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functionalized, PEGylated and dendrimer-immobilized surfaces, 

were treated only with aEpCAM (left) or with both aEpCAM and 

E-selectin (right).  All numbers of the bound cancer cells on the 
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treated with aEpCAM alone (a) or with both aEpCAM and E-

selectin (b) were compared in terms of capture efficiency. The 

captured cancer cells on the surfaces were counted after injection 

of cell suspensions and washing with PBS at a shear stress of 0.8 

dyn cm-2, followed by normalization based on the number of each 

cell line on the epoxy-functionalized surfaces without E-selectin. 

Up to 7-fold enhancement in the capture efficiency by the 

dendrimer-immobilized surface was achieved through 

combination of rolling (E-selectin) and multivalent binding 

(aEpCAM).  Error bars: standard error (n=3). 

97 



	
   xvii 

Figure 5.1 A schematic illustration of the multifunctional surfaces for 

simultaneous detection of multiple cell surface markers.  The 

multifunctional surfaces are composed of several antibodies 

against multiple cell surface markers, E-selectin for cell rolling 

on the surface, and dendrimer-mediated nanoarchitecture for 

multivalent binding effect.  Based on the specific binding 

between surface markers and their antibodies, different types of 

cancer cells can be separated and enriched in a surface marker-

dependent way. 

105 

Figure 5.2 Fluorescence-labeled cancer cell models.  MDA-PCa-2b, MDA-

MB-361, and MCF-7 cells were stained with Calcein AM (green), 

Alive cell track It Blue or Calcein Blue AM (blue), and Alive cell 

track It Red (red), respectively. 

109 

Figure 5.3 A schematic illustration of micropatterning surface using a 

PDMS gasket.  Multiple antibodies against cancer cell surface 

markers were immobilized on the epoxy-functionalized glass 

slide using the PDMS gasket (a).  The antibody-treated surfaces 

were back-filled with E-selectin to enhance the cell capture 

efficiency (b).  After the micropatterned surfaces were treated 

with 1% (w/v) BSA solution to prevent potential non-specific 

binding, the flow chamber-based experiments using the surfaces 

were performed within 24 hours (c). 

110 

Figure 5.4 Time-course images of four different cell lines under a shear 

stress of 0.08 dyn/cm2 on protein-immobilized surfaces.  Each 

cell line, MDA-PCa-2b (a), MDA-MB-361 (b), and MCF-7 (c), 

showed the stationary binding on the antibody-immobilized 

surfaces in cell surface marker-dependent ways.  However, no 

interaction on the antibody-immobilized surfaces was observed 

with HL-60 cells (d).  All cell lines, including HL-60 cells, were 

observed to be rolling under flow on E-selectin-immobilized 

116 



	
   xviii 

surface.  Rolling velocities of MDA-PCa-2b, MDA-MB-361, 

MCF-7, and HL-60 cells were 3.13 ± 0.23 µm/sec, 6.45 ± 0.41 

µm/sec, 3.22 ± 0.24 µm/sec, and 0.09 ± 0.07 µm/sec, 

respectively.  Flow directions of three sets were from left through 

right.   
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capture efficiency was calculated based on the ratio between the 

bound cell number and the number of the cells injected into the 

flow chamber per antibody-stripe.  The presence of E-selectin and 

EGTA-washing is expressed as ‘+’ in the figures.  Error bars: 

standard error (n=6). 
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and E-selectin.  All cells exhibited the rolling behavior on the E-

selectin-coated surface, but the stationary binding on the 

antibody-coated surface in cell surface marker-dependent ways.  

Flow directions of three sets were from right through left. 
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dependent ways.  a) In heterogeneous cell mixture of three cancer 

cells, the individual cell line can be distinguished by different 

fluorescence colors: Calcein AM-labeled MDA-PCa-2b (green), 

Alive cell tracker Blue-labeled MDA-MB-361 (blue), and Alive 

cell tracker Red-labeled MCF-7 (red).  The bindings of all three 

cell lines on the multifunctional surfaces were cell surface 

marker-specific as observed from those of the individual cell line 

on the surfaces.  The representative image taken under bright 

field is marked as BF in the figure.  b) Composition (%) of each 

cell line in the initial cell mixture and the bound cells on each 

antibody stripe were quantitatively measured.  The composition 

percentage in the bound cells on each antibody, especially MDA-

PCa-2b cells on anti-PSA stripes, showed clearly the surface 

marker-dependent cell enrichment.  Representative images and 

composition percentages were obtained after injection of mixture 

of the three cell populations (1:1:1) onto the multifunctional 

surfaces of antibodies and E-selectin.  Error bars: standard error 

(n=6).  c) A schematic illustration summarizes the results of cell 
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separation from the mixture.  The transparent circle for MCF-7 

cell on anti-HER2 surface represented the enriched MCF-7 cells 

after E-selectin treatment.  HL-60 cells are represented other 

hematological cells. 

Figure 5.10 Cell separation and enrichment from cell mixture in cell surface 

marker-dependent ways.  Composition (%) of each cell line in the 

initial cell mixture and the bound cells on each antibody stripe 

without E-selectin were quantitatively measured.  The surface 

marker-dependent cell enrichment was achieved in the bound 

cells on each antibody, especially MDA-PCa-2b cells on anti-

PSA stripes.  Images and composition percentages were obtained 

after injection of mixture of the three cell populations (1:1:1) onto 

the multifunctional surfaces of antibodies only, without E-selectin 

treatment. 
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Figure 5.11 Enhanced cell detection by multivalent effect and combination 

effect of rolling, under dynamic conditions.  Three substrates, 

epoxy-functionalized, PEGylated, and dendrimer-immobilized 

surfaces without micropatterning, treated with antibodies alone 

(A) or with both antibodies and E-selectin (AE) are compared in 

terms of capture efficiency.  The captured cancer cells on the 

surfaces were normalized using the cell number on epoxy-

functionalized surfaces without E-selectin treatment.  MDA-PCa-

2b cell suspension at 105 cells/mL in completed media was used.  

The dendrimer-immobilized surfaces with E-selectin enhance the 

cancer cell detection (4 fold for anti-EpCAM (a), 17 fold for anti-

HER2 (b), and 56 fold for anti-PSA (c)) with greater binding 

stability, compared to that on the surfaces without dendrimers.  

