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ABSTRACT OF THE DISSERTATION 

 

Engineering Cholesterol-Based Fibers for Antibody Immobilization and Cell Capture 

Celine Cohn 

 

In 2015, the United States is expected to have nearly 600,000 deaths attributed to 

cancer. Of these 600,000 deaths, 90% will be a direct result of cancer metastasis, the 

spread of cancer throughout the body. During cancer metastasis, circulating tumor cells 

(CTCs) are shed from primary tumors and migrate through bodily fluids, establishing 

secondary cancer sites. As cancer metastasis is incredibly lethal, there is a growing 

emphasis on developing “liquid biopsies” that can screen peripheral blood, search for and 

identify CTCs. One popular method for capturing CTCs is the use of a detection platform 

with antibodies specifically suited to recognize and capture cancer cells. These antibodies 

are immobilized onto the platform and can then bind and capture cells of interest. 

However, current means to immobilize antibodies often leave them with drastically 

reduced function. The antibodies are left poorly suited for cell capture, resulting in low 

cell capture efficiencies. This body of work investigates the use of lipid-based fibers to 

immobilize proteins in a way that retains protein function, ultimately leading to increased 

cell capture efficiencies. The resulting increased efficiencies are thought to arise from the 

retained three-dimensional structure of the protein as well as having a complete coating 

of the material surface with antibodies that are capable of interacting with their antigens. 

It is possible to electrospin cholesterol-based fibers that are similar in design to the 

natural cell membrane, providing proteins a more natural setting during immobilization. 
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Such fibers have been produced from cholesterol-based cholesteryl succinyl silane (CSS). 

These fibers have previously illustrated a keen aptitude for retaining protein function and 

increasing cell capture [1]. Herein the work focuses on three key concepts.  

First, a model is developed to understand the immobilization mechanism used by 

electrospun CSS fibers. The antibody immobilization and cell capturing abilities of the 

CSS fibers were compared to that of hydrophobic polycaprolactone (PCL) fibers and 

hydrophilic plasma-treated PCL fibers. Electrospun CSS fibers were found to immobilize 

equivalent amounts of protein as hydrophobically immobilized proteins. However, these 

proteins captured 6 times more cells, indicative of retained protein function.  

The second key concept was the design and fabrication of a hybridized lipid fiber. 

Lipid fibers provide improved protein function but fabrication difficulties have limited 

their adoption. Thus, we sought to fabricate a lipid-polymer hybrid that is easily 

fabricated while maintaining protein function. The hybrid fiber consists of a PCL 

backbone with conjugated CSS. The hybrid lipid fibers showed improved protein 

function. In addition, higher lipid concentrations were directly correlated to higher cell 

capture efficiencies.  

The third key concept was on the development of dually functionalized lipid 

fibers and understanding the resulting cell capture efficiencies. Many platforms are 

unable to simultaneously search for heterogeneous populations of CTCs – the ability to 

dually functionalize cell-capturing platforms would address this technological weakness. 

Studies indicated that dually functionalizing the lipid fibers did not compromise the 

platforms’ abilities to capture the cells of interest. Such dually functionalized fibers allow 
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for a single cell-capture platform to successfully detect heterogeneous populations of 

CTCs.  

The body of work encompassed herein describes the use of lipid fibers for 

antibody immobilization and cell capture. Data from various projects indicate that the use 

of cholesterol-based fibers produced from electrospun CSS are well suited for protein 

immobilization. The CSS fibers are able to immobilize equivalent amounts of protein as 

compared to other immobilization techniques. However, the benefit of these fibers is 

illustrated by the strong cell-capturing efficiencies, indicating that the immobilized 

proteins are able to retain their function and selectively target cells of interest. The 

successful immobilization of proteins and their retained function allows for the 

development of increasingly sensitive cancer diagnostic tools that are able to screen for 

CTCs early on in the cancer disease cycle.  
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1.0 INTRODUCTION 

In 2015 the United States is facing 1.7 million newly diagnosed cases of cancer 

and nearly 600,000 deaths attributed to the disease [2]. In its simplest terms cancer is a 

state in which atypical cells grow and spread abnormally, initially producing a primary 

tumor. However, cancer is most dangerous when it metastasizes, developing secondary 

malignant tumors throughout the body (Figure 1.1). Luckily, cancer metastasis is 

extremely inefficient; a minuscule proportion of cells from the primary tumor are able to 

successfully colonize distant sites [3]. Experimental studies have indicated that only 

approximately 0.01% percent of injected cancer cells were able to form metastatic foci 

[4]. However, even though metastasis is intrinsically inefficient, it is still responsible for  

90% of the deaths caused by cancer [5].  

Figure 1.1. Cancer metastasis can be simplified into three steps: (1) Cancer cells 
break away from the primary tumor, (2) Cancer cells are transported to distant 

sites, and (3) Cancer cells reinvade and establish a secondary tumor. However, 
this profess is inherently inefficient - only 0.01% of metastatic cells are capable of 
successfully establishing a secondary tumor. However, even though metastasis is 

inefficient, it still accounts for 90% of all cancer deaths. 
Source: ©2012, Pearson Education.  
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Cancer also proves a heavy economic burden for the United States. In 2009, total 

costs associated with cancer were estimated at $217 billion; $87 billion in direct medical 

costs and an estimated $130 billion in indirect costs (including items such as loss of 

productivity) [2]. In 2010, the total costs associated to cancer jumped to $240 billion, a 

10% increase in the course of a single year [6]. To put this in perspective, the 2010 

United States’ total budget for the Department of Defense was $664 billion [7]. Cancer 

single handedly costs the United States $240 billion, equivalent to 36% of the defense 

budget, ignoring all other health ailments facing the American population. Within 2010, 

an estimated $124.5 billion dollars were spent on direct medical costs of cancer [2] with 

the highest costs being attributed to:  

Breast cancer   $16.5 billion (13%) 

Colorectal cancer $14.1 billion (11%) 

Lymphomas  $12.1 billion (10%) 

Lung cancer  $12.1 billion (10%) 

Prostate cancer $11.9 billion (10%) 

Though disease morbidity from cancers is decreasing due to advances in screening, 

detection, and treatment, the financial burden is expected to continue on an upward trend. 

This is due primarily to the aging and growth of the US population and improved survival 

following diagnosis [6]. The cost of cancer in the United States is projected to increase to 

$305.4 billion by 2020, with direct costs of $157.8 billion and indirect costs of $147.6 

billion [8].   

As previously noted, cancer metastasis accounts for 90% of human cancer deaths 

[5]. Circulating tumor cells (CTCs) are cells shed from cancerous tumors that migrate 
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through the circulatory system, directly leading to cancer metastases [9].  Even though 

cancer metastasis is the primary cause for cancer related deaths, clinicians are unable to 

determine whether a cancer has spread until there are overt signs of metastasis. This 

diagnostic delay can directly lead to a therapeutic delay as well. As such, there is a 

growing emphasis on developing “liquid biopsies” that can screen peripheral blood and 

search for CTCs [10]. Groups developing liquid biopsy platforms often turn to protein 

immobilization to screen and identify CTCs. Proteins are immobilized (anchored) onto a 

platform and exposed to patient samples. The proteins, such as antibodies, are extremely 

sensitive at correctly recognizing antigens of interest [11-14]. The immobilized proteins 

can then bind and capture cells of interest, such as CTCs. Consequently, protein 

immobilization is a key tool for capturing CTCs from patient samples.  

However, there are two key limitations when developing cell capturing platforms 

that are dependent on protein immobilization. First, commercially popular methods of 

protein immobilization often leave the immobilized proteins physically and chemically 

unstable as immobilization occurs in non-optimal, synthetic environments [15]. The 

proteins are then poorly suited to capture cells of interest. The second issue at hand is that 

many cell capturing platforms are designed with the immobilization of one antibody. This 

limits the platform’s ability to screen through heterogeneous populations of CTCs. This 

body of work investigates the use of lipid-based fibers to immobilize proteins in a way 

that retains protein function, ultimately leading to increased cell capture efficiencies. 

Such lipid fibers can also be dually functionalized (more than one antibody per platform), 

allowing the platform to screen through multiple populations of metastatic cancer cells.  
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1.1 Lipids in Natural Systems 

Lipids are ubiquitous in biological systems, shuffling particles throughout the body, 

providing the framework for cellular membranes, and acting as membrane attachment 

sites [16]. Lipids generally contain regions of polarity and non-polarity.  Polar segments 

exist where bonds are made that have high electronegative differences (ie: an oxygen-

hydrogen bond).  The high difference in electronegativity creates a polar area. On the 

other hand, bonds with low electronegative differences, such as those seen with carbon 

and hydrogen, are non-polar; the electronegative difference is minimal. Amphiphiles are 

lipids that contain large segments of both polar and non-polar regions. The occurrence of 

both polar and non-polar segments allow amphiphiles to interact with both polar and non-

polar solvents, resulting in different architectures dependent on the polarity of the solvent 

[17].  

Amphiphilic molecules are attractive biomaterials as the dual nature of these 

molecules provides a large range of architectural freedom particularly due to the liquid 

crystalline phases that are possible with such molecules (Figure 1.2). When amphiphilic 

molecules are present at low concentrations they exist as singular entities (ex: a singular 

phospholipid). However, when the concentration is increased past the Critical Micelle 

Concentration (CMC), the amphiphiles will self-assemble into micelles [18]. This 

solution is isotropic in nature and the micelles act independent from one another. By 

further increasing the concentration, the first liquid crystalline phase is observed, the 

cubic phase. During the cubic phase, the micelles are now organized amongst themselves, 

being equally spaced from one another. Further increasing the amphiphile concentration 

leads to the hexagonal phase, in which the micelles are elongated into cylinders and self-
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assemble into groups of six. Finally, if the concentration is further increased, it is possible 

to achieve the lamellar phase [19]. The lamellar phase occurs when amphiphiles organize 

themselves into sheets, much like the ubiquitous phospholipid bilayer.  

 

Figure 1.2. Liquid crystalline phases can be observed with high concentrations of 

amphiphiles. Once the Critical Micelle Concentration (CMC) is surpassed, 
amphiphiles will organize themselves into micelles (a). If the concentration is 
further increased, the micelles will organize themselves into the cubic phase (b). 

If the concentration is further increased, amphiphiles will create a more complex 
architecture during the hexagonal phase (c). Lastly, at even more exaggerated 

concentrations, amphiphiles organize themselves into sheets during the laminar 
phase (d).  

Source: Blunk, D., et al., New speciality surfactants with natural structural motifs. New Journal of Chemistry, 2006. 
30(12): p. 1705-1717. 

 

Understanding the self-assembly of amphiphiles that occurs during the liquid 

crystalline phases allows engineers to synthetically design nanostructures based off of the 

aforementioned phases. Furthermore, it is possible to use either polar or non-polar 

solvents to further increase the architectural possibilities of amphiphiles. Such can be 
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seen in drug-delivering nanoparticles.  Hydrophilic drug carriers can be engineered by 

constructing a bilayer micelle in polar solvents. On the other hand, hydrophobic drugs 

can be delivered in one of two manners. First, the drug can be loaded within the 

hydrophobic region of the aforementioned bilayer. Second, it is possible to form a 

micelle from a single amphiphilic layer to carry and deliver hydrophobic drugs.  The 

ubiquity of amphiphiles within natural systems continues to inspire biomimetic materials 

and applications.  

 However, this raises the question  of which lipid to use when mimicking natural 

cell membranes and protein immobilization.  Numerous lipid subtypes are present within 

the natural cell. However, in the discussion of protein immobilization, cholesterol is king. 

Cholesterol is an important component in cell membranes and provides increased 

membrane stability, highly influencing the fluidity and transition temperatures of the 

phospholipid bilayer [17, 20]. For example, the incorporation of small amounts of 

cholesterol in the plasma membrane decreases the fluidity of the membrane [17]. This 

effect is due to cholesterol’s rigid sterol rings that interact with the fatty acid side chains 

of the phospholipids, rendering the chains partially immobilized. When cholesterol is 

present in the membrane at higher concentrations, it can prevent the phospholipids from 

interacting with one another, thus resulting in phospholipid isolation and drastically 

increases the fluidity of the membrane [17]. Cholesterol’s ability to strongly influence 

membrane fluidity makes it an invaluable player when synthesizing biomaterials.   

Recent studies have proposed that cholesterol is an integral player for natural 

protein immobilization. As previously discussed, amphiphiles will naturally organize into 

lamellar sheets such as the phospholipid bilayer. However, this natural bilayer is 
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extremely fluid in behavior and generally considered disorganized. Thus, most 

membrane-bound proteins are clustered into cholesterol-enriched islands or lipid rafts.  

Such rafts directly affect membrane fluidity and manage membrane protein trafficking 

[21-23]. Within these lipid rafts, cholesterol acts as a dynamic glue, holding the  raft 

assembly together [24]. Specifically, cholesterol fosters membrane-protein interactions as 

its small head groups and stiff sterol rings promote lipid- lipid interactions, ultimately 

promoting the formation of liquid ordered microdomains within lipid rafts [25, 26]. These 

lipid rafts are fluid in nature but are more ordered and tightly packed than the 

surrounding phospholipid bilayer [27]. It is believed that lipid rafts are more tightly 

packed due to the saturation of the hydrocarbon chains present in lipid rafts as compared 

to the unsaturated fatty acids present in the phospholipid bilayer [28]. These lipid rafts or 

microdomains anchor an array of membrane-bound proteins (Figure 1.3) [21, 22, 29]. 

Such domains are critical for both molecular trafficking in and out of the cell and protein 

attachment to the cellular membrane [21, 22]. Therefore, the focus of this work was to 

engineer scaffolds that can mimic these cholesterol-enriched protein islands, allowing for 

protein immobilization that retains protein function while increasing cell capture 

efficiencies.    
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Figure 1.3. Cholesterol-enriched (blue) protein islands found on cellular 
membranes allow for protein immobilization. Such a system can be engineered to 

allow for optimizing protein immobilization on synthetic platforms.  

