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Abstract

Circulating rare cells in the blood are of great significance for both materials research and clinical 

applications. For example, circulating tumor cells (CTCs) have been demonstrated as useful 

biomarkers for “liquid biopsy” of the tumor. Circulating fetal nucleated cells (CFNCs) have shown 

potential in noninvasive prenatal diagnostics. However, it is technically challenging to detect and 

isolate circulating rare cells due to their extremely low abundance compared to hematologic cells. 

Nanostructured substrates offer a unique solution to address these challenges by providing local 

topographic interactions to strengthen cell adhesion and large surface areas for grafting capture 

agents, resulting in improved cell capture efficiency, purity, sensitivity, and reproducibility. In 

addition, rare-cell retrieval strategies, including stimulus-responsiveness and additive reagent-

triggered release on different nanostructured substrates, allow for on-demand retrieval of the 

captured CTCs/CFNCs with high cell viability and molecular integrity. Several nanostructured 

substrate-enabled CTC/CFNC assays are observed maturing from enumeration and 

subclassification to molecular analyses. These can one day become powerful tools in disease 

diagnosis, prognostic prediction, and dynamic monitoring of therapeutic response—paving the 

way for personalized medical care.
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1. Introduction

The blood circulatory system is a complex network responsible for the flow of blood cells, 

nutrients, oxygen, and other biochemical components in the human body. While erythrocytes 

(red blood cells, RBCs), leukocytes (white blood cells, WBCs), and platelets constitute the 

vast majority of cellular components in the blood, studies have found that detecting 

circulating rare cells in peripheral blood can be of great significance for both materials 

research and clinical applications.[1] Examples include, but are not limited to, circulating 

tumor cells (CTCs),[2] circulating fetal nucleated cells (CFNCs),[3] circulating stem cells,[4] 

endothelial cells,[5] plasma cells,[6] and mesenchymal cells.[7] Some of these have better-

defined roles in diagnostic applications (such as CTCs, CFNCs, and certain subcategories of 

circulating stem cells), though others remain underexplored. In this review article, we pay 

close attention to CTCs and CFNCs for that nanomaterial-embedded platforms have largely 

grown in parallel with the research on these entities. The difficulties in utilizing CTCs or 

CFNCs in clinical settings also represent the challenges in developing nanotechnology-based 

circulating rare-cell assays.

The current gold standard for diagnosis of solid tumors in the majority of cancers is the 

characterization of tumor tissues acquired via invasive procedures, e.g., surgical excision or 

needle biopsy.[8] CTCs are tumor cells that either passively shed into or actively enter the 

circulation[9] (Figure 1). Over the past few decades, “liquid biopsy”[10] approaches based on 

the detection and characterization of CTCs have gradually evolved from the initial CTC 

enrichment and enumeration for prognosis to understanding disease biology and monitoring 
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tumor progression.[2,11] The number of CTCs in the blood varies with tumor types and 

disease stage but generally falls in a range of a few to hundreds (per milliliter) among a large 

number (109 mL−1) of hematologic cells.[2,12] As numerous studies have shown across 

different cancers, CTCs have substantial similarities to the primary tumor tissue specimens, 

including their genomic alterations,[13,14] gene expression,[15,16] protein expression,[17–19] 

and cellular function.[20,21] Once appropriately harvested, CTCs can be subjected to 

morphologic,[22–24] phenotypic,[19,25,26] genomic,[27,28] transcriptomic,[29–32] and even 

functional[33,34] characterizations, which could provide insightful information for 

understanding underlying tumor biology. Detection and enumeration of CTCs have 

demonstrated their significance in prognosis of breast,[35] prostate,[36,37] and colorectal 

cancers.[38] It is of great hope that CTCs can serve as a surrogate tumor tissue source for 

conducting noninvasive diagnostics, particularly in settings where tumor biopsy is 

challenging or not accessible.[39,40] Even in cases where tumor biopsies are possible, serial 

blood draws are far more feasible and favorable in clinical practice than serial tumor 

biopsies. Because CTCs can be detected over the course of the disease, they provide an 

opportunity for real-time and dynamic monitoring of therapeutic interventions as well as the 

evolving malignant process.[41] Currently, CTCs share many proposed clinical utilities with 

other circulating entities, particularly circulating tumor DNA (ctDNA).[42] However, unlike 

ctDNA (which is highly fragmented and confounded by substantial background), CTCs’ 

membranes provide a natural barrier, which protects the fragile biomolecular contents (e.g., 

genomic DNA, RNA, and proteins) from degradation, guaranteeing their intactness for 

downstream molecular analysis. Ultimately, CTCs are expected to reveal more biological 

insights by allowing the integration of multilayer information (e.g., phenotype, genomic, and 

functional), which adds even more values to the characterization of underlying tumor 

biology.

Much like cancer diagnosis, prenatal diagnosis also relies heavily upon invasive tissue 

sampling and can potentially benefit from circulating rare-cell analyses. Although 

noninvasive prenatal screening technologies based on cell-free fetal DNA (cffDNA) are 

widely implemented in obstetric clinics for detecting fetal aneuploidy (e.g., trisomies 21, 18, 

and 13),[43] the confirmative diagnosis of fetal chromosomal aberrations, genetic disorders, 

and many other abnormalities still requires invasive procedures,[44] namely, amniocentesis 

(performed at gestational age (GA) = 15–18 weeks) or chorionic villus sampling (performed 

at GA = 10–13 weeks). Through these procedures, fetal cells are collected for karyotyping 

and other molecular analyses.[45] However, it is noted that amniocentesis and chorionic 

villus sampling are accompanied by a significant risk of miscarriage (0.6–2%)[46] and other 

complications. Over the past half-century,[47] tremendous research endeavors[3,48] in the 

search for noninvasive prenatal diagnostics (NIPD) have focused on circulating fetal 

nucleated cells. In contrast to fragmented cffDNA (typically hundreds of base pairs) which 

is confounded by a large amount of maternal DNA and is limited to screening use, CFNCs in 

maternal circulation house pure and intact fetal genomic DNA, and are an ideal candidate 

for conducting NIPD. In addition, intact CFNCs may provide opportunities for additional 

analysis such as multiomic and functional assessments, which will reveal further insights 

into placental and fetal biology. The presence of CFNCs (Figure 1) has long been 

documented[49,50] at a level of <6 cells mL−1 of maternal blood in normal pregnancy[51] 
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among a background of 109 maternal hematologic cells mL−1. Among CFNCs that have 

been identified in maternal circulation, circulating trophoblasts (cTBs)[48] and circulating 

fetal nucleated red blood cells (fNRBCs)[52] have been studied most extensively. cTBs are 

detached from the placenta and feature distinctively large cell sizes, as well as representative 

information of fetal karyotype and genotype in most cases.[53] fNRBCs are directly derived 

from embryonic tissue and have intact fetal genetic information. Both cTBs and fNRBCs 

have short lifespans (of only a few days), which make it nearly impossible to isolate CFNCs 

from previous pregnancies.

The low abundance of CTCs and CFNCs among a high number of background hematologic 

cells represents the primary technical challenge[54] for the realization of their detection and 

characterization. It has been a major focus of the field to develop methods with ultra-high 

sensitivity and specificity. Among the most commonly used cell-sorting technologies, label-

free approaches such as gradient centrifugation[55] and filter-based technologies[56,57] isolate 

CTCs/CFNCs from other hematopoietic components based on their differences in density 

and size, respectively. These methods offer simple and scalable enrichment solutions for 

rare-cell isolation, though with suboptimal sensitivity and a high probability of target cell 

loss. Dielectrophoresis[58] is another example of label-free cell sorting that enriches CTCs 

and CFNCs from peripheral blood mononuclear cells by their different dielectric properties. 

Approaches based on specific labeling of CTCs/CFNCs have also been developed, such as 

fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting. FACS is 

often performed on flow cytometry and is a powerful cell-sorting technology for analyzing 

and isolating subpopulations of immunofluorescently labeled CTCs/CFNCs.[59–62] 

Immunomagnetic separation has also become particularly popular over the past two decades,
[63–65] with CellSearch (Menarini Silicon Biosystems Inc., Huntington Valley, PA) assay[66] 

being cleared by the U.S. Food and Drug Administration (FDA) for detection of CTCs in 

metastatic colorectal,[38] breast,[35,67] and prostate[68,69] cancers. With appropriate cell 

labeling, immunomagnetic cell separation may enrich CTCs and CFNCs with certain 

cellular markers (e.g., antiepithelial cell adhesion molecule (EpCAM)[70] for CTCs of 

epithelial origin), or deplete the background cells with certain cellular markers (e.g., WBCs 

using anti-CD45[71]) and collect the remaining CTCs/CFNCs. Newly developed 

immunomagnetic isolation methods, e.g., MagSweeper,[72] AdnaTest,[73] magnetic 

sifters[74,75] and nanoparticle-mediated magnetic ranking,[19,76,77] have further improved the 

efficiency and speed of cell detection and isolation. It is worth noting that tremendous 

research efforts have also been devoted to the development of microfluidics-based 

circulating rare-cell assays,[23,78–84] such as CTC-chip,[85] herringbone-chip (HB-Chip),[86] 

micro-Hall detector (μHD) chip,[87] geometrically enhanced differential immunocapture 

microdevices,[88] and deterministic lateral displacement (DLD) patterned microchips.[89,90] 

These devices further improved CTC/CFNC capture efficiency. Several review 

articles[50,91–95] have summarized these aforementioned technologies for detection and 

characterization of CTCs or CFNCs, providing coverage and scope different from this 

review article.

In recent decades, medical research in the fields of nanomaterials and nanotechnology has 

made great progress in improving the efficiency of CTC/CFNC enrichment, while at the 

same time reducing the costs of CTC/CFNC characterization.[112] It has been documented 
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that nanoscale components in the tissue microenvironment (including cell-surface structures, 

e.g., microvilli[96] and filopodia,[97,98] and extracellular matrix[99]) provide structural and 

biochemical support that regulate cell behaviors,[100,101] fates[102–104] and functions[105,106] 

(e.g., morphology,[107] adhesion,[108,109] viability,[110,111] migration,[112,113] and 

differentiation[114–116]). Nanostructured substrates[117,118] mimic the nanoscale features 

found in the tissue microenvironment, offering a simple but effective solution to enhance the 

performance of CTC/CFNC enrichment.[119,120] The rationale of using nanostructured 

substrates for CTC/CFNC detection and characterization lies in the increased surface area 

available for contact between nanofeatures on the substrates and nanoscale cell-surface 

components, allowing for more binding sites to achieve highly efficient affinity capture.

This review article summarizes the recent development of nanostructured substrates capable 

of detecting and characterizing CTCs and CFNCs. The article starts from a systemic review 

of different categories of nanostructured substrates for capturing circulating rare cells, 

followed by discussing their extended utilities for cell retrieval. Figure 2 lays out the 

representative nanostructured substrates and controlled cell retrieval strategies in 

chronological order of publications. Technologies for the detection and isolation of CTCs 

have been the most widely developed. On the other hand, CFNCs are relatively difficult to 

study due to the technical and regulatory barriers in obtaining and analyzing maternal blood 

and other pregnancy-related biospecimens. It is therefore not surprising to see that the 

majority of circulating rare-cell assays (including many examples in this review) were 

initially developed for CTCs, with only a few being later adopted for detecting and/or 

isolating CFNCs. We also present examples of successful coupling of nanostructured 

substrate-embedded devices with CTC enumeration, CTC morphological analysis, and 

downstream CTC/CFNC molecular analysis (e.g., gene sequencing or protein analysis). The 

resulting CTC/CFNC analysis data support the clinical application in the field of 

noninvasive cancer and prenatal diagnostics. At the end of the review, we discuss the 

remaining challenges and future perspectives for improving the performance of 

nanostructured substrate-based circulating rare-cell assays and promoting their roles in the 

era of precision medicine.

2. Nanostructured Substrates for Circulating Rare-Cell Capture

Nanostructured substrates with embedded characteristic features ranging between 1 and 

1000 nm, provide a unique interface which can facilitate the interactions with cells. In the 

presence of affinity capture agents, nanostructured substrates exhibited enhanced affinity for 

targeted circulating rare cells (i.e., CTCs and CFNCs). Unlike the flat substrates, the 

enhanced CTC/CFNC affinity observed for nanostructured substrates can be attributed to the 

increased surface area available for contact between nanofeatures on the substrates and 

nanoscale cell-surface components, allowing for more binding sites to achieve highly 

efficient affinity capture.[137] Various fabrication methods—including etching,[138] template-

assisted synthesis,[139] wet-chemical approaches,[140] lithography techniques,[141] 

electrospinning,[142] and chemical vapor deposition,[143] etc.—have been adopted to 

introduce different nanoscale characteristic features onto substrates made of a wide spectrum 

of materials.[118] Existing nanostructured substrates used for CTC/CFNC capture are 

classified in Figure 2 according to their morphological characteristics, including aspect 
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ratios (the ratio of height to diameter), shapes, orientations, and compositions: i) high aspect 

ratios (≥2:1), including nanowires[121]/rods[144]/tubes,[145] nanofibers,[122] etc.; ii) low 

aspect ratios (<2:1), including nanodots,[123] dendrimers,[124] nanoparticles/spheres,[125] and 

nanosheets/films,[126] etc.; iii) hierarchical nanostructures, including fractal 

nanostructures[127,146] and nano–micro structures.[128] All the morphological features affect 

the cell-substrate interactions, including 1) substrate surface contact area, 2) capture agent 

loading capacity, and 3) other physical interactions of the cellular surface components (i.e., 

filopodia or lamellipodia), which significantly contribute to the cell capture performances. 

Other unique features, e.g., materials, capture agents, and integration of microfluidic 

components, as well as the working mechanisms, also contribute to the cell isolation 

performance. These different morphological and unique features, working mechanisms, cell 

isolation performances, and advantages/limitations of representative nanostructured 

substrates were listed in Table 1.

2.1. Nanostructured Substrates with High Aspect Ratios

2.1.1. Nanowires, Nanotubes, and Nanorods—Silicon nanowire (SiNW)-embedded 

substrates were first explored for rare-cell capture in 2009.[121] Ag nanoparticle-templated 

wet etching[138] was employed to create high aspect ratios of SiNWs (diameters = 100–200 

nm, lengths = 1–20 μm) on silicon wafers. N-Hydroxysuccinimide/maleimide chemistry was 

used to covalently conjugate streptavidin onto the surfaces of SiNW-embedded substrates. 

