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Summary

Circulating tumor cells (CTCs) originate from the primary tumor mass and enter into the
peripheral bloodstream. CTCs hold the key to understanding the biology of metastasis and also
play a vital role in cancer diagnosis, prognosis, disease monitoring, and personalized therapy.
However, CTCs are rare in blood and hard to isolate. Additionally, the viability of CTCs can
easily be compromised under high shear stress while releasing them from a surface. The
heterogeneity of CTCs in biomarker expression makes their isolation quite challenging; the
isolation efficiency and specificity of current approaches need to be improved. Nanostructured
substrates have emerged as a promising biosensing platform since they provide better isolation
sensitivity at the cost of specificity for CTC isolation. This review discusses major challenges
faced by CTC isolation techniques and focuses on nanostructured substrates as a platform for CTC
isolation.
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Introduction

Tumor cells shed from the primary tumor mass, circulate through peripheral blood in the
early stage, and establish distant metastatic lesions in other organs [1]. Therefore, circulating
tumor cell (CTC) analysis as a “liquid biopsy” can provide valuable information on
prognosis, monitor systemic anticancer therapy, and helps identify the proper therapeutic
targets [2]. For example, patients with metastatic breast and prostate cancer have a lower
survival rate (10.1 months vs. >18 months, P < 0.001), if their CTC count is more than 5
CTCs per 7.5 mL of whole blood [1,3]. Analysis of molecular characteristics might be
valuable for noninvasive serial monitoring of tumor genotypes during treatment [4].
Moreover, for routine clinical analysis, instead of collecting disseminated tumor cells from
bone marrow samples, enriching CTCs from peripheral blood is more acceptable to breast
cancer patients because of compliance issues associated with repeated bone marrow
collection [5]. Thus, platforms that can detect and isolate CTCs are highly desirable for
routine tumor analysis.

The detection and isolation of CTCs hold great promise but remain technically challenging
[3]. First, CTCs are rare and patients with early stage cancer can have as few as 1 CTC per 1
mL peripheral blood [1]. Second, isolated CTCs should be kept viable for subsequent cell
culture and molecular analysis [6]. Tumor cells are vulnerable and the extremely high
detachment forces applied when detaching captured cells may harm the intactness of cell
structure and disturb the cell microenvironment [7,8,158]. Insufficient biomarkers and
heterogeneity of CTCs pose additional challenges. Currently molecular affinity based
approaches that rely on anti-EpCAM antibody are widely used for CTC isolation. However,
CTCs may have little or no expression of detection biomarkers on the cell membrane [9,10].
Finally, the isolation efficiency and specificity of current techniques must be improved as
the mean capture yield using anti-EpCAM antibodies in CTC-microchip has been reported
to be around 60%, and purity is about 50% [11].

To efficiently isolate rare CTCs in a viable state, a number of approaches have been
reported, including devices that rely on mechanical forces [12], dielectrophoresis [13,14],
microscale optical interactions [9,15], magnetic cell sorting [16], flow cytometry [17,18],
and microfluidic devices [11]. The advantages and disadvantages of these CTC isolation and
detection technologies are summarized in Table 1. Previous reviews have discussed these
CTC isolation approaches in detail [3,19]. Although these isolation approaches have various
advantages, there is a need to improve CTC isolation techniques for routine clinical analysis.

Nanostructured scaffolds and substrates with nanoscale topography that mimic the natural
extracellular matrix (ECM) or basement membrane have been extensively employed in
tissue engineering and regenerative medicine [20]. Natural ECM proteins are structurally
bundled together to form nanostructures with diameters ranging from 260 to 410 nm [21].
The basement membrane also shows a complex network of pores and fibers with dimensions
in the range of 30-400 nm [22]. Nanostructures can promote cellular organization, cell
matrix and cell-cell interactions, cellular proliferation, and ECM synthesis [23]. The major
advantage of nanostructured scaffolds is that a larger biomimetic surface area facilitates firm
cellular attachment and this feature is also helpful for isolation and detection of rare cells
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[24]. Although CTC detection and sorting based on affinity interactions yield higher
efficiency and greater specificity in contrast to mechanical and electrical sorting techniques,
harvesting pure and viable CTCs still remains difficult [19]. The combination of affinity
interactions and biomimetic nanostructured surfaces further improve CTC isolation and
detection efficiency. The nanotextured substrates provide more surface area for antibody
immobilization and lower the rolling velocity of cells in microfluidic channels. It has been
recently reported that the cancer cells preferred the nanotextured surface even without
surface functionalization because of dynamic arrangement of integrin-mediated focal
adhesions (FA) [25]. Nanostructured substrates emerge as a promising bio-platform for CTC
and/or rare cell isolation.