Source: Los Alamos National Laboratories, http://www.lanl.gov/science/1663/august2011/story3full.shtml 

 

 

1.2 Mimicking protein binding sites  

Commercially popular means by which to immobilize proteins often lead to decreases 

in binding affinities. Two forces drive this drop in protein function - protein denaturation 

(which directly leads to changes in protein conformation) and steric hindrance. It has 

previously been reported that the binding affinity of immobilized antibody is 1,000-fold 

weaker than that of soluble antibody [30]. The loss of bioaffinity seen with immobilized 

antibody is believed to be caused from the denaturation of the protein’s three-dimensional 

structure and steric hindrance of antigen-recognition sites [31, 32]. Protein denaturation 

occurs when the hydrophobic material thermodynamically forces a change in the 

protein’s three-dimensional structure, allowing the hydrophobic portion of the protein to 

interact with the hydrophobic material surface [33]. The conformational changes within 

the protein structure directly leads to loss of protein function [30].Thus, it is important to 

http://www.lanl.gov/science/1663/august2011/story3full.shtml
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consider both protein denaturation and steric hindrance when engineering cell-capturing 

platforms.  

It is possible to retain protein function by designing immobilization platforms that 

draw from natural cell membranes. Within natural cells, it is thought that membrane 

curvature and the presence of lipids assist in protein immobilization [34-36]. Both 

elements promote the formation of domains that are capable of anchoring proteins while 

protecting protein functionality [21, 22, 26, 34-38]. These features can easily be 

engineered into immobilization platforms to improve protein function. Furthermore, the 

use of lipids is appealing as they can be blood compatible and prevent nonspecific protein 

adsorption [39-42]. Thus, there are considerable benefits in utilizing lipids within 

immobilization platforms.  

As previously noted, within natural cells, membrane curvature is thought to be an 

integral part of protein immobilization. The curvature of the membrane allows for 

packing defects, which directly create anchoring domains for proteins. Such curvature 

can be synthetically reproduced by electrospinning micro and nano-scale fibers. 

Electrospinning allows for the simple and cost-effective fabrication of nonwoven, porous, 

three-dimensional scaffolds comprised of fibers with micro- and nanoscale diameters. 

Electrospinning results in the fabrication of nanofibrous tissue scaffolds from materials 

such as synthetic polymers [43, 44], proteins [45-47], and lipid-based materials [18, 25, 

48]. Briefly, electrospinning uses an electrical field to turn a polymer solution or melt 

into discreet fibrils [49]. The solution is charged by a high voltage and directed towards a 

grounded target [50, 51]. A Taylor Cone is formed when the electrostatic charge on the 

droplet balances the surface tension. At that point, the free surface of the solution drop 
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distorts into a cone with a semi-vertical angle of 49.3° [52]. The solution droplets are 

then stretched and splayed into a series of fine filaments under a high-voltage electric 

field [47], resulting in fibers in the micro- and nanometer range, allowing  for high 

porosities and significant increases in the scaffold’s surface-area-to-volume ratio [44, 53, 

54]. The exaggerated surface areas allow for increased platform area for protein 

immobilization. 

However, even though the idea of electrospinning lipids is appealing, a number of 

fabrication issues have limited the adoption of lipids for protein immobilization 

technologies. Understanding how to engineer pure lipid fibers is a recent discovery. Prior 

to this, it was thought that the low molecular weights of lipids limited their ability to be 

electrospun. This obstacle was overcome when McKee illustrated that lipids could be 

electrospun once critical concentrations were reached and sufficient intermolecular 

interactions were present [18, 55, 56]. One such example is the prevalence of strong 

hydrogen bonding capabilities. Such bonds allow  molecules of low molecular weight to 

have electrospinning properties that are similar to polymers of a significantly higher 

molar mass [55].  

This phenomenon occurs due to the previously discussed nature of amphiphiles when 

present at concentrations higher than that of the Critical Micelle Concentration (CMC), 

Increases in temperature and/or amphiphile concentrations will allow for the formation of 

increasingly complex geometries. In brief, once the CMC is surpassed amphiphiles will 

self-assemble into micelles [18]. By further increasing the concentration, the amphiphiles 

will elongate into cylindrical micelles, which can then entangle with one another. At this 

point, the cylindrical micelles can be electrospun into nonwoven scaffolds (Figure 1.4).  
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Figure 1.4. It is possible to electrospin lipids when high concentrations are 

reached. When lipids are placed in a non-polar solvent, amphiphiles will form into 
inverse micelles once the  critical micelle concentration (CMC) is reached. Once 
the CMC is surpassed, the inverse micelles will elongate, forming short polymer 

fragments. The concentration can be further increased to the entanglement 
concentrations (Ce). At this point, it is possible to electrospin the lipid fragments 

into fibers.  

 

Lipids generally have lower molecular weights than their polymer counterparts. 

However, the work described by McKee illustrated that once critical concentrations are 

reached, the lipids are capable of being electrospun. One such example can be seen with 

lecithin. This group of lipids forms wormlike reverse micelles in non-aqueous solutions. 

Increasing the concentration of lecithin changes the self-assembled system morphology 

from spherical to cylindrical. The cylindrical micelles are then able to overlap and 

entangle, allowing for adequate intermolecular interactions (Figure 1.4). These 

intermolecular interactions ultimately allow lipids to be electrospun [57]. However, these 

interactions only occur at high lipid concentrations. McKee and coworkers were able to 

produce uniform lecithin fibers with a 45 wt% concentration. Fiber diameter increased 

nearly two-fold (from 3.3 to 5.9 um) when the concentration was further increased to 50 

wt%.  
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However, the production of pure lipid fibers remains limited, in part due to the 

sensitivity of the manufacturing process. Electrospinning lipids can only occur within a 

narrow range of concentrations [57]. If concentrations are too low, fibers do not form. If 

lipid concentrations are too high, then the fiber morphology is compromised and droplets 

are formed along the fiber length. Such a phenomena of increased lipid concentrations 

and changing morphologies has been observed when electrospinning cholesteryl-based 

materials. Cholesteryl succinyl silane is a cholesterol-based molecule that can be 

polymerized into short chains (n<20). When these short cholesterol chains are 

electrospun, electrospraying was evident at a concentration of 46% w/w, evidence of the 

lack of fiber formation. Beaded fibers were formed when a 63% w/w solution was 

electrospun. Bead-free fibers were only formed once the solution reached concentrations 

of 68% w/w [25]. Thus, lipid solutions must be prepared at substantially higher 

concentrations than traditionally seen with electrospun polymer solutions. 

 

1.3 Lipid fibers for antibody immobilization 

Protein immobilization is a critical tool in biotechnologies as proteins are 

extremely sensitive at correctly recognizing antigens of interest [11-14]. This sensitivity 

is critical in many clinical and laboratory settings, where antibodies are often the 

detection and/or capture element in immunosensors, targeted drug delivery systems, 

tissue scaffolds, and cell-capturing platforms [58-64]. However, current immobilization 

processes often leave proteins chemically and physically instable as immobilization 

occurs in non-optimal, synthetic environments [15]. Physical adsorption has been 

frequently exploited as a simple and versatile method to immobilize antibodies and 

proteins in general. However, a high percentage of physically immobilized antibodies can 
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be denatured [65-67], and sometimes fewer than 3% of the binding sites remain 

functional [68]. It is widely accepted that the stable and oriented immobilization of 

proteins such as antibodies can greatly enhance analyte detection and/or capture [69-73].  

We have previously fabricated electrospun lipid fibers from cholesteryl succinyl 

silane (CSS). Previous work illustrated that electrospun fibers produced from CSS 

retained protein function during the immobilization process. These studies indicated that 

electrospun CSS fibers stably and functionally immobilize antibodies that selectively 

target cancer cells [64], and that antibody-functionalized lipid fibers are more efficient in 

capturing cancer cells than their film counterparts [37]. The studies suggest that 

membrane-bound proteins may be embedded in lipid fibers in a manner similar to that 

seen in natural cell membranes, and that the large surface areas and packing defects of 

lipid fibers may enhance the embedding of membrane-anchoring regions of the proteins 

[37].  Thus, the foundation was laid, illustrating the keen ability of electrospun CSS 

fibers to immobilize proteins while retaining protein function.  

The work presented within this body of work launches from these studies to 

further understand the immobilizing capabilities of electrospun CSS fibers. First, it was 

necessary to design a study that systematically understood the immobilization mechanism 

seen with electrospun CSS fibers. Second, we sought to engineer a hybridized lipid-fiber 

to overcome fabrication difficulties seen with pure CSS fibers. Finally, we fabricated 

dually functionalized CSS fibers in order to target cancer cells that do not possess 

common protein markers. The performance of electrospun CSS fibers may allow for the 

development of increasingly sensitive screening tools for the capture of CTCs.   
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2.0 UNDERSTANDING THE IMMOBILIZATION MECHANISM OF 

CHOLESTEROL-BASED FIBERS 

It has been estimated that over 20,000 American deaths were caused by 

lymphoma in 2014 [2].  This is particularly alarming when one considers that Non-

Hodgkin lymphoma is the fourth most common type of cancer in children ages 0-14 and 

that Hodgkin lymphoma is the most common type of cancer present within adolescents 

ages 15-19. Simply, a solid tumor made up of lymphomas are cancers affecting white 

blood cells (lymphocytes) that can arise anywhere lymphocytes can be found, such as 

bone marrow and lymph nodes [2].  

However, it is important to note that lymphomas are important cell lines when 

testing cell-capturing platforms. Lymphomas are non-adhering, meaning the cells will not 

adhere to smooth surfaces, minimizing the occurrence of non-specific binding. In order to 

capture non-adhering cells, it is possible to create a “sticky trap” specifically designed to 

the cells of interest. Antibodies unique to the cell line can be immobilized onto a cell-

capturing platform. When the cells are exposed to the platform, the cells and antibodies 

can randomly interact, allowing the antibodies time to lock onto and capture the cells of 

interest. Ultimately, it is the use of non-adhering cells that ensures cell capture via 

antibody-antigen interaction.  

This work consists of a comparative study on antibody immobilization was 

performed on three electrospun fiber types: (1) Cholesteryl succinyl silane (CSS) lipid 

fibers that immobilize antibodies through an embedding mechanism, (2) highly 

hydrophobic polycaprolactone (PCL) fibers that immobilize proteins via hydrophobic 

interaction, and (3) hydrophilic plasma-treated PCL fibers that adsorb antibodies through 

electrostatic interaction. The fibers possess comparable diameters, thereby minimizing 
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the effects of surface topology on antibody immobilization. The function retention of 

immobilized antibodies on the fibers is evaluated by the capture of cancer cells, which 

requires the coordinated interactions of multiple immobilized antibodies with the surface 

receptors of a cell. The comparative study illustrates that lipid fibers possess significant 

advantages of physically immobilizing antibodies and retaining antibody functions over 

hydrophobic and hydrophilic polymer fibers.   

 

2.1 Materials and Methods 

2.1.1 Fiber Fabrication 

CSS was synthesized, according to a procedure detailed in our previous studies by 

Zha, Zhang and colleagues [64, 74]. An acidic solution of CSS at a concentration of 69% 

w/w was prepared in a mixed solvent that comprises 1 mL of tetrahydrofuran (Sigma 

Aldrich ) and 10µL of 37% aqueous HCl. The solution was incubated overnight in a 40°C 

water bath, permitting CSS hydrolysis and polymerization. The hydrolyzed and 

polymerized CSS solution was then electrospun into lipid fibrous membranes using a 

custom made device with a flow rate of 0.5 µL/min, a voltage of 12 kV, and a spinneret-

to-ground distance of 12 cm. The fibers were collected on silicon chips. 

A solution of PCL (MW: 80 kDa, Sigma Aldrich) at a concentration of 10% w/v 

was prepared in 1,1,1,3,3,3-Hexafluoro-2-propanol (MW: 168.04, Sigma Aldrich). The 

solution was incubated at room temperature for a minimum of 6 h, briefly vortexed, and 

then electrospun into fiber with a flow rate of 20 µL/min, a voltage of 12 kV, and a 

spinneret-to-ground distance of 12 cm. The electrospun PCL fibers were collected on 

silicon chips that were placed on top of an aluminum foil collector plate. Approximately 

half of the collected PCL fibers immediately underwent an air-plasma treatment (Harrick 
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Plasma, Model PDC-001) for 10 min under vacuum, generating plasma-treated PCL 

fibers.  

 

2.1.2 Fiber Characterization 

SEM images were taken of CSS, PCL, plasma-treated PCL fibers using a Hitachi 

S-4800 field emission scanning electron microscope (FE-SEM). The fiber samples were 

first coated with platinum for 30 seconds using a sputter coating machine, and then 

imaged using SEM with an accelerating voltage of 5.0 kV.  The average fiber diameter 

was calculated for each fiber type by measuring the diameter of 100 fibers via Image J.  

The water contact angles were assessed for each fiber type.  A 10 µL droplet of 

DI water was placed on each fiber matrix (n = 3) and measured with instrumentation 

from First Ten Angstrom (FTA-200, camera: RS-170). The contact angle was determined 

with FTA-32 software. From the collected measurements, the average water contact 

angle was determined for the CSS, PCL, and plasma-treated PCL fibers.  

 

2.1.3 Dissociation Kinetics 

Bovine serum albumin (BSA, Invitrogen) conjugated with Alexa Fluor 488 was 

chosen as a model protein to study the dissociation kinetics of immobilized proteins. A 

0.001% (w/v) solution was prepared and briefly centrifuged to remove any protein 

aggregates, which can lead to nonspecific background fluorescence. Fiber samples on 1 

cm2 silicon chips were placed in a 12-well plate, incubated with 20 g of BSA for 90 

min, and then washed with 1 PBS three times. Fresh 1 PBS was added to each well 

before the relative intensity was read with the Synergy 2 SL Luminescence Microplate 

Reader (BioTek, VT). Samples were stored in the dark at room temperature between 
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reads. The ability of each sample to sequester the proteins was evaluated for six days. 

The observed relative intensities of the immobilized BSA were converted to 

concentrations with the use of equations derived from a known concentration ladder.  

