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Abstract 

 
SURFACE ENGINEERED BIOSENSORS FOR THE EARLY DETECTION OF 

CANCER 

 

Muhymin Islam, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Samir M. Iqbal 

 Cancer commences in the building blocks of human body which are cells. 

In most of the cases, it remains silent in early stage. This is expressed at 

molecular and cellular levels at primary stages. Recognition of disease at these 

micro and nano levels might reduce the mortality rate of cancer significantly. This 

research aimed to introduce novel electronic biosensors for identification of 

cancer at cellular level. First of all, the dissertation focuses on label-free isolation 

of metastatic tumor cells using filter based microfluidic devices. Then, 

nanotextured polymer substrates were implemented for enhanced cancer cell 

isolation and cell growth. Next, nanotextured microfluidic channel was used for 

electrical profiling and detection of tumor cells from blood. Finally, a biochip was 

developed for the detection of tumor cells by electrical profile and surface 

immobilized aptamer. Standard silicon processing techniques were used to 

fabricate all of the biosensors. Nantoextruing and surface functionalizon were 

incorporated to elevate the efficiency of the devices.  
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 The first approach aimed to detect cancer cells from blood based on their 

mechanophysical properties. Cancer cells are larger than blood cells but highly 

elastic in nature. These cells squeezed through microchannels much smaller 

than their sizes. The cross-sectional area of the microchannels was optimized to 

isolate tumor cells from blood. Nanotextured polymer substrates, a platform 

inspired from the natural basement membrane, were used to enhance the 

isolation and growth of tumor cells. Micro reactive ion etching was performed to 

have better control on features of nantoxtured surfaces. Next, electrical 

measurements of ionic current were performed across single microchannel to 

detect tumor cells from blood. Later, nanotexturing was shown to enhance the 

efficiency of the devices by selectively altering the translocation profile of cancer 

cells. Eventually, aptamer functionalized nanotextured polymer surfaces were 

integrated with ionic current measurements in a biochip to discriminate tumor 

cells from blood with higher efficiency and selectivity. These biochip concepts 

can be implemented in point-of-care devices for the early detection of cancer at 

cellular level.  
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Chapter 1  

INTRODUCTION 

 

Cancer is a prime public health problem all over the world. This is a fatal 

disease provoked by the uncontrolled growth of cells that seize adjacent tissues and 

metastasize to remote sites within the body [1]. Though definite reasons of cancer are 

not revealed yet, six biological capabilities are ascertained as hallmarks of cancer 

which are sustaining proliferative signaling, evading growth suppressors, resisting cell 

death, enabling replicative immortality, inducing angiogenesis, and activating invasion 

and metastasis [2]. Only 5-10% of cancer is attributed to genetic defects and remaining 

cases originated from the lifestyle and environment. Tobacco use, diet, alcohol, 

radiation, infections, stress, obesity, and physical inactivity are identified as major 

constituent in lifestyle which causes cancer [3]. Asymptomatic nature is the 

predominant impediment for the diagnosis of cancer at early stage. Prevalent diagnosis 

techniques are challenged in yield, purity, complexity, cost, and tedious processes and 

also invasiveness. Hence, one of the major focuses of researchers is to develop point-

of-care devices for the early detection of cancer. The circulating tumor cells (CTCs) 

were introduced in nineteenth century by Thomas Ashworth. Detection and 

enumeration of CTCs is a promising field for the diagnosis, prognosis, assessing 

metastatic progression and tracking therapeutic efficiency of cancer patients [4]. The 

CTCs are emerging as cancer biomarkers. These migrate into the vasculature from an 

indigenous tumor and disseminate in the bloodstream [5]. CTCs are found in the blood 

for majority of the cancer patients. CTCs separate from the solid tumor and wander 

through blood to form secondary tumors [6, 7]. This process of triggering secondary 
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tumor is known as metastasis. It is hard to save a patient once metastasis starts. To 

prevent metastasis, CTCs are required to be detected at very early stages of cancer. 

But exceedingly low number of CTCs at early stage, ranging from 1-200 in 1 mL of 

blood makes it extremely challenging to recognize them [6]. Again, the number of blood 

cells and their mechanophysical properties in a healthy person can vary over a wide 

range. Consequently, detection and enumeration of CTCs demand acutely sensitive 

and selective scheme which is extremely strenuous to develop. The primary focus of 

this dissertation is to develop an inexpensive, portable and user friendly point-of-care 

(POC) device for the efficient detection and isolation of tumor cells.  

 

Research Overview 

The central focus of the research was to develop inexpensive and efficient point-

of-care devices for the early detection of cancer. Chapter 3 concentrates on filter typed 

microfluidic channel device to isolate tumor cells. This device considered the 

mechanical and physical properties of cancer cells to distinguish them from blood. 

Chapter 4 investigates the isolation of epidermal growth factor receptor (EGFR) 

overexpressing cancer cells through aptamer-functionalized nanotextured 

polydimethylsiloxane (PDMS) surfaces. This approach utilized the aptamer-protein and 

cell-surface interactions for early cancer detection. Chapter 5 studies the electrical 

profile of cells obtained from ionic current measurement across microchannels. The 

goal of this technique was to discriminate tumor cells from blood based on their 

mechanophysical properties. Chapter 6 focuses on a microfluidic device which 

employed aptamer functionalized nanotextured surface and electrical profile 

determination scheme simultaneously to detect tumor cells from blood. 
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Label-Free Isolation of Metastatic Tumor Cells Using Filter Based Microfluidic device  

CTCs have significant diagnostic value for cancer patients. We reported a label-

free, simple and rapid microchannel filter type device for isolation of metastatic renal 

cancer cells based on their mechanophysical properties like size and deformability. 

The microdevice fabricated from PDMS using soft lithography contained one inlet and 

one outlet connected via several hundreds of microchannels. It was observed that 

metastatic renal cancer cells were highly elastic and squeezed through microchannels 

much smaller than their sizes. Using a reverse-selectivity approach, the number of 

microchannels and their dimensions were varied to optimize and reduce the shear 

stress on tumor cells such that these did not pass through filtering channels. 

Consequently cancer cells were isolated from blood with substantial efficiency. 

 

Nanotextured Polymer Substrates for Enhanced Cancer Cell Isolation and Cell Growth  

Detection of circulating tumor cells (CTCs) in the early stages of cancer is very 

promising because of their very small number. Highly sensitive approach is required to 

differentiate tumor cells from other cells. We composed nanotextured PDMS substrates 

by micro reactive ion etching (Micro-RIE) to have better control on surface morphology. 

Nanotextured improved the affinity of PDMS surfaces to capture cancer cells using 

surface immobilized aptamers. The aptamers were specific to EGFR present in cell 

membranes, and overexpressed in tumor cells. We also investigated the effect of 

nanoscale features on cell growth. The proliferation rate of tumor cells was also higher 
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in nanotextured PDMS surfaces. The nanotextured PDMS substrates are thus useful 

for cancer cytology devices. 

 

Nanotextured Microfluidic Channel for Electrical Profiling and Detection of Tumor Cells 

from Blood  

Single microfluidic channel was used to detect and discriminate cancer cells 

based on translocation behavior. The ionic current was measured across microfluidic 

channel to characterize tumor cells based on their mechanical and physical properties. 

The tumor cells showed characteristic electrical signals which were easily distinguished 

from blood cells. The channel was fabricated in PDMS using soft lithography. First of 

all, plain microchannel was used to differentiate tumor cells from blood. Next, 

nanotexture was introduced in microchannel to enhance the disparity in translocation 

behavior of tumor cells from red blood cells (RBCs) and white blood cells (WBCs). 

Dimensions of the microchannel did not allow more than one cell to pass through 

simultaneously. This approach provided rapid detection of metastatic tumor cells from 

blood. 

 

Single Biochip for the Detection of Tumor Cells by Electrical Profile and Surface 

Immobilized Aptamer  

We reported a simple microfluidic device to detect tumor cells using surface 

grafted anti-EGFR ribonucleic acid (RNA) aptamers and translocation behavior 

simultaneously. Nanotextured PDMS surface of the microchannel was functionalized 

with aptamers to capture EGFR overexpressed human glioblastoma (hGBM) cells. 
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Microchannels were used to discriminate tumor cells based on their translocation 

behavior at single cell level. The overall detection of cancer cells relied on both 

overexpression of EGFR on cell membrane and mechanophysical properties of the 

cells. This multistage detection device can be implemented in a lab-on-a-chip setting 

for the early diagnosis of cancer. 
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Chapter 2  

BACKGROUND AND REVIEW 

 

In spite of extensive multidisciplinary research, the mortality rate from cancer 

still remains very high shown in Figure 2-1. In 2014, a total of 1,665,540 new cancer 

cases and 585,720 deaths from cancer were projected to occur in the United States 

alone [8]. Despite massive technological advances every year nearly two million 

Americans are diagnosed with cancer. Unlike other diseases, deep evolutionary root of 

cancer is still untangled.  Only some genetic and environmental factors are suggested 

accountable for the cancer. Uncovering the roots of cancer, its diagnosis, prognosis 

and finding magic-bullet to cure it have been most promising tasks in human endeavor 

against cancer. 

  For cancer, symptoms are not perceived until the disease has reached an 

advanced stage. Cancer is often diagnosed at very advanced stages which delays the 

timely treatment and leads to poor prognosis. Insufficient progress has been made in 

the early diagnosis and screening of cancer and enormous costs are associated with 

the prevalent methods. A non-invasive diagnostic scheme through bodily fluid is a 

challenge as CTCs are extremely rare (~5 in billion of normal cells) in blood. The 

physical and chemical properties of tumor cells vary extensively and therefore, highly 

sensitive approaches are required to detect them. 

Conventional cancer cell sorting techniques including centrifugation, 

chromatography, and fluorescence and magnetic-activated cell sorting (FACS and 

MACS) are restricted in yield and purity [9]. As a result, microfluidic systems have 

emerged in early twentieth century as fascinating platforms to detect CTCs. Microfluidic 
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devices are conducive for small sample volumes, fast processing times, multiplexing 

capabilities and large surface-to-volume ratios [1, 10, 11]. Manifold microfluidic 

platforms based techniques have been developed to recognize and quantify CTCs, 

which are primarily classified as dielectrophoresis (DEP) [12], cell-affinity micro-

chromatography [5, 13-15], magnetophoresis [16-21], and mechanophysical properties 

based schemes [22-26]. However, before earnest discussion about these techniques, 

the roots and precursors of cancers must be brought into light. 

 

Figure 2-1: Mortality rates for many diseases except cancer have significantly dropped 

since 1950 [27]. This shows the necessity of research and importance to find 

alternative detection and therapeutic approaches for cancer. 

 

Origin of Cancer 

Cancer is a common name for a large group of diseases. At earlier age normal 

cells divide faster to allow the growth of the person and in adult years, cells divide only 
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to replace dying cells or to repair injuries shown in Figure 2-2. Cancer is initiated when 

cells start growing in uncontrolled ways and do not die. Healthy cells mutate to cancer 

cells due to the damage of deoxyribonucleic acid (DNA). DNA basically drives the 

actions of cells. In healthy cells the damage is either fixed or cells die. On the other 

hand, in cancer patients, the cell engenders unwanted and identical cells. This 

evolution process of generating cancer cells from normal cells is called carcinogenesis. 

After series of mutations of genes, a cancer cell goes into unbounded growth and 

becomes malignant [28]. Cancer occurs after several somatic mutations. According to 

the two hit hypothesis by Dr. Alfred Knudson, inheriting one germ line copy of a 

damaged gene augments the probability of cancer [29].  

 

Figure 2-2: Two-hit theory of carcinogenesis: tumor formation in both hereditary and 

nonhereditary retinoblastoma [29]. 
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Cancer Metastasis 

The way of spreading and killing of their host organisms by tumor remains an 

enigma. However, most of the cancer deaths are result of metastatic disease. Cancer 

cells can disseminate from original site to a distant part of the body to engender 

secondary tumor. This entire process is known as metastasis. A complex series of 

tumor-host-interactions occur before metastatic colony is developed as shown in 

Figure 2-3. Primary tumor cells enter to host vasculature due to local invasion. Through 

blood stream these cells are transferred to remote organs to provoke metastatic colony 

followed by angiogenesis [30]. Various molecular interactions occur within 

microenvironment of tumor during primary tumor progression to the growth of 

macrometastasis. The invasive tumor has to interplay with extracellular matrix at many 

stages of metastasis.  

 

Figure 2-3: Schematic demonstration of multistep tumor-host-interactions during  

metastasis [30]. 

 

The invasion of tumor cell to extracelluar matrix has been illustrated in Figure 2-
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4. First, specific binding to the matrix occurs followed by local degradation of matrix 

and the binding components due to the secreted hydrolytic enzymes. Last step is the 

locomotion of tumor cell into the matrix region altered by proteolysis. 

 

Figure 2-4: Tumor cell invasion of extracellular membrane [31]. 

 

Epithelial cells have significant structural and functional role in body organs. 

They are attached with each other by cadherins and to extracellular matrix (ECM) 

junctions by integrins. Epithelium cells are generally rigid and immobile whereas 

mesenchymal cells like leukocytes and fibroblasts have very flexible organization. 

Transition from epithelial to mesenchymal cells (EMT) is involved in tumor cell 

invasion. Mesenchymal-like cancer cells have high motility and can intravasate and 

extravasate by traversing basement membrane, interstitial gaps and endothelial 

barriers very easily. In blood vessels, CTCs go through apoptosis or circulate as 

isolated CTCs. These cells cannot proliferate in the blood vessels. When cancer cells 

reach the target, the reverse transition takes place from mesenchymal to epithelial 

transition (MET). That means cancer cells become epithelial-like cells and start cell 
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proliferation again [32, 33]. Figure 2-5 depicts all the steps of tumor invasion and 

metastasis.  

Epidermal Growth Factor (EGF) and Epidermal Growth Factor Receptor (EGFR) 

For cancer diagnosis, a number of proteins and growth factors have been 

identified. These molecules are either overexpressed or downregulated in cancer cells. 

We have focused on epidermal growth factor receptor (EGFR) for the detection of 

cancer cells. 

 

Epidermal Growth Factor 

 Cells are required to take molecular cues to multiply in human body. Tissues 

generally communicate through growth factors to control growth levels within normal 

limits and EGF is a biological signaling molecule for cell proliferation and differentiation 

(Figure 2-6). But cancer cells are often empowered by EGF and its receptor to grow 

without considering the consequences to their neighbor [34]. Molecular weight of 

human EGF is 6045 kDa consisting of 53 amino acid residues [35]. The molecule can 

specifically identify EGF receptor on the cell surface. The dissociation constant of the 

pair is ~2–4 × 10-10 M [36]. After reaching the cell surface, EGF are distributed 

arbitrarily on EGFR sites and leading to saturation of EGFRs by rapid binding. After the 

formation of EGF-EGFR complex, EGF is internalized via receptor mediated 

endocytosis and degrades in lysosomes. EGFRs are recycled in endosome and 

migrate again to the cell surface [37]. 
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Figure 2-5: Schematic to represent major steps involved in metastases [38]. 
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Figure 2-6: Amino acid sequence of EGF with disulfite bonds. The protein keeps its 

conformation with the help of disulfite bonds [39]. 

 

Epidermal Growth Factor Receptor (EGFR) 

 EGFR is basically a transmembrane glycoprotein that can recognize and bind 

to the protein members of the EGF-family (EGF, TGF-α, etc.). Molecular weight of this 

molecule is 170 kDa [40]. There are four functional domains of the molecule; an 

extracellular ligand-binding domain; a transmembrane domain; an intracellular tyrosine 

kinase domain, and a C-terminal regulatory domain [41]. The EGFR gene is often 

mutated or amplified in cancer cells and leads to metastasis [42, 43]. EGFR has 

significant importance in cellular functions such as DNA synthesis, cell proliferation, 

migration, adhesion etc. 40,000 to 100,000 EGFR count has been reported on the 
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membrane of healthy cells [44]. In many cancer cells, EGFR is usually overexpressed 

10 to 100 times and thus it is a fascinating target for cancer detection and treatment. 

Table 2-1 shows a list of cancers for which EGFR is known to be overexpressed and 

the percentage of EGFR overexpression for various cancers is shown in Table 2-2. 

 

Table 2-1: The overexpressed protein for different cancers. EGFR is common for all 

types of cancers. 

Disease Biomarker 

Breast Cancer CEA, HER-2, EGFR 

Cervical Cancer Human Pappiloma Virus, EGFR 

Lung Cancer EGFR, KRAS, BRAF 

Bladder Cancer EGFR, HSP27, Annexin 

Ovarian Cancer EGFR, Haptaglobin α, CA-125 

Esophageal Cancer EGFR, Periplakin 

 

 

Circulating Tumor Cells (CTCs) 

Cancer cells that migrate into the vasculature from a primary tumor and 

circulate in the blood stream are known as CTCs. CTCs are found in peripheral blood 

for the majority of the cancer patients. CTCs can stimulate secondary tumor cells. 

CTCs are promising biomarker for the diagnosis, prognosis and post-treatment 

monitoring of cancer patients. The presence of CTCs can be responsible for the 

cancer-related deaths [45, 46]. The survival rate of cancer patients are also related to 

the concentration of CTCs in blood. Therefore precise enumeration and detection of 
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CTCs are key interests for contemporary researchers.  

 

Table 2-2: The percentage of EGFR overexpression in the different cancer types. 

Tumor Type % of Tumors Overexpressing EGFR 

Head & Neck 80-100 

Kidney 50-90 

Lung 40-80 

Glioma 40-50 

Ovarian 35-70 

Bladder 31-48 

Pancreatic 30-50 

Colon 25-77 

Breast 14-91 

 

Possible Detection Molecules: DNA/RNA Aptamer and Antibody 

 Detection and sorting based on affinity interactions is expected to have higher 

efficiency and greater specificity compared to mechanical and electrical sorting 

techniques [47]. Affinity-based approaches rely on antibodies and aptamers. Antibody 

is Y-shaped large protein produced by plasma cells. Immune system uses it to identify 

and neutralize foreign objects. Aptamers are single stranded oligonucleic acid or 

peptide molecules that can selectively bind to specific target molecules. Majority of the 

affinity-based approaches rely on antibodies which are often subject to high levels of 

off-target cross-reactivity [48]. Some drawbacks of antibodies are: (i) their shelf life is 

limited and can be denatured easily; (ii) definite physiological conditions are required 
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for antibody-antigen binding; (iii) batch to batch variation; (iv) animals are required for 

the production of antibody; (v) kinetic parameters of antibody-antigen interactions 

cannot be altered; (vi) labeling cost may cause loss in function; (vii) heterogeneity of 

conjugation on device surface and (viii) cost [49]. Aptamers have emerged with great 

 opportunities in cancer diagnosis and therapeutics. Aptamers have high affinities and 

Table 2-3: Comparison between antibody and aptamer. 

Antibody Aptamer 

Low specificity and sensitivity High specificity and sensitivity 

Biological system is required for 

production 

In vitro production 

Targets are limited Virtually any target molecule 

Labeling of antibody may lead to 

loss in affinity 

Functional group can be 

attached without losing affinity 

Antibodies have limited shelf life 

and are sensitive to temperature 

Long shelf life and stable under 

temperature fluctuation. 

Batch to batch variation Very little or no batch to batch 

variation 

 

specificities comparable with those of antibodies and have more advantages. Due to 

the lack of large hydrophobic cores of proteins, aptamers do not aggregate. They are 

stable at wide ranges of pH, temperature, and salt and ionic conditions, and can be 

reversibly denatured. Aptamers can be synthesized chemically in vitro. For aptamers, 

selection conditions can be manipulated to obtain desirable properties for in vitro 

analysis [50, 51]. Moreover, as aptamers are highly hydrophilic than antibodies they 
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can provide surface passivation against nonspecific binding. Aptamers have been used 

for cell labeling studies [52], activating cell signaling pathways and for the detection 

and isolation of cells [53]. In this work, anti-EGFR aptamer was used for the isolation of 

cancer cells. Table 2-3 summarizes the comparison of antibodies and aptamers. 

 

 

Figure 2-7: Schematic diagram for processing steps of SELEX [54]. 

 

Systematic Evolution of Ligands by EXponential enrichment (SELEX) 

In vitro technique to prepare aptamers was developed in 1990 which is called 

Systematic Evolution of Ligands by EXponential enrichment (SELEX) shown in Figure 

2-6 [55, 56]. This discovery of aptamers with specific catalytic properties or functions in 

gene regulation have led to re-evaluation of biological importance of these molecules 
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[57]. First of all, oligonucleotide library of randomly generated sequence of specific 

length is prepared. As there are four nucleotides (A, T, C and G), the total number of 

possible sequences in the library is 4n. These sequences are introduced to the target 

ligand and unbound sequences are eliminated. After primary filtration, the sequences 

are further amplified by PCR. In the subsequent steps of selection, their binding 

specificity and binding affinity are examined to realize the strongest binding sequences 

with high specificity [58]. Target ligand can be a protein, small organic compound, or 

even an entire cell [59]. Aptamers have very short half life but after 2’-fluorine-

substituted pyrimidine modification, aptamers are available even for weeks. Peptide 

aptamers and their selection process is different [60]. 