Biotinylated antibodies were then grafted onto SiNW-embedded substrates to confer the 

specificity to capture the circulating rare cells of interest. In studies testing such an SiNW-

based cell capturing system on EpCAM-positive MCF-7 breast cancer cells and PC3 

prostate cancer cells, the resulting anti-EpCAM-grafted substrates exhibited dramatically 

improved cell capture performance (45–65%) compared to that observed for a flat silicon 

substrate (Figure 3a).[121] Much like the tight attachment of two fabric strips of a Velcro 

fastener, the nanoscale topographic interactions between SiNWs and cell surface features 

combined with antibody-mediated biorecognition tightly binds CTCs to the SiNWs. Because 

of these Velcro-like interactions, the researchers named this substrate the “NanoVelcro” 

substrate.[119,120,147] Under scanning electron microscopy (SEM), cells captured on SiNW 

substrates formed semielliptical shapes with numerous pseudopodia (e.g., lamellipodia or 

filopodia), while cells captured on flat silicon substrates were observed to have spherical 

morphologies with few nanoscale cellular protrusions (Figure 3b). With the local 

topographic interactions leading to the formation of pseudopodia, SiNW substrates 

experience firmer cell adhesion,[148,149] improving the cell capture efficiency. The aspect 

ratios of SiNWs, with diameters (120–1100 nm) and interwire spacings (35–800 nm), were 

found to influence the cell morphology and pseudopodia formation (Figure 3c).[96] The 

effective contact area of nanowire-embedded substrates was linearly related to the capture 

yield. In other words, more compact SiNW arrays and smaller diameters of nanowires 

demonstrated higher capture yield. Spacings between SiNWs of less than 100 nm showed 

significantly reduced capture yield, and spacings of more than 800 nm significantly reduced 

specificity. Interestingly, the increase of SiNW lengths (1–20 μm) improved the capture 

yield for EpCAM-positive cells but had a negligible effect on the capture of EpCAM-

negative cells.[121] The increase of nanowire length likely has a positive effect on capture 
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efficiency by increasing the surface area available to bind more antibodies for 

immunoaffinity-based specific cell recognition.

SiNWs can be fabricated not only by Ag nanoparticle-templated wet etching but also 

through a rapid thermal chemical vapor deposition. Gold nanocluster (Au NC)-coated 

SiNWs were fabricated with Au NCs (thicknesses = 3–5 nm, density = 3 × 1012 cm−2) 

evenly covering the entire sidewalls of the SiNWs (diameters = 50–160 nm, length = 5–10 

μm), providing large surface areas for anti-EpCAM conjugation.[150] Compared to the 

previous anti-EpCAM-modified SiNWs, these anti-EpCAM-modified and Au NC-coated 

SiNWs had a significantly increased CTC capture yield of 88%.

In addition to SiNWs, research efforts were devoted to exploring the use of different 

nanomaterials such as quartz,[151] polymers[152] and gold[153] to fabricate nanowire-

embedded substrates. Transparent quartz nanowire arrays (QNWs, diameters = 80–100 nm, 

lengths = 250–350 nm)[151] were introduced on a quartz wafer using a combination of 

polystyrene nanoparticle (PS NP)-templated colloidal lithography and chemical etching. 

Anti-EpCAM-functionalized QNWs showed a capture efficiency of 65%. Other researchers 

have attempted to coat lipids on the QNWs to serve as a functionalized bilayer for 

facilitating antibody-based cell capture and preventing nonspecific cell adhesion.[154] As for 

polymer nanowires, one example is the disulfide-biotin-doped polypyrrole nanowires (SS-

biotin-Ppy NWs, diameter = 200 nm, length = 2 μm)[152] which were prepared by anodic 

alumina oxide (AAO) nanopore-templated electropolymerization. Anti-EpCAM-conjugated 

Ppy NWs had a capture yield of 93% for cancer cell lines. Recently, gold nanowires 

(AuNWs, diameter = 208 nm, length = 5.7 μm, spacings = 110–130 nm)[153] were prepared 

by using AAO-templated electrochemical deposition. DNA aptamers against tyrosine kinase 

7 (a cell membrane protein of human leukemic lymphoblasts, e.g., CCRF-CEM cells) were 

modified on the AuNWs via Au–S chemistry and realized a capture yield of 83% and 90% 

cell viability.

Additionally, vertically grown nanorod and nanotube arrays, with structures similar to 

nanowires, have been developed as sensitive biosensors for CTC/CFNC detection. Both 

conducting polymers and metallic oxides can serve as candidate materials for fabricating 

nanorods. Electrically conducting polymers like poly(3,4-ethylenedioxythiophene) 

(PEDOT), have advantages including few structural defects, good biocompatibility, 

manufacturing flexibility, excellent electrical transport, and electrochemical charge-

discharge capabilities. For this reason, researchers utilized PEDOT to fabricate large-scale 

nanorod arrays as 3D bioelectronic interfaces for CTC analyses (Figure 3d).[155,156] The 

PEDOT nanorods were synthesized on the indium tin oxide (ITO) glass substrate by a 

combination of chemical oxidative polymerization and poly(dimethylsiloxane) (PDMS) 

transfer printing methods, using Si nanorod arrays (diameter = 0.4 μm, heights = 0.4–1.2 

μm) as masters. Compared with an anti-EpCAM-modified flat substrate, the anti-EpCAM-

modified PEDOT nanorods captured more CTCs with a capture yield of 70% and cell 

viability of 97%.[155] Titanium dioxide (TiO2) nanorods (diameters = 160–300 nm) 

composed of nanoparticles with diameters of 30–50 nm, were synthesized on the F-doped 

SnO2 (FTO) substrate by hydrothermal reaction.[144] TiO2 nanorods functionalized with 

BSA and DNA aptamer (against EpCAM) had a cell capture yield of 85–95%. Nanotube-
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embedded substrates can be made of several materials, such as carbon[145] and PS.[157] One 

such nanotube is the soft PS nanotube (PS NT, diameter = 200 nm; Figure 3e),[157] which 

was fabricated by an AAO-templated replication method. The physical absorption of 

biotinylated bovine serum albumin (biotin-BSA) to materials through hydrophobic 

interactions was employed to immobilize SA and biotinylated anti-EpCAM onto the PS NT-

embedded substrate, providing an inert surface to prevent nonspecific molecular/cell 

adhesion. Cells captured on the PS NT-embedded substrate protruded filopodia to contact 

the surface structures. Capture yields of 60–80% were obtained using this PS NT-embedded 

substrate.

To further improve CTC-capture performance, nanostructure-embedded substrates were 

integrated with microfluidic components. An SiNW-embedded microfluidic platform, a.k.a., 

NanoVelcro Chip (Figure 3f) was developed by combining the SiNW-embedded substrate 

and an overlaid PDMS chaotic micromixer, featuring an 88 cm long serpentine chaotic 

mixing channel.[158] The chaotic micromixer induces a vertical flow of the cell suspension 

and increases the frequency of CTC-substrate contact. A cell capture yield of 95% was 

achieved with artificial blood samples using an optimal flow rate of 1 mL h−1. NanoVelcro 

Chips were able to capture more CTCs than Cell-Search Assay.[66] Additionally, an 

imprinted poly(lactic-co-glycolic acid) (PLGA) NanoVelcro Chip was prepared for cTB 

enrichment from maternal blood by integrating an anti-EpCAM-coated PLGA nanopillar-

embedded substrate with the PDMS chaotic micromixer (Figure 3g).[159] Via 

chlorobenzene-assisted nanoimprinting, a set of poly(methyl methacrylate) nanopillar 

features (diameter = 200 nm, length = 1.5 μm, spacing = 800 nm) was transferred from 

PDMS replicates onto the PLGA film that was spin-coated on a laser microdissection 

(LMD) slide. The resulting imprinted PLGA NanoVelcro substrate had the advantage of 

optical transparency, allowing it to be used with laser capture microdissection (LCM) to 

isolate individual cTBs. By combining this with a PDMS chaotic mixer and using anti-

EpCAM as the capture agent, >70% capture efficiency was achieved for cTBs at an optimal 

flow rate of 1 mL h−1. Aside from antibodies, aptamer cocktails against nonsmall cell lung 

cancer (NSCLC) cell line subtypes were also exploited using SiNW-embedded NanoVelcro 

Chips.[160] The combination of multiple aptamers exhibited synergistic effects and achieved 

high-affinity differential capture for NSCLC CTC subtypes, providing a possible way for 

characterizing the heterogeneity of CTC population.

2.1.2. Nanofibers—Unlike the nanowires, nanotubes, and nanorods mentioned above, 

which are vertically aligned on the substrates, nanofiber-embedded substrates feature 

horizontally deposited nanofibers with extremely high aspect ratios. Electrospinning 

deposition[142] offered a versatile and straightforward fabrication approach for the 

preparation of ultralong polymer nanofibers with controllable diameters (10 nm to 10 μm), 

from a diversity of soluble and fusible polymer precursors. Additionally, inorganic additives 

(e.g., TiO2
[122]) can be blended into the polymer precursors to generate composite 

nanofibers. After calcination at high temperature to thermally decompose polymeric 

components, inorganic nanofibers can be obtained with intact morphologies. Substrates with 

electrospun polymeric and inorganic nanofibers are classified as a subcategory of 

nanostructured substrates and exhibit enhanced capture performance for CTCs and CFNCs. 
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The diameters, lengths, and density of the embedded nanofibers affect their CTC/CFNC-

capture affinity and can be optimized through controlling electrospinning parameters, e.g., 

applied voltage, concentration of precursory solutions, the distance between the injection 

nozzle and substrates, and deposition time/density. Additionally, the physical and chemical 

surface properties of nanofibers also contribute to the CTC/CFNC capture sensitivities and 

specificities.

TiO2 nanofiber (TiNF)-embedded substrates (Figure 4a) were first prepared by conducting 

electrospinning deposition of precursory solution (containing titanium n-butoxide and 

polyvinyl pyrrolidone) onto Si wafers, followed by calcination at high temperature.[122] The 

horizontally packed ultralong TiNFs had diameters of 100–300 nm. After grafting CTC 

capture agent, i.e., anti-EpCAM, onto TiNFs via biotin–streptavidin conjugation, TiNF-

embedded substrates were subjected to cell capture study in the presence of EpCAM-

positive colorectal cancer cells, affording capture yields of 40–70%. A substrate with both 

flat topography and TiNF coating was prepared for comparing their differential cell-capture 

affinity. As shown in the fluorescence micrograph image (Figure 4a), the TiNF-coated area 

captured much more cells than the flat Si surface. SEM imaging study revealed that the cells 

captured on the TiNF-coated area presented fully outspread pseudopodia structures in 

contrast to those on the flat Si surface. This phenomenon is consistent with the results 

observed for vertically aligned nanowires (Figure 3b), strongly supporting the general 

applicability of the nanostructured substrates for achieving enhanced cell-capture 

performance. Similarly, calcinated manganese dioxide (MnO2) nanofibers[161] with a much 

smaller diameter (20 nm) were also deposited onto glass substrates, allowing for CTC 

affinity capture with 80% of efficiency.

A wide spectrum of polymer materials—including PLGA,[129,162–164] chitosan,[136,165,166] 

PS,[167] and cellulose acetate,[168] polyvinyl alcohol/polyethyleneimine (PVA/PEI),[169–171] 

nylon-6/poly(sulfobetaine methacrylate)/poly(acrylic acid) (nylon-6/PSBMA/PAA),[172] 

polystyrene/poly(styrene-co-maleic anhydride),[173] poly(ethylene oxide)/poly(3,4-

ethylenedioxyt hiophene):polystyrene sulfonate (PEO/PEDOT:PSS),[174] and poly(N-

isopropylacrylamide)/poly(benzophenone) (PNIPAAm/PBP)[175])—were used in the 

preparation of polymer nanofiber-embedded substrates for conducting CTC/CFNC capture. 

Among different polymer nanofiber-embedded substrates, PLGA nanofibers (diameter = 130 

nm) were first deposited onto glass substrates for capturing CTCs. By integrating the PLGA 

nanofiber-embedded substrate with a PDMS chaotic micromixer, a PLGA nanofiber 

microchip, a.k.a., PN-NanoVelcro Chip[129,163] (Figure 4b) was created for both CTC 

enrichment and single-CTC isolation in conjunction with the use of downstream LMD 

technique. In the presence of anti-EpCAM capture agent, PN-NanoVelcro Chips 

demonstrated superior performance for capturing CTCs from blood samples collected from 

prostate cancer patients.[163] When a melanoma-specific capture agent (anti-CD146) was 

used, the devices were capable of capturing circulating melanoma cells (CMCs)[129] from 

melanoma patients. PN-NanoVelcro Chips exhibited CTC/CMC capture performance of 75–

90% when artificial CTC/CMC samples were used in calibration studies.

A natural polymer, chitosan, was also adopted for the preparation of polymer nanofiber-

embedded substrates for cell capture.[136,165,166] Chitosan nanofibers (diameter = 190 nm) 
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electrospun onto glass substrates were modified with Zwitterionic poly(carboxybetaine 

methacrylate) (PCBMA) brushes.[136] These PCBMA brushes provided polyvalent carboxyl 

groups to immobilize DNA aptamers against EpCAM to capture gastric cancer cells with a 

yield of 96% in the culture medium 54–66% in 1 mL blood. Electrospun PS nanofibers are 

another type of polymer nanofibers which were integrated into a 3D micro/nano-scale 

fibrous network with a “trap effect” for CTC capture.[167] The 3D PS network possessed 

micrometer-sized pores to provide cell fitting traps, nanoscale fibers to increase surface area, 

anti-EpCAM for specific biorecognition, and microbeads to enhance cell adhesion. The 

capture performance of breast cancer cells was up to 89% in culture medium and 52–63% in 

whole blood. Besides antibodies and aptamers, hyaluronic acid (HA),[176] actobionic acid 

(LA),[177] and folic acid (FA)[178] (which exhibit good affinity with different types of cancer 

cells) can also be used to capture CTCs in conjunction with nanofiber-embedded substrates. 

By conjugating HA onto PLGA nanofiber-embedded substrates, the integrated microchip 

demonstrated a capture efficiency of 80% for CD44-positive tumor cells.[164] Similarly, 

PVA/PEI nanofiber-embedded substrates with HA conjugation displayed an 85% capture 

efficiency for cervical cancer cells,[169] and those substrates with LA conjugation showed 

comparable performance in capturing liver cancer cells.[170]

2.1.3. Miscellaneous Nanostructured Substrates with High Aspect Ratios—
Unlike the nanostructured substrates with vertically aligned nanotubes, horizontally oriented 

nanotubes were deposited onto substrates for enhanced CTC capture. For example, 

halloysite nanotubes (HNTs, Al2Si2O5(OH)4) were self-assembled into horizontally aligned 

strips (widths = 50–120 μm) on a glass substrate.[179] These HNT had diameters of 30–70 

nm, lengths of 200–1500 nm, and aspect ratios of 2.8–50. The anti-EpCAM-functionalized 

HNT-coating substrate had a CTC capture yield of 92%. Nanoporous substrates, e.g., porous 

poly(aminophenylboronic acid) (polyAPBA) nanostructured substrates,[180] nanoporous 

anodic aluminum oxide-embedded substrates,[181] quartz nanohole arrays,[182] and bionic 

TiO2 inverse opal photonic crystal (IOPC) structure,[183] have also been used to capture 

CTCs with enhanced performance. For instance, porous polyAPBA nanostructured 

substrates were prepared on solid substrates by altering the nucleation and growth rates for 

polymerization of 3-aminophenylboronic acid (3-APBA) monomer.[180] Based on the 

affinity of phenylboronic acid groups to the glycans or sialic acids expressed on CTC 

surfaces, porous polyAPBA nanostructured substrates exhibited a CTC capture yield of 

78%.