 

2.1.4 Antibody Dissociation  

Silicon chips coated with CSS, PCL or plasma-treated PCL fibers were each 

placed in a single well of a 48-well plate, rinsed with phosphate buffered saline three 

times, then exposed to 200 L of a solution containing 2 µg of anti-CD20, and allowed to 

incubate for 90 min at 37°C. After the incubation period the solution was collected and 

placed in fresh wells of a new 96-well plate. Each specimen was rinsed three times with 

fresh 1PBS; the rinsed solution was added to the corresponding well so that all solution 

collected from one chip went into the same well. A Bio-Rad protein assay kit was used to 

quantify the amount of anti-CD20 remaining in the solution. The amount of anti-CD20 

immobilized on the fiber specimens was then calculated.  

 

2.1.5 Anti-CD20 Immobilization and Granta-22 B-cell Lymphoma Cell Capture  

Each 0.25 cm2 chip that was coated with electrospun fibers was placed in a single 

well of a 48-well plate, rinsed with 1PBS three times, and incubated in a dilute solution 

of anti-CD20 (10 µg/mL) for 90 min. The samples were then washed with 1PBS, 

incubated in a 0.1% BSA in 1PBS solution for 60 min, washed again with 1PBS, 

seeded with Granta-22 B-cell lymphomas at a concentration of 2105 cells per sample, 

and incubated for 45 min to allow for cell capture. After cell capture the samples were 

washed again with PBS and subjected to a 15-min incubation in 4% paraformaldehyde. 
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The captured cells were treated with Triton-x prior to being stained with Alexa Fluor 

phalloidin against actin and ProLong® Gold Antifade with DAPI (Life Technologies) 

against the cell nuclei, and imaged the following day with fluorescent microscopy 

(Nikon).  

 

2.1.6 Statistical Analysis  

Student’s t-test was computed between each fiber type to determine statistical 

significance for average fiber diameters, and antibody immobilization and cell capture 

efficiencies. P-values less than 0.05 were considered statistically significant whereas 

anything greater than 0.05 was considered insignificant.  

 

2.2 Results and Discussion 

2.2.1 Fiber Surface Morphology and Hydrophobicity  

Electrospun fibers possess large specific surface areas that may enhance protein 

immobilization. Since fiber diameter is a key factor that defines fiber surface areas, SEM 

images were taken of the three fiber types and processed using IMAGE-J to obtain fiber 

diameter (Figure 2.1).  

 

 

 

 

 

 

 

 

 

Figure 2.1. SEM images of electrospun PCL (a), plasma-treated PCL (b), and 
CSS fibers (c). Scale bar = 25 µm. 
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Distributions of fiber diameter were plotted for the three fiber types in Figure 2.2. 

The average diameters of PCL, Plasma-treated PCL, and CSS fibers were determined to 

be 2.725 ± 0.047 m, 0.915 ± 0.034 m, and 0.993 ± 0.038 m, respectively. The p 

values were calculated to be less than 0.001 for PCL vs. CSS fibers, less than 0.001 for 

PCL vs. plasma-treated PCL fibers, and 0.13 for CSS vs. plasma-treated PCL fibers, 

respectively. Difference in the average diameters of plasma-treated PCL and CSS fibers 

is not statistically significant. However, the average diameters of all three fiber types fall 

within the same microscale. The comparable diameters of the fibers would minimize the 

effects of surface morphology on protein immobilization.   

Surface hydrophobicity is another key parameter in determining physical 

immobilization of proteins. To determine surface hydrophobicity, water contact angles 

were analyzed for the three fiber types, and optical images of water drops on the fibrous 

matrices were presented in Figure 2.2 (see inserts). The water contact angles were 

determined to be 93.3  2.3, 35.1  2.2, and 136.5  2.3 for electrospun PCL, plasma-

treated PCL, and CSS fibers, respectively. The water contact angle analysis suggests that 

plasma-treated PCL fibrous matrices have hydrophilic surfaces while the surfaces of PCL 

and CSS fibrous matrices are highly hydrophobic. The change to hydrophilicity with 

plasma-treated PCL is expected as the plasma treatment charges the surface of the treated 

fibers. Plasma-treating the fibers increases the difference in electronegativity between the 

negatively charged oxygen and the neighboring carbon atom, causing a once hydrophobic 

material to become hydrophilic. However, the effects of plasma-treatments are not 

permanent. Over time, it would be expected that the negatively charged oxygen atoms 

revert to their more stable form, causing the material to return to its hydrophobic nature. 
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Water contact angles can provide insight on the molecular polarity as well as the 

underlying nanostructure of a material. The shape of a water droplet results from the 

forces pulling at the three-phase contact line where the droplet meets the material surface. 

However, achieving an exaggerated water contact angle is only possible with the 

presence of underlying surface architectures [75] . When a surface is moderately rough, 

the surface area fractions are composed of two elements, the liquid phase and the solid 

surface phase. When a roughness threshold is passed, the introduction of air creates a 

third surface area fraction. The inclusion of air causes a decrease in the solid-liquid 

contact, ultimately causing an increase in the observed hydrophobicity of a rough surface 

[76]. As a result, a micro- or nanoscale topology is often the root cause of super-

hydrophobicity [77, 78]. This is illustrated with the PCL fibers. While PCL films 

generally have water contact angles of 70° [79], PCL fibrous matrices show an increased 

water contact angle of 93.3° due to the enhanced surface roughness over their film 

counterparts.  
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Figure 2.2. Diameter distributions of PCL (a), plasma-treated PCL (b), and CSS 

fibers (c). Inserts show representative optical images of water drops on the 
surfaces of the fibrous matrices. 
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2.2.2 BSA Immobilization and Dissociation  

There are various manners in which to study the dissociation behavior of proteins, 

specifically antibodies, when they interact and immobilize onto a material. Two such 

models include the use of bovine serum albumin (BSA) and then looking specifically at 

antibodies, in this case αCD20. BSA can provide an inexpensive, first glance at 

understanding the dissociation behavior between a new material and proteins. BSA is 

traditionally used as a blocking agent as it blocks hydrophobic interactions between 

proteins and ionic or electrostatic interactions [80]. The protein nonspecifically adsorbs 

onto a solid surface and can be used to study the protein interactions at the solid-liquid 

interface [81, 82]. As such, the protein immobilization on and dissociation from the 

electrospun fibers was first evaluated using bovine serum albumin (BSA).  

The three fiber types were exposed to the working solution of BSA conjugated 

with Alexa Fluor 488 for 90 min, then removed from the BSA solution and placed in 

fresh PBS for the study of protein dissociation. Within the 90 minutes of immobilization, 

BSA aggregated on PCL fibers (Figure 2.3). It is likely that BSA was hydrophobically 

adsorbed on PCL fibers and largely denatured, causing the denatured BSA to aggregate. 

In contrast, no BSA aggregation was observed on CSS fibers, although CSS fibers 

appeared to be more hydrophobic than PCL fibers. Even though CSS may immobilize 

antibodies in part due to hydrophobic interactions, it seems that another mechanism 

dominates the way in which CSS immobilize antibodies. This is not to say that 

hydrophobic interactions do not play a part in protein immobilization. It is plausible that 

hydrophobic interactions between the BSA and CSS occur at a molecular level versus at a 

systematic level. This may protect the three-dimensional structure of the protein, 

minimizing the occurrence of protein denaturation and aggregation.  However, due to the 
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overwhelming presence of protein aggregation on the PCL samples, it was not possible to 

accurately understand the true amount of protein immobilized on the PCL fibers.  

 

Figure 2.3. BSA aggregation was visible on all the PCL scaffolds, as can be seen 

with the two PCL scaffolds imaged above. The fluorescently-tagged BSA 
aggregated within the first 90 minutes of exposure to the PCL scaffolds.  
 

 

We limited the quantitative analysis of BSA dissociation to plasma-treated and 

CSS fibers. In order to account for the occurrence of protein aggregation, concentration 

ladders were used for each concentration across all time points. These ladders were 

produced in the absence of scaffolds, as to isolate the effect of background protein 

aggregation versus aggregation that was caused from protein interaction with the 

scaffolds. Unique equations were derived for each time point (Figure 2.4). These 

equations were used to convert the observed relative intensities to the concentration of 

BSA present on each scaffold.  
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Figure 2.4. Unique equations were calculated for each time point to factor in the 

occurrence of protein aggregation that occurred over that specific amount of time. 
This graph only depicts data for four time points - 0 hours (open squares), 31 

hours (Xs), 72 hours (open triangles), and 143 hours (closed circles) to illustrate 
the conversion method.  
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Figure 2.5. BSA dissociation analysis. The amount of immobilized BSA 
remaining on the plasma-treated PCL (a) and CSS fibrous matrices (b) over a 

period of 6 days. Symbols with error bars represent experimental data, and the 
solid lines represent the curve fitting using the first-order kinetics model. 

 

 

After the 90 minutes of exposure, plasma-treated PCL and CSS fibers 

immobilized 1.78 ± 0.20 µg and 1.41 ± 0.31 µg of BSA, respectively. As shown in Figure 

8, the amount of BSA on the fibers dropped sharply within the first day. After 31 hours 

the plasma-treated PCL and CSS fibers retained 0.86 ± 0.15 g and 0.73 ± 0.16 g of 

BSA, respectively. By the second day the sequestered BSA began to stabilize at terminal 
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amounts of 0.58 ± 0.15 g for plasma-treated PCL fibers and of 0.58 ± 0.17 g for CSS 

fibers. These values correlate to approximately 33% and 41% of the initial BSA 

concentration immobilized on plasma-treated PCL and CSS scaffolds, respectively. Over 

a 6-day period, the dissociation of BSA on plasma-treated PCL and CSS fibers follow the 

first-order kinetics model  

𝑦 = 𝑦𝑡 + 𝑦𝑑𝑒−𝛽𝑡 

in which y is the amount of immobilized BSA, t is time, yt is the terminal amount of BSA 

that remains on the fibers, yd is the amount of dissociated BSA, and β is the dissociation 

rate constant. Parameters used in the model of BSA dissociation from plasma-treated 

PCL and CSS fibers were listed in Table 1. 

 

Table 2.1. Parameters used in the first-order kinetics model of BSA dissociation 

  Material                 yt (g per sample)         yd (g per sample)           Dissociation rate constant (per hour)  

Plasma PCL                      0.5800                                  1.1741                              0.0327                                

CSS                                   0.5800                                  0.8280                              0.0506                            

 

 

 It is found that, the terminal amounts of BSA immobilized on plasma-treated PCL and 

CSS fibers were identical, but the amount of dissociated BSA on plasma-treated PCL was 

higher than on CSS fibers, and the rate constant of BSA dissociation was lower on 

plasma-treated PCL fibers than on CSS fibers. It is noted that the sum of yt and yd equals 

to the amount of BSA that is initially immobilized on the fibers. Although plasma-treated 

PCL fibers initially immobilized more BSA than CSS fibers did, they also dissociated 
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more BSA than CSS fibers. As a result, both fiber types retained a comparable amount of 

BSA.     

 

2.2.3 Anti-CD20 Immobilization  

Even though bovine serum albumin (BSA) can provide clues as to how proteins 

interact with scaffold, there are a number of limitations to the model. First and foremost, 

BSA does not have a trans-membrane component. Thus, if a protein were dependent on 

its transmembrane component (ie: Fc region) for immobilization, BSA would not be able 

to provide such insight. Furthermore, BSA nonspecifically adsorbs onto surfaces. 

Adsorption is not a good model for antibody immobilization that may occur due to the Fc 

region of the antibody interacting with the surface. Thus, as a secondary step, it is 

necessary to invest and understand dissociation specifically of the antibodies.  

Murine anti-CD20 monoclonal antibody, which specifically recognizes CD20 

phosphoprotein expressed on the surfaces of normal B lymphocytes and B-cell 

lymphomas [83, 84], was chosen for a study of protein immobilization on the three fiber 

types. Specifically, each fiber sample was exposed to 2 µg of anti-CD20 from a working 

solution of 10 g/ml and incubated for 90 min at 37°C. After incubation, the solution was 

removed from the samples and placed in a new, sterile 98-well plate. The amount of anti-

CD20 remaining in the solution was evaluated to be 0.15 ± 0.37 g, 0.83 ± 0.49 g, and 0 

± 0.0514 g for plasma-treated PCL, PCL, and CSS fibrous matrices, respectively. 

Accordingly, the percentage of immobilized anti-CD20 was computed for each fiber 

type. As shown in Figure 2.6, plasma-treated PCL fibers immobilized the least amount of 

antibody, at 59 ± 24.5% (1.17 ± 0.49 g out of 2g); PCL fibrous matrices were capable 
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of immobilizing approximately 92 ± 18.5% of antibody (1.85 ± 0.37 g out of 2 g); CSS 

fibers immobilized 100  2.6% of anti-CD20, virtually all of the antibody present.   

 

 

Figure 2.6. Antibody immobilization analysis. The percentage of anti-CD20 
immobilized on each fiber type was calculated.  

 

It is understood that proteins (e.g., anti-CD20 and BSA) are immobilized on 

hydrophilic plasma-treated PCL fibers through electrostatic interaction and on PCL fibers 

via hydrophobic interaction. In contrast, anti-CD20 is presumably immobilized on CSS 

fibers by embedding its membrane-anchoring domains in the lipid fibers [1, 85]. It is 

noted that no statistical difference was found in the amount of anti-CD20 that was 

immobilized on CSS and PCL fibers. Given that CSS fibers appear to be more 

hydrophobic than PCL fibers, a further study is necessary to verify that antibodies with 

membrane-anchoring domains are immobilized on CSS fibers through the proposed 

embedding mechanism rather than hydrophobic interactions.   
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2.2.4 Evaluation of Immobilized Anti-CD20 Using a Cell Capture Assay 

The function retention of immobilized anti-CD20 was analyzed using a cell-

capture assay. Specifically, PCL, plasma-treated PCL, and CSS fibers were 

functionalized by anti-CD20, and used to capture Granta-22 B-cell lymphomas. The cells 

express surface receptors, CD20 phosphoprotein, which target anti-CD20 antibody. 

