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Abstract 

 
DEVICES TO STUDY CANCER CELL BEHAVIOR 

 

Mohammad G. Abdallah, PhD 

 

The University of Texas at Arlington, 2018 

 

Supervising Professor: Samir Iqbal 

Cancer is a major health concern that effects millions of people worldwide. The 

main contributing factor to the deadliness of the disease is cancer metastasis, where the 

cancer cells break away from the primary tumor site, transmigrate through the endothelium, 

and form secondary tumors in distant areas. Many studies have identified links between 

the mechanical properties of the cellular microenvironment and the behavior of cancer 

cells. Also, nanobiotechnology and bioMEMS have had a tremendous impact on 

biosensing in the areas of cancer cell detection and therapeutics, disease diagnostics, and 

DNA analysis. Most current technologies enable observation of only the population-level 

average and often ignore the vast degree of cell heterogeneity present even in clonal 

populations.  

This research work focuses on four areas: 1) Simulation and Development of solid-

state field-effect transistors with micropillared gates for sensing of cancer cell ion 

exchange; 2) Synthesis and surface functionalization of nanoporous PLGA microparticles; 

3) Glioblastoma multiforme heterogeneity profiling with solid-state micropores; 4) 

Microfluidic approach to create microencapsulation for single cell confinements. This 

dissertation provides a new multidisciplinary approach to detect and analyze cancer cell in 

a population of background cells, and understanding the fundamental molecular 
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bioelectricity of cellular processes can open up a new cell sequencing and cytometry 

methods of research previously not perceived with older technologies. 

These approaches showed an ability to isolate and study a single cell behavior 

and can be potentially used in the lab on a chip system. Overall, our novel approaches to 

study cell behavior are simple, reliable, low cost, and do not damage cells. 
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Chapter 1  

Introduction 

For people with concerns about health issues, the physician's office is the first contact 

with healthcare. Physician’s waiting room is usually busy with patients of all ages with 

different symptoms and reasons for being there. With a physician’s competence and 

medical experience, they know what can be easily cured, what should be followed up and 

what needs to be referred to a specialist. The accurate testing of clinical parameters are 

the key for making important medical decisions. The dominant model of medical testing is 

a centralized laboratory; where analytical processes are done to manage large numbers of 

samples at relatively low cost (Figure 1.1). This trend is well established in biochemistry 

and hematology and is now extending to other disciplines including microbiology and 

anatomical pathology. However, healthcare is changing; partially because of economic 

pressures and the general recognition of that care needs to be less fragmented and more 

patient-centered. The need to make healthcare patient-centered is a global trend and 

based on the premise that healthcare should be organized more around the patient than 

the provider. The research projects presented in this dissertation focuses on the feasibility 

of development devices and methods to study cancer cells behavior. There are differences 

between the normal cell and tumor cells properties. The cell attributes of one type of tumor 

cells are also different from the other types of tumor. In addition, there are differences 

between cells of one type of tumor. 
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Figure 1.1 Patient’s life cycle 

1.1 Structure of Dissertation 

The overall goal of this work is to introduce novel devices and approaches for 

studying cancer cell behavior that can help in designing a new class of techniques to study 

single cell. This dissertation is divided into 7 chapters. The breakdown of chapters is given 

below: 

1.1.1 Introduction (Chapter 1) 

This chapter is meant to introduce the reader to the drive and objective behind 

the entire research work. It also explains the advantages of using new engineered 

devices in medicine. 
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1.1.2 Background and Review (Chapter 2) 

Chapter 2 reviews origin of cancer, cancer cell molecular biology and current 

methods to study single cell. It gives an overview of the research work done in this field 

and the challenges.  

1.1.3 Simulation of Sensing Cancer Cell Ion Exchange as Biomarker (Chapter 3) 

Inability to detect small concentrations of cancer cells in the early stages of disease 

is a major barrier for early diagnosis. Molecular bioelectricity, which depicts voltage 

gradients in non-excitable cells to coordinate morphogenesis, tissue development, repair, 

and cancer formation, is shown here as a novel modality to detect cancerous behavior. 

The design, simulation and electrical characterization of the ion-sensitive field-effective 

transistor, (ISFETs) are shown to detect cancer cells based on their molecular 

bioelectricity. ISFETs generate low impedance signals and consume a low amount of 

power. The small size of ISFETs enables miniature diagnosis devices. Therefore, ISFET 

allows for low sample requirements combined with a rapid response. ISFETs have the 

potential for selective detection of certain ions in complex samples efficiently and can lead 

the way for low-cost, lab-on-a-chip devices. 

1.1.4 Synthesis and Surface Functionalization of Nanoporous PLGA Microparticles 

(Chapter 4) 

Polylactic-co-glycolic acid (PLGA) microparticles are widely used for drug delivery. 

In cancer cell, ion channels have been recognized to play important roles in cancer 

pathology, as these regulate key events in cell proliferation and cancer initiation and 

progression. Ion channels are ideal drug targets as the respective small molecules may be 

effective from the extracellular space and do not need to enter the target cells. The 

development of cancer treatment using ion channel targeting compounds is still in early 
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stages, although some studies have shown that some voltage-gated ion channel (VGIC) 

blockers can inhibit cell behaviors associated with metastasis. We developed a simple and 

effective method to control the nanoporous formation, size, density and the surface 

functionalization of PLGA microparticles. PLGA microparticles were synthesized using 

water-in-oil-in-water (w/o/w) double emulsion method. The synthesis of nanoporous 

microparticles with this novel, rapid, inexpensive method, and easily controllable properties 

can be useful for applications in targeting one or multiple VGIC in cancer patients. 

1.1.5 Cancer Heterogeneity Profiling with Solid-state Micropore (Chapter 5) 

Glioblastoma multiforme (GBM) is the most common and lethal type of brain 

cancer. It is characterized by widespread heterogeneity at the cellular and molecular levels. 

The detection of this heterogeneity is valuable for patient’s diagnosis. Herein, solid-state 

20 μm diameter micropore made in thin suspended silicon dioxide membrane is used as 

cell sensor device. The device relies on cell’s mechano-physical properties as an indicator 

to differentiate between the sub-types of GBM. A library of GBM cell lines (U251, U87, D54 

EGFRviii and G55) was created by measuring the differences in cell’s properties from their 

distinct electrical profiles. Each GBM sub-type has a distinct phenotype and this was 

depicted in their cell translocation behaviors. The library was used to distinguish cells from 

samples of brain tumor patients. The micropore device accurately detected sample cell 

sub-types by comparing data with the GBM library. The micropore approach is simple, can 

be implemented at low cost and can be used in the clinical setups and operation theaters 

to detect and identify GBM subtypes from patient samples. 

1.1.6 Microfluidic Approach to Microencapsulate Single Cell (Chapter 6) 

It is important to achieve complete cellular analysis at high throughput and 

screening so hundreds of thousands of cells can be analyzed within seconds. We present 
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novel microcapsules made of poly (lactic-co-glycolic acid) (PLGA) to encapsulate the cells 

and provide a single cell view. Cells in microcapsules were not masked by the intrinsic 

heterogeneity of the cell population. The cell microencapsulations were ~200 nl on average 

and provided 3D cell containment chambers. The hollow microcapsules were fabricated 

using a simple polydimethylsiloxane (PDMS) microfluidic device. The PDMS device had Y-

shaped channels through which cells were focused between flowing PLGA solution. The 

microcapsule cores contained cells with PLGA acting as an encapsulating membrane. The 

shapes of the microcapsules were controlled by altering cells/PLGA flow rates. Using this 

design to encapsulate cells fulfilled several often-conflicting criteria, such as permeability, 

stability, and biocompatibility. The suitability of this novel microenvironment formulation for 

live cell encapsulation was evaluated using human glioblastoma multiforme (hGBM) cells. 

To demonstrate an efficient encapsulation for one and two cells, we varied the flow rate of 

cells and PLGA solutions and observed a significant effect of flow rate on encapsulation. 

The cell viability was evaluated post-encapsulation. The hollow PLGA microcapsule can 

be used for encapsulation of many cells and potentially developed into a point-of-care cell 

profiling device for diseases. 

1.1.7 Future Research Directions (Chapter 7) 

Chapter 7 covers future scopes and potential use of developed single-cell analysis 

platforms. It includes the direction of more work that could supplement/complement current 

work. 
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Chapter 2  

Background and Literature Review 

The medical diagnostic device field has seen exceptional growth and development 

in last few years. This field holds one of the greatest promises, drawing up contributions 

from biology, chemistry, physics, materials science, medicine, and engineering. The 

combination of biology and silicon at the micro and nanoscale offers tremendous 

opportunities for solving unmet medical needs and enables variety range of applications in 

diagnostics, sensing, therapeutics, and tissue engineering. The sensing and 

characterization of biological entities, processes, and interactions, by electrical means and 

novel solid-state devices will have an immediate impact in life sciences. 

Cancer has a major societal impact in the United States (US) and across the globe. 

In 2018, an estimated 1,735,350 new cases of cancer are expected to be diagnosed in the 

United States, and 609,640 people are estimated to die of the disease. Figure 2.1 

compares the projected number of cancer death in the US by 2020 versus the death rate. 

The very interesting observation that death rate is decreasing but cancer deaths are 

increasing. In Figure 2.2, the projected number of new cancer cases show almost ~2 million 

cases in the US by 2020. Also, the figure shows a constant incident rate per hundred 

thousand people. These two figures show that cancer is a disease scientists and 

researchers do not understand very well. 

Therefore, it comes very clear for us that there is still improvement in each stage 

of a cancer patient from detection to treatment. It is summarized in Figure 2.3. First, there 

is a need to improve current methods of early cancer detection so patients can receive 

treatment when the cancer is in its early stages and has not metastasized to other areas 

of the body. 
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Figure 2.1 Recent cancer statistics number. Project number of cancer deaths in 

US by 2020 [1] 

 

Figure 2.2 Recent cancer statistics number Projected new cancer cases in US by 

2020 [1] 

Second, every cell type has a characteristic profile based on its mechano-physical 

properties [2]. A cancer cell is well recognized for intratumoral and intertumoral 

heterogeneity. For example, Glioblastoma Multiforme the most common type of brain 

cancer. It is characterized by widespread heterogeneity at the cellular and molecular levels. 
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Figure 2.3. Improvement needed in current cancer patient life cycle 

Finally, depending on the type and stage of cancer, treatments to eradicate the 

tumor or slow its growth may include some combination of surgery, radiation therapy, 

chemotherapy, hormone therapy or immunotherapy. 

Many reports are available to document the growth in cancer diagnostic in vitro 

diagnostics (IVD) markets, including the point-of-care testing market. These markets were 

valued at USD 80.67 Billion in 2014 and expected to grow at during the forecast period 

(2014–2020), reaching USD 128.6 Billion by 2020 (Figure 2.4) [3]. 

https://www.webmd.com/cancer/chemotherapy-what-to-expect
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Figure 2.4 Cancer diagnostics Market forecast 2014-2020. Cancer diagnostics 

was valued at USD 80.67 billion in 2014 and expected to reach USD 128.6 billion 

in 2020 with 7.6% expecting to grow [3] 

2.1 Molecular Bioelectricity 

Several studies have contributed to the understanding of molecular mechanisms of 

cancers which range from genetic mutations to intricate biochemical and molecular 

pathways [4-5]. Although, cancer known for its complexity and heterogeneity and 

uncontrolled cell proliferation are critical for cancer initiation and progression [6-

7].Recently, ion channels have been recognized to play an important role in cancer 

pathology as they are capable of regulating key events in cell proliferation and therefore, 

cancer initiation and progression [8–10]. The expression of specific ion channels has been 

linked with several stages of cancer and increased hostility. Furthermore, studies have 

shown manipulation of channel activity offers protection against several cancers. Thus, ion 

channels offer a novel strategy that can be potentially utilized to treat cancers. We 

introduce the role of voltage-gated ion channels in regulating cell proliferation, 

development, and progression of cancer. 
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Cell proliferation in normal cell is complex, well-synchronized event regulated by  

number of ions, molecules, and proteins associated with the cell cycle machinery including 

Ca2+, ATP, cyclins, cyclin-dependent kinases and many other cell cycle regulators [11-12]. 

The cell cycle can be divided into phases (Figure 2.5), One of the most significant and 

dynamic factors that regulate cell cycle is the membrane potential (Vm; Voltage membrane) 

[13-14]. Vm is an electrical charge that is created by the difference in ionic concentration 

between the cell intracellular and extracellular environment. Ion channels and ion 

transporters play an essential role in generating Vm. They are selectively allowed ions cross 

the membrane according to chemical and/or electrical gradient. As a result of this 

movement, the Vm of a resting cell is negative. The cells are said to be depolarized (Figure 

2.5) when the Vm is altered to relatively less negative state, whereas the cells are said to 

be hyperpolarized when the membrane potential is moved to more negative values than 

the resting membrane potential [15]. 