In this review, we first briefly introduce different type of nanostructured substrates available
and their preparation methods followed by their applications in CTC and rare cell isolation.
The potential cell capture mechanisms of nanostructured substrates, advantages and
disadvantages of various substrates, grand challenges for CTC isolation, and future
directions are also discussed.

Nanostructure preparation techniques

A brief background on various tools and processes available for fabricating nanostructured
surfaces with varying pore sizes, dimensions and lengths is necessary. Modified or improved
protocols can also be used for achieving customized characteristics. In general, top-down
and bottom-up are the two approaches that can be used for fabricating nanostructured
substrates.

In the top-down fabrication methods, a bulk material is laterally patterned by a series of
subtractive steps. (1) Lithography is the process of transferring a pattern from a mask onto a
substrate such as in optical lithography, X-ray lithography and E-beam lithography.
Controllable geometries and patterns can be created using lithography except in colloidal
lithography in which geometries depend on a random dispersal of coated nanoparticles [26—
32]. The process flow to fabricate quartz nanowire arrays using colloidal lithography and
chemical etching is shown in Fig. 1. Lithography and mask fabrication methods have also
been adapted to tissue engineering and biological systems [33]. (II) Nano-embossing is a
promising method of nanostructure preparation, enabling inexpensive and high throughput
nanofabrication. It uses a nanostructured stamp to transfer the pattern to the substrate surface
via an embossing process [34]. (I11) Etching is a subtractive method that selectively removes
materials from the substrate. Nano-structured surfaces can be obtained by etching a number
of polymers, such as PDMS, PLGA, poly-L-lactic acid (PLLA), polyethylene terephthalate
(PET), and polyether urethane (PU) [35]. Hydrofluoric acid (HF) based electrochemical
etching of silicon wafers can also produce random nanostructures. HF concentration, current
density, etching time, and wafer type can affect the size of silicon crystallites [36,37]. If an
aluminum template is applied in the etching process, controllable geometries and precise
pore sizes can be obtained [38]. With deep reactive ion etching, 20100 nm high-aspect-
ratio nanostructures can be produced on the wafer surface [39].
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In the bottom-up fabrication methods, building blocks are brought in close proximity to
form the desired structures. The assembly of the building blocks is usually manipulated by
physical aggregation and chemical reaction. Adaptation of bottom-up approaches to
biological systems has already resulted into various biotechnology applications, for instance
in tissue engineering using self assembly [40], magnetic [41] and acoustic assembly methods
[42], and bio-printing [43]. (1) Electrospinning utilizes electrical forces to synthesize
nanometer scale polymer fibers. More than 20 polymers, including polyethylene oxide,
nylon, polyimide, polyaramid, and polyaniline have been used for nanofiber fabrication.
This technique can produce long polymer fibers with diameters ranging from 40 to 2000 nm.
Many parameters including polymer type, solvent, applied voltage, and the distance between
the nozzle and the collector determine both the width and the length of the nanofibers. These
nanofibers can be regularly or irregularly arranged on a substrate to form a nanostructure
surface [44]. (1) Chemical vapor deposition (CVD) is a process in which materials react
and/or decompose on the substrate surface to produce the desired deposition. Silicon
nanowires (SiNWSs) can be fabricated by employing the CVD process [45-48]. (111) Organic
film coating with vapor-phase utilizes the volatility of hydrophilic and hydrophobic
monomers at lower vapor tension and results in deposition of biocompatible organic
nanofilms on substrate [49]. Using this technique, polymer layers of 300 nm thickness can
easily be fabricated. The deposited polymeric film is nanoporous with pore diameters
ranging from 100 to 500 nm. (IVV) Gas foaming is a technique that uses gas as a porogen.
High pressure CO» is used for generating a 0.1-100 nm sponge like structure [50]. (V)
Thermally induced phase separation is a technique similar to gas foaming. Phase separation
utilizes a solvent with a low melting point that can easily sublime to remove a certain
chemical and leave nanostructured caves in the substrates. This process produces an
uncontrolled random pattern with dimensions of few nanometers [51]. The advantages and
disadvantages of these techniques are summarized in Table 2.