Irrespective of the surface type, all of the E-selectin treated 

surfaces (AE) show higher capture efficiencies of cancer cells 

under flow than surfaces without E-selectin (A). Error bars: 
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standard error (n=3). 

Figure 5.12 Enhanced capture efficiencies by combination effects of rolling, 

multivalent binding, and micropatterning.  Three substrates 

(epoxy-, PEG-, and dendrimer-substrates) on the micropatterned 

surfaces, treated with antibodies alone (µA) or with both 

antibodies and E-selectin (µAE) were compared in terms of 

capture efficiency.  The captured cancer cells on the surfaces 

were normalized using the cell number on epoxy-functionalized 

surfaces without E-selectin treatment.  MDA-PCa-2b cell 

suspension at 105 cells/mL in completed media was used.  The 

dendrimer-immobilized surfaces with E-selectin enhance the 

cancer cell detection (14 fold for anti-EpCAM (a), 33 fold for 

anti-HER2 (b), and 39 fold for anti-PSA (c)) with greater binding 

stability, compared to that on the micropatterned surfaces without 

dendrimers.  Irrespective of the surface type, all of the E-selectin 

treated surfaces (µAE) show higher capture efficiencies of cancer 

cells under flow than surfaces without E-selectin (µA). Error 

bars: standard error (n=3). 
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Figure 5.13 Enhanced capture efficiencies by combination effects of rolling, 

multivalent binding, and micropatterning.  The patterned stripes 

with E-selectin, dendrimers, and antibodies were observed clearly 

at 4X magnification under natural light. 

127 

Figure 5.14 Enhanced capture efficiency on the multifunctional surfaces by 

dendrimer-mediated multivalent binding effect.  Capture 

efficiencies of MDA-PCa-2b (a), MDA-MB-361 (b), and MCF-7 

(c) MDA-MB-361 cell lines on the multifunctional surface were 

summarized.  Compared to the antibody on the micropatterned 

surface (µA), the dendrimer-incorporated surfaces (µG7A and 

µG7AE), especially after E-selectin treatment (µG7AE), showed 

the enhanced cell capture efficiencies.  Although the binding 
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specificity of the surfaces were slightly decreased after E-selectin 

treatment, the binding sensitivity and stability were significantly 

enhanced by multifunctionalized surface using E-selectin and 

dendrimer nanotechnology.  The calculated capture efficiency 

was based on the captured cell number and the number of the 

cells injected into the flow chamber per antibody-stripe.  Error 

bars: standard error (n=4). 

Figure 5.15 Blood separation using Ficoll-Paque Plus.  Cancer cell-spiked 

whole blood withdrawn from healthy donors (a) was separated 

into plasma (b), buffy coat with MCF-7 cells (c), Ficoll solution 

(d), and erythrocytes (e).  The mononuclear cells including cancer 

cells and leukocytes were collected into buffy coat layer (c), and 

the recovery yield of all cancer cells in buffy coat from whole 

blood was between 10-20%. 
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Figure 5.16 Effective cell capture from cancer cell-spiked blood specimens.  

a) A set of representative images of the captured cells from blood 

samples on multifunctional stripes with anti-EpCAM showed.  

The individual cancer cell line in blood specimens can be 

distinguished by different fluorescence colors: green-labeled 

MDA-PCa-2b, blue-labeled MDA-MB-361, and red-labeled 

MCF-7.  A few of cells on the images without fluorescence colors 

are hematological cells from blood, and the purity of the captured 

cells on the multifunctional surfaces was higher than 50%.  b) 

Detection sensitivity of the multifunctional surfaces (µAG7E) 

was significantly higher up to 20 fold than that of the surfaces 

with only antibody stripes (µA).  The surface marker-dependent 

bindings of cancer cell models were also observed.  c) The 

enhanced capture efficiency on the multifunctional surfaces can 

be developed as a diagnostic platform for rare CTC without 

analytical assistances of complicated imagining tools.  The 
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additional information about cell surface markers with high 

sensitivity can be used as personalized cancer therapy. Error bars: 

standard error (n=4). 

Figure 5.17 Effective cell capture from cancer cell-spiked blood specimens. a) 

Detection sensitivity of the micropatterned surfaces with E-

selectin (µAE) was significantly higher up to 5 fold than that of 

the surfaces with only antibody stripes (µA).  b) Detection 

sensitivity of the multifunctional surfaces with E-selectin 

(µAG7E) was significantly higher up to 8 fold than that of the 

dendrimer-immobilized surfaces with antibody (µAG7).  The 

surface marker-dependent bindings of cancer cell models were 

also observed.  Error bars: standard error (n=4). 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Circulating Tumor Cells (CTCs) and Metastasis 

1.1.1. Cancer Metastasis  

Cancer metastasis is a pathological process by which cancer cells spread from the primary 

tumor site to other distant sites in body.  Metastasis-related signaling in the primary cancer cells 

is triggered by various stimuli such as the tumor overgrowth beyond a millimeter or two and 

chemo/ratio-therapies [1].  Mostly, the adhesive mechanisms that normally keep cells tethered to 

the extracellular matrix are disrupted and the cancer cells become invasive and spread 

aggressively by the metastasis-enhancing signaling [2].  For instance, the gene expression of E-

cadherin, a transmembrane protein for cell-cell adhesion, is down-regulated, which facilitates 

local invasiveness of cancer cells during cancer development [3].  The loss of cell adhesiveness is 

similar to a character transition of epithelial cells during epithelial-to-mesenchymal transition 

(EMT), which occurs in some epithelial tissues during normal development [4].  The cancer cells 

in primary site are also secreting angiogenic signals in response to hypoxia to form new blood 

vessels (angiogenesis) [5].  The formation of the new leaky vessels near tumors is not helpful 

only to supply the tumor with nutrients and oxygen, but also to provide an escape route for the 

metastatic cancer cells [6].  The escaping phenomenon of cancer cells from primary site to 

lymphatic or blood vessels is known as intravasation.  

Although invasive cancer cells are escaping from the original site, they should pass other 

multistage process to form the metastases in remote sites.  The escaped cancer cells must survive 

in the circulating system (lymph nodes or blood vessel), and the survival process is as inefficient 
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as only few cells reach to the target organ [7, 8].  After interacting with the endothelium, 

surrounding in lymph or blood vessels, the invasive cancer cells penetrate the lymph or blood 

vessels by crossing the basal lamina and the endothelium of the vessel [9].  The initial seeding 

cancer cells continue to survive and proliferate in foreign site (colonization).   The cancer types or 

origins determine the sites of cancer metastasis such as lungs, bones, and liver, and cancer 

metastases can occur at multiple locations in body simultaneously [10].   

