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Abstract

Although circulating tumor cells (CTCs) in blood have been widely investigated as a potential 

biomarker for diagnosis and prognosis of metastatic cancer, their inherent rarity and heterogeneity 

bring tremendous challenges to develop a CTC detection method with clinically significant 

specificity and sensitivity. With advances in nanotechnology, a series of new methods that are 

highly promising have emerged to enable or enhance detection and separation of CTCs from 

blood. In this review, we systematically categorize nanomaterials, such as gold nanoparticles, 

magnetic nanoparticles, quantum dots, graphenes/graphene oxides, and dendrimers and stimuli-

responsive polymers, used in the newly developed CTC detection methods. This will provide a 

comprehensive overview of recent advances in the CTC detection achieved through application of 

nanotechnology as well as the challenges that these existing technologies must overcome to be 

directly impactful on human health.
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Introduction

Circulating tumor cell (CTC) detection from blood, often as referred to “liquid biopsy”, has 

attracted a great deal of scientific and clinical interests, particularly because this method can 

be potentially used to diagnose metastatic cancer and to monitor the disease progress 

without invasive tissue biopsy.1-4 After escaping from the primary tumor site, CTCs travel 

through the bloodstream, extravasating and initiating secondary tumor colonies, or dying in 

bloodstream. First observed in the blood of a metastatic cancer patient by Dr. Ashworth in 

1869,5 CTCs have received a great amount of attention since the mid 1990’s for their 

clinical value as a biomarker that is closely correlated to cancer metastasis.6 To isolate the 

CTCs, a number of technologies have been developed to differentiate CTCs based on their 

unique biological and/or physical properties that are distinct from hematological cells.7 

Among those, CellSearch™, ISET™, and CTC-chip are three CTC detection methods that 

are in advanced stages of clinical translation. CellSearch™ (Janssen Diagnostics), the first 

and currently only FDA-approved system for the automated CTC detection for breast, 

prostate, and colorectal metastatic cancer, relies on the immunomagnetic separation of CTCs 

using an antibody against a CTC marker, epithelial cell adhesion molecule (EpCAM).1 

Using size-based separation, ISET™ discriminates CTCs from hematological cells by 

filtration through an 8 μm pore filter due to the larger size of CTCs relative to hematologic 

cells. CTC-chip is an immunoaffinity-based microfluidic device functionalized with silane 

chemicals, neutravidin, and biotinylated anti-EpCAM. The 1st and 2nd Generations of CTC-

chip8, 9 were based on microfluidic devices with microposts and herringbone mixers, 

respectively, to increase hydrodynamic efficiency of the flow and thereby capture efficiency. 

However, due to the rarity (as few as one in the background of 106-109 hematologic cells) 

among blood cells10 and heterogeneity of CTCs,11 clinically significant detection of CTCs 

still remains a tremendous technical challenge. In the process of achieving sensitive CTC 

detection, a variety of new detection methods have been extensively investigated, which is 

reflected in that the number of publications on the subject has exponentially increased since 

the 1990’s (Figure 1).

In many of the emerging CTC detection techniques, nanomaterials, such as gold 

nanoparticles, magnetic nanoparticles, quantum dots, graphenes/graphene oxides, and 

dendrimers/stimuli-responsive polymers, have played a central role in the enhancement of 

immunoaffinity-based detection of CTCs. Although many reviews have summarized the 

recent advances in CTC detection,7,12-14 the critical role played by nanomaterials in the field 

has not been thoroughly reviewed. In this review, we therefore focus on emerging 

nanomaterials that have been utilized in the enhancement of immunoaffinity-based detection 

of CTCs. Chemical modification methods, detection mechanisms, and advantages of the 

frequently used nanomaterials are summarized in Table 1. By categorizing based on the 

nanomaterials, we discuss the advantages and disadvantages of each nanomaterial, along 

with recent advances in the related technologies, providing a comprehensive overview 

regarding the use of nanoparticles to enhance CTC detection and to overcome the challenges 

of the existing technologies.
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1. Nanotechnology used in emerging CTC detection platforms

1.1. Gold nanoparticles—Enhanced light absorption and scattering properties of gold 

nanoparticles have been employed in detecting CTCs as the binding between gold 

nanoparticles and CTCs can be quantitatively measured via photoacoustic signals or surface 

plasmon resonance (SPR) shifts. A variety of gold nanoparticles, such as gold nanospheres, 

nanorods, and nanoshells, can be prepared and integrated with targeting ligands, imaging 

labels, therapeutic drugs, and other functionalities.15 Gold nanoparticles can be used in in 

vivo imaging and ex vivo diagnostic sensors given its capacity to provide enormous 

sensitivity, throughput, and flexibility. Depending on the particle size and shape, the surface 

plasmon resonance (SPR) of gold nanoparticles is varied: the narrow ranges of nanospheres 

(~520-550 nm); splitting into two modes of nanorods (one longitudinal mode parallel to the 

long axis of the rod and a transverse mode perpendicular to the long axis, 520-550 nm and 

720-750 nm); and NIR-closing ranges of nanoshells (850-900 nm).16 In particular, due to 

the unique SPR splitting, gold nanorods have been frequently utilized for CTC detection 

using techniques such as photoacoustic imaging.17, 18

1.1.1. Gold nanoparticles for CTC targeting in vivo: CTCs in blood stream can be 

targeted in vivo by injecting nanomaterials targeting CTCs, enabling in situ monitoring of 

the number of CTCs. The real-time CTC monitoring in vivo eliminates the necessity of 

blood sampling, sample preparation, or CTC isolation, and induces the phagocytic clearance 

of CTCs upon binding. However, for the CTC-targeted nanoparticles to be effective, the 

nanoparticles should overcome high shear stress of blood circulation, induce no immune 

responses, and prevent undesired accumulation in organs.19 This method can also result in 

potential false positive signals due to expression of the target antigens/markers on normal 

cells, non-specific binding of the nanoparticles, and background noise (the signal-to-

background ratio).19 PEGylation of the nanoparticles has been frequently used to address 

some of the issues by enhancing their circulation time while reducing their non-specific 

binding.20, 21

To detect CTCs in the bloodstream in a xenograft mouse model, PEGylated gold nanorods 

conjugated with CTC targeting ligands have been employed for photoacoustic/photothermal 

flow cytometry. CTCs in the blood stream of a human breast cancer xenograft model were 

bound to urokinase plasminogen activator fragment or anti-CD44 conjugated to 30 nm 

spherical magnetic nanoparticles (MNP, cylindrical neodymium-iron-boron MNP). 