 

Multiscale Structures in Nature 

 Nature has been using nanotechnology long before human even thought of it. 

Nanotexture is observed in nature on the external and internal surfaces of animals, 

insects, human body, and plants. These surfaces are exceedingly sophisticated with 

the ability to serve multiple functions and provide new insights into the design of 

biomimectic artificial structures to serve numerous purposes. Here we are going to 

discuss the nanostructures observed in insects/animals, plants, and human body.  

 

Nanostructures in Plants and Insect 

 Various leaves have nanostructures which yield self-cleaning superhydrophobic 

(contact angle is higher than 150o for water droplet) surfaces. Lotus is 

superhydrophobic in nature which leads to its popular self-cleaning property known as 
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"lotus effect" [61]. Initially, it was hypothesized that micrometer-scale papillae structure 

on the leaf is responsible for this property. But later it was observed that the micro- and 

nanoscale hierarchical structures are accountable for that. Randomly distributed 

papillae with diameters ranging from 5-9 µm had further nanostructured branches with 

average 

 

 

Figure 2-8: SEM Images of lotus leaves (a) some lotus leaves on a pond, (b) water 

droplet floating on a leaf; (c) and (d) SEM micrographs of lotus leaves with different 

magnifications. The inset of (d) is showing the higher contact angle of water due to 

superhydrophobic property. Scale bar of (c) is 50 µm and (d) is 1 µm. Reprinted with 

permission [62] . 

 

 

(a) (b) 

(c) (d) 
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diameter of 124.3 nm. Figure 2-8(a) and (b) show the photos of lotus leaves and water 

droplet floating on it, respectively [62].  Figure 2-8 (c) and (d) are SEM micrographs of 

lotus leaves and the contact angle of water droplet with a value of 161±2o is shown in 

inset of Figure 2-8(d). Higher contact angle represents the superhydrophobic nature of 

lotus leaves. Similar hierarchical structure was also observed in rice leaf [61]. Rice 

leaves have anisotropic surface architecture which also has significant influence on 

wettability [62]. Hierarchical micropapillae and nanofolds also exist on the petals’ 

surfaces of red roses which provide sufficient roughness for superhydrophobicity and a 

high adhesive force with water. On the surface of rose petal, a water droplet appears 

spherical in shape, which does not roll off even when the petal is turned upside down 

and this phenomenon is defined as the “petal effect" [63]. Some other plants have also 

shown similar characteristics due to their hierarchical structures such as taro leaves, 

and india canna flower [62]. All these  plants can trap a large amount of air on their 

surface, lowering their surface free energy. For these plants only frontal face showed 

hydrophobic properties because the rear surfaces have different structures. On the 

other hand, purple setcreasea  has unique micro-nanoscale structures on both sides 

[62]. Many micro-hexagons, consisting of branch-like nanostructures (with average 

diameters of 250 nm) are randomly distributed on the surface. Plant leaves of perfoliate 

knotweed also showed similar structures on both the surfaces. An interesting 

phenomenon has been observed for ramee leaf. Frontal face of ramee leaf shows only 

micro-fiber structures which leads to hydrophilic property.  But the rear face of this leaf 

has fibers with diameter of 1 to 2 µm formed a unitary structure to make it 

superhydrophobic. Figure 2-9 shows the images of ramee leaf [62]. Figure 2-9(a) and 

(b) are photos of front and rear face of ramee leaf with few water droplets, respecitvely. 
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Figure 2-9(c), and (d) are SEM micrographs of frontal face and (e), and (f) are of rear 

face of ramee leaves . The inset of (d), and (f) show the contact angles of water droplet 

(38±2o and 164±2o, respectively). The contact angles show hydrophilicity and 

hydrophobicity of front and rear face of ramee leaf, respectively. Chinese watermelon 

has also been shown to have similar structures and properties as ramee leaf [62]. 

 

Figure 2-9: Photos of ramee leaf with few water droplets (a) fron face; (b) rear face; 

SEM micrographs of ramee leaf (c), and (d) front face; (e), and (f) rear face; insets of 

(d) and (f) are showing the contact angles which are 38±2o and 164±2o, respectively. 

The scale bars for (c-f) are 100, 5, 100, and 5 µm, respectively. Reprinted with 

permission [62]. 

 

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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Table 2-4: Functions of micro- and nanoscale structures observed in nature [64]: 

Functions Biological materials 

Superhydrophobicity 

Butterfly wing, cicada wing, water strider leg, 

Fish scale, Gecko foot, Mosquito compound eye, 

Peacock feather 

Lotus leaf, Rice leaf, Rose petal, India canna 

flower, Perfoliate knotweed 

Anisotropic wettability Rice leaf 

Self-cleaning 
Butterfly wing, Fish scale, Gecko foot 

Lotus leaf 

Adhesion 

Butterfly wing, Fish scale, Gecko foot, Spider 

capture silk 

Lotus leaf, Rose petal 

Structural color 
Butterfly wing, Nacre, Peacock feather, 

Rose petal 

Chemical sensing capability Butterfly wing 

Mechanical functions 
Brittlestar, Nacre, Spicule, Spider capture silk, 

Spider dragline silk 

Optical functions 
Butterfly wing, cicada wing, Mosquito compound 

eye, Polar bear fur, Spicule 

Superoleophilicity Fish scale 

Anti-biofouling Shark skin 

Water collection ability Spider capture silk 
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Nanostructures in Insects 

            Micro- and nanoscale structures are also observed in insects. Needle-shaped 

hierarchical structures are found on the legs of water striders which help them to stand, 

and move quickly on water surface [65]. Hydrophobic wax-coated, and hydrophilic non-

waxy bumps on the modified hardened forewings (called elytra) of a desert beetle allow 

it to efficiently capture water [66]. In these cases, the interactions of hierarchical 

structures with water are very important to effect the function of biological surfaces. 

These interactions can be described in terms of two states which are known as Wenzel 

state and Cassie-Baxter state. In Wenzel state, a liquid droplet completely wets the 

asperities of a rough surface [67], and in the Cassie-Baxter state, a liquid droplet is 

suspended on the top of a rough surface and leaves air pockets inside the texture [68]. 

Droplets can transit from the higher energy Cassie-Baxter state to the lower energy 

Wenzel state by filling liquid into the asperities and forming more stable homogeneous 

interface [69]. The Cassie-Baxter state generally produces superhydrophobicity, which 

is directly related to both the chemical composition and the geometry of the surface. 

This is useful for various applications requiring surfaces that are self cleaning, 

waterproof, and/or have low drag in water. Micro- and nanoscale structures are helpful 

for various functions in plant and insects which are summarized in Table 2-4 [64]. 

   
Nanostructures in Human Body 

 Nanostructures are also observed in various human tissues and have 

significant impact on their proper functioning. Vascular endothelial basement 

membranes have three dimensional nanostructured topography which influences the 

cell function significantly [70]. This topographic feature has been thoroughly 
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characterized using TEM, and SEM. Topographic features, present in the aorta, 

carotid, saphenous, and inferior vena cava vessels in the rhesus macaque were 

analyzed quantitatively. Vascular basement membranes are comprised of a complex 

meshwork consisting of pores and fibers in the submicron range, (100 - 1000 nm) and 

nanoscale (1–100 nm) range. The thickness of basement membrane, diameter of pore, 

and fiber substantially vary depending on the location and physical properties of the 

vessel. Nanoscale topography of the basement membrane underlying the anterior 

corneal epithelium of the macaque has also been analyzed quantitatively [71]. The 

characterization of the basement membrane was performed using high-resolution and 

low-voltage SEM, TEM, and AFM. Mean diameter of the fiber and pore was 77±44 and 

72±40 nm, respectively with pores occupying approximately 15% of the total surface 

area. Similar features and dimensions were also observed for Matrigel, a commercially 

available basement membrane like complex. These nanoscale features may influence 

the fundamental cell behaviors such as adhesion, migration, proliferation, and 

differentiation. Quantitative characterization of the topographic features of the native 

aortic valve endothelial basement membrane has also been performed [72]. The 

basement membrane of aortic valve showed rich 3-D nanoscale topography consisting 

of pores, fibers and elevations [70]. All the measured features were in sub-100 nm 

range. There was no statistical difference between the fibrosal and ventricular surfaces 

of the cusp. Recent studies suggest that the absence of viable layer of endothelial cells 

on the basement membrane of bioprosthetic heart valves may be one of the causes of 

calcification and subsequent valve failure [72-74]. The subepithelial and subendothelial 

basement membrane surfaces of human cornea also have a similar appearance that 

consists of an interwoven meshwork of nanoscale fibers and pores [75]. The 
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nanotopographic features are fractile in nature and provide larger surface area for cell 

contact. The corneal basement membrane topography (Figure 2-10) has significant 

impact on the function of the overlying cells. By analyzing AFM micrographs, it was 

observed that the distance between peak topographic features for epithelial basement 

membrane was 27±8 nm and the mean lateral distance between elevated topographic 

features was 25±11 nm. Average surface area for this membrane was 65% greater 

than that for an infinite surface of identical lateral dimensions. The fractal dimension  of 

the epithelial basement membrane was ~2.2 which indicated both roughness, and 

regularly repeating surface.  

 

Figure 2-10: Corneal epithelial basement membrane (a) SEM micrograph; (b) AFM 

image. Reprinted with permission [71]. 

  

 Micro- and nanoscale structures widely exist also in mineralized biomaterials, 

performing an essential role in setting up their outstanding properties [76]. The 

hierarchical assembly of enamel structure and functions,  which are related to the 

unique characteristics of enamel has been studied. Human enamel was explored using 

(b) 

(a) 
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electron microscopes. The observations revealed the complexity of the well organized 

enamel structures in terms of hierarchical assembly [76]. Based on the analysis, seven 

hierarchical levels of the microstructure were identified and described. To represent a 

complete spectrum of the organization covering a range from microscale to nanoscale, 

the scheme of seven levels was proposed: first, hydroxyapatite crystals (Level 1) form 

mineral nanofibrils (Level 2); the nanofibrils were aligned lengthways, aggregating into 

fibrils (Level 3) and further thicker fibres (Level 4); prism/interprism continua (Level 5) 

were then composed of them. Prisms were assembled into prism bands (Level 6) at 

the microscale, that provided various arrangements across the thickness of the enamel 

layer (Level 7). From the analysis of the enamel and bone hierarchical structure, 

similarities of scale distribution at each level were observed. Enamel has unique 

properties, including extraordinarily high hardness, excellent resistibility to wear, and 

stability over a lifetime of use. Thus, enamel structures and the biomineralization have 

been  of interest to understand the basis for the enamel disease and to synthesize 

novel biomimic biomaterials. The TEM image of the crystals from human enamel has 

been used to identify  the major components of the nanofibrils, and the basic structural 

units of human enamel which was hexagonal hydroxypatite crystals. The SEM 

micrographs showed the thin and long mineral nanofibrils with typical diameter of  30-

40 nm. The long crystals within the microscopic domain run almost parallel to each 

other and the nanofibrils always aggregate lengthways with each other into thicker 

fibrils, 80–130 nm in diameter. SEM micrographs have also revealed the hierarchical 

structure of enamel which is formed by the combination of micro- and nanoscale 

structural units of fibrils and fibres. The AFM images showed that each prism is 

separated from the adjacent interpisms by the sheaths, which are relatively less eroded 
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because of the higher content of organic materials. As a result, the keyhole pattern was 

found. The enlarged AFM image from the prism areas supported the presence of the 

fibres, consisting of some thinner fibrils, in the enamel surface. The fibres were also 

found in the interprism area. The average diameter of the fibres in the prisms and 

interprisms was 784.0±68.2 nm. The firbrils were closely connected in the fibre and 

further consisted of some nanofibrils [76].  

 

Soft Lithoghraphy 

To fabricate microfluidic devices traditional soft lithography, shown in Figure 2-

11 is very commonly used and most of the devices are fabricated with 

polydimethylsiloxane (PDMS) which is a biocompatible polymer. First of all, a master is 

fabricated for the device, as shown in Figure 2-11(a). The Si wafer is cleaned with 

piranha solution (H2O2:H2SO4 = 1:3), rinsed with DI water and dried in nitrogen flow 

(Figure 2-11(b)). Next, this wafer is coated with photoresist, exposed in ultraviolet light 

using a mask and developed to define pattern in resist layer shown in Figure 2-11(c-e). 

Then the pattern is replicated in PDMS.  PDMS is mixed at a specific ratio with curing 

agent. This mixture is degassed in desiccator for 1 h to get rid of air bubbles. PDMS is 

then poured on stamp (Figure 2-11 (f)) and heated to 150 °C for 10 min. The PDMS 

mold is then peeled off from the stamp and cleaned. For DEP or some other devices, 

electrodes are fabricated by depositing metal on the device to measure current. 

However, the PDMS mold is usually covered with glass slides after plasma treatment 

to complete the fabrication process shown in Figure 2-11(g). Microfluidic devices can 

also be fabricated directly in Si wafer using photolithography, etch, deposition and 

other fabrication techniques [77].  
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Figure 2-11: Microfluidic device fabrication steps using soft lithography 

technique. 

 

PDMS 

PDMS is the most widely used polymer, made of SiOC2H6 monomer, for 

microfluidic system. It is silicone-based organic polymer consisting of inorganic 

siloxane backbone and organic methyl groups attached to silicon. It has two parts, a 

liquid silicone elastomar and a curing agent. These chemicals are liquid at room 

temperature and have low glass transition temperatures. These two liquids are mixed 

together in certain ratio to form solid by cross linking. PDMS has several advantages 

such as: (i) its chemical stability is high; (ii) it has good thermal stability, and can be 

cured at different temperatures (from 20 °C to 180 °C); (iii) it is permeable to gas; (iv) it 



 

29 

is optically transparent down to 280 nm wavelength of light; (v) durable and flexible; (vi) 

the interfacial properties can be modified by treating the surface with plasma or other 

chemicals; (vii) it is nontoxic and biocompatible; (viii) it can be sealed reversibly to itself 

and other materials via van der Waals forces, or it can be irreversibly sealed after 

plasma treatment by formation of covalent bonds. All these advantages make PDMS 

very attractive for microfluidic biosensors. 

 

Microfluidic Systems 

As mentioned earlier, conventional cancer cell sorting techniques are confined 

due to various limitations. Microfluidic systems have emerged as attractive platforms to 

detect cancer cells. Different microfluidic techniques are employed to recognize and 

enumerate CTCs. Magnetic beads based cell separation techniques, called 

magnetophoresis, have been shown to isolate and enumerate CTCs from blood 

samples with high efficiency, specificity and viability [16-21]. In order to take the 

advantage of both immunomagnetic assay and the microfluidic device, 

immunomagnetic CTC detection scheme has been reported [78-81]. Cancer cells have 

also been labeled with magnetic nanoparticles and separated from blood flow using 

arrays of magnets [78]. Dielectric properties of metastatic cancer cells are also known 

to be significantly different from normal blood cells and therefore DEP has been used 

to successfully detect CTCs with high efficiency and purity [82-90]. Numerous DEP 

techniques such as field flow fractionation DEP, multi-orifice flow fractionation DEP 

[87], contactless DEP [89] etc. have been reported. But complexity, time consumption, 

need for pre-processing and requirement of external magnetic or electric fields etc are 

limiting factors in these techniques [91]. 
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 Due to high specificity and selectivity, antibody and aptamers have been 

incorporated in several microfluidic setups to detect and enrich tumor cells [5, 15, 92, 

93] and these ligand based cell detection techniques are known as cell-affinity micro-

chromatography. However aptamers are not available for all types of cancers and their 

attachment to device is a long and tedious process. Therefore label-free microfluidic 

isolation of rare cells, that does not require multiple additional “tags” or “labels” is 

preferable [91]. Distinctive mechanophysical properties of CTCs such as density, 

adhesion, size, and deformability can be used for label-free separation. Usually sizes 

of tumor cells are not only larger than red blood cells (RBCs) and white blood cells 

(WBCs) but also have higher elasticity [94]. Some metastatic cancer cell types have 

been reported to be more than 70% softer than benign cells and mechanical analysis 

can distinguish these from normal cells of similar sizes and shapes [95]. Some devices 

like microcavity array [23], small capillaries [96, 97], 3D filters [24], pool-dam structures 

[98], and adhesion based nanostructured surfaces [99] use mechanical properties as 

discriminator of cancer cells from blood. On the other hand, some devices have 

employed numerous micro-channels or micropores, for example spiral channel [22], 

multiple channel segment devices [100], parylene membrane microdevice [25, 101] 

and herringbone-chip [26]. Microfluidic devices have also been reported for electrical 

and mechanical measurements of single cell to differentiate these [102]. 

 

Dielectrophoresis (DEP) 

DEP is a phenomenon in which a force is exerted on a dielectric particle, 

suspended in a medium, due to a non-uniform electric field. The strength of the force 

depends on physical and electrical properties of the particles, medium, and frequency 
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and amplitude of the applied electric field. The target particles which have greater 

electric permittivity than the suspension medium move towards the region of stronger 

electric field and this is called positive DEP. Negative DEP is just opposite to this 

where target particles move towards weaker electric field. DEP works on microparticles 

with diameter ranging from 1-1000 µm. DEP signatures vary among different biological 

cell types and also depend on the activation states of the cell. DEP is an effective 

approach of label-free isolation which has been studied widely in microfluidics. DEP-

based cell separation techniques have been implemented to detect rare cells including 

oral cancer cells, colorectal cancer cells, prostate tumor-initiating cells, leukemic cells, 

breast cancer cells and so on [11]. At an optimized flow rate, DEP has high purity and 

recovery. Simple and traditional DEP technique has been reported in several studies to 

isolate cancer cells from blood [1, 11]. To overcome some limitations of DEP, such as 

bubble formation (due to electrolysis), electrode fouling and delamination, and 

expensive fabrication, contactless DEP (cDEP) was implemented to isolate tumor cells 

[103]. In cDEP, electric field is applied in the sample channel using electrodes which 

are inserted into two other microchannels separated from the sample channel by thin 

insulating barriers. However, to detect significant number of rare cells the minimum 

volume of sample required to be processed is high, usually 5-10 ml, which leads to low 

throughput. Hydrodynamic approaches have been combined with DEP to improve the 

throughput. Continuous flow based dielectrophoretic field-flow-fractionation (DEP-FFF) 

shown in Figure 2-12(a) has been reported to process large volume of blood sample in 

short period of time to isolate tumor cells [86, 88, 104]. One group has reported the 

processing of 10 ml of blood in less than an hour [104]. Here, peripheral blood 

mononuclear cells of a clinical specimen were slowly injected in a microfluidic 
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chamber, deionized and CTCs were separated based on balance of DEP, 

sedimentation and hydrodynamic lift forces. Tumor cells were transported close to the 

floor of the chamber due to positive DEP force, while blood cells were accumulated to 

waste due to negative DEP force. The tumor cells were collected in outlet at an 

average recovery rate of ~75%.  

 Another scheme to improve the performance of DEP is multi-orifice flow 

fractionation (MOFF). This method can be used to move microparticle laterally due to 

hydrodynamic inertial forces created by a multiorifice structure [12]. In this method, 

microparticles can be concentrated at different lateral positions in a microchannel 

depending on their sizes. The reported device was composed of one inlet, a filter, a 

multi-orifice segment, a fraction segment and two wide outlets. The multi-orifice 

segment had an alternating series of contraction channels and expansion chambers 

repeated 80 times. This method had high throughput due to hydrodynamic separation 

and DEP separation provided precise post-processing to increase the efficiency. This 

system was able to isolate circulating tumor cells from blood at an efficiency of 76%. 

 Optically induced DEP (ODEP) is another method to produce tunable and 

dynamic electrode patterning in real time using a photoconductive layer [105]. Due to 

illumination of light, electron-hole pairs are generated in this layer, thus the electrical 

impedance is reduced significantly. Consequently, locally non-uniform electric field is 

created. This ODEP force can be used to manipulate microparticles. This technique 

has been implemented to separate CTCs from leukocytes based on their size and 

dielectric properties at an efficiency of 76-83%. Here, six moving light-bars, divided into 

two groups screening in opposite lateral directions, were used to define the separation 

region as shown in Figure 2-12(b). 
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Figure 2-12: Schematic diagram of microfluidic devices to implement DEP techniques 

to detect cancer cells from blood sample, (a) a continuous-flow chamber for 

dielectrophoretic field-flow-fractionation (DEP-FFF) [104]; (b) optically induced-

dielectrophoretic (ODEP) consisting of six sections of moving light bars [105]. 

 

(a) 

(b) 
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Cell-Affinity Micro-Chromatography 

         Cell-affinity micro-chromatography is used to selectively capture specific target 

cells from heterogeneous cell population through selective binding with substrate-

immobilized high-affinity ligands. This technique is widely used to separate cancer and 

healthy cells [1]. The large surface to volume ratio of microfluidic channels enhances 

the probability of cell-to-surface interactions and results in better isolation performance. 