 

1.1.2. Diagnosis of Cancer Metastasis 

Although recent advances in diagnostic and therapeutic methods to treat primary tumors 

hold promise to decrease mortality of cancer, metastasis of cancer still poses a great challenge as 

patients often relapse [11-14].  Thus, research efforts on diagnosis and prognosis of metastatic 

cancer have been concentrated.  Two pathways of the intravasated cancer cell circulation are 

involved to induce secondary tumor formation at distant sites from primary tumors, cancer 

metastasis; disseminated tumor cells (DTCs) through lymph node and circulating tumor cells 

(CTCs) through blood circulation [8].  

The average number of DTCs in bone marrow is around 10-20 cells among millions of 

bone marrow cells, and the DTCs are currently enriched by a density gradient centrifugation 

method or a positive immunomagnetic enrichment method, followed by detection and 

characterization of DTCs [15].  Detection of DTCs for prognosis studies along with therapeutic 

treatments requires repeated samplings of bone marrow that is invasive, time-consuming, and 

often painful for the patients [16, 17].   

Consequently, effective detection of CTCs in peripheral blood of cancer patients holds a 

promise as an alternative due to its minimally invasive and easy sampling procedures (i.e. blood 

drawing).  The presence of CTCs in the peripheral blood is highly related to the metastasis of 
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major carcinomas, especially breast, prostate, and colorectal cancers [18-22].  The number of 

CTCs can be used as a biomarker to diagnose metastatic cancer in early stage and to monitor the 

disease progress upon anti-cancer therapies [23, 24].  CTC detection from blood, often as referred 

to “liquid biopsy”, has thus attracted a great deal of scientific and clinical interests, particularly 

because this method can potentially replace the currently available tissue biopsy that is painful 

and difficult to collect [25].  To achieve sensitive CTC detection, a number of detection methods 

have been investigated, such as nucleic acid-based detection, size/density-based detection, and 

antibody-based detection against tumor cell surface markers.  The commonly used surface 

markers include epithelial cell adhesion molecule (EpCAM) [18, 26], carcinoembryonic antigen 

(CEA) [27], and human epidermal growth factor receptor-2 (HER-2) [28, 29].  However, the 

clinical usage of CTCs has not yet been implemented for routine clinical practice because CTCs 

are extremely rare and estimated to be in the range of one tumor cell in the background of 106-109 

normal blood cells [30, 31].  

 

1.1.3. Cell Rolling: the Binding between CTCs and Endothelium 

The process of CTC-mediated metastasis is not fully understood but one of the most plausible 

mechanisms involves a similar process of leukocyte homing, i.e. a naturally occurring cell rolling 

process [9].  The formation of transient ligand-receptor interactions occurs commonly between 

cells flowing in the blood and the vascular endothelium; this physiological process is known as 

cell rolling [32].  Rolling cells then firmly attach to the endothelial layers, followed by 

transmigration through the endothelium (diapedesis) to form secondary tumors [33].  Cell rolling 

plays a key role in biologically important processes such as recruitment of leukocytes to sites of 

inflammation, homing of hematopoietic progenitor cells, and CTC-induced metastasis.  This 

behavior is typically mediated by dynamic interactions between selectins (E- and P-selectins) on 
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the vascular endothelial cell surface and transmembrane ligands on the carcinoma cell surface.  

Endothelial (E)-selectin (CD62E) is particularly noteworthy in disease by virtue of its expression 

on activated endothelium and on bone-skin microvascular linings, and many studies point to the 

key role played by E-selectin in being involved in the adhesion and homing of various types of 

cancer cells such as prostate [34], breast [35, 36], and colon carcinoma cells [37].   

Thus, tumor cell separation based on the selectin-mediated (particularly, E-selectin) cell 

rolling behavior is being pursued as it mimics a physiological process, and eliminates labeling 

and label removal steps that are necessary for other immune-labeling detection methods [38].  

However, given that a large class of cells, including leukocytes, platelets, neutrophils, 

mesenchymal and hematopoietic stem cells, and metastatic cancer cells all exhibit rolling on E-

selectins, detection that is solely based on cell rolling has limitations for achieving sufficient 

specificity, which has hindered translation of the technology to a clinically significant device.  If 

the cell recruitments from circulating blood of E-selectin are combined with the target tumor cell 

selectivity mediated by anti-EpCAM, this biomimetic surfaces will provide the enhanced capture 

efficiency and selectivity of CTCs. 

 

1.2. Polymeric Materials for CTC Detection 

As mentioned above, a number of detection methods have been investigated for sensitive 

detection of CTCs, and polymers have played a central role in detection mechanisms, including 

physical property-based separation using polymeric structures [39], targeted detection in solution 

(i.e., blood) using polymer-coated inorganic nanoparticles [26, 27], and surface capturing using 

polymer-immobilized surfaces [41], as summarized in Fig. 1.1 and Table 1.1.  This section will 

introduce the polymeric materials that have been used for CTC detection, followed by 
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comprehensive discussion of representative examples.  Chemical structures of the commonly 

used polymers are illustrated in Fig. 1.2.  

 

1.2.1. Polymeric structures for CTC detection: size and deformability-based separation 

Characteristics of CTCs that are different from normal hematologic cells include their 

larger size and a low level of deformability [27, 42, 43, 44].  To separate CTCs based on such 

distinguishable physical properties, UV- or temperature-curable polymers such as parylene [39, 

45, 46], polyurethane-methacrylate (PUMA) [42], and polydimethylsiloxane (PDMS) [47], have 

been fabricated as microscale sieves.  As the separation mechanism is simply filtration-based, the 

polymeric microsieves can achieve high throughput CTC separation.  The simple, cost-effective, 

and rapid processing of the polymers also makes the microsieve fabrication easy and fast.  In 

addition, this method does not require immune-affinity or immunostaining, allowing isolation of 

immunologically intact CTCs, which is beneficial for the downstream analysis of the captured 

cells.  However, the captured cells on the polymeric filtering systems are typically exposed to 

mechanical stress, which often induces cell damage, lysis, and cell cycle arrest [53].  The size 

 

 

