient. The images shown include EpCAM/

CDH11 staining in Alexa Fluor 488 and DAPI nuclear staining in blue (scale bar = 10 μm). 

(C) Captured and released CTC counts from breast metastatic patients (Br1–Br4) and 

healthy controls (C1–C2).
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Figure 6. 
Characterization of the patient-derived breast (Brx) CTC line using imaging flow cytometry. 

Data compare viability, EpCAM expression, and area of control versus captured/released 

cells from our NP-HBCTC-Chip. Representative images of one viable, cluster, and dead Brx 

cell (A) obtained from culture (control) and (B) captured/released from our microfluidic 

device. Gate settings of (C) control and (D) captured/released Brx cells. Viable cells are 

defined as calcein positive and caspase 3/7 negative, whereas dead cells are caspase 3/7 

positive. The intensity of EpCAM obtained from (E) control and (F) captured/released Brx 

cells. The area of (G) control and (H) captured/released Brx cells. (I) Heat map of the Ct 

values of seven genes obtained by RT-qPCR. Comparisons were across control, released Brx 

cells, and white blood cells (WBC).
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Figure 7. 
Gene expression profiles for a representative set of breast-cancer-specific genes for CTCs 

isolated using the NP-HBCTC-Chip. For each breast cancer patient, two processing 

conditions were analyzed: a control, on-chip, extraction of RNA from the captured CTCs, 

and a postrelease “R” extraction of RNA from the CTCs.
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Scheme 1. Design of the NP-HBCTC-Chip for the Capture and Release of CTCsa

aConditions: (a) Preparation of NHS-functionalized NPs with carboxylic acid (for enhanced 

NP solubility in EtOH) and NHS (for the NP immobilization and avidin binding) functional 

groups via ligand exchange with pentanethiol-functionalized NPs. (b) Schematic illustration 

of each surface modification process step involved in the fabrication of the NP-HBCTC-Chip 

and CTC isolation on the chip and subsequent CTC release by ligand exchange with GSH.
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