Implementation of 'optimum shear stress' is necessary to balance between separation 

efficiency and purity. The first antibody-based cell-affinity micro-chromatography 

system was reported to capture cervical cancer cells by specific capture ligands (α6-

integrins) in a PDMS microchannel [106]. In microchannels, cells prone to follow the 

streamline due to dominant laminar flow that prevents effective interactions between 

cell and surface. Thus, modification of the surface of microchannels to enhance cell-

surface interactions has been key interests for many studies. Nagrath et al. fabricated 

functionalized micro-pillars, shown in Figure 2-13(a) to increase the cell-antibody 

interactions to separate CTCs with high purity and efficiency. They detected cancer 

from 115 out of 116 patient samples [5]. The ‘‘herringbone chip” is a second generation 

CTC chip implemented with a microchannel architecture to produce microvortices 

within the flow to improve the likelihood of cell–surface interactions and it achieved a 

high cell recovery rate (91.8%±5.2%) for prostate cancer cells [26]. This device also 

successfully detected CTCs from 14 out of 15 patients. An alternative strategy to 

improve cell-surface interactions is nanotextured surfaces. Nanostructured surface 

coated with anti-EpCAM resulted in a higher cancer cell recovery rate because of 

topographic interactions between silicon nano-pillar and nanoscale proteins found on 

cell surface [107]. Densely packed nano-pillar surfaces enabled the capture of cancer 
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cells of up to ten times compared to channels with flat surface. The recovery rate was 

95% for tumor cells from whole blood. This device was able to detect cancer from 17 

out of 26 patients with prostate cancer [108]. More detail about nanotextured surfaces 

will be explained in later sections. 

Due to limited available antibodies to capture target cells, aptamers have 

recently been employed as binding ligands to detect CTCs in microfluidic platform. 

Aptamers have higher selectivity and sensitivity compare to antibody. Aptamers are 

also more stable at various physical conditions. Phillips et al. used aptamers in 

microfluidic devices for the first time to enrich cancer cells by immobilizing aptamers on 

the surface of flat microchannels [53]. The recovery rate of the system was 80% with 

purity of 97.52%. A second-generation device was implemented (Figure 2-13(b)) to 

detect multiple types of cancer cells simultaneously from a single mcirofluidic channel 

device functionalized with aptamers [15]. DNA-aptamers showed 135-fold enrichment 

of rare cells. The height of the channel was on the order of a cell diameter to achieve 

that high yield. Aptamer functionalized graphene oxide nanosheets have also been 

implemented to isolate CTCs [109]. Flower-shaped gold patterns were first depostid on 

Si wafer. Then graphene oxide was adsorbed onto the gold surface and coated with 

anti-EpCAM to isolate cancer cells at an efficiency of 82%. Immobilized long chain 

DNA molecules (10–100 micrometers) was introduced in a herringbone structured 

microfluidic device to isolate cancer cells shown in Figure 2-13(c) [110]. The DNA 

molecules contained particular aptamer sequences repeatedly to recognize target 

cells. The long-chain DNA molecules were extended into the flow and enhanced the 

accessibility of aptamer to cells. The capture efficiency in this device was 80%.  

 



 

36 

 

 

 

 

 

Figure 2-13: Schematic diagram of microfluidic devices to implement cell-affinity micro-

chromatography, (a) antibody coated micropost device [5]; (b) multi-well device to 

detect three types of cancer cells simultaneously using aptamer [53]; (c) long and 

multivalent DNA aptamer functionalized herringbone chip [26]. 

 

Magnetophoresis 

This approach implements a magnetic field gradient to selectively isolate target 

cells labeled with magnetic particles. Compared to the passive hydrodynamic 

(a) 

(b) 

(c) 
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approaches, this technique actively applies strong magnetic force to extract magnetic 

particle-labeled cells. Thus, this system is less dependent on the condition of flow and 

particle-particle interactions. Consequently, this method has higher specificity and 

allows to process whole blood in a high-throughput manner [11]. This approach is also 

biocompatible with low damage to the cells. Though the high-gradient magnetic field is 

used, the forces are not directly applied to the cells and thus 100% viability can be 

obtained in this method. First, Liu and Pang et al. implemented the microfluidic device 

for isolating rare cancer cells from red blood cells (RBCs) suspension using magnetic 

cell separation [111]. Hexagonal array of nickel micro-pillars was integrated onto the 

bottom of a microfluidic channel to generate magnetic field gradient to trap super 

paramagnetic beads. These beads were functionalized with specific antibodies. The 

cell capture efficiency was 62-74% in this system. Lateral magnetophoresis is a 

common method for cell separation among immunomagnetic approaches. A horizontal 

magnetic field was used to drag labeled target cells from sample flow into the buffer 

flow, as shown in Figure 2-14(a) [80]. This technique was robust and provided high 

throughput and recovery rate. This technique was reported to isolate CTCs from 

human peripheral blood with 90% recovery and 97% purity. This method required 

buffer flow and therefore vertical magnetic field gradient was introduced to isolate rare 

cells which could be used for high capture efficiency [79, 81]. A magnetic porous 

structure has been reported which had passage for cellular samples but generated 

high magnetic forces to capture the labeled cells [77]. This magnetic separation device 

was called magnetic sifter, shown in Figure 2-14(b), which is basically a miniature 

microfluidic chip with high density of pores. This device offered high capture efficiency 

(~95%) of tumor cells from blood at high throughput. The release of captured cells was 
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around 92% in this technique. 

 

 

 

 

 

Figure 2-14: Schematic diagram of magnetophoretic microdevice, (a) isolation of CTCs 

based on magnetophoretic signature [80]; (b) capture principle of a magnetic sifter [77]. 

 

The most obvious limitation of magnetic bead based techniques is the 

requirement of additional sample preparation steps to label the target cells. To address 

(a) 

(b) 
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this issue a novel method was introduced called 'Ephesia' [17]. In this study, antibody-

conjugated magnetic beads were assembled dynamically into an array inside 

microfluidic channel. Micromagnetic pattern was generated onto glass using magnetic 

ink dots. Using external uniform magnetic field they concentrated field lines and 

created local gradient that worked as potential wells for the magnetic beads in the 

device. When the sample was flown through the channel, target cells with specific 

biomarkers were captured by the magnetic beads. The superiority of this method was 

dynamic assembly of the magnetic microbeads. The cell capture efficiency of this 

device was 94% for cancer cell lines. 

 

Mechanophysical Properties 

Differences in mechanophysical properties of cells can be exploited in 

microfluidics for the detection of cancer cells without having the knowledge of 

biochemical characteristics of target cells. Size, deformability and density of cancer 

cells are significantly different from blood cells. The flow rate, sample concentration, 

and device geometry are key factors for this method. After optimizing the conditions for 

a specific cellular sample, the protocol could be validated for numerous clinical 

applications. Mechanophysical property based cell sorting has several advantages 

[11]. First of all, this approach is label free, does not require any immunostaining, 

antibody labeling or expensive chemical reagents. Thus it reduces the sample 

preparation time and risk of cell damage. Proper design of separation scheme can 

handle large amount of samples in a short time. These separation methods are also 

highly reproducible. First size-based microfluidic cancer cell separation device 

consisted of four regions with decreasing channel widths and depth [100]. It was 
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observed that cultured neuroblastoma cells were retained in 10 µm wide and 20 µm 

deep channels. On the other hand, adult white blood cells were retained in 2.5 µm wide 

and 5 µm deep channels, while red blood cells were able to pass even through these 

small channels. Size dependent parylene membrane filters has been reported for 

cancer cell detection and separation [112]. This micro-filter device had circular pores of 

diameter 10 µm. The size difference between CTCs and blood cells was exploited to 

test sample of metastatic prostate, breast, colon, and bladder cancer patients. Out of 

57 patients, this device was able to detect CTCs from 51 samples. The cell viability 

was low here due to high stresses developed in the cell membrane during the cell 

capture process. A double membrane device was developed to decrease the stress on 

cell membrane shown in Figure 2-15(a) [24]. A second porous membrane was 

introduced below the first membrane. Pore position between two membranes was 

intentionally misaligned. The bottom membrane supported the trapped cells to reduce 

flow-induced stress on cell membrane. The viability was reported to be 85% for this 

device. Multiple arrays of crescent-shaped wells were fabricated in a device to isolate 

breast and colon cancer cells at an efficiency of 80% from whole blood [96]. 5 µm gaps 

were used within each of the crescent-shaped traps to capture CTCs while blood cells 

were passed through. Hydrodynamic micro-filter based on cell size variations has been 

reported to separate cancer cells from blood [113]. Laminar vortices combined with 

inertial focusing selectively isolated and trapped larger cancer cells through an array of 

expansion-contraction reservoirs placed in series and parallel. A shear gradient lift 

force tried to push the cells towards the channel walls whereas the lift force repelled 

the particles away from the wall. For larger cells, shear gradient lift force was higher 

and pushed toward the vortex core where they remained isolated and orbited in the 
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vortex. The reported cell recovery rate was lower, 23% for breast cancer cells. 

Clogging and saturation are main drawbacks of the filtration methods. Ratchet 

mechanism shown in Figure 2-15(b) has been employed to solve this problem [114]. 

No clogging and degradation of the device was observed in this device for more than 4 

hours. 

 Deterministic lateral displacement (DLD) technique allows the label free cell 

isolation where fluid passes through an array of microposts. Smaller particles followed 

the periodic streamline patterns and pass the posts but larger particles bump against 

posts and displace laterally in opposite direction to the small particles. Therefore, 

particles can be differentiated based on their size, shape and deformability [25, 100, 

101, 115].  Loutherback et al. optimized DLD array to isolate spiked cancer cells from 

blood with efficiency greater than 85% at a flow rate of around 10 ml/min [115]. They 

isolated different types of cells and the result indicated that the larger cells had higher 

isolation efficiency, since their flow profiles fit more into the displacement zone of the 

DLD arrays. 

 Rare cells can be separated based on inertial lift force which depends on the 

velocity of the particles in a microfluidic channel. As the magnitude of the lift force is 

determined by the particle size, special designs can allow separating cells based on 

their size and deformability. A spiral microchannel with inherent centrifugal forces has 

been implemented for continuous, size-based separation of CTCs from blood [116]. 

Device performance was optimized for 85% efficiency at a throughput of 3 ml/h. 

Recovery of cancer cells using cancer cell lines and clinical validation was performed 

with positive CTC enumeration in all samples from patients with metastatic lung 

cancer. A spiral microfluidic channel with trapezoidal cross-section has been reported 
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for ultra-fast, label-free enrichment of CTCs from clinically relevant blood volumes 

[117]. This novel design allowed very high throughput and appreciable CTC capture 

efficiency. This device was able to detect CTCs from 100% of the patient sample. To 

take the study of spiral channel one step further, a group has reported double spiral 

microfluidic platform for high throughput and capture efficiency [118]. In a curved 

microfluidic channel, a Dean drag force is induced on particles to compete with the 

inertial lift force, resulting in different equilibrium positions for particles of different 

sizes. Based on this hydrodynamic principle, this device was able to isolate tumor cells 

spiked in blood. Results indicated that 92.28% blood cells and 96.77% tumor cells 

were collected at the inner and middle outlets, respectively. Microfluidic devices are 

capable of measuring cellular biophysical properties to detect cancer cells. A 

microfluidic device has been reported for electrical and mechanical measurement of 

single cells, shown in Figure 2-15(c), which detected CTCs [102]. Here cells were 

aspired continuously through a constriction channel. Elongation of the cell and 

impedance profile of the channel was measured simultaneously. The cell transit time 

through the channel and the impedance amplitude ratio was calculated to distinguish 

different types of cells at an efficiency of 93.7%. Microfluidic devices provide a number 

of advantages for isolating and analyzing cancer cells, but the throughput is still an 

issue. Most of the existing microfluidic devices need several hours to process a 

standard 7.5 ml blood sample. In general, microfiltration may provide high throughput 

but high flow rate and large gradients in shear stress may damage the isolated cells. 

Thus, for enumeration of cancer cells microfiltration is very suitable where subsequent 

analysis steps are not required. For gentle capturing, methods such as micro-affinity 

cell-chromatography, dielectrophoresis and magnetophoresis are better alternatives. 
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But more work needs to be done using clinical samples based on these concepts. 

Inertial microfluidics can also be exploited for both label-free and high throughput cell 

isolation process. A gentle and high throughput isolation system may emerge with the 

possibility for continuous sorting and isolation. Thus, blood sample may be removed 

from the body to isolate cancer cells and then re-injected to the body. As captured cells 

may have variety of subtypes or the same cell type at different stages of growth, 

subsequent analysis to characterize genotype and phenotype can allow profiling of the 

isolated cells. To serve this purpose, cells must be captured in viable condition with 

high cell integrity. 

Isolation Based on Immunochemical Signature through Surface Interactions 

Interactions between surface and cells have been explored as a successful 

modality for isolation of rare tumor cells [11]. Large surface to volume ratio of 

microfluidic devices remarkably enhances the probability of cell-to-surface interactions 

for better cell isolation efficiency. Immobilization of immunoaffinity-binding molecules or 

application of specific surface pattern can be used to differentiate adhesion among 

cells. Optimization of shear stress is very important to obtain high purity and efficiency. 

Generally, higher shear stress provides less efficiency but better purity and vice versa. 

For rare cells, isolation efficiency gets higher priority than purity. Throughput is another 

key concern which needs to be high as much as possible while obtaining appreciable 

efficiency. In such case, laminar flow reduces the probability of cell-surface interactions 

and therefore nanostructures have been introduced.  
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Figure 2-15: Microfluidic devices for the isolation of CTCs based on their 

mehcanophysical properties, (a) filtration using a 3D microfilter device and the applied 

forces (FL) on a trapped cell [24]; (b) ratchet mechanism for cell-sorting [114]; (c) 

electrical and mechanical measurement of CTCs in a constriction channel [102]. 

 

(b) 

(c) 
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Several studies have demonstrated that cell capture, cell growth, adhesion and 

orientation are influenced by nanoscale topography of the surface [13, 119, 120]. The 

key feature of nanotextured surface is, it offers increased effective surface area to 

capture high quantity of probe molecules [13]. Consequently, nanostructured 

substrates have emerged as promising biosensing platforms since they provide better 

isolation sensitivity for CTC isolation. 

 Nanostructured substrates can be fabricated using various methods which can 

be primarily divided in two categories, top-down and bottom-up method [120]. In top-

down fabrication methods, a bulk material is patterned by a series of steps. First of all, 

lithography is used to transfer pattern from a mask onto a substrate. Light, X-ray or 

electron beam is mostly used in lithography process to make pattern of controllable 

geometries. There is another form of lithography named colloidal lithography in which 

geometries depend on random dispersal of coated nanoparticles [121, 122]. Secondly, 

nano-embossing is a fascinating method for inexpensive and high throughput 

nanofabrication [123]. Thirdly, etching is a subtractive method to selectively remove 

material from the substrate. Nanostructured surfaces can be prepared by etching 

silicon wafer [124] and polymers like PDMS, PLGA, poly-L-lactic acid (PLLA), 

polyethylene terephthalate (PET), and polyether urethane (PU) [125].  

In the bottom-up methods, desired structures are fabricated by bringing the 

building blocks in close proximity. This approach has already been implemented in 

numerous biotechnology applications such as in tissue engineering using self 

assembly [126], magnetic [127] and acoustic assembly [128], and bioprinting [129]. 

One of the bottom-up methods is electrospinning which utilizes electrical forces to 

synthesize nanofibers using polymers. These nanofibers are arranged in order or 
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randomly on a substrate to form nanostructure surfaces [130]. Next, chemical vapor 

deposition (CVD) is also used for nanoscale fabrication especially silicon nanowires 

(SiNWs) can be fabricated using CVD. In this process, materials react and/or 

decompose on the substrate to produce desired deposition on surface [131, 132]. 

Vapor-phase coating is another fabrication method to deposit nanoporous film on 

substrate [133]. The average diameter of nanopores can range from 100 to 500 nm. 

Gas foaming technique uses gas as porogen and produces sponge like structure of 

0.1-100 nm [134]. Thermally induced phase separation technique is similar to gas 

foaming but it utilizes a solvent with a low melting point that can be used to remove 

certain chemicals and leave random nanotextured pattern of few nanometers on the 

substrates [135]. These fabrication processes with their advantage and limitations are 

summarized in Table 2-5. 

 

Nanostructured Substrates for CTC Isolation  

Recently, nanostructured surfaces have been studied extensively for cell 

proliferation, migration, differentiation and alignment on nanostructured surfaces [136-

138].  Nanotexturing facilitates protein adherence to surface due to its larger surface 

area. Also protein epitopes are recognized by integrin heterodimers on the cell 

membrane; integrins assemble as focal points which initiate cell adhesion [120]. 

Consequently, the nanostructure itself facilitates cell attachment. Adhesion forces 

between cells and substrate are significantly improved by antigen-ligand binding. A 

number of nanostructured substrates have been explored for rare cell isolation 

including nanopilars, nanowires and nanotextured PDMS. Figure 2-16 shows 

nanostructured surfaces fabricated using various methods [17]. 
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Table 2-5: Nanostructure preparation techniques and their minimum feature size [120]. 

Fabrication method Minimum feature size Advantages/limitations 

Optical lithography ~50 nm Patterns can be created 

precisely 

X-ray lithography ~20 nm Expensive lenses needed 

E-beam lithography 5-10 nm Good contol on geometries. 

But serial and time 

consuming process. 

Colloidal lithography ~300 nm Geometries are random. 

Nano-embossing ~100 nm Geometries and patterns 

are controllable. 

Etching polymer >1 nm Inexpensive method but 

nanostructures are random. 

Etching silicon wafer 2-3 nm Aluminium template is 

required to have control on 

dimensions and pore sizes.  

Reactive ion etching 

 

 

20-100 nm High aspect ratio patterns. 

Electrospinning 40-2000 nm More than 20 polymers can 

be used; limited to only fiber 

formation. 
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Table 2-5- Continued 

Chemical vapor deposition ~2 nm Layer thickness can be 

controlled. But require 

high vacuum furnaces and 

it is slow process 

especially in the case of 

epitaxy.  

Vapor-phase coating 

 

 

 

100-500 nm Fabrication method is 

easy but the coatings are 

not very stable. 

Gas foaming 0.1-100 nm Low-cost method but have 

limited applications. 

Phase separation >1 nm Nanofeatures and pore 

sizes cannot be controlled 

precisely. 

 

 

Nanopillars and Nanowires  

Array of micro/nano scaled silicon pillars have been used for studying cell 

adhesion, migration, and morphology [139]. The surface area depends on number of 

nanopillars or nanowires per unit area and their average diameters. The adhesive force 

can be increased by increasing the number of nanostructures in per unit area or by 

decreasing their diameters [139-141]. However silicon nanopillars (SiNP) with 
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diameters in the range of 100-200 nm on silicon wafer have been used for cancer cell 

isolation. The capture yield of MCF7 cells in culture medium was 45-65% on SiNP 

which was 10 times more than that was found on flat silicon. Viability of the captured 

cells was 84-91% [142, 143]. SiNPs were also integrated into a microfluidic device with 

chaotic micromixers to enhance cell-SiNP contact by making a vortex with a serpentine 

chaotic mixing channel [144]. Again silicon nanowires (SiNWs) of 100-200 nm in size 

were reported for T lymphocyte separation with capture efficiency of 88% [145]. SiNWs 

covered with uniform gold nanoclusters (Au NCs) were also synthesized (diameter: 50-

160 nm) to capture MCF7 cancer cells with an efficiency of 88% and viability of 95% 

[118]. In another report, quartz nanowires (QNWs) were fabricated to capture A549 

cells with average efficiency of 89% compared to 23% achieved on flat glass surfaces 

[146].  The size of nanowires was in the range of 80-100 nm. Recently, bare 

nonorough glass surfaces with root-mean-square (Rq) value of 150 nm were utilized to 

capture 93.3% MCF7 and 95.4% MDA-MB231 cells spiked into 500 µl lysed blood, 

regardless of their EpCAM expression [147]. On the other hand, only 22% MCF7 and 

13.9% MDA-MB231 cells were captured on smooth glass surfaces. In this experiment, 

surfaces were not functionalized with any ligands and it was demonstrated that only 

nanoroughness of glass could significantly enhance adhesion of cancer cells to the 

surfaces. High nonspecific binding was also observed when mixing ratio of MDA-

MB231 and PBMCs was changed from 1:1 to 1:200, effectively capture purity of MDA-

MB231 cells got significantly reduced from 84% to 14% [147].  
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Nanotextured PDMS  

Nanotextured substrates are getting much attention for cancer cell enrichment 

[120]. The basement membrane can anchor cancer cells through cell adhesion 

molecules to improve cell adhesion and growth [148]. Aptamer funcionalized 

nanotextured PDMS substrates have been fabricated to isolate cancer cell. NaOH 

etched poly(lactic-co-glycolic acid) (PLGA) polymer scaffold was used as a master for 

nanotextured PDMS substrate. The available large surface area allowed immobilizing 

large number of aptamer which favored cell isolation. Consequently, total number of 

captured hGBM cells on nanotextured PDMS were twice that of on a glass surface 

[13]. 