Figure 1.1. Illustrations of polymer-based CTC detection.  The polymers play a crucial role in CTC 
detection via a) physical property-based CTC separation using polymeric microsieves, b) targeting 
using polymer-coated inorganic nanoparticles, and c) capturing using polymer-coated surfaces.	
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variation of cancer cells can also derive the potential false negative or positive results [54].  To 

address the mechanical trauma to captured cells, Zheng et al. has recently devised a three-

dimensional parylene-based filter system by combining the conventional two-dimensional filter 

systems with an additional bottom membrane to prevent the captured cells from exposure to the 

continuous mechanical forces [39].  They reported the overall tension applied to the trapped cells 

in the 3D microfilters was reduced by ~50%, compared to other 2D microfilters, resulting in a 

significant decrease in the cell lysis and cell membrane distortion of the filtrated cells.  Another 

approach is the use of non-elastomeric polymers (e.g., PUMA) that provides a structurally robust 

CTC separation system [42].  Size-controlled pores on the PUMA wall that is lined in a 

 

Table 1.1. Summary of recent investigations in CTC detection using polymers 

Types Mechanism Description Materials Used 

Polymeric microsieves  

Physical property 
differences between 
CTCs and 
leukocytes 

Micro-sized filter 
systems fabricated 
using polymeric 
structure 

parylene [39, 45, 46], 
PUMA [42],  or 
PDMS [47] 

Polymer-
coated 
inorganic 
nanoparticles  

In vivo 
injection 

Direct binding and 
detection of CTCs in 
blood stream Polymeric coating 

or linkers combined 
with inorganic 
nanoparticles and 
CTC targeting 
ligands 

PEG [40, 48, 49], or 
polymeric linkers 
[50] 

Mixing 
and 
separation 

Isolation of CTCs 
from the drawn 
blood specimens 

Amphiphilic triblock 
polymers consisting 
of PBA, PEA, and 
PMA [28],  or SAM 
of MUA and MCH 
[27]  

Polymer-immobilized 
surfaces 

Binding and 
isolation of CTCs 
using polymer-
engineered surfaces 

CTC-capturing 
ligand-conjugated 
polymer coating on 
surfaces 

Biopolymers such as 
alginate [51], SAM 
of MPTMS [52], or 
dendrimers [41] 
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serpentine-shaped channel separated CTCs from leukocytes and other hematologic cells, allowing 

for selective collection of CTCs at the outlet of the device.  The polymer deposition of 

elastomeric polymers such as PDMS can be also employed to make a shear-modulated microfilter 

for CTC detection [47].  Using PDMS that allows precise filter fabrication via soft lithography, 

Tan et al. demonstrated that the rounded bases of the crescent-shaped isolation wells minimized 

the external trauma, and the multiple arrays of the isolation wells with 5 µm pores effectively 

isolated CTCs from the whole blood. 

 

1.2.2. Polymer-coated inorganic nanoparticles for CTC targeting and capturing 

1.2.2.1. Injectable System 

	
  

Figure 1.2. Chemical structures of polymers commonly used for CTC detection.  Note that the 
chemical structure of G2 PAMAM dendrimer is given instead of G7 for structural simplicity. 
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To simultaneously detect and kill CTCs in the bloodstream, linear polymers conjugated 

with CTC targeting ligands have been employed to coat the surfaces of inorganic nanoparticles, 

making them an injectable form.  A recent advance in this in vivo CTC detection approach has 

been achieved in a xenograft mouse model using PEGylated inorganic nanoparticles, consisting 

of inorganic core (golden carbon nanotube or cylindrical neodymium-iron-boron magnetic 

nanoparticles), poly(ethylene glycol) (PEG) outer layer, and targeting agents (folate or anti-CD44) 

[40, 48].  The PEG outer layers allowed the surface conjugation of targeting ligands and enhance 

water-phase stability of the inorganic nanomaterials.  The inorganic nanoparticle cores enabled 

imaging of the whole blood circulation using photoacoustic/photothermal flow cytometry [40, 48].  

By taking advantage of the multifunctionality of the nanoparticles, folate receptor-overexpressing 

CTCs in the bloodstream were detected by targeting, magnetic enrichment, signal amplification, 

and multicolour recognition in a sequential manner.  

The advantages of this type of approaches include the real-time CTC monitoring 

capability in vivo, which eliminates the necessity of blood sampling or sample preparation steps.  

Furthermore, the injectable nanoparticles typically induce the phagocytic clearance of CTCs upon 

binding, such that the isolation steps of CTCs from blood cells are not necessary.  However, for 

the CTC-targeted, injectable nanoparticles to be effective, rapid clearance by reticuloendothelial 

system, high shear stress of the blood circulation, immune responses, and undesired accumulation 

in organs need to be overcome [50, 55].  This method can also result in potential false positive 

signals due to expression of the target antigens/markers on normal cells, non-specific binding of 

the nanoparticles (specificity), and background noise (the signal-to-background ratio).  As noted 

above, PEGylation of the inorganic nanoparticles has been frequently used to address some of the 

issues by enhancing their circulation time while reducing their non-specific binding [56-58]. 

 

1.2.2.1. Mixing and separation from drawn blood specimens 
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Another approach using polymer-coated inorganic nanoparticles containing CTC-targeting 

molecules includes CTC detection upon mixing with blood specimens that are drawn from 

patients.  The magnetic properties of inorganic nanoparticles or the fluorescence from surface-

coated fluorophores enable to employ magnetic active cell sorting (MACS) [23] or a 

fluorescence-activated cell sorter (FACS) [55], respectively.  For example, CellSearchTM, the only 

FDA-approved CTC detection system for breast, prostate, and colorectal metastatic cancers, is 

based on iron oxide (Fe3O4) nanoparticles.  The iron oxide nanoparticles are coated with 

antibodies (anti-EpCAM) against CTC surface markers (EpCAM) through polymeric linkers [23, 

59].  Upon binding to CTCs in 7.5 mL of whole blood specimens, the magnetic nanoparticles 

bound to CTCs can be isolated by applying an external magnetic field [23].  The captured 

EpCAM-positive CTCs are confirmed by following post-analysis of cytokeratin-positive and 

CD45-negative properties of CTCs.  Although reliable and stable, the CellSearch™ system has 

limitations such as complicated sample processing with additional steps needed for plasma 

removal and magnetic antibody labeling and limited sensitivity with a median 1.2 cells/mL 

detected from patients with metastatic cancer.  Moreover, the CTC detection sensitivity of this 

assay is highly dependent on the binding capacity of the magnetic particles and 

sensitivity/selectivity of anti-EpCAM.  In particular, the size of the currently used iron oxide 