Plasma-treated PCL, PCL, and CSS fibers immobilized a comparable amount of anti-

CD20, ranging from 1.17 ± 0.49 g to 2.00 ± 0.05 g per sample, with no statistical 

significance arising between the three scaffold types. The three fiber types thus provide a 

relatively fair system for a comparative study of function retention of antibodies 

immobilized on hydrophilic, hydrophobic, and lipid fibers. The captured Granta-22 cells 

were stained with DAPI against the cell nuclei and imaged using fluorescent microscopy. 

Representative fluorescent images of the Granta-22 cells captured on the anti-CD20 

functionalized PCL, plasma-treated PCL, and CSS fibrous matrices are shown in Figure 

2.7. The functionalized CSS fibers were able to capture substantially more cells than 

either the anti-CD20 functionalized PCL or plasma-treated PCL fibers.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Cell capture. Optical images of Granta-22 cells captured on the PCL 

(a), plasma-treated PCL (b), and CSS fibrous matrices (c) that were functionalized 
using anti-CD20. The cells were stained with DAPI against cell nuclei.   
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A quantitative analysis of the obtained images reveals that the functionalized PCL 

and plasma-treated PCL fibrous matrices captured 227 ± 67 cells per mm2 and 173 ± 60 

cells per mm2, respectively (Figure 2.8). Difference in the number of captured cells on 

the two fiber types is statistically insignificant (p = 0.56). In contrast, the functionalized 

CSS fibrous matrices captured a substantially greater number of cells than the 

functionalized PCL and plasma-treated PCL fibers (The p values were less than 0.01 for 

CSS vs. PCL fibers and CSS vs. plasma-treated PCL fibers). The number density of 

captured cells on the CSS fibers was determined to be 1330 ± 272 cells per mm2, which is 

nearly six-fold higher than that on the PCL fibers. It is worthwhile noting that the 

amounts of immobilized anti-CD20 on the PCL and CSS fibers were statistically 

indifferent (1.85 ± 0.37 g vs. 2.00 ± 0.05 g per sample, p-values ˃ 0.05). Compared to 

the functionalized PCL fibers, therefore, the higher capture efficiency of the 

functionalized CSS can be attributed solely to better retention of the antigen-binding 

functions of immobilized anti-CD20.   
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Figure 2.8. Density of Granta-22 cells captured on the PCL, plasma-treated PCL, 
and CSS fibrous matrices that were functionalized with equal amount of anti-
CD20.  

 
 

A number of factors can determine a platform’s ability to capture cells of interest. 

In particular, it is important to consider two factors: (1) the saturation levels of the cells 

when captured by the chips and (2) the interaction probability and binding affinities 

between the antibodies and the antigen of interest. When using Granta-22 B-cell 

lymphomas as a model, it must be remembered that these are non-adherent spherical 

cells. However, to calculate the saturation levels of the cells captured on the chips, the 

cell shape can be simplified to a 100 m2 square once the cells have been captured [1]. 

The Si chips used within this study were 0.25 cm2 in size. Thus, if the chip were 

completely saturated with perfectly organized cells, it would be possible to capture 

approximately 250,000 cells per chip. However, it would be more accurate to estimate an 

80% confluence due to packing imperfections, leading to a possibility of capturing 

200,000 cells per chip if only considering total available surface area. As 200,000 cells 
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were exposed to each scaffold, the resulting values provide insight on both occupied 

surface area and total percentage of cells captured.  The cells captured by both the PCL 

and plasma-treated scaffolds occupied less than 3% of the available “real estate” on the 

chips (2.8% and 2.2% respectively). The cells captured by the CSS scaffolds occupied 

approximately 16.6% of the total available surface area. Again, these values are also 

indicative of the percentage of total cells captured – 2.8%, 2.2%, and 16.6% for PCL, 

plasma-treated PCL, and CSS, respectively. Thus, it can clearly be deduced that the 

availability of surface area is not the limiting factor in the platform’s ability to capture the 

cells of interest.  

Second, it is necessary to investigate the interaction probability and binding 

affinities between the αCD20 and Granta-22 B-cell lymphomas. From the cell area 

calculations above, it is possible to calculate the approximate number of antibodies 

available for cell capture within that given area. The total mass of immobilized protein 

was measured. From this it is possible to use the known mass of a single αCD20 antibody 

(33 kDa) to determine the absolute number of antibodies present within a given area 

(Table 2.2) [86]. Knowing the total number of antibodies on the chip also allows us to 

understand the distribution of those antibodies on the chip surface. A typical IgG 

antibody has an average height of 10 nm, width of 7 nm, and depth of 2 nm [87]. 

Multiplying the width and depth of the antibody produces the surface area that should be 

taken up by a single antibody, in this case approximately 14 nm2. This would mean that a 

chip would be able to accommodate approximately 1.79x1012 antibodies within a single, 

perfectly packed monolayer. From earlier calculations it was determined that all three 

scaffolds immobilized approximately 1013 antibodies, indicating an overly saturated 
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surface. This may be due to protein absorption within the scaffold. The electrospun 

scaffolds produce a three-dimensional environment for the antibodies. Thus, it is likely 

that a fraction of the antibodies were immobilized on fibers not present at the scaffold 

surface.  

 

Table 2.2.  Total immobilized mass and approximate numbers of αCD20 immobilized 

onto the three scaffold types. The approximate number of antibodies present per 100m2 
corresponds to the approximate number of antibodies present to interact with each 

captured cell.  

Scaffold                             Immobilized AB       Immobilized ABs             ABs/m
2
               ABs/cell 

                                                Mass  (g)               per chip (10
13

)                  (10
5
)                  (Millions) 

                                             

PCL                                              1.85                            3.38                             13.5                        135 

 

Plasma-treated PCL                     1.17                            2.14                               8.6                          86 

 

CSS                                              2.00                            3.65                             14.6                        146                 

 

 

On the PCL scaffolds, there are approximately 135 million antibodies present per 

100 m2 (the approximate size of a captured Granta-22 B-cell lymphoma). As previously 

noted, the plasma-treated PCL scaffolds immobilized the fewest, with 86 million 

antibodies per 100 m2. Finally, the CSS scaffolds had approximately 146 million 

antibodies immobilized per 100 m2. The number of antibodies present far outnumbers 

the availability of receptors on the cell membrane. It can generally be thought that 

mammalian cells contain approximately 106 proteins on the plasma membrane. Of these 

total proteins, the receptor of a particular signaling molecule often constitutes only 0.1 – 

5% of the total protein count. Thus, a cell membrane generally contains only 1,000 to 

50,000 copies of common cell-surface receptors [88]. As such, there seems to be an 
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overabundance of antibodies immobilized on the scaffolds, far exceeding the number of 

antibodies needed to capture cells of interest. This brings about the idea of the 

dissociation constant (KD). The KD of an antibody describes the ratio of the antibody 

dissociation rate (koff) to the antibody association rate (kon) [88].   

 

𝑲𝑫 =
𝒌𝒐𝒇𝒇

𝒌𝒐𝒏

  [𝒐𝒓]   
[𝑨𝒃][𝑨𝒈]

[𝑨𝒃 ∙ 𝑨𝒈] 
 

 

KD = Dissociation constant 

Ab·Ag = Molar concentration of Antibody·Antigen complex 

Ab= Molar concentration of unoccupied Antibody binding sites 

Ag = Molar concentration of unoccupied Antigen binding sites 

 

A low koff is relative to kon, indicates that the [Ab·Ag] complex is more stable or more 

tightly bound [89]. Thus a low koff value drives a lower dissociation constant (KD). The 

dissociation constant of an antibody is critical to understand as the value is inversely 

related to the antibody’s binding affinity to its antigen. High affinity antibodies will bind 

to a greater amount of antigen than lower-affinity antibodies. Most antibodies have KD 

values in the micromolar and nanomolar range (10-6 – 10-9 M). The KD for αCD20 has 

been measured at 3.6 x 10-9M [90]. The low dissociation constant indicates that αCD20 

antibodies and Granta-22 B-cell lymphomas create stable complexes that are tightly 

bound to one another.  

 It has already been noted that antibodies immobilized onto CSS fibers captured 

significantly more cells than those immobilized onto PCL fibers, 16.6% versus 2.8% 
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respectively.  However, a vast majority of the cells were uncaptured in spite of (1) an 

overabundance of real estate available to the cells, (2) an overabundance of immobilized 

antibodies and (3) a low dissociation rate that favors the antibody-antigen complex. Even 

though antibodies immobilized onto cholesterol-based fibers strongly outperform 

hydrophobically immobilized antibodies, it is still probable that steric hindrance and 

protein denaturation are the two limiting factors in protein immobilization efficiencies.  

 

2.2.5 Comparison of Antibody Physical Immobilization Mechanisms 

Mechanisms responsible for physical immobilization of antibodies are dictated by 

the characteristics of a solid surface. As illustrated in Fig. 6, antibodies such as anti-

CD20 are immobilized mainly through hydrophobic interactions on the highly 

hydrophobic surfaces of PCL fibers. Further, entropic forces due to conformational 

changes in immobilized antibodies may provide additional forces for antibody 

immobilization. Results from the BSA immobilization study and the anti-CD20 

immobilization and cell capture assays support this view. When each fiber sample was 

exposed to 20 g of BSA in solution, large protein aggregates that were visible to naked 

eyes formed on PCL fibers (Fig. S2). When each fiber sample was exposed to 2 g of 

anti-CD20 in solution, PCL fibers immobilized 1.85 ± 0.37 g of anti-CD20. 

Statistically, the difference in the amounts of anti-CD20 immobilized on PCL and CSS 

fibers was insignificant. Compared to CSS fibers, however, PCL fibers were less capable 

of retaining the antigen-binding functions of anti-CD20, as evident by the cell-capture 

assay. This is consistent with the view that antibodies are hydrophobically adsorbed on 
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PCL fibers and that a large number of the immobilized antibodies are improperly oriented 

and/or denatured, leading to a heavy loss of function. 

Plasma-treated PCL fibers are hydrophilic and immobilize antibodies largely 

through electrostatic interactions. As a result, charged residues of both the Fab fragments 

and the Fc regions of antibodies may electrostatically interact with the surfaces of 

plasma-treated PCL fibers, leading to randomly oriented antibodies on the fibers (Figure 

2.9). The antigen-binding Fab regions of improperly oriented antibodies have no or 

limited accessibility to antigens or surface receptors of a cell. In addition, improperly 

oriented antibodies may generate steric hindrance for adjacently immobilized and 

properly oriented antibodies. Consequently, randomly oriented antibodies that are 

immobilized on plasma-treated PCL fibers through electrostatic interactions have a poor 

ability to bind to antigens or surface receptors of a cell.    
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Figure 2.9. A schematic presentation of antibody immobilization on polymer and 

lipid fibers. Antibodies have two portions – the Fc region (orange) that generally 
anchors into the cell membrane and the FAb region (blue) that interacts with the 

antigen of interest. Highly hydrophobic surfaces such as PCL fibers immobilize 
antibodies mainly through hydrophobic interactions, leading to antibody 
denaturation, conformational changes, and random orientation. Hydrophilic 

surfaces such as plasma-treated PCL fibers immobilize antibodies through 
electrostatic interactions, resulting in random orientation. Antibodies are 

immobilized on biomimetic lipid fibers such as CSS fibers through the embedding 
of the crystallizable Fc regions in the nanoscale defects of the fibers. This leads to 
oriented antibody immobilization and improved function retention.  
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As illustrated in Figure2.9, antibodies are physically immobilized on CSS fibers 

through the embedding mechanism. Specifically, lipid molecules are not perfectly packed 

on the surfaces of CSS microfibers due to the curvature effects; the imperfect packing of 

CSS molecules creates nanoscale defects on fiber surfaces; the crystallizable Fc regions 

of antibodies can be embedded in the nanoscale defects of CSS fibers. Like natural 

cholesterol, CSS molecules allow the anchoring and subsequent crystallization of 

membrane-bound domains of proteins, such as the Fc regions of antibodies.  The 

anchoring of the Fc regions of antibodies, which is mediated by the nanoscale defects of 

CSS fibers, has two implications. First, antibodies immobilized on CSS fibers will be 

oriented and can better retain antigen-binding functions, compared to the randomly 

oriented antibodies that are immobilized on plasma-treated PCL fibers. Indeed, the anti-

CD20 functionalized CSS fibrous matrices are able to capture 7.7 times more cells than 

the anti-CD20 functionalized plasma-treated PCL fibers. Second, the Fab regions of 

antibodies or the relatively hydrophilic regions of proteins, which are immobilized on 

CSS fibers, will cover fiber surfaces, creating a monolayer protective coating. The 

protective coating may prevent the formation of antibody or protein aggregates on CSS 

fibers, which are highly hydrophobic.  

 

2.3 Conclusion  

Lipid fibers comprising CSS, PCL fibers, and plasma-treated PCL fibers with 

average diameters in the range of 0.9~2.7 m were electrospun. As revealed by water 

contact angle analysis, plasma-treated PCL fibrous matrices are hydrophilic and can 

immobilize antibodies via electrostatic interactions, PCL fibrous matrices are highly 

hydrophobic and presumably immobilize antibodies through hydrophobic interactions, 
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and CSS fibrous matrices are more hydrophobic than PCL fibrous matrices. When 

exposed to a large amount of BSA (i.e., 20 g per fiber sample), protein aggregates were 

formed on PCL fibers but not on more hydrophobic CSS fibers; CSS and plasma-treated 

PCL fibers stably immobilized a similar amount of BSA. When exposed to a limited 

amount of anti-CD20 antibody (i.e., 2 g per fiber sample), CSS, PCL, and plasma-

treated PCL fibers immobilized 100  2.6%, 92  18.5%, and 59  24.5% of anti-CD20, 

respectively. Further, a cell-capture assay showed that the anti-CD20 functionalized CSS 

fibrous matrices captured 5.9 times more cells than the functionalized PCL matrices, and 

7.7 times more cells than the functionalized plasma-treated PCL matrices. Collectively, 

results from these studies strongly support that oriented immobilization of antibodies and 

better retention of antibody functions can be achieved on CSS lipid fibers through a 

proposed embedding mechanism. The lipid fibers capable of functionally immobilizing 

antibodies hold strong promise for the development of highly sensitive proteomics and 

cell capture biotechnologies. 
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3.0 SIMPLE FABRICATION OF LIPID-BASED HYBRID FIBERS FOR 

RETAINED PROTEIN FUNCTION 

Sensitive fabrication parameters have limited the adoption of lipids within protein 

immobilization technologies. For example, electrospinning lipids can only occur within a 

narrow range of concentrations [57]. If concentrations are too low, fibers do not form. If 

lipid concentrations are too high, then the fiber morphology is compromised and droplets 

are formed along the fiber length. One solution is to engineer polymer-lipid hybrid fibers. 