Following the accumulation of CTCs bound with magnetic nanorods through the application 

of a magnetic field on the ear of the xenograft mouse, the enriched CTCs were then targeted 

by PEGylated gold rods with a carbon nanotube (GNT) core and folate (FA) or anti-CD44 

coating for use as a photoacoustic contrast agent.17, 18 Photoacoustic tomography (PAT) is a 

hybrid imaging modality that uses light to rapidly heat elements within the tissue, which 

results in photoacoustic waves that can be detected with an ultrasonic transducer.22 With 

photoacoustic imaging using photoacoustic/photothermal flow cytometry, this novel 

MNP/GNT cocktail achieved a targeting efficiency reaching around 95% at flow rates from 

5 mm/s up to 5 cm/s in the vasculature of mouse ear (Figure 2). Furthermore, photoacoustic 

flow cytometry was conducted using gold nanorods conjugated with FA (GNR670-FA) and 

anti-EpCAM (GNR670-EpCAM) or anti-CD45 (GNR820-CD45). The peak optical intensities 
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at different wavelengths (either 670 nm or 820 nm) were used to simultaneously 

discriminate the different cells.23 When the multilayer nanomaterials of gold nanorods 

(core)-silica coating (middle layer)-iron oxide nanocrystal (outer layer) were developed to 

combine multiple detection methods and reduce the nanoparticle injection frequency, 

efficient CTC detection was achieved at efficacies above 90% with high specificity.24 By 

the simultaneous use of targeting, magnetic enrichment, signal amplification, and multicolor 

recognition, sensitive CTC capture at 1 cell/mL concentrations was attained using 

photoacoustic/photothermal flow cytometry.24, 25

These efforts of using gold nanoparticles as an in vivo CTC capture platform promoted their 

potential use as agents for microsurgical removal or the laser ablation of CTCs. 

Additionally, the fast clearance rates of these particles (~10 min) provide a solution to the 

potential toxicity caused by unwanted accumulation of gold nanoparticles used in animals.18 

It is further argued that gold nanorods offer the greatest absorption efficiency per unit 

volume in photoacoustic imaging methods.24 The gold nanorods, combined with various 

magnetic and other biocompatible nanoparticles, hold promise in the application of these 

methods in clinical setting. However, the complicated preparation of gold nanoparticles and 

intrinsic issues of in vivo nanoparticle injection need to be overcome before translating this 

approach to clinics.

1.1.2. Gold nanoparticles for CTC capture ex vivo: Nanoparticles functionalized with 

targeting ligands for CTCs can be used ex vivo either to directly bind to and separate the 

CTCs in blood samples or to functionalize a surface to capture CTCs from blood. The CTC 

detection ex vivo has advantages including the potentially enabled post-capture analysis after 

cell culture and zero risk of potential toxicity of the CTC-capturing nanoparticles to the 

patients. However, an efficient CTC-capturing nanoparticles must be able to capture 

extremely rare and heterogeneous CTCs, while maintaining viability of the capture CTCs, in 

order to prevent potential false negative signals and enable CTC culture, which is of 

technical challenges.

Gold nanoparticles can be functionalized on a nanostructured chip surface enabling binding 

with CTCs and enumeration of CTCs without labeling.26, 27 For instance, a gold 

nanostructured chip was fabricated from the SiO2 surface of a chip using the wet-

lithographic method and functionalized to capture CTCs via coating and activation of a self-

assembled monolayer of 11-mercaptoundecanoic acid, followed by antibody 

immobilization.26 The amount of antibodies bound to the gold nanostructured surface and 

biomolecular interaction processes on the sensor chip surface could be quantified in real 

time by measuring signal changes in phase shift and amplitude of the electroacoustic 

resonance. Using a relatively low concentration of antibodies, the gold nanostructured chip 

successfully detected CD4-positive human lymphoblastic leukemia cell JEG-3 and human 

placental choriocarcinoma cell MOLT-17, whereas a reference surface covered with human 

immunoglobulins did not.26

Gold nanoparticles coated with Raman reporter molecules or silver can also be used as 

ultrasensitive surface-enhanced Raman scattering (SERS) probes to capture and confirm 

CTCs without labeling.28-30 For example, after capturing on an antibody-functionalized 
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nitrocellulose membrane substrate, Zhang et al. counted tumor cells on the membrane using 

gold nanoparticles and large-scale surface-enhanced Raman scattering (SERS) imaging 

technology.28 In this study, the colloid gold nanoparticles (60 nm) were prepared with 

Raman reporter molecules (pMBA) for SERS imaging and functionalized with anti-EpCAM 

for specific binding to CTCs.28 Of the 100 of non-small cell lung cancer (NSCLC) NCI-

H1650 cells in 1 mL of whole human blood, 34 cells were captured on the nitrocellulose 

membrane and counted successfully according to the SERS imaging.28 For SERS-based 

biosensing, Nima et al. functionalized silver-coated gold nanorods with four pairs of organic 

Raman-active molecules and antibodies specific to breast cancer markers: 4-

mercaptobenzoic acid (4MSTP)-anti-Keratin 18; p-nitrothiophenol (PNTP)-anti-Insulin-like 

growth factor antigen (IGF-1); p-aminothiophenol (PATP)-anti-CD44; and 4-

(methylsulfanyl)thiophenol (4MBA)-anti-EpCAM.31 Compared to conventional pMBA–

coated gold nanorods, a 129-fold SERS signal enhancement of these hybrid nanoparticles 

allowed for shorter detection time while maintaining highly specific detection of individual 

breast cancer MCF-7 cells in whole human blood.31 The specificity of detection (1 CTC per 

90,000 fibroblast cells) and the distinguishability between various targets (IGF1, EpCAM, 

CD-44, and Keratin18) further attested to the potential application of the silver-coated gold 

nanoparticles as CTC imaging platforms via SERS (Figure 3).