In a breast cancer cell line (MCF-7), it has been observed that the Vm during cell 

cycle progression correlates with the transition in each phase, such that, the MCF-7 cells 

in G1/S or G2/M transition enriches cells with hyperpolarized Vm while cells arrested in the 

G0/G1 and M Phases had enriched cells with depolarized Vm. [16]. Similarly, in 

neuroblastoma cell lines, cell cycle progression was observed to correlate with 

hyperpolarized Vm in G1-S transition and depolarized Vm at the M phase [17]. Thus, the 

progression of the cell cycle is accompanied by rhythmic oscillation of the Vm accompanied 

by transient hyperpolarization and depolarization [18–23]. Voltage-gated ion channels 

(VGICs) are group of ion channels that are selectively permeable to Na+, K+, Ca2+ or Cl1- 

and respond to changes in the membrane potential [24–26]. VGICs generate potential in 

neurons or contraction in muscles in excitable cells. Also, VGICs play vital roles in non- 
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Figure 2.5. Schematic representation of possible involvement of different voltage-

gated ion channels activity during the cell cycle of cancer cells. Reprinted by 

permission [27] 

excitable cells including maintenance of cellular homeostasis by controlling ion transport, 

fluids, volume regulation and as well as proliferation. 

2.2 Nano-Textured and Surfaces 

PLGA is one of the most common polymers used for the development of drug 

delivery. It is biocompatible, biodegradable, non-toxic, and noninflammatory in the living 

environment, which are the foundations biomaterial and drug delivery applications. PLGA 

is hydrolyzed in acidic medium inside the body and gives two biodegradable monomers; 

glycolic acid and lactic acid as shown in Figure 2.6 [28]. The human body is known 

effectively to deal with these two monomers with no immune response is activated. 

Therefore, a minimal systemic toxicity is associated while using PLGA for drug delivery 

applications. 
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Figure 2.6 PLGA hydrolysis to produce lactic acid and glycolic monomers. 

Reprinted with permission [28] 

PLGA has been approved by Food and Drug Administration (FDA) for therapeutic 

use in humans. Thus, PLGA nanoparticles have been widely used to encapsulate various 

drugs. The PLGA nanoparticles protect unstable drugs loaded into these carriers from the 

biological surroundings and their small size facilitates them with capillary penetration and 

endosomal escape [29-30]. Furthermore, the high surface area offered by nanoparticles 

makes them exceedingly effective for targeted delivery to tumor cells or other tissues [31]. 

PLGA nanoparticles are mostly prepared by emulsion diffusion, solvent 

evaporation, interfacial deposition or nanoprecipitation methods [32-35]. Emulsion method 

starts with dissolving PLGA polymers in an organic solvent followed by separation in the 

aqueous phase. The aqueous phase contains a stabilizer, then homogenized to get 

nanoparticles. For solvent evaporation method, the PLGA polymers are dissolved in 

volatile organic solvents like methylene chloride, chloroform and acetonitrile, and acetone. 

The solution is then poured in a continuously stirring aqueous phase followed by 

sonication. The aqueous phase has a stabilizer in solvent evaporation technique. For 
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interfacial deposition method, nanoparticles are synthesized in the interfacial layer of water 

and the organic solvent. Then, sonication is used to separate the nanoparticles in this 

method of nanoparticles preparation. The most common method to prepare PLGA 

nanoparticles is nanoprecipitation. PLGA polymers are dissolved in a volatile organic 

solvent like acetone and the solution is added drop-wise into continuously stirring aqueous 

phase with stabilizer. Finally, the organic solvent is allowed to evaporate at low pressure. 

Figure 2.7 shows the synthesis schemes for PLGA nanoparticles. 

PLGA nanoparticles generate acids during polymer erosion. These acids are 

neutralized by the bases in the human body or medium fluids. Slow diffusional mass 

transport across the nanoparticles results in a low pH within the drug carriers [36]. Such a 

drop in pH may affect drug stability and accelerates polymer degradation due to the 

autocatalytic effects which are the majors concerns in non-porous PLGA-based particles 

[37]. Porous drug delivery systems can overcome these autocatalytic effects by increasing 

the diffusivity of the molecules [38]. 

 

Figure 2.7 Schematic to show different methods for the synthesis of PLGA 

nanoparticles. Reprinted with permission [28] 
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Therefore, porous PLGA nanoparticles can be a much better carrier for controlled 

drug delivery systems. Drug release kinetics are directly controlled by the pore 

characteristics of porous PLGA nanoparticles so by controlling the pore morphology, highly 

controlled drug release systems can be designed [39]. 

Also, topographical surfaces at micro and nanoscale influence cell growth, 

orientation, adhesion and migration [40-41]. These features can be of any shape such as 

nanopores, nanotexture, micropillars, fibers, and ridges. The extracellular matrix (ECM) 

has porous structure at micro and nanoscale with fibrous collagen network [41]. 

Reproducing the ECM features can play serious rule to understand the cell behavior which 

would help in designing efficient treatment, artificial tissue, and implants. In biosensors 

applications, the nanostructures offer an increased surface area for molecule attachment 

which can increase the efficiency of systems sensing. It is well recognized the surface 

topography and substrate properties play important role in cell response. Microchannels 

are one feature used to study cell responses. These channels are patterned in an array 

form with certain orientation [42-44]. The orientation of the cells have been found to 

increase with increasing depth of the grooves, and it has been seen to decrease with 

increasing groove width [45]. It has been found that pore size played a key role in 

determining the tissue response and the primary cell line preferred rougher surfaces while 

transformed cells preferred wet etched smoother surfaces [46]. 

Also, the nanotextured surfaces show an effect on endothelial and smooth muscle 

cells by fabricating two type of substrates, one PLGA substrate and one NaOH treated 

PLGA substrate [47]. It has been reported that more smooth muscle cell growth on the 

NaOH treated PLGA substrate as compared with the PLGA substrate, while endothelial 

cells showed lesser growth on NaOH treated substrate as compared with the PLGA 

substrate [47]. 
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Figure 2.8 Nanotexture PLGA fabricating process flow. Reprinted by permission 

[47] 

Figure 2.8 shows nanotexture PLGA fabricating process flow polydimethylsiloxane 

(PDMS). They concluded that nano-texturing of PLGA substrate had increased the cell 

growth of both of the endothelial and smooth muscle cells [47]. 

2.3 Molecular heterogeneity of Glioblastoma Multiforme in Solid-state Micropore 

Sensor 

Human solid tumors often have marked heterogeneity of both abnormal and 

normal cells on the histological, genetic, and gene expression levels. In cancer, not only 

tumors from different organs differ, but tumor located in the same organ is also different. 
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This heterogeneity among tumors is what is known as intertumor heterogeneity. Also, cells 

within a given tumor are different and this type of heterogeneity is known as intratumoral 

heterogeneity. The coexistence of different clones within the same tumor is apparently 

caused by stochastic events. The maintaining of existence is under pressure and can be 

favored or disfavored by the interaction with other cancer cells or host cells. 

The concept of cancer heterogeneity is not new. Earlier in the nineteenth century, 

Rudolf Carl Virchow was the first to describe the pleomorphism of tumor cells [48]. Many 

observations have been made to describe differences within cancer cells morphology and 

protein expression in a tumor sample. The concept was limited due to cancer and host 

cells interaction, or random events within the cancer cells population. The differences were 

recognized to infiltrate of cancer cells in the surrounding tissue. However, there is the 

heterogeneity is one of the key feature of tumorigenesis responsible for tumor progression, 

resistance, metastatic potential, and relapse. The intratumor heterogeneity discusses an 

advantage in cancer cell environment fluctuations or selective pressure enforced by 

chemo/radiotherapy. The existence of cancer cells resistant to determined therapies has 

been demonstrated in various types of tumors before the treatment [49-50]. Thus, the study 

and understanding of cancer cells heterogeneity will characterize a new path to develop 

personalized therapies such as GBM, which is a type of tumor has known of intertumor 

and intratumor heterogeneity and resistance to treatment. 

The clonal evolution model (Figure 2.9a), genetic mutations appear randomly and 

new phenotype is subjected to the pressure of natural selection. From this model, the 

clones will expand and outgrow the others, while heterogeneity would be explained as the 

presence of remaining weaker clones generated during tumor expansion. This variability 

would become significant in the case of environmental changes such as prompted by  
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Figure 2.9 Models for the intratumor heterogeneity. (a) Clonal evolution. (b) CSC 

model. (c) Heterogeneity generated in response to the microenvironment. (d) 

Branched tree model 

chemo/radiotherapy, when the previous acquisition of a resistant phenotype would allow a 

minor population to survive, expand, and become dominant [51]. 

Lately, cancer stem cell (CSC) theory (Figure 2.9b) became an accepted model of 

cancer initiation. This model suggests a hierarchical organization which tumor generates 

from cells with stem cell characteristics, known as CSCs. By division, these cells will 

maintain their population and generate more differentiated cells with proliferation properties 

that create the tumor. The heterogeneity is seen as the nature of CSCs (tumorigenic) and 

non CSCs with several degrees of differentiation regardless of their genetic background 

[52] most likely determined by epigenetic changes [53]. However, this model is based on 

assays of tumor transplantation that underestimate the tumorigenic potential of these cells 

depending on the mouse strain, conditions of the assay [53-54]. Glioblastoma CSCs were 

initially defined by the expression of the surface marker CD133, and cells not expressing 

this marker was thought to lack tumorigenic potential [55]. Recently, it has been shown that 
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a subpopulation of glioblastoma cells characterized by high expression of CD44 hold a 

stem-like a phenotype [56]. Also, it is been demonstrated that surface marker molecules 

can be used as CSC markers depending on the glioblastoma subtype. While CD133 seems 

to be expressed in proneural glioma CSCs, CD44 is highly expressed in mesenchymal 

glioma CSCs [57]. Other markers are under study and supporting the fact that some CD133 

negative cells are able to form tumors in immunocompromised mice [58], suggesting that 

other markers are necessary for the identification of glioblastoma CSCs due to their 

heterogeneous nature. The clonal evolution and the CSC models have been considered 

as mutually exclusive, both models could be complementary as intraclonal heterogeneity 

has been observed in tumors in which CSCs were identified [59]. 

The microenvironment within a cancer cell is not homogeneous. Differences in 

oxygen, blood vessel density, growth factors, and composition of extracellular matrix are 

observed in human cancer cells. These differences affect cancer cells and might be the 

reason of phenotypic and genetic differences observed in tumor cells [54]. Cancer cell 

plasticity is a non-heritable source of heterogeneity that might explain some of the 

phenotypic differences between cancer cells and can be altered by the microenvironment 

[60] (Figure 2.9c).  

The CSC model can be updated with the concept of various degrees of tumorigenic 

potential, determined either by the microenvironment cues or stochastic events [60-61]. 

Tumor cell plasticity might also be important in determining the drug resistance of tumor 

cells [62]. Based on results we obtained with current single-cell analysis approaches, the 

cancer clonal evolution as growing tree (Figure 2.9d) [63-64]. Other cancer clones, 

originating by the gain and the accumulation of new mutations, are represented as the 

branches of the growing tree. Hence, the branches represent heterogeneity observed in 
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cancer cells. The information of this tree structure of cancer cells would be predictive of 

the treatment. 

The solid-state micropores have been used in a wide range of biosensor 

applications because of their chemical and thermal stability, mechanical strength. This type 

of biosensors have been used for patch clamp measurements, electroporation, the stability 

of lipid bilayers, bacterial activities monitoring, size-based discrimination, cell enumeration 

and electric characterization of cells [65-70]. The micropore sensors have also been 

deployed for determining the deformability of red blood cells (RBCs) where individual 

microscopic images of RBCs were processed to evaluate the cell’s deformation while 

passing through the micropore [71]. Also, rectangular microscale slits and circular 

micropores have been used to study the deformation of RBCs while passing through them 

and concluded that the cells were more obstructed by circular micropores [71]. Therefore, 

circular shape micropores are remarkably sensitive to characterize the micro-organism 

passing through them. 

There are several methods have been used to fabricate micropores in a simple, 

rapid and controlled environment. First, the heated probe tip has been used to drill a 

micropore in Teflon [67]. In this method, a heated Tungsten wire was used to make 

micropores in Teflon film. Ag/AgCl plate with a hole was attached to 12 μm thick Teflon 

film. A cover glass was used to clamp the Teflon film and the polished Tungsten tip. The 

tip was positioned at the center of the hole in Ag/AgCl plate by using a microscope as 

shown in Figure 2.10. The Tungsten wire tip was moved down to puncture a hole in the 

Teflon film at the point of contact. The process was characterized using Tungsten tips at 

different temperatures. It was observed that temperature gave optimum drilling of 

micropore without harming the Teflon film as shown in Figure 2.11. This is a simple and 

quick approach to fabricate micropores but is restricted by the material characteristics. This  
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Figure 2.10 Fabrication of micropore using heated probe tip. (b) Placing the tip in 

the middle of the opening in Ag/AgCl plat Reprinted by permission [67] 

 

Figure 2.11 SEM images of fabricated micropore by using (A) Nonheated tip (B) 

Moderately heated tip (C) Extremely heated tip. Reprinted by permission [67] 

approach cannot be used to drill micropores in materials with a high melting point. 