Hybridized lipid nanoparticles are gaining popularity for their performance as drug 

delivery vehicles [91-95] but references to polymer-lipid hybrid fibers are extremely 

limited. Such hybrid fibers would be instrumental in designing protein immobilization 

platforms that are easy to fabricate while maintaining protein function.  

Here we present a hybridized fiber that consists of electrospun polycaprolactone 

(PCL) that is plasma-treated and chemically conjugated to a cholesterol-based lipid, 

cholesteryl succinyl silane (CSS). PCL is a nontoxic polymer that can be used to 

reinforce materials [96-98]. The polymer’s high ultimate tensile strain allows for 

flexibility in the polymer’s adopted structure. PCL also has one of the slowest 

degradation rates, allowing for an extensive shelf-life [99, 100]. In previous studies, 

electrospun PCL fibers were modified by air-plasma treatment and covalently linked to 

laminin, improving the material’s ability to immobilize proteins [101].  In this study, 

electrospun PCL is covalently linked to CSS. CSS is synthesized by replacing the 

hydroxyl group of natural cholesterol with a triethoxysilyl head moiety, allowing for 

polymerization of the CSS monomer [1]. Antibodies immobilized on CSS nanostructures 

have already shown improved protein function, resulting in scaffolds that are well-suited 

for cell capture and drug delivery systems [1, 38, 102-104].  Conjugating CSS to PCL 
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creates a hybrid fiber that is both easy to produce and protects protein function during the 

immobilization process (Figure 3.1).  

 

 

 

 
 

Figure 3.1. The hybrid material was prepared in a two-step fabrication method. 
First, PCL was plasma-treated to create reaction sites. Second, the plasma-treated 

PCL was exposed to a solution containing various concentrations of CSS.  
 

 

3.1 Materials and Methods 

3.1.1 Fiber Fabrication 

PCL fibers were prepared with a 10% w/v solution of PCL (MW: 80 kDa, Sigma 

Aldrich) in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP, MW: 168.04, Sigma Aldrich). The 

solution was incubated at room temperature for a minimum of 6 h, briefly vortexed, and 

then electrospun with a flow rate of 20 µL/min, a voltage of 12 kV, and a spinneret-to-

ground distance of 12 cm. The electrospun PCL fibers were collected on 0.25cm2 silicon 

chips that were placed on top of an aluminum foil collector plate. A portion of the 
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collected PCL fibers immediately underwent an air-plasma treatment (Harrick Plasma, 

Model PDC-001) for 10 min under vacuum, generating plasma-treated PCL fibers.  

Three hybrid fibers were created for the study: PCL:CSSlow, PCL:CSSmed, 

PCL:CSShigh, in where each plasma-treated PCL scaffold was submerged in solutions 

containing either 0.1% w/w CSS, 1.0% w/w CSS, or 5.0% w/w CSS, respectively. All 

three hybrids were prepared by immediately taking a portion of the plasma-treated PCL 

fibers and placing scaffolds into individual wells of a 48-well plate. The plasma-treated 

PCL scaffolds were then submerged in 500 L of an acidic solution of CSS monomers at 

one of the aforementioned concentrations in 100% EtOH. A total of 200 L of DI water 

was added to the 4 mL CSS/EtOH working solution to permit the occurrence of 

hydrolysis and polymerization. Surrounding wells were half-filled with DI water and the 

plates were sealed with parafilm to minimize solvent evaporation. CSS was allowed to 

hydrolyze and polymerize overnight while exposed to the plasma-treated PCL fibers. The 

scaffolds were then rinsed three times with DI water prior to use.  For the bulk of the 

study the PCL:CSSmed fibers were used to understand the characteristics of the hybrid. 

However, all three hybrids were used for the cell capture studies.  

Pure CSS fibers were prepared according to a procedure detailed in previous 

studies [64, 74]. In brief, an acidic solution of CSS at a concentration of 69% w/w was 

prepared in a mixed solvent that comprises 1 mL of tetrahydrofuran (Sigma Aldrich) and 

10µL of 37% aqueous HCl. The solution was incubated overnight in a 40°C water bath, 

permitting CSS hydrolysis and polymerization. The hydrolyzed and polymerized CSS 

solution was then electrospun into lipid fibrous membranes using a custom made device 
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with a flow rate of 0.5 µL/min, a voltage of 12 kV, and a spinneret-to-ground distance of 

12 cm. The fibers were collected on 0.25cm2 silicon chips. 

 

3.1.2 Water Contact Angles  

The water contact angles were assessed for each fiber type, PCL, plasma-treated 

PCL, CSS, and PCL:CSSmed.  A 10 µL droplet of DI water was placed on each fiber 

matrix (n = 3) and measured with instrumentation from First Ten Angstrom (FTA-200, 

camera: RS-170). The contact angle was determined with FTA-32 software.  The average 

water contact angle was determined from the collected measurements.  

 

3.1.3 DiO Immobilization  

DiO (3,3’-Dioctadecyloxacarbocyanine perchlorate) was used as a model system 

to initially understand if the PCL:CSSmed hybridized fibers were capable of retaining the 

bioactivity previously seen in pure CSS fibers. DiO is regularly used as a fluorescent 

probe of lipid bilayer membranes [105]. The molecule’s hydrophobic tail anchors itself 

into the bilayer, similar to the theorized anchoring mechanism seen within CSS fibers. 

PCL and PCL:CSSmed hybrid fibers were prepared on Si chips as described above. Half 

of the samples were initially exposed to a 1% bovine serum albumin (BSA) solution to 

block the electrospun fiber surface from interacting with the DiO. A working solution of 

DiO (Sigma Aldrich) was prepared in 100% EtOH with a final concentration of 30 

g/L. The fiber samples were submerged in 300 L of the DiO working solution and 

allowed to incubate for 60 minutes (in the dark, room temperature). The samples were 

then washed with 100% EtOH three times. Fresh EtOH was placed into each well prior to 
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reading the samples’ relative intensities with the Synergy 2 SL Luminescence Microplate 

Reader (BioTek, VT). 

 

3.1.4 Chemical Verification of Hybridized Fibers 

Raman spectroscopy was used to verify the chemical conjugation of CSS onto the 

PCL backbone for each of the following fiber types: PCL, PCL:CSS low, PCL:CSSmed, and 

PCL:CSShigh. The Raman spectra for each sample were collected from 20 scans and 

100% power and 60 seconds per scan on a Thermo Almega micro-Raman system, using a 

solid-state laser with a wavelength of 532 nm, and a thermoelectrically cooled CCD 

detector. The laser is partially polarized with 4 cm-1 resolution and a spot size of 1 µm. 

All samples were analyzed using the 100x objective. For each sample, Raman spectra 

were collected from 2 different sample locations at 3 spectral regions: low resolution 

(104-4246 cm-1), high resolution (90-1302 cm-1) and high resolution (643-1770 cm-1).  

 

3.1.5 Antibody Immobilization 

Samples of the four fiber types (PCL, plasma-treated PCL, CSS, and PCL:CSSmed 

hybridized fibers) were prepared on 0.25cm2 silicon chips as previously detailed. Each 

chip was placed in a single well of a 48-well plate, rinsed with phosphate buffered saline 

three times, and exposed to 200 L of a working solution of anti-CD20 with a 

concentration of 10 g/mL, consistent with the concentration previously determined for 

optimal antibody immobilization [1, 38]. The scaffolds then incubated for 90 min at 

37°C, a protocol systematically determined from our previous studies [1, 38].  

After the incubation period the solution was collected and placed in fresh wells of 

a new, sterile 96-well plate. As the scaffolds were submerged in the antibody solution, 
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the fibers and wells were rinsed three times with PBS to ensure that all unbound protein 

was collected. The collected solution from each individual sample was added to a 

corresponding well so that all solution collected from one chip went into one well. As the 

total concentration of antibody within the working solution was low (10g/mL), the Bio-

Rad protein assay was used for its adaptability to low-concentration samples (<25 µg/ml; 

1–20 µg total). The amount of unbound protein was detected with a Synergy 2 SL 

Luminescence Microplate Reader (BioTek, VT) at an excitation wavelength of 460/40 

nm and an emission wavelength of 590/10 nm. The observed absorption shifts were then 

converted to unbound protein concentrations with the use of a known concentration 

ladder.  

 

3.1.6 Anti-CD20 Immobilization and Granta-22 B-cell Lymphoma Cell Capture 

Once the previous experiments were run with the PCL:CSSmed hybrid, the 

additional hybridized fibers were investigated for their ability to efficiently capture cells. 

Thus, cell capture efficiencies were investigated for the following fiber types: PCL, 

plasma-treated PCL, PCL:CSSlow, PCL:CSSmed, and PCL:CSShigh. Samples of each fiber 

type were prepared on 0.25 cm2 silicon chips as previously detailed. The chips were 

placed in a single well of a 48-well plate and rinsed three times with PBS. The scaffolds 

submerged in antibody solution incubated for 90 min at 37°C, as per our previous studies 

[1, 38]. After the antibody immobilization, the samples were washed three times with 1x 

PBS and incubated in a 0.1% w/v solution of BSA in 1x PBS for 60 min at 37°C. The 

samples were then washed again three times with 1x PBS and seeded with Granta-22 B-

cell lymphomas at a concentration of 2104 cells per sample. The functionalized 
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scaffolds then incubated for 45 min to allow for cell capture. After cell capture the 

samples were washed again three times with 1x PBS and subjected to a 15-min 

incubation in 4% w/v paraformaldehyde. The captured cells were treated with Triton-X 

prior to being stained with Alexa Fluor phalloidin against actin and ProLong® Gold 

Antifade with DAPI (Life Technologies) against the cell nuclei, and imaged the 

following day with fluorescent microscopy (Nikon).  

 

3.1.7 Statistical Analysis  

Student’s t-test was computed between each fiber type to determine statistical 

significance for water contact angles, DiO immobilization, and antibody immobilization 

and cell capture efficiencies. P-values less than 0.05 were considered statistically 

significant whereas anything greater than 0.05 was considered statistically insignificant.  

 

3.2 Results and Discussion 

3.2.1 Fiber Fabrication 

Lipids generally have lower molecular weights than their polymer counterparts, 

historically limiting their ability to be electrospun. However, recent work has illustrated 

that once critical concentrations are reached, lipids are capable of being electrospun. 

System behavior of lipids is drastically changed by varying concentrations in non-

aqueous solutions. When lipids are present in low concentrations, they form wormlike 

reverse micelles. Increasing the lipid concentration changes the self-assembly system 

morphology from spherical to cylindrical. The cylindrical micelles are then able to 

overlap and entangle, allowing for adequate intermolecular interactions. These 

intermolecular interactions ultimately allow lipids to be electrospun [57]. Nonetheless, 



68 
 

these interactions only occur at high lipid concentrations. Thus, pure CSS fibers were 

produced from a 69% w/w solution. 

However, the bioactivity of lipids does not require such extreme concentrations. 

Lipid-polymer conjugates are receiving extensive attention within the application of 

drug-delivering liposomes. Within these systems low concentrations of lipids are 

incorporated into the liposomes, with concentrations often less than 5mol % [92, 106-

108]. Therefore, three CSS:PCL hybrid fibers were produced: PCL:CSSlow, PCL:CSSmed, 

and PCL:CSShigh, with the plasma-treated PCL fibers being exposed to varying 

concentrations of up to 5.0% w/w CSS. The PCL:CSSmed hybrid fiber was initially used 

to understand hybrid fiber performance as compared to electrospun PCL fibers. The 

PCL:CSSmed hybrid fibers were produced by submerging the plasma-treated PCL fibers to 

a solution containing 1.0% w/w CSS. Once the hybrid material showed promising results, 

hybrid fibers exposed to lower and higher concentrations of CSS to determine an optimal 

hybrid for cell capture, producing the PCL:CSSlow and PCL:CSShigh hybrid fibers as 

previously described. Raman spectroscopy was then used to confirm that the plasma-

treated PCL fibers were chemically conjugated to CSS.  

 

3.2.2 Water Contact Angles  

Surface hydrophobicity is a key parameter in determining physical 

immobilization of proteins. To determine surface hydrophobicity, water contact angles 

were analyzed for the four fiber types, and optical images of water drops on the fibrous 

matrices were presented in Figure 3.2. The water contact angles were determined to be 

93.3  2.3, 35.1  2.2, 136.5  2.3, and 10.9 ± 0.3° for electrospun PCL, plasma-

treated PCL, CSS, and the PCL:CSSmed hybridized fibers, respectively. It is intriguing 
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that when CSS is present in its pure form the material is extremely hydrophobic. 

However, when the material is polymerized off of the PCL backbone, the resulting 

PCL:CSSmed hybrid material is extremely hydrophilic in nature.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. The water contact angles for four fiber types were measured. PCL 

(A), plasma-treated PCL (B), CSS (C), and PCL:CSSmed hybrid (D) had water 

contact angles of 93.3  2.3, 35.1  2.2, 136.5  2.3, and 10.9 ± 0.3°, 

respectively.  