2.2. Nanostructured Substrates with Low Aspect Ratios

2.2.1. Nanodots—Among different low-aspect-ratio nanostructures, conducting polymer 

nanodots were first employed to achieve enhanced CTC capture. An electropolymerization 

approach was employed to deposit carboxylic acid group functionalized poly(3,4-

ethylenedioxy)thiophenes (PEDOT-COOH) onto ITO glass in dichloromethane solutions 

containing the monomer precursor and electrolytes. The sizes and densities of the resulting 

PEDOT-COOH nanodots on the ITO substrates (Figure 5a) were altered by the applied 

electrochemical potential (1.0–1.4 V), affecting their CTC capture performance. The 

carboxylic acid groups on the PEDOT-COOH nanodots allowed for covalent attachment via 

N-hydroxysuccinimide-mediated bioconjugation. These PEDOT-COOH nanodot-embedded 
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substrates showed 4–5 times higher capture efficiency than smooth PEDOT-COOH films.
[123] This enhancement was due to the synergistic effect of nanostructure matching and 

ligand-receptor interaction between the nanodots and CTCs. Similarly, the biotin-Ppy 

mentioned above was also used to fabricate nanodots in the microchannel surfaces via 

electrochemical deposition.[184] By conjugating with anti-EpCAM, the nanodot-embedded 

microfluidic device had capture efficiencies of 90% for CTCs in the culture medium and 

65% for CTCs in whole blood.

2.2.2. Dendrimers—Nanoscale polymer dendrimers can be conjugated with preorienting 

ligands, enabling the multivalent ligand-receptor binding to improve the affinity for 

capturing CTCs. Poly(amidoamine) (PAMAM) dendrimers (diameters = 8–10 nm) were 

coated on an epoxy-functionalized glass slide, followed by conjugation with multiple 

capture antibodies, e.g., anti-EpCAM, epidermal growth factor receptor antibody (anti-

EGFR), and epidermal growth factor receptor-2 antibody (anti-HER2)).[124,185] The 3D 

structure of dendrimers (Figure 5b) could organize ligands into a small spatial area, reduce 

the deformation energy (entropy) of ligand-receptor binding, and promote local multivalent 

binding with enhanced stability. These PAMAM dendrimer-embedded substrates carried an 

average of 2.8 or 4.9 antibody molecules per dendrimer and had an average CTC capture 

yield of 70%. Furthermore, by combining the dendrimer-embedded substrate with the E-

selectin-induced cell rolling, a CTC device named “CapioCyte” was prepared for differential 

capturing CTCs with an enhanced capture yield of 82% and a purity of 90%.[186,187]

2.2.3. Nanoparticles and Nanospheres—Nanoparticles and nanospheres can have a 

variety of physical and chemical properties, as well as different compositions of interfacial 

layers (i.e., inorganic or organic molecules). Nanostructured substrates fabricated by 

assembling nanoparticles or nanospheres onto substrates exhibit increased surface area, 

which enhances rare-cell capture. The first example is PEG-crosslinked Fe3O4 nanoparticles 

(diameter = 25 nm), which were covalently attached to silane-functionalized glass 

substrates.[125] By covalently grafting transferrin (Tf) onto PEG-Fe3O4 nanoparticle-

embedded substrates, the substrates showed enhanced capture performance (84%) for colon 

cancer cells with overexpressed transferrin receptors (TfRs). Similarly, TiO2 nanoparticles 

(diameter = 400 nm),[188] MnO2 nanoparticles (diameter = 200 nm),[189] and candle soot 

nanoparticles (diameters = 19–43 nm)[190] can be deposited on flat glass substrates and 

functionalized with anti-EpCAM to give a variety of nanoparticle-embedded substrates 

which all showed improved CTC capture performance (yields ≈80%). As shown in SEM 

images (Figure 5c), cells captured on nanoparticle-embedded substrates extended more 

pseudopodia than those captured on flat substrates. Gold nanoparticles (AuNPs, diameter = 

13.6 nm) can serve as efficient multivalent ligand scaffolds for grafting DNA aptamers 

(Figure 5d).[191,192] By integrating AuNP–aptamers (hydrodynamic diameter = 61.8 nm) 

into herringbone microfluidic devices, AuNP–aptamer-embedded substrates were fabricated 

for high-affinity CTC capture.[191] The multivalent aptamers on AuNPs (≈95 aptamers per 

AuNP) greatly enhanced the affinity of aptamers and CTCs, resulting in a capture yield of 

>90% and purity of 70%.
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Polymer nanoparticles such as chitosan and PS nanoparticles have also been coated on 

substrates to enhance CTC and CFNC capture. Chitosan nanoparticles (diameter = 250 nm) 

were coated on substrates via electrospray and functionalized with aptamers to capture 

CTCs with yields of 90% in culture medium and 45–60% in whole blood.[193] PS 

nanoparticles (diameter = 166 nm) were assembled in a herringbone microfluidic device and 

used to capture EpCAM-positive CTCs with yields of 75–96%.[132] Furthermore, HAp/

chitosan,[194] biotin-Ppy,[195] and gelatin[196] nanoparticles have also been assembled in 

microchips and functionalized with anti-CD147 (glycosylated protein expressing on 

erythroid precursors) for capturing fNRBCs from maternal blood samples. These polymer 

nanoparticle-embedded microchips had an average capture yield of 80%, purity of 85%, and 

viability of 90% for fNRBCs.

2.2.4. Nanosheets and Nanofilms—2D nanomaterials (i.e., nanosheets or nanofilms) 

offer the advantages of large surface areas and rough textures, facilitating sufficient cell-

substrate contact and enhancing CTC capture affinity. For instance, GO nanosheet-

embedded devices (a.k.a., GO chips) were fabricated by depositing GO nanosheets onto 

gold-patterned silicon substrates, followed by the conjugation of anti-EpCAM capture agent 

and integration with a PDMS microfluidic channel (Figure 6a).[126,197] These GO chips 

exhibited a CTC capture yield of 73%, which was five times higher than that of the control 

silicon devices without GO nanosheets. Furthermore, thermal-sensitive polymer–GO Chips 

were prepared via the drop-cast deposition of polymer–GO nanocomposite films 

(thicknesses = 3–4 μm) onto patterned glass substrates.[198] After grafting anti-EpCAM, 

these polymer-GO Chips achieved an enhanced CTC capture yield of 85–95%. Similarly, 

reduced GO (rGO) film with a petal-like wrinkled architecture was also used to capture 

CTCs (Figure 6b).[199] Prepared by vacuum filtration and thermal reduction, rGO films were 

conjugated with anti-EpCAM and had CTC capture yields of 67–93%. Other nanofilms like 

HAp/chitosan nanofilms[200,201] and gold nanofilms[202] have also been deposited on 

substrates and applied for capturing CTCs with enhanced performance.

2.2.5. Miscellaneous Nanostructured Substrates with Low Aspect Ratios—
The advent of DNA origami technology[203] allows for the creation of a verity of nanoscale 

DNA 3D structures. Nanoscale DNA tetrahedrons (sizes = 6–10 nm) were prepared via self-

assembly of DNA building blocks and immobilized onto gold electrodes to give DNA 

tetrahedron-embedded substrates. Subsequently, aptamers that specifically recognize 

EpCAM were conjugated on CTCs using a unique multibranched hybridization chain 

reaction amplification. These aptamer-grafted CTCs were captured on the DNA tetrahedron-

embedded substrates. Horseradish peroxidases were tagged onto the immobilized CTCs, 

enabling the devices to electrochemically detect CTCs with enhanced sensitivity.[204] By 

combining photolithography and reactive ion etching, nanorough islands (Rq = 1–150 nm) 

were generated on glass wafers for CTC capture.[205] In the absence of capture agents, these 

nanorough glass substrates exhibited a differential affinity to cancer cells rather than WBCs. 

Although these substrates were potentially applicable for CTC capture, concerns have been 

raised about the lack of both capture specificity and understanding of the molecular and 

cellular mechanisms behind this differential affinity.
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2.3. Hierarchical Nanostructures

Hierarchical nanostructures represent a class of integrated architectures which are composed 

of either nanoscale building blocks in multiple dimensions or multiscale components.[206] 

By mimicking natural hierarchical structures, such as trees with trunks and branches,[127,146] 

flowers with multiple layers of petals,[207] or even cell surfaces with microvilli,[208,209] in 

the nanoscale configuration, hierarchical nanostructure-embedded substrates have their 

unique advantages of high surface contact areas and synergistic interactions (at both 

nanoscale and microscale) for improving the affinity of capturing CTCs.

2.3.1. Fractal Nanostructures—A representative hierarchical nanostructure is the 

fractal nanostructures which have branching patterns and can be split into several self-

similar parts at nanoscale.[210] For example, fractal gold nanostructures (FAuNSs), which 

were electrochemically deposited on ITO substrates exhibited enhanced CTC capture 

performance.[127] By altering the electrochemical potential and supporting electrolyte, the 

fractal dimensions of FAuNS can be modulated. Anti-EpCAM was grafted onto the FAuNS-

embedded substrates via the biotin–streptavidin-mediated conjugation. As shown in the 

SEM images (Figure 7a), with the fractal dimensions of the FAuNS increased, the cells 

captured on the FAuNS-embedded substrates possessed more well-expanded filopodia 

structures. The increase of fractal dimensions also led to improved cell capture performance. 

The substrates with the highest dimension of FAuNSs exhibited a CTC capture efficiency of 

62%. Similarly, a fractal ITO nanowire-embedded substrate with both vertical and horizontal 

nanowire branches was fabricated by CVD, providing a new type of nanostructured 

substrates for efficient CTC capture (Figure 7b).[146] After conjugating with anti-EpCAM, 

fractal ITO nanowire-embedded substrates had an improved CTC capture yield of 89% 

while the ITO nanowire-embedded substrate without branches had a CTC capture yield of 

67%.

2.3.2. Nano–Micro Hierarchical Substrates—Bioinspired nano–micro hierarchical 

substrates including leukocyte-inspired particles (LIPs),[208] cell replica surfaces,[209] 

flowerlike substrates,[207,211] and TiO2 nanosisal-like substrate,[212] have been prepared for 

improving CTC capture performance. Representatively, LIPs with vertically burgeoned 

nanofibers (Figure 7c) were prepared by the combination of thermal oxidation and CVD.
[208] After grafting anti-EpCAM, LIP-embedded substrates had a capture yield of 62% for 

CTCs in the culture medium, and 50–58% for CTCs in whole blood. Hierarchically 

topographic interactions occurred between LIPs and CTCs at both microscale and nanoscale, 

and the increased surface area helps increase its affinity to capture cells. Cell replica surfaces 

were fabricated by the silica bioreplication to faithfully replicate the surface structural 

features of MCF7, PC3, or T24 cells.[209] With anti-EpCAM conjugation, these cell replica-

embedded substrates captured CTCs with efficiencies ranging from 53% to 62%. Flowerlike 

zinc phosphate-based hierarchical nanostructured substrate (HZnPNS) was transformed 

from ZnO nanowires by a low-temperature hydrothermal method.[211] Anti-EpCAM-

modified HZnPNS had a capture efficiency of 90%.

Another type of nano–micro hierarchical nanostructures is fabricated by growing 

nanostructures on microstructures embedded on substrates, producing dual-scale cell capture 
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effects. Yin et al. prepared a hierarchical nanostructured graphene platform[128] by growing 

ZnO nanorod arrays (diameters = 40–60 nm, lengths = 1–2 μm) on a freestanding rGO foam 

(rGO/ZnO foam) in an aqueous solution (Figure 7d). The microporosity of rGO foam 

allowed small RBCs to pass through. Meanwhile, the high density of ZnO nanorods 

increased the surface area for grafting anti-EpCAM. The rGO/ZnO/anti-EpCAM foam had a 

CTC capture yield of 80%. Microposts or micropillars have been utilized to fabricate “CTC-

chips,”[85] and DLD patterned microchips,[89,90] making significant progress in CTC capture 

and isolation. To further improve the capture performance, nanostructures are superposed on 

microposts or micropillars to generate new nano–micro hierarchical substrates. For example, 

TiO2 nanorods were grown on hexagonally patterned Si micropillars (Figure 7e).[213] By 

conjugating with anti-EpCAM and further integrating with microfluidics, this nano–micro 

hierarchical substrate showed a CTC capture yield of 77%. Additionally, anti-EpCAM-

functionalized nanoparticles or nanospheres such as GO-coated Fe3O4 magnetic 

nanoparticles (GO–MNPs, diameter = 250 nm)[214] and SiO2-coated Fe2O3 nanospheres 

(diameter ≈ 357 nm)[215] can be immobilized on nickel micropillars or squares which were 

aligned in microfluidic chips for capturing CTCs under an external magnetic field. The 

staggered microscale pillars or squares increased cell contact frequency, while the 

nanoparticles or nanospheres offered a high density of anti-EpCAM, resulting in enhanced 

CTC capture yields of 70–94%. In another example, by mimicking the multivalent tentacles 

of the octopus, an aptamer-tailed octopus-chip (AP-Octopus-Chip; Figure 7f) was 

engineered by immobilizing multivalent aptamer-functionalized nanospheres (apt-AuNPs, 

250 aptamers per AuNP) on DLD-based rotated triangular micropillars that were embedded 

in a microfluidic chip.[216] CTCs with diameters larger than the critical diameter (Dc = 13 

μm) had frequent collisions with micropillars, while WBCs with smaller diameters flowed 

through with much less chance of collision, resulting in a size-selective contact 

enhancement. The rotated triangular micropillars generated a smooth, hydrodynamic 

gradient and decreased the flow velocity, increasing the time available for cells to contact the 

micropillars. Additionally, multivalent aptamers on AuNPs had a stronger binding affinity 

with CTCs than individual aptamers. As a result, the AP-Octopus-Chip achieved capture 

yields of 89% for CTCs in culture medium and 74–84% for CTCs in whole blood.

3. Strategies for Rare-Cell Retrieval from Nanostructured Substrates

The aforementioned nanostructured substrates offer powerful technologies for highly 

efficient CTC/CFNC capture. However, as the demand for postcapture molecular and 

functional analyses increases, many nanostructured substrates encountered the challenge of 

retrieving captured CTCs/CFNCs from nanostructured substrates while maintaining cell 

integrity and viability, and minimum contamination of surrounding cells. To retrieve the 

captured cells, one has to overcome the adhesive forces that were used to increase cell 

capture efficiency, i.e., capture agent–cell affinity, and focal adhesion.[217] It is reported that 

flowing fluid shear stress as large as 180 dyne cm−2 can release approximately 50% of cells 

captured by antibody in a microchannel.[188] However, this approach leaves many of the 

released cells damaged or killed. It is reasonable to expect an even larger force would be 

required if this approach is to be used in nanostructured substrate-based CTC/CFNC capture 

devices, given their enhanced adhesive forces. Counteracting the adhesive forces without 
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destroying cells has become the primary focus of ongoing technologic development. In 

addition, as many nanostructured substrate-based CTC/CFNC capture devices do allow 

nonspecific adhesion of background hematologic cells, a cell retrieval approach more 

selective to CTCs or CFNCs is desired for the ease of downstream analysis. The CTC/CFNC 

retrieval strategies listed in Figure 2 have been developed to retrieve the captured cells 

selectively or nonselectively, with or without physical or chemical destruction of the 

nanostructured substrates. Here we categorize these cell retrieval approaches on 

nanostructured substrates into i) laser microdissection;[129] ii) stimulus-responsiveness, e.g., 

photoresponsiveness,[218] thermoresponsiveness,[130] electrical stimulation,[131] 

mechanoresponsiveness[132] and magnetic field switch;[214] iii) additive reagent-triggered 

release, e.g., chemical reaction,[134] enzymatic digestion,[135] and DNA hybridization.[136] 

Some of the approaches can be performed in a focal or selective manner to harvest 

individual target cells with the assistance of fluorescence microscopy. Release efficiency 

(percentage of retrieved cells in captured cells), operating time, and viability and purity of 

the retrieved cells are the major parameters for evaluating different rare-cell retrieval 

strategies.