(Fe3O4) nanoparticles is approximately 200 nm in diameter, which has a relatively low surface-to-

volume ratio causing lower binding capacity and less stability in whole blood (aggregation or 

precipitation) [28].  In order to enhance the detection properties of the inorganic particles, Xu et 

al. reported that magnetic nanoparticles with smaller diameter (30 nm) enhanced their diffusivity 

in viscous samples and binding affinity [28].  The iron oxide nanoparticles were coated with an 

amphiphilic triblock polymer consisting of polybutylacrylate (PBA, hydrophobic), 

polyethylacrylate (PEA, hydrophobic), and polymethacrylic acid (PMA, hydrophilic), along with 

a hydrophobic hydrocarbon side chain, which enhanced physical stability and allowed further 

surface functionalization of the nanoparticle surfaces.   
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1.2.3. Polymer-coated surfaces for CTC capture   

1.2.3.1. Biopolymers, hybrids, and silane chemistries 

Instead of mixing with the withdrawn blood specimens, the CTC-targeting nanoparticles 

have been immobilized on a surface to induce the CTC adhesion onto the surface via immune-

affinity.  As opposed to using the expensive analytical tools such as MACS or FACS, the surface 

detection only requires typical glass slide-sized surfaces to isolate the intact CTCs with minimal 

damages, allowing for downstream molecular analysis of the cells.  Direct capture of CTCs from 

whole blood specimens on the surface avoids potential false negative outputs resulted from the 

loss of CTCs during multiple sample preparation steps in the cases of MACS or FACS analysis 

[60, 61].   

Various types of biopolymers and hybrids have been used to modify the nanoscale 

topography of the surface to increase surface-to-volume ratios and surface roughness, and to 

facilitate immobilization of CTC-targeting ligands. The surfaces of PDMS microfluidic devices 

have been modified with polymeric materials [51].  For example, biopolymers, such as alginate 

hydrogel [51] and self-assembled DNA nanostructures [62], have been incorporated onto the 

surface to increase CTC capture efficiency by altering the surface topography.  Furthermore, 

other functions such as efficient release of the isolated CTCs from the surface upon simple 

stimulation (e.g. alginate lyase for alginate hydrogel) have been also engineered using the 

degradability of the biopolymers [51].  Additionally, hybrids such as a combination of β-

cyclodextrin and carbon nanotubes [63] have also been used as surface coating agents to improve 

CTC detection of the surfaces.   

The silane chemistry for surface functionalization of PDMS-based microfluidic devices 

has been widely used because it allows facile, precise, and reproducible surface functionalization.  

Although a PDMS-microfluidic device called CTC-chip does not primarily rely on polymers, we 
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cover this technology because of its functionalization via the silane chemistry that is similar to 

inorganic polymer chemistry and its advanced development stage in the CTC detection area.  The 

first generation of CTC-chip, an immune-affinity ligand-coated microfluidic device with 78,000 

microposts developed by a team led by Haber and Toner [60], showed a great potential for simple 

and cost-effective CTC detection.  They used the surfaces that are modified via a series of SAM 

of 3-mercaptopropyo trimethoxysilane (MPTMS), N-y-maleimidobutyryloxy succinimide ester 

(GMBS), and NeutrAvidin, allowing for immobilization of biotinylated aEpCAM that captures 

CTCs.  The microposts incorporated into the fluidic channels enhanced the hydrodynamic 

efficiency of the flow, resulting in sensitive detection of CTCs under flow.  The CTC-chip does 

not require multiple processing steps in sample preparation and has shown enhanced sensitivity as 

compared to the CellSearch™ with a median of 67 cells/mL detected from whole blood samples 

of patients under comparable conditions [64].  The combined effect of anti-EpCAM-based 

specificity and the micropost-enhanced hydrodynamic efficiency enabled a capturing of over 60%.  

Although promising and advanced, the CTC-chip technology still needs to overcome several 

hindrances to achieve its clinical translation.  The micropost-based system exhibited high capture 

yield at low flow rate (1-2 mL per hour) [65], but the capture yield substantially decreased with 

an increase in flow rate (higher than 2.5 mL/hr) due to the insufficient time for CTCs to bind to 

the surface [65].  In addition, these new approaches of topographical modifications have some 

limitation, such as their sophisticated fabrication, the utility of corrosive materials, and non-

specific binding on the surface patterns.  It has been also reported that the first generation of CTC 

chip showed poor mixing efficiency of viscous flow (low diffusivity) [52].  In an effort of 

addressing these issues, subsequent studies have incorporated herringbone patterns on the ceiling 

of the microfluidic device, increasing the mixing efficiency [52].  Mittal et al. have also reported 

that the insertion of a fluid-permeable polycarbonate layer inside the channel increased the 

pulling-down force to tow the cells to the surface, resulting in enhanced CTC detection [65]. 
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1.2.3.2. PAMAM Dendrimers  

Compared to other surface chemistry for CTC detection, the surface modification using 

three-dimensional, spherical poly(amidoamine) (PAMAM) dendrimers offers a unique 

opportunity to take advantage of naturally occurring strong multivalent binding effect [41].  The 

multivalent binding effect and its mediator, dendrimers, will be discussed further in next section. 

 

1.3. Multivalency in Nanoengineered Surface Detection 

1.3.1. Multivalent Binding Effect 

Multivalent binding is the simultaneous binding of multiple ligands to multiple receptors 

in biological systems, which is central to a number of pathological processes, including the 

attachment of viral, parasitic, mycoplasmal, and bacterial pathogens [66-68].  These biological 

activities have been extensively investigated to promote targeting of specific cell types [69-73], 

and biological multivalent inhibitors have yielded quantitative measurements of binding avidities, 

with increases by 1-9 orders of magnitude [74-76].   