 

This reversal in material behavior is due to modifications in the fabrication 

protocol (Figure 3.3). When CSS hydrolyzes and polymerizes any un-polymerized silane 

groups end up with a hydroxyl group (-OH) tagged on the end of the polymer. When pure 

CSS fibers are produced in non-polar THF, the polar hydroxyl groups are tucked into the 

interior of the fiber. In these pure CSS fibers, the non-polar sterol rings are present to the 

exterior of the fibers, making pure CSS hydrophobic in nature. However, problems were 
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encountered when the hybrid was originally synthesized. To note, the non-polar THF 

dissolved the PCL fibers. Thus, it was decided to complete the second step of the hybrid 

synthesis in a polar ethanol solution. This changes the make-up of the fiber in two 

manners (Figure 3.3). First, the non-polar sterol rings will organize themselves as to 

minimize their exposure to the polar solvent. Second, the polar hydroxyl groups will 

organize themselves towards the exterior or solvent-facing direction. Thus, when the 

hydroxyl groups are present on the surface of the hybrid, the large difference in 

electronegativity between the oxygen and the hydrogen in the hydroxyl group, makes the 

surface of the hybrid material hydrophilic.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. The use of a polar solvent during the production of the hybrid 
material leads to the production of a hydrophilic material. The non-polar sterol 
rings may organize themselves in the interior of a lipid bilayer that minimizes the 

exposure of the sterol rings to the polar solvent. The material architecture is 
similar to that seen in protein islands found in cellular membranes.  
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3.2.3 DiO Immobilization  

DiO was used as a model system to understand the immobilization efficiency of 

the PCL:CSSmed hybrid fibers as compared to PCL fibers. Prior to DiO exposure, half of 

the samples were exposed to bovine serum albumin (BSA). BSA is often used to block 

hydrophobic surfaces, thus effectively blocking the surface from interacting with DiO 

(Figure 3.4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. During DiO immobilization, half of the samples were exposed to the 

CSS hybrid fibers. The second half of the hybrid samples were first blocked with 
bovine serum albumin (BSA). Blocking the surface fiber decreases DiO’s ability 
to anchor its transmembrane tails within the lipid fibers.  

 

When the electrospun PCL surfaces were blocked from interacting with DiO, the relative 

intensity was measured 9.2 ± 2.4 (Figure 3.5). However, if the PCL fibers were available 

to interact with the DiO, then relative intensity jumped to 13.5 ± 3.6, a gain of 
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approximately 47%. When the PCL:CSSmed hybrid scaffolds were initially blocked with 

BSA, the relative intensity was measured at 17.86 ± 1.12. However, if the PCL:CSSmed 

fibers were not blocked, then relative intensity jumped to 45.8 ± 5.76, a gain of 

approximately 156%.  

There are a few points worth discussing. First, when both fiber types were 

blocked with BSA, the hybrid fiber was able to immobilize significantly more DiO than 

the PCL, 17.86 ± 1.12 and 9.2 ± 2.4, respectively with p-values < 0.01. This may be due 

to the fact that the hybrid fiber is not hydrophobic in nature, thus BSA may not have been 

able to effectively block the hybrid surface. Second, the significant increase seen with the 

unblocked hybrid fiber indicates that BSA was able to block a portion of the surface, if 

not completely. Furthermore, the performance of the unblocked hybrid fiber may be due 

to a number of scenarios. First, it is possible that the hybrid fibers simply immobilized 

more DiO. Second, it is possible that the hybrid fibers immobilized equivalent amounts 

of DiO but rather, that the hybrid fibers retained protein function. Lastly, this significant 

increase may be indicative of a combination of both previous scenarios - more DiO was 

immobilized and protein function was retained on the hybrid material. Thus, antibody 

immobilization and cell capture studies were used to gain further insight on the hybrid 

material.  
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Figure 3.5. DiO was used as a model for immobilization potential as DiO has a 
membrane anchoring component (black bars). The performance of pure PCL 
scaffolds (left) was compared to that of the PCL:CSSmed hybrid.  

 

3.2.4 Chemical Verification of Hybridized Fibers  

Plasma-treated PCL fibers were submerged in solutions containing varying 

concentrations of CSS (0.1%, 1.0% and 5.0% w/w). During the overnight incubation, 

CSS monomers would have hydrolyzed and polymerized to other monomers and also to 

the reaction sites available on the plasma-treated PCL. Raman spectroscopy was used to 

confirm that CSS monomers had in fact chemically conjugated to the PCL fiber 

backbone. Raman spectroscopy was further employed to verify the CSS modification of 

PCL nanofibers (Figure 3.6). The use of a 100x objective generates a sampling spot of 

1 m in size, comparable to the diameters of PCL fibers electrospun under the current 

conditions [85]. This permits Raman spectroscopic analysis of single electrospun PCL 

and CSS-modified PCL fibers. In the Raman spectral region of 600-1800 cm-1, the PCL 

fibers display characteristic bands at 1725 (C=O stretching), 1462 and 1442 

(CH2 scissoring and wagging [109] and CH3 asymmetric bending [110]), 1305 and 1285 
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(CH2 bending), 1110 (C-O-C asymmetric stretching [111]), and 1066 (C-O-C symmetric 

stretching [111]),  958 (CH3 rocking [112]), 916, 868, and 713 cm-1 (C=O bending [111]) 

(Table 3.1). Compared to the PCL control, the hybrid fibers that were obtained by 

incubating plasma-treated PCL fibers with 1% w/v CSS solutions did not show noticeable 

changes in Raman spectra. However, the DiO immobilization study clearly indicates CSS 

coating on the hybrid fibers. It is likely that Raman spectroscopy conducted at a single 

spot of about 1m in size does not possess the same detection sensitivity as the DiO 

fluorescence assay performed on fiber specimens on a 0.25 cm2 silicon chip. When the 

hybrid fibers were prepared by incubating plasma-treated PCL fibers with 5% w/v CSS 

solutions, new bands appeared at 1670 (C=O amide I), 877, 851, 801, 736, and 700 cm-1, 

which can be largely attributed to the cholesterol [113] portion of CSS (Table 3.2). This 

suggests that the use of 5% w/v solutions permits CSS coating in a sufficient mass for 

Raman detection. The hydrolyzed and partially polymerized triethoxysilyl moieties may 

display peaks at 1092 (SiOC asymmetric stretching), 1046 (SiOSi asymmetric 

stretching), 948 (SiOC symmetric stretching), and 792 cm-1 (SiOSi symmetric 

stretching). However, those bands may be fully masked by the stronger band of PCL at 

the same locations. 
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Figure 3.6. Raman Spectroscopy was used to verify the presence of CSS on the 

hybrid material (PCL = blue, PCL:CSShigh = green). A number of peaks (877, 

851, 801, 736, 700 cm-1, indicated with green arrows) were only present once 

increased concentrations of CSS were conjugated to the PCL backbone. These 

peaks have been previously reported with the characterization of cholesterol.  
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Table 3.1.  Raman Spectroscopy was used to first characterize the pure PCL fibers. 
Numerous bands were identified on the sample as characteristic of PCL.  

Band Location (cm-1)                         Behavior 

1725                                         C=O 
1462                                         CH2 scissoring and wagging  
1442                                         CH3 

1305                                         CH2 bending  
1285                                         CH2 bending  

1110                                         C-O-C asymmetric stretching  
1066                                         C-O-C symmetric stretching 
958                                           CH3 rocking  

916                                           C=O bending  
868                                           C=O bending 

713                                           C=O bending 

 

 

Table 3.2.  Raman Spectroscopy was then used to characterize the hybrid fibers. A 

number of peaks were only present once increased concentrations of CSS were 

conjugated to the PCL backbone. These peaks have been previously been associated with 

cholesterol.  

Band Location (cm-1)                         Behavior 

1670                                         C=O Amide I 

877                                           Cholesterol  
851                                           Cholesterol  
801                                           Cholesterol 

736                                           Cholesterol 
700                                           Cholesterol 

 

 

3.2.5 Antibody Immobilization  

Murine anti-CD20 was used to investigate the immobilization efficiencies and cell 

capture capabilities of the various scaffolds – PCL, plasma-treated PCL, CSS, and 

PCL:CSSmed hybrid. The monoclonal antibody specifically recognizes CD20 

phosphoprotein expressed on the surfaces of normal B lymphocytes and B-cell 
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lymphomas [83, 84]. The amount of anti-CD20 remaining in the solution was evaluated 

to be 0.38 ± 0.4 g, 0.96 ± 0.40 g, 0.08 ± 0.08 g, and 0.31 ± 0.21g for the PCL, 

plasma-treated PCL, CSS, and PCL:CSSmed, respectively (Figure 3.7). 

The percentage of immobilized anti-CD20 was then computed for the four fiber 

types. As shown in Figure 3.7, the immobilization pattern observed during this study was 

comparable to that previously reported. Specifically, CSS fibers again immobilized the 

highest percentage of antibody (96 ± 4% or 1.92 ± 0.08g). PCL was able to immobilize 

81 ± 12% (1.63 ± 0.24 g) of the exposed protein whereas plasma-treated PCL was able 

to immobilize only 55 ± 18% of the antibody (approximately 1.09 ± 0.35g of the 

original 2.0 g of protein exposed to the scaffolds).  The PCL:CSSmed hybrid scaffold 

was the mid-road performance between PCL and CSS, immobilizing 85 ± 10% (1.6920 ± 

0.2063g) of the antibody. It is worth noting that only the plasma-treated PCL showed a 

statistically significant difference in its ability to immobilize antibodies (p-value < 0.05). 

In this study, PCL, CSS, and PCL:CSSmed all immobilized similar amounts of antibody 

(p-value ˃ 0.05). In the DiO immobilization experiments, the performance differences 

between PCL and the hybrid may have been due to PCL:CSSmed immobilizing more 

protein or simply retaining protein function. In this experiment, it was concluded that 

statistically similar amounts of antibody were immobilized by the scaffolds. Thus, it 

seems that the hybrid material allows for improved protein function, an observation that 

could quickly be verified with cell capture studies. 
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Figure 3.7. Anti-CD20 was immobilized onto the four fiber types (PCL, plasma-
treated PCL, CSS, and PCL:CSSmed hybrid material). The amount of antibody 

remaining in solution (unbound) was measured (A). From that, the amount (B) 
and percentage (C) of immobilized antibody was calculated.  
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Furthermore, quantifying the number of immobilized antibodies allows us to 

calculate the approximate number of antibodies available to interact with captured cells. 

The shape of a captured Granta-22 B-cell lymphomas can be simplified to a 100 m2 

square for mathematical purposes [1]. From this, it is possible to calculate the 

approximate number of antibodies available for cell capture within that given area. In 

brief, it is possible to use the known mass of a single αCD20 antibody (33 kDa) to 

determine the absolute number of antibodies present within a given area (Table 3.3) [86]. 

These calculations provide insight that millions of antibodies are available to interact 

with a single captured Granta-22 B-cell lymphoma, ranging from 80 million antibodies 

per cell on the plasma-treated PCL scaffolds, up to 140 million antibodies per cell area 

for the pure CSS fibers. As previously noted, a cell membrane generally contains only 

1,000 to 50,000 copies of common cell-surface receptors [88]. Furthermore, previous 

calculations indicated that a fully saturated chips would be able to accommodate 

approximately 1.79x1012 antibodies within a single, perfectly packed monolayer. All the 

saffolds immobilized 1013 antibodies, indicative of either an oversaturated chip or the 

loss of antibody  to the three-dimensional nature of the scaffolds. Thus,  there is an 

overabundance of antibodies available to interact with cells on each of the fiber types.  
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Table 3.3.  Total immobilized mass and approximate numbers of αCD20 immobilized 

onto the three scaffold types. The approximate number of antibodies present per 100m2 

corresponds to the approximate number of antibodies present to interact with each 
captured cell.  

Scaffold                             Immobilized AB       Immobilized ABs             ABs/m
2
               ABs/cell 

                                                Mass  (g)               per chip (10
13

)                  (10
5
)                  (Millions) 

                                             

PCL                                              1.63                            2.97                             11.9                          119 

 

Plasma-treated PCL                     1.09                            1.98                              8.0                             80 

 

PCL:CSSmed                                 1.69                            3.08                              12.3                         123 

 

CSS                                              1.92                            3.50                              14.0                          140 

 

 

3.2.6 Evaluation of Immobilized Anti-CD20 Using a Cell Capture Assay 

From the antibody immobilization experiments, it is known that PCL, CSS, and 

the PCL:CSSmed fibers are capable of immobilizing statistically similar amounts of 

antibody. Thus, protein function was studied using a cell-capture assay. Specifically, five 

fiber types were functionalized by anti-CD20: PCL, plasma-treated PCL, PCL:CSSlow, 

PCL:CSSmed, and PCL:CSShigh. The functionalized scaffolds captured Granta-22 B-cell 

lymphomas, which express the surface receptor CD20 phosphoprotein. These surface 

receptors are specific to anti-CD20. After cell capture, the captured Granta-22 cells were 

fixed and stained with DAPI against the cell nuclei. The captured cells were imaged 

using fluorescent microscopy.  

A quantitative analysis of the obtained images revealed that the functionalized 

PCL and plasma-treated PCL fibrous matrices captured 28.8 ± 6.4 cells per mm2 and 19.4 

± 5.0 cells per mm2, respectively (Figure 3.8). Difference in the number of captured cells 

on the two fiber types was statistically insignificant (p = 0.26). However, with the hybrid 
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fibers it was found that the higher the concentration of CSS, the higher the cell capture 

efficiency. The PCL:CSSlow, PCL:CSSmed, and PCL:CSShigh hybrid scaffolds were able to 

capture 16.3 ± 4.9 cells per mm2, 38.8 ± 5.8 cells per mm2, and 68.8 ± 9.0 cells per mm2, 

respectively.  Furthermore, all of the hybrid scaffolds had cell capture efficiencies that 

were statistically significant from one another, all with p-values less than 0.01.  

 

 

 

Figure 3.8. Cell capture data was used to understand the cell capture efficiencies 

of the hybrid material as compared to nanostructures produced from pure CSS. 
Increased amounts of conjugated CSS increased the hybrid material's ability to 
capture cells.  
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This data supports two main conclusions. First, as previously noted, the amounts 

of immobilized anti-CD20 on PCL, CSS, and PCL:CSSmed were statistically similar. 