3.1. Laser Microdissection

Laser microdissection represents the most straightforward approach to isolate individual 

CTCs/CFNCs that are immobilized on transparent nanostructured substrates,[129,163] 

allowing for downstream molecular analysis of the recovered CTCs/CFNCs.[159] The PN-

NanoVelcro substrates[129] were first prepared by depositing electrospun PLGA nanofibers 

onto commercial LMD glass slides with predeposited PPS membranes, followed by 

conjugation of CD-146 antibodies. After capturing CMCs from melanoma patients’ blood 

samples, an LMD microscope equipped with a 355 nm laser beam was used to cut out the 

PLGA nanofibers together with the PPS membranes to isolate CMCs. The individually 

isolated CMCs were then subjected to mutation analysis by Sanger sequencing.[129] To avoid 

cell loss caused by the static charge, the process was further improved[163] by using an 

infrared LCM cap to drop down an IR-laser “sticky finger” to facilitate the isolation and 

characterization of CTCs (Figure 8a) in prostate cancer patients’ blood samples. In addition 

to CTC and CMC analyses, imprinted PLGA NanoVelcro Chips coated with anti-EpCAM 

have been utilized to enrich, isolate, and characterize individual cTBs in maternal blood for 

NIPD applications.[159] After being captured on the substrates, single cTBs were isolated 

with LCM techniques, followed by downstream genetic analysis. However, LMD/LCM is 

costly, labor-intensive, and time-consuming. The released cells are often nonviable due to 

the accompanied staining procedure or prolonged operating time. Further, the exposure of 

cells to UV light may damage their genetic materials and denature cellular proteins, 

undermining the downstream molecular characterization of these isolated cells.

3.2. Stimulus-Responsiveness

The use of stimulus-responsive molecules or surfaces on nanostructured substrates offers an 

opportunity for retrieving CTCs/CFNCs in response to a specific physical stimulus such as 

changes in light, temperature, electrical potential, mechanical force, or magnetic field. These 

stimulus-responsive components usually have modulable properties such as wettability, 
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solubility, adsorption ability, and cell affinity, that lead to a dramatic transformation or 

dissociation of their nanostructures and a disruption of cell adhesive properties.

3.2.1. Photoresponsiveness—The photoresponsive approach for cell retrieval enables 

a simple and site-specific recovery of CTCs immobilized on nanostructure-embedded 

substrates. Near-infrared (NIR) laser-responsive substrates were developed for conducting 

efficient CTC capture and site-specific release by the combined use of the photothermal 

transfer effect of gold nanorods (GNRs) and the thermoresponsive dissolution of gelatin 

hydrogel (Figure 8b).[133] Prepared by imprinting target cancer cells on GNR-embedded 

gelatin hydrogels and functionalized with anti-EpCAM, the substrates were capable of 

capturing CTCs with enhanced performance (92%). By locally irradiating a specific area of 

the substrate (where CTCs were immobilized) with a NIR laser beam, the embedded GNRs 

absorbed the laser beam, leading to the increased local temperature of gelatin hydrogel. At 

this temperature, gelatin hydrogels underwent a transition from gel to sol, resulting in the 

site-specific release of individual CTCs. This photoresponsive approach gave a CTC release 

efficiency of 92%, and the viability of released CTCs was as high as 90%.

3.2.2. Thermoresponsiveness—Thermoresponsive polymer brushes (i.e., PNIPAAm) 

which can undergo temperature-dependent conformational changes show an important 

application in the controllable and gentle bulk release of captured CTCs from nanostructured 

substrates. Created by coating the polymer brushes onto SiNW-embedded substrates and 

functionalizing anti-EpCAM onto these polymer brushes, thermoresponsive NanoVelcro 

substrates were able to capture and release CTC efficiently at 37 and 4 °C, respectively 

(Figure 9a).[130] The conformational changes of polymer brushes in response to temperature 

changes could effectively alter the accessibility of the anti-EpCAM, allowing for rapid CTC 

retrieval while maintaining CTC viability (90%) and molecular integrity. Furthermore, this 

thermoresponsive NanoVelcro substrate was integrated into a microfluidic device with a 

Peltier cooling/heating pad to make a CTC purification system with improved CTC purity 

(88–98%) after two rounds of capture/release.[219] In another similar study, anti-EpCAM 

was conjugated to the hydrophobic anchor biotin-BSA which could be adsorbed on the 

PNIPAAm-coated SiNWs at 37 °C and desorbed from the hydrophilic surface at 20 °C 

(Figure 9b).[220] This thermoresponsive mechanism resulted in 99% of captured MCF-7 

cells being retrieved from PNIPAAm-coated SiNW substrate.

In addition to polymer brushes, the thermoresponsive change of solubility of copolymers 

and gelatin was also employed for modulating CTC capture/release. Copolymer poly(N-

acryloyl piperidine-co-N,N-diethyl acrylamide) (PAPDEA) is insoluble above 13 °C but 

becomes soluble below this temperature. Thermoresponsive PAPDEA–GO composite-

embedded microfluidic devices[198] (Figure 9c) were first fabricated by drop-casting the 

PAPDEA–GO on the substrates and functionalized with anti-EpCAM for enhanced CTC 

capture (efficiencies = 85–95%). After performing CTC capture in the devices, CTCs were 

released with 92–95% efficiencies and 92% viability by flowing PBS solution at 5 °C. This 

low temperature induced the dissolution of PAPDEA–GO composite, allowing for a mild 

CTC retrieval condition. Gelatin undergoes a gel-to-sol transition when the temperature 

exceeds 32 °C. Gelatin-coated PDMS substrates[132] were prepared by introducing 
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biotinylated gelatin onto streptavidin-grafted PDMS substrates, followed by deposition of 

streptavidin-grafted polystyrene nanoparticles. After anti-EpCAM conjugation, the 

nanoparticle-embedded substrates were employed for CTC capture (efficiencies of 75–96%) 

at room temperature. Upon raising the experimental temperature to 37 °C (Figure 9d), 

gelatin polymer within the device underwent a gel-to-sol transition, leading to the bulk 

release of CTCs captured in the devices with an average efficiency of 93%.

3.2.3. Electrical Stimulation—By incorporating electrically responsive functional 

groups into the cell affinity substrates, CTCs/CFNCs immobilized on the substrates can be 

triggered for cell retrieval by electrical stimulation. These electrical stimulation-mediated 

CTC/CFNC retrieval approaches exhibited advantages of short time-consuming (varying 

from a few seconds to minutes), high efficiency, and high cell viability. For example, by 

applying a negative electrochemical potential of −1.2 V, the CTCs captured on the 

aforementioned FAuNS-embedded substrates[127] (Figure 5a) could be released as a result of 

reductive cleavage of the Au–S bonds. The general CTC recovery performance was 98% and 

the recovered CTCs had a viability of 95%. Similarly, AuNW-embedded substrates[153] 

modified with thiol-terminal aptamers are also capable of capturing and releasing CTCs via 

the formation and reductive cleavage of Au–S bonds.

Electrical stimulation was employed to achieve on-demand drug release from conducting 

polymer materials such as Ppy[184] and PEDOT.[156,174] The same strategy was adopted to 

incorporate biotin into Ppy nanostructure-embedded microfluidic devices[184,221] to enable 

CTC capture and electrically stimulated CTC release (Figure 10a). The devices exhibited a 

CTC capture efficiency >90%, and a CTC release efficiency >90% upon the application of a 

potential of −0.8 V. The negative electrochemical potential led to the biotin release from the 

Ppy nanostructure-embedded substrates as a result of the shrinkage of conductive polymer 

backbones. This electrically stimulated CTC release happened fairly quickly (2–15 s). 

fNRBCs could also be electrically retrieved by using biotin-Ppy nanoparticle-embedded 

microchips, where anti-CD147 was used as the capture agent.[195] PEDOT nanorod-

embedded bioelectronic substrates[156] have also been utilized for efficient CTC capture/

release. Here, poly-(L)-lysine-graft-poly-ethylene-glycol (PLL-g-PEG-biotin) was 

introduced onto the substrates via charge interactions, allowing for conjugation of anti-

EpCAM capture agent (Figure 10b). After CTC capture, enhanced CTC release performance 

was achieved by carrying out cyclic voltammetry between −0.8 and 0.5 V. This strategy was 

also employed on PEO/PEDOT:PSS nanofiber-embedded indium tin oxide electrodes for 

programming capture/release of CTCs with a capture efficiency of 90% and a release 

efficiency of 87%.[174]

3.2.4. Mechanoresponsiveness—Mechanical cell retrieval methods were previously 

considered unfavorable due to the risk of damaging cells. It is worth noting that recent 

advances in material science have led to several mechanoresponsive nanostructured 

substrates that can effectively release cells without causing significant damage. Shear-

responsive dissolution of thixotropic hydrogels (such as gelatin that was coated on the 

aforementioned PDMS substrates[132]) is a unique mechanoresponsive strategy for 

individually releasing captured CTCs (Figure 10c). After capturing CTCs with anti-EpCAM 
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on gelatin-coated PDMS substrates, a frequency-controlled microtip was used to produce a 

tunable vibration at the surface of substrates, generating a normal inertial force to cause the 

flow (i.e., shear-thinning) of gelatin nanocoating and the selective release of single CTCs. 

The retrieved CTCs possessed 92% viability and were suitable for downstream single-cell 

functional and molecular analysis.

3.2.5. Magnetic Field—The use of magnetic nanoparticles in the microfluidic devices 

offers an opportunity for capture/release of CTCs by simply switching on/off external 

magnetic fields without applying any complicated external stimuli.[214,215,221] In a new 

category of micropillar-embedded microfluidic devices,[214] anti-EpCAM-conjugated GO–

Fe3O4 nanoparticles were densely packed onto the surfaces of micropillars to enhance CTC 

capture (efficiency > 70%) in the presence of magnetic fields. After removing magnetic 

fields, the captured CTCs could be released as a result of the detachment of magnetic 

nanoparticles from micropillars (Figure 10d). A similar mechanism was implemented in the 

Fe2O3 nanosphere-embedded microfluidic system.[215] Moreover, magnetic up-conversion 

nanoparticles could be pretagged onto CTCs to facilitate CTC capture/release in SiNW-

embedded microfluidic chips by applying magnetic fields.[221]

3.3. Additive Reagent-Triggered Release

3.3.1. Chemical Reaction—A competitive binding approach relies on the binding of 

ligand molecules to receptors, antibodies, or other macromolecules. In the presence of high-

affinity ligands, thermodynamic principles drive the ligand exchange for releasing the 

ligands with low binding affinity. Such a competitive binding approach has been adopted for 

on-demand CTC retrieval in conjunction with the use of nanostructured substrates. At a 

physiologically compatible pH value (pH 7–9), boronic acids can reversibly bind with 1, 2- 

or 1, 3-diols in carbohydrate molecules, leading to the formation of cyclic ester complexes. 

Polymerization of boronic acid-containing 3-acrylamidophenylboronicacid (3-AAPBA) onto 

SiNW arrays led to the production of polyAAPBA-SiNW-embedded substrates.[134] The 

polyAAPBA-SiNW-embedded substrates exhibited a dual-responsive CTC capture/release 

mechanism via precise control of both pH and glucose concentration. Under a weakly acidic 

condition (pH 6.8), the boronic acid groups on SiNW arrays bind with sialic acid on CTC 

membranes, enabling CTC capture. Under an alkaline condition (pH 7.8), the exposure of 70 

× 10−3 M glucose led to the release of immobilized CTCs as a result of competitive binding 

between glucose and boronic acid group (Figure 11a). Similarly, the aforementioned 3D 

porous polyAPBA nanostructured substrates also employed the competitive binding between 

fructose and boronic acid for CTC capture/release.[180] Recently, boronic acid-grafted 

PEDOT NanoVelcro chips were developed to purify prostate cancer CTCs.[222] Anti-

EpCAM was conjugated onto NanoVelcro substrates via boronic acid–oligosaccharide 

bonding, conferring CTC capture specificity and sensitivity to the devices. In this case, 

sorbitol was introduced into the devices, and the competitive binding between sorbitol and 

boronic acid resulted in CTC release with an efficiency of 95% and viability of 96% (Figure 

11b). CTCs purified by this chip provided well-preserved RNA transcripts for downstream 

analysis.
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The Au–S bonds utilized to graft CTC capture agents onto AuNP-embedded substrates can 

be cleaved through the competitive binding of other thiol molecules like glutathione (GSH), 

enabling CTC retrieval from AuNP-embedded substrates. AuNP-HBCTC-Chips were 

prepared by assembling thiol-modified AuNPs in HBCTC-Chips and conjugating anti-

EpCAM onto these AuNPs (Figure 11c).[192] CTCs were captured by the anti-EpCAM-

conjugated AuNPs in the device with efficiencies ranging from 68% to 96%. Upon the 

exposure to GSH for 30 min, CTCs were released from the AuNP-embedded substrates as a 

result of the competitive binding of GSH and AuNPs which led to the cleavage of Au–S 

bonds sandwiched between AuNPs and anti-EpCAM. This approach achieved the release of 

CTCs with an efficiency of 90% and the viability of 78%. Similarly, the aforementioned AP-

Octopus-Chip (Figure 7d) also employed the GSH-mediated CTC retrieval strategy to 

achieve CTC release from the aptamer-modified AuNPs with an efficiency of 80% and the 

viability of 96%.[216]

Acidic treatment of nanostructured substrates could facilitate the recovery of CTCs by 

breaking cell-substrate interactions as a result of the dissolution of the embedded 

nanosubstrates or cleavage of chemical linkers that graft capture agents. MnO2 could be 

transformed into water-soluble Mn2+ ions after oxalic acid reduction. MnO2 

nanospheres[189] and nanofibers[161] that were functionalized with anti-EpCAM for 

capturing CTCs could be dissolved by oxalic acid, resulting in the release of captured CTCs 

(efficiencies = 88–92%; Figure 11d). The aforementioned anti-EpCAM-modified 

HZnPNS[211] could also be rapidly dissolved by sodium citrate into the form of Zn2+, 

releasing 88% of captured CTCs with a viability of 92%. Similarly, ZnO nanograss-

embedded substrates with anti-EpCAM conjugation were reported to capture CTCs and then 

release them by treating with 0.1 M hydrochloric acid (HCl) solution (pH 5.6).[223] 

Alternatively, benzoic imine presented an acid-sensitive linker and was utilized to graft 

arginine–glycine–aspartic acid (RGD) peptides on PVA/PEI nanofiber-embedded 

microfluidic devices.[224] The RGD peptides captured αvβ3-overexpressing cancer cells in 

the devices. Under weakly acidic conditions (pH 6.8), these immobilized cancer cells were 

released from nanofiber-embedded microfluidic devices as a result of the acid-sensitive 

cleavage of benzoic imine. It is worth noting that acid concentrations and treatment time 

must be carefully controlled to avoid negatively impacting cell viability.