Therefore, solid-state micropores cannot be fabricated using this approach. 
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Photolithography approach followed by deep reactive ion etching (DRIE) can be 

used to fabricate solid-state micropores. This process has been used to manufacture 

silicon chip-based micropore devices [72]. Figure 2.12 shows the process flow for the 

fabrication of micropores. Herein, photolithography was used to define 2 μm circle 

shapes on the silicon substrate and DRIE was used to etch the silicon down to 20-40 μm. 

The photoresist was stripped off and the wafer was flipped for backside processing. 

Circles with 1 mm diameter centered on the 2 μm opening were defined and DRIE was 

used to etch down all the way to meet the 2 μm opening. Finally, silicon dioxide was 

deposited to isolate the two sides of the wafer. The oxide deposition reduced the 

micropore size and process could be used to decrease the diameter down to nano 

diameter. This method is limited by the fabrication process of DRIE and may result in 

irregular circular shapes of the fabricated pores. 

 

Figure 2.12 Fabrication process of micropores (a) Step by step fabrication 

process flow (b) SEM images of the micropore (C) SEM image of nanopore 

achieved by changing the oxide deposition process. Reprinted by permission [72] 
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2.4 Single Cell Microencapsulate 

Polymers including nature and synthetic have been utilized for cell encapsulation. 

Natural polymers such as alginate, agarose, collagen, and hyaluronic acid more used 

because of their biocompatibility. On the other hand, synthetic polymers including poly(vinyl 

alcohol), poly(lactic-co-glycolic acid), polyacrylates, HEMA-MMA-MAA, polyphosphazines, 

and polyepoxides are widely used because of their consistent quality and characteristics 

compared to natural polymers. Alginate is a linear block polymer consisting of α-l-guluronic 

acid (G) and β-d-manuronic acid (M) blocks (Figure 2.13). Cations, such as Ca2+, Ba2+, and 

Sr2+, link alginate molecules together through ionic cross-linking and forms alginate 

hydrogel capsules while encapsulating cells inside. The G and M contents of the alginate 

molecules can affect the gel properties including mechanical strength, biocompatibility, and 

permeability [73– 77]. 

 

Figure 2.12 (a) Chemical structure of alginate (b) Alginate hydrogel formation 

mechanism. Reprinted by permission [78] 
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Agarose is a thermal responsive polymer, consists of β-d-galactopyranose and 

3,6-anhydro-α- l-galactopyranose which can undergo a sol-gel transition upon cooling 

through thermal crosslinking (Figure 2.13) at transition temperature close to body 

temperature. This transition stage makes Agarose a good candidate for cell encapsulation 

[79]. Polylactide-co-glycolide (PLGA) PLGA polymers belong is a biodegradable polymer 

(Figure 2.14). PLGA is dissolved in solvents and the second component is added to 

precipitate the polymer molecules [80-81] to prepare capsules. 

 

 

Figure 2.13 (a) Chemical structure of agarose (b) agarose hydrogel formation 

mechanism. Reprinted by permission [78] 
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Figure 2.14 Chemical structure of PLGA. Printed by permission [78] 

Different technologies have been used for cell encapsulation. The electrostatic 

spray method has a significant appeal because it is easy to use, capabilities to scale-up, 

no cell damage, and sterile operation conditions (Figure 2.15).[82]. A cell polymer mixture 

is pushed through a nozzle by using a pump. The droplets are broken into smaller ones 

under forces such as electrostatic, vibration..etc. Then, droplets collected in a gelling bath 

containing the crosslinkers, where cell encapsulated inside hydrogel form immediately 

through a reaction between ions and polymer molecules. Microfluidics devices can be used 

to generate microcapsules with a narrow size distribution and controlled morphology [83–

85]. This method shows great promise for cell encapsulation, especially for single cell 

encapsulation [86]. 

Microcapsules are formed by allowing a core fluid to be surrounded by a flowing 

sheath stream [87]. Recently, these devices have also been successfully applied for the 

generation of cell loaded core-shell capsules (Figure 2.16) [85]. Beside the relatively low 

encapsulation efficiency, a significant drawback of the current microfluidic technologies is 

that the oil used for shearing may leave a residual adhesive oil layer on the capsule which 

affects subsequent coating processes.[82,88] 
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Figure 2.15 (a) electrostatic spray device used for generating polymeric hydrogel 

capsules. Printed by permission [82]. (b) Modified electrostatic spray for 

fabricating the hydrogel capsules. Printed by permission [89]

 

Figure 2.16 the microfluidics device for generating hydrogel capsules. Printed by 

permission [85] 
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Chapter 3  

Ion-sensitive Field-effect Transistors with Micropillared gates for Sensing of Cancer 

Cell Ion Exchange as a Biomarker  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted (adapted) with permission from (M.G. Abdallah, R. Khan, Y. T. Kim, and S.M. 

Iqbal)  
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3.1 Introduction 

Cancer has a major societal impact in the United States and across the globe. In 

2018, an estimated 1,735,350 new cases of cancer are expected to be diagnosed in the 

United States, and 609,640 people are estimated to die of the disease. There is an unmet 

medical need to improve current methods of early cancer detection so patients can receive 

treatment when the cancer is in its early stages and has not metastasized to other areas 

of the body. Every cell type has a characteristic profile based on its mechano-physical 

properties [1]. Cells are highly organized living microstructures. They contain high 

concentrations of chemicals, including enzymes, nucleic acids, ions, many types of 

proteins, and small organic molecules. Moreover, they process multiple incoming 

information signals using parallel activation of different signaling pathways and respond 

with appropriate reaction patterns according to the types of input from physical or chemical 

stimuli. For cancer diagnostics, detection of cells with the correct physical, chemical, 

electrical, and biological properties are very important. 

Cone’s theory proposed a general correlation between proliferation and membrane 

potential (Vm) [2]. The value of the resting membrane potential varies from cell to cell and 

ranges from about −20 mV to −100 mV. The molecular bioelectricity of cells is regulated 

through K+, Na+, Cl–, and Ca+2 channels [3]. In cancer cells, several ion channels have 

been recognized to play important roles in cancer pathology, as these regulate key events 

in cell proliferation, cancer initiation, and its progression [4-6]. Ion- selective field effect 

transistors are used to detect methylated nucleotides in a DNA sample, which is a critical 

step in tumorigenesis for most types of cancer [7]. A direct role of molecular bioelectricity, 

such as Vm can be used to detect and to differentiate tumor cells.  

The microscale and nanoscale environments are known to modulate cellular 

behavior [8]. Studies on micropatterned and nanopatterned engineered surfaces have 
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demonstrated the influence of topography on a variety of cellular functions, like the 

migration of endothelial cells and fibroblasts [9-10], osteogenic differentiation of stem cells 

[11-14], mechano-sensitive gene expressions in fibroblast cells [15-18], directional 

polarization of neurons [19-24], immobilization of tumor cells [25-26], etc. Researchers 

have utilized micro/nanostructures and nanotextured surfaces for a wide range of 

applications to modulate the cellular responses. Small diameter nanowires with high aspect 

ratios are known to penetrate the cell membrane. Therefore, these have been used for 

applications requiring intracellular access, such as for drug delivery [27-32]. Silicon 

micropillar arrays have been used for the efficient isolation and capture of circulating tumor 

cells through enhanced local topographic interactions [33-34]. 

Here, we introduce an ISFET sensor concept to record cell molecular changes, 

and in particular the enhanced ion exchange that occurs during the diseased cell 

proliferation. Proliferation is the mechanism by which ions can impel it to divide, 

differentiate, or die (Figure. 1). A surface engineering approach with 3D features enhances 

the device’s electrical properties in comparison to a flat surface device. Introducing an 

innovative 3D micropillar surface at gate area improves tumor cell detection. The array of 

silicon dioxide micropillars was made on top of 10 µm doped silicon channel area. The 

effect of the micropillar’s physical diameter on device performance was also studied here.  

The cells were in contact with micro features. The trenches between micropillars 

were filled with ionic liquid and allowed an ion influx between the cell membrane and 

extracellular environment. The ions diffused out of the cell and accumulated on the outside 

surface of the cell membrane, making it more positive or negative than inside the 

membrane. This resulted in a separation of charges across the cell membrane and created 

an electrical potential across the cell membrane. The drain current measurements of this 

ISFET were affected by the cell membrane potential. Surface engineering and use of  
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(a) 

 

(b) 

Figure 1 ISFET with micropillared gates. (a) Schematic illustration of cell ion channels. 

Cells are depolarized or hyperpolarized (b) 3D schematic of ISFET device. This shows a 

cell on top of micropillar array 

microstructures, specifically micropillars, enhanced the sensitivity of ISFETs and made 

them suitable for detecting tumor cells in a real-time diagnostics environment. 

3.2 Methods and procedures 

3.2.1 Cell-Ion Exchange Model 

The 3D geometric model was designed in COMSOL (Fig. 1(b)). In this model, the 

n-type substrate was defined with a donor doping concentration of 1.5x1016/cm³. Both the 

source and drain were p-type (doping 1x1018/cm³). For the electrostatic model, two 
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terminals were used for source and drain. The source terminal voltage was set to zero and 

the drain terminal was set to –10 mV. The third terminal was used for the applied voltage 

at the gate area and at the edges of the micropillars to simulate cell membrane potential 

while the cell was in contact with the micropillars. In the semiconductor model, two metal 

contacts were used as source and drain. A third metal contact was placed in between the 

source and drain to the gate area, which was separated from the channel by a thin 5 nm 

layer of silicon dioxide (SiO2). A fourth metal contact was used to simulate the interface 

between the micropillars and the substrate. 

3.2.2 Variation in Micropillar Diameter 

In order to study the physical parameters of the design, the diameter of the 

micropillars was varied. First, a 2 μm diameter was modeled and simulated. Next, 1 μm 

diameter was modeled and simulated. The simulation provided the DC electrical 

characteristics of both devices. 

3.2.3 Electrostatic Potential 

The semiconductor and electrostatic models were executed simultaneously to 

capture the effects of electrostatic potential and to simulate the DC characteristics of 

ISFET. A plot of the drain current was used to determine the turn-on voltage of the device. 

A small voltage (–10 mV) was applied to the drain. The voltages at the gate and edges of 

the micropillars (device surface) were swept from –200 mV to +100 mV. Then, drain voltage 

was swept from –100 to 0 mV while the surface voltage was swept from –200 mV to –100 

mV. The drain current versus drain voltage was plotted at several values of surface voltage 

(i.e. voltage at the gate and edges of the micropillars). The electrostatic model solved the 

MOS capacitor effect from the micropillars, where the substrate was taken to be grounded. 

The gate and the micropillar’s edges were biased with a voltage. The electrical scalar 

potential (VES) satisfied Poisson’s equation. 
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The semiconductor model solved the Poisson’s equation for the charge carriers. 

Equation (1) defines the Poisson’s equation in which the electric field term is shown on the 

left-hand side, and space charge densities are shown on the right-hand side. The q is the 

charge of the carrier, and the electron and hole surface concentrations are denoted by n 

and p, respectively. Na
– and Nd

+ are the acceptor and donor ion concentrations. In the 

steady state, the total charge contributions of the carriers can be calculated from the 

following: 

𝛻. (−𝜖𝛻𝑉𝑆𝑒𝑚𝑖) = 𝑞(𝑝 − 𝑛 + 𝑁𝑑
+ − 𝑁𝑎

−)                      (1)                

3.2.4 Charge Distribution 

The micropillars were modeled as ideal MOS capacitors; thus, the semiconductor 

areas under SiO2 micropillars had equal charges as in the metal contact. The charge, due 

to accumulation and inversion, resulted in a very narrow charge distribution near the 

interface. The charges, due to depletion bias resulted in a depletion width (Wdep). Thus, the 

hole concentration near the interface equaled the donor concentration. This entailed: 

1

𝐶
=

1

𝐶𝑜𝑥
+

1

𝐶𝑑𝑒𝑝
        (2) 

1

𝐶𝑑𝑒𝑝
=  

𝑊𝑑𝑒𝑝

𝜀 ×𝐴𝑟𝑒𝑎
             (3) 

pinterface= Nd = 𝑛𝑖 e
[
𝐸𝑖−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒−𝐸𝑓

𝑘𝑇
]
 = 𝑛𝑖 e

[
𝐸𝑓−𝐸𝑖

𝑘𝑇
]
    (4) 

In the semiconductor model, metallic contacts were considered between Si-SiO2 

to simulate electrical potential generated from the MOS capacitor. The voltage of the metal 

contacts was set to the electrostatic voltage output from the electrostatic model (V =VES). 

As a result of (2)-(4), p-type doping was applied to the area on silicon substrate under SiO2 

micropillars. The electrical insulation was assumed throughout the device boundary. 
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3.3 Results and Discussion 

The results of the simulations were plotted to obtain DC characteristics for the 

ISFET sensor. The data clearly depicted the change in membrane potential at the 

interfaces of the micropillars. 