Nanostructured substrates for CTC isolation

Recently, researchers have extensively explored cell proliferation, migration, differentiation
and alignment on nanostructured surfaces [57-61]. Examples of such surfaces include
random nanofibers, nanopits and nanogrooves. Nanostructured substrates are also employed
in tissue engineering for better understanding of mammalian cell adhesion mechanisms and
for the restoration of function to damaged tissues [33,43,62,65—70]. Nanostructures facilitate
protein (such as fibronectin and vitronectin) adherence to surfaces due to a larger surface
area [71]. Protein epitopes are recognized by integrin heterodimers on the cell membrane;
integrins assemble in focal adhesions which initiate cell adhesion [72-77]. Therefore, the
nanostructure itself facilitates cell attachment. The adhesive forces between cells and
substrate are significantly improved by antigen—ligand binding. Various nanostructure
substrates are employed for rare cell isolation including nanopillars, nanowires, and
nanotextured polydimethylsiloxane (PDMS). These substrates are discussed thoroughly in
the following sections.
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Nanopillars and nanowires

Micron/nano sized silicon pillars in an array were used for studying cell adhesion, migration,
and morphology [78]. On nanostructured substrates, as the number of nanopillars or
nanowires per unit surface area increases, the surface area to volume ratio increases
resulting in an increase of van der Waals adhesion forces [79-81]. It was reported that
biomimetic nanowires adhere to silicon probe with forces 0.04-200 times higher than the
adhesive strength of geckos foot-hairs [78,79,81-85]. Thus, by decreasing the diameter of
nanopillars or nanowires, adhesive forces might increase due to geometric features alone.
On the other hand, under higher surface area to volume ratio, bioaffinity interactions
between capturing reagents and target molecules also increase by grafting more capturing
reagents on the surface of the nanopillars or nanowires.

Silicon nanopillars (SiNP) with diameters in the range of 100-200 nm on a silicon wafer
have been used for cancer cell isolation (Fig. 2(a)). Capture yield of MCF7 cells in culture
medium was 45-65% on SiNP; 10 times more than what was achieved on flat silicon. About
84-91% of the captured cells were viable [87,88]. In another report, SiNPs were integrated
into a microfluidic device with chaotic micromixers to increase cell-SiNP contact frequency
by making a vortex with a serpentine chaotic mixing channel [89]. Three different cancer
cell lines, MCF7, PC3, and T24, were spiked in concentrations ranging from 50 to 1000
cells per mL into culture medium, whole blood, lysed blood and PBS. The isolation
efficiency in all cases was more than 95% when flow rate did not exceed 2 mL/h. In another
report, silicon nanowires (SiNWs) of 100-200 nm in size were used for T lymphocyte
separation, and 88% capture efficiency was reported (Fig. 2(b) and (c)) [90]. SINWSs covered
with uniform gold nanoclusters (Au NCs) were also synthesized (diameter: 50-160 nm;
length: 5-10 pm, Fig. 2(d)) [91]. Antibody attachment and cell capture efficiency can be
controlled by adjusting the size and dispersal of Au NCs. A 25 uL. MCF7 cell suspension
(10° cells per mL of PBS) was introduced onto a SINW sample and allowed to incubate for
5, 20, and 40 min, respectively. It was reported that MCF7 cancer cells were captured with
up to 40% efficiency in 5 min, and 95% of captured cells were viable. Extending incubation
time to 40 min for target cells to have sufficient time to contact with nanostructured
substrate surfaces, further improved the capture efficiency to 88%. In another report, quartz
nanowires (QNWSs) were fabricated with sizes in the range of 80-100 nm [92]. Average
capture efficiency for A549 cells was found to be 89% on QNWSs when cancer cells are
suspended in PBS, compared to 23% achieved on flat glass surfaces. Mean purity for
captured A549 cells from A549/U937 cell mixture was 83.4% when cells were mixed in 1:1
ratio in PBS. The purity reduced significantly once the nonspecific cells (PBMCs) are
present at densities comparable to clinical samples, i.e., ~1 million PBMCs/mL. In order to
demonstrate the applicability of QNW platform to capture cancer cells from clinical
samples, 15 A549 cancer cells were spiked into peripheral blood mononuclear cells (PBMC)
in culture medium and QNWs successfully captured 9 cells. Further, ~10 A549 cells were
spiked into 1 mL peripheral blood followed by red blood cell lysis and the remaining cells
were resuspended into 1 mL buffer. Using QNWSs, ~6 out of ~10 A549 cells were captured
from the lysed blood samples. Recently, bare nanorough glass surfaces with root-mean-
square (Ry) value of 150 nm were synthesized [25]. These nanorough glass surfaces (without
antibody functionalization) were utilized to capture 93.3% MCF7 and 95.4% MDA-MB231
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cells spiked into 500 pL lysed blood, regardless of their EpCAM expression [25]. For
comparison with nanorough glass surfaces (R = 150 nm), only 22% MCF7 and 13.9%
MDA-MB231 cells were captured on smooth glass surfaces (Ry =1 nm). By observing the
fluidic shear stress applied to captured cells, it was demonstrated that non-functionalized
nanorough glass surfaces could significantly enhance adhesion of cancer cells to the surfaces
(i.e, MCF7, MDA-MB231, and PC3). Moreover, cancer cells showed distinct FA formation
on nanorough surfaces. They also compared non-functionalized and anti-EpCAM coated
nanorough glass surfaces and found no significant difference in cancer cell capture
efficiency when Ry value was greater than 50 nm [25]. Although it is reported that cancer
cells can be captured selectively on nanorough surfaces without antibody functionalization,
high nonspecific binding due to PBMCs was observed. When mixing ratio of MDA-MB231
and PBMCs was changed from 1:1 to 1:200, capture purity of MDA-MB231 cells was
significantly reduced from 84% to 14% [25].