 

Surface Coating with Nanomaterials  

Nanostructured surfaces can be fabricated by coating nanomaterials on flat 

surfaces [120]. Nanoscale surface coating enhanced capture efficiency of KG1a cells 

[149, 150]. Rolling velocity of cells on a silica coated microtube surface was decreased 

by 50% and as a result number of cells captured on the nanoscale surface was twice 

than planar surface [150]. Similar results were reported for Titanium (IV) Butoxide and 

halloysite nanotubes [149, 150]. Another report has shown that glass surface with a 

layer of indium tin oxide was homogeneously coated with anti-EpCAM grafted poly(3,4-

ethylenedioxy)thiophenes polymer (PEDOT). The diameters of coated dots ranging 

from 98 nm to 333 nm to isolate cancer cells [151]. Capture efficiency of MCF7 

(EpCAM+) cells were related to polymer dot size and for feature size of 232 nm it was 

4-5 times higher than that on a flat surface. It was also reported that capture efficiency 
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of EpCAM+ cells was 10 times higher than the capture efficiency of EpCAM− 

(negative) cells (HeLa). Again, surface nanotopography of glass slides was controlled 

over a large range (100-1150 nm) by coating with silica beads to study Jurkat cell 

capture [152]. Antibody modified silica beads coated surface showed 1.2-1.6 times 

higher cell capture efficiency compared to flat surface. Silicon wafer was coated with 

TiO2 nanofibers (100-300 nm in size) by electrospinning and antibody immobilization 

was employed to achieve over 80% cell capture efficiency for HCT116 cells. This 

higher efficiency was achieved in culture medium and it decreased to 45% when cells 

were spiked into human blood samples [153].  

Nanostructured surfaces increase cell isolation efficiency because of several 

features [120]. First of all, it allows higher surface area for biomolecule immobilization. 

Next, it facilitates lower rolling velocity and enhances cell attachment. Nanostructure 

might assist in cell attachment by improving cell-substrate adhesion. Moreover, 

pseudopodia formation might also help to increase cell capture yield. The morphology 

of captured cells was found to be flatter on nanostructed substrates compare to flat 

substrates [13]. 

Despite all these promising results from nanostructured substrates, none of 

these have shown clinical validity or utility and mostly remain in laboratory settings. 

There are two major challenges in CTC isolation technology [120]. First of all, 

heterogeneity of CTC is primary issue. CTCs can even differ between two cancer 

patients. In brief, they might have variable expression of biomarkers on cell 

membranes. The other important issue is releasing captured CTCs from the 

nanostructured substrates. The strong adhesion forces between the captured cells and 

functionalized substrates are needed to be overcome to detach cells. Some methods 
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are implemented to satisfy this purposes such as physical elution with fluidic flow, 

thermodynamic release, electrochemical desorption, proteolytic enzyme degradation,  

 

Figure 2-16: Nanostructured substrates fabricated by different processes. SEM 

images of (a) silicon nanopillars produced by we chemical etching; (b) silicon 

nanowires (SiNWs) produced by vapor—liquid—solid method; (c) Magnified image of 

(SiNWs) bound to biotin-gold nanoparticles; (d) Au nanoclusters coated SiNWs 

prepared by rapid thermal chemical vapor deposition; (e) silica nanobeads deposited 

on glass[152]; (f) TiO2 nanofibers fabricated using electrospinning and 

calcinations[153]; (g, h) micro needles and nanotextured surfaces were synthesized by 

chemical etching of chicken eggshell[119]; (i) AFM image of nanotextured PDMS 

surface cured on chicken eggshell. Reprinted with permission. Reprinted with 

permission [121]. 
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endonuclease clearance, oligonucleotide hybridization, removable glass beads array, 

and negative selection strategy [14, 154, 155].  However all these methods have 

certain limitations and thorough studies are needed to overcome these issues and 

bring nanostructured surfaces to clinical applications. 
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Chapter 3  

LABEL-FREE ISOLATION OF METASTATIC TUMOR CELLS USING FILTER BASED 

MICROFLUIDIC DEVICE 

 

Introduction 

Microfluidic devices have been employed for the detection of tumor cells [1, 9, 

11]. Here we introduced a microfluidic filter type device that captured cancer cells in 

spite of their highly elastic nature [94]. The device had one inlet and outlet connected 

by 400 microchannels shown in Figure 3-1. The dimensions of the microchannels were 

optimized to isolate more than 78% of renal cancer cells in the inlet. This label-free, 

cost-effective, and high-throughput technique could be implemented for rapid cell 

sorting based on their distinctive physical properties such as size and deformability 

without any pre-processing. This device was fabricated in PDMS using soft lithography 

with different cross-sectional areas of the channels by varying the width and height. 

The four types of devices with channel dimensions of 20 µm x 10 µm (Device-1), 10 

µm x 10 µm (Device-2), 10 µm x 5 µm (Device-3), and 5 µm x 5 µm (Device-4) were 

fabricated. For every device, dimension is represented as height x width. Cell blocking 

efficiency of these four devices for metastatic renal cancer cells were 31.04%, 45.18%, 

70.96% and 78.36% respectively [156].  The smaller cross-sectional area increased 

the overall cell isolation efficiency showing specific behavior of RBCs and WBCs in 

these devices. From our experiments it was observed that RBCs and WBCs were 

small enough to pass easily through the microchannels in Device-3 and Device-4. 

Eventually cancer cells were mixed with rat blood at low concentration and Device-4 

was able to detect tumor cells successfully with substantial efficiency. 
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Experimental Section 

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless 

mentioned otherwise. 

Microdevice Design and Fabrication 

Dimensions of the microchannels were chosen based on cell size. As diameter 

of cancer cells mostly varied from 10-20 µm, therefore experiments were started with 

dimension of 10 x 20 µm2.  Several articles have also suggested similar dimensions of 

channels to capture cancer cells [27-37]. It was reported that WBCs and RBCs could 

traverse through 2-5 µm capillaries while cancer cells were captured [28]. Again, 

simple mechanophysical analysis was performed using Young's law. It was calculated 

that for a specific flow rate of 1 mL/h, the final size of CTCs in a channel of dimension 

10 x 20 µm2 could be reduced to 9.99 µm and 19.99 µm for their initial diameter of 10 

µm and 20 µm respectively. The Young’s law described a relationship among Young’s 

modulus (Y), applied pressure (P), initial length (L) and change of length (l) of a 

substance by the following equation, 

          … … … (3-1) 

Here the value of Young's modulus for cancer cells was assumed as 0.5 kPa 

[26]. From the above analysis it was expected to capture a good number of tumor cells 

using this device. But obtained capture efficiency for the device was low. Thus the 

dimensions of the channels were decreased to enhance efficiency. 

The microdevice had one inlet and outlet connected via microchannels for 

blocking tumor cells. Dimensions of the inlet and outlet were 28 mm by 7 mm. The 

width of the microchannels was varied from 5 to 10 µm. This device was fabricated in 
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PDMS by soft lithography. First of all, the photo-masks were drawn in AutoCAD and 

patterns produced on glass. The inlet and outlet were fabricated by spin coating (1000 

rpm, 30 s) SU-8 2010 on a silicon wafer. The height of the inlet and outlet was 22 µm. 

Next, the microchannels were fabricated using 10 µm height SU-8 2010 (spin coated at 

1000 rpm for 30 s) and 5 µm height using SU-8 5 (spin coated at 3000 rpm for 30 s). 

The patterns were generated in masters using photolithography.  

Next, the patterns were translated to PDMS. First of all, PDMS was mixed 

(10:1, wt/wt) with Sylgard 184 silicone elastomer curing agent (Dow Corning). This 

mixture was degassed in a desiccator for 1 h to get rid of the bubbles. Then PDMS was 

poured on the masters and heated at 75 °C for 5 min and then 150 °C for 10 min. Next 

the PDMS molds were peeled off from the masters and fluidic ports were punched in 

every PDMS mold. These molds were cleaned in isopropyl alcohol (IPA), rinsed in 

deionized water (DI water) and dried in nitrogen. To cover PDMS, glass slides were 

used. The glass slides (50 mm x 75 mm) were cleaned with piranha solution 

(H2O2:H2SO4 in a 1:3 ratio) for 10 min, rinsed with DI water and dried in nitrogen flow. 

The PDMS and glass slides were treated with UV Ozone plasma for 25 min and 

hermetically bonded together. Eventually the devices were filled with 1X PBS with 5 

mM magnesium chloride (pH 7.5) to make it hydrophilic. 

Cell Culture 

Metastatic renal tumor cells were isolated from the brain tissues of consenting 

patient at the University of Texas Southwestern Medical Center at Dallas, Texas, USA 

as per the approved Institutional Review Board protocol [38]. The known metastasized 

renal derived cancer cells were collected in ice-cold Hank’s medium. Then cells were 
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chemically dissociated with papain and dispase (both 2%) as reported earlier [39]. Next 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal 

bovine serum [156]. The renal cancer cells were stably transduced with a lentivirus 

expressing mcherry fluorescent protein. The blood samples were collected from tail of 

a rat by restraining the animal.  The blood was collected in tubes with K2-EDTA as 

anticoagulant.  

Experimental Setup and Procedure 

The renal cancer cells were suspended in 1X PBS solution to get desired 

concentration. The cells were flown through the microfluidic channel device at flow rate 

of 1 mL/hr using a syringe pump shown in Figure 3-1. Although, higher flow rates 

would have reduced the processing time, the larger shear forces on the cells would 

have modified the cell behavior and selective filtration capability would have been lost. 

At the same time cell viability will be reduced at higher shear stress. Cells were passed 

for 30 min. To avoid cell sedimentation the syringe was shaken after every 10 min. 

After passing the cells, whole devices were scanned thoroughly and images were 

taken using optical microscope to count the cells in inlet and outlet. In addition the cell 

solution that was coming out from the outlet chamber was collected using syringe and 

also images were taken of that solution to count the number of cells in the outlet. All of 

these images were analyzed to determine cell capture efficiency and also cell sizes 

were measured using ImageJ. In order to calculate cell capture efficiency, average 

number of cells passed to the outlet chamber and average number of cells captured in 

inlet chamber in per unit area was considered.  
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The cell viability was measured using the solution that was collected from outlet 

chamber. This solution was mixed with equal volume of trypan blue solution (0.4%) and 

let sit for 5 min at room temperature. This solution was put on a glass slide and 

observed in optical microscope to count live and dead cells.  

The blood samples were passed through devices after diluting with sterile 1X 

PBS at 1:10 ratio in order to reduce the sample viscosity [6]. Next, the blood was 

diluted similarly and cancer cells were mixed in it at a concentration of 1000 cells/mL 

and this solution was used to run experiment in Device-4. After running experiments 

with this cell mixture the devices were observed in fluorescence microscope and 

images of the devices were taken in order to calculate cell capture efficiency of the 

device to isolate cancer cells from blood using the same procedure mentioned above. 

In order to increase throughput several devices can be used in parallel. Besides 

number of channels can be increased in each device, which could have allowed higher 

flow rate. 

 

Figure 3-1: Schematic diagram of the experimental setup and microfluidic channel 

device [156]. 
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Results and Discussion 

 

Figure 3-2: Cell captured in microfluidic devices in case of (a) Device-1; (b) Device-2; 

(c) Device-3; and (d) Device-4.  The scale bars in all micrographs are 50 µm.  The right 

side of channels is inlet and the left is outlet as mentioned for (a) [156]. 

Device Optimization and Calculation of Capture Efficiency 

The microfluidic device design is portrayed schematically in Figure 3-1. To 

determine the baseline efficiency of the device to isolate cancer cells, high 

concentration of cell were in 1X PBS and flown through the microdevices at a flow rate 

of 1 mL/hr. The cross-sectional areas of the channels were altered by changing the 

thickness of SU8 in master used as template for PDMS. Average diameter of cancer 
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cells was approximately 15 µm, but most of the cells squeezed through the channels in 

Device-1 because of their highly elastic nature. Some cells were captured in the 

channels and cluster of cells were observed around the channels as shown in Figure 3-

2(a). The average capture efficiency (η) for this device was 31.04±2.5%. The following 

equation was used to enumerate capture efficiency of the devices. 

h =
X

X +Y
´100%

 

In this equation variable X and Y are representing the number of cells 

remaining in the inlet and the number of cells that made it to the outlet, respectively. 

 

 

 

Figure 3-3: Average of tumor cell capture efficiency of four devices (n=2) [156]. 

 

In addition to mechanophysical properties, there might be some other factors 

that cells passed through the channels. First prime factor could be the heterogeneity in 

… … … (3-2) h =
X

X +Y
´100%
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the sizes of cancer cells.  Shape and orientation of the cells could be another reason; 

cells are globular in shape but channels were rectangular. Also the exact range of 

Young's moduli for cancer cells is unknown.  All these factors were remained same 

from device to device, thus their contributions can be discounted. To enhance capture 

 efficiency, the height was lowered to 10 µm (Device-2) for reducing the total cross-

sectional area available for the cells to pass through. Consequently cell capture 

efficiency of the device increased to 45.18±1.85%. Still more than half of the cells were 

able to pass through the channels as shown in Figure 3-2(b). Next two devices were 

fabricated with channel dimensions of 10 µm x 5 µm (Device-3), and 5 µm x 5 µm 

(Device-4) and capture efficiencies jumped to 70.96±2.39% and 78.36±4.29% 

respectively (Figure 3-3).  For every device, experiment was repeated at least two 

times and the results clearly exhibited a statistically different behavior that followed an 

almost monotonic trend. It can be observed from Figure 3-2 that cells are passing 

through the channels in Device-1 and Device-2. Therefore the cell clusters are found 

on both sides of the channels (Figure 3-2(a) and (b)). On the other hand, no clusters of 

cells are observed on the outlet side of the Device-3 and Device-4 (Figure 3-2(c) and 

(d)). Furthermore, as cells had more space to traverse through in Device-1 and Device-

2 compared to Device-3 and Device-4, higher number of cells were hanging around the 

channels in first two devices. 

It was also deduced that all the size of the cells varied within a large range and 

it had significant impact on cell capture efficiency. By calculating the size of the cells 

from images using ImageJ, it was found that the cells blocked in Device-1 had average 

diameters of 18.44±3.597 µm, while the cells captured in Device-4were of average 

diameter 15.215±3.536 µm (Figure 3-4). For Device-2 and Device-3 these diameters 
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were 17.25±2.129 µm and 15.26±4.967 µm, respectively. That indicates that all cancer 

cells were not of same size and while flowing through a microchannel, they squeezed 

up to a certain limit depending on their sizes.  This brings out the significant aspect of 

the cell elasticity dependence on its size.  Previous studies have just looked at 

elasticity of tumor cells as a whole but maybe the elasticity is further dependent on the 

grade of tumorigenesis, stage of cell division, amount of 

overexpression/downregulation of various markers, etc. 

 

 

Figure 3-4: Average diameters of the cells blocked by four devices [156]. 

 

As the flow rate was same for all cells, the pressure applied to each cell, and 

consequently the shear force, was also same. So if it is considered that all cells have 

same Young’s modulus then strain on each cell would also be the same.  From the 

simple definition of Young’s modulus the final size of the cells should be linear function 

of their initial size. Consequently, larger cells are blocked and smaller cells passed 
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through. From viability analysis of renal cancer cells in Device-4 it was found that cell 

viability was above 74% for the cells that were able to pass through microchannels and 

came out from the outlet chambers.  

 

 

Figure 3-5: Blood introduced in (a) Device-3; and (b) Device-4. RBCs and 

WBCs passed through the microchannels. The scale bars are 50 µm [156]. 

 

Detection of Cancer Cells from Blood 

Optimized devices (Device-3 and Device-4) were employed to run experiments 

with diluted blood samples obtained from rat. Blood cells (WBCs and RBCs) were 

smaller in size and able to pass through the microchannels quite easily (Figure 3-5). In 

Device-4, microchannels created obstacles for some WBCs but eventually passed 

through without creating any cluster or blockage. Though some WBCs may be larger in 

size but it has been reported before that RBCs and WBCs can traverse through 

t1 
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capillaries of 2-5 µm [28]. However, next tumor cells were spiked in diluted blood at a 

concentration of 1000 cells/mL and experiment was run with Device-4. From optical 

micrograph it was observed that some cells were captured by the channels as shown 

in Figure 3-6 (a). As WBCs and RBCs were able to traverse through the channels and 

channel dimensions of Device-4 were optimized to capture renal cancer cells with high 

efficiency, it can be safely concluded that the blocked cells from blood sample are 

indeed cancer cells. 

 

 

 

Figure 3-6: Isolation of cancer cells from rat blood using Device-4; micrographs 

of the devices (a) optical; (b) fluorescence. The scale bars are 50 µm [156]. 

 

(a) 

(b) 
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But for ensuring the discrimination of tumor cells from blood and to determine 

capture efficiency fluorescent images of the devices were taken (Figure 3-6(b)). By 

analyzing all the images it was determined that this device was able to isolate the 

tumor cells from blood mixture with an average efficiency of 78.20±2.57%. Thus, in this 

case efficiency is very similar to that one which was achieved from the optically-

observed devices to isolate tumor cells from PBS solution. 

In addition, tumor cells were very flexible and could change their shapes while 

trying to squeeze through the smaller microchannels, but clearly the shear force of the 

flow was not high enough. Smaller shear force did not result in the cell squeezing 

through, counter-intuitive to the more flexible nature of the cells.  Some of the captured 

cells by microchannels were distorted in shapes.  

 

Conclusions 

A microdevice is applied to detect metastatic renal cancer cells. Physical and 

mechanical properties of the cells were considered to discriminate them from RBCs 

and WBCs. The highly deformable nature of cancer cells was observed. These cells 

can squeeze through very small pores. The device consisted large number of channels 

to reduce shear stress on each cell to minimize deformability of cancer cells and detect 

them successfully with an efficiency of more than 78%. It was observed that the 

optimized channels were large enough for WBCs and RBCs to pass through. This 

simple and inexpensive device can be implemented in point-of-care module for the 

detection of CTCs from blood samples. 
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Chapter 4  

NANOTEXTURED POLYMER SUBSTRATES FOR ENHANCED CANCER CELL 

ISOLATION AND CELL GROWTH  

 

Introduction 

Early detection of cancer can decrease the mortality rate significantly [6]. 

Affinity interactions based cancer detection and sorting scheme, especially with 

aptamers, can provide high specificity and selectivity [15, 47]. EGFR specific RNA 

aptamer functionalized substrates have been employed to recognize, capture and 

isolate hGBM cells with high specificity and selectivity [13, 157]. Cell capture and 

growth are affected by nanotextured topography of aptamer grafted molecules [13, 

119, 158, 159]. In tissue engineering, nanostructured scaffolds have remarkably 

increased the densities of certain cells [160, 161]. The main advantage of nanotextured 

surface is the availability of increased surface area to anchor high quantity of protein or 

nucleic acid [13, 119, 162, 163]. Different processes have been reported to create 

nanotextured surfaces which are micro-contact printing, stencil assisted patterning or 

long polymer chemical etching [13, 158, 164]. These processes are time consuming 

and expensive. Plasma etching can be used as a simple and rapid method to make 

nanotextured surfaces [162, 163, 165].  

Due to stable chemical and physical properties PDMS has been used widely in 

biomedical research specially to fabricate microfluidic device [166]. An easy way to 

prepare 3-dimensional, nanotextured PDMS substrates are described here. Micro 

reactive ion etching (Micro-RIE) was performed to prepare nanotextured PDMS 

surfaces. These surfaces were functionalized with anti-EGFR aptamers for the isolation 
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of tumor cells overexpressed with EGFR. It was observed that the nanoscale features 

of PDMS increased the affinity of cancer cell attachment by providing larger surface 

area for aptamer immobilization. The increased surface area permits higher number of 

available aptamers on the surface to capture target cells. The nanotextured surfaces 

also provided higher cell growth. Especially for cancer cells the proliferation rate was 

as high as in the standard well plate used for cell culture. Comparison among three 

nanontextured surfaces showed almost linear relationships for both cell capture and 

cell growth with respect to surface roughness. The nanotexture enhanced cell capture 

probability and growth rate which is very important for microdevices used for detecting 

and enriching tumor cells.  The key findings exhibited that nanotexture of the substrate 

could be quantitatively controlled to tweak the density of available ligands for possible 

match with the overexpression of oncogenes.  Thus nanotextured PDMS devices can 

stage the cancer cells based on the overexpression. Primary steps of aptamer 

functionalization on nanotextured PDMS surfaces are shown in Figure 4-1(a) and 

Figure 4-1(b) and (c) are illustrating the principle of capturing target cells using aptamer 

grafted surfaces from a cell mixture with non-specific cells. The structure of aptamer 

molecules is changed while attaching to target cells.   

Materials and Methods 

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless noted 

otherwise. 