3.3.1 Analyzing ISFET characteristics 

The ISFET worked on the basic principle of measuring surface charge changes in 

the interface of the insulator layer and the overlying layer. This was simulated by an applied 

voltage. Changes in surface charges resulted in changes in the work function that in turn 

was measured as a shift in transistor threshold voltage. Figure 2 shows the device electric 

potential for 2 μm x 3 μm and 1 μm x 3 μm array of micropillars. The electrical field is 

depicted by the arrow lines. Poisson’s equation can be applied to the oxide since there are 

no charges in the oxide: 

𝑑𝐸𝑜𝑥𝑖𝑑𝑒

𝑑𝑥
 = 𝜌 = 0,    𝐸𝑜𝑥𝑖𝑑𝑒 = constant     (5) 

VES = ∬ 𝐸𝑜𝑥𝑖𝑑𝑒 dx dy       (6) 

The potential varied linearly. It was seen going outward through the micropillars, 

and the maximum electric potential was seen at the device gate and Si-SiO2 interface. The 

ISFET design allowed the achievement of a physiological response to ion exchange activity 

(cell molecular bioelectricity) toward cancer cell characterization. 

The micropillar diameter impacted the electric field direction as shown in Figure 2 

(a, b). The 2 μm diameter micropillar shows electrical field direction covering the entire 

micropillars. However, 1 μm diameter shows electric field direction is only part of the 

micropillar for the same conditions (Vd = –10 mV, Vg = –100 mV). Micropillar diameter 

imposes a higher effect on the electric field when in contact with cells. The 2 μm x 3 μm 

device shows a total higher electrical field effect than 1 μm x 3 μm device. 
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(a) 

 
(b) 

Figure 2 Device electrical potential results with micropillar sizes of (a) 2 μm x 3 

μm device, and (b) 1 μm x 3 μm. The color depicts the electrical potential 

magnitude as depicted in the color scale on the right. Arrows depict electrical 

field direction in x-y direction. 
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Figure. 3 (a) shows the ISFET drain current with respect to the surface voltage at 

a small fixed drain voltage of –10 mV for 2 μm x 3 μm and 1 μm x 3 μm devices. The 

threshold voltage (VT) of the devices was extracted from a log scale plot of Id – Vg by plotting 

and extrapolating to find VT. The Idsat was extracted from Id –Vd graph where (Vg< VT, Vd < 

Vg + |VT|) (Table I).The micropillar diameters show a correlation with VT and Idsat 

parameters. The VT of the device is lower when micropillar diameter is larger, which 

increased the drain channel current. The micropillar diameter controls the device turn on/off 

voltage. 

 
(a) 

 

(b) 
Figure 3 Drain current vs. surface voltage (Vd = –10 mV). (a) Linear plot, and (b) 

Drain current plotted in log scale to extract VT. 
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TABLE I ISFET DC CHARACTERISTICS SUMMARY 

Device  
(Diameter x Height) 

VT  
(mV) 

Idsat  
(nA) 

gm  
(μS) 

2 μm x 3 μm -90 0.96 10.62 
1 μm x 3 μm -140 0.85 6.06 

    

 

3.3.2 Drain Current vs. Drain Voltage at Various Gate Voltages 

The drain current vs. drain voltage simulation of ISFET without the effect of 

micropillars is shown in Figure. 4 (a). The value of the linear current (ILIN) was defined as a 

drain current that passed through the device at Vd = –10 mV. The ILIN was extracted from 

the plot of the drain current at (Vd = –10 mV) versus the surface voltage. A linear response 

of 16.5 pA/dec was seen between –70 mV and –30 mV. 

Two sets of micropillar diameters were simulated to study the effect of diameter on 

device surface charge. The drain current output curves were recorded at different voltages 

of gate and edges of each micropillar. (Figure. 4 (b, c)). With decreasing surface voltage 

(on gate and micropillar edges), the output curve shifted more toward a positive drain 

current through the device. To quantify the shift, the linear current was extracted from the 

curves. The value of ILIN was 42 nA/dec and 34 nA/dec for 2 μm and 1 μm diameter, 

respectively. 

The results showed the impact of the physical diameter of a micropillar on ILIN. The 

current was higher when the diameter was larger. Here, a 2 μm diameter showed ~ 1.2 

timesmore ILIN than that for 1 μm diameter micropillars. 
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(a)                                                                        (b) 

 
                          (c)                                                                       (d) 

Figure 4 Drain current vs. drain voltage simulation analysis. (a) Drain current vs. 

drain voltage without micropillar effect (b) Drain current vs. drain voltage for device 

with 2 μm x 3 μm micropillar (c) Drain current vs. drain voltage for device with 1 μm x 

3 μm (d) ILIN vs. log values of the voltage applied to device surface micropillar and 

gate. 

3.3.3 Capacitance-Voltage (C–V) Characteristics  

The C-V measurement of MOS capacitor structure provides device information, 

which is significant for this work. The MOS structure is modeled as a series connection of 

two capacitors: capacitance of the oxide and capacitance of depletion layer. The device 

capacitance depends on three operating modes: accumulation capacitance, which is oxide 

capacitor with no depletion layer, depletion capacitance, which is equal to series 

connection of oxide and depletion layer capacitance and inversion capacitance, which 

becomes independent of voltage at the gate and edges of the micropillar (surface voltage). 



 

 

 

59 

 

 

For this simulation, all metal contacts were set to ground and surface voltage was 

swept from –1 V to +1 V to record device capacitance from gate to bulk. The device 

capacitance behavior was recorded for the two micropillar diameters. The results show that 

the two behaviors depend on the micropillar diameters (Figure 5). When micropillar 

diameter increased, device capacitance lowered. Accordingly, the device flat band voltage 

changed, and we captured the change in VT. The 2 μm x 3 μm device capacitance 

simulation showed lower capacitance when compared with 1 μm x 3 μm and this described 

lower |VT|. 

 

 
Figure 5 Device simulated capacitance behavior vs. surface voltage. Red line 

depicts the data for the 2 μm x 3 μm micropillar device, and the blue line shows 

the behavior of the 1 μm x 3 μm micropillar device. 

3.3.4 Electron and hole concentrations 

The hole concentration for the device was captured at the initial value (T = 0) and 

no channel had been formed. When Vg > 0, the charge model for n-type silicon substrate 
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indicated that negative charge must have been created in the semiconductor near the 

interface. This charge was in the form of electrons. The electron concentration in the 

semiconductor near the interface increased (accumulation: n-type became more “n”). At 

Vg < 0, the charge model indicated that positive charge must be created in the 

semiconductor near the interface: this charge was in the form of ionized donors. Hence, 

electron concentration in the semiconductor near the interface decreased (depletion). For 

higher magnitudes of bias (Vg << 0), the charge model indicated that positive charges must 

be created in the semiconductor nears the interface. These charges were now in the form 

of ionized donors and holes. Accordingly, electron concentration decreased as the applied 

surface voltage on the device became more negative. The area under SiO2 micropillar at 

the end of the simulation was inspected for electron concentration. Table. II shows electron 

concentration versus the applied voltage on the device surface. The electron concentration 

decreased as applied voltage became more negative, which is expected from the 

semiconductor charge model (6). The electrons were replaced by holes and created an 

inversion channel of holes from source to drain. 

TABLE II LOG OF ELECTRON CONCENTRATION UNDER MICROPILLARS 

Gate Voltage (mV) Log of Electron Concentration 

100 10.82 

80 10.58 

60 10.37 

40 10.17 

20 10.00 

-20 9.76 

-40 9.69 

-60 9.65 

-80 9.62 

-100 9.61 
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3.4 CONCLUSION 

A simulation of the cell membrane potential effect has been done on ISFET with 

high aspect ratio micropillars in the gate area, where charges were present on micropillar 

surfaces. The simulation of the micropillars’ physical diameter was done (2 μm x 3 μm and 

1 μm x 3 μm). It was observed that the drain current changed as the potential was applied. 

The ISFET sensing mechanism could be attributed to a change in the threshold current 

due to surface charges, which changed the effective potential of the semiconductor 

channel. The micropillars’ diameters played a key role in controlling device DC 

characteristics and performance. We observed an enhancement of device performance 

when micropillar diameter was 2 μm. The results showed that the ISFET sensor could be 

used to characterize cancer cells, based on their enhanced ion concentrations in the 

solution. The simulations showed promising results in which micropillars enhanced the 

sensitivity of the ISFET devices in detecting ion exchange activity of diseased cells. ISFET 

chips can be manufactured at low cost and would be affordable for point of care application. 
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Chapter 4  

Surface Functionalization of Nanoporous PLGA Microparticles 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted (adapted) with permission from (M.G. Abdallah, M. Yousufuddin, S. Yamn, R. 

Khan, Y. T. Kim and S. M. Iqbal)  
 



 

 

 

67 

 

 

4.1 Introduction 

Polymeric particles from synthetic PLGA have been widely used for controlling 

delivery of drugs and in vivo studies. PLGA blocks are built from lactic and glycolic acid 

monomers that can be metabolized by the cell. Therefore, PLGA is safe, non-toxic and 

used to deliver a drug in a stable and protective form. Moreover, hydrophilic and 

hydrophobic small molecule drugs, DNA and proteins can be encapsulated [1]. Due to the 

excellent biocompatibility [2-3], the release of encapsulated molecules is achieved via 

degradation and erosion of the polymer matrix [4-6]. 

However, nanotechnology offers unique and fascinating approaches in the area of 

nanomedicine and healthcare application [7-8]. Among these are the nanoporous 

microparticles for bioseparation, drug release and tissue engineering. In bioseparation, 

highly nanoporous microspheres have been extensively commercialized in 

chromatography, such as size exclusion chromatography (SEC) and high-performance 

chromatography (HPLC) [9-11]. In drug release, nanoporous microspheres can be 

designed to be multifunctional carriers for efficiently loading drugs, specifically targeting 

drug delivery and controllable release [12-13]. In tissue engineering and regenerative 

medicine, nanoporous microspheres are one of the best candidates for regenerative, repair 

and tissue engineering [14-15]. These nanoporous microparticles exhibit significant 

advantages in many practical applications. Ion channels are ideal drug targets as the 

respective small molecules may be effective from the extracellular space and do not need 

to enter the target cells. In addition, it is becoming increasingly clear that the inhibition of 

ion channels is effective in halting tumor growth and metastasis [16-18]. The use of channel 

inhibitors is limited by side effects. 
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In this study, we present surface modification of nanoporous PLGA microparticles 

(Figure. 1) at the monolayer level, specifically, the covalent bonding between the carboxylic 

groups in PLGA with an amine targeting ligand group. Also, the effect of salt concentration 

on the formation of nanoporous and microparticles porosity is measured. Consequently, 

we introduce an approach that can be used to block VGIC activity; whereas, channel 

blockers on PLGA microparticles can act like a cork in a bottle, preventing the flow of ions 

until it slowly diffuses off. A targeted approach blocking VGIC activity will provide less 

toxicity and a better-tolerated treatment. 

 

Figure 1.  3D sketch of nanoporous PLGA microparticles 

4.2  Material and Methods 

4.2.1 Chemicals 

Poly (D, L-lactide-co-glycolide) 75:25 molar ratio with a carbocyclic group 

(uncapped) was obtained from Resomer® (Darmstadt, Germany). 1, 2-Dichloroethane 

(ACS reagent, ≥99%), polyvinylpyrrolidone (PVP-k90), 1-(3-dimethylaminopropyl) -3-

ethylcarbodimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), L-Lysine and sodium 

bicarbonate (NaHCO3) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). 
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Micro BCA protein assay kit was purchased from Thermo-Scientific, Rockford, Illinois, 

USA. 

4.2.2 Synthesis of nanoporous PLGA microparticles 

PLGA microparticles were synthesized using w/o/w double emulsion method. 

Specifically, 3% (w/v) of PLGA solution was prepared by dissolving 30 mg PLGA in 1 ml of 

dichloroethane. Then, 350 mg of PVP-k90 was dissolved in 7 ml of deionized (DI) water to 

make 5% solution of PVP-k90. Next, 200 μl DI water was added to PLGA solution and 

vortexed for 30 s to create water-in-oil phase. To form nanoporous microparticles, solutions 

of 3%, 0.5% and 0.1% (w/v) NaHCO3 were prepared and added to three different water-in-

oil phase samples. The solution was vortexed for 1 min to ensure well mixing. This step of 

adding NaHCO3 solution was skipped for the preparation of nonporous microparticles as 

shown by the schematic flowchart in Figure. 2. It was then added drop wise to the stirring 

beaker of PVP-k90 solution. TABLE I shows the formed w/o/w phase batches. Next, the 

solution vial was kept on stir plate overnight in a chemical hood, allowing dichloroethane 

to evaporate. Once the dichloroethane evaporated completely, the solution was transferred 

into a 15 ml tube and centrifuged at 4000 rpm for 15 min. The pellets were collected and 

suspended in PBS, then freeze-dried at -80 °C. 

The freeze-dried microparticles were taken in a plastic tube, washed with DI water 

and centrifuged at 4,000 rpm for 15 min three times to perform salt leaching to get 

nanoporous PLGA microparticles and to completely remove the trapped salt. Iterative 

washing in DI water after centrifugation is known to remove the water- soluble salts 

completely [19-21]. The pellets were suspended in 5 ml PBS. 
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Figure 2.  Schematic flowchart. Procedure to synthesize nanoporous and nonporous 

microparticles 

Table I. Percent composition (w/v) of nanoporous PLGA microparticles 
Batch 

No. 
Components % (w/v) 

PLGA PVP-k90 NaHCO3 

A 3.0 1.0 3.0 
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B 3.0 1.0 0.5 

C 3.0 1.0 0.1 

D 3.0 1.0 n/a 

4.2.3 Surface functionalization 

The carbodiimide crosslinker chemistry has been used to surface functionalization 

PLGA microparticles. EDC/NHS protocol forms an NHS ester that is considerably more 

stable while allowing for efficient conjugation to primary amines at physiologic pH [22]. The 

NHS and EDC were added to the nanoporous PLGA microparticles to modify the surface. 