Nanotextured PDMS

Nanotextured substrates have also received much attention lately for cancer cell enrichment
[8]. The basement membrane can anchor cancer cells through cell adhesion molecules.
Therefore, it can improve cell adhesion and growth [93]. In metastasis, before cancer cells
enter into peripheral blood, they first attach to the basement membrane, proliferate, and then
break through the barrier [94]. In one report, aptamer functionalized nanotextured PDMS
substrates mimicking nanostructure of basement membrane were used for cancer cell
isolation [95]. NaOH etched poly(lactic-co-glycolic acid) (PLGA) polymer with
nanostructured surface (310 nm roughness) was used as a master for preparing a
nanotextured PDMS substrate. Availability of larger surface area allows abundant aptamer
immobilization, which favors tumor cell isolation. The total number of captured human
glioblastoma cells on nanotextured PDMS was twice that of on a glass surface.

Surface coating with nanomaterials

Nanostructured surfaces can be obtained by coating nanomaterials on flat surfaces
[159,160]. Capture efficiency of KG1a cells was improved using the nanoscale surface
coating [96,97]. Capillary channels were coated with poly-L-lysine (PLL) which carried
positively charged ammonium groups. Negatively charged P-selectin grafted silica was then
deposited on PLL surface via electrostatic interactions. The total amount of P-selectin on
silica, measured by immunofluorescence quantification, was increased up to 35% on
nanoscale surface compared to planar surface, which enhanced cell binding. Therefore,
rolling velocity of cells on a silica coated microtube surface decreased by around 50% [97].
The total number of cells captured on the nanoscale surface was double that of the planar
control surface. Titanium (1) Butoxide and halloysite nanotubes (smaller than 450 nm)
were also investigated, and similar results were reported [96,97]. In another report, glass
surface with a layer of indium tin oxide was homogeneously coated with anti-EpCAM
grafted poly(3,4-ethylenedioxy)thiophenes polymer (PEDOT) with various dot diameter
(feature size) ranging from 98 nm to 333 nm for cancer cell isolation [98]. Capture
efficiency of MCF7 (EpCAM™) cells were strongly related to polymer dot size. In particular,
MCF7 cells were efficiently captured on 232 nm nanostructured surface, reaching 4-5 times
higher than on a flat surface. It was further reported that capture efficiency of EpCAM?* cells
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(MCF7 and T24) was 10 times more than capture efficiency of EpCAM™ (negative) cells
(HeLa). The finding indicates that anti-EpCAM coated surfaces cannot be used for capturing
EpCAM™ (negative) cancer cells. In another report, surface nanotopography of glass slides
was carefully controlled over a large range by coating with silica beads and its influence on
Jurkat cell capture was also studied [99]. Antibody modified silica beads ranging from 100
to 1150 nm in diameter were deposited on hydrophobically treated glass slides (Fig. 2(e)).
At a lower flow rate (2 pL/min), cell capture efficiency on nanostructured surface was 1.2—
1.6 times higher than that on a smooth surface. It was also found that cell capture efficiency
did not scale linearly with increased nanostructured surface area. It could have been due to
mechanical deformation of cells at the cellular and subcellular levels. Electrospinning was
employed to coat silicon wafer with TiO5 nanofibers (100-300 nm in size) followed by
antibody immobilization (Fig. 2(f)) [100]. Over 80% of HCT116 cells were captured from
spiked culture medium (20-250 cells per mL). It was reported that cell capture efficiency
decreased to ~45% when cells were spiked into human blood samples as the antigen binding
area of capture antibody might be partially covered. They further performed CTC isolation
studies on 0.5 mL peripheral blood samples from colorectal and gastric cancer patients. In
colorectal cancer patients’ samples, 0-2 CTCs were captured from 2 out of 3 samples; in
gastric cancer patients’ samples, 3-19 CTCs were captured from all 7 samples. However,
the exact number of CTCs in each clinical blood samples was not identified; the respective
isolation efficiency was not reported either.