Redox-sensitive disulfide bonds can serve as linkers for grafting capture agents and can be 

destroyed by reductants such as GSH, tris(2-carboxyethyl)phosphine (TCEP) and 

dithiothreitol (DTT) to release CTCs from the nanostructured substrates. GSH (50 × 10−3 

M)-mediated disulfide cleavage has been utilized to release CTCs that were captured on anti-

EpCAM-modified SS-biotin-Ppy nanowire-embedded substrates,[152] anti-EpCAM-

conjugated flowerlike substrates,[207] and HA-functionalized chitosan nanofiber-embedded 

substrates.[166] The efficiencies were all above 85%, and the viabilities ranged from 80% to 

98%. However, the incubation time of 40–60 min for GSH treatment is relatively long. Dong 

et al. created “Click Chips”[225] that leverage bioorthogonal ligation-mediated CTC capture 

and disulfide cleavage-driven CTC release in an SiNW-embedded microfluidic system 

(Figure 11e). CTCs were captured by inverse-electron-demand Diels-Alder reactions 

between trans-cyclooctene (TCO) and tetrazine (Tz) with enhanced capture efficiency (94% 

with TCO-anti-EpCAM as low as 0.1 ng) and specificity (≈2000 WBCs). The incorporation 
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of disulfide bonds into the surface linkers tethering Tz motifs allowed for the disulfide 

cleavage-driven CTC release from Click Chips upon exposure of 50 × 10−3 M DTT for 12 

min with an efficiency of 80% and significantly enhanced specificity (≈200 WBCs). This 

rapid CTC purification platform is ideal for performing CTC-mRNA assays. Similarly, 

TCEP was also used to mediate the disulfide cleavage-driven CTC release in FA-modified 

PEI/PVA nanofiber-embedded devices with efficiencies of 69–98%.[171]

3.3.2. Enzymatic Digestion—Enzymes can directly digest the proteins or nucleic acids 

that mediate CTC capture on nanostructured substrates, allowing for the release of captured 

CTCs. The most commonly used approach has been to use proteolytic enzymes, like trypsin 

(0.05–0.25%), to resuspend cells via digestion of extracellular adhesive proteins at 37 °C for 

a few minutes. Trypsin was used to recover MCF7 cancer cells that were captured on TiO2 

nanosisal-like substrates (Figure 12a)[212] and BT20 cancer cells that were captured by a 

quartz nanohole-embedded microfluidic system with a release efficiency of 90% and cell 

viability of 75%.[182] However, trypsinization is a nonspecific cell retrieval strategy that 

often results in low purity of CTCs in the final cell suspension. The duration of 

trypsinization should be carefully controlled since prolonged trypsinization leads to cell 

membrane damage and decreased viability. Nucleases, including exonucleases and 

endonucleases, are another enzymatic tool that can be used in the development of 

biosensors.[226–228] Nucleases can offer a specific method for releasing captured CTCs from 

aptamer-immobilized substrates through the cleavage of the phosphodiester bonds of DNA 

aptamers.[229] NSCLC CTCs captured by aptamer cocktails on NanoVelcro chips could be 

recovered by treatment with benzonase nuclease at 37 °C for 15 min (Figure 12b). Through 

the digestion of DNA aptamers, the nuclease-mediated CTC retrieval approach achieved a 

release efficiency of 85% and cell viability of 78–83%.[135]

Enzyme-degradable nanostructured substrates provide an alternative means for recovering 

CTCs/CFNCs. Anionic polymers such as alginate (ALG) can be degraded by bacterial 

enzymes like alginate lyase through the cleavage of the polymeric backbones. By 

assembling anionic polymers together with the oppositely charged cationic polymers like 

poly(allylamine hydrochloride) (PAH), layer-by-layer ALG/PAH nanofilms were generated 

on the internal walls of HBCTC-Chip for conducting CTC capture and release.[230] After 

using anti-EpCAM to capture CTCs, ALG/PAH nanofilms were degraded by introducing 

alginate lyase into the devices, resulting in CTC release with 95% efficiency and 90% 

viability (Figure 12c). Similarly, the aforementioned gelatin nanoparticle-embedded 

microchips achieved the capture/release of fNRBCs.[196] After capturing fNRBCs with anti-

CD147, the gelatin nanoparticles were degraded by matrix metalloproteinase-9, resulting in 

the release of captured fNRBCs with an efficiency of 89% and viability of 90%.

3.3.3. DNA Hybridization—The hybridization of aptamers with the complementary 

oligonucleotides has emerged as a unique approach for CTC retrieval from aptamer-grafted 

nanostructured substrates. There are two different mechanisms for DNA hybridization-

mediated CTC retrieval. The first mechanism is the hybridization of complementary 

oligonucleotides with the functional regions of aptamers to cause a conformational change 

of aptamers and destruction of aptamer-cell affinity. The aforementioned chitosan nanofiber-
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embedded substrates with aptamer conjugation have achieved efficient CTC capture and 

release (Figure 12d).[136,165] After CTC capture, complementary oligonucleotides were 

hybridized with aptamers and opened their secondary structures, resulting in CTC release 

with an efficiency of 98%. The second mechanism is the hybridization of complementary 

oligonucleotides with the nonfunctional regions of aptamers to induce strand displacement 

of immobilized DNA linkers and the release of aptamers along with captured CTCs. By 

employing this mechanism, aptamer-functionalized HZnPNS-embedded microfluidic chips 

could release captured CTCs with an efficiency of 86% and viability of 81%.[231]

4. Clinical Applications of Nanostructured Substrate-Based CTC Assays

CTC represents an emerging biomarker for predicting prognosis. The goal of performing 

“liquid biopsy” using CTCs is to assess tumor characteristics in a noninvasive manner with 

low cost and high feasibility, paving the way toward personalized oncology. CellSearch, as 

the only FDA cleared CTC assay, has demonstrated CTC count as an independent indicator 

of survival in many metastatic cancers.[66] However, as the demand for in-depth analysis of 

CTCs continues to grow, there has been a constant call for next-generation CTC assays that 

consume less blood (compared to 7.5 mL per assay for CellSearch) and have higher 

sensitivity and better compatibility with downstream molecular and functional 

characterization. Nanostructured substrate-based CTC isolation/capture technologies have 

attracted attention due to higher cell capture efficiencies and sensitivities that could greatly 

reduce blood consumption. The cell retrieval strategies further facilitate downstream 

molecular and functional analyses of CTCs with improved accuracy and potentially a 

significantly reduced cost. In this section, we highlight several applications of 

nanostructured substrate-based CTC assays (Figure 13) covering i) enumeration, 

morphologic analysis, and subclassification,[20,21] ii) genetic and genomic analysis, iii) 

transcriptomic profiling, and iv) protein analysis, with emphasis on their potential clinical 

value.

4.1. CTC Enumeration, Morphologic Analysis, and Subclassification

CTC enumeration has shown its value in detecting the early development of metastasis, 

assessing therapeutic response, and evaluating overall survival (OS) in clinical trials.
[10,41,237] It has been well recognized that CTCs present a heterogeneous population,[54] 

with some subsets possibly providing more clinically insightful information than others. 

Many nanostructured substrate-embedded CTC assays capture CTCs over large surface areas 

with minimal vertical variation, serving as ideal settings for imaging. With the aid of high-

resolution imaging technologies, morphologic variations and distinct phenotypic 

subpopulations can be identified, many of which are closely associated with disease 

progression and adverse outcomes.

4.1.1. Prostate Cancer CTCs—As an early proof-of-concept, prostate cancer CTCs 

were used as the model to optimize and test the capture performance of the original 

NanoVelcro Chip (with anti-EpCAM conjugation).[158] A three-color immunocytochemistry 

(ICC) protocol was adopted by using anti-CK for identification of epithelial-derived CTCs, 

anti-CD45 for identification of WBCs and DAPI for nuclear staining (Figure 14a). CTCs 
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(CK+/CD45−/DAPI+, 10 μm < sizes < 40 μm) were distinguished from the background 

WBCs (CK−/CD45+/DAPI+, sizes < 15 μm) and cellular debris. The NanoVelcro Chip 

could detect CTCs using down to 1 mL blood and exhibited consistency in CTC capture 

performance for patient blood samples.[238] A side-by-side comparison of NanoVelcro Chips 

and CellSearch assay for 100 prostate cancer patients showed concordant CTC enumeration 

results (Figure 14b),[120,147] including a significant reduction in CTC count after the 

initiation of anticancer therapy and elevation at tumor progression. It was noted that on 

occasion WBCs appeared CK-positive and might be falsely counted as CTCs in CellSearch, 

resulting in exceptionally high CTC counts in a few cases. This problem was minimized 

with the use of higher resolution fluorescence microscopy and routine cytopathologic review 

of NanoVelcro assays. These approaches not only improved the accuracy of CTC 

identification but also inspired researchers to perform more detailed morphologic analysis 

for cellular and subcellular features of CTCs.

In a subsequent study, a detailed morphological analysis focusing on subcellular and nuclear 

features of CTCs identified a morphologic subset of CTCs associated with lethal visceral 

progression in prostate cancer. CTC enumeration was performed with NanoVelcro CTC 

assay using serial blood specimens from a wide spectrum of prostate cancer patients with 

stages ranging from localized to advanced metastatic disease.[239] The mathematical 

modeling and unsupervised clustering on the CTC nuclear size distribution identified three 

distinct subpopulations of CTCs (Figure 14c) that were named very-small-nuclear CTCs 

(vsnCTCs, nuclear size < 8.5 μm), small-nuclear CTCs (snCTCs, nuclear size between 8.5 

and 15.0 μm), and large-nuclear CTCs (lnCTCs, nuclear size > 15.0 μm). VsnCTCs and 

snCTCs were more frequently seen in metastatic prostate cancer patients’ blood. Most 

importantly, the presence of vsnCTCs was highly associated with visceral metastases (VM). 

Further investigations on the correlation of vsnCTCs and VM showed that vsnCTCs might 

serve as a putative biomarker for VM in metastatic castration-resistant prostate cancer 

(mCRPC).[24] These discoveries were attributed to the addition of morphologic 

categorization (i.e., nuclear size) to the enumeration of CTCs. Similar findings involving 

CTCs with smaller nuclei and their association with more aggressive variants of mCRPC 

were reported by other groups using non-nanostructured substrate-based CTC detection 

methodologies.[25,240]

Multicellular aggregates of CTCs (more than two or three CTCs in a group) termed CTC 

clusters are more competent than individual CTCs in forming metastasis. CTC clusters have 

been shown to be potentially useful markers for metastasis in prostate cancer patients.[197] 

The aforementioned GO Chips[126] have been used to isolate both individual CTCs and CTC 

clusters (Figure 14d) from whole blood samples from 41 patients with mCRPC.[197] These 

CTC clusters consisted of 2–8 CTCs per cluster with the majority containing less than 4 

CTCs. The fraction of captured CTCs that were part of CTC clusters varied widely in 

prostate patients from 0% to 54.8%.

4.1.2. Breast Cancer CTCs—As one of the most extensively studied cancers in the 

liquid biopsy field, breast cancer has been used to verify the feasibility of many 

nanostructured substrate-based CTC assays. The microfluidic device equipped with a 

gelatin-coated nanostructured substrate was tested using blood samples collected from breast 

Dong et al. Page 22

Adv Mater. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cancer patients.[132] CTCs were detected in 7 out of 8 metastatic breast cancer patients (0–

159 CTCs/3.5 mL, median = 13 CTCs/3.5 mL, mean = 29 ± 18.7 CTCs/3.5 mL). The NP-
HBCTC-Chip (a herringbone microfluidic chip coated with gold nanoparticles) was designed 

to release captured CTCs upon GSH treatment and tested on blood samples from four 

metastatic breast cancer patients.[192] The study reported CTC counts ranging from 6 to 12 

CTCs mL−1 (median = 7.4 CTCs mL−1, mean = 8.2 ± 2.7 CTCs mL−1). Clusters of CTCs 

were observed in both studies. Despite success in demonstrating the feasibility of the 

devices, these two studies were not able to provide correlation to clinical outcomes due to 

the small patient cohort. More recently, the GO chip[126] was validated in a cohort of 47 

metastatic breast cancer patients.[241] The device detected CTC counts ranging from 0 to 27 

CTCs mL−1 with an average of 2.33, 1.52, and 5.83 cells mL−1 in ER/PR+, HER2+, and 

triple-negative breast cancer (TNBC), respectively. The study also found the association of 

shorter PFS and OS in patients with >1 CTC mL−1. CTCs with HER2 expression were 

further correlated with the HER2 status of the primary tumor. 22 of 33 cases showed a 

discrepancy in HER2 status between primary tumor and expression on the corresponding 

CTCs. Further stratification of breast cancer CTCs with EMT markers (vimentin, or N-

cadherin) showed significantly more epithelial CTCs compared to HER2+ or TNBCs, and 

more CTCs in EMT state (CK+/EMT+) in HER2+ or TNBC patients.

4.1.3. Colorectal Cancer CTCs—Colorectal cancer is another one of the most 

commonly tested cancers for testing the feasibility of nanostructured substrate-based CTC 

technologies.[122,133,201] One study utilized nylon-6/PSBMA/PAA to generate triple-blend 

fibrous mats via electrospinning for CTC capture.[172] The assay was tested on 19 patients 

who underwent a concurrent colonoscopy and successfully detected CTCs from 3 stage II, 4 

stage III, and one stage IV colorectal cancer patients. The assay detected CTCs in only 2 of 

4 (50%) stage I patients and had 2 false positive events in 7 patients without identifiable 

tumors via colonoscopy. It is worth noting that pathological analysis of biopsies from 

colonoscopies took about one week, while CTC detection from a peripheral blood specimen 

required only 6 hours in this study, which highlights the clinical benefit of liquid biopsy.

4.1.4. Pancreatic Cancer CTCs—CTCs also show potential to serve as an adjuvant 

biomarker for initial diagnosis and staging of pancreatic ductal adenocarcinoma (PDAC), a 

highly lethal disease difficult to obtain adequate tissue for diagnosis. CTC detection in 

PDAC patients has been challenging due to the low numbers of CTCs in peripheral blood. 

To address this issue, the highly sensitive NanoVelcro CTC assay was tested on blood 

samples from 100 patients (28 nonadenocarcinoma and 72 PDAC patients.[242] CTCs (CK+ 

and/or CEA+/CD45−/DAPI+, size ≥ 6 μm; Figure 15a) were detected in 54/72 patients with 

pathologically confirmed primary PDAC (sensitivity = 75.0%, specificity = 96.4%). A cutoff 

of ≥3 CTCs per 4 mL blood sample distinguished metastatic PDAC patients from the local/

regional PDAC patients with an 85.2% sensitivity, 86.7% specificity, 79.3% positive 

predictive value, 90.7% negative predictive value, and an area under receiver operating 

characteristic (AUROC) curve of 0.885. A subsequent investigation of 126 PDAC patients 

showed an association between the CTC counts and clinicopathologic variables as well as 

clinical outcomes.[243] There was a correlation between CTC counts and cancer stages, and 

CTC count was found to be an independent predictor of OS in multivariate analysis (Figure 
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15b) and a univariate predictor of recurrence-free survival after surgery. Further, the patients 

with occult metastatic disease had survival similar to those with radiologically visible 

metastatic lesions, and significantly different from those with early-stage or locally 

advanced diseases.