Such gold nanoparticles for ex vivo CTC capture could be also used as agents for CTC 

confirmation and quantitative measurement. The increased sensitivity of CTC capture as 

well as improved photoacoustic imaging can be attributed to the unique characteristics of 

gold nanoparticles. Although additional studies using whole blood samples are required, the 

gold-coated CTC capture chips and silver/gold nanorod hybrids show great potential to 

achieve clinically significant detection and quantification of CTCs.

1.2. Magnetic nanoparticles (MNPs)—One of the commonly used strategies to isolate 

CTCs is to utilize MNP complexes that bind to the cells for in vivo and in vitro separation 

under a magnetic field. MNPs are composed of magnetic elements, commonly iron, nickel, 

cobalt and their oxides such as magnetite (Fe3O4), maghemite (Υ-Fe2O3), cobalt ferrite 

(Fe2CoO4), and chromium dioxide (CrO2). Among iron oxide MNPs that are chemically 

stable, biocompatible MNPs such as magnetite (Fe3O4) have been most commonly used in 

biological applications. Superparamagnetic MNPs display the features with a fast response 

to applied magnetic fields with negligible remanence (residual magnetism), which is 

attractive for a broad range of biomedical applications to prevent agglomeration at room 

temperature. However, naked metallic nanoparticles are highly reactive and are easily 

oxidized in air, which often results in loss of magnetism and dispersibility (aggregates). 

Therefore, for many applications it is crucial to develop protection strategies to chemically 

stabilize the naked magnetic nanoparticles by the grafting of or coating with surfactants, 

polymers (e.g. PEG, dextran, polyvinylpyrrolidone (PVP), Polyvinyl alcohol (PVA), 

chitosan, and polypeptides), or inorganic materials (e.g. silica, carbon, and gold).32 The 

protecting shells not only stabilize MNPs, but can also be used for further functionalization 

with ligands for applications in biolabeling, bioseparation, and multimodal imaging. Some 

examples of in vivo injectable applications of MNPs, based on gold and magnetic 
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nanoparticle complexes, were already discussed in Section 1.1.1. In this section, the ex vivo 

applications of MNPs for CTC capture will be primarily discussed.

1.2.1. MNPs for CTC capture ex vivo: MNPs containing CTC-targeting molecules have 

been used for CTC detection upon mixing with blood specimens drawn from patients. 

CellSearchTM is based on iron oxide (Fe3O4, Ferrofluid™) MNPs coated with antibodies 

(anti-EpCAM) against CTC surface markers (EpCAM) through polymeric linkers. Upon 

binding to CTCs in blood specimens, the MNPs bound to CTCs can be isolated by magnetic 

active cell sorting (MACS) upon applying an external magnetic field.1 This CellSearchTM 

approach has been used as a diagnostic and prognostic test, monitoring CTCs in blood from 

patients with various types of cancers, such as breast, prostate, colorectal, pancreatic, 

gastrointestinal, and small lung cancer. However, the CTC detection sensitivity of this assay 

is highly dependent on the binding capacity of the MNPs and sensitivity/selectivity of anti-

EpCAM.33, 34 In particular, the size of the currently used Fe3O4 MNPs is approximately 100 

nm in diameter, which has a relatively low surface-to-volume ratio causing lower binding 

capacity and less stability in whole blood (aggregation or precipitation).35 In order to 

enhance the detection properties of the inorganic particles, Xu et al. reported that MNPs 

with smaller diameter (30 nm) had enhanced diffusivity in viscous samples and binding 

affinity.35 The iron oxide MNPs were coated with an amphiphilic triblock polymer 

consisting of polybutylacrylate (PBA, hydrophobic), polyethylacrylate (PEA, hydrophobic), 

and polymethacrylic acid (PMA, hydrophilic), along with a hydrophobic hydrocarbon side 

chain, which enhanced physical stability and allowed further surface functionalization of the 

nanoparticle surfaces.

1.2.2. MNPs combined with other strategies for ex vivo CTC capture: The fluorescent-

magnetic bifunctional nanoparticles composed of MNPs and optical components, such as 

fluorescence dyes, quantum dots (QDs), or X-ray contrast agents, are of particular interest in 

multimodal imaging.36-38 By means of encapsulation, direct reaction, and inorganic 

synthesis, magnetic-optical bifunctional nanoparticles with different structures have been 

prepared and successfully applied for multimodal imaging.38 Fluorescent-MNPs can be used 

for the simultaneous detection and isolation of multiple types of tumor cells. For instance, 

anti-CD3- and anti-PSMA-conjugated MNPs were labeled with red and yellow fluorescence 

dyes to target leukemia Jurkat T cells and prostate LNCaP cancer cells, respectively. Under 

a magnet and a fluorescence microscope, Jurkat cells and LNCaP cells in mixture were 

distinguishable and separated based on fluorescence.39 Guo et al. also showed that 

ferricacetylacetonate-based MNPs and trioctylphosphine oxide-capped CdSe/ZnS QDs were 

spontaneously encapsulated by amphiphilic (2-hydroxyl-3-dodecanoxyl) 

propylcarboxymethylchitosans (HDP-CMCHSs) via a facile ultrasonication.38 The 

fluorescent-MNPs were modified with streptavidin, facilitating bioconjugation with biotin-

labeled human epidermal growth factor (hEGF) for specific recognition and detection of rare 

EGFR-positive HeLa cells from whole blood using a magnet and a fluorescence 

microscope.38 In addition, superparamagnetic iron oxide and X-ray absorbing bismuth 

nanoparticles were separately conjugated with FA via a reaction between 3-aminopropyl-

triethoxysilane on nanoparticles and activated carboxylic group of FA.40 After adding both 

nanoparticles in cell suspension, nanoparticles could bind to the surface of FA receptor-
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overexpressing tumor cells, which were localized in a small area using a micro-magnet, 

excited using an incoming X-ray beam, and detected by X-ray based detection.40 Using this 

nanoparticle mixture of iron oxide nanoparticles-FA and X-ray absorbing bismuth 

nanoparticles-FA, X-ray based CTC detection and CTC killing occurred simultaneously by 

increasing X-ray intensity to damage DNA and locally induce cell death of CTCs.40