Underlying isolation mechanisms on nanostructured substrates

The nanostructured substrates discussed above significantly increase cell isolation efficiency
compared to flat surfaces. Four important features of nanostructured substrates contributing
higher capture efficiency are discussed here. First, one common feature of nanostructured
surfaces is to provide larger surface area for biomolecule immobilization. For example,
aptamer and laminin immaobilization on nanotextured PDMS was putatively 20 and 2 times
more than that on a planar surface, respectively [95,101]. It is well established that the
number of immobilized capturing reagents can affect the cell isolation efficiency [102]. The
larger the area for immobilization, the higher the number of capturing reagents that can be
immobilized. Although the receptor and capturing reagents have a one-to-one instantaneous
binding mechanism, more capturing reagents undoubtedly can increase the odds of binding.
Second, nanostructured substrates provide lower rolling velocity that facilitates cell
attachment. In microfluidic devices, cells experience rolling adhesive dynamics
[96,97,103,104]. During rolling, cells move forward by forming new adhesive bonds at the
leading edge and decelerate as force develops at the trailing edge. An overall tensile force
due to adhesive bonds and detachment of bonds at the trailing edge primarily determines the
velocity of a rolling cell [105]. On nanostructured substrates abundant capturing reagents
can increase total binding forces that result in a decrease of cell rolling velocity. The cells
are finally stopped by higher adhesive forces that can withstand higher shear stress. It is
important to highlight here that cell rolling velocity also depends on the cell shape and
elastic properties [105-107]. Third, pseudopodia formation might also be related to cell
capture yield (Fig. 3) [108]. The morphology of captured cells was found to be flatter on
nanostructured substrates than on smooth substrates; cells changed from a globular shape to
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a semielliptical one [109]. The flatter shape of captured cell and pseudopodia formation
indicated that more receptors on the cell membrane may have contacted with immobilized
capturing reagents. Therefore, higher binding forces assist cell attachment on the surface.
Moreover, decreased cell height further helps them from being eluted under high shear stress
[110]. Fourth, the nanostructure itself might assist in cell attachment and improve cell-
substrate adhesion force [111]. For example, five kinds of cancer cells, i.e., HeLa, PC3,
SUM149, MCF7 and MDA-MB231 cells were captured on non-functionalized
nanostructured glass surfaces, indicating nanostructured surfaces were preferable to these
cancer cells as compared to flat substrates [25,112]. The molecular arrangement and
dynamic organization of integrin-mediated focal adhesions were reported to be sensitive and
responsive to nanostructured substrates [25,112].