Aptamer Preparation 

Aptamer was prepared using a standard procedure reported earlier [13].  For 

anti-EGFR RNA aptamer selection with systematic evolution of ligands by exponential 
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enrichment (SELEX) process, purified human EGFR (R&D Systems, Minneapolis, MN) 

was used. The anti-EGFR aptamers (Kd = 2.4 nM) were extended with a capture 

sequence. The amine-modified capture probe was used to immobilize aptamers on the 

substrate through duplex formation. The sequences of the extended anti-EGFR 

aptamers and substrate-anchored capture molecules were: anti-EGFR aptamer, 5'-

GGC GCU CCG ACC UUA GUC UCU GUG CCG CUA UAA UGC ACG GAU UUA 

AUC GCC GUA GAA AAG CAU GUC AAA GCC GGA ACC GUG UAG CAC AGC AGA 

GAA UUA AAU GCC CGC CAU GAC CAG-3' and substrate anchored capture DNA, 5'-

amine-CTG GTC ATG GCG GGC ATT TAA TTC-3' [13]. 

 

 

Figure 4-1: (a) Aptamer attachment protocol on nanotextured PDMS surfaces; 

(b) introduction of cell mixture on functionalized surface; (c) capturing target cells by 

aptamer grafted surface. 

(c) 

(b) 
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Preparation of Nanotextured PDMS Substrates 

PDMS was mixed (10:1, wt/wt) with Sylgard 184 silicone elastomer curing 

agent (Dow Corning) and degassed in a desiccator for 1 h to remove all air bubbles. 

PDMS was then poured on 4 inch silicon wafer and heated to 75 °C for 5 min and then 

150 °C for 10 min. Next, the PDMS was peeled off from the silicon substrate and cut 

into small pieces (~2 inch x ~2 inch). These substrates were cleaned in isopropyl 

alcohol (IPA), rinsed in deionized (DI) water and dried in nitrogen. A reactive ion etch 

(RIE) series 800 plasma system was used to prepare nanotextured PDMS. Three 

recipes were used in this system to etch the PDMS using mixture of oxygen (O2) and 

carbon tetrafluoride (CF4). First of all, the etching was performed with two ratios of 

etchant gases for 12 min. In recipe 1, the flow rate of O2 and CF4 was 10 sccm, 

respectively (ratio of O2:CF4 was 1:1) and in recipe 2, flow rate of O2 and CF4 was 7 

sccm and 14 sccm, respectively (ratio of O2:CF4 was 1:2). In recipe 3, the flow rate of 

gases was same as recipe 1 but the etching time was increased to 25 min. After 

etching, each substrate was cleaned in sonicated IPA followed by cleaning in piranha 

solution (H2O2:H2SO4, 1:3). In later part of this article, three PDMS surfaces prepared 

by recipe 1, 2 and 3 will be named as Surface-1, Surface-2 and Surface-3, 

respectively. 

Surface Characterization 

Surface topography of PDMS surfaces was evaluated quantitatively by a 

Dimension 5000 atomic force microscopy (AFM). The root mean square surface 

roughness was measured. Micrographs of PDMS samples were captured in the 

ambient air with 15% to 20% humidity at a tapping frequency of approximately 300 kHz 
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[13]. The analyzed field measured 10 µm x 10 µm at a scan rate of 1 Hz with 256 

scanning lines. 

 

Elemental Composition of the Samples 

Energy dispersive x-ray spectroscopy (EDS) was used for elemental analysis of 

plain and nanotextured PDMS. All samples were coated with thin layer of silver (Ag) 

before this analysis. Here an EDS detector (EDAX, Genesis) was attached to the 

scanning electron microscope (SEM). The SEM was focused at a 15 mm working 

distance with 20 kV accelerating voltage and data were recorded followed by mapping 

analysis. 

Contact Angle Measurements 

 Contact angles for plain and nanotextured PDMS substrates were measured 

using a contact angle goniometer (NRL-100; Rame-Hart, Washington, DC). On 

average, 5 measurements were taken for each run. Angles were measured twice for 

each substrate. First, the angles were measured on substrates without any 

modification and next on substrates functionalized by isothiocyanate.  

 

Attachement of Anti-EGFR Aptamer on PDMS Substrates 

The aptamer attachment was adapted from our previous work [13]. PDMS 

substrates were further cut into 10 x 10 mm2 pieces. These small pieces were cleaned 

with UVozone plasma for 30 min followed by piranha solution dip. These substrates 

were then rinsed with DI water and dried in nitrogen flow and immersed in 3% (v/v) of 
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(3-aminopropyl)triethoxysilane (APTES) in methanol for 30 min at room temperature. 

Next, the substrates were washed in DI water and methanol; and cured for 30 min at 

120 °C. Substrates were then put in dimethylformamide (DMF) for 5 hours at 45 °C. 

DMF had 10% pyridine and 1 mmol/Lp-Phenylenediisothiocyanate (PDITC) in it. After 5 

hours, substrates were rinsed with DMF and 1,2-dichloroethane and dried in nitrogen 

gas. A 30 μmol/L concentration of capture DNA (which had a 5' amine group) was 

prepared using DI water with 1% N,N-Diisopropylethylamine (DIPEA) and substrates 

were incubated in DNA solution overnight in a humid chamber at 37 °C. After 

incubation, the substrates were washed with methanol and diethylpyrocarbonate 

(DEPC) treated DI water. Next, substrates were immersed for 5 hours in 150 mmol/L 

DIPEA in DMF and 50 mmol/L 6-amino-1-hexanol and again washed in ethanol, DMF, 

and DEPC-treated DI water. Then a glass chamber was properly washed with RNase 

free and DEPC treated DI water and PDMS substrates were placed in it. Then anti-

EGFR RNA aptamer (1 μmol/L) dissolved in 1X annealing buffer [10 mmol/L Tris (pH 

8.0), 1 mmol/L EDTA (pH 8.0), 1 mmol/L NaCl] was placed on each substrate. After 2 

hours of incubation at 37 °C, substrates were washed with 1X annealing buffer and 

DEPC-treated DI water for 5 minutes. 1X PBS (pH 7.5) with 5 mmol/L magnesium 

chloride solution was prepared and the substrates were then placed in it before using 

for experiments. The experiments were run within several hours after functionalization. 

 

Fluoresence Measurements 

Surface modification was confirmed further by fluorescence measurements of 

acridin orange (AO) stain. DNA attached PDMS surfaces were used to measure 



 

72 

intensity of AO. The AO solution of concentration 2 mg/mL was prepared in sterilized 

DI water. DNA functionalized plain and nanotextured PDMS surfaces were completely 

immersed into it and kept on the shaker for 30 minutes. Then all samples were washed 

thoroughly in DI water and fluorescence measurements were taken at 480 nm 

wavelength using Zeiss confocal microscope. The fluorescence intensities were 

analyzed with ImageJ (National Institutes of Health, Bethesda, MD). 

 

Human Glioblastoma and Astrocyte Cell Culture 

The culture of hGBM cells have been reported before [13]. These cells were 

cultured in chemically defined, serum-free Dulbecco’s Modified Eagle’s Medium 

(DMEM)/F-12 medium supplemented with 20 ng/mL mouse EGF (from Peprotech, 

Rocky Hill, NJ), 1X B27 supplement (Invitrogen, Carlsbad, CA), 1 insulintransferrin-

selenium (Invitrogen), and penicillin: streptomycin 100 U/mL:100 µg/mL (HyClone, 

Wilmington, DE) and plated at a density of 3 x 106 live cells per 60 mm plate. The 

hGBM cells were transduced with a lentivirus expressing mcherry fluorescent protein. 

Human astrocyte cells were obtained from consenting patients at the University of 

Texas Southwestern Medical Center (Dallas, TX, USA) with the approval of the 

Institutional Review Board. The collected human astrocyte cells were cultured in 

DMEM/F-12 (Cellgro, Mediatech Inc.) with 10% fetal bovine serum. Gentamycin and L-

glutamine (Invitrogen) were added to the cell culture medium. Standard cell culture 

conditions i.e. a sterile, humidified, 95% air, 5% CO2 and 37 oC were maintained to 

incubate cells. 
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Tumor and Astrocyte Cells Capture on Substrates 

First of all, cell suspensions were centrifuged and the supernatants were 

removed. Next, 1X PBS solution (with 5 mM MgCl2) was added to dilute the cells to a 

concentration of 100,000 cells/mL. Approximately 500 µL drop of cell suspension was 

put on each substrate and incubated for 30 min at 37 °C. After incubation, substrates 

were washed with sterilized 1X PBS on a shaker at 90 revolutions per minute for 15 

minutes [13]. Then substrates were observed and micrographs were captured using 

Leica optical microscope. ImageJ was used to calculate cell density from captured 

micrographs. For each type of surface, eight and six samples were prepared for hGBM 

and astrocyte cells, respectively. The cell capture efficiency on surfaces was also 

calculated by taking the ratio of total number of cells captured and number of cells 

suspended on each sample surface. Total number of cells captured on each sample 

was calculated from the cell density and total surface area of the samples. Statistical 

analysis was performed using one-way analysis of variance (ANOVA) for all types of 

surfaces. 

 

In vitro Cell Culture Studies on Nanotextured PDMS 

Fibroblasts, hGBM and human astrocyte cells were seeded on standard well 

plate, plain and nanotextured PDMS to observe the effect of nanotexturing on cell 

growth. All PDMS scaffolds were cut into 6 mm diameter circular disks, washed three 

times in DI water, dried in nitrogen flow and treated with O2 plasma for 30 min.  Next, 

scaffolds were washed in 70% ethanol for 30 min to sterilize. Again, all scaffolds were 

washed in DI water three times and dried. The samples were then coated with poly-D-
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lysine (PDL) by immersing the scaffolds in PDL solution for 24 h and then washed 

again in sterilized DI water thoroughly. Then samples were coated with laminin solution 

containing 10 µg/mL laminin in 1X PBS (PBS was Mg2+/Ca2+ free) and incubated at 37 

oC overnight to adhere laminin to the PDMS surfaces [119]. Next, samples were 

washed in sterilized 1X PBS and freshly harvested human fibroblasts, hGBM and 

human astrocyte cells were seeded (1000 cells/mL) onto the samples. The sample 

surfaces were observed under optical microscope after 3 days. For each type of 

surface, five samples (n = 5) were prepared. Statistical analysis was also performed 

using one-way ANOVA for all types of surfaces. 

Results and Discusion 

Surface Topography of Nanotextured Substrates 

The average roughnesses found from AFM were 242.92±87.71 nm, 

515±102.28 nm and 629.17±109.67 nm for Surface-1, Surface-2 and Surface-3, 

respectively (Figure 4-2). Thus higher surface roughness was achieved when the ratio 

of CF4 was higher than O2. But similar feature was obtained by using same amount of 

O2 and CF4 for longer period of time. Therefore, it can be said that the features of 

nanotextured surfaces can be controlled by both the etch time and ratio of oxygen and 

carbon tetra fluoride. Moreover, this approach can be used to create nanotexture in 

microfluidic devices fabricated in PDMS. The devices will need to be fabricated first in 

PDMS and exposed to micro-RIE to create nanotexture. Template based techniques to 

create nanotexturedsurfaces have been reported [16, 17], but the presented method 

does not require any template. 
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Figure 4-2: AFM micrographs of the plain and nanotextured PDMS surfaces. The 

micrographs represent (a) plain PDMS surface; nanotextured PDMS surfaces obtained 

by micro-RIE using O2 and CF4; (b) after 12 min (O2:CF4, 1:1); (c) after 12 min (O2:CF4, 

1:2); and (d) after 25 min (O2:CF4, 1:1). Reprinted with permission [200]. 

 

Elemental Analysis and Compositional Mapping 

PDMS is a polymer which is made of SiOC2H6 monomer. Energy dispersive X-

ray spectroscopy (EDS) elemental analysis of plain PDMS showed that it comprises of 

silicon, oxygen and carbon (Figure 4-3(a)). Silver came from the coating. Hydrogen 

could not be detected in EDS analysis. Because hydrogen atom is very small with 
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lower atomic number. Micro-RIE was conducted on plain PDMS surfaces to get 

nanotextured PDMS using O2 and CF4. The EDS elemental analysis of nanotextured 

PDMS (Surface-3) had almost identical results (Figure 4-3(b)). That means the etching 

did not make any change in chemical nature of PDMS. 

 

Figure 4-3: EDS elemental composition of (a) Plain PDMS and (b) Nanotextured PDMS 

(Surface-3) [200]. 

Contact Angle Measurements 

 Contact angle of a water droplet indicates the hydrophobicity or hydrophilicity of 

a surface [13]. Contact angle is more than 90o for hydrophobic surfaces, otherwise it is 

hydrophilic. Nanotexturing increased both the hydrophobicity and hydrophilicity of a 

hydrophobic and hydrophilic surface respectively [13, 163]. The contact angles of all 

(a) (b) 
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experimental surfaces are given in Table 4-1. All bare surfaces were hydrophobic and 

after APTES and isothiocyanate functionalization, all substrates became hydrophilic. 

 

Table 4-1: Contact angles measured on bare surfaces and after chemical activation 

with phenylene di-isothiocyanate (PDITC) ) (n=5) 

Substrate Type Base Substrate After PDITC Treatment 

Flat PDMS 112.2 ± 2.77 66.2 ± 2.17 

Surface-1 126.8 ± 3.11 56.2 ± 2.28 

Surface-2 139.8 ± 2.39 52 ± 2.45 

Surface-3 145.4 ± 2.19 48.4 ± 1.95 

 

Fluorescence Measurements 

 

Figure 4-4: Fluorescence intensity from AO stain [200]. 
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 Plasma treatment and exposure to piranha solution increased the 

number of available hydroxyl groups on PDMS surfaces. It helped to enhance the 

number of amino groups from adsorbed APTES. This indeed enriched the number of 

attached DNA molecules on the surface which finally increased the total number of 

immobilized aptamers [13]. Fluorescence intensities of AO were determined to 

compare the relative number of DNA molecules on all substrates. Figure 4-4 is 

showing the average intensities of all the substrates. Nanotextured PDMS substrates 

provided higher signals compared to plain PDMS. The highest intensity was observed 

in Surface-3 and lowest for Surface-1. Nanotexture amplified available surface area 

and generated higher number of hydroxyl groups, thus more amino groups and 

consequently higher number of DNA got immobilized. Higher number of DNA is 

favorable to attach increased number of aptamer molecules on the surface and as a 

result tumor cell isolation was much enhanced. It is reported that the packing density of 

anchored DNA depended on radius of gyration of the molecules and the radius of 

gyration determined the footprint of a molecule and density of packing [167]. 

Nanotextured surfaces shorten the distance between the immobilized ends of the 

probes as free ends had more room on a curvaceous surfaces and need smaller 

footprint compared to flat surface for same radius of gyration [13]. Hence, nanotextured 

surfaces had higher probe density. For same areal size nanotextured surfaces also 

offered higher effective area than plain surface. That’s why total number of captured 

molecule was elevated and nonspecific aptamer adsorption was decreased on 

nanotextured surfaces. Non-specific adsorption of aptamers occurred due to van der 

Waals forces only if aptamers could find their way to the surface. But negative charge 

of tightly packed DNA repelled aptamers and minimize non-specific adsorption [13]. 
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Among three nanotexturedPDMS surfaces fluorescence intensity was lowest for 

Surface-1. But Surface-2 and Surface-3 showed higher intensity as they had higher 

surface roughness. Again, roughness of Surface-3 was higher and consequently 

density of DNA molecules was higher compared to Surface-2. Therefore, fluorescence 

intensity was highest for Surface-3.  

 

Isolation of hGBM and Astrocyte Cells 

Figure 4-5(A-D) represents micrographs of hGBM cells captured on anti-EGFR 

aptamer grafted plain and nanotextured PDMS substrates. Average densities of hGBM 

and astrocyte cells were calculated after washing the substrates with 1X PBS at 90 

revolutions per minute for 15 min. By analyzing the optical micrographs, average 

number of captured hGBM cells was found lower on plain PDMS compared to 

nanotextured PDMS surfaces. The average cell density for plain PDMS surface was 

49.25±7.21 per mm2 and for surface 1, 2 and 3 cell densities were 103.75±5.28 per 

mm2, 146.75±5.50 per mm2, and 166.38±7.19 per mm2, respectively. From cell density 

on surfaces, the cell capture efficiency calculated for plain PDMS surface was only 

9.85% where as for Surface-3 it increased to 33.28%. Average cell densities of 

astrocyte cells did not vary significantly for all of these surfaces (Figure 4-5(E-H)). For 

plain PDMS, it was 28±9.80 per mm2 and for surface 1, 2 and 3 it was 36±15.18 per 

mm2, 38±14.03 per mm2, and 44±14.53 per mm2, respectively. Figure 4-6(a) is showing 

the quantitative results for both types of cells on all surfaces and Figure 4-6(b) is 

representing the linear relationship between surface roughness and cell capture 

density. All these substrates were modified with anti-EGFR aptamer. Density of hGBM 
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cells depended on the available number of anti-EGFR aptamer molecules on the 

substrate, the density of EGFR on cell membrane, the affinity between EGFR and 

aptamer, and the surface roughness of the substrate [13].  

Availability of aptamer molecules depended on surface nanotexture and the 

nanotexture also increased affinity between surface and aptamers by providing 

biomimectic environment for the cells. Nanotexture allowed more surface area for 

aptamers to be attached on the surface. Thus, cell capture density was higher. Cell 

capture density was proportional to surface nanotexturing. The relationship between 

surface roughness and density of captured hGBM cells was almost linear. Surface 

roughness and cell capture density of tumor cells both were highest for Surface-3 and 

lowest for Surface-1. Statistical analysis, one-way ANOVA, showed statistically 

significant differences (p-value < 0.01) in cell density for three surfaces. 

For astrocyte cells, density of captured cells were little higher on nanotextured 

PDMS surfaces but the differences were not as high as for tumor cells. From Figure 4-

6(a), it is obvious that number of captured cells was very lower for astrocyte on 

nanotextured PDMS with respect to hGBM cells. The functionalized nanotextured 

surfaces had very high number of available aptamers, thus reduced the non-specific 

binding of astrocyte cells on the surfaces. It represents the essential trade-off between 

sensitivity and selectivity. On the whole, the nanotextured surfaces offered higher 

sensitivity but also suffered from lower specificity. The end-goal would define optimal 

levels of nanotexturing for particular applications against various cancers but here we 

can see that the nanotextured surfaces are advantageous to increase isolation of rare 

cancer cells. The data also supports to the fact that for one type tumor cells, with one 

level of receptor overexpression, the isolation efficiency can be increased by simply 
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increasing the number of available ligands. Nanotexture of the PDMS substrates gives 

an easy and straight-forward way to do that in microfluidic channels. 

 

Figure 4-5: The hGBM and astrocyte cells on the anti-EGFR aptamer modified 

surfaces; hGBM cells on (a) plain PDMS surface; (b) Surface-1; (c) Surface-2 and (d) 

Surface-3; and astrocyte cells on (e) plain PDMS surface; (f) Surface-1, (g) Surface-2 

and (h) Surface-3. Scale bar = 100 µm in (a) is also applicable for (b)-(d) and (e) is also 

applicable for (f)-(h). Reprinted with permission [200]. 
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Figure 4-6: (a) The average cell density (cell number/mm2) of hGBM and astrocyte 

cells on aptamer functionalized PDMS surfaces; (b) relationship of surface roughness 

and cell density of captured hGBM cells [200]. 

 

In vitro Cell Growth on Nanotextured Surfaces 

Three types of cells were seeded on four PDMS surfaces and standard 

polystyrene well plates. All the surfaces were coated with Laminin before seeding the 

cells. Nanotextured surfaces allowed higher growth rate compared to plain PDMS 
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surfaces for all types of cells (Figure 4-7). For all cases, Surface-3 showed highest cell 

density among three nanotextured surfaces. Density of astrocyte cells increased to 

114±16.15 cells per mm2 on Surface-3 as plain PDMS had 28±3.58 cells per mm2. But 

the standard well plate had higher cell density compared to Surface-3. Similarly, 

density of fibroblasts cells was also higher in well plate (349.6±20.12 cells per mm2) 

compared to Surface-3 (272.80±13.68 cells per mm2). One-way ANOVA analysis 

showed statistically significant differences in all substrates for astrocyte and fibroblast 

cells except for astrocyte cells in Surface-2 and Surface-3. In this case, the cell density 

did not vary significantly (p-value > 0.29). For hGBM cells, statistical difference among 

well plate, Surface-2 and Surface-3 was not remarkable (p-value > 0.39). Therefore, 

only for hGBM cells, nanotextured surfaces showed high cell growth similar to well 

plate.  

A limitation of plain PDMS surface is even after chemical modification, it is hard 

to maintain cells on surface, especially for long-term cell culture due to the absence of 

stable cell-adhesive layer [13, 168]. The hydroxyl groups go through dehydration 

reaction and high chain mobility pulls the hydrophobic methyl groups to the surface and 

prevents the generation of a cell-adhesive layer. Similar occurrence happened to 

nanotextured PDMS surfaces. But nanotexturing upgraded cell attachment and 

isolation by increasing surface area which allows more protein attachment and allows 

cell adhesion and growth. Consequently, the nanotextured surfaces allowed higher cell 

growth. For tumor cells, the proliferation was comparable to standard well plate. But for 

healthy cells, well plate had much higher cell growth compared to nanotextured 

surfaces. That suggests that tumor cells have higher affinity towards nanotextured 

surfaces compared to healthy cells. Therefore, nanotextured PDMS surfaces can be 
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efficient tool in microfluidic platforms for isolation and growth of tumor cells as standard 

well plate materials are not compatible with microfluidic devices.  