Besides the magnetic-optical bifunctional nanoparticles mentioned above, microfluidic 

systems made of poly(dimethylsiloxane) (PDMS) have been combined with MNPs to 

magnetically capture and identify CTCs on a microfluidic chip. After conjugating with anti-

EpCAM, Fe3O4 MNPs used for CellSearch™ system were added along with the 

CellSearch™ capture enhancement reagent to the cancer cell-spiked blood samples.41, 42 A 

typical PDMS microfluidic chip was combined with a defined magnetic field gradient in the 

vicinity of arrayed magnets with alternating polarities, as illustrated in Figure 4a, which led 

to an effective capture of MNP-labeled cancer cells. This microchip-based immunomagnetic 

detection demonstrated great cancer cell capture rates of 90% and 86% for an EpCAMlow 

colon cancer cell line, COLO205, and an EpCAMhigh breast cancer cell line, SKBR3 cells, 

respectively.41 This microchip-based immunomagnetic detection required fewer (by 25%) 

magnetic particles to achieve a comparable capture rate than the CellSearch™ system, while 

maintaining the screening speed (at an optimal blood flow rate of 10 mL/hr) more than five 

times faster than those of other microchip-based assays.41 In another example, a cancer cell 

mixture with different levels of EpCAM expression was tagged with MNPs functionalized 

with an antibody against the surface marker EpCAM.43 The labeled CTCs were 

magnetically captured and sorted in the local velocity valleys (VVs) generated by a 

multizone velocity valley device that features four different regions with different linear 

velocities (Figure 4b): EpCAMhigh cells trapped in zone I (1 × speed); EpCAMmedium cells 

trapped in zone II – III (0.5 × and 0.25 × speed); and EpCAMlow cells trapped in zone IV 

(0.125 × speed). The surface-marker-guided sorting and profiling of CTCs with different 

phenotypes within this unique microchip performed well for cancer cell lines with varying 

surface expression as well as prostate cancer patient samples.43

As seen in the CellSearch™ system that has already been clinically implemented, these 

MNP-based systems as an ex vivo CTC capture platform clearly have potential to be used for 

CTC enrichment upon magnet exposure. Additionally, the combination with other materials 

can expand the application of MNPs from CTC capture and sorting to more complicated 

CTC identification and differentiation using multimodal imaging.

1.3. Quantum dots (QDs) and other fluorescent nanomaterials—QDs, based on 

their strong fluorescence intensity, present a unique opportunity to isolate CTCs in a 

quantitative manner. Colloidal QDs made of ZnS, CdS, ZnSe, CdTe and PbSe, emit a wide 

spectrum of fluorescence ranging from ultraviolet (UV) to infrared (IR). Compared to other 

fluorescence dyes, QD properties of interest include high quantum yield, high molar 

extinction coefficients (around 10–100 folds higher), broad absorption with narrow, 

symmetric photoluminescence spectra, the ability to size-tune the photoluminescence 

emission, high resistance to photo bleaching, and exceptional resistance to photo- and 

chemical degradation. However, intermittency (blinking) under continuous excitation and 

aqueous insolubility of QDs need to be addressed for CTC detection. The aqueous solubility 
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issue of QDs can be solved by surface functionalization with hydrophilic ligands, either 

through cap exchange or by coating. After functionalizing QDs to target to specific 

biomolecules, QDs have been used in deep-tissue imaging, fluorescence resonance energy 

transfer (FRET)-based cellular labeling, and CTC detection.44 Among those applications, ex 

vivo CTC capture using QDs holds the greatest clinical significance, given strong, stable 

fluorescence and yet with known toxicity concerns of QDs when injected into the body.

1.3.1. QDs for CTC capture ex vivo: The strong and stable fluorescence emission of QDs 

has led to the development of QD-based fluorescence probes for CTC identification and 

confirmation. For example, aptamer-DNA concatemer (a DNA complex containing multiple 

copies of the same DNA sequences)-QDs hybrids were prepared by hybridization of 

multiple signal DNA aptamer (sDNA)-conjugated QDs, capture DNA (cDNA) targeting 

CTCs, and auxiliary DNA (aDNA), as depicted in Figure 5a. As a substrate, a conventional 

electrode was modified to capture CTCs using a hybrid nanomaterial of multiwall carbon 

nanotubes (MWCNT, core)-polydopamine (PD, linker)-gold nanoparticles (Figure 5b), and 

then functionalized with a tumor cell-binding lectin, concanavalin A (Con A), as shown in 

Figure 5b and 5c. The binding of CCRF-CEM and Ramos cells was successfully confirmed 

via dual electrochemical and fluorescence measurements using the Con A-coated electrode 

and the QD signal probe, respectively. Furthermore, the stable and high fluorescence signal 

intensity of QDs was further amplified in the presence of Cd2+ by QD coating with a Cd2+-

sensitized Rhod-5N dye. A linear relation of the peak current (R2 = 0.9960) and 

fluorescence intensity (not provided) with the number of loaded CCRF-CEM cells were 

found in the range of 102 and 106 cells/mL.45 Although lower than those of EIS sensor 

(6,000 cells/mL) and a quartz crystal microbalance sensor (8,000 cells/mL), their detection 

limit of 50 cells/mL of this QD probe-based system at 3σ is still high and needs to be 

significantly improved (lowered) for its clinical translation.