 

1.3.2. PAMAM Dendrimers 

To induce the multivalent binding effect efficiently, the selection of scaffolds and linkers 

is crucial for a multivalent conjugate with cell/tissue-specific ligands [77].  In particular, 

poly(amidoamine) (PAMAM) dendrimers have been reported to be an excellent mediator for 

multivalent effect because pre-organization/orientation of ligand, polymer backbone topology, 

and easy deformability all contribute for strong multivalent binding to cell surfaces [69].  Three-
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dimensional structure of the dendrimer organizes the ligands into a small region of space, as 

compared to what is obtained if the ligands are conjugated to a similar molecular weight linear 

polymer [69, 78].  This geometric advantage may reduce the energy of deformation (entropy) of 

ligands on dendrimer surface to bind with their receptors and eventually enhance the binding 

avidity, resulting in significantly enhanced detection/capture efficiency.  Further, it has been 

known that the carboxylated dendrimer has good accessibility of target cells to the immobilized 

targeting ligands [71], and reduced denaturation of the ligand during immobilization [79].  The 

advantages of enhanced binding avidity through dendrimer-mediated multivalent effect could 

significantly improve detection of human disease-related rare cells (<0.1% subpopulation) such 

as circulating tumor cells (CTCs) in peripheral blood. 

 

1.4. Outline of Dissertation Organization 

Two different biomimetic approaches such as cell rolling and multivalent binding are 

hired to enhance the detection sensitivity and specificity of rare CTCs in blood specimens in this 

dissertation, as depicted in Fig. 1.3.  Chapter 2 focused to evaluate the effect of the first 

biomimetic approach, E-selectin-mediated cell rolling, for cell recruitment from flow.  Although 

PAMAM dendrimer is known to mediate the multivalent binding (the second biomimetic 

approach we hired), the multivalent binding effect after dendrimer immobilization on the surface 

needs to be confirmed.  To prove the multivalent binding effect on the dendrimer-immobilized 

surface for tumor cell detection, chapter 4 compared the binding strength of the dendrimer-anti-

EpCAM-immobilized surface with cancer cells with that of the PEG (a linear polymer)-anti-

EpCAM-immobilized surface.  Along with the biomimetic approaches for CTC detection, CD24, 

a transmembrane protein on MCF-7 cells, was investigated as a ligand against E-selectin as 

described in chapter 3.  The combination of two different biomimetic approaches was used to 
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develop the multifunctional surfaces with three different types of antibodies in chapter 5.  The 

chapter 5 also includes quantitative analyses (capture efficiency measurement) on the 

multifunctional surfaces using in vitro cancer cells in blood samples withdrawn from healthy 

donors, providing a guideline for future diagnostic device design. 

  

	
  

	
  

Figure 1.3. A schematic diagram of CTC capturing on biomimetic surface.  The inset diagram 
represents the biomimetic surfaces that have the immobilized dendrimer with anti-EpCAM, resulting 
in the combination effect of cell rolling and multivalent binding for cancer cell capturing.	
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CHAPTER 2 

ENHANCED TUMOR CELL ISOLATION BY A BIOMIMETIC COMBINATION 

OF TWO PROTEINS: IMPLICATION FOR EFFECTIVE SEPARATION OF 

CTCs 

 

2.1. INTRODUCTION 

Although recent advances in diagnostic and therapeutic methods to treat primary tumors 

hold promise to decrease mortality of cancer, metastasis of cancer still poses a great challenge as 

patients often relapse [1-4].  Disseminated and circulating tumor cells (DTCs and CTCs, 

respectively) are known to induce secondary tumor formation at distant sites from primary tumors, 

known as metastasis [5-7].  The process of metastasis is not fully understood but one of the most 

plausible mechanisms involves a similar process of leukocyte homing, i.e. a naturally occurring 

cell rolling process [8].  Rolling cells then firmly attach to the endothelial layers, followed by 

transmigration through the endothelium (diapedesis) to form secondary tumors [9].  Thus, 

research efforts on diagnosis and prognosis of metastatic cancer have been concentrated on 

detection of DTCs in bone marrow (BM) and CTCs in blood [10].  Detection of DTCs for 

prognosis studies along with therapeutic treatments requires repeated samplings of BM that is 

invasive, time-consuming, and often painful for the patients [11, 12].  Consequently, effective 

detection of CTCs in peripheral blood of cancer patients holds a promise as an alternative due to 

its minimally invasive and easy sampling procedures (i.e. blood drawing).  However the clinical 

usage of CTCs has not yet been implemented for routine clinical practice because CTCs are 

extremely rare and estimated to be in the range of one tumor cell in the background of 106-109 

normal blood cells [13, 14].    
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To date, most methods for CTC detection are based on immunofluorescence labeling 

using CTC markers such as epithelial-cell-adhesion-molecule (EpCAM) [10, 15].  Recent 

progress in this field includes the development of an automated enrichment and 

immunocytochemical detection system for CTCs (CellSearch™, Veridex, LLC) that has been 

approved by the Food and Drug Administration (FDA) for clinical use in metastatic breast cancer 

patients [16, 17].  Although reliable and stable, the CellSearch™ system has limitations such as 

complicated sample processing with additional steps needed for plasma removal and magnetic 

antibody labeling and limited sensitivity with a median 1.2 cells/mL detected from patients with 

metastatic cancer.  Another promising technology for CTC detection and isolation has been 

recently published by Nagrath et al. using a microfluidic device containing 78,000 anti-EpCAM 

coated microposts which has increased its sensitivity and specificity for CTC capturing [18].  The 

CTC-chip does not require multiple processing steps in sample preparation and has shown 

enhanced sensitivity as compared to the CellSearch™ with a median of 67 cells/mL detected 

from whole blood samples of patients under comparable conditions [19].  The combined effect of 

anti-EpCAM-based specificity and the micropost-enhanced hydrodynamic efficiency enabled a 

capturing of over 60%.  However, the enhanced hydrodynamic efficiency relying on the 

microposts limits the utility of the device at higher flow rates where a significant decrease in the 

capture efficiency has been observed.   

The formation of transient ligand-receptor interactions occurs commonly between cells 

flowing in the blood and the vascular endothelium; this physiological process is known as cell 

rolling [20].  Cell rolling plays a key role in biologically important processes such as recruitment 

of leukocytes to sites of inflammation, homing of hematopoietic progenitor cells, and CTC-

induced metastasis.  This behavior is typically mediated by dynamic interactions between 

selectins (E- and P-selectins) on the vascular endothelial cell surface and membrane ligands on 

the carcinoma cell surface.  Endothelial (E)-selectin (CD62E) is particularly noteworthy in 
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disease by virtue of its expression on activated endothelium and on bone-skin microvascular 

linings, and many studies point to the key role played by E-selectin in being involved in the 

adhesion and homing of various types of cancer cells such as prostate [21], breast [22, 23], and 

colon carcinoma cells [24].  Thus, tumor cell separation based on the selectin-mediated cell 

rolling behavior is being pursued as it mimics a physiological process, and eliminates labeling 

and label removal steps that are necessary for other immune-labeling detection methods [25].  