4.1.5. Lung Cancer CTCs—The exploit of aptamer cocktails in NanoVelcro Chips has 

enabled differential capture of CTCs in blood samples collected from 11 NSCLC patients.
[160] Four different aptamer cocktails provided different CTC counts which constituted a 

distinct profile for each patient. This result suggested potentially differential enrichment of 

CTC subsets by different aptamer cocktails. To investigate the clinical value of CTC 

subpopulations in treatment monitoring, CTCs were enumerated with four different aptamer 

cocktails in parallel from four NSCLC patients before and after Pemetrexed disodium and 

Cisplatin treatment. The change of CTC counts after treatment showed concordance with the 

change of tumor status in patients’ computed tomography (CT) images (Figure 15c). The 

occasional discrepancies observed in CTC counts by different aptamer cocktails were in line 

with the heterogeneity of CTC population, which supported the idea that some CTC subsets 

may reflect the disease status better in certain clinical context. Overall, the parallel 

enumeration of CTC subpopulations with multiple aptamer cocktails may provide more 

comprehensive information than enumeration with a single aptamer and may serve as a 

valuable tool to monitor treatment response.

4.1.6. Kidney Cancer CTCs—Renal cell carcinoma (RCC) constitutes the vast 

majority of kidney cancer cases, with clear cell RCC being the most common subtype.[244] 

Conventional anti-EpCAM-based assays are inefficient in capturing RCC CTCs likely due to 

variable EpCAM expression in RCC CTCs.[245,246] A new combination of 

anticarboanhydrase 9 and anti-CD147 was tested in conjunction with NanoVelcro CTC 

assay to achieve effective RCC CTC capture and detection. Blood samples from 72/76 clear 

cell RCC patients were detected with CTCs (sensitivity = 94.7%).[247] The total CTC counts 

were much higher in clear cell RCC patients than those with benign kidney tumors, and even 

higher in advanced stages (III and IV > I and II). The number of CTC subsets that expressed 

vimentin stratified RCC patients and highly correlated with their clinical stages. The 

findings again highlight the improved sensitivity in detecting CTCs and the value of 

subclassifying them, both facilitated by the nanostructured substrate-based CTC capture 

approaches.

4.1.7. Liver Cancer CTCs—Liver cancer became the sixth and fourth leading cause of 

new cancer diagnosis and cancer-related death worldwide in 2018, respectively.[248] As the 

most common histologic type of liver cancer, hepatocellular carcinoma (HCC) shows a 

steady increase in both incidence rate and mortality rate in the United States.[249] It has a 

high recurrence rate and poor prognosis after recurrence despite curative treatment (such as 

surgical resection or liver transplantation).[250,251] The NanoVelcro CTC assay has been 

developed for prognostication and treatment selection for HCC patients.[232] An antibody 

cocktail targeting asialoglycoprotein receptor, glypican-3, and EpCAM, was utilized to 

capture HCC CTCs in peripheral blood samples collected from 80 HCC patients. CTCs were 

detected in 59/61 HCC patients (sensitivity = 97%) with higher CTC count correlating with 
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advanced stages of HCC (median 3 CTCs/4 mL blood (range 0–15) in early stage, 9 CTCs/4 

mL blood (range 0–14) for locally advanced disease, and 12 CTCs/4 mL blood (range 2–23) 

for metastatic HCC) and portal vein invasions. A cutoff of >2 CTCs per 4 mL of blood 

discriminated patients with HCC from those without HCC, with a sensitivity of 84.2%, 

specificity of 88.5%, and an AUROC of 0.92. The number of vimentin-positive CTCs 

correlated with tumor stages, recurrence, and OS (Figure 15d), with >1 vimentin-positive 

CTCs per 4 mL blood being associated with worse OS, and earlier recurrence after the 

treatment. These results suggest a potential role for vimentin-positive CTC subsets in 

indicating aggressiveness and occult metastases of the underlying disease and providing 

guidance for treatment selection.

4.1.8. Other Cancer CTCs—In addition to studying the common cancer types, 

researchers also explored the use of nanostructured substrate-based technologies for capture 

and analysis of CTCs from a few solid tumors with lower incidences. The aforementioned 

“CapioCyte” device, which utilized multivalent binding, E-selectin-medicated biomimetic 

cell rolling, and multiple capture antibodies (anti-EpCAM, anti-HER2, and anti-EGFR), was 

tested on cancer patients receiving radiotherapy.[187] CTCs were detected from the 

preradiotherapy blood samples collected from the 20 patients with head and neck squamous 

cell carcinoma. A reduction of CTC count was observed in 12/14 patients undergoing serial 

CTC enumeration, among which 11 patients had a complete response to radiotherapy. An 

elevation of CTC count was observed in 2/3 patients who had residual disease. The 

NanoVelcro system was also tested on patients with gestational choriocarcinoma in a 

multicenter study.[252] The CTCs were captured with anti-EpCAM and anti-CD147 and later 

identified by the expression of β-HCG. A cutoff of ≥6 CTCs was established as the 

prognostic threshold for PFS and OS in a 90-patient training cohort and validated in a 

separate 90-patient validation cohort. Among the 180 patients participating in the project, 

96% of the GC patients had ≥2 CTCs per 7.5 mL of blood. The CTC counts in patients with 

distant metastases were much higher than those without. Using post-treatment CTC 

enumeration data from 106 patients receiving chemotherapy, univariate analyses identified 

the CTC count after the first cycle of chemotherapy a strong predictor of OS.

4.2. Genomic Analysis of CTCs Captured by Nanostructured Substrates

Genomic analysis of CTCs may provide real-time insights into the biological mechanisms of 

tumorigenesis, progression, metastasis, recurrence and treatment resistance. The rarity of 

CTCs in the peripheral blood has been the greatest challenge in obtaining qualified genomic 

information from CTCs. Nanostructured substrate-based CTC assays, as discussed in 

previous sections, help isolate CTCs with higher sensitivity and better integrity. With the aid 

of WGA, it is now possible to analyze CTC-derived genomic DNA for alterations such as 

single-nucleotide variations (SNVs), copy number variation, and structural variation (SVs).

4.2.1. Targeted Mutational Analysis—Years of research in cancer biology have 

identified numerous mutations in cancer cells that are associated with prognosis, 

susceptibility, and/or resistance to therapies. Therefore, it has become one of the major arms 

of precision oncology to search for these mutations to guide clinical decision making.[253] 

Several nanostructured substrate-based platforms, particularly those coupled with cell 
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retrieval strategies, have successfully obtained high-quality CTCs for targeted mutation 

analysis. In general, the retrieved CTCs were lysed to extract genomic materials for 

amplification by WGA and/or target-specific PCR, and further subjected to sequencing or 

allele-specific detection (e.g., probe hybridization). Using the thermoresponsive Nano-

Velcro Chip as an example, CTCs were purified through multiple cycles of thermocontrolled 

capture and release.[219] The resulting CTC suspension was subjected to EGFR mutation 

analysis (Figure 16a). Both L858R and T790M point mutations could be detected in CTCs 

acquired from 7 NSCLC patients’ blood, and the results were consistent with those observed 

in matching tumor tissues. In an index patient who received first-generation EGFR inhibitor 

(i.e., gefitinib), loss of L858R mutation and emergence of T790M mutation was observed by 

serial CTC analysis. The finding coincided with the development of clinical resistance to the 

inhibitor with radiographic progression of the lung tumor (Figure 16b). Other researchers 

utilized thermoresponsive polymer–GO Chips in conjunction with FISH technique to detect 

HER2 gene amplification in the isolated CTCs.[198]

As the researchers began to recognize the heterogeneity of CTCs, concerns were raised that 

bulk analysis of isolated CTCs runs the risk of missing some important genomic information 

of minor CTC subsets. Single-CTC analyses were successfully performed in some studies to 

assess specific mutations in individual CTCs. In one study, the researchers were able to 

detect oncogenic driver mutations (e.g., hotspot mutations in BRAF,[129] KRAS,[254] or 

EGFR[234]) in single CTCs using the PN-NanoVelcro assay coupled with LMD technology 

and subsequent Sanger sequencing. With the same platform but a different capture antibody 

(anti-CD146), single CMCs were isolated from the peripheral blood collected from 

melanoma patients (stage IV) with known BRAFV600E mutation by standard sequencing of 

tissue biopsy and identified by their Mart1+/HMW-MAA+/CD45− characteristics under 

fluorescence microscopy.[129] Following WGA, allele-specific PCR, and Sanger sequencing, 

BRAFV600E mutation was detected in CMC with a strong signal-to-noise ratio. The 

detection of BRAFV600E mutation in CMCs suggests a potential role for CTC-based 

mutational analysis before initiating BRAF inhibitor (e.g., vemurafenib) therapy to assess 

the sensitivity to treatment. To further assess the sensitivity of single-CTC sequencing, 5 

pancreatic cancer patients bearing KRAS point mutations were involved in a study using 

PN-NanoVelcro/LCM assay.[254] Pancreatic CTCs were captured with anti-EpCAM, 

identified by their CEA+/CD45− characteristics, dissected using LCM, and then subjected to 

Sanger sequencing to detect codon-12 activating KRAS mutations. Of all the dissected 

CTCs from 5 patients, 21/44 (47.7%) had KRAS mutations. One patient had KRASG12V 

(35G to T) and 4 patients had KRASG12D (35G to A) mutations, which was consistent with 

the results of tumor tissue sequencing. Recently, the PN-NanoVelcro/LCM assay was 

utilized to detect EGFR mutations in individual CTCs harvested from 72 NSCLC patients.
[234] Seven EGFR alterations could be detected by targeted sequencing, including 19-Del, 

L858R, T790M, 20-Ins, G719X, S768I, and L861Q. These results showed high concordance 

to primary tumor tissues and the small discrepancy highlighted the heterogeneity in CTC 

population. Again, the results of T790M mutations in CTCs correlated with acquired 

resistance to EGFR inhibitor (i.e., gefitinib). In another example, researchers used 

photothermal GNR-embedded gelatin nanostructured substrates with NIR-mediated targeted 

cell retrieval to harvest individual CTCs and detect KRAS and P53 gene mutations.[133] 
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Individual CTCs were also isolated from a variety of cancers by mechanoresponsive gelatin-

PDMS substrates with success in detecting oncogenic driver mutations such as PIK3CA and 

EGFR hotspot mutations.[132]

4.2.2. Whole Genome Sequencing—The development of single-cell technologies 

facilitates genome-wide analysis of individual CTCs. Zhao et al. used the PN-

NanoVelcro/LCM assay to isolate single prostate cancer CTCs for whole exome analysis 

(WES),[163] and reached 25–80% whole exome coverage and a mean depth of 29 to 48×. 

This was the first case to utilize single-CTC WES to compare CTCs with WBCs. In a 

subsequent study, WGS was successfully performed on individual prostate cancer CTCs 

with 95% sequencing coverage, an average 30× depth, and overall quality comparable with 

tumor tissue sequencing.[233] The study found that 29% of somatic SNVs (shared by 

primary or metastatic tumors) coexist in CTCs (Figure 16c); 86% of CTC clonal mutations 

could be traced back to primary or metastatic tumors. SVs in important tumor suppressor 

genes such as BRCA2, PTEN, and RB1 shared between CTCs and the matching tumor 

tissues were also identified through single CTC WGS. This study not only highlighted the 

improvement of CTC isolation achieved by nanostructured substrates but also demonstrated 

the feasibility of characterizing tumor heterogeneity and biological evolution of individual 

CTCs.

4.3. Transcriptomic Profiling

In addition to genomic sequencing, transcriptomic profiling has been widely used in cancer 

research and helped gain tremendous knowledge in tumor biology and classification.[255] It 

is expected that transcriptome analysis in CTCs could provide valuable information about 

cancer biology. In one study, breast cancer CTCs, purified by ligand exchange on NP-
HBCTC-Chip, were subjected to RNA sequencing.[192] The researchers successfully 

identified gene signatures associated with disease progression, patient survival, risk of 

metastasis, and epithelial to mesenchymal transition in CTCs. By using GO chips, genes 

related to EMT, cell proliferation, metastasis, apoptosis, inflammation, and stromal 

components were found to be differentially expressed in CTCs as well.[241] Patients with a 

high level of ERBB2, VIM, and CD44 showed a significantly higher probability of 

systematic progression. Measurement of RNA biomarkers (such as new noncoding RNAs) in 

CTCs was also made possible, as demonstrated in a study purifying prostate cancer CTCs 

using sorbitol stimulation on the PBA-grafted PEDOT NanoVelcro chip.[222] The harvested 

CTCs retained well-preserved RNA transcripts for downstream RT-quantitative PCR (RT-

qPCR) analysis. Several prostate cancer-specific genes (e.g., AR-FL, AR-V7, KLK3, 

FOLH1), as well as long noncoding RNA (SChLAP1), were detected in 94% (16/17) of 

patients, with levels being significantly higher in patients with meta-static disease (Figure 

17a). GO Chip-based prostate cancer CTC analysis also demonstrated that RNA expression 

of the isolated CTCs had significant relationships with OS (Figure 17b).[197] Recently, 

efforts were made to transform tumor tissue-based RNA classification into a CTC-based 

RNA panel for assessment of tumor biology and response to therapy. In one example, the 

thermoresponsive NanoVelcro system was used to isolate prostate cancer CTCs from 

mCRPC patients, which were then subjected to RNA quantification in the NanoString 

nCounter platform.[235] The researchers focused on a gene panel derived from one of the 
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three subtypes defined in Prostate cancer Classification System (PCS)[256] and tested 31 

blood samples from 23 patients receiving androgen receptor signaling inhibitor (ARSI) 

(Figure 17c). Compared with ARSI-sensitive samples (ARSI-S, n = 17), ARSI-resistant 

samples (ARSI-R, n = 14) had significantly higher PCS1 Z scores. The changes in the PCS1 

Z score were consistent with the changes of eight patients from initial ARSI-S to later ARSI-

R. This approach demonstrated the potential for a CTC-based noninvasive method to detect 

gene expression associated with therapeutic resistance, which may facilitate early detection 

of drug resistance and better patient-specific therapy selection.

4.4. Protein Analysis

Protein analysis is also regarded as an important aspect in comprehensively understanding 

CTCs. Most CTC assays required ICC protocol targeting specific cytoplasmic and 

membranous proteins to identify CTCs from background WBCs. In addition to more routine 

staining, disease or cancer-related proteins (such as HER2 and EGFR) were also commonly 

stained. For example, Issadore et al. reported simultaneous analysis of multiple proteins 

including EpCAM, HER2, and EGFR on individual CTCs by using a panel of magnetic 

nanoparticles in a microfluidic chip-combined micro-hall detector.[87] Wu et al. proposed a 

multifunctional nanosphere-based micropillar chip for efficient phenotype analysis of 

individual CTCs.[236] By using red fluorescent magnetic nanospheres targeting EpCAM and 

green fluorescent nanospheres targeting HER2, CTCs labelled with magnetic tags were 

trapped on the size-selective micropillar chip and analyzed via fluorescence signals. Seven 

breast cancer patients were detected with HER2-expressing CTC subpopulations. Despite 

the success in assessing a small number of proteins in and on CTCs, more comprehensive 

protein characterization with higher throughput methodologies has yet to be explored on 

nanostructured substrate-based CTC assays.