Advantages and current limitations of nanostructured substrates

CellSearch™, the only FDA approved CTC diagnostics tool, immunomagnetically isolates
tumor cells from whole blood [113]. Magnetic nanoparticles are functionalized with
monoclonal antibody against EpCAM and mixed with blood samples. The functionalized
magnetic nanoparticles specifically bind with CTCs and can be isolated using an external
magnet. On average 7.5 mL of blood sample is required for analysis in CellSearch™ system:;
additionally, its multiple washing and processing steps might result in loss of CTCs for
detection. In order to detect a few CTCs in billions of other cells in vivo diagnostic tools or
ultrasensitive techniques are needed. For an in vivo diagnostic tool, a sensor must be
implanted across blood vessels to analyze flowing cells. Nanostructured substrates can be
used as an ultrasensitive tool for enriching rare CTCs from blood samples. Moreover,
nanostructured substrates can keep most captured cells viable for subsequent molecular
analysis and/or cell culture. Rather than just CTC enumeration (standard CellSearch™),
further molecular analysis and characterization of captured cells might guide personal
therapy and track tumor cell genotype during treatment. It is important to highlight here that
the CellSearch™ platform can also be potentially updated for molecular and genetic analysis.
Thus, viability of captured cells would benefit various diagnostic modalities, such as
fluorescent in situ hybridization, phosphoproteomics, DNA mutation, and mRNA profiling.
In addition, nanostructured substrates can easily be integrated into microfluidic devices for
CTC recognition, isolation, transport and diagnostic modalities. Currently the nanostructure
based CTC isolations techniques lack the large scale clinical testing. On the other hand,
general trends of strengthened cell adhesion onto nanostructured surfaces were reported.
Therefore, nanostructured substrates are potentially promising tools for cell isolation. A new
class of highly-functional, highly-integrated microfluidic devices are needed that require
lesser volume of analyte for multiple analysis, while reducing physical contamination and
improving reaction speed and sensitivity [114]. In brief, the combination of nanostructured
substrates and microfluidic devices might facilitate cell isolation.

On the other hand, nanostructured substrates still need to overcome the following limitations
before becoming a reliable rare cell isolation tool. In the case of nanopillars and nanowires,
the fabrication processes normally involve multiple photolithography, lift-off, wet/dry
etching, chemical vapor deposition, and sputtering steps. Although a non-functionalized
nanorough glass substrate could enrich cancer cells from lysed whole blood with capture

Nano Today. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wang et al.

Page 9

efficiency of more that 90%, further testing on clinical samples is necessary before reaching
conclusions [25]. Higher nonspecific binding was also observed on non-functionalized
nanorough glass substrates [25]. In nanotextured PDMS, it is a challenge to maintain a
stable, cell-adhesive layer because the generated hydroxyl groups undergo a dehydration
reaction, and high chain mobility pulls the hydrophobic methyl groups to the surface [115].
This process can significantly inhibit cell attachment and therefore decrease cell isolation
efficiency. Nanomaterial coated surfaces can be easily synthesized, however, the higher
aspect ratio which might affect cell isolation efficiency cannot be obtained [74]. It was
reported that on 3D nanostructured silicon material, the aspect ratio of the nanostructure was
critical and efficient cell capture of MCF7 cells only occurred when the aspect ratio is
greater than 30 [89]. In some cases non-covalent bonds make the surface coating layer
unstable [73]. Furthermore, the most important limitation of nanotexture based cell isolation
techniques is that they can only process limited amount of blood at a time. The technique
should be capable for processing about ~5-10 mL of blood especially when there are only
very few CTCs present in blood.