Thus, the higher cell capture efficiency of the hybridized fibers can be attributed to 

retained protein function of the immobilized antibodies. Second, even though the 

PCL:CSShigh hybrid fiber is significantly better at cell capture than PCL, when 

normalized to the cell capture efficiencies of pure CSS fibers, it is noted that the 

PCL:CSShigh scaffold still only captures a fraction of cells captured with pure CSS fibers 

(40 ± 5%). Even though the hybrid fibers were better able to capture cells with increasing 

exposure to CSS, their overall performance is still lower than that of pure CSS fibers. 

However, the hybrid scaffolds are able to retain protein function while being more 

mechanically robust. 

One additional point worth noting is the saturation levels of captured cells on each 

scaffold type. Once again, when calculating the saturation levels of the captured Granta-

22 B-cell lymphomas, the cell shape can be simplified to a 100 m2 square for 

mathematical purposes [1]. As the Si chips were 0.25 cm2 in size and we estimate an 80% 

confluence, then there is a possibility of capturing 200,000 cells per chip if only 

considering total available surface area. As only 20,000 cells were exposed to each 

scaffold, it is known that the available surface area on the chip was not a limiting factor. 

However, it is still possible to calculate the total percentage of cells captured. The PCL 

and plasma-treated scaffolds were only able to capture fewer than 4% of the exposed 

cells, 3.6% and 2.4% respectively. The PCL:CSSlow hybrid captured the fewest cells, 

2.0% of the total number of exposed cells. The two other hybrids, PCL:CSSmed and 
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PCL:CSShigh were the strongest performers, capturing 4.9% and 8.6% of cells, 

respectively.  

As previously noted, the dissociation constant (KD) for αCD20 has been measured 

at 3.6 x 10-9M [90]. The low dissociation constant indicates that αCD20 antibodies and 

Granta-22 B-cell lymphomas create stable complexes that are tightly bound to one 

another [88]. Overall, a vast majority of the cells were uncaptured in spite of (1) an 

overabundance of available surface area available for cell capture, (2) an extreme 

overabundance of immobilized antibodies,  and  (3) a low dissociation rate that favors the 

antibody-antigen complex. Furthermore, successful cell capture is dependent on the 

formation of multiple antibody-antigen interaction sites to securely capture cells of 

interest cell capture. It is plausible that these multiple interaction sites are unavailable at 

sufficient numbers for secure cell attachment and capture. Steric hindrance and protein 

denaturation are still likely culprits for the limiting cell capture efficiencies of the hybrid 

fibers.  

 

3.3 Conclusion 

Even though the use of lipids is appealing, a number of fabrication issues have 

limited the adoption of lipids within protein immobilization technologies. Polymer-lipid 

hybrids are one solution, being simple to produce while promoting protein function. 

However, these polymer-lipid hybrids are currently limited to nanoparticles engineered as 

delivery vehicles. These nanoparticles perform well for targeted delivery systems but are 

not particularly useful in the design of protein immobilization platforms.  

In this study we present a polymer-lipid hybrid fiber, one that can easily be 

fabricated while maintaining protein function. Both DiO and antibody immobilization 
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indicated that the hybrid fibers performed as well as their polymer counterparts for 

protein immobilization but that the hybrid was better able to retain protein function. 

Furthermore, cell capture efficiencies increased proportionately to the concentrations of 

CSS present on the hybrid fibers, indicating that the lipid component of the hybrid fiber is 

directly tied to the immobilization potential of the hybrid fibers. In conclusion, the 

PCL:CSS hybrid fibers are easy to produce and help retain antibody function.  

Collectively, these results support the notion that a hybrid lipid fiber is a viable option for 

the development of many protein immobilization technologies.  
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4.0 DUALLY FUNCTIONALIZED LIPID FIBERS FOR IMPROVED CELL 

CAPTURE EFFICIENCIES 

In 2014, it is estimated that breast cancer led to over 40,000 deaths within the 

United States. Morbidity rates with breast cancer have steadily declined since 1989, 

specifically in women under 50 years of age. These decreases are due to improvements in 

early detection and treatment [2]. However, one remaining difficulty is that breast cancer 

is most treatable when the primary tumors are small often undetectable. Thus, there is a 

focus on creating detection platforms that can search for the presence of breast cancer 

cells prior to patients’ abilities to physically detect a primary tumor. It is possible to 

screen for CTCs within patient samples to potentially detect and diagnose breast cancer at 

an extremely early stage, further improving patient outcomes.  

Many cell capturing technologies are often designed with the immobilization of 

one type of antibody, often anti-EpCAM, the antibody that specifically targets the 

epithelial cell adhesion molecule (EpCAM) [114]. EpCAM is often overexpressed in 

colon, gastric, prostate, ovarian, lung, and breast cancers [115, 116]. For example, the 

vast majority of colon cancers (97%) have high EpCAM expression. However, only 42% 

of primary malignant breast cancer cells express high levels of EpCAM [115, 117]. An 

additional limitation is that EpCAM expression may be down regulated in CTCs [114, 

118]. Platforms that are solely reliant on the immobilization of anti-EpCAM would be 

incapable of detecting EpCAM negative cancer cells.  

To address this limitation, it would be ideal to create cell capture platforms that 

are dually functionalized with multiple antibodies. Such dually functionalized platforms 

would allow for a thorough, singular cell capture platform designed to screen 

heterogeneous cell populations. It has previously been discussed that lipid-based fibers 
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have a keen ability to immobilize proteins while retaining protein function, ultimately 

increasing cell capture efficiencies. However, it would be of great interest to understand 

if such lipid fibers could be dually functionalized with antibodies capable of searching for 

different subpopulations of cells.  

This study looked to dually functionalize nanostructures produced from 

cholesteryl succinyl silane (CSS) and capture metastatic breast cancer cells that do not 

express EpCAM. As such, the metastatic breast cancer cell line MDA-MB-231 was used 

to test the functionalized fibers’ abilities to capture the cells. The cell line was isolated 

from a 51 year-old Caucasian woman in 1973. The cells were collected from the patient’s 

pleural effusion three weeks after the patient had received combined chemotherapy. 

When originally cultured the spindle-shaped cells spread and outgrew most surrounding 

cells [119]. The cell line provides a good model as MDA-MB-231 does not express 

EpCAM. Thus, it would be expected that fibers only functionalized with anti-EpCAM 

would not be able to successfully capture this subpopulation of metastatic breast cancer 

cells (Table 4.1). On the other hand, these cells overly express Vimentin. Thus, it is 

possible to functionalize fibers with anti-Vimentin, which targets Vimentin, to capture 

MDA-MB-231 cells. Fibers functionalized with both anti-EpCAM and anti-Vimentin 

would be well suited to screen for heterogeneous populations of metastatic breast cancer 

cells. In order to study this aim, scaffolds were functionalized with one of the following 

antibody combinations:  

Singularly functionalized:  

anti-EpCAM 

anti-Vimentin 
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E-Selectin 

Dually functionalized: 

anti-EpCAM and anti-Vimentin 

anti-EpCAM and E-Selectin 

 

Table 4.1. A large proportion of metastatic cancer cells do not express EpCAM. 
Such can be seen with the metastatic breast cancer line MDA-MB-231. Such cells 

can be captured by using the antibody E-Selectin to target Vimentin, which is 
strongly expressed. (+) = high expression, (-) = low expression.  

 

 

 

 

4.1 Materials and Methods 

4.1.1 Fiber Fabrication 

Pure CSS fibers were prepared according to a procedure detailed in previous 

studies [1, 38, 103]. In brief, an acidic solution of CSS at a concentration of 69% w/w 

was prepared in a mixed solvent that comprises 1 mL of tetrahydrofuran (Sigma Aldrich) 

and 10µL of 37% aqueous HCl. The solution was incubated overnight in a 40°C water 

bath, permitting CSS hydrolysis and polymerization. The hydrolyzed and polymerized 

CSS solution was then electrospun into lipid fibrous membranes using a custom made 
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device with a flow rate of 0.5 µL/min, a voltage of 12 kV, and a spinneret-to-ground 

distance of 12 cm. The fibers were collected on 0.25cm2 silicon chips. 

 

4.1.2 Fiber Characterization 

SEM images were taken of the electrospun CSS fibers using a Hitachi S-4800 

field emission scanning electron microscope (FE-SEM). The fiber samples were first 

coated with platinum for 30 seconds using a sputter coating machine, and then imaged 

using SEM with accelerating voltage 5.0 kV.  The average fiber diameter was calculated 

by measuring the diameter of 100 CSS fibers via Image J.  

The water contact angle was also assessed for the electrospun CSS fibers.  A 10 

µL droplet of DI water was placed on each fiber matrix (n = 3) and measured with 

instrumentation from First Ten Angstrom (FTA-200, camera: RS-170). The contact angle 

was determined with FTA-32 software. From the collected measurements, the average 

water contact angle was determined for the fibers.  

 

4.1.3 Antibody Immobilization 

The prepared chips containing the CSS fibers were placed in a single well of a 48-

well plate and rinsed three times with PBS. In order to understand the fibers’ abilities to 

immobilize multiple antibodies, the fibers were functionalized with the following 

proteins:  

0.5 g anti-EpCAM 

0.5 g anti-Vimentin 

0.5 g E-Selectin 

0.25 g anti-EpCAM and 0.25 g anti-Vimentin 
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0.25 g (total) anti-EpCAM and 0.25 g E-Selectin 

The scaffolds submerged in antibody solution incubated for 90 min at 37°C, as per our 

previous studies [1, 38]. After the antibody immobilization, the samples were washed 

three times with 1x PBS and incubated in a 0.1% w/v solution of BSA in 1x PBS for 60 

min at 37°C prior to cell capture. 

 

4.1.4 Cell Capture Efficiencies 

The functionalized fibers were washed three times with 1x PBS and seeded with 

MDA-MB-231 cells at a concentration of either 100 or 1,000 total cells per sample. The 

functionalized scaffolds then incubated for 45 min to allow for cell capture. After cell 

capture the samples were washed again three times with 1x PBS and subjected to a 15-

min incubation in 4% w/v paraformaldehyde. The captured cells were treated with 

Triton-X prior to being stained with Alexa Fluor phalloidin against actin and ProLong® 

Gold Antifade with DAPI (Life Technologies) against the cell nuclei, and imaged the 

following day with fluorescent microscopy (Nikon).  

 

4.1.5 Statistical Analysis 

Student’s t-test was computed between each fiber type to determine statistical 

significance for water contact angles, DiO immobilization, and antibody immobilization 

and cell capture efficiencies. P-values less than 0.01 were considered statistically 

significant whereas anything greater than 0.01 was considered statistically insignificant.  
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4.2 Results and Discussion 

4.2.1 Fiber Fabrication 

Lipids generally have lower molecular weights than their polymer counterparts, 

historically limiting their ability to be electrospun. However, recent work has illustrated 

that once critical concentrations are reached, lipids are capable of being electrospun. 

System behavior of lipids is drastically changed by varying concentrations in non-

aqueous solutions. When lipids are present in low concentrations, they form wormlike 

reverse micelles. Increasing the lipid concentration changes the self-assembly system 

morphology from spherical to cylindrical. The cylindrical micelles are then able to 

overlap and entangle, allowing for adequate intermolecular interactions. These 

intermolecular interactions ultimately allow lipids to be electrospun [57]. However, these 

interactions only occur at high lipid concentrations. Hence, pure CSS fibers were 

produced from a 69% w/w solution. 

 

4.2.2 Fiber Characterization 

Electrospun fibers possess large specific surface areas that may enhance protein 

immobilization. Since fiber diameter is a key factor that defines fiber surface areas, SEM 

images were taken of the CSS fibers and processed using IMAGE-J to obtain fiber 

diameter. Distributions of fiber diameter were plotted and presented in Fig. 1. The 

average diameters of the CSS fibers was determined to be 0.993 ± 0.038 m. Electrospun 

fibers with microscale diameters would allow for a huge surface area that is available for 

protein immobilization. Exaggerated surface areas are of particular importance when 

immobilizing multiple antibodies, assuring that platform surface is not a hindering factor 

when dually functionalizing cell capturing platforms. 
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Surface hydrophobicity is a key parameter in determining physical 

immobilization of proteins. To determine surface hydrophobicity, water contact angles 

were analyzed for the CSS fibers, and optical images of water drops on the fibrous 

matrices are presented in Figure 4.1. The water contact angle was determined to be 136.5 

 2.3. It is intriguing that the fibers are able to retain protein function even though CSS is 

extremely hydrophobic, hinting that CSS fibers do not immobilize antibodies via 

hydrophobic interactions [1, 38].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.  Pure CSS fibers were prepared and characterized. The average fiber 
diameter (top) was calculated at 0.993 ± 0.038 um from SEM images (bottom 

left). CSS has a water contact angle (bottom right) of 136.5 ± 2.3°, characterizing 
the lipid fibers as extremely hydrophobic.  
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4.2.3 Evaluation of Immobilized Proteins Using a Moderate Density Cell Capture 

Assay  

Protein function was first studied using a moderate density cell-capture assay. 

Specifically, CSS fibers were functionalized with multiple combinations of antibodies: 

anti-EpCAM, anti-Vimentin, E-Selectin, anti-EpCAM and anti-Vimentin, and anti-

EpCAM and E-Selectin. The functionalized scaffolds captured MDA-MB-231 cells, 

metastatic breast cancer cells that strongly express Vimentin but lack the expression of 

EpCAM. After cell capture, the captured MDA-MB-231 cells were fixed and stained with 

DAPI against cell nuclei (Figure 4.2). The captured cells were imaged using fluorescent 

microscopy.  

 
 

Figure 4.2.  CSS fibers were functionalized with either a single antibody (left 
column) or were dually functionalized (right column). 1,000 cells were then 

exposed to the platforms, captured, fixed, and stained with DAPI. (a) EpCAM, (b) 
Vimentin, (c) E-Selectin, (d) EpCAM & Vimentin, (e) EpCAM & E-Selectin. 
Scale bar = 200 um.  
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A quantitative analysis of the obtained images revealed that the CSS fibers 

functionalized with solely anti-EpCAM, anti-Vimentin, or E-Selectin were able to 

capture 13.90 ± 0.65, 76.45 ± 1.66 and 62.55 ± 1.66 cells (Figure 4.3). Strong statistical 

significance was found between the cell capturing abilities of anti-EpCAM and the other 

two antibodies (p < 0.002). Dually functionalized CSS fibers had a combination of either 

(1) anti-EpCAM and anti-Vimentin or (2) anti-EpCAM and E-Selectin. These fibers were 

able to capture 79.93 ± 1.77 cells and 27.80 ± 1.05 cells, respectively. The low capture 

efficiency of the anti-EpCAM and E-Selectin was statistically significant against the 

fibers immobilized with anti-Vimentin and the dually functionalized fibers with anti-

EpCAM and anti-Vimentin (p-value < 0.05).  