The various fluorescence colors of QDs have been used for surface marker-dependent CTC 

capturing and sorting.46, 47 Lee et al. showed that size-tuned QDs with different emission 

wavelengths upon the same excitation wavelength could be used for surface marker-

dependent capturing and sorting of heterogeneous CTCs.46 Three different types (emission 

wavelengths of 525 nm, 565 nm, and 625 nm) of streptavidin-modified QDs were 

functionalized with biotinylated antibodies for EpCAM, epidermal growth factor receptor 

(EGFR), and human epidermal growth factor receptor (HER-2), respectively. The QDs with 

specific antibodies were then hybridized with biotinylated complementary DNA to block the 

unbound streptavidin and to decorate biotins on the QDs (Figure 5d). Based on the 

fluorescence emission wavelengths of the QDs with three different antibodies, in situ 

expression of heterogeneous surface markers on three breast cancer cell lines (MCF-7, 

MDA-MB-231, and SK-BR-3) were identified and sorted. The biotin ends on the QDs were 

used to capture the QD-bound tumor cells on a streptavidin-coated chip, as depicted in 

Figure 5e. The average capture efficiency and surface marker-dependent sorting accuracy of 

the breast cancer cells were 87.5% and 92.4%, respectively. Additionally, the DNA linker 

was cleaved using restriction enzymes to recover CTCs from the chip without affecting 

cellular viability for post-capture analysis.46 The releasing efficiency of the captured cells 

from the streptavidin-coated chip was 86.1%. However, the cytotoxicity of QDs could 
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potentially affect the viability of the cells recovered from the chip, which should be 

addressed for further investigations.

QDs have been demonstrated to provide advantages in ex vivo CTC capture due to their 

wide spectrum of fluorescence, strong intensities, and various emission wavelengths. 

Additionally, the surface functionalization with other materials has shown that the 

application of QDs for CTC capturing and sorting can be expanded to CTC identification 

and differentiation using fluorescence imaging. However, for clinical translations, further 

investigations of QDs are required to improve the intrinsic properties of QDs, such as 

intermittency (blinking) under continuous excitation, aqueous insolubility, aggregation, and 

toxicity.

1.3.2. Fluorescence-labeled nanoparticles for CTC capture in vivo: Because QDs have 

not been widely used in vivo, we will discuss about another quantification assay of CTCs 

using other fluorescence nanoparticles in this section. The Low group injected FA-FITC and 

FA-DiD into mice, and FA fluorescence overlap (yellow) of FITC (green) and DiD (red) 

were monitored for in vivo quantification of FAR-overexpressed CTCs. Using multiphoton 

intravital microscopy after injecting non-toxic, FA-fluorescence nanoparticles, circulating 

L1210A cells were detected in the vasculature of the mouse ear, which shows its potential to 

be used for non-invasive in vivo labeling and quantitation of CTCs. These nanoparticles 

were also used for ex vivo flow cytometry to detect CTCs in peripheral blood samples from 

ovarian cancer patients.19 However, this method has a few potential problems, such as low 

tissue penetration of fluorescence light in multiphoton intravital microscopy, missing of 

FAR-negative tumors, and competitive binding with serum FA for binding to CTCs. 

Furthermore, the fast photobleaching of FITC and relatively strong background fluorescence 

in the mice hindered the highly sensitive detection of CTCs. Nonetheless, when optimized 

with other tumor-specific fluorescent ligands (e.g. 2-[3-(1,3-dicarboxylpropyl)reido] 

pentanedioic acid (DUPA) for prostate cancer)19 and with stronger, longer-wavelength 

fluorescence probes, this approach has potential to be developed as a simple in situ CTC 

detection method.19

1.4. Graphenes and graphene oxides—Graphene is an atomically thick, two-

dimensional (2-D) sheet of sp2 hybridized carbon arranged in a honeycomb structure. 

Graphene is the basic building block for graphitic materials of all other dimensionalities: 

graphite (3-D carbon allotrope of graphene sheets stacked on top of each other and separated 

by 3.37 A°) and carbon nanotubes (CNT, 1-D carbon allotropes). Graphene has numerous 

extraordinary physicochemical properties, such as high theoretical specific surface area 

(2,630 m2g−1), high intrinsic mobility (200,000 cm2 v−1 s−1), strong mechanical strength 

(high Young’s modulus, ~1.0 TPa), and excellent thermal conductivity (~5,000 Wm−1K−1), 

along with its optical transmittance (~97.7% opacity) and electrical conductivity.48 As 

charge transfer between the adsorbed molecules and graphene is responsible for the 

chemical response, graphene has shown excellent performance in electrochemical detection 

of small biomolecules. As a result, graphenes and its oxidized form graphene oxides (GO) 

dispersed on materials or devices have been investigated as a platform for electrical 

detection of CTCs.49
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1.4.1. Graphene/GO for CTC capture ex vivo: The fluorescence quenching properties of 

GO have increasingly been used in optical biosensing applications and applied for the CTC 

capture. Ionic hydroxyl and carboxyl groups of GO allow for formation of molecular 

complexes and electrostatic interactions with charged molecules, while its aromatic, sp2 

domains facilitate pi-pi stacking and fluorescence quenching. The quenched fluorescence 

gets recovered upon interaction of a targeting biomolecule with a target protein on a cell 

membrane, which is the basis of several detection and imaging applications using GO. In 

this regard, dye-labeled biomolecules (ssDNA and proteins) were adsorbed and 

functionalized on GO for use as optical sensors. Cy2-conjugated S6, Cy5-conjugated A9, 

and Alexa Fluor 488-conjugated YJ-1 aptamers were attached to the surface of a 

microporous (20–40 μm) GO membrane. Specific binding of these aptamers to tumor 

biomarkers, such as HER-2, prostate specific membrane antigen (PSMA), and 

carcinoembryonic antigen (CEA), were capable of capturing multiple types of tumor cells 

for the separate and simultaneous label-free detection.50 By filtering citrated whole rabbit 

blood spiked with 10 CTCs/mL mixture of SKBR3 (breast), LNCaP (prostate), and SW-948 

(colon) cancer cells in addition to 105 cells/mL of peripheral blood mononuclear cells 

(PBMCs) and HaCaT (negative control skin cells), the platform achieved 95% capture 

efficiency with 97% cell viability. Using multi-color fluorescence imaging, labeled aptamers 

bound to their respective cancer cell lines recovered fluorescence and the cells were 

visualized and differentiated in the GO membrane.