The sample was incubated for 15 min, then washed with DI water to remove excess of 

EDC/NHS. The sample was suspended in DI water prepared for analysis. 

4.2.4  Preparation of nanoporous PLGA microparticles for scanning electron 

microscope (SEM) imaging 

A 10 mg freeze-dried microparticle were suspended in 1.5 ml DI water, the sample 

was diluted to better imaging in SEM. DI water was used instead of PBS to avoid 

crystallization and imaging artifacts stemming from the salts. The sample was then sputter 

coated with 50 Ǻ thick gold to prevent the surface from getting charged during SEM. The 

thin layer of gold coating made sure that the coverslip surface was conductive enough to 

image with SEM. 

4.2.5 Preparation of Nanoporous PLGA Microparticles for X-ray Photoelectron 

Spectroscopy (XPS)  

A 1 mg sample size has been placed on a glass slide and kept on chemical hood 

overnight to dry. The first sample was nanoporous microparticles with no surface 

functionalization (control), and the second sample with EDC/NHS surface 

functionalization. XPS has been used to confirm the chemical change on the PLGA 

microparticles and calculate atomic percent concentrations. 
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4.2.6 Covalent attachment of protein with Nanoporous PLGA Microparticles 

The surface functionalized nanoporous PLGA microparticles were suspended in 

PBS for covalent attachment of l-lysine. The microparticles underwent the process of 

conjugation followed by PBS washing. For each sample in Table I, 10 mg was suspended 

in 5 ml PBS, then 30 mg of l-lysine was added to each sample and incubated for 30 min. 

The excess of l-lysine was removed by centrifugation followed by PBS washes (x 2) to 

obtain nanoporous microparticles surface conjugated with l-lysine. Hence, amide bonds 

were formed between the primary amine groups of l-lysine with amine-reactive Sulfo-NHS 

ester on functionalized nanoporous PLGA microparticles. 

4.3 Results and Discussion 

The shape of nanoporous PLGA microparticles is a critical feature in the success 

of targeting VGIC on cancer cell. The movement of spherical shape microparticles is easier 

due to their symmetry. The shape of particles also influences their surface area available 

for surface functionalization. The nanoporous microparticles were prepared using w/o/w 

double emulsion method with NaHCO3 as a pores foaming agent. The morphology of 

synthesized nanoporous PLGA microparticles was found to be spherical from SEM 

micrographs (Figure. 3). 

The nanoporous formation was regulated by varying NaCHO3 concentration. The 

pore size of PLGA microparticles increased with an increase in NaHCO3 concentration. 

Images have been taken in SEM were used to calculate the microparticles diameter. The 

mean diameter of the nonporous PLGA microparticles was 1.05 ± 0.34 μm (n = 3). The 

diameter of nanoporous PLGA microparticles prepared with 0.1%, 0.5% and 3% NaHCO3 

was 1.53± 0.17 μm, 1.30 ± 0.50 and 1.34 ± 0.75 μm (n = 3), respectively (Figure. 4). 
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(a) 

   
(b) 

   
(c) 

Figure 3 Nanoporous PLGA Microparticles. (a) 3% NaHCO3 (b) 0.5% NaHCO3 

(c) 0.1% NaHCO3 

 

Figure 4 Diameter of nanoporous PLGA microparticles 
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The mean diameter of the PLGA microparticles increased with the addition of 

NaHCO3. In this regard, microparticles size needed to be very close to platelet size (2- 3 

μm) [23]; which they known to promote metastasis by protecting cancer cells against 

natural killer cells in the blood, because of direct contact between platelets and cancer 

cells. Controlling the nanoporous PLGA microparticles diameter size could assist the 

physical attachment to a cancer cell surface. 

Selective targeting approaches require ligands that specifically interact with 

receptors expressed on the cell surface. Therefore, this requires multiple copies of the 

ligand on the carrier surface to stimulate multivalent binding effects, in which results in 

enhanced affinity. PLGA microparticles porosities of the samples have been calculated 

using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA), where the 

percentage of pixels in the image have been highlighted using image threshold adjustment. 

Figure 5 & 6 show pore size and porosity percentage for batch 1, 2 and 3 (n = 3). The 

analysis showed an increase with porosity (%) as NaHCO3 concentration was increased 

(see TABLE. II). 

 

Figure 5 Pore size of nanoporous PLGA microparticles 
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Figure 6 Porosity of nanoporous PLGA microparticles 

Table II. Sample Characterization (n = 3)  

Sample Pore Size (nm) Porosity (%) Diameter (μm) 

A 103 ± 56 18.2 ± 6.1 1.34 ± 0.75 

B 75 ± 31 2.1 ± 2.0 1.30 ± 0.50 

Ca 59 ± 102 0.07 ± 0.12 1.53± 0.17 

D  n/a n/a 1.05 ± 0.34 

                                                              (an = 4 sample size) 

The XPS chromatography was used to confirm the surface functionalization at the 

monolayer level. The surface modification sample had a new peak appeared that did not 

appear on control sample (Figure 7). The surface quantification of the O, C and N for both 

samples has been calculated based on the atomic percentage (Table III). 

The micro BCA assay kit has been used for colorimetric detection and quantitation 

of total l-lysine molecules have attached to nanoporous PLGA microparticles surfaces. The 

absorbance of samples at 562 nm that was linear with increasing protein concentrations 

was measured on plate reader (n =3). The study showed a correlation between the  
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Figure 7 XPS chromatograph of sample with surface modification and no surface 

modification 

Table III. XPS surface atomic concentration (%) 

Sample Peak Atomic Concentration (%) 

No surface Modification 

particles (control) 

C (1s) 94.60 

O (1s) 5.40 

 

Surface modified particles 

C (1s) 80.50 

O (1s) 13.70 

N (1s) 5.80 

 

amounts of l-lysine found in the sample with different batches prepared in Table I. The l-

lysine assay value for each batch and control sample of l-lysine in PBS. 
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Figure 8 L-lysine assay 

The batch with higher porosity showed higher l-lysine concentration. The results showed a 

promising a method to control the density of ligand that could conjugate on the carrier 

surface to stimulate multivalent binding effects, in which results in enhanced affinity. 

Measurement has been run after 30 min and after 1 hour from sample preparation. The 

results showed a very stable covalent attachment of l-lysine to nanoporous PLGA 

microparticles (Figure 8). 

4.4 Conclusion 

This paper demonstrates the synthesis of controlled porosity of nanoporous PLGA 

microparticles, which are functionalized to form a stable amide bond with primary amine 

groups. The w/o/w double emulation technique has been used to synthesize the particles. 

The EDC/NHS crosslinker chemistry has been used to functionalize the nanoporous PLGA 

microparticles surface. Owing to the enhanced surface area, the functionalization of 

microparticles can maximize selectively targeting VGIC in cancer cells, which are a 

potentially advanced therapeutic for cancer. In fact, a higher density of VGIC blocker would 
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be available for specific binding PLGA microparticles have been used to load and deliver 

drug molecules. This work shows that the nanoporous PLGA microparticles platform can 

be designed to carry out multifunctional purposes. 
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Chapter 5  

Glioblastoma Multiforme Heterogeneity Profiling with Solid-state Micropores 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted (adapted) with permission from (M.G. Abdallah, T. I. Almugaiteeb, M.U. Raz, J. 

D. Battiste, Y. T. Kim and S. M. Iqbal)  



 

 

 

83 

 

 

5.1 Introduction 

Glioblastoma multiforme (GBM) is the most common form of brain cancer in adults. 

Survival for most GBM patients has remained low for decades1. GBM is characterized by 

uncontrolled cellular proliferation, intense resistance to cell death, diffuse infiltration, and 

robust angiogenesis.  It is also well recognized for intratumoral heterogeneity. The 

heterogeneous nature of GBM stems from mixed cytological subtypes, regional differences 

in gene expression, and nonuniform representation of key gene mutations and genomic 

alterations2-4. It remains unclear whether such intratumoral heterogeneity is the result of an 

inherent interactivity between tumor cells, genomic instability, stochastic noise at the level 

of transcription, translation, or post-translational modifications. Patients with GBM have a 

uniformly poor prognosis, with a median survival of one year5.  Advanced approaches on 

scientific and clinical fronts are needed that can help identify tumor sub-types in a quick 

and robust manner. 

Histopathology remains the gold standard for the diagnosis and classification of 

glioblastoma. The World Health Organization (WHO) classification of glioblastoma 

depends on cellular morphology to determine tumor grade, testing the presence or 

absence of nuclear atypia, mitotic activity, and microvascular proliferation6. This 

classification system is depended on inter-observer subjectivity, which is replete with 

errors7. Tumors with the same histopathological classification also show usually variable 

clinical presentation. The primary glioblastoma forms most commonly in old patients. In 

contrast, secondary glioblastoma occurs in younger patients. The molecular analysis 

shows GBM arises from different genomic alterations8. 

A technology-based surgery is necessary to resect tumor from patient’s brain with 

an adequate margin. Tumors have a distinct borderline where they stop and the normal 

brain mass begins. The surgeons must be able to identify the area between tumor and 



 

 

 

84 

 

 

neighboring brain tissue to remove only the tumor. Optical techniques are useful for brain 

tumor surgery in providing real-time intraoperative information9. The introduction of 

computed tomography (CT) scanning, magnetic resonance imaging (MRI) and image-

guided neuronavigation allow accurate resection of the tumor. The new optical microscopy 

techniques that use nonlinear light-matter interactions have been developed to generate 

signal contrast 10. Two-photon microscopy (TPM) has been widely used for translational 

and clinical cancer research11, 12. TPM uses either exogenous markers or endogenous 

contrasts including auto-fluorescence13. It has been used for clinical application but it is 

limited due to biocompatibility issues of the markers. Coherent anti-Stokes Raman 

scattering (CARS) microscopy is another nonlinear imaging modality that can be used for 

chemically-selective imaging of brain tumors. CARS microscopy is based on intrinsic 

vibrational properties of the molecules and thus does not require staining or labeling14. 

Overall, it has been challenging to differentiate tumor margin due to the limited resolution 

of these techniques15. 

Many groups have used high dimensional profiling studies such as gene 

expression profiling to identify signatures associated with receptor proteins such as 

epidermal growth factor receptor (EGFR) overexpression16-20. Despite its aggressive 

nature, GBM rarely forms clinically evident metastases, with only 0.4% of cases having 

metastases to visceral organs, including liver, spleen, kidney, and skin21. It is unclear 

whether GBM cells are incapable of invading into the vasculature, or invasive GBM cells 

circulate in the blood but are unable to proliferate in tissues outside of the brain. 

We report a simple and efficient electrical detection approach using solid-state 

micropores to create database of GBM cell lines translocation behavior and identifying 

GBM cell types in patient samples.  The database provided us a library to map the behavior 

of cells from patient samples. A single micropore setup works on the principle of cell 
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counter, where any physical blockage of the micropore channel causes a dip in the ionic 

current22. Previously, a similar device was used to detect lung cancer cells23, differentiate 

between metastatic and non-metastatic tumor cells24, and size-based detection of 

circulating tumor cells (CTCs) from the whole blood of a cancer patient25. The approach 

provides rapid detection of cell subtype based on their size and mechano-physical 

properties like elasticity, viscosity, and stiffness. The use of a single micropore device 

enables the detection of GBM cells and maps cells to the library. Although on-site 

histopathology provides an accurate diagnosis, it is time-consuming and expensive. Thus, 

there exists a clinical demand of better approaches for precise tumor margin delineation 

with advanced optical imaging modality. This approach provides an inexpensive instrument 

that can be used for brain delineation in a lab-on-a-chip setting. 

5.2 Materials and methods 

5.2.1 Micropore Device Fabrication  

The fabrication process started with p-type double side polished, silicon wafer of 

(100) crystallographic orientation. First, wafer was cleaned in a piranha solution (H2SO4: 

H2O2 at 3:1). Then, 500 nm silicon dioxide (SiO2) was thermally grown on the wafer. 

Positive photoresist (Shipley S1813) was coated on both sides of the wafer. A standard g-

line photolithography process and dark field mask were used to transfer a square pattern 

on to the wafer. The wafer was developed for 40 seconds in MF-319 developer solution to 

obtain square windows patterned on one side of the wafer. The buffered hydrofluoric (BHF) 

acid was used to etch away SiO2 film and transfer square window patterns to reveal bare 

silicon wafer underneath. Then, acetone was used to remove the residual photoresist from 

both sides of the wafer. 
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Tetramethyl ammonium hydroxide (TMAH) is anisotropic silicon etchant.  It was 

used to make membranes through the square window. Wafer was dipped in BHF for 30 

seconds to remove native oxide from opened areas, then immersed in 25% TMAH solution 

at 90 °C with steady stirring at 200 rpm (etch rate: ~1 µm min-1)32. The etching stopped 

when silicon got etched through the whole thickness and thin SiO2 membrane was reached 

on the other side of the wafer. 