 

 

Figure 4-7: The hGBM cell growth on plain and nanotextured surfaces as well 

as in the culture plate (a) plain PDMS surface; (b) Surface-1; (c) Surface-2; (d) 

Surface-3; and (e) the average cell densities (cell number/mm2) for hGBM, astrocyte 

and fibroblast cells on all surfaces; Scale bar = 100 µm in (a) is also applicable  

for (b)-(d). Reprinted with permission [200]. 
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Conclusions 

Nanotextured PDMS surfaces give rapid and inexpensive ways of fabricating 

better substrates cell isolation and cell-culture. Micro-RIE can provide better control to 

create nanotextured surfaces of desired roughness. For the detection of CTCs, a 

device must have high cell capture efficiency and faster cell growth facility. By simply 

introducing nanotexture in microfluidic devices it is possible to achieve these both 

potentials. The surface roughness effect cell capture and cell growth almost linearly. 

That’s why nanotextured PDMS could be implemented in microfluidic biosensors. 

Therefore, nanotextured surfaces can be incorporated in point-of-care device for the 

detection of tumor cells. 
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Chapter 5  

NANOTEXTURED MICROFLUIDIC CHANNEL FOR ELECTRICAL PROFILING AND 

DETECTION OF TUMOR CELLS FROM BLOOD  

 

Introduction 

Micropore has been reported to detect tumor cells from blood from their 

translocation behavior [6, 7]. The CTCs exhibited characteristic electrical signals based 

on their mechanical and physical properties while measuring ionic current. It has been 

reported already that cancer cells have larger diameters than red and white blood cells 

(RBCs and WBCs). Cancer cells are also known to have different elasticity than 

healthy cells [94, 169, 170]. Again, cell behavior is influenced by nanoscale structure of 

the surfaces [13, 158]. Nanotexture surfaces have already been employed in 

biosensors [171-174]. Nanotextured surfaces can be prepared using various 

techniques as we mentioned in earlier. Here we implemented micro-RIE to create 

nanotextured PDMS microchannel to observe translocation profile of tumor cells and 

discriminate from blood. The reported microfluidic device, with nanotextured walls was 

employed to detect metastatic renal cancer cells from whole blood by measuring ionic 

current. Fluid pressure was applied using a syringe pump to push cells through 

microchannel. A pair of Ag/AgCl electrode was used to measure ionic current through 

the microchannel. The cells were suspended in phosphate buffered saline (PBS). 

Physical blockage of the channel by cells provided distinctive current pulses across 

microfluidic channel. Pulse magnitude depended on the cell size, and orientation and 

pulse duration corresponded to the time required for the cell to pass through the 

microchannel. The translocation time also depended on cell elasticity and cell-surface 
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interactions inside the channel. Pulse shape related to the physical and mechanical 

properties of the cells. First of all, plain PDMS microchannel was implemented to 

discriminate tumor cells from blood. Next the nanotextured microchannel was for the 

same purpose. This time translocation of more than 50% of tumor cells became slower. 

Consequently nanotextured microchannel provided 14% higher detection efficiency of 

tumor cells compared to plain microchannel. The reported microdevice is simple, 

reusable and efficient. The soft lithography was used to fabricate the device. This 

method did not require fluorescent tags, surface functionalization or pre-processing of 

the blood sample for tumor cell detection. 

 

Materials and Methods 

Device Fabrication 

 The microfluidic device composed of one inlet and one outlet and a single 

microchannel connected them. The dimension of the channel was 20 µm x 20 µm x 5 

µm (width x height x length) (Figure 5-1(a)). This device was fabricated by soft 

lithography using PDMS. The device was designed in AutoCAD and translated to a 

glass photomask. Then device was fabricated on a silicon wafer by spin coating SU-8 

2010 (1000 rpm, 35 seconds) followed by photolithography. Next, the pattern was 

translated to PDMS as described in chapter 2. 

 To create nanotexture, the channel surface was etched in reactive ion etch 

series 800 plasma system. The etching was performed using oxygen (O2) and carbon 

tetrafluoride (CF4) for 20 min. After etch, device was washed in sonicated IPA followed 

by dip in piranha (H2O2:H2SO4 in a 1:3 ratio) solution. The PDMS and glass slides were 
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treated with UV Ozone plasma for 15 min and hermetically bonded together. The 

fabricated devices were filled with 1X PBS with 5 mM magnesium chloride (pH 7.5). 

 

Device Characterization 

 Zeiss LSM 5 Pascal Confocal Microscope and KLA-Tencor Alpha-Step IQ 

profilometer was used to image and measure heights of the features for the master 

fabricated in silicon wafer. A Dimension 5000 AFM evaluated the surface topography of 

PDMS and nanotextured PDMS surfaces quantitatively. The root mean square surface 

roughness was measured over scan area of 10 µm x 10 µm. Micrographs of PDMS 

samples were captured in the ambient air with 15% to 20% humidity at a tapping 

frequency of ~300 kHz. The analyzed field was measured at a scan rate of 1 Hz with 

256 scanning lines. 

 

Measurement Setup 

 The measurement setup was similar as reported before by our group [6]. 

Ag/AgCl electrodes were immersed in PBS that filled the microchannel and were used 

for ionic current measurements. The electrodes were connected to data acquisition 

cards (National Instruments) to bias voltage and measure current. The inlet of the 

device was connected to a syringe pump (Harvard Apparatus) through a tubing 

adapter. The entire measurement setup is shown in Figure 5-2(b). Cells were 

suspended in 1X PBS and injected into the inlet compartment using the syringe pump 
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and passed to the outlet. While cells translocated through the microchannel, 

conductivity of the channel reduced. The conductivity of the channel G is given by, 

       … … … (5-1) 

  Here s is the conductivity of PBS solution, A and L are cross section area and 

length of the channel, respectively. The conductivity of the channel was reduced due to 

the reduction of the effective area caused by physical blockage created while cells 

were passing. 

 

 

 

 

 

 

 

 

 

Figure 5-1: (a) Micrograph of the microchannel; (b) Measurement setup, syringe pump 

connected to the inlet of microfluidic device. One Ag/AgCl electrode is connected 

through the tubing at the inlet and another to the outlet.  

Human Derived Primary Renal Cancer Cell Culture and Collection of Rat Blood 

The procedure for culturing human derived renal cancer cells and collecting of 

rat blood is same as mentioned in chapter 3. Metastatic renal tumor cells were isolated 

from the brain tissues of consenting patient at the University of Texas Southwestern 

 

(a)                                                             (b) 
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Medical Center at Dallas, Texas, USA as per the approved Institutional Review Board 

protocol [38]. The known metastasized renal derived cancer cells were collected in ice-

cold Hank’s medium. Then cells were chemically dissociated with papain and dispase 

(both 2%) as reported earlier [39]. Next cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) with 10% fetal bovine serum [6]. The renal cancer cells were 

stably transduced with a lentivirus expressing mcherry fluorescent protein. The blood 

samples were collected from tail of a rat by restraining the animal.  The blood was 

collected in tubes with K2-EDTA as anticoagulant.  

 

Results and Discussion 

Surface Topography of Nanotextured Substrates 

 The measured average roughness of nanotextured surface was 519.17±103.71 

nm. The AFM image of plain and nanotextured surfaces are shown in Figure 5-2. 

Device Assembly 

 The microfluidic device had one microchannel that was assembled as 

described in the Materials and Methods section. The dimension of the channel was 

small enough so that multiple cells could not travel through simultaneously. The flow 

rate was optimized for the experiment. At higher flow rates, translocation events of 

some cells can be missed. Lower flow rates reduced the throughput of the device. To 

balance between these two conditions the experiments were run at a flow rate of 16.67 

µL/min. Sampling frequency of the electrical signal was also optimized to have stable 

baseline and less noise. Lower frequency is favorable for stable baseline current and 
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less noise. But the system might miss rapid translocation events. On the other hand, 

higher frequency generates inherent noise which suppressed some signals during cell 

translocation. The current sampling interval was optimized at 5 µs (0.20 MHz) and the 

applied bias voltage was 5 volts.  

 

 

 

Figure 5-2: Atomic force micrographs of (a) plain; and (b) nanotextured PDMS 

surfaces. Reprinted with permission [201]. 

Translocation Behavior of Tumor Cells through Plain and Nanotextured Microchannels 

The metastatic renal cancer cells were suspended in 1X PBS at a concentration 

of 1000 cells/mL and passed through both plain and nanotextured microchannels for 

10 min while current was measuring across microchannel. This experiment was 

repeated at least 5 times. From ionic current measurement data distinctive current 

pulses were found for tumor cells. The peak amplitude for tumor cells were similar in 

both types of channels but the average translocation time was higher in nanotextured 

         (a)                                                     (b) 
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microchannels compared to plain microchannels. Above 50% tumor cells had higher 

translocation time through nanotextured microchannels compared to plain 

microchannels (Figure 5-3(a)). The average translocation time in nanotextured 

microchannel was 60.40% higher compared to plain channel (Figure 5-3(b)). The 

magnitude of current drop depended on the physical blockage of the channel. Again 

amount of blockage depended on cell size, shape and orientation. As the cell sizes 

were same for both devices the peak amplitude remained identical (Figure 5-3(c)).  

Nanotopographic surfaces have various influences on cell functions [175-182]. 

Nanotextured topography is more biomimectic and cell-stimulating cue as cells have to 

contact with nanotextured interfaces in vivo. Complex nanostructures are found in 

basement membranes of most tissue [175]. Cells can recognize and adjust with 

nanotextured surfaces in a selective manner. Cells adhered and probed with 

nanotextured surfaces and moved using nanoscale methods like filopodia and 

lamellipodia [176]. The membrane of cells got deformed and caused modification in cell 

functioning due to the topography. This had substantial impacts on mechanical 

properties of cells such as mechanical stretching, spreading, elasticity etc [175-179]. 

Nanotextured surfaces can also alter the elastic modulus of the cells by influencing the 

volume and shape [177-179]. Translocation time of a cell depended on cell elasticity [6] 

and cell-surface interactions [6, 7]. The combined effects of all these facts slower the 

translocation of tumor cells in nanotextured microchannels. Statistical analysis of 

translocation time and peak amplitude for tumor cells in plain and nanotextured 

microchannels were performed using one-way analysis of variance (ANOVA). The 

peak amplitude did not show appreciable statistical difference (P-value was 0.07) but 
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translocation time was significantly different for two types of microchannels (P-value < 

0.01). 

 

Figure 5-3: Translocation behavior of renal cancer cells through plain and nanotextured 

microchannels (a) characteristics plot for the cells; (b) average translocation time and 

(c) average peak amplitude (n ≈ 200). Reprinted with permission [201]. 

Translocation Behavior of Blood Cells in Plain and Nanotextured Microchannels 

Translocation profile of blood cells was determined through plain and 

nanotextured microchannels. Blood cells were diluted in 1X PBS at a ratio of 1:100 and 

processed through the microchannels for 5 minutes. The experiments were repeated at 

least three times and identical results were obtained. RBCs are smaller compared to 

WBCs and single RBC might be very small to create detectable pulse. Thus the 
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microchannels may have missed some pulses of RBCs. In both types of 

microchannels, translocation behavior of blood cells was similar (Figure 5-4). The 

averages of translocation time and current peak was not very different as shown in 

Figure 5-3(b) and (c). Only 7.63% blood cells showed higher translocation time in 

nanotextured microchannel compared to plain channel. Blood cells are comparatively 

smaller in size and created less physical blockage in microchannels. Most of the cells 

could not come in contact with the surface or side walls of the channels. The 

nanotexture thus did not had higher affinity towards blood cells and translocation 

behavior was very similar in both microchannels for majority of the blood cells. 

 

Figure 5-4: Translocation behavior of blood cells in plain and nanotextured 

microchannels (n ≈ 200) 
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Figure 5-5: Representative electrical pulses of the translocated cells through 

the microchannels, (a) cancer cell through plain microchannel; (b) cancer cell through 

nanotextured microchannel; (c) blood through nanotextured PDMS microchannel;, 

close-up of electrical pulses of some blood cells through (d, e) plain and (f) 

nanotextured PDMS microchannel. Reprinted with permission [201]. 
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Pulse Shapes of Tumor and Blood Cells 

Pulse shapes of cancer and blood cells were observed very closely. Cancer 

cells generated very smooth pulses (Figure 5-5(A) and (B)). Due to highly elastic 

nature, pseudopod formation, and interactions with the surface, tumor cells took longer 

time to pass the channels and ripples of very small magnitude were observed at the 

bottoms of inverted bell shaped pulses. By closely observing pulse shapes, cluster of 

cells can be differentiated from single cell.  

Smooth pulse is found when only one cancer cell passed through the microchannel at 

a time. At a sampling rate of 5 µs, in plain and nanotextured channel a pulse consisted 

of approximately 30 and 48 data points of current, respectively for the tumor cell. Each 

current value related to a cross-sectional contour sketching the physical dimension of 

the entire cell [6]. Thus the translocation data can be used to precisely track the three 

dimensional electrical profile of the tumor cells. From Figure 5-5(a) and (b), it is visible 

that for cancer cells, pulse width is higher in nanotextured microchannel and also 

higher number of ripples is being at the bottom of the current pulse. The reason can be 

the formation of pseudopods in the nanotextured microchannel. Interactions of tumor 

cells were higher with nanotextured surfaces and cells created higher number of 

pseudopods [13]. The formation of pseudopod leaded change in shape of the cells and 

physical blockage got affected. The current rose slightly at the end of every pulse of 

tumor cells in both types of channels. It was transient and current stabilized in very 

short period of time. This transient might be due to sudden rush of ions under the 

applied bias to balance the potential across the channel. For blood cells, some pulses 

had several spikes which suggested that more than one cells, most probably RBCs, 

passed together. The diameters of WBCs vary within a range of 5-16 µm. The larger 
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WBCs showed deeper pulses but the bottom of the pulses had sharper angles (Figure 

5-5(c)) as blood cells were stiffer. Figure 5-5(d-f) represents close-up electrical profile 

of different blood cells. These pulses had several spikes or irregular shapes, in contrast 

to the pulses of cancer cells. At a sampling rate of 5 µs, in both channels on an 

average, a pulse contained approximately 13 data points of current for a blood cell. 

Thus, even for blood cells pulse shape can depict the physical dimension. Statistical 

analysis of translocation time and peak amplitude for blood and tumor cells were 

performed and significant difference was found (P-value < 0.01).  

 

Discrimination of Tumor and Blood Cells 

 The pulse data for blood and renal cancer cells through plain and nanotextured 

microchannels is plotted in Fig. 5. In plain microchannels, the peak amplitude and 

translocation time for blood cells were 16.81 µA and 125 µs, respectively. On the other 

hand, lowest peak amplitude and translocation time for renal cancer cells in the plain 

microchannels were 10.29 µA and 75 µs, respectively. Thus, there was an overlapping 

region in translocation behavior for both types of cells in plain microchannels. The 

calculations showed that 82% tumor cells exhibited distinctive behavior in plain 

microchannels and 18% of tumor cells were enveloped in the translocation region of 

blood cells. Similarly, in nanotextured microchannels, the peak amplitude and 

translocation time for blood cells were 16.95 µA and 150 µs, respectively. On the other 

hand, lowest peak amplitude and translocation time for renal cancer cells in 

nanotextured microchannels were 10.73µA and 125 µs, respectively. In nanotextured 

microchannels, 93% of tumor cells were discriminated from blood cells based on their 

translocation time and peak amplitude. Translocation time of tumor cells was higher in 
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nanotextured microchannels as discussed above and consequently the discrimination 

efficiency was improved. 

 

Detection of Tumor Cells from Blood 

The aim of the  microfluidic device was to detect cancer cells from blood and 

other bodily fluids. To achieve that target the blood was diluted ten times with 1X PBS. 

The dilution of blood made the process easier by reducing the density and viscosity of 

the blood. This diluted blood solution was passed through the microchannels at a flow 

rate of 16.67 µl/min. We ran experiments in each type of devices for 10 min and 

repeated it twice. The recorded translocation data of blood cells from both plain and 

nanotextured devices were used for density plot as shown in Fig. 6(A) and 6(B), 

respectively. The color variation represents the densities of cells. As the dilution factor 

decreased from 100 to 10 upper threshold for blood cells were increased slightly due to 

clumping effect at high concentration. There were some irregular shaped pulses which 

could be separated from the pulses of renal cancer cells based on their characteristics 

such as amplitude, width and shape. For plain and nanotextured channels the peak 

amplitudes were 19.2 µA and 21.04 µA, respectively and the maximum translocation 

times were 125 µs and 165 µs, respectively. Next, the renal cancer cells were spiked in 

diluted blood (dilution factor was 10) at a concentration of 100 cells/ml. Now this 

mixture was used to run the experiments through microchannels for 15 min and 

repeated twice. The flow rate was kept same as before.  Thus the total volume of 

processed sample was 0.5 ml and the total number of cells was supposed to be 

passed through the microchannel was 50. Next, the recorded data was used to 
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discriminate tumor cells from blood based on their pulse shape, translocation time and 

peak amplitude. 

 

 

Figure 5-6: Representative translocation data of blood and renal cancer cells through 

(a) plain and (b) nanotextured microchannels (n≈ 200). Reprinted with permission 

[201]. 

 

(b) 

(a) 
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The density plots of the obtained data are shown in Fig. 6(C) and 6(D) for plain 

and nanotextured microchannels, respectively. Tumor cells were discriminated in plain 

microchannels by comparing Fig. 6(A), and 6(C) and Fig. 6(B), and 6(D) were 

compared for nanotextured microchannels. Typical translocation regions of renal 

cancer cells, obtained from Fig. 5, are shown by green dotted circle in Fig 6(C) and 

6(D). Most of the cells showed familiar peaks in both channels. The majority of the 

cancer cells exhibited higher translocation time and peak amplitude to distinguish them 

from blood cells. But for both devices several cells fell in a region which is very 

adjacent to blood cells. These small percentages (5.56% in plain microchannels and 

4.65% in nanotextured microchannels) of cells were discriminated by observing pulse 

shape very closely. In plain microchannel, cancer cells were detected with an efficiency 

of 72% while in nanotextured microchannel 86% efficiency was achieved. Enhanced 

cell-surface interactions in nanotextured channel thus appreciably increased the 

detection efficiency of tumor cells.  

 

Conclusions 

Microfluidic channel was fabricated to detect tumor cells from blood from their 

translocation behavior. The nanotextured microchannel reduced the translocation time 

of 50% cancer cells due to enhanced cell-surface interactions. This interesting 

phenomenon increased the detection efficiency of the device by 14%. The device was 

very reliable, inexpensive and reusable. This approach can be implemented for 

quantifying circulating tumor cells. Nanotextured microchannel can also be 

implemented to differentiate various types and stages of cells. 
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Figure 5-7: Data plots for blood cells through (a) plain and (b) nanotextured 

microchannels; data plots for cancer cells spiked in blood through (c) plain and (d) 

nanotextured microchannels. The typical region of detected cancer cells are enclosed 

in dotted green circle. Reprinted with permission [201]. 
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Chapter 6  

SINGLE BIOCHIP FOR THE DETECTION OF TUMOR CELLS EMPLOYING 

ELECTRICAL PROFILE AND SURFACE IMMOBILIZED APTAMER  

 

Introduction 

In previous two chapters the effect of nanoscale topography on tumor cells has 

been explained. Nanotextured substrates offer enhanced surface area which amplifies 

the attachment of aptamers and leaded higher cell capture for target cells. It has also 

been demonstrated in previous chapter that how translocation profile can discriminate 

cancer cells from blood. In this chapter a new microfluidic device is introduced to take 

leverage of both aptamer functionalized nanotextured surface and current 

measurement techniques for the detection of tumor cells. The device was fabricated 

using soft lithography and micro reactive ion etching (Micro-RIE) was performed to 

create nanotextured surface. The device was functionalized with anti-EGFR aptamer 

and flow velocity was optimized to have high capture efficiency for target cells. Higher 

flow velocity increased the throughput but deteriorate the cell capture capacity and 

viability of the cells due to large gradients in shear stress. Cell viability is essential for 

subsequent genotype and phenotype profiling of the isolated cells. On the other hand, 

lower flow rate increased the nonspecific binding of unwanted cells. Besides capturing 

tumor cells, this device was measuring ionic current across microchannels to detect 

them. The translocation mechanism of cells through the microchannels depended on 

the size, shape, orientation, and biomechanical properties of the cells and applied fluid 

pressure. It has been reported that cancer cells are larger in size than blood cells and 

highly viscoelastic in nature [6, 94, 95]. The transformation of cytoskeleton, while 
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becoming malignant changes the viscoelastic property of tumor cells [183]. However, 

the cells were suspended in phosphate buffered saline (PBS) and translocated through 

the device under different fluidic pressure. While passing microchannels, every cell 

provided distinctive current pulse by creating physical blockage of the channel. Pulse 

duration and amplitude depended on the physical and mechanical properties of the 

cells. First of all, hGBM and white blood cells (WBCs) were suspended separately in 

PBS and injected in the device to observe their translocation characteristics. In this 

case, all the pulses from inlet and outlet microchannels suggested translocation 

signatures of individual type of cells. The difference in number of detected cells in two 

microchannels was indicating the amount of captured cells inside the device. Images of 

the devices were taken to enumerate the number of captured cells in the cell capture 

zone and compared with current measurement data. Next, the mixture of hGBM and 

WBCs (ratio 1:1) was passed at a flow velocity of 1 mm/s. From the current pulses of 

inlet microchannel 82% hGBM cells discriminated from WBCs. On the other hand, 73% 

hGBM cells were captured in cell capture region and 20% were detected at outlet 

microchannel. Thus, 93% of tumor cells were detected using both the cell capture zone 

and outlet microchannel which is significantly higher compared to the efficiency of only 

inlet microchannel or cell capture region alone. Finally, the hGBM cells were spiked in 

rat blood at a concentration of 100 cells/mL and more than 80% cells were detected by 

the microfluidic device. This microdevice has exploited the benefits of both cell-affinity 

micro-chromatography and mechanophysical properties based current measurement 

techniques. This microdevice can be an efficient point-of-care module for the detection 

of rare tumor cells.  
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Materials and Methods 

Device Fabrication 

The schematic diagram of the microfluidic device is shown in Figure 6-1. The 

inlet and outlet of the devices are connected to the cell capture zone via two 

microchannels. The current was measured across these microchannels while cells 

were passing through the device. 