The excellent electrochemical properties, particularly its high conductivity and electron 

mobility in the pi system, of graphene have also been utilized in various biosensors for 

label-free detection of CTCs. Feng et al. modified a glass carbon electrode with 3,4,9,10-

perylene tetracarboxylic acid (PTCA)-adsorbed graphene and an AS1411 aptamer with 

specificity for cancer cell surface marker, nucleolin.51 Necessary for binding to nucleolin, 

the aptamer conjugated with carboxylic groups of PTCA was then folded into its quadraplex 

structure, by treatment of potassium ion solution. Changes in electrical current through the 

electrode upon interaction with cells were observed using electrochemical impedance 

spectroscopy and cyclic voltammetry. A significant increase in impedance was observed 

upon binding with nucleolin-positive MDA-MB-231 and K562 cells, while changes in 

impedance was negligible upon binding with neculolin-negative NIH3T3 serving as a 

negative control, with a detection range of 103 to 106 cells/mL (Figure 6). Additionally, via 

the treatment of AS1411 with its complementary DNA (cDNA), whose competitive 

interaction prevents interaction with nucleolin, viable tumor cells and the electrode were 

able to be released from the electrode and be recycled.

Although the CTC detection platforms using graphene and GO are promising, the 

development of such graphene-based CTC detection is still in its infancy. Potential issues, 

such as the lack of methods for the scale-up and well-controlled, high quality synthesis/

processing of graphene, need to be addressed by intensive research for clinical translation.

1.5. Dendrimers and Stimuli-responsive polymers—Recent advances in polymeric 

nanomaterials have enabled to design biomedical devices with significantly improved 

functions. For example, multivalent binding that occurs in a variety of physiological 

processes has been exploited to significantly increase the sensitivity and selectivity of 
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detection assays.52 Dendrimers offer a unique opportunity to precisely control the 

multivalent binding effect with their unique properties obtained from their well-defined 

chemical structure and a high density of peripheral functional groups.53-56 Another 

promising approach is to use stimuli-responsive polymers for CTC capture and release. 

Stimuli-responsive polymers have been used to release the captured CTCs upon exposure to 

various stimuli, such as light, temperature, pH, and physical stress. In this section, these 

polymer-based approaches in CTC detection will be discussed.

1.5.1. Dendrimers for CTC capture ex vivo: The binding strength between CTCs and a 

capture surface can be enhanced through dendrimer-mediated multivalent binding effect, 

which can significantly improve the sensitivity and selectivity of the surfaces for CTC 

detection.54 Dendritic nanomaterials, such as poly(amidoamine) (PAMAM) dendrimers, 

have been demonstrated to effectively mediate multivalent binding effect due to their 

capability to preorganize/orient ligands, polymer backbone topology, and easy 

deformability.53 In our recent studies, we have developed a CTC detection platform for 

efficient surface capture of tumor cells through the PAMAM dendrimer-mediated 

multivalent binding effect.54 Briefly, a glass slide surface with epoxy groups was 

functionalized with NH2-PEG-COOH that was subsequently conjugated with partially 

carboxylated generation 7 (G7) PAMAM dendrimers. The dendrimer-functionalized surface 

was then incubated with cancer cell-specific antibodies, resulting in a CTC detection 

surface.57-59 To confirm the multivalent binding, we first measured the dissociation constant 

of the dendrimers conjugated with anti-EpCAM using surface plasmon resonance, which 

was observed to be over one million-fold lower than that of free anti-EpCAM. Importantly, 

the surfaces functionalized with the anti-EpCAM-dendrimer conjugates exhibited 

dramatically enhanced cell adhesion and binding stability of three breast cancer cell lines 

(MDA-MB-361, MCF-7, and MDA-MB-231). As shown in Figure 7, the surface capture of 

tumor cells on the dendrimer-coated surface was markedly improved, compared to that on 

the linear polymer PEG-coated surface. Furthermore, a significantly higher number of bound 

cancer cells, particularly MDA-MB-231 cells which have lower EpCAM expression, 

remained on the dendrimer-coated surface after strong agitation (up to 15.2 fold), further 

confirming the multivalent cell capture.54 The surface sensitivity and specificity towards 

tumor cells were further improved when another biomimetic approach was introduced to the 

surface. Additional immobilization of E-selectin that induces cell rolling has been shown to 

enhance the surface capture of tumor cells (up to 10 fold compared to the PEG-coated 

surface).57-60 The significant enhancement of the dendrimer-coated surfaces was recently 

expanded to various antibodies and proven effective in capturing tumor cells from clinically 

relevant blood samples as well.59

1.5.2. Nanomaterials for effective release of captured CTCs: CTCs captured from patient 

blood provide opportunities to perform post-capture analysis to identify signaling pathways 

and investigate molecular profiling of the individual CTCs. A number of approaches to 

efficiently release the captured CTCs have been explored.61-63 Proteolytic enzymes and/or 

stimuli-responsive polymers have been commonly used to engineer the CTC capture surface 

to release the cells as a result of surface degradation or in response to external stimuli such 

as light, temperature, and mechanical forces, respectively.
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Alginate hydrogels and self-assembled DNA nanostructures have been incorporated onto the 

surface to increase CTC capture efficiency by altering the surface topography and efficiently 

release the isolated CTCs from the surface upon simple stimulation. Alginate in solution 

containing CaCl2 was injected into the 1st generation CTC-chip for in situ hydrogel 

formation on the chip surface, which was further functionalized with a mixture of PEG, 

EDC, sulfo-NHS and anti-CD34. This ionically crosslinked hydrogel was used to capture 

and release CD34-expressing endothelial progenitor cells in heparin-treated blood specimens 

without the need for enzymatic digestion,61 with the principle of calcium chelation driving 

the substrate degradation. When the ionically crosslinked alginates on the chip surface were 

covalently crosslinked using a photoinitiator irgacure 2959 and functionalized with anti-

EpCAM, EpCAM-expressing CTCs were captured and released via a treatment with 

alginate lyase.64 In another study, self-assembled DNA nanostructures were incorporated 

into the avidin-coated, 2nd generation CTC-chip via rolling circle amplification at 37°C 

using a biotinylated primer-circular template complex, nucleotide triphosphate containing 

deoxyribose (dNTP), and DNA polymerase.65 Long multiple aptamers in the matrix of DNA 

nanostructures on the chip had highly specific binding affinity with lymphoblast CCRF-

CEM cells over monovalent aptamers and anti-EpCAM.65 The degradation of DNA matrix 

under exposure to DNase/endonucleases induced to release the captured cells from the 

chip.65 However, these approaches have potential issues. The calcium-sensitive approach is 

limited to the use of chelating agents as blood anticoagulants. The use of enzymes (alginate 

lyase and DNase) has resulted in poor efficiency (<10%) in release and limited viability of 

the cells.66 To release the captured CTCs without the need for enzymatic digestion, various 

types of polymers with stimuli-responsive properties have been employed.