5. Nanostructured Substrate-Embedded Assays for Noninvasive Prenatal 

Diagnostic Applications

5.1. Circulating Trophoblasts

As a subcategory of CFNCs, cTBs are one of the ideal targets for detecting the expression of 

unique markers, fetal karyotypes, and genotypes (except in rare scenarios involving placenta 

mosaicism). Using the imprinted PLGA NanoVelcro Chips (Figure 18a),[159] cTBs from 

maternal blood were effectively enriched using an anti-EpCAM capture agent, followed by 

ICC treatment. The devices were scanned by a fluorescence microscope, cTBs (Hoechst+/

CK7+/HLA-G+/CD45−, 12 μm < sizes < 20 μm) were identified from nonspecifically 

captured WBCs (Hoechst+/CK7-/HLAG−/CD45+, 8 μm < sizes < 15 μm; Figure 18b). On 

average, 3–15 cTBs per 2 mL were detected in maternal blood collected from pregnant 

women (GA = 8–23 weeks). Individual cTBs were isolated by LCM for WGA and 

downstream genetic testing, e.g., short tandem repeats (STR) and array comparative 

genomic hybridization (aCGH). STR fingerprints obtained from cTBs, maternal blood, and 

the matching umbilical cord tissues could confirm the feto-parental relationship (Figure 

18c). Fetal genders and chromosomal abnormalities (such as trisomy 21) were accurately 

detected in isolated cTBs by aCGH (Figure 18d).
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5.2. Circulating Fetal Nucleated Red Blood Cells

In addition to placenta-originated cTBs, fNRBCs directly derived from embryonic tissue are 

an alternative CFNC source for implementing NIPD. Researchers have introduced anti-

CD147-functionalized nanoparticles, e.g., HAp/chitosan NPs,[194] biotin-Ppy NPs,[195] and 

gelatin NPs[196] into microchips to enrich fNRBCs from maternal peripheral blood collected 

from pregnant women (GA = 10–30 weeks). The target fNRBCs were identified using an 

ICC protocol (e.g., ε-globin+/CD71+/DAPI+/CD45−). A higher number of fNRBCs were 

observed in the blood samples from those pregnant women who conceived a fetus with 

chromosomal aneuploidy than those with normal pregnancies, showing that the high counts 

of fNRBCs may indicate abnormal gravidity.[195] Furthermore, fetal chromosomal 

aneuploidies, e.g., trisomy 18/21/XXX syndrome, were detected in fNRBCs using the FISH 

technique, the findings of which were in accordance with the results of amniocentesis and 

karyotyping. The comparison of cTB and fNRBC-based NIPD using nanostructured 

substrates are summarized in Table 2.

6. Conclusion and Future Perspectives

Many advances have been made in detection, isolation, and characterization of circulating 

rare cells—especially CTCs and CFNCs. These have mostly been driven by interdisciplinary 

cooperative research efforts spanning the fields of materials science, chemistry, 

nanotechnology, bioengineering, cancer biology, oncology, maternal-fetal medicine, and 

other related specialties. Recent advances in the field of nanomaterials have led to the 

development of nanostructured substrate-embedded assays, which enables a diversity of in-

depth detection and characterization of CTCs/CFNCs with drastically enhanced performance 

and reduced costs. Initially, such efforts were focused upon CTC enrichment and 

enumeration using the nanostructured substrates, allowing for morphologic analysis and 

subclassification of CTCs. Later, the addition of rare-cell retrieval strategies to 

nanostructured substrates allowed CTCs/CFNCs to be purified with high molecular integrity 

and cell viability, thereby enabling downstream molecular and functional analyses (such as 

genomic/transcriptomic profiling and ex vivo culture). Information from such CTC-derived 

characterizations demonstrated potential utility in cancer diagnosis, monitoring, and 

prognosis, bringing the field of oncology closer toward the ultimate goal of personalized 

care. Similarly, the CFNC-derived genetic testing and whole-genome profiling data 

suggested the feasibility of nanostructured substrate-embedded assays for noninvasive 

prenatal diagnostics.

Despite these advances, there is still space to increase the purity of CTC/CFNCs. The 

heterogeneity of CTCs also has an effect on the accuracy and reliability of the results. 

Looking toward the future, research endeavors in developing nanostructured substrate-

embedded circulating rare-cell assays will be devoted to i) acquiring a fundamental 

understanding of how the underlying chemical/physical properties of nanostructured 

substrates affect the capture performance, viability, and molecular integrity of circulating 

rare cells; ii) exploring new nanomaterials, chemistry, and capture/release mechanisms on 

nanostructured substrates in order to reduce the hematologic cell contamination and improve 

the viability and molecular integrity of the isolated/purified circulating rare cells; iii) 
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combining different capture agents (e.g., antibody, aptamer cocktails) and new markers to 

further increase the specificity of cell capture and address the heterogeneity in circulating 

rare cell populations; iv) exploiting a wider variety of multiomic analytical technologies 

with single-cell resolution to better characterize the heterogeneous cells of interest; v) 

studying other types of circulating rare cells (e.g., circulating stem cells, endothelial cells, 

plasma cells, mesenchymal cells) and noncellular components (e.g., extracellular 

vesicles[95,258,259]) that also carry molecular information about the disease 

microenvironment. Last but not least, the interactions between circulating rare cells and 

hematological cells deserve additional attention. Studies using microfluidic devices[23,260] 

and the CellSearch assay[261] have demonstrated that CTCs or CTC clusters can interact 

with other circulating entities like neutrophils and platelets. A more recent study pointed out 

that the WBC–CTC clusters were relatively rare events (less than 3.5%), played an 

important role in the formation of metastases, and correlated with a poor prognosis in cancer 

patients.[262] However, the roles of these cell complexes in the diagnostic or theranostic 

processes are mostly unknown. There is currently a lack of research efforts in using 

nanostructured substrates to study the interactions between circulating rare cells and other 

hematologic entities. We anticipate the use of nanostructured substrates, with the advantages 

of their variability and unique features, can lead to more discoveries about these cell 

complexes, improving our understanding of the immune system, and potentially making a 

great impact in the field of immune oncology.

Following the development of nanostructured substrate-embedded assays, challenges remain 

in the translation of these methods to fulfill unmet needs in the areas of cancer biology, 

clinical oncology, and maternal-fetal medicine. The lack of standardization and 

normalization of manufacturing nanostructured substrates, processing samples, and 

analyzing data, raises serious concerns about reliability and reproducibility when it comes to 

dissemination of the technologies in clinical trial settings. Therefore, more research efforts 

will be driven by the needs of i) pursuing more interdisciplinary collaboration for clinical 

validation of nanostructured substrate-embedded rare-cell assays and establishing 

standardization for the transition of these platforms to clinical applications; ii) differentiating 

CTC subpopulations based on distinct phenotypes (e.g., morphological characteristics, 

behaviors, and molecular fingerprints) to address heterogeneity in tumors and CTCs; iii) 

integrating and interpreting multiomic characterizations of CTCs alongside concurrent 

disease tissues to establish the relationship between CTCs and the overarching diseases; iv) 

performing analyses on serial blood samples in order to monitor the dynamic changes in 

CTC populations and their molecular signatures to better understand disease evolution; v) 

producing and using CTC-derived cell lines to gain a more comprehensive and profound 

understanding of oncogenic/resistance mechanisms, and to assess which therapeutic options 

may be beneficial to individual patients.

While the feasibility of performing CFNC-derived genetic testing and whole-genome 

profiling has been demonstrated by several nanostructured substrate-embedded assays, 

clinical adoption for NIPD applications requires further improvements in reproducibility and 

scalability. Advances in genomic analyses may enable the detection of genomic copy 

number variations within the megabase size range, as well as the detection of de novo point 

mutations. Additionally, enumeration and whole-genome profiling of CFNCs could 
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potentially be used synergistically for screening abnormal placental dysplasia. Such 

advancements would be transformative for the fields of prenatal care.

Overall, we anticipate more powerful nanostructured substrate-based circulating rare-cell 

assays to be introduced and more integral clinical validation to be completed. Ultimately, 

future regulatory and commercial efforts will be needed to bring these tests to market.
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Figure 1. 
Conceptual illustration depicting how nanostructured substrates can be utilized for achieving 

detection and characterization of CTCs and CFNCs with enhanced cell-capture performance. 

CTCs break away from either a primary tumor mass or metastatic sites to intravasate and 

circulate in the peripheral blood, and are used as tumor liquid biopsy for conducting 

noninvasive cancer diagnostics. Much like CTCs’ role in cancer diagnosis, CFNCs in the 

maternal circulation open up the opportunity for implementing noninvasive prenatal 

diagnostics.
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Figure 2. 
Classification of nanostructured substrates developed for detection and characterization of 

circulating rare cells (i.e., CTCs and CFNCs). i) High aspect ratios: nanowires/rods/tubes. 

Reproduced with permission.[121] Copyright 2009, John Wiley and Sons. Nanofibers. 

Reproduced with permission.[122] Copyright 2012, John Wiley and Sons. ii) Low aspect 

ratios: nanodots. Reproduced with permission.[123] Copyright 2011, John Wiley and Sons. 

Dendrimers. Reproduced with permission.[124] Copyright 2011, John Wiley and Sons. 

Nanoparticles/spheres. Reproduced with permission.[125] Copyright 2012, John Wiley and 

Sons. Nanosheets/films. Reproduced with permission.[126] Copyright 2013, Springer Nature. 

iii) Hierarchical nanostructures: fractal structures. Reproduced with permission.[127] 

Copyright 2013, John Wiley and Sons. Nano–micro structures. Reproduced with permission.
[128] Copyright 2013, John Wiley and Sons. Controlled CTC/CFNC retrieval strategies 

include: i) Laser microdissection. Reproduced with permission.[129] Copyright 2013, John 

Wiley and Sons. ii) Stimulus-responsiveness: thermoresponsiveness. Reproduced with 

permission.[130] Copyright 2013, John Wiley and Sons. Electrical stimulation. Reproduced 
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with permission.[131] Copyright 2014, John Wiley and Sons. Mechanoresponsiveness. 

Reproduced with permission.[132] Copyright 2015, John Wiley and Sons. 

Photoresponsiveness. Reproduced with permission.[133] Copyright 2016, American 

Chemical Society. iii) Additive reagent-triggered release: chemical reaction. Reproduced 

with permission.[134] Copyright 2013, American Chemical Society. Enzymatic digestion. 

Reproduced with permission.[135] Copyright 2013, John Wiley and Sons. DNA 

hybridization. Reproduced with permission.[136] Copyright 2016, John Wiley and Sons.
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Figure 3. 
Nanowire, nanorod, and nanotube-embedded substrates developed for CTC or CFNC 

capture. a) An anti-EpCAM-functionalized SiNW-embedded substrate (i.e., NanoVelcro 

cell-affinity substrate) achieved highly efficient capture of CTCs by employing enhanced 

local topographic interactions in contrast to an anti-EpCAM functionalized flat silicon 

substrate with limited surface contact area. Biotinylated anti-EpCAM was grafted onto these 

substrates to endow CTC recognition with specificity. b) SEM images of CTCs captured on 

an SiNW-embedded substrate (left) and a flat silicon substrate (right), respectively. 

Reproduced with permission.[121] Copyright 2009, John Wiley and Sons. c) SEM images 

showing cell morphologies and behaviors on SiNWs with differing interwire spacings 

(ranging from 38 to 790 nm) and diameters (ranging from 120 to 1100 nm). Reproduced 

with permission.[96] Copyright 2014, Royal Society of Chemistry. d) A tosylate (TOS)-
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doped PEDOT nanorod array-embedded substrate with anti-EpCAM conjugation achieved 

higher capture performance than a flat substrate with anti-EpCAM. Reproduced with 

permission.[155] Copyright 2014, John Wiley and Sons. e) An anti-EpCAM functionalized 

soft PS nanotube-embedded substrate provides a large contact area for CTC capture. SEM 

images showed the structures of PS nanotubes and the captured cells. Reproduced with 

permission.[157] Copyright 2013, Springer Nature. f) Schematic diagram of the configuration 

and operational mechanism of a NanoVelcro Chip for capturing CTCs, which consists of a 

patterned SiNW-embedded substrate with anti-EpCAM-coating, and an overlaid PDMS 

chaotic micromixer. Reproduced with permission.[158] Copyright 2011, John Wiley and 

Sons. g) An imprinted PLGA NanoVelcro Chip developed for cTB capture. Reproduced 

with permission.[159] Copyright 2017, American Chemical Society.
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Figure 4. 
Conjugation of capture antibodies onto nanofiber-embedded substrates enables highly 

efficient CTC enrichment. a) TiNF-embedded substrates were prepared via electrospinning 

deposition of horizontally oriented precursory nanofibers, followed by calcination and anti-

EpCAM conjugation. Fluorescent micrographs (bottom left) and SEM images (bottom right) 

suggest that the resulting TiNF-embedded substrates demonstrated a higher CTC capture 

efficiency and affinity than that observed for flat silicon substrates, respectively. Reproduced 

with permission.[122] Copyright 2012, John Wiley and Sons. b) Schematic representation of 

a PN-NanoVelcro Chip consisting of an overlaid PDMS chaotic micromixer and a 

transparent PN-NanoVelcro substrate. i) Biotinylated anti-EpCAM (a prostate cancer-

specific capture agent), reproduced with permission.[163] Copyright 2013, John Wiley and 

Sons or ii) biotinylated anti-CD146 (a melanoma-specific capture agent) were covalently 

conjugated on the PN-NanoVelcro substrates, Reproduced with permission.[129] Copyright 

2013, John Wiley and Sons.
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Figure 5. 
Nanodot, dendrimer, nanoparticle, and nanosphere-embedded substrates developed for 

enhanced CTC capture. a) SEM (top) and AFM (bottom) images of PEDOT-COOH 

nanodots with different diameters and roughness. Reproduced with permission.[123] 

Copyright 2011, John Wiley and Sons. b) Schematic (top) and fluorescence (bottom) images 

of cancer cells captured on multiple antibody-functionalized PAMAM dendrimer-

immobilized surfaces (left) and linear poly(ethylene glycol)-immobilized (PEGylated) 

surfaces (right), respectively. Reproduced with permission.[124] Copyright 2011, John Wiley 

and Sons. c) SEM images showing cell morphologies and behaviors on anti-EpCAM 

modified I) nanoparticle-embedded substrates and II) flat substrates, respectively. 

Reproduced with permission.[190] Copyright 2013, John Wiley and Sons. d) Schematic 

representation of the multivalent interactions between AuNP–aptamer-embedded substrates 

and cell membrane, and the monovalent interactions between aptamers only and receptors. 

Reproduced with permission.[191] Copyright 2013, American Chemical Society.