 

 

Figure 4.3: 1,000 MDA-MB-231 cells were exposed to and captured by CSS 

fibers that were either singularly or dually functionalized with antibodies.  
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The patterns seen with the cell capture efficiencies follow the expected pattern. 

Vimentin is highly expressed on MDA-MB-231 cells. Thus, it is not surprising to see 

high cell capture efficiencies with fibers functionalized with anti-Vimentin. Furthermore, 

the performance between the fibers functionalized solely with anti-Vimentin and the 

fibers dually functionalized with anti-EpCAM and anti-Vimentin are statistically similar. 

This indicates that the presence of anti-EpCAM does not affect the fibers’ abilities to 

capture the breast cancer cells. Such a platform would be well suited to screen samples 

that have multiple populations of CTCs as the platform can simultaneously search for 

cells with EpCAM and cells without.  

A number of factors can determine a platform’s ability to capture cells of interest. 

Of particular note, it is important to consider: (1) Chip/cell saturation levels, (2) 

Antibody/Antigen interaction probabilities, and (3) Binding affinities. MDA-MB-231 

cells are spindle-shaped [120] but for mathematical proposes the shape can be simplified 

to a rectangle of approximately 100 m in length and 10 m in width, with a total area of 

1,000 m2. The Si chips used within this study were 0.25 cm2 in size. Thus, if the chip 

were completely saturated with perfectly aligned cells, it would be possible to contain 

approximately 25,000 cells per chip. However, it would be more accurate to estimate an 

80% confluence, leading to a number of 20,000 cells per chip. Thus, even with a 

moderate number of cells (1,000 cells) exposed to the chip, the surface area of the chip is 

not the limiting factor in the cell capture efficiency as we expect that the chip can 

reasonably place 20,000 MDA-MB-231 cells (Table 4.2).  
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Table 4.2.  Characteristics and cell capture efficiencies of immobilized antibodies on 
functionalized and dually functionalized CSS fibers. 

Antibody                         Mass              MW             Total # of ABs               ABs/m
2
             ABs/cell 

Combination                   (g)              (kDa)           per scaffold (10
12

)              (10
4
)                (Millions) 

αEpCAM                          0.5                   39                         7.72                          3.09                     30.9 

 

αVimentin                        0.5                    54                         5.57                          2.23                    22.3 

 

E-Selectin                         0.5                    67                         4.49                          1.80                    18.0 

 

αEpCAM                          0.25                  39                         3.86                          2.66                    26.6 

& αVimentin                    0.25                  54                         2.79                      

 

αEpCAM                          0.25                  39                         3.86                          2.44                    24.4 

& E-Selectin                     0.25                  67                         2.25                       

*Data from AbCAM Data Sheet for Anti-Vimentin antibody, Product  EPR3776.  

 

Furthermore, quantifying the number of immobilized antibodies allows us to 

calculate the approximate number of antibodies immobilized on the scaffolds and 

available to interact with captured cells. As previously calculated, a fully saturated chip 

would be able to accommodate approximately 1.79x1012 antibodies within a single, 

perfectly packed monolayer. Within this study, all the scaffolds immobilized 

approximately 1012 antibodies. This may indicate a single monolayer of antibodies. 

However, due to the three-dimensional nature of the scaffold, it is still possible that a 

fraction of antibodies were immobilized on fibers that were not present at the scaffold 

surface. It is also possible to understand the number of antibodies present in relation to 

the needed binding sites for the immobilized cells. As previously noted, MDA-MB-231 

cells can be simplified to a rectangle of approximately 100 m in length and 10 m in 

width, with a total area of 1,000 m2.. From this, it is possible to calculate the 

approximate number of antibodies available for cell capture within that given area. In 

brief, it is possible to use the known mass of each antibody type to determine the absolute 
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number of antibodies present within a given area (Table 4.2). These calculations provide 

insight that tens of millions of antibodies are available to interact with a single captured 

MDA-MB-231 metastatic breast cancer cell, ranging from 18 million antibodies per cell 

for the fibers functionalized with E-Selectin, up to approximately 31 million antibodies 

per cell area for the CSS fibers functionalized with αEpCAM. This indicates that there is 

an overabundance of antibodies available to interact with the captured cells, as cell 

membranes generally contain only 1,000 to 50,000 copies of common cell-surface 

receptors [88].  

 Finally, it is critical to understand the dissociation constants for each of the 

immobilized antibodies. As previously noted, the dissociation constant of an antibody is 

inversely related to the antibody’s binding affinity to its antigen. High affinity antibodies 

will bind to a greater amount of antigen than lower-affinity antibodies. Most antibodies 

have KD values in the micromolar and nanomolar range (10-6 – 10-9 M). The dissociation 

constants for αEpCAM  and αVimentin have been measured at 2.69 × 10-10 M  and 1.10 x 

10 -10 M, respectively [121, 122]. The low dissociation constants indicate that the 

antibodies are able to create stable complexes with their target receptors. One the other 

hand, it has been calculated that E-Selectin has a dissociation constant of 6.2 x 10 -5 M  

[123]. The high dissociation rate is much higher than the standard threshold of 10-7 being 

needed for the formation of stable complexes [89]. This high dissociation constant hints 

that E-Selectin is not able to create stable complexes with its target receptor. In this case, 

it would be necessary to use significantly more antibody in order to capture cells of 

interest with E-Selectin as the targeting agent.  
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4.2.4 Evaluation of Immobilized Proteins Using a Low Density Cell Capture Assay 

As CTCs are naturally found in low numbers, it was important to test the 

sensitivity of the functionalized CSS fibers. Thus, the functionalized fibers underwent a 

low density cell-capture assay in which each scaffold was exposed to 100 MDA-MB-

231cells. Once again, the fibers were functionalized with multiple combinations of 

antibodies: anti-EpCAM, anti-Vimentin, E-Selectin, anti-EpCAM and anti-Vimentin, or 

anti-EpCAM and E-Selectin. After cell capture, the captured cells were fixed and stained 

with DAPI against cell nuclei and imaged using fluorescent microscopy.  

The CSS fibers functionalized with solely anti-EpCAM, anti-Vimentin, or E-

Selectin were able to capture 6.95 ± 1.10, 72.98 ± 3.22, and 27.80 ± 1.61, respectively 

(Figure 4.4). However, statistical significance could only be achieved between the cell 

capture efficiencies of anti-EpCAM and anti-Vimentin (p = 0.003). Dually functionalized 

CSS fibers had a combination of either (1) anti-EpCAM and anti-Vimentin or (2) anti-

EpCAM and E-Selectin. When exposed to low cell densities, these fibers were able to 

capture 59.08 ± 2.71 and 20.85 ± 1.63 cells per scaffold, respectively. Statistical 

significance was established between the fibers functionalized with anti-EpCAM and 

those dually functionalized with anti-EpCAM and anti-Vimentin (p-values < 0.05). 

Again, these findings are expected as Vimentin is found on MDA-MB-231 cells, whereas 

EpCAM is not. Furthermore, dually functionalizing the fibers with both anti-EpCAM and 

anti-Vimentin does not statistically alter the fibers’ abilities to detect the MDA-MB-231 

breast cancer cells. The low number of cells exposed to the scaffolds may have led to the 

difficulty in establishing statistically significant findings between many of the fiber 

groups. However, even at extremely low cell exposures, the fibers functionalized with 
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anti-Vimentin or dually functionalized with anti-EpCAM and anti-Vimentin were 

successful at capturing the breast cancer cells (Figure 4.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: 100 MDA-MB-231 cells were exposed to and captured by CSS fibers 
that were either singularly or dually functionalized with antibodies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Overall, when the functionalized fibers were exposed to higher cell 

densities, the fibers were able to capture more cells. However, a higher percentage 
of cells were captured when the functionalized fibers were exposed to low cell 

densities.  
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4.3 Conclusion 

Numerous groups are developing “liquid biopsies” that can screen peripheral 

blood and search for CTCs. Such cell capturing platforms often use proteins as the 

screening element to detect target cells due to their extreme sensitivity at correctly 

recognizing antigens. However, cell capturing platforms that are dependent on protein 

immobilization face the issues of decreased protein function and the inability to 

simultaneously search for multiple subpopulations of CTCs. In this study we present a 

cholesterol-based fiber that can be dually functionalized while retaining protein function 

during the immobilization process.  

In this study, electrospun CSS fibers were either functionalized with a single 

protein or dually functionalized, allowing for successful detection of cells that do not 

possess the EpCAM marker. The electrospun fibers provide increased surface area 

available for protein immobilization, particularly important when immobilizing multiple 

sets of detection proteins. Furthermore, the functionalized scaffolds were able to capture 

cells even when exposed to low cell densities (100 or 1,000 cells per sample). The 

presence of anti-EpCAM on the dually functionalized fibers did not affect the fibers’ 

abilities to capture the cancer cells of interest. Collectively, these results support the 

notion that dually functionalized fibers allow for a singular cell capture platform capable 

of detecting multiple subpopulations of CTCs.  

 

 

 

 

 



100 
 

5.0 CONCLUSION 

Within the United States, over half a million deaths are annually attributed to 

cancer. A disproportionate number of these deaths will be due to metastasis of the 

primary tumor. As such, it is critical that technologies are developed that can halt the 

spread of cancer early in the disease cycle. The immobilization of antibodies is still an 

integral tool in cell capture as antibodies are well suited at finding specific cells of 

interest. However, many current technologies immobilize antibodies in a manner that 

reduces protein function, drastically reducing the antibodies’ abilities to capture cells of 

interest. Lipid-based fibers are proving solid contenders for antibody immobilization. 

Such fibers are well-suited for antibody immobilization as they mimic the cholesterol-

enriched islands found on natural cell membranes. These cholesterol-enriched islands 

directly immobilize proteins on the cell membrane. It is possible to create a biomimetic 

of cholesterol-enriched islands. Synthetically produced CSS fibers have previously 

shown an affinity for antibody immobilization and strong cell capture efficiencies.  

This work first sought to understand the immobilization mechanism used within 

electrospun CSS fibers. It was observed that CSS fibers were able to protect protein 

function during the immobilization process, leading to increased capture of B-cell 

lymphomas. It was derived that the CSS fibers are utilizing an embedding mechanism 

much like that seen within cholesterol-enriched islands found on natural cell membranes. 

The work then turned to the fabrication of a hybridized lipid fiber that improved protein 

function while streamlining the fabrication process.  The hybrid fiber, produced from 

CSS chemically conjugated to PCL, showed improved protein function. Furthermore, 

higher conjugated lipid concentrations were directly correlated to higher cell capture 
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efficiencies. Finally, dually functionalized lipid fibers were engineered to capture 

EpCAM negative breast cancer cells. It was found that the dually functionalized lipid 

fibers did not compromise the platforms’ abilities to capture the cells of interest. Such 

dually functionalized fibers allow for a single cell-capture platform to successfully detect 

heterogeneous populations of CTCs.  

However, a number of questions still need to be addressed. First, the scope of 

these studies was not able to directly address antibody orientation. Understanding the 

antibody orientation within CSS scaffolds is critical in understanding the immobilization 

mechanism of CSS fibers. It may be possible to address the question of antibody 

orientation by completing a 1:1 ELISA assay or using Atomic Force Microscopy to 

directly measure antibody orientation. Second, it would be beneficial to determine the 

lowest quantity of antibody needed to successfully capture cells. Currently, the saturation 

level present on the scaffolds indicates that there may be absorption of antibodies within 

the scaffold alongside immobilization on the surface layer. Protein absorption within the 

scaffolds would be wasteful as these proteins would not be able to interact with the 

antigens of interest. A simple test would include the systematic reduction of antibodies 

and understanding the resulting trends in cell capture efficiencies. Third, it is necessary to 

assess the performance of CSS scaffolds with whole blood. Working within whole blood 

presents its own unique challenges. First, CTCs are present in blood at extremely low 

numbers (some estimations are as low as one CTC per one million native cells). Would 

functionalized CSS fibers be sensitive enough of a technology to capture such rare 

occurring CTCs? Second, blood is an extremely complex environment with numerous 

cell types and a bombardment of proteins. In such an environment, it is important to 
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assess the occurrence of non-specific adsorption onto the functionalized CSS scaffolds. 

Would CSS fibers allow us to confidently find CTCs or would the samples be polluted 

with the adhesion of non-targeted cells? Such questions must be addressed as this 

technology is further developed.  

This work sought to illustrate the potential of lipid-based fibers for the 

development of increasingly sensitive diagnostic tools for the detection of CTCs. 

However, such lipid systems can be of strong value to a number of growing medical 

concerns. These lipid fibers are extremely useful in that they can be functionalized with 

any protein that (1) contains a transmembrane component and (2) has a counter-protein 

found within patient samples. One ambitious goal would be to functionalize lipid fibers 

with proteins targeting various infectious agents. First, such a system (coupled with an 

ELISA-type assay) would allow for the rapid identification of pathogens to allow 

physicians to better prescribe a course of treatment. Second, it may be possible to flow 

patient blood through filters consisting of these functionalized lipid fibers, mechanically 

dropping the viral or bacterial load prior to the prescribed use of antibiotics or anti-viral 

therapeutics. The ability to mechanically drop the viral or bacterial load within patients 

may revolutionize the way in which infectious diseases are treated. The use of 

functionalized lipid-based fibers is still in its infancy. However, such lipid-based systems 

are promising due to their superior performance to capture cells and their ability to be 

functionally customized with numerous proteins, allowing for the selective targeting of 

various disease agents. 
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