A micropore of 20 µm diameter was drilled in 200 nm thin SiO2 membrane using 

focused ion beam (FIB). The size of the drilled micropore depended on the FIB milling 

current, thickness of SiO2 membrane and drilling time26, 33-35. The higher the exposure time 

or the milling current, the larger was the diameter of the resulting micropore. FIB dose (30 

kV acceleration voltage, 1 nA milling current and 300 seconds exposure time) was used to 

drill 20 µm pore in SiO2 membrane. After drilling, each chip was annealed at a high 

temperature for 5 minutes to smoothen the walls of the micropore and to relieve stresses 

on the oxide membranes34. 

5.2.2 Glioblastoma Multiforme (GBM) Cancer Cell Line Culture 

All methods were carried out in accordance with relevant guidelines and 

regulations. The culture of GBM cell lines (G55, D54 EGFRviii, U87, and U251) has been 

reported before36. Briefly, these cells were cultured in DMEM/F-12 (Cellgro) with 10% fetal 

bovine serum. Gentamycin and L-glutamine (Invitrogen) were added to the cell culture 

medium and plated at a density of 3 × 106 live cells per 60 mm plate. 

5.2.3 Human Astrocyte Cell Culture 

Human astrocyte cells were obtained from consenting patients at the University of 

Oklahoma Health Science Center (OK, USA). The collected human astrocyte cells were 

cultured in DMEM/F-12 (Cellgro) with 10% fetal bovine serum. Gentamycin and L-
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glutamine were added to the cell culture medium. Standard cell culture conditions i.e. a 

sterile, humidified, 95% air, 5% CO2, and 37 °C were maintained. 

5.2.4 GBM Patient Samples 

GBM cancer cells (Case 8 and 25) found in brain tissue were obtained from 

consenting patients at the University of Oklahoma Health Science Center (OK, USA). The 

collected brain tissue containing GBM cancer cells were collected in ice-cold Hanks 

medium and were chemically dissociated with papain and dispase (both 2%). The cells 

were cultured in chemically defined, serum-free Dulbecco’s Modified Eagle’s Medium 

(DMEM)/ F-12 medium supplemented with 20 ng ml−1 mouse EGF (from Peprotech, Rocky 

Hill, NJ), 1× B27 supplement (Invitrogen, Carlsbad, CA), 1 × insulin-transferrin-selenium-X 

(ITS-X, Invitrogen), and penicillin:streptomycin (100 U ml−1 : 100 μg ml−1) (HyClone, 

Wilmington, DE, USA). CD133p GBM cancer cells were provided by the University of 

Texas Southwestern medical center with the approval of IRB37. 

5.2.5 Measurement of GMB Cancer Cell Diameter 

GBM cancer cell lines and GBM cells collected from patients samples were 

dissociated with Trypsin-EDTA (0.05%) and seeded on a hemocytometer to measure the 

cell diameters. The dissociated cancer cells were imaged and their diameters were 

measured by ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). 

For statistical analysis, ANOVA analysis was carried out. The averages and standard 

deviations were calculated. 

5.3 Results 

5.3.1 Micropore Measurements  

The fabrication of micropore is listed in detail in methods section. Figure. 1(a-d) 

give a summary of the solid-state micropore fabrication process. Two Teflon blocks were 
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used to clamp the micropore chip. Polydimethylsiloxane (PDMS) gaskets were used to hold 

the chip in between Teflon blocks and to prevent leakage of solution during the 

experiments. Each block had a channel ending in 1 mm opening, which aligned with 

gaskets and micropore chip when the blocks were assembled together.The two Teflon 

blocks formed the inlet and outlet chambers. Inlet and outlet tubes were connected to the 

Teflon blocks. The inlet chamber was connected to syringe pump through a tube adapter. 

Ag/AgCl electrode pair was used to bias the chip and to record ionic current. One electrode 

was dipped in each chamber and these were connected to data acquisition cards of a 

computer. 

The syringe pump injected the cell suspension made up of 0.85% NaCl solution 

through the inlet chamber while the other chamber was filled with just 0.85% NaCl. The 

ionic current through the micropore was monitored and when a cell translocated through 

the micropore, physical blockage resulted in a unique pulse in the current traces. Pulse 

magnitude, width, and shape indicated the mechano-physical property of the translocating 

cell. This data for all the cells in the samples provided the quantitative behavior of each 

single cell, which specifically correlated to the physiological status of the cell. When a cell 

translocated through the micropore, the physical blockage of the micropore increased 

resistance to the ionic current flow. 
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(a)       (b) 

 

 

 

 

 

        (c)                                                           (d) 

Figure 1. Solid-state micropore fabrication process and experiment setup. (a) 3D cross-

section sketch of micropore in SiO2 membrane. (b) Photolithography to open a window in 

photoresist and BHF etch to transfer square pattern to oxide. The TMAH solution wet 

etches silicon all the way through to reach thin suspended SiO2 membrane on the other 

side. (c) FIB drilling to make 20 μm micropore in SiO2 membrane. (d) The chip with single 

micropore is sandwiched between the Teflon blocks. PDMS gaskets are used to avoid 

leakage. Ag/AgCl electrodes are inserted into the tubing attached to inlet and outlet 

chambers. Inset shows a sketch of the PDMS gaskets sealing micropore chip. 

The resistance of flow of ionic current is given by R = ρL/A, where ρ is the resistivity 

of the medium (0.85% w/v NaCl solution), L represents thickness of oxide membrane 



 

 

 

90 

 

 

(length of the micropore) and A stands for effective area of micropore. Therefore, any 

variation to the effective area of the micropore due to physical blockage from the 

translocating cells was measured as the change in its resistance26. 

The flow rate of cells and the sampling frequency for micropore measurements 

had to be optimized. A very high flow rate increased the device throughput but decreased 

the resolution between two different cell types. At low flow rate, the device throughput 

became too small. Using a very high sampling frequency added too much noise to the 

system, consequently decreasing the device sensitivity. In contrast, low sampling 

frequency had less noise but it resulted in missing fast translocation events, again reducing 

the sensitivity25. Taking these two parameters into consideration, experiments were 

performed at a flow rate of 20 µl/min and sampling rate of 200 KHz. 

5.3.2 Measurements of Cell Diameters 

The U251, U87, D54 EGFRviii, and G55 cells are indicative of the most significant 

cells in a glioblastoma mass. All of these cells assumed spherical shapes in suspension 

and were found to be healthy after disaggregation. The optical micrographs of these cell 

lines and human astrocytes (healthy cells) were taken before running the sample through 

the micropore as shown in Figure 2(a-e). The cellular diameters were measured in ImageJ 

for each cell line. The statistical analysis of the data was done by an ANOVA test. The 

variance analysis showed that the effect of different cell types on cell’s diameters was 

significantly different (F (4, 232) = 122.29, p-value = 0.0005). The analysis demonstrated 

that cells from these lines varied in size compared to normal human astrocytes cells. Thus, 

a size-based discrimination should be feasible to distinguish between cell lines. The box 

plot of cellular diameters from the optical micrographs of each cell type is shown in Figure 

2(f). The average diameters of U251, U87, D54 EGVRviii, G55, and human astrocytes are  
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(a)                                               (b)                                           (c)  

     
(d)                                               (e) 

 
(f) 

Figure 2. Optical micrographs of cells (a) U251, (b) U87, (c) D54 EGFRviii, (d) G55, and 

(e) Human astrocytes. (f) Box plot of cell diameters. The average diameter of U251 was 

found to be much smaller than others (p-value = 0.0005) 
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13.73 µm (S.D. 1.20), 23.39 µm (S.D. 4.27), 24.19 µm (S.D. 3.18) 26.77 µm (S.D. 4.73), 

and 29.35 µm (S.D. 9.28), respectively. 

5.3.3 GBM Cell Lines Library 

After measuring the average diameter of each GBM cell line, separate solutions 

were prepared for each cell line by suspending 100,000 cells of each in 10 ml NaCl solution. 

Each GBM cell line was processed for 15-20 minutes through a 20 μm micropore and data 

was recorded at the optimized settings. Cells of each type caused significantly distinct 

current blockage signatures while translocating through the micropore. The experiments 

were repeated twice per cell line and cells were detected from the acquired pulses. 

Analysis of the acquired data showed the distinguishing electrical characteristics 

between the GBM cell lines. The data showed different translocation profiles for each GBM 

cell line suspensions as shown in Figure 3(a). Each cell line shows a unique cluster that is 

distinctive from the clusters recorded for the other cell lines. The unique characteristics of 

the electrical pulses were displayed in their peak amplitudes and pulse widths (Table I).  

Table I Summary of pulse statistics for GBM cell lines through 20 μm micropore 

                    aF(3, 2352) = 5713.44, p = 0.0005, bF(3, 2352) = 4874.59, p= 0.0005 

GBM Cell line Average translocation 

time (µsec) 

Average peak 

amplitude (µA) 

U251 41.06 ± 4.07a 0.16 ± 0.03b 

U87 99.46 ± 9.53a 0.16 ± 0.02 b 

D54 EGFRviii 69.15 ± 7.16a 0.17 ± 0.03 b 

G55 173.63 ± 24.35a 0.72 ± 0.11 b 
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(a) 

 
 
 
 
 
 
 

            (b)                                (c) 

   (d)                   (e) 

 
 
 
 
 
 
 

                                       (f)       (g) 

Figure 3. GBM cell lines library. (a) Electrical profile of GBM cell lines using 20 μm 

diameter micropore. Overlaid scatter plot of electrical profile of GBM cell line through 

micropore shows different profile for each cell line. (b-g) Signature pulses of the four 

GBM cell lines through 20 μm micropore and the close-up view: (b) U251, (c) U87, (d) 

D54 EGFRviii and (e) G55. (f-g) closed-up pulses for G55 cell line. 



 

 

 

94 

 

 

The translocation time width depicted the cell dwell time in the micropore. The 

representative signature pulses of each cell type are shown in Figure 3(b-g). It was 

observed that the electrical pulses registered by U251 cells were significantly smaller than 

those obtained from other GBM cells. U251 pulses had an average peak amplitude of 0.16 

μA (S.D. 0.03) and average pulse width of 41.06 μs (S.D. 4.07). One-way ANOVA analysis 

was used to show that the electrical profiles were significantly different (F (3, 4) = 0.02, p 

= 0.996). The differences in peak amplitudes and translocation times of the pulses were 

sufficient to uniquely identify the GBM cell types from their respective pulses. 

5.3.4 Reproducibility of Electrical Signatures from Micropore Device 

The diameters of the micropore devices used in experiments were measured from 

optical images taken before experiments (Figure 4(a)). For each GBM cell lines, the 

experiments were repeated twice. For each experiment run, a new micropore device was 

used. The average diameter of micropore devices used in the experiments was 20 μm ± 

0.02 μm (n = 8). The one-way ANOVA analysis showed that the micropore devices were 

significantly similar (F (3, 4) = 0.02, p-value = 0.996). The micropore device diameter had 

no effect on the experiments and any change in the electrical profile was solely due to the 

cells passing through the micropores. 

Translocation profile for each GBM cell lines was repeated twice and plotted 

(Figure 4(b-e)). For each run, fresh cells were suspended in 10 ml 0.85% NaCl solution. 

These results demonstrate the micropore reliability to recognize GBM cell lines from their 

unique electrical signatures. 
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            (a) 

   
(b)              (c) 

  
   (d)              (e) 
Figure 4. Reproducibility of electrical signatures. (a) Optical images for micropore devices 

used in the experiments. The average micropore diameter was 20 μm ± 0.02 μm (n = 8). 

Electrical profile of GBM cell lines using two 20 μm diameter micropores. Data for (b) 

U251, (c) U87, (d) D54 EGFRviii and (e) G55. The translocation profiles for each GBM 

cell line are same for the two experiments. This indicates the data is reproducible among 

the devices. 
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5.3.5 GBM Cell Detection from Brain Tumor Patient-Derived Samples 

Patient-derived samples (10,000 cells) were prepared in 5 ml of 0.85% NaCl and 

processed through the micropore. Each sample (Case 8, CD133p and Case 25) was 

processed through a 20 μm micropore for 15–20 min. The cell detection efficiency was 

72%, 80%, and 79%, respectively. The electrical profiles of patient-derived samples are 

shown in Figure 5 (a-c). The four different GBM cell profiles can be readily identified in the 

representative sample by overlaying the patient’s sample profile on GBM library electrical 

profile (Figure 5 (d-f)). The electrical profile of healthy human astrocyte cells was added to 

Fig. 5 (d-f). The healthy cells showed unique electrical profiles compared to GBM cells. 