The dimensions of the microchannel was 20 µm x 20 µm x 5 µm (width x height x 

length). The device was fabricated using soft lithography. The pattern was designed in 

AutoCAD and produced on a glass photomask. The master was fabricated on a silicon 

wafer. Photoresist SU-8 2010 was spin coated at 1000 rpm for 35 seconds followed by 

photolithography. Next, PDMS was used to fabricate microfluidic device from the 

master using same procedure as mentioned in earlier chapters. PDMS was mixed with 

Sylgard 184 silicone elastomer curing agent (Dow Corning), degassed in a desiccator 

get rid of the bubbles, poured on the master and heated to cure it. PDMS mold was 

peeled off the master and fluidic ports were punched using biopsy punch. Next, the 

device was etched in reactive ion etch series 800 plasma system. The etching was 

performed using oxygen (O2) and carbon tetrafluoride (CF4) for 20 min to create 

nantoexture. Next, PDMS devices were functionalized with anti-EGFR aptamer as 

explained earlier, and covered with UV ozone plasma treated glass slides. Eventually, 

the devices were filled with 1X PBS with 5 mM magnesium chloride (pH 7.5). The 

master was characterized using Zeiss LSM 5 Pascal Confocal Microscope and KLA-

Tencor Alpha-Step IQ profilometer. To evaluate surface topography quantitatively of 

nanotextured PDMS surfaces a Dimension 5000 AFM was used. 



 

105 

 

 

Figure 6-1: Schematic diagram of the microfluidic device consisted inlet, outlet and 

nanotextured cell capture zone which is functionalized with anti-EGFR aptamers. 

Current was measured across two microchannels using Ag/AgCl electrodes. 

  

Measurement Setup 

 The measurement setup was described in previous chapter. The ionic current 

was measured across the microchannels using Ag/AgCl electrodes. To apply bias 

voltage and measure current, data acquisition card (National Instruments) was used. A 

syringe pump (Harvard Apparatus) was used to flow the sample fluid into the device 

through a tubing adapter. Physical blockage of the channel reduced the conductivity of 

the channels while cells were passing through microchannels, 
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Aptamer Preparation 

 Aptamer preparation was same as explained in chapter 4 [13]. Anti-EGFR RNA 

aptamer (Kd = 2.4 nM) was immobilized on the substrate through duplex formation 

using amine-modified capture probe. The sequences of the extended anti-EGFR 

aptamer was 5'-GGC GCU CCG ACC UUA GUC UCU GUG CCG CUA UAA UGC 

ACG GAU UUA AUC GCC GUA GAA AAG CAU GUC AAA GCC GGA ACC GUG 

UAG CAC AGC AGA GAA UUA AAU GCC CGC CAU GAC CAG-3' [13]. 

 

Attachment of Anti-EGFR Aptamer on PDMS Surfaces 

The aptamer attachment protocol was same as mentioned in chapter 4 [13]. 

PDMS devices were treated in UV Ozone plasma for 30 min followed by piranha 

solution dip, rinsing in DI water and dried in nitrogen flow. Then immersed in 3% (v/v) 

of (3-aminopropyl)triethoxysilane (APTES) in methanol for 30 min at room temperature; 

cured 30 min at 120 °C. Next, devices were treated with dimethylformamide (DMF) for 

5 hours at 45 °C. After every chemical treatment, devices were rinsed in DI water and 

dried in nitrogen. A 30 μmol/L concentration of capture DNA (which had a 5' amine 

group) was prepared with 1% N,N-Diisopropylethylamine (DIPEA) and devices were 

incubated in DNA solution overnight in a humid chamber at 37 °C. Then the devices 

were washed with methanol and diethylpyrocarbonate (DEPC) treated DI water. Next, 

samples were immersed in 150 mmol/L DIPEA in DMF and 50 mmol/L 6-amino-1-

hexanol for 5 hours and again washed in ethanol, DMF, and DEPC-treated DI water. 

Then a glass chamber was properly washed with RNase free and DEPC treated DI 

water and PDMS samples were placed in it. Next, aptamer (1 μmol/L) dissolved in 1X 
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annealing buffer [10 mmol/L Tris (pH 8.0), 1 mmol/L EDTA (pH 8.0), 1 mmol/L NaCl] 

was placed on each sample. After incubating 2 hours at 37 °C, samples were washed 

with 1X annealing buffer and DEPC-treated DI water for 5 minutes. Finally, devices 

were kept in 1X PBS (pH 7.5) with 5 mmol/L magnesium chloride solution.  

 

Culture of Human Glioblastoma (hGBM) Cells and Collection of Rat blood 

The hGBM cells were cultured using the same protocol described in chapter 4 

[13]. Chemically defined, serum-free Dulbecco’s Modified Eagle’s Medium (DMEM)/F-

12 medium supplemented with 20 ng/mL mouse EGF (from Peprotech, Rocky Hill, NJ), 

1X B27 supplement (Invitrogen, Carlsbad, CA), 1 insulintransferrin-selenium 

(Invitrogen), and penicillin:streptomycin 100 U/mL:100 µg/mL (HyClone, Wilmington, 

DE) was used to culture these cells. Lentivirus expressing mcherry fluorescent protein 

was used to transducer the hGBM cells. The blood samples were collected from tail of 

a rat by restraining the animal [156].  The blood was collected in tubes with K2-EDTA 

as anticoagulant. Lysis buffer (eBioscience, CA, USA) was used to isolate white blood 

cells (WBCs) from red blood cells (RBCs) [7, 13]. 10 mL of 1X lysis buffer was added 

to 1 mL of whole blood and incubated for 10 min. Then 20-30 mL of 1X PBS was 

added to stop the reaction. This solution was centrifuged at 300-400g and cells were 

collected from the bottom of the tube as pellet. This pellet was re-suspended in the 1X 

PBS and washed several times to remove blood platelets. Then the cell density was 

calculated and again suspended in 1X PBS to have desired cell concentration. 
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Figure 6-2: AFM micrographs of (a) plain; and (b) nanotextured PDMS 

surfaces. 

 

Current Measurement and Capture of Cells in Microfluidic Device 

The cell suspension was injected through the aptamer functionalized 

microfluidic devices at different velocities. The current was recorded across two 

microchannels during cells were passing through. Then 1X PBS was pushed at same 

flow rate to wash the device and eliminate nonspecifically bound cells. Current was 

recorded while washing the device to detect loosely bound cells. From the solution, 

cells were detected by analyzing the data recorded from ionic current measurement. 

Also the images of the cell capture zone were taken with microscope and analyzed by 

Image J to count the number of captured cells. First of all, hGBM and WBCs were 

suspended separately in 1X PBS. Next, these cells were mixed at 1:1 ratio and injected 

into the device. Finally, rat blood was diluted 10 times in 1X PBS to reduce the 

viscosity and hGBM cells were spiked at a concentration of 100 cell/mL and passed 
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through the devices. For the cell mixture, the devices were observed in fluorescence 

microscope to discriminate between cancer and blood cells. 

Results and Discussion 

Topography of Nanotextured Surfaces 

 Using AFM, the measured average roughness of nanotextured surfaces was 

approximately 500 nm. The AFM images of plain and nanotextured surfaces are shown 

in Figure 6-2. 

Device Assembly 

 The microfluidic device had two microchannels that was assembled as 

described in the Materials and Methods section. Dimensions of the microchannels 

were small enough to ensure multiple tumor cells cannot pass through simultaneously. 

Higher flow rates allowed high throughput. But the measurement system could not 

record translocation events of some cells. Again high flow rate increased the shear 

stress on the cells inside the channel and reduced the probability of a cell to be 

captured in aptamer functionalized zone. For the current measurement system 

frequency of the electrical sampling was optimized to reduce noise and enhance 

stability [6, 7]. The current sampling rate was 5 µs (0.20 MHz) and applied bias voltage 

was 5 volts. 

 

Determinationo of Cell Capture Efficiency 

 EGFR was overexpressed on cell membrane of the hGBM cells and anti-EGFR 

aptamer had affinity for this type of cells [13]. Thus, anti-EGFR aptamer functionalized 
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nanotextured surfaces was employed to capture hGBM cells. The efficiency to capture 

cells depended on the flow velocity. Higher flow rate increased the shear stress on cell 

membranes and reduced the possibility of a cell to be captured. A flow rate around 2 

mm/s can be used to capture tumor cells with high selectivity [184]. Here the flow 

velocity was varied from 1 to 5 mm/s for determining cell capture probability of the 

aptamer functionalized nanotextured PDMS.  

 

Figure 6-3: Cell capture efficiencies in anti-EGFR aptamer functionalized 

nanotextured PDMS channels at different flow velocities (a) cell capture efficiencies for 

hGBM and WBCs are shown using blue and green marker; captured cells; (b) hGBM 

cells and (c) WBCs; 100 μm scale bar is for both (b) and (c). 
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RBCs and most of the WBCS are generally smaller compared to tumor cells, 

some WBCs have diameter comparable to tumor cells [6, 7, 184]. Again, hGBM cells 

have overexpressed EGFR in their cell membrane. All these properties elevated the 

cell capture probability of hGBM cells over blood cells in aptamer modified 

nanotextured microfluidic channel. First of all, hGBM and WBCs were injected in the 

device separately to calculate cell capture efficiency. The capture efficiency was 

defined as the ratio of captured cells and the total number of cells passed through the 

channel. The capture efficiencies of hGBM and WBCs at different flow velocities are 

shown in Figure 6-3 (a). As the flow velocity increased from 1 mm/s to 5 mm/s the 

capture efficiency for hGBM cells was dropped from 79.37 ± 5.97% to 31.79 ± 3.75%. 

To examine the viability of captured hGBM cells at 1 mm/s flow velocity, trypan blue 

exclusion dye (0.4%) was used and more than 90% cells were viable. On the other 

hand, for WBCs capture efficiency was decreased from 16.89 ± 4.02% to 3.93 ± 2.59% 

for the flow velocity of 1 mm/s and 2 mm/s respectively. Figure 6-3(b) and (c) are 

showing the images of captured hGBM and WBCs, respectively at a flow velocity of 1 

mm/s.  

Cell capture efficiency of aptamer functionalized surfaces basically depends on 

the available number of anti-EGFR aptamers on the surface, the density of EGFR on 

cell membrane and the affinity between EGFR and its complimentary aptamer. 

Nanoscale topography on the surface can enhance the number of anti-EGFR aptamer 

molecules [13]. Higher number of aptamers increased the density of target cells and 

also reduced the binding of nonspecific cells. Again, nanotextured can create minor 

turbulence in the fluid flow which enhanced the possibility of aptamer-cell interactions. 

The phenomenon, mentioned above cansignificantly augmented the adherent of cells 
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inside the channel. For the optimal condition aptamer density is usually very high on a 

surface, roughly be estimated 20-25 per 100 nm2, which is almost twenty times higher 

than the density of EGFR on the cell membrane of hGBM cells [13]. The single 

aptamer-EGFR binding force can be approximated around 8 x 10-6 dynes [185]. Total 

binding force between a cell and aptamer grafted surface depends on the EGFR 

density on cell membrane and total contact area between cell and surface. The size 

and orientation of cells can be vital for cell-surface bonding. The cells with larger 

diameter are more likely to come in contact with the aptamer grafted surface and 

become flat to have rigid bonding. Conclusively higher density of EGFR in cell 

membrane and larger contact area can provide greater binding force (FB). In addition 

the flow velocity generates shear stress ( ) as well as force (FT) on cell membrane and 

tries to wash it off shown in Figure 6-4. The following equation can be used to calculate 

the stress [186], 

   
   

   
         

Where, σ is the dynamic viscosity of the fluid, Q is the volumetric flow rate; h and w are 

height and width of the channel, respectively. Resultant of these two forces (FR) have 

significant impact on cell capture probability [184]. 

Electrical Measurement of Cells 

 Translocation behavior of blood and tumor cells through nanotextured 

microchannel has been characterized as explained in chapter 5. It was deduced that 

tumor cells can be differentiated from blood cells according to their pulse 

characteristics such as width, amplitude and shape. In this microfluidic device the 

current was measured across two microchannels connected to inlet and outlet. First of 
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all, the hGBM cells and WBCs were suspended in 1X PBS at a concentration of 1000 

cells/mL separately and injected through the device at different flow velocities while 

current was measuring across two microchannels. The hGBM cells showed 

distinctively different pulse characteristics from WBCs. The amplitude and pulse width 

was higher for majority of the tumor cells compared to blood cells. Though some hGBM 

and WBCs had indistinguishable translocation profiles, more than 80% tumor cells 

revealed distinctive behavior at flow velocity of 1 mm/s and 2 mm/s. The average peak 

amplitude for hGBM and WBCs at 1 mm/s flow velocity was 19.35±3.62 and 7.96±2.83, 

respectively and translocation time was 235.16±53.47and 77.15±38.59, respectively. 

For 2 mm/s flow velocity the peak amplitude did not vary significantly but the 

translocation time for hGBM and WBCs were 171.75±43.44 and 64.88±29.26, 

respectively. The translocation profile of a cell depended on its mechanical and 

physical properties such as size, shape and elastic modulus, and also on the 

orientation. The pulse width depended on the time a cell takes to pass the 

microchannel and cells with higher length had greater pulse width. The peak amplitude 

depended on the cross sectional area of the channel which was blocked by cells [187]. 

Thus orientation of a cell also had impact in pulse characteristics. Based on the 

orientation, translocation profile of single cell can vary to some extent. Current profile 

also depended on elasticity of a cell [7]. Higher elasticity allowed a cell to pass easily 

and provided steady uniform pulse. Average size of a WBC is mostly smaller than a 

tumor cells. Again the tumor cells are highly elastic and can squeeze through small 

channels quiet easily [94, 95, 156]. The shapes of tumor cells are also different from 

WBCs. The cumulative effect of all these aforementioned factors made the 

translocation profiles of hGBM cells different from WBCs as shown in Figure 6-5(a). 
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The flow velocity also influenced the translocation behavior of cells. At higher velocity 

the cells moved faster and had less chance to interact with the channel surfaces. Due 

to high pressure, cells can be deformed and leaded modifications in the pulse 

characteristics. 

 

 

 

Figure 6-4: Forces working on EGFR overexpressed tumor cell in aptamer 

functionalized nanotextured PDMS channel. 

 

 Pulse shapes can also be observed closely to differentiate cell types. Due to 

deformable nature and interactions with the surface pulse shape of cancer cells were 

different than blood cells shown in Figure 6(b) and (c). At a sampling rate of 5 µs and 

flow velocity of 1 mm/s, on average, a tumor cell and WBC consisted of 47 and 15 data 

points, respectively. From these data physical dimension of the whole cell can be 

depicted. The pulse triggered by a cluster of cells can also be identified from pulse 

shapes. Generally a pulse from single cell is uniform in contrast to cell clusters, where 
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pulses have several spikes and irregular shapes.  Translocation time and peak 

amplitude for blood and tumor cells were found significantly different from statistical 

analysis (P-value < 0.01). 

 

Figure 6-5: Electrical data and translocation behavior of hGBM and WBCs through 

microchannels, (a) distribution of the pulses for two types of cells where average 

translocation time and peak amplitude of current both are higher for hGBM cells; 

electrical profile of the translocated cells through the microchannel (b) hGBM cell ;  

(c) WBC.  
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Total Detection Efficiency 

 Cancer cells have different chemical, physical and biomechanical properties 

compared to blood cells. But properties of cells may vary within a large range 

depending on types and state of cancer, also from patient to patient. Thus, this device 

was aimed to take the advantages of all of these properties of tumor cells to detect 

them. At a flow velocity of 1 mm/s, due to the overexpression of EGFR this device was 

able to capture 79.37 ± 5.97% tumor cells. While remaining cells were passing through 

microchannel to the outlet, 19.16 ± 6.96% of total tumor cells were detected from 

current measurement data of outlet channel. The detection efficiency was defined as 

the ratio of detected cells at outlet microchannel and the total number of cells passed 

through the device. Thus, overall detection efficiency of the microfluidic device was 

98.53 ± 0.99%.  

 

Isolation of hGBM and WBCs 

 It has been shown that higher flow rate increased the throughput but reduced 

the nonspecific binding of cells. At the same time possibility to capture cancer cells was 

less at higher flow velocity. At early stages of cancer the number of tumor cells in blood 

is exceedingly low and it is desired to have highly sensitive device to detect as much 

cells as possible. To isolate hGBM cells from WBCs, the cell mixture was suspended in 

1X PBS at a ratio of 1:1 (2000 cell/mL) and passed through the aptamer functionalized 

microfluidic devices at 1 mm/s flow velocity while current was measured across two 

microchannels. After 30 min the device was washed using 1X PBS and observed in 

fluorescent microscope. The experiment was repeated twice. The concentration of 
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captured tumor cells and WBCs were calculated from images using Image J and 

enrichment of tumor cells inside the device was calculated. 

 Previously the hGBM and WBCs were pushed separately in the device. That’s 

why all the pulses obtained from current measurement data were representing one 

specific type of cells. But current pulses needed to be evaluated precisely to 

discriminate tumor cells from cell mixture. Translocation data acquired from first 

microchannel of the device, shown in Figure 6-6(a) was analyzed and 82.08±4.91% of 

the tumor cells was detected. Next, the cell capture efficiency was determined from the 

images as shown in Figure 6-6(b) and (c) and it was 73.36±4.61%. Optical image in 

Figure 6-6(b) is showing all the captured cells and 6-6(c) is fluorescent image where 

only the hGBM cell is visible. Comparing these images single WBC was identified 

which is circled with blue in Figure 6-6(b). 

From the data recorded for outlet microchannel, 20±0.39% of total tumor cells 

was differentiated successfully. Translocation data from outlet microchannel is also 

shown in Figure 6-6(a). The number of detected cells in outlet microchannel was lower 

than the inlet microchannel as some cells were captured in cell capture zone. The cell 

capture and current measurement techniques together offered 93.36±4.22% efficiency 

to discriminate tumor cells from WBCs which was remarkably higher compared to only 

current measurement or aptamer functionalized nanotextured method alone. The cell 

capture area selectively isolated the tumor cells and WBCs at a ratio of 4.5:1. 
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Figure 6-6: Data for the mixture of hGBM and WBCs at a ratio of 1:1 (a) Electrical data 

through microchannels; captured cells on aptamer functionalized microdevice (b) 

optical image where both types of cells are present (a WBC is marked in blue); (c) 

fluorescent image where only hGBM cells are visible; 100 μm scale bar is for both (b) 

and (c). 

(c) 
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Detection of Tumor Cells from Blood 

        Eventually, tumor cells were spiked in rat blood and detected using the 

microfluidic device. The hGBM cells were spiked in diluted blood at a concentration of 

100 cells/mL as mentioned in materials and method section. After running the 

experiment for half an hour, images of the device were captured and current 

measurement data was analyzed from both microchannels. Even at this low 

concentration of tumor cells the inlet microchannel was able to detect more than 70% 

cells from the solution shown in Figure 6-7(a). In this figure different colors are used to 

indicate the concentration of cells and green circle is indicating the detected tumor 

cells. Again, 16.67±3.93% of total tumor cells was discriminated from blood cells at the 

outlet microchannel using the translocation behavior shown in Figure 6-7(b). Next, from 

the images it was found that 67.24±8.65% tumor cells were captured in the aptamer 

modified nanotextured region shown in Figure 6-7(c) and (d). Optical image in Figure 

6-7(c) is showing all the captured cells in the device and Figure 6-7(d) is the 

fluorescent image where only the hGBM cell is visible which is marked with blue in 

Figure 6-7(c). Overall efficiency of the device to detect tumor cells was 83.91% and 

substantially higher compared to the detection efficiency only from the translocation 

behavior of the inlet channel or aptamer functionalized nanotextured cell capture area. 