Major challenges and future directions

Despite the promising results obtained from nanostructured substrates in terms of capture
efficiency and cell viability of cancer cell lines, none of these nanostructured substrates have
unequivocally shown clinical validity or utility and most of these methods remain in the
laboratory settings. The critical distinction between cancer cell lines and true CTCs from
tumor patients’ made the true CTC isolation more challenging as true CTCs have
heterogeneity in biomarker expression. In general, there are two major challenges faced by
CTC isolation technologies. (I) CTC heterogeneity is the primary issue. CTCs can differ
between different cancers, even within patients. In brief, CTCs have variable expression of
one or more biomarkers on the cell membrane, which further affects morphology and
characteristics of CTCs [116]. Due to heterogeneity, not a single cell surface biomarker can
confidently be used for cancer cell isolation. Currently, EpCAM is a widely targeted cell
membrane receptor for cancer cell isolation. However, some malignant cells do not express
EpCAM, resulting in false negatives or positives [117]. Although CD146, CD24/44, ALD-1
and other biomolecules as alternative biomarkers have been used to detect these cancer cells,
new markers are needed [118]. (1) The other pressing issue is releasing captured CTCs from
the substrate, especially releasing them from a nanostructured substrate. Although the above
mentioned techniques can keep the captured CTCs viable on device, cell viability might be
reduced after release. It was reported that enzymatic and mechanical lift-off methods can
significantly damage ECM proteins [7]. The strong adhesion forces between the captured
cells and functionalized surface need to be overcome to detach cells. Methods like physical
elution with fluidic flow, thermodynamic release, electrochemical desorption, proteolytic
enzyme degradation, endonuclease clearance, oligonucleotide hybridization, removable
glass beads array, and negative selection strategy have been used for cell detachment
[8,87,119-126]. However, these methods have certain limitations requiring elaborate device
design; extremely high shear stress can physically rupture cell membrane; or enzymes can
easily lose activity. Therefore, it poses another challenge in detaching captured cells from a
microfluidic device, while keeping cells viable for following molecular examination.
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Recently stimuli-responsive polymer (poly(N-isopropylacrylamide), PNIPAAmM) was used
to release captured cells without using high shear stress or enzymes [127,128]. When the
temperature of the polymer is reduced below lower critical solution temperature (LCST), the
polymer swells and helps in efficient release of captured cells. The captured CD4" and
CD34" cells were released with 59% efficiency and 94% of the cells were viable after
release [127]. In the future, PNIPAAm polymer coated surfaces could also be employed in
CTC isolation and release studies. The integration of thermally responsive polymer with a
nanostructured substrate inside a microfluidic channel would further improve CTC capture
and release efficiencies.

Although numerous studies have shown that many cell types react strongly to

nanostructured substrates, nanostructured substrates might not be suitable for all cell types; a
decrease in cell attachment, proliferation and spreading on nanostructured substrates has
also been reported [129-133]. Therefore, in the future, optimization of topographical design
and selection of target cells should be studied in detail. Second, preferred nanostructure
roughness value and topography is still not clear for cancer cell isolation. In recent studies,
nanostructures ranging from 30 to 1150 nm size were employed and higher sensitivity was
reported in all cases. It is noted that different cancer cells may show dissimilar response on
the same nanostructured substrates. For example, PC3 cells showed stronger focal adhesive
forces on a nanostructured surface (Ry = 100 nm) than that of MCF7 and MDA-MB231 cells
[112]. Third, mechanical properties of employed materials might also affect cell isolation;
however, the exact relationship between mechanical properties of the material and cell
capturing efficiency needs to be investigated [98]. Soft biomaterials, such as biocompatible
polymers, which mimic native tissues, might facilitate cell isolation in vitro. Finally, it is
possible to consider integrating nanostructured substrates with other isolation techniques,
such as dielectrophoresis, cell sieve, and negative enrichment and embody them into a
device [14,134,135]. A combination of different isolation techniques might help in
achieving reliable CTCs isolation results in the future.

Conclusion

CTC detection potentially represents a reliable modality to predict the outcomes of cancer
patients and cancer therapy [3,117,136,137]. Hence, it has become increasingly important to
develop efficient and reliable systems for CTC isolation. The efficient isolation and accurate
identification of CTCs pose some major challenges. Multifaceted expression of cancer
renders it even more difficult to use one method for all types of cancer. Finally, CTC
isolation involves many factors including cell elasticity, cell type, density and quantity of
adhesive elements, immunoaffinity interactions, substrate material, surface topography, flow
rate, channel dimensions, and various flow conditions. Nanostructured substrates have
emerged as an ultrasensitive platform in CTC isolation, and various fabrication techniques
are now available for preparing different types of nanostructured substrates. The utilization
of cell release techniques along with nanostructured substrates would help to enhance cell
capture and release technologies.
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Figurel.
Fabrication of quartz nanowire (QNW) arrays. (a) Polystyrene nanoparticles (PS NPs) of

~100 nm diameter were spin coated onto quartz surface. (b) Oxygen plasma was used to
reduce the size of PS NPs. (c) A thin layer of Cr metal (25 nm) was deposited followed by
lift-off of PS NPs with N-methy1-2-pyrrolidone. (d) Ni metal was deposited and used as an
etch mask. (e, f) Top- and tilted-view after second plasma etching. Wet chemical etchant
was used to completely remove Ni metal. Scale bar is 200 nm in all images.