The registered events associated with a particular cell type profile were counted to 

determine the number of cells of that cell type present in each sample (Figure 5 (g-i)). This 

experiment clearly shows that the different subtypes of GBM cells present in patient- 

derived samples were detected, as well as quantified, and mapped to GBM cell line library 

with this technology. This differentiation stemmed from their unique biomechanophysical 

properties. 
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(a)                                                   (b) 

   
                               (c)                                                                 (d) 

   
                           (e)                                                                   (f) 

 
                 (g)                                              (h)                                   (i) 

Figure 5. GBM cell detection from brain tumor patient-derived samples. (a-c) Electrical 

profiles of GBM patient’s GBM samples for: (a) Case 8, (b) CD133p, and (c) Case 25. (d-

f) The pulse profiles of GBM patient-derived samples overlaid on top of GBM cell lines 

and healthy human astrocytes: (d) Case 8, (e) CD133p, and (f) Case 25. (g-i) Pie charts 

show detailed analysis of the cell subtypes detected from the brain tumor patient- derived 

sample, where the percentage of each GBM cell type pulses was calculated for each 

patient-derived samples. The analysis shows the heterogeneity of the GBM cells within 

the patient samples for (g) Case 8, (h) CD133p, and (i) Case 25. 
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5.4 Discussion 

The development of technical abilities to differentiate between GBM cell lines using 

micropore technology enhanced the ability to understand brain tumor biology. The brain 

tumor is known for its widespread heterogeneity. Cancer is a disease of unregulated self-

renewal and differentiation, understanding cancer heterogeneity is fundamental to 

understanding cancer-cell proliferation. GBMs show a highly heterogeneous composition 

of cells. It is necessary to acknowledge that these cell lines are different in their physical, 

mechanical and molecular properties. This approach determines the heterogeneity of 

cancer, which is very important in cancer diagnosis and treatment27. The micropore 

transducer differentiated and quantified the cells from four tumor cell lines and patient’s 

samples. The reproducibility of the data was verified by repeating the experiments twice 

with separate micropores of the same size, and similar results were observed when 

processed at same conditions. 

The four cell lines of GBMs are different from each other in their cell attributes28-30. 

The small-sized U251cells were able to translocate easily through the micropore, which 

caused less hold back from the micropore walls23. For U87, D54 EGFRviii and G55 cell 

lines, the longer translocation times and higher peak amplitudes of the pulses indicated 

larger sizes and less deformability. Size is the dominant factor and a prime contributor to 

the translocation profile through the micropore23, but the elasticity of the cells is also a 

prime contributor. It has been reported before that that cell deformability is directly linked 

to the elasticity of the cells24. While GBM cells were translocating through the micropore, 

they were deforming to adjust to the size of the micropore. A lower translocation time was 

due to the higher elastic deformability and more pliability. This meant the cells took less 

time to deform and adjusted to the micropore size quickly. On the other hand, longer time 

to deform due to lower elasticity delayed the ionic flow through the micropore for long, 
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yielding to higher translocation time. This implies that cell translocation time can be an 

indirect measure of the cell elasticity. This mechanical difference is important for GBM cell 

types as this tumor is composed of pathologically heterogeneous mixture of cells.  These 

cells exhibit varying degrees of cellular and nuclear polymorphism. Although this 

heterogeneity is generally discussed in terms of pathological structures, examining the 

dynamic heterogeneity at the cellular level is fundamental to understand the origins of the 

cells31. 

The solid-state micropore with brain tumor patient samples identified the novel 

potential of the micropore in GBM heterogeneity profiling. The developed GBM library was 

able to distinguish GBM cell subtypes from brain tumor patient’s samples. These results 

confirm that the patient’s tumor samples contained heterogonous and dissimilar 

morphological subtypes, and we could map the results to each specific subtype. In clinical 

settings, such matching system can help against extensive heterogeneity of GBM tumor 

cells from patient’s brain tissue to classify the subtype by comparing the data to GBM cell 

subtype library. 

5.5 Conclusion 

Discriminating the GBM tumor subtypes is a very important step in disease 

diagnosis and defining appropriate treatments. A novel approach is presented to detect 

human brain tumor cells in a sample from a cancer patient using solid-state micropores. 

The micropore device translated cell properties into electrical profiles to form GBM cells 

library. Brain tumor patient’s samples were processed with the device. We detected cancer 

cells from patient sample and mapped these to specific cell subtype without any pre-

processing, cell staining or beads attachment. The high throughput, rapid detection and 

faithful mapping made it suitable choice for clinical setups and diagnostic applications. 
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Chapter 6  

A Facile Microfluidic Approach to Create Microencapsulation for Single Cell 

Confinements  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted (adapted) with permission from (M.G. Abdallah, R. Khan, Y. T. Kim and S. M. 

Iqbal)  
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6.1 Introduction 

Cell encapsulation technology allows for containing living cells in a 

microenvironment to be isolated from the extracellular environment.1 The cell is considered 

encapsulated when entrapped within a semipermeable polymer at the micron scale. Thus, 

nitrogen and oxygen, as well as electrolytes can be diffused inside the microcapsule 

through pores of the encapsulating polymer. Consecutively, small molecules produced by 

the encapsulated cell, such as metabolites and waste can diffuse outside the microcapsule. 

This way, a microencapsulated cell is immune-isolated, presenting benefits against 

immunosuppression. 

High-throughput encapsulation of cells into drops protect these from cross-

contamination, enable the measurements of cellular diversity within samples, prevent 

dilution of reagents and biomarkers, and amplify signals.2 The microencapsulation in drops 

also provides the ability to remerge drops into larger aqueous samples.3,4 The reduction in 

dilution implies stronger detection of signals and higher accuracy in measurements, 

therefore, may have the ability to reduce volume required of the costly sample and 

reagents.5 Encapsulation of cells in drops has been utilized to improve detection of 

proteins,6 antibodies,7,8 enzymes,9 and metabolic activity10 for high throughput screening, 

and could be used to improve high throughput cytometry.11 Additional studies present 

applications in bioelectrospraying of drops containing cell for mass spectrometry12 and 

targeted surface cell coatings.13 

Generally, polysaccharides are natural polymers commonly used in cell 

encapsulation. The polysaccharides allow cell encapsulation under relatively mild 

conditions and do not interfere with the functional survival of the cells.14,15 Another pertinent 

reason is that the majority of polysaccharides form hydrogels.16 Hydrogels have many 

beneficial properties for cell encapsulation. They are pliable, soft, mechanically stable,17 
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and reportedly associated with minor host responses.18 Alginate-poly-L-lysine-alginate 

(APA) microcapsules19 have been the most widely investigated formulation for live cell 

encapsulation. However, serious limitations exist regarding their mechanical adequacy and 

biocompatibility for long-term in vivo applications.20,21,22,23 Membrane instability causes the 

eruption of the capsules, resulting in undesirable escape of encapsulated cells. Synthetic 

polymers offer several advantages over natural polymers: (1) these can be readily 

synthesized in large quantities, (2) these do not have variations from batch-to-batch, (3) 

these can be easily engineered for desired properties, (4) these can be tailored to improve 

biotolerability, and (5) these can be reinforced for better mechanical properties.24 Many 

synthetic polymers are associated with encapsulation processes that require the 

application of toxic solvents.25,26 This implies a loss of viability or loss of cell functions. 

It is known that cancer cells produce sets of antigens that are expressed on their 

surfaces due to mutations present within the genome of tumor cells and not because of the 

surrounding normal tissue. These antigens have been attractive drug and vaccine targets. 

However, antigens have not been investigated due to inefficient and complex isolation and 

sequencing techniques. The presented microencapsulation can be used to study the single 

cell behavior. The preparation of hollow PLGA microcapsules is presented that used a 

microfluidic device to encapsulate cells in situ. 

6.2 Materials and Methods 

6.2.1 Chemicals 

PDMS was prepared using Sylgard 184 kits purchased from Ellsworth Adhesives 

(Dow Corning, Midland, MI, USA). The kit contained PDMS base and a curing agent. Poly 

(D, L-lactide-co-glycolide) 85:15 molar ratio with ester end group was obtained from 

Resomer® (Darmstadt, Germany) and 1,2-Dichloroethane was purchased from Sigma-

Aldrich (St. Louis, MO). 



 

 

 

108 

 

 

6.2.2 Fabrication of PDMS Microfluidic Device 

The microfluidic device was fabricated by embedded template method as 

described before.27 Specifically, the design of the microfluidic device was a “diverged Y-

shape”, which contained three inlets and one outlet port (Figure 1). The outlet of the 

template was a plastic hollow tube with an outer diameter of 0.7 mm. A small hole was 

punched through the plastic hollow using a biopsy needle (26 G x 5/8 in.). The distance 

from one end of the plastic tube to the punched hole was 1 mm. Furthermore, a long 

straight aluminum wire was introduced through the hole.  This wire was bent at 

approximately 45° to form a V-shape to template the main inlets. Another wire was attached 

at the end of the plastic hollow tube. The embedded template was secured on a glass Petri 

dish using double-sided tape. Finally, the mixture of PDMS pre-polymer and the curing 

agent (ratio 10:1) were poured to cover the template completely. The whole assembly was 

put into a vacuum chamber for degassing. The template in the Petri dish was covered with 

PDMS and cured at 90 °C. The template was then pulled out from the cured PDMS. 

 
Figure 1 PDMS microfluidic flow channels to synthesize hollow PLGA microcapsules. The 

zoomed-in optical micrograph of the cross-junction. (Scale bar = 500 μm) 
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6.2.3 Human Glioblastoma Multiforme (hGBM) Cell Culture  

The culture of hGBM cell line has been reported before.28 The hGBM cells were 

obtained from consenting patients at the University of Texas Southwestern Medical Center 

at Dallas, Texas, with the approval of the Institutional Review Board.  Briefly, these cells 

were cultured in DMEM/F-12 (Cellgro) with 10% fetal bovine serum. Gentamycin and L-

glutamine (Invitrogen) were added to the cell culture medium and plated at a density of 3 

× 106 live cells per 60 mm plate. 

6.2.4 Synthesis of Hollow PLGA Microcapsules 

The PLGA hollow microcapsules were prepared by a single step continuous flow 

method in a microfluidic device. The dispersed phase consisted of the suspended cells of 

solution and the continuous phase consisted of the biodegradable PLGA polymer dissolved 

in an organic solvent. These solutions were pushed inside the device using syringe pumps. 

The 10% w/v PLGA solution was prepared by dissolving 2 g of PLGA in 1, 2-dichloroethane 

and it was pushed through the side channels as the continuous phase (QPLGA). The medium 

solution that consisted of cells was introduced from the central channel as the dispersed 

phase (QCell). Accordingly, the fluids met at the cross-junction (Fig. 7 (b)), where droplets 

of the dispersed phase formed as the fluids flowed into the main channel to a glass vial at 

the device outlet. The flow easily controlled the end goal of obtaining spherical or nearly 

spherical particles by adjusting the flow rates of the continuous and dispersed phases. The 

relationships between the flow rates and hollow PLGA microcapsules stability was 

investigated by two sets of experiments: (1) By varying dispersed flow and maintaining 

continuous flow at 0.10 ml/min, and (2) By varying the dispersed flow while maintaining 

continuous flow at 0.25 ml/min continuous  
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6.2.5  Preparation of Hollow PLGA Microcapsules for Imaging 

Microcapsules were suspended in PBS and placed on a glass slide for imaging. 

The sizes of microcapsules were analyzed using ImageJ software (National Institutes of 

Health, Bethesda, Maryland, USA). 

6.2.6 hGBM Passive Encapsulation in Hollow PLGA Microcapsules 

The principle of passive encapsulation was based on the microcapsule formation 

by combining two or more streams of immiscible fluids that passed through a small orifice 

located downstream of the three channels, causing it to break up into discrete 

microcapsules. The cells were encapsulated in portions of the fluid volumes that were 

segmented by PLGA flow from the side channels. The encapsulation efficiency (𝜂) was 

calculated as: 

𝜼% = 
𝑻𝒐𝒕𝒂𝒍 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔  𝒆𝒏𝒄𝒂𝒑𝒔𝒖𝒍𝒂𝒕𝒆𝒅 

𝑻𝒐𝒕𝒂𝒍 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 𝒂𝒑𝒑𝒆𝒂𝒓𝒔 𝒊𝒏 𝒂𝒏 𝒊𝒎𝒂𝒈𝒆
 × 𝟏𝟎𝟎% 

 

The cells were stained with Texas Red; a red fluorescent dye used for cell staining. 

The cell suspension was centrifuged and the supernatant was removed. Next, 3 ml of 

DMEM was added to dilute cells to a concentration of 500,000 cells/ml and loaded into a 3 

ml plastic syringe, which connected to the device core inlet. The 10% w/v PLGA was 

prepared and loaded into two 5 ml plastic syringes. The syringes were connected to 

microfluidic device inlets. The dispersed phase flow rate was set to 0.10, 0.20 and 0.50 

ml/min and the continuous phase flow rate was set to 0.10 ml/min on syringe pumps. The 

samples were collected in glass vials for one minute. After encapsulation, the fluorescence 

measurements were taken at 560 nm wavelength using a Zeiss confocal microscope. The 

images were analyzed using ImageJ. 
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6.2.7 hGBM Cells in Microcapsules 

After the samples were collected in glass vials, the microcapsules were washed 

with 5 ml PBS. In a laminar airflow hood, a 500 μl DMEM medium was added and placed 

in an incubator (95% air, 5% CO2 and 37 °C). After 24 hours, the samples were observed 

with an optical microscope. 