Thermally responsive polymers have been used to release the isolated CTCs from the 

surface upon external temperature changes. For instance, thermally responsive poly(N-

isopropylacrylamide) (PNIPAAm) polymers have been grafted onto a silicon nanowire 

substrates (SiNWS)-based CTC detection surface.66 The self-assembled monolayer (SAM) 

of aminosiloxane on the SiNWS was reacted with a mixture of isopropylacrylamide and 

methyl aminoethylmethacrylate, resulting in PNIPAAm via the atom transfer radical 

polymerization (ATRP). The amino groups on the PNIPAAm-grafted SiNWS were then 

conjugated with biotin-NHS and streptavidin for further functionalization with biotinylated 

anti-EpCAM. As shown in Figure 8a, this thermally responsive platform demonstrated the 

effective capture of tumor cells in the presence of human white blood cells at 37°C and 

release of the captured cells with retained viability and functionality at 4°C. Recently, a 

thermally responsive gelatin-based nanostructured coating by a layer-by-layer (LbL) 

deposition of biotinylated gelatin and streptavidin was also developed for temperature-

responsive release (for bulk-population recovery) of the captured CTCs (Figure 8b and 
8c).62 Raising the device temperature to 37 °C degraded the nanocoating from the whole 

surface within minutes for a bulk-population release of CTCs. In addition, local regions of 

the gelatin nanocoating were sensitive to mechanical stresses from a frequency-controlled 

microtip, which was used for mechanosensitive single cell release of CTCs (Figure 8b and 
8d).62 This dual release strategy from the gelatin-coated chip has successfully driven to 

characterize the PIK3CA and EGFR oncogene mutations in the released CTCs.
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While promising, these nanomaterials that are responsive to enzymes or external stimuli 

may face challenges to be clinically implemented due to the requirement to run the samples 

at certain temperature (for thermally responsive nanomaterials) and conditions (DNase/

endonuclease-free conditions for DNA/aptamer-based materials). Additionally, the exposure 

of individual cells to a certain stimulus (e.g. enzyme, light, chemical, temperature, or 

mechanical stress) during the release process may affect the cell viability.

2. Challenges in Clinical Translation

Although biomedical nanotechnologies have made significant progress in the detection of 

rare CTCs in cancer patient blood over the past two decades, most of the CTC detection 

methods have yet to be clinically translated. To successfully translate these recently 

developed CTC detection methods to a clinical setting, several limitations must be 

overcome. First, the synthetic procedures of typical nanomaterials are complicated and 

require multiple steps to achieve well-defined architecture, which makes the scalability and 

reproducibility of the promising nanomaterials difficult. In particular, the methods using 

hard-to-fabricate materials, including graphene, multilayer magnetic-silica-gold 

nanoparticles, and quantum dots, will have issues of inconsistency in quality control and 

device fabrication. Novel methods or nanomaterials that involve simple preparation steps 

with a high level of controllability and processability would be required for facile translation 

of the highly promising technologies described in this review. Second, the development of 

CTC detection methods often faces poor or unpredictable correlation between the results of 

in vitro cancer cell lines and clinical samples. This is because cancer cell lines do not fully 

represent the heterogeneous phenotypes and epithelial mesenchymal transition (EMT)-

induced phenotypic changes observed in clinical CTCs. Post-capture analysis and culture 

expansion of the captured CTCs from blood specimens would be helpful to find 

representative CTC biomarkers and establish representative cell models for CTCs. Third, the 

high frequency of non-specific binding of normal hematological cells and low viability of 

captured CTCs are unavoidable challenges due to intrinsic characteristics of CTCs in blood. 

More effort and study for individual platforms are obviously needed to overcome these 

inevitable challenges for CTC detection and to transform promising preliminary results into 

clinical products.

Conclusion

Given that accurate enumeration of CTCs in blood can provide valuable clinical insight into 

the progress of metastatic cancers, technologies that achieve highly sensitive and reliable 

CTC detection are urgently required. As summarized in this review, several types of 

nanoparticles, such as gold nanoparticles, MNPs, QDs, graphenes, and polymers, have been 

used in recently developed CTC detection systems that hold great promise to be clinically 

translated. Those nanomaterials have been demonstrated to enhance the sensitivity and 

specificity of the CTC devices and/or to accommodate additional functions such as label-

free detection and stimuli-responsive release of CTCs. Although the extensive clinical 

validation of the emerging CTC detection methods is still required, the development of the 

promising nanomaterials for CTC detection is under progress at an exponential rate because 

of their profound potential impact to cancer diagnosis and prognosis. Clinically significant 
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detection of CTCs using nanotechnology will likely allow accurately monitoring CTC 

changes in individual patients and subsequently molecular biological analysis of the 

captured CTCs, ultimately leading to the development of personalized medicine against 

debilitating metastatic cancers.
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Figure 1. Trend in CTC capture research
Number of publications regarding CTC capture from 1950 to the present (Based on a search 

result for “separation or isolation or enrichment or detection or capture or recovery” and 

“circulating tumor cells” as keywords from ISI-Web of Science).
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Figure 2. Magnetic enrichment and gold nanoparticle-based photoacoustic detection of CTCs in 
vivo.18