Dong et al. Page 49

Adv Mater. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Nanosheet and nanofilm-embedded substrates for CTC isolation. a) Schematic view of a GO 

nanosheet-embedded microfluidic chip and SEM images of CTCs captured on the anti-

EpCAM functionalized GO nanosheets that were absorbed on gold patterns. Reproduced 

with permission.[126] Copyright 2013, Springer Nature. b) rGO nanofilms with a petal-like 

wrinkled architecture were functionalized with anti-EpCAM for CTC capture. SEM images 

showing CTC capture performance and CTC morphologies on anti-EpCAM-modified 

smooth highly ordered pyrolytic graphite (HOPG) film, rGO film-embedded substrates with 

Ra of 0.83 and 19.42 μm, respectively. Reproduced with permission.[199] Copyright 2015, 

John Wiley and Sons.
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Figure 7. 
Hierarchical nanostructure-embedded substrates developed for CTC capture. a) SEM images 

showing cell morphologies and behaviors on FAuNSs with different fractal dimensions 

including low FAuNS (LFAuNS, fractal dimension ≈ 2.40), moderate FAuNS (MFAuNS, 

fractal dimension ≈ 2.54) and high FAuNS (HFAuNS, fractal dimension ≈ 2.70). 

Reproduced with permission.[127] Copyright 2013, John Wiley and Sons. b) A fractal ITO 

nanowire-embedded substrate with both vertical and horizontal nanowire branches was 

fabricated by CVD. SEM images (bottom) reveal cell morphologies and behaviors on a flat 

FTO substrate and different ITO nanowire-embedded substrates with/without branches, 

respectively. Reproduced with permission.[146] Copyright 2016, American Chemical 

Society. c) Schematic (top) and SEM images (bottom) of an anti-EpCAM functionalized 

LIP-embedded substrate for capturing CTCs. Reproduced with permission.[208] Copyright 
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2014, John Wiley and Sons. d) Freestanding reduced GO composite foams with ZnO 

nanorods (rGO/ZnO foam) were prepared and functionalized with anti-EpCAM for CTC 

capture. SEM images (bottom) show the structure of rGO/ZnO foams and cell morphologies 

on rGO/ZnO/anti-EpCAM foams. Reproduced with permission.[128] Copyright 2013, John 

Wiley and Sons. e) A nano–micro hierarchical microfluidic device was fabricated by 

growing TiO2 nanorod array on hexagonally patterned Si micropillars. Reproduced with 

permission.[213] Copyright 2016, Springer Nature. f) A schematic drawing of the AP-

Octopus-Chip developed for CTC isolation. Reproduced with permission.[216] Copyright 

2019, John Wiley and Sons.
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Figure 8. 
LCM and photoresponsive approaches used for CTC retrieval from nanostructured 

substrates. a) Schematic and micrograph images showing the process of single-CTC 

isolation from PN-NanoVelcro Chips with the use of LCM (a.k.a., PN-NanoVelcro/LCM). 

Reproduced with permission.[163] Copyright 2013, John Wiley and Sons. b) Schematic and 

micrograph images of the NIR-responsive approach for cell retrieval, enabling the capture 

and site-specific release of CTCs from the GNR-embedded gelatin substrates. Reproduced 

with permission.[133] Copyright 2016, American Chemical Society.
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Figure 9. 
Thermoresponsive CTC retrieval strategies applied on nanostructured substrates. a) 

Thermoresponsive NanoVelcro substrates for efficient CTC capture/release at 37 and 4 °C 

caused by the exposure/internalization of anti-EpCAM grafted on polymer brushes of 

NanoVelcro substrates. Reproduced with permission.[130] Copyright 2013, John Wiley and 

Sons. b) PNIPAAm-coated SiNW substrates for reversible cell capture/release due to the 

change of hydrophobic and hydrophilic surface properties between 37 and 20 °C. 

Reproduced with permission.[220] Copyright 2012, John Wiley and Sons. c) A schematic 

view of the fabrication and working mechanisms of thermal-sensitive PAPDEA–GO 

composite-embedded microfluidic devices for CTC capture/release. Reproduced with 

permission.[198] Copyright 2016, John Wiley and Sons. d) Thermoresponsive CTC capture/

release mechanisms using gelatin-coated PDMS substrates. Reproduced with permission.
[132] Copyright 2015, John Wiley and Sons.
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Figure 10. 
Electrically stimulated, mechanoresponsive, and magnetic field-mediated CTC retrieval on 

nanostructured substrates. a) CTC capture and electrically stimulated release mechanisms of 

biotin-Ppy nanostructure-embedded substrates. Reproduced with permission.[184] Copyright 

2014, Ivyspring International Publisher. b) Electrically stimulated CTC release via the 

desorption of PLL-g-PEG-biotin from PEDOT nanorod-embedded bioelectronic substrates. 

Reproduced with permission.[156] Copyright 2015, Royal Society of Chemistry. c) The 

mechanoresponsive cell retrieval strategy to recover individual CTCs from gelatin-based 

PDMS substrates. Reproduced with permission.[132] Copyright 2015, John Wiley and Sons. 

d) The magnetic field-mediated CTC capture/release mechanisms of the GO–Fe3O4 

nanoparticle-decorated micropillar devices. Reproduced with permission.[214] Copyright 

2013, John Wiley and Sons.
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Figure 11. 
Chemical reaction-mediated CTC retrieval strategies on nanostructured substrates. a) pH and 

glucose dual-responsive SiNW-embedded substrates for capturing and releasing CTCs. 

Reproduced with permission.[134] Copyright 2013, American Chemical Society. b) PBA-

grafted PEDOT Nano-Velcro chips with anti-EpCAM conjugation for purifying CTCs. 

Reproduced with permission.[222] Copyright 2017, John Wiley and Sons. c) A schematic 

representation showing the fabrication process and CTC capture/release mechanisms of NP-
HBCTC-Chips. Reproduced with permission.[192] Copyright 2017, American Chemical 

Society. d) Oxalic acid induced the reduction and dissolution of MnO2 nanofibers to release 

captured CTCs. Reproduced with permission.[161] Copyright 2015, AIP Publishing. e) A 

schematic illustration of “Click Chips” leveraging bioorthogonal ligation-mediated CTC 

capture and disulfide cleavage-driven CTC release in an SiNW-embedded microfluidic 

system.
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Figure 12. 
Enzymatic digestion and DNA hybridization-mediated CTC retrieval from nanostructured 

substrates. a) TiO2 nanosisal-like substrates captured CTCs with anti-EpCAM and released 

CTCs upon trypsin treatment. Reproduced with permission.[212] Copyright 2015, American 

Chemical Society. b) Benzonase nuclease-mediated digestion of DNA aptamers to release 

captured NSCLC CTCs from NanoVelcro chips. Reproduced with permission.[135] 

Copyright 2013, John Wiley and Sons. c) Enzymatically degradable ALG/PAH nanofilm-

embedded substrates for CTC capture/release. Reproduced with permission.[230] Copyright 

2015, Elsevier. d) Aptamer recognition and DNA hybridization-mediated CTC capture and 

release on pCBMA-chitosan nanofiber-embedded substrates. Reproduced with permission.
[136] Copyright 2016, John Wiley and Sons.
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Figure 13. 
Clinical applications of nanostructured substrate-enabled CTC assays. a) Enumeration. 

Reproduced with permission.[232] Copyright 2018, John Wiley and Sons. Morphologic 

analysis. Reproduced with permission.[120] Copyright 2018, Elsevier. Subclassification. 

Reproduced with permission.[24] Copyright 2015, John Wiley and Sons. b) Genetic and 

genomic analysis (e.g., fluorescence in situ hybridization (FISH). Reproduced with 

permission.[198] Copyright 2016, John Wiley and Sons. Whole genome amplification 

(WGA). Reproduced with permission.[120] Copyright 2018, Elsevier. Sanger sequencing and 

single-CTC whole genome sequencing (WGS). Reproduced under the terms of the CC-BY 

license.[233] Copyright 2015, Jiang et al., published by Oncotarget). c) Transcriptomic 

profiling (e.g., next-generation RNA sequencing. Reproduced with permission.[192] 

Copyright 2017, American Chemical Society. Single-cell reverse transcription-polymerase 

chain reaction (RT-PCR) analysis and NanoString nCounter). d) Protein analysis (e.g., 

multiple protein expression. Reproduced with permission.[87] Copyright 2012, American 

Association for the Advancement of Science). Reproduced with permission.[236] Copyright 

2018, American Chemical Society.
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Figure 14. 
Nanostructured substrate-enabled enumeration and subclassification of prostate cancer 

CTCs. a) A three-color ICC protocol (left) and representative fluorescent images (right) for 

distinguishing CTCs from nonspecifically trapped WBCs. Cytokeratin was shown in green, 

CD45 in orange and nuclear staining in blue (scale bars, 10 μm). Reproduced with 

permission.[120] Copyright 2018, Elsevier. b) Comparison of CTC enumeration by 

NanoVelcro Chip and CellSearch Assay for mCRPC patients. c) Three subpopulations of 

CTCs captured by NanoVelcro Chips, i.e., vsnCTCs, snCTCs, and lnCTCs, were identified 

by ICC protocol and nuclear size measurements (scale bars, 10 μm). (Left) Reproduced with 
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permission.[24] Copyright 2015, John Wiley and Sons. Prostate cancer patients were placed 

into three cohorts according to their metastatic status. Right reproduced with permission.
[120] Copyright 2018, Elsevier. d) Examples of CTC clusters captured by the graphene oxide 

chip (left). CK 7/8 was shown in red (scale bar, 10 μm). CTC clusters had a heterogeneous 

size ranging from two to eight cells within one cluster (right). Reproduced under the terms 

of the CC-BY License.[197] Copyright 2018, Wiley-VCH.
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Figure 15. 
Clinical applications of CTC enumeration by NanoVelcro Chips. a) Identification of 

pancreatic cancer CTC via a four-color ICC (CK+ and/or CEA+/CD45−/DAPI+, left), and 

correlation of CTC counts with PDAC patients’ diagnostic and staging information (right). 

Reproduced with permission.[242] Copyright 2016, Springer Nature. b) OS for PDAC 

patients with early stage (n = 40, blue), locally advanced stage (n = 12, yellow), metastasis 

stage (n = 25, green), and occult metastasis stage (n = 12, orange). Reproduced with 

permission.[243] Copyright 2018, Springer Nature. c) Serial CTC enumeration by four 

different aptamer cocktails for a patient with NSCLC who was receiving chemotherapy. The 
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results correlated with radiographic changes of the tumor and showed a shifting of CTC 

subsets during treatment. PR, partial response. PD, progressive disease. Reproduced with 

permission.[160] Copyright 2016, John Wiley and Sons. d) Summary of CTC enumeration of 

total CTCs and vimentin-positive CTCs for 8 healthy donors and 61 patients at different 

stages of HCC (top). Survival analyses showed a correlation between vimentin-positive CTC 

counts and OS as well as time to recurrence. Reproduced with permission.[232] Copyright 

2018, John Wiley and Sons.
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Figure 16. 
DNA mutational analysis of CTCs isolated by NanoVelcro Chips. a) A workflow 

summarizing EGFR mutation detection starting from NSCLC CTC purification via 

thermoresponsive NanoVelcro system, followed by WGA, PCR and quality control, to 

Sanger sequencing. b) Monitoring evolution of hotspot mutations in EGFR gene through 

serial CTC analysis with concurrent CT images for an index NSCLC patient at timepoints I) 

before gefitinib (first-generation EGFR inhibitor) treatment, II) 3 months post-treatment, and 

III) tumor relapse because of resistance to gefitinib. Before gefitinib treatment, L858R 

mutation was detected in both CTCs and tumor tissues. After the initiation of gefitinib, 

tumor regression was observed. T790M mutation, but not L858R mutation, was detected at 

the time of radiographic progression. a and b) Reproduced with permission.[120] Copyright 

2018, Elsevier. c) WGS on single prostate cancer CTCs isolated by PN-NanoVelcro/LCM 

assay revealed that SNVs and gene rearrangements in tumor suppressor genes including 

RB1, BRCA2, and PTEN were shared by CTCs and tumor tissues, but not by WBCs. 

Reproduced under the terms of the CC-BY License.[233] Copyright 2015, Jiang et al. 

Published by Oncotarget.
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Figure 17. 
Transcriptomic Profiling of CTCs isolated by different nanostructured substrates. a) RNA 

signatures of prostate cancer CTCs purified by sorbitol stimulation on the PBA-grafted 

PEDOT NanoVelcro Chips from 17 prostate cancer patients, 7 healthy donors, positive 

control (PTC) and negative control (NTC). Reproduced with permission.[222] Copyright 

2017, John Wiley and Sons. b) Kaplan–Meier curves obtained by GO Chip-based prostate 

cancer CTC analysis demonstrating RNA expression had significant relationships with OS. 

Reproduced under the terms of the CC-BY License.[197] Copyright 2018, Wiley-VCH. c) 

RNA expression of target genes in CTC-PCS1 panel (top) obtained from blood samples of 

31 mCRPC patients by combing the thermoresponsive NanoVelcro system with the 

NanoString nCounter platform. The resulting PCS1 Z scores were correlated with the 

clinical drug sensitivity status of mCRPC patients, among which patients with abiraterone 

acetate and enzalutamide sensitivity (ARSI-S) were labeled in blue, while patients with 

abiraterone acetate and enzalutamide resistance were labeled in red. Receiving operating 

characteristics curve analysis of PCS1 Z score (bottom middle) shows an area under curve 

(AUC) of 0.75 in distinguishing ARSI-R from ARSI-S patients. An increase in PCS1 Z 

score was observed in serial CTC samples from individual mCRPC patients who progressed 

from ARSI-S to ARSI-R states (bottom right).
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Figure 18. 
A cTB-based NIPD approach enabled by imprinted PLGA NanoVelcro Chips. a) A general 

workflow composed of i) three-step cTB enrichment/isolation, including RBC depletion, 

affinity capture, and LCM isolation, and ii) downstream genetic characterization, including 

WGA, aCGH, and STR. b) Fluorescence images of an isolated cTB and a WBC. c) STR 

genomic fingerprinting confirmed the fetal-parental relationship between cTBs and maternal 

cells, and the result was consistent with that of cTBs and the matching umbilical tissue. d) 

aCGH data from three cTBs showed fetal trisomy 21. Reproduced with permission.[159] 

Copyright 2017, American Chemical Society.
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Table 2.

Comparison of cTB and fNRBC-based NIPD using nanostructured substrates.

CFNC-based NIPD cTB fNRBC

Origin Fetal Fetal

Physical character 12 μm < size < 20 μm 10 μm < size < 18 μm

Marker expression EpCAM, CK7, and HLA-G CD147, CD71.CD36, GPA, and ε-HbF

Physiologic window for 
detection GA > 6 Weeks GA > 6 Weeks

Association with abnormal 
conditions

cTB enumeration correlates with abnormal fetal or 
placental development High counts of fNRBCs indicate abnormal gravidity

Utilities in NIPD Detection of genome-wide abnormalities (covering chromosomal abnormalities, insertion or deletion, and 
genetic mutations) and fetal gender

Analysis technique ICC, FISH, aCGH, STR

Major challenge for assay 
development

Rarity, phenotypic viability of cTBs, reproducibility, 
and scalability of tests

Rarity, potential maternal NRBC contamination, 
reproducibility, and scalability of tests

Ref. [159,257] [80,194–196]
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