Thus, this microfluidic device can be implemented as an efficient point-of-care device 

todetect cancer at early stage.  
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Figure 6-7: Data for the mixture of hGBM and blood, electrical data through 

microchannels (a) inlet and (b) outlet (detected cancer cells are enclosed in green 

region); captured cells on aptamer functionalized microdevice (c) optical image where 

both types of cells are present (a hGBM cell is marked in blue); (d) fluorescent image 

where only hGBM cells are visible; 100 μm scale bar is for both (b) and (c). 
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Conclusions 

 A microfluidic device is implemented to detect cancer cells from blood. 

Multistage detection scheme was designed by surface grafted aptamers in 

nanotextured PDMS and by measuring translocation behavior. The flow rate was 

optimized to have higher detection efficiency. This device provided significantly higher 

efficiency compared to only current measurement or aptamer functionalized 

nanotextured surface technique. More than 80% of hGBM cells were detected from 

blood sample. A general drawback of multistage detection method is the loss of rare 

cells at different stages. But this device did not have this problem as all the cells 

passed through the cell capture region and microchannel in series manner. The 

aptamer based separation depends on the overexpression of target protein on cell 

membrane which may vary within a large range. Again mechanophysical properties of 

tumor cells overlap with blood cells which limited the efficiency of size based isolation 

methods. Thus, association of these two approaches in a simple lab-on-chip yield high 

efficiency. This inexpensive device can be used in parallel to increase the throughput. 

The efficiency of the device can be increased further by implementing novel design for 

cell capture zone.   
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Chapter 7  

NANOTEXTUERD BARE COVERSLIP GLASS TO ENHANCE THE GROWTH OF 

PC12 CELLS 

 

Introduction 

The number of traumatic injuries to the brain and spinal cord are over 1.5 million 

every year only in the United States [188]. Controlled outgrowth of neurite, guided by 

the chemical and physical cues is essential in regenerative medicine for the treatments 

of nerve injuries [189-192]. Only few effective treatments are available for CNS injuries 

because the CNS is refractory to axonal regeneration and relatively inaccessible to 

many pharmacological treatments. Thorough functional recovery from CNS injury 

would require improved neuronal survival, regeneration of axons, and their 

reconnection to appropriate targets [193]. To promote the regeneration of axons, 

inhibitory molecules can be destroyed to create a growth-permissive environment or 

the response of axons contacting these inhibitors can be decreased [194]. 

Contemporary treatments used for CNS injury include surgical, thermal, and 

pharmacological interventions largely targeted at decreasing neuronal loss and the 

inflammatory response initiated after acute injury. Stem cell therapies provide 

fascinating alternative for treating chronic CNS injuries and improving nervous system 

regeneration [188]. However, the particular cells used in the pre-clinical studies are 

oligodendrocyte precursors [195]. Pre-clinical studies using undifferentiated stem cells 

indicate that these cells do not form neurons in the CNS and may lead to the 

development of tumors [196, 197]. Considering the complexity of CNS injuries and 

recovery responses, the development of better treatment strategies for spinal cord 
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injuries, a combinatorial strategy that triggers axon regeneration and appropriate 

connectivity should also be explored [198].  Recent progress in nanoengineering 

provided exciting alternatives for designing biocompatible micro- and nanovectors for 

controlled release of therapeutic and diagnostic agents to targeted CNS cells. Guided 

neurite growth is also possible by nanopattern than the neurite itself [189]. 

Nanopatterned substrates can minimize the complication of confinement and offer 

efficient model to investigate the underlying mechanisms of topological neurite 

guidance. A recent study has showed that nano-topological features led to aligned 

neurite outgrowth in PC12 cells [189]. This study suggested that the upregulation and 

downregualtion of specific biomolecules in nanopatterned regions induced the neurite 

growth. 

 Several studies have already reported that cell capture, growth, adhesion, 

translocation behavior, and orientation are influenced by nanoscale topography of the 

substrates [13, 119, 159, 160, 199-201]. Also in the areas of tissue engineering, some 

studies have shown that nanostructured scaffolds can significantly increase densities 

of certain cells [161, 175]. Nanotopographic surfaces have various impacts on cell 

functions [175, 176, 178-181, 202]. These surfaces offer biomimetic cell-stimulating 

cue, as cells have to contact with nanotextured interfaces in vivo. Basement 

membranes of most tissues are composed of complex mixtures of nanoscale 

structures [176]. Cells sense nanotopography and react by bridging or conforming in a 

selective manner. Also nanoscale patterning significantly impact on the organization 

and type of focal adhesions either by disrupting their formation or by inducing specific 

integrin recruitment [175, 176]. As integrins are directly linked to the nuclei, due to the 

cellular response to topography gene expression also gets affected. Upon adhesion to 
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a substrate the cell probes its environment and moves using nanoscale processes like 

filopodia and lamellipodia. Filopodia probes the environment and their ends serve as 

anchor points for cell movement [175, 176]. Cells also interact with the topography by 

deforming membranes and cause modification on the functioning of cell surface. Thus, 

the key feature of nanotextured surface is it activates receptors on cell surface and 

enhances the cell-surface interactions to modulate the cell growth. In this study, the 

effect of nanotexture surface was investigated for the growth of PC12 cells. The cells 

were cultured on bare coverslip glasses. The surfaces were not coated with ECM 

component because it originates the argument whether the growth is induced by the 

topology or due to the enhanced concentration of coated materials on the nanotexture 

surface. Thus, the effect  of nanoscale random topology  as physical cue for the growth 

of PC12 was observed exclusively. Here micro reactive ion etching (micro-RIE) was 

performed to create nanotexture on glass coverslip and that elevated the cell growth 

substantially. Therefore, nanotexture surfaces can be implemented for faster growth of 

neuronal cells to have quick recovery of nerve injuries. Nanotexture surface might also 

be incorporated for controlled neurite outgrowth. 

 

Materials and Methods 

Preparation of Nanotextured glass Substrates 

The cover glasses were cleaned in isopropyl alcohol (IPA), rinsed in deionized 

(DI) water and dried in nitrogen. A reactive ion etch (RIE) series 800 plasma system 

was used to create nanotexture on this substrates. The etching was performed using 

the mixture of oxygen (O2) and carbon tetrafluoride (CF4) for 45 min (10 sccm O2 and 



 

125 

CF4, 250 Watt, 250 mTorr). After etching, each substrate was cleaned in sonicated IPA 

followed by cleaning in piranha solution (H2O2:H2SO4, 1:3) and DI water. 

 

Surface Characterization using AFM 

Surface topography of the coverslip glasses was evaluated qualitatively, and 

quantitatively by a Dimension 5000 atomic force microscopy (AFM). The root mean 

square surface roughness was measured for both plain and nanotextured coverslip 

glasses. Micrographs of the samples were captured in the ambient air with 15% to 20% 

humidity at a tapping frequency of approximately 300 kHz. The field measured was 5 

µm x 5 µm at a scan rate of 1 Hz with 256 scanning lines. 

 

SEM and Elemental Composition of the Samples 

An SEM/EDS Leo Supra 55 VP was used to examined surface topography. The 

sample surfaces were coated with 5 nm of gold to avoid surface charging before taking 

SEM images. The micrographs were taken at 12 kV of accelerating voltage and 30 μm 

aperture. Next, energy dispersive x-ray spectroscopy (EDS) was used to identify and 

quantify the surface elements of plain and nanotextured coverslips. An EDS detector 

(EDAX, Genesis) was attached to the scanning electron microscope (SEM). The SEM 

was focused at a 15 mm working distance with 20 kV accelerating voltage and data 

were recorded followed by mapping analysis. 
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Contact Angle Measurements 

Contact angles for plain and nanotextured coverslips were measured using a 

contact angle goniometer (NRL-100; Rame-Hart, Washington, DC). A 10 µl water drop 

was placed on the samples and the contact angle of the water-substrate interface was 

recorded by visual observation through a microscope. On average, 5 measurements 

were taken for each run.  

 

Culture and Treatment 

PC12 rat pheochromocytoma cells (ATCC, Manassas, VA) were were routinely 

cultured at 37°C in 5% CO2 in F-12 Nutrient Mixture with Kaighn’s modification (F12K) 

containing 2.5% fetal bovine serum and 15% horse serum (both from Invitrogen, 

Carlsbad, CA).  For experiments, cells were plated at 5,000 cells/cm2 on culture plate 

membranes, normal, and nano-textured glass cover-slips in 24-well tissue culture 

plates and allowed to grow for 48 hours or more until 65% confluence were observed.  

All the experiments were performed in triplicates. For the treatment, after 48 hours of 

cell growth and attachment, cultures were washed twice with PBS and placed into 

serum-free F-12K with or without 100 ng/ml nerve growth factor β subunit (β-NGF, 

Sigma-Aldrich, St. Louis, MO), added daily for 96 hours.  Cultures were fixed in 4.0% 

paraformaldehyde and 2.0% gluteraldehyde in PBS and washed twice in PBS. For cell 

density assessment, bright-field images (4-5 images/condition/experiment) were 

captured through a 10X objective on a Vee Gee Vanguard 1491 INi inverted 

microscope. Nuclear morphology was assessed using confocal images captured 

through a 64X objective from cells labeled with 4’,6-diamidino-2-phenylindole (DAPI, 
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Ex = 405 nm, Em = 450/35 nm), following treatment containing culture plate 

membranes, normal, and nano-textured glass cover-slips in 24-well tissue culture 

plates as growth surfaces. 

 

Topography of Nanotextured Substrates 

Micro-RIE provided reasonably uniform nanotextured coverslip glasses. The 

measured average roughness of plain and nanotextured coverslips were 11.34±2.25 

nm and 105.06±17.87 nm, respectively. The AFM micrographs of plain and 

nanotextured surfaces are shown in Figure 7-1. 

   

Figure 7-1: AFM micrographs of the (a) plain and (b) nanotextured PDMS 

surfaces. 

 

Elemental Analysis and Compositional Mapping 

The SEM micrograph of nanotextured coverslip glass is shown in Figure 2(a). 

Glass is basically SiO2 which contains some other elements. EDS elemental analysis 

of plain coverslip showed the presence of silicon (Figure 7-2(b)) and nanotextured 
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coverslip showed almost identical results (Figure 7-2(c)). Therefore, it can be said that 

the etching did not make any change in chemical nature of coverslip glasses. 

 

 

Figure 7-2: (a) SEM micrograph of a nanotextured glass substrate; EDS 

elemental composition of (b) plain and (c) nanotextured coverslip glasses. 
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Data for Contact Angle Measurements 

Contact angle from a water droplet provides the measurement of hydrophobicity 

or hydrophilicity of a surface. Contact angle is more than 90o for hydrophobic surfaces 

and less than that for hydrophilic surfaces. Nanotexturing augments the hydrophobicity 

of hydrophobic surfaces and hydrophilicity of hydrophilic surfaces. The contact angles 

of all experimental surfaces were measured and their average values with standard 

deviations are recorded. For plain and nanotextured coverslips these values were 

25.4± 1.14
o 

and 12.60 ± 1.52
o
, respectively. Glass is hydrophilic by nature and 

nanotexturing enhanced its hydrophilicity in this case. 

 

In Vitro Cell Growth on Nanotextured Surfaces 

PC12 cells were seeded on TCP membranes, plain, and nanotextured coverslip 

glasses. The cell growth was observed on both bare substrates and nerve growth 

factor (NGF) treated substrates. In all cases cell densities were calculated by analyzing 

micrographs using ImageJ. On bare substrates, TCP and plain coverslips had cell 

densities of 475±86 and 310±76 per mm2, respectively. For nanotextured coverslips 

this density was 612±95 per mm2 which was almost twice compared to plain surfaces. 

Next, the substrates were treated with β subunit of NGF which is biologically active and 

advocates axon growth [188]. In this case, cell densities on TCP, plain, and 

nanotextured coverslips were 437±69, 344±89, and 649±49 per mm2, respectively. 

Thus, cell growth was significantly higher in both cases on nanotextured coverslips 

compared to plain surfaces (Figure 7-3). One-way analysis of variance (ANOVA) 

analysis showed statistically significant differences (p-value < 0.01) in the cell density 



 

130 

between plain and nanotextured coverslips for both the cases. Here, the surfaces were 

not coated with laminin to see the effect of nanotexture as physical cue. The 

implementation of laminin can undermine the effect of nanotexture as physical 

stimulation. As nanotexture offers larger effective surface area, it can lead higher 

concentration of laminin and consequently can provide faster cell growth. Again, it has 

been reported that laminin has profound impact on the growth, and differentiation as 

well as neurite outgrowth of PC12 cells [203-205]. Neuron cells generally require ECM 

component such as collagen, laminin, or fibronectin, etc. to attach and survive on 

surfaces. First of all, cells bind to the surface and subsequently dendrites begin to 

elongate. Proper cell attachment is imperative for the growth, differentiation, and 

survival. Nanotexture might enhance the level of mRNA expression of β3-tubulin in 

PC12 cells to facilitate better cell attachment [206]. Thus, this study aimed to 

understand the effect of nanotexture exclusively on cell growth without presence of 

laminin. Nanotexture provides a biomimetic cell-stimulating cue as cells in vivo contact 

nanotexture not plain interfaces [175]. Because complex nanoscale structures have 

been observed in basement membranes of various tissues. Nanoscale structures can 

regulate cell functions. Cell adaptation processes have significant impact in cell 

sensing and response to topography. It has been reported that nanoscale topographies 

of the surface influence the interfacial forces, focal adhesion, cytoskeletal, and 

membrane receptor organization [202]. By altering the surface topology, it is possible 

to modulate cell morphologies, and make substantial local biomechanical deformation 

to activate specific signaling cascades that eventually regulate cellular growth. 

Nanoscale topology regulates cell function in a noninvasive and nonbiological manner 

[175]. However, cell growth was regulated here by introducing isotropic nanotexture on 
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coverslip glasses via cell adaptation mechanism independent of ECM components. 

The nanotexturing not only provided larger effective surface area, it offered biomimic 

surface and enhanced the adhesion of cells by augmenting cells-surface interactions. 

 

 

Figure 7-3: Micrographs of PC 12 cells grown on numerous substrates under 

following conditions: (a) TCP; (b) plain cover glass; (c) nanotopology; surfaces were 

coated with 100 ng/ml NGB β (d) TCP; (e) plain cover glass; (f) nanotopology; (g) 

density of PC 12 cells (cell number/mm2) on all the experimental surfaces. 

 

Nuclear Morphology of Cells 

Nuclear morphology was further assessed by observing the DAPI stained cell 

nuclei to investigate the possibility of induction of apoptosis as a result of the presence 
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of nanotextured coverslip substrates that were used for cell attachment and growth. 

We found little fragmentation and blebbing or DNA condensation in cells grown on the 

nanotextured surfaces compared to normal glass cover-slips or culture plate 

membranes, and most of the cells had round and homogeneous nuclei (Figure 7-4(a)-

(c), -NGF conditions not shown). Quantification of pyknotic nuclei, which is indicative of 

cell death [207], is displayed in Figure 7-4(d). It was observed that between 4-8% cells 

did have deformed and condensed nuclei with apoptotic bodies, which is very typical 

for the normal handling and culture procedure.     

 

 

Figure 7-4: Micrographs of DAPI stained cell nuclei of PC12 cells under the 

treatment of NGF β on (a) TCP; (b) plain cover glass; (c) nanotopology surfaces; (d) 

quantification of pyknotic nuclei on various surfaces. 
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Conclusion 

Micro-RIE provides rapid and cost-effective way of fabricating nanotextured 

coverslip glasses. Nanotexture stimulated the growth of PC12 cells and consequently 

the cell density was almost 1.9 times in nantoextured coverslips compared to plain 

surfaces even without presence of ECM components. This study did not use any ECM 

component such as collagen, laminin etc. to see the effect of only nanoscale topology 

as a physical cue on cell growth. The morphology study indicated that PC12 cell 

attachment and growth on the nanotextured substrates did not launch any apoptotic 

machinery of the cell. Coupled with the capability of inducing enhanced proliferation, 

these substrates carry excellent potential to be used for neural cell attachment, which 

is the precursor of enhanced differentiation that can be used to manipulate axon 

regeneration and guidance to facilitate neural circuit reconstruction. 
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Chapter 8  

FUTURE RESEARCH DIRECTIONS 

 

Introduction 

This chapter focuses on the opportunity and direction of future works that would 

complement/supplement the current research work will be discussed. The potential use 

of the developed biochip for some other applications will be discussed. 

 

Diagnosis of Different Cell Types 

We have successfully implemented our microfluidic devices for the detection of 

renal and hGBM cancer cells based on their mechanophysical properties and 

overexpressed EGFR on their cell membrane. It has already shown that EGFR is a 

common biomarker for some other cancer such as breast cancer, lung cancer, bladder 

cancer and so on. The intrinsic physical and mechanical properties of these cancer 

cells are also different from blood cells. Thus, the developed microdevices can be 

implemented to detect other types of cancer cells. The procedure for the experiments 

will be same as mentioned earlier. First of all specific types of cancer cells will be 

suspended on 1X PBS and will be injected in the devices. Then using translocation 

behavior, filtering device or aptamer functionalized nanotextured surfaces we will try to 

detect them. After observing their behavior we will mix the cells in blood and try to 

isolate using our device. In addition to that we will closely observe the translocation 

behavior of different types of cancer cells and try to figure out any difference in 

translocation behavior for various cell types. In that case it will be possible to figure out 
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the type of cancer for the patients. On the whole, our goal will be to collect large 

amount of reliable data for building a statistical backbone for our device for successful 

cancer detection. 

 

Staging of Cancer 

 We can implement our device to determine the stages of cancer. Staging is a 

method of determining where a cancer is located, if or where it has spread, and 

whether it is affecting the functions of other organs in the body. Staging is important for 

the appropriate treatment and evaluating the prognosis. Our focus will be to 

characterize our device with sample of different stages but specific type of cancer. The 

overexpression of biomarker can be changed with the progression of disease. From 

the obtained data we will focus to determine a threshold of cell density on nanotextured 

aptamer functionalized surfaces for cancer cells of different stages. Also their 

translocation behavior will also be observed. Moreover, at different stages of cancer, 

physical and mechanical behavior of cells can be altered due to the transformation of 

cytoskeleton which will have impact on their translocation behavior.  

 

Diagnosis of Bladder Cancer from Human Urine Samples 

 We have developed biosensors to detect cancer cells from blood. The 

developed devices can be implemented to detect bladder cancer cells from urine. It will 

be completely non-invasive approach to collect samples. Our device can discriminate 

cancer cells by their intrinsic mechanophysical properties or overexpression of 

biomarker. Thus, the possibility of detecting cells using this biosensor is high. The urine 
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samples from patients with and without bladder cancer will be assessed with the 

device.  

 

High Frequency Multiplexer for Microchannels to Record Translocation Profile 

We have developed current measurement setup to record translocation behavior 

of cells through a microchannel. The physical blockage of the microchannel changes 

the ionic current flow and current values are read by the National Instrument’s data 

acquisition card (NI PXI 4071) which is pretty expensive part of the electrical setup. A 

dedicated data acquisition card (DAC) has been employed for measuring current 

across only two microchannels. In order to increase the number of channels for higher 

throughput, adding more cards would be much costly. We plan to develop a high 

frequency multiplexer which can help to record data from multiple channels using a 

single data acquisition card. Multiplexing is a method by which multiple analog or digital 

signals are combined into one signal over a shared medium. This phenomenon is 

commonly used in telecommunications. 

The multiplexers can have different number of input and output.  The output from 

the multiplexer depends on the line that is selected. The frequency/speed at which the 

multiplexer can switch from one input line to the next is called the switching 

frequency/speed. Switching frequency, although neglected at times, plays an important 

role in determining the efficiency of a design. The higher the switching frequency, the 

faster the select line can switch from one input line to another.  

The high frequency multiplexer will be added to data acquisition card to record 

data from multiple channels simultaneously. A high frequency multiplexer can switch 

the input signal among multiple channels at regular intervals. Data for all parallel 
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channels will be recorded on computer in their respective files. Since the information is 

rapidly changing, the multiplexer should be able to quickly switch from one channel to 

the other (ideally 2.5 μsec) not to miss any significant event. This high frequency 

multiplexer can be implemented for other applications where simultaneous recording of 

data from multiple channels is required. Figure 8-1 shows design of electrical setup 

that utilizes 4X1 multiplexer to increase the number of microchannels quadruple. 

 

 

Figure 8-1: Demonstrates the use of high speed multiplexer to increase the 

channels four times in the microchannel array assembly. 
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