(a) Gold nanoparticle-based CTC targeting from 70 mm veins in mouse ear. (b and c) After 

enrichment using urokinase plasminogen activator-conjugated MNPs (b) under the external 

magnet, CTCs in blood vasculature are quantitatively detected using FA-coated GNP (c) and 

two-color photoacoustic detection. (Reproduced by permission of Nature Publishing Group)
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Figure 3. Silver-Gold nanoparticles for CTC detection through surface-enhanced Raman 
Scattering.31

(a) Four families of SERS nanoparticles (Blue: AuNR/Ag/4MBA/anti-EpCAM, Red: 

AuNR/Ag/PNTP/anti-IGF-1 Receptor β, Green: AuNR/Ag/PATP/anti-CD44, Magenta: 

AuNR/Ag/4MSTP/anti-Keratin18) were used for CTC detection using 2D multi-color 

SERS/PT detection technique (b and c). (Reproduced by permission of Nature Publishing 

Group)
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Figure 4. Immunomagnetic-based microfluidic devices for CTC detection
(a) A scheme of the device for CTCs labeled by anti-EpCAM-MNP being captured in a 

magnetic field while undergoing flow. The captured COLO205 cells were identified via 

immunostaining (DAPI (blue), cytokeratin (green), and CD45 (red).41 (Reproduced by 

permission of Royal Society of Chemistry) (b) EpCAM-expression-level-dependent CTC 

sorting. Anti-EpCAM-MNP-labeled CTCs were sorted in a device with multiple velocity 

valley zones with different linear velocities: EpCAMHigh cells trapped in zone I and 

EpCAMLow cells trapped in zone IV.43 (Reproduced by permission of WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim)
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Figure 5. QD-based CTC detection
(a-c) QDs were conjugated with aptamer-DNA concatemer that has binding affinity to CTCs 

(QD probes, a). Gold nanoparticles were deposited on polydopamine-coated multiwall 

carbon nanotube (Material B, b). The detection of CTCs on the Material B-conjugated 

platform was monitored using QD probes (c).45 (Reproduced by permission of American 

Chemical Society) (d-e) The biotinylated antibody and DNA linker on QDs (d) were used to 

capture CTCs on streptavidin-coated pillars of the device.46 (Reproduced by permission of 

Elsevier)
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Figure 6. Graphene-modified aptasensors.51

(a) Electrochemical sensor with aptamer, AS1411, and graphene were developed for 

selective label-free detection of CTCs. Green labeled HeLa cells were captured on 

aptasensor (b) and released after 5 μM cDNA treatment (c). The regenerated aptasensor after 

releasing the cells were able to capture HeLa cells again (d). (e) The cell capture on 

aptasensor can be monitored by cyclic voltammograms of [Fe(CN)6]3−/4−. (Reproduced by 

permission of Elsevier)
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Figure 7. Dendrimer-mediated multivalent binding for enhanced detection of CTCs
(a-c) The dendrimer-coated surface exhibited greatly enhanced tumor cell detection. 

Compared to the surface with anti-EpCAM-conjugated linear polymers, polyethylene glycol 

(PEG, b), the dendritic nanoparticle-immobilized platform captured significantly more 

tumor cells (a) and improved detection of tumor cells from a mixture with 107 HL-60 cells 

(c).54 (Reproduced by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

(d) A combination of dendrimers and E-selectin (a cell rolling inducing agent), along with 

multiple antibodies achieved highly sensitive differential detection of tumor cells.59 

(Reproduced by permission of American Chemical Society)
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Figure 8. Stimulus-responsive release of captured CTCs
(a) Biotin-functionalized PNIPAAm polymer brushes were used as temperature-sensitive 

linkers between anti-EpCAM and the surface of silicon nanowire substrate, which resulted 

in the releasing of captured CTCs from the substrate upon cooling down from 37°C to lower 

than 4°C.66 (Reproduced by permission of WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim) (b-c) The surface of a microfluidic device was coated with temperature- and 

mechano-sensitive gelatin: A bulk release mechanism of captured cells upon a temperature 

change (c) and a cell-specific release by applying vibration force of a microtip (d).62 

(Reproduced by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

Myung et al. Page 25

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Myung et al. Page 26

Table 1

Summary of the nanomaterials used in emerging CTC detection platforms.

Type Chemical
modification

Detection
mechanism

Advantages Ref.

Gold
nanoparticles

Polymeric coating or
linkers combined
with CTC targeting
ligands

Photoacoustic
imaging after in vivo
injection

• No blood sampling issue

• Biocompatibility

• Potential for laser ablation of 
CTCs

17, 18, 23,
24

Raman reporter
molecule or silver
coating combined
with CTC targeting
ligands

Ultrasensitive
surface-enhanced
Raman scattering
(SERS)

• Probes for CTC confirmation 
and quantitative measurement

• Potential to combine with other 
CTC capture platform

27-31

Magnetic
nanoparticles
(MNPs)

Polymeric coating or
linkers combined
with CTC targeting
ligands

Isolation of CTCs
from the drawn
blood specimens

• Ability to separate CTCs using 
an external magnet

• Potential to combine with other 
quantitative probes or CTC 
capture platforms

1, 35, 38-43

Quantum dots
(QDs)

Polymeric coating or
linkers combined
with QDs and CTC
targeting ligands

Fluorescence-based
identification

• Stable fluorescence intensity

• Potential for surface marker-
dependent separation

45, 46

Graphene/
graphene
oxides (GO)

Adsorption of dye-
labelled
biomolecules via pi-pi 
stacking

• Fluorescence 
quenching

• Electrochemical 
impedance 
spectroscopy and 
cyclic voltammetry

• Increased surface area

• Excellent thermal, electric 
conductivity and its optical 
transmittance

• Strong mechanical strength

49-51

Dendrimers/
Stimuli-
responsive
polymers

Covalent conjugation
or modification with
CTC specific
antibodies/ligands

Immunostaining
confirmation after
CTC capture on the
platform

• Increased surface area

• Potential for post-capture 
culturing

• Potential for surface marker-
dependent separation

• High cell viability

54, 58, 59, 
61-66
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