Reprinted (adapted) with permission from (Lee et al.; Nano Lett. 12 (2012) 2697-2704).
Copyright (2012) American Chemical Society.
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Figure2.
Nanostructured surfaces fabricated by various processes. (a) SEM images of densely packed

silicon nanopillars with diameters of 100-200 nm. These were produced using wet chemical
etching by Ag* and hydrofluoric acid. Reprinted with permission from John Wiley and Sons
(Wang et al. Angew. Chem. Int. Ed. Engl. 2009; 48(47): 8970-8973). (b) SEM image of
silicon nanowires (SiNWSs) produced by vapor-liquid—solid method (SiNW diameter ~ 200
nm). (c) Magnified image of SINWSs bound to biotin-gold nanoparticles. Gold nanoparticles
are highlighted as yellow for better presentation. Reprinted (adapted) with permission from
(Kim et al. Nano Lett., 10 (8) (2010) 2877-2883). Copyright (2010) American Chemical
Society. (d) SEM image of Au nanoclusters coated SiNWSs produced by rapid thermal
chemical vapor deposition (diameter ~100 nm). Inset shows the magnified images of Au
coated SiNWSs. Reprinted (adapted) with permission from (Park et al. Nano Lett. 12 (2012)
1638-1642). Copyright (2012) American Chemical Society. (€) SEM image of close-packed
arrays of silica nanobeads with uniform diameter of 319 nm. The nanobeads were deposited
on glass to control the substrate topography. Reprinted (adapted) with permission from
(Wang et al. Langmuir 27 (2011) 11229-11237). Copyright (2011) American Chemical
Society. (f) SEM image of TiO, nanofibers with diameter ranging from 100 to 300 nm.
These nanofibers were fabricated and coated on silicon wafer using electrospinning and
calcination. Reprinted with permission from John Wiley and Sons (Zhang et al. Adv. Mater.
24 (20) (2012) 2756-2760). (g, h) Micro needles and nanotextured surfaces were
synthesized by chemical etching of chicken eggshell with sulfuric and hydrochloric acid.
Micro needles and nanotextured surfaces were made of calcium sulphate crystals and
calcium carbonate, respectively. (i) AFM image of PDMS surface that was cured on
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nanotextured chicken eggshell. Reprinted with permission from Institute of Physics (Asghar
et al. Nanotechnology 23 (2012) 475601).
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Figure 3.
Pseudopodia formation on nanostructured substrates and cells show flatter shapes. (a) SEM

images of captured cells on different size of SINWSs (Park et al., Nano Lett. 12 (3) (2012)
1638-1642). Copyright (2010) American Chemical Society. (b) SEM images of captured
cells on plane glass, nanotextured PDMS and plane PDMS surface (top to down) (Wan et
al., Cancer 18 (4) (2012) 1145-1154). Copyright (2012) Wiley. (c) SEM images of captured
cells on plane surface and nanofibers coated surface (Zhang et al., Adv Mater. 24 (20)
(2012) 2756-2760). Copyright (2012) Wiley.
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Table 2

Nanostructure preparation techniques and their minimum feature size.

Fabrication method

Min. featuresize

Advantages/limitations

Vapor-phase coating [49]
Gas foaming [50]

Phase separation [51]

Optical lithography [29,31,32,52] ~50 nm

X-ray lithography [30,52] ~20 nm
E-beam lithography [27,52-55] 5-10 nm
Colloidal lithography [52,56] ~300 nm
Nano-embossing [34] ~100 nm
Etching polymer [35] >1nm
Etching silicon wafer [36-38] 2-3nm
Reactive ion etching [39] 20-100 nm
Electrospinning [44] 40-2000 nm

Chemical vapor deposition [45-48] ~2 nm

100-500 nm
0.1-100 nm

>1nm

Precise patterns can be created.

Requires expensive optical lenses.

Controlled geometries can be achieved. Serial, time consuming process.
Random geometries.

Controllable geometries and patterns.

Inexpensive method but produces random nanostructures.

No control on dimensions and pore sizes unless using aluminum template.
High aspect ratio patterns.

Over 20 polymers can be used; limited to only fiber formation.

Require high vacuum furnaces, slow process especially in the case of epitaxy but
layer thickness can be well controlled.

Easy fabrication method but the coatings are not very stable.
Low-cost method but not widely applicable.

Nanofeatures and pore sizes cannot be controlled precisely.
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