Recently, a tube-type flow chamber that is co-immobilized with E-selectin and TRAIL achieved 

concurrent dual functions of inducing rolling and apoptosis of various cell lines [26].  However, 

given that a large class of cells, including leukocytes, platelets, neutrophils, mesenchymal and 

hematopoietic stem cells, and metastatic cancer cells all exhibit rolling on selectins, detection that 

is solely based on cell rolling has limitations for achieving sufficient specificity, which has 

hindered translation of the technology to a clinically significant device.   

The specific capturing and potential enrichment of CTCs using anti-EpCAM and selectin, 

respectively, inspired a biofunctionalized surface that mimics biological complexity may detect 

and isolate target cells at a greater sensitivity and specificity.  This concept is supported by the 

initial physiological interactions between CTCs and endothelium in the bloodstream, which 

include concurrent rolling and stationary binding steps.  Towards this aim, we investigated the 

following: i) two proteins with distinct biofunctions (selectin to induce rolling and anti-EpCAM 

to statically capture target cells) can be co-immobilized; ii) a combined rolling and stationary 

binding can be induced by the mixture of the proteins; and iii) the biomimetic combination 

enhances overall capture efficiency of the surface.  In this paper, these are tested using 

biofunctional surfaces with immobilized selectins and anti-EpCAM.  The surfaces are 

characterized by X-ray photoelectron scattering (XPS) and fluorescence microscopy using 

fluorophore-conjugated antibodies.  As a proof-of-concept study for the hypothesis of enhanced 

separation capacity and capture efficiency using protein mixtures, the surfaces are tested using in 
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vitro cell lines (MCF-7 cells as a CTC model and HL-60 cells as a leukocyte model) under flow 

conditions.  The effects of the combination of rolling (E-selectin) and stationary binding (anti-

EpCAM) on capture efficiency are compared to a surface functionalized solely with anti-EpCAM 

or selectins.  Here we report, for the first time to our knowledge, that combination of dynamic 

rolling and stationary binding significantly enhances capture efficiency of target cells, which 

holds great promise to develop a simple, effective device for CTC detection. 

 

2.2. MATERIALS AND METHODS 

2.2.1. Materials  

Recombinant human P-selectin/Fc chimera (P-selectin), E-selectin/Fc chimera (E-selectin), 

anti-human EpCAM/TROP1 antibody (anti-EpCAM), fluorescein-conjugated mouse monoclonal 

anti-human E-selectin (fluorescein-anti-E-selectin), and allophycocyanin (APC)-conjugated 

mouse monoclonal anti-human EpCAM/TROP1 (APC-anti-EpCAM) were all purchased from 

R&D systems (Minneapolis, MN).  Unconjugated goat anti-Human IgG (H + L) was acquired 

from Pierce biotechnology, Inc (Rockford, IL).  The epoxy-functionalized glass surfaces 

(SuperEpoxy2®) were purchased by TeleChem International, Inc (Sunnyvale, CA).  All other 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and used without further 

purification.   

 

2.2.2. Surface functionalization by immobilization of adhesive proteins 

All individual proteins and/or mixture of P-selectin, E-selectin, and anti-EpCAM were 

immobilized on epoxy functionalized glass surfaces.  A general scheme of the surface 

functionalization via protein immobilization is outlined in Fig. 2.1.  The coating areas were 

defined by a polydimethylsiloxane (PDMS) gasket to confine protein solutions in a desired area, 
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resulting in a clear interface between protein-coated and uncoated regions.  For the surfaces 

functionalized with a single protein, 300 µL of each protein (P-selectin, E-selectin, or anti-

EpCAM)  at a concentration of 5 µg/mL in PBS buffer (Cellgro®, without Ca2+, Mg2+) was added 

on an approximately 2 cm2 area of a slide defined by a PDMS gasket, followed by incubation at 

RT for 4 hrs with constant gentle shaking on a plate shaker.  The PDMS gasket was then removed, 

and the whole slide surface was washed with PBS three times.  Potential non-specific binding of 

both protein-coated and uncoated regions was blocked by the final incubation with 1% (w/v) 

bovine serum albumin (BSA) in PBS buffer (BSA solution).  The subsequent experiments using 

the surfaces were immediately performed, or stored in PBS buffer at 4 °C.  Additionally, mixtures 

of E-selectin and anti-EpCAM were immobilized at various ratios under the same condition 

described above.  A fixed concentration of anti-EpCAM at 10 µg/mL was used with various 

amounts of E-selectin.  The final total weights (in µg) of anti-EpCAM and E-selectin were 1.5:0, 

1.5:0.3, 1.5:1.5, and 1.5:7.5.  

 
 

Figure 2.1. Surface functionalization by immobilization of proteins.  
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2.2.3. Characterization of the functionalized surfaces by fluorescence microscopy 

The co-immobilization process of anti-EpCAM and E-selectin was characterized using 

APC-anti-EpCAM and fluorescein-anti-E-selectin, respectively.  The surfaces functionalized with 

P-selectin was explicitly characterized previously [27].  As neither fluorophore-tagged EpCAM 

nor fluorescent secondary antibody specific to anti-EpCAM is commercially available, APC-anti-

EpCAM was co-immobilized with E-selectin, and red fluorescence was observed from the 

surface.   For detection of E-selectin, anti-EpCAM/E-selectin-immobilized slides were incubated 

with fluorescein-conjugated anti-E-selectin (25 µg/mL) at 4 ºC for 1 hr, followed by a washing 

step (three times using PBS buffer).  All slides were then mounted using Vectashield® mounting 

medium (Vector laboratories, Inc., Burlingame, CA), and air bubbles in the mounting medium 

were gently removed by applying pressure to the cover slides.  The fluorescence images were 

taken using an Olympus IX70 inverted microscope equipped with a fluorescence illuminator (IX 

70-S1F2, Olympus America, Inc., Center Valley, PA) using a 10× objective, a CCD camera 

(QImaging Retiga 1300B, Olympus America, Inc.) and filters for FITC (450 nm excitation and 

535 nm emission) and APC (560 nm excitation and 645 nm emission).  For each image (triplicate 

for each sample), 5 regions of equal size were randomly selected, and the total pixel intensity 

values within these regions were acquired using ImageJ (NIH).  The slide treated with the BSA 

solution was used as background and its intensity value was subtracted from all sample slides.  