6.2.8 Post-Encapsulation Cell Viability 

Trypan Blue stain was used to discriminate between viable and non-viable cells. A 

100 µl of the stain was added to the samples and then incubated for 15 minutes. The 

stain solution was removed from the samples and washed with 1 ml of PBS 

three times. Non-viable cells were found blue, while the stain did not get 

into the viable cells. The cells viability was calculated by dividing the number 

of viable cells over the total number of viable and non-viable cells  

6.3 Results and Discussion 

6.3.1 Synthesis of Hollow PLGA Microcapsules 

The PLGA hollow microcapsules were generated in a flow-focusing droplet 

generation microfluidic device with a “diverged Y-shape”. The cell suspension was used 

as dispersed phase flowing through the central channel with the PLGA solution as 

continuous phase flowing through the two side channels. The PLGA solution was pushed 

through the side channels as the continuous phase, denoted as QPLGA. The cell suspension 

was introduced from the central channel as the dispersed phase.  The flow of the 

suspension was controlled with syringe pumps and denoted as QCell.  The fluids met at the 

cross-junction, where droplets of the dispersed phase formed as the fluids flowed into the 

main channel. Hollow PLGA microcapsules were produced using 10% (w/v) PLGA. The 
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formed microcapsules exhibited intact spherical surfaces. The ratio between the dispersed 

and continuous phases played a key role in the stability of microcapsules. The experiments 

showed that microcapsules were not stable at lower ratios (less than 0.10) between 

dispersed to continuous. On the other hand, if the ratio was larger than 0.10, microcapsules 

were stable and intact (Table I). The microcapsules prepared at higher ratios experienced 

a faster phase separation followed by affinity to stabilize over time. 

Table I. Flow rate ratios and microcapsule stability 

Continuous Phase 

Flow Rate (ml/min) 

Dispersed Phase 

Flow Rate (ml/min) 

Ratio 

(Qcell/QPLGA) 

Microcapsules 

intact 

 

0.10 

0.01 0.05 No 

0.05 0.25 Yes 

0.10 0.50 Yes 

0.50 2.50 Yes 

 

0.25 

0.05 0.10 No 

0.10 0.20 Yes 

0.50 1.0 Yes 

 

6.3.2 Microcapsules Size Analysis 

The samples were collected at different Qcell/QPLGA ratios to study the microcapsule 

sizes. The continuous phase was maintained at 0.10 ml/min as the dispersed phase was 

varied. The analysis was done on the optical micrographs (n = 2) of the samples. The 

ImageJ was used to count and determine the diameters of microcapsules. The one-way 

ANOVA analysis was carried out on the data to ascertain statistical significance. 
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Figure 2 Hollow PLGA microcapsules average diameters box plot analysis using optical 

images (n = 2). The microcapsules average diameters are reported at three Qcell/QPLGA 

ratios of 0.5, 1.0 and 2.5.  The larger microcapsule diameters were observed for higher 

ratio. (N = 348, p-value << 0.05) 

The Figure 2 shows the microcapsule size with respect to the Qcell/QPLGA ratios at 

a set continuous phase flow rate of 0.10 ml/min. The microcapsule sizes varied as the 

Qcell/QPLGA ratio changed without modifying the microfluidic device geometry and 

dimensions.  

6.3.3 hGBM Passive Encapsulation in Hollow PLGA Microcapsules 

For suspended cells traveling through a microfluidic channel, the distribution and 

the timing of their arrival at the site of encapsulation are random. Passive encapsulation is 

a method that encapsulates cells by modifying flow rate, cell concentration and channel 

width. Herein, we regulated the Qcell/QPLGA ratio to encapsulate hGBM cells (Figure 3). The 

cells were suspended in the medium solution at the density of 500,000 cells/ml. The  
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Figure 3 Cells encapsulated in hollow PLGA microcapsule at continuous phase flow rate 

of 0.10 ml/min and dispersed phase at 0.10, 0.20,and 0.50 ml/min. (a-c) Qcell/QPLGA = 0.5 

(d-f) Qcell/QPLGA = 1.0 (g-i) Qcell/QPLGA = 2.5. Yellow circles: cells inside microcapsule, 

white circles: cells outside microcapsule. (Scale Bar 100 μm) 

encapsulation efficiency (𝜂) showed particular profiles when continuous phase flow rate 

was at 0.10 ml/min and dispersed phase varied at 0.10, 0.20, and 0.50 ml/min. A 100% 𝜂 

was achieved at the lowest Qcell/QPLGA ratio. 
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Figure 4 Cells encapsulated in hollow PLGA microcapsule at continuous phase flow rate 

0.25 ml/min and dispersed phase varied at 0.30 and 0.50 ml/min. (a-c) Qcell/QPLGA = 0.6 

(d-f) Qcell/QPLGA = 1.0. Yellow circle: cell inside microcapsule, white circle: cell outside 

microcapsule 

The continuous phase flow rate was then increased by 2.5 times and the Qcell/QPLGA 

ratio was maintained at  > 0.10 (Figure 4). The 𝜂 changed when continuous phase flow rate 

was at 0.25 ml/min and dispersed phase was varied from 0.30 to 0.50 ml/min. The results 

showed lower 𝜂 at higher continuous phase flow rate. 

In order to understand the relation of continuous phase flow rate and passive 

encapsulation, the cells per microcapsule were counted and plotted vs. the Qcell/QPLGA ratio. 

Table II shows the η and number of cells captured for various encapsulation conditions.  

For 0.10 ml/min continuous phase flow rate, the analysis showed higher cells per 

microcapsule at higher Qcell/QPLGA ratio. Although the η at Qcell/QPLGA = 2.5 was lower but 

the tradeoff was that more cells could be encapsulated at higher cell suspension flow rate. 

By comparing same ratio of Qcell/QPLGA (= 1.0) at higher continuous phase flow rate (0.25 
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ml/min), we noticed the η dropped. The data shows both dispersed and continuous flow 

rates played a key role in cell encapsulation efficiencies and number of cells encapsulated. 

Table II. List of passive encapsulation analysis quantities at different continuous 
phase flow rate 

Continuous Phase flow rate: 0.10 ml/min 

Qcell/QPLGA Ratio Average 𝜼 (%) Average cells per 

microcapsule 

0.5 100a 1 a 

1.0 68 ± 5a 1.5 ± 1 a 

2.5 64 ± 17a 1.8 ± 1.3 a 

Continuous Phase flow rate: 0.25 ml/min 

Qcell/QPLGA Ratio Average 𝜼 (%) Average cells per 

microcapsule 

0.6 72 ± 26a 1.5 ± 0.6 a 

1.0 52 ± 13a 1.4 ± 0.9 a 

                                                    a n = 3 

6.3.4 Glass vs. Polystyrene Substrates 

Microcapsules were generated using microfluidic device in which PLGA solution 

and cell suspension met at the cross-junction. The microcapsules were gathered on glass 

and polystyrene substrate and placed in an incubator (95% air, 5% CO2, 37 °C).  PLGA is 

a non-polar molecule and provided hydrophobic shell to microcapsules. The hollow PLGA 

microcapsules maintained spherical shape on the glass but were flattened on polystyrene 

substrates (Figure 5). Commonly, polystyrene is treated to be hydrophilic for the 2D cell 

culture applications where cells grow in a planar layer. The hollow PLGA microcapsules 

maintained their shapes in glass vials and on glass substrates. The hollow PLGA  



 

 

 

117 

 

 

 

Figure 5 Surface interface comparison of hollow PLGA microcapsules with (a) glass, and 

(b) polystyrene substrate. (Scale bar = 100 μm) 

microcapsules were thus barriers to the cells environment. The cells this kept their 

biochemical and biomechanical properties closer to in vivo conditions.27,28,29 

6.3.5 Post-Encapsulation Cell Viability 

The encapsulated cells were observed 24-hour post-encapsulation at 3.2X 

magnification. Figure 6(a) shows cells encapsulated in hollow PLGA microcapsules. Cells 

appeared as black dots in PLGA microcapsules.  In Figure 6(b), a sample was collected 

from glass vial and methylene chloride was added to it and placed on glass coverslip to 

observe at higher magnification. The cell viability is calculated as the number of viable cells 

divided by total number of cells in an image. The average calculated viability of the sample 

was 78%. The samples were examined immediately under a microscope after Trypan blue 

staining (Figure 6(c)). 
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Figure 6 Cells observed 24-hour post-encapsulation with a microscope. (a) Cells at 3.2X 

magnification. Yellow arrows show encapsulated cells. (b) Cells at 20X magnification. (c) 

Micrographs after Trypan Trypan blue staining. Yellow circles show healthy cells and red 

circles show nonviable cells. The average viability is 78% (n =3). 
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6.4 Conclusions 

This paper demonstrated a simple, robust and reproducible technology to 

encapsulate cells in small PLGA microcapsules (average 204 nl). These 

microencapsulations are perfect to perform single cell analysis and interactions studies. 

This platform can be used to characterize the genes and proteins of tumorous and other 

diseased cells comprehensively. Tumors are not homogenous in their mutational profile, 

i.e., various cells develop new mutations within the tumor, often making them genotypically 

distinct from their neighbor, one tumor could contain thousands of potential antigens for 

the immune system to target. This simple encapsulation can provide rapid means to 

encapsulate cells for tumor profiling at the single cell level, thus providing a complete 

picture of the disease. The microfluidic approach creates mild conditions, which do not 

damage the cells. The successful encapsulation of cells is an essential step that can enable 

the development of a new class of flow cytometry that can be used in noninvasive 

diagnostics, precision medicine, and next-generation sequencing. 
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Chapter 7  

Future Research Directions 

7.1 Introduction  

In this chapter, we are discussing future research directions and potential use of 

developed single-cell analysis platforms. It includes the scope of more work that would 

follow the current research work. 

7.2 Ion-sensitive Field-effect Transistors with Micropillared gates for Sensing of 

Cancer Cell Ion Exchange as a Biomarker 

Computer simulations provide a bridge between laboratory experiments and the 

understanding of the physics. This simulation can be used to design and optimize 

different ion exchange sensors models to study and capture the behavior of cancer cell. 

The optimization of the micropillar physical dimensions diameter can be done before 

investing in fabrication processes and laboratory experiments. The next step to advance 

this work is to design masks and identify critical parameters for the fabrication process. 

The masks to fabricate this device is shown in Figure 7.  

       

Figure 7.1 Total of four masks have been identified to fabricate the sensor. The 

image shows the four mask overlaid on top 
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Four dark field mask have been identified to fabricate this device in a 4 inch, 500 

µm thick and n-type silicon wafer. The design size is 5 mm x 5 mm (called a die). There 

will be total 144 die in one wafer. Each die will have a total of seven devices. Total of 1008 

devices per wafer. 

The Test and analyze sensor behavior will require to setup semiconductor 

parameter analyzer tool. Also, a probe card can be used to collect the measurements at 

different ionic solution concentration. 

After well electrical characterization of the device, the experimental setup can be 

started with different cells type: excitable versus nonexcitble, normal cells versus cancer 

cells, and different cancer cell type 

7.3 Surface Functionalization of Nanoporous PLGA Microparticles 

Enhancing surface area of microparticles by introducing nanopores on the surface 

can increase the density of the functionalization of microparticles. Therefore, we can 

maximize selectively targeting cancer cell ion channels, which are a potentially advanced 

therapeutic for cancer. An application of this method can be used to functionalize 

microparticle with ion channels blockers and study stability, toxicity and the efficacy. Also, 

study targeting efficiency in vitro and in vivo. This approach can be used to design smart 

nanoporous PLGA microparticles, in which ion channels blockers attached to cancer cell 

surface and PLGA would be loaded with anti-cancer drug (Figure 7.2) 
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Figure 7.2 Smart nanoporous PLGA microparticles 

7.4 Glioblastoma Multiforme Heterogeneity Profiling with Solid-state Micropores 

These results confirm that the patient’s tumor samples contained heterogonous 

and dissimilar morphological subtypes, and we could map the results to each specific 

subtype. In clinical settings, such matching system can help against extensive 

heterogeneity of GBM tumor cells from patient’s brain tissue to classify the subtype by 

comparing the data to GBM cell subtype library (Figure 7.3). 

 

Figure 7.3 GBM cells library 
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Figure 7.4 Brain cancer proposed device 

Herein, we also proposed to develop brain cancer drug reservoir to be implanted 

in patients during surgery. The device looks like a plug to be inserted and filled with anti-

cancer drug (Figure 7.4). 

7.5 A Facile Microfluidic Approach to Create Microencapsulation for Single Cell 

Confinements 

This platform can be used to characterize the genes and proteins of tumorous and 

other diseased cells comprehensively. Tumors are not homogenous in their mutational 

profile, i.e., various cells develop new mutations within the tumor, often making them 

genotypically distinct from their neighbor, one tumor could contain thousands of potential 

antigens for the immune system to target. Characterize genes and protein of cancer cell 

single cell versus cells culture. This approach can be used for drug screening and multi 

drug resistance studies, in which identified the specific drug interaction with single cell in 

very fast, simple and low cost technique.  
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