The intensities obtained from the protein mixture-immobilized slides were normalized based on 

those functionalized with a single protein (anti-EpCAM or E-selectin) to compare the relative 

amounts. 

 

2.2.4. Characterization of the surfaces by X-ray photoelectron spectroscopy (XPS) 
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Protein-immobilized surfaces were characterized by XPS [27].  XPS measurements were 

performed using an Axis 165 X-ray photoelectron spectrometer (Kratos Analytical, Manchester, 

U.K.) equipped with a monochromatic AlKα source (hv = 1486.6 eV, 150W) and a hemispherical 

analyzer.  The % mass concentrations were obtained from high-resolution spectra of the C 1s, O 

1s, N 1s, and S 2p regions at an X-ray irradiating angle of 30° with pass energy of 80 eV and a 

step size of 0.5 eV, carried on 5 scans per each spectrum. 

 

2.2.5. Cell lines 

HL-60 and MCF-7 cells were purchased from ATCC (Manassas, VA).  Discosoma sp. 

Red fluorescent protein (DsRED)-transfected MCF-7 (DsRED-MCF-7) cells that were 

transfected using an HIV-1-based lentiviral vector [28] were a generous gift of Prof. William 

Beck at UIC.   

HL-60 cells were cultured in IMDM media supplemented with 20% (v/v) fetal bovine 

serum (FBS) and 1% (v/v) penicillin/streptomycin in a humidified incubator at 37 °C and 5% 

CO2.  MCF-7 cells and DsRED-MCF-7 cells were cultured in DMEM media that were 

supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin under the same condition 

of incubation for HL-60 cells.  Prior to cell culture, to enrich the transfected (fluorescent) cell 

population, DsRED-MCF-7 cells were isolated from non-transfected MCF-7 cells via dilution of 

cell suspension (103 cells in 10 mL of media in a petri dish) and selection of the transfected MCF-

7 cells using a fluorescence microscope (Olympus IX70).  HL-60, MCF-7, and DsRED-MCF-7 

cells were prepared by resuspension in their own supplemented media with anti-IgG and kept on 

ice during the subsequent cell rolling experiments [29]. 

 

2.2.6. Flow chamber experiments 
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A typical flow chamber experiment was performed as following.  A glass slide 

functionalized by protein immobilization, a gasket (30 mm (L) × 10mm (W) × 0.25 mm (D), 

Glycotech, Gaithersburg, MD), and a rectangular parallel plate flow chamber (Glycotech) were 

assembled in line under vacuum.  To observe cellular interactions with the biofunctionalized 

surfaces, individual cell lines (HL-60 or MCF-7) as well as mixtures of the two cell lines (HL-60 

and DsRED-MCF-7) at a concentration between 105 and107 cells/mL were injected into the flow 

chamber at various flow rates (0.08-1.28 dyn/cm2) using a syringe pump (New Era pump Systems 

Inc., Farmingdale, NY).  Note that, in this flow chamber, 200 µL/min of flow rate is 

correspondent to 0.32 dyn/cm2 of a wall shear stress, 32 s-1 of a wall shear rate, and 80 µm/sec of 

near-wall non-adherent cell velocity according to the Goldman equation [30].    

 

2.2.7. Observation of cellular responses on various functional surfaces 

Throughout this study, the cellular behaviors on the various surfaces in the flow chamber 

were all monitored using the Olympus IX70 microscope and images were recorded using a CCD 

camera.  Rolling velocities of cells on the immobilized proteins were calculated based on the 

images taken every second for 1 min, using ImageJ.  Cell rolling was defined when the rolling 

velocities were less than 50% of the free stream velocity (e.g. slower than 40 µm/sec at a flow 

rate of 200 µL/min).  Rolling dynamic data was presented as mean ± standard error of the mean 

(SEM) values of repetitive observations.  To confirm the statistical significance between data 

points, the rolling velocities of more than 40 cells per image were tracked in independent at least 

5 replicates. 

To evaluate separation of the two cell populations in the mixtures, fluorescent DsRED-

MCF-7 cells were used as a CTC model so that they could be easily distinguished from the non-

fluorescent leukocyte model (HL-60 cells) in a 50:50 mixture.  The surface interactions of the cell 

mixture on each type of proteins, as well as the cell separation at the interface between E-selectin 
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(left) and anti-EpCAM (right)-coated regions were visualized using the fluorescent and bright 

fields for 1 min.  The merged images of the fluorescent and bright fields were taken in the 

absence of the flow. 

The DsRED-MCF-7 capture efficiency of the surfaces functionalized with E-selectin/anti-

EpCAM combinations was measured as follows.  The slides functionalized with the different 

ratios of E-selectin/anti-EpCAM combinations were prepared, and DsRED-MCF-7 cells 

(suspended in PBS at 2,500 cells/mL with anti-IgG) were injected into a flow chamber, followed 

by repetitive syringe pushing in and withdrawing at 100 µL/min (0.16 dyn/cm2).  The numbers of 

captured cells on a pre-defined area of protein-immobilized surface were counted using a 

microscope at each cycle.  A cycle consisting of forward flow (pushing) for 2.5 min, and 

backward flow (withdrawing) for 2.5 min, and PBS washing for 1 min.  As the known number of 

DsRED-MCF-7 cells was perfused into the flow chamber, the number of captured cells could be 

translated into the capture efficiency (%).  The measured capture efficiencies of the protein 

mixture-immobilized slides were statistically analyzed by comparing to those of the anti-

EpCAM-immobilized slides using one-factor ANOVA (SPSS software, Chicago, IL).  In addition, 

as pair-wise comparisons among levels of weight for post-hoc analyses, Fisher’s least significant 

difference (LSD) tests with 95% simultaneous confidence intervals were considered statistically 

significant (* as shown in Fig. 2.6). 

 

2.3. RESULTS 

2.3.1. Confirmation of immobilization of E-selectin, anti-EpCAM, and combinations of the 

proteins on glass substrates  

Surface functionalization by protein immobilization was confirmed by fluorescence 

microscopy and XPS, as summarized in Fig. 2.2, Tables 2.1 and 2.2, respectively.  The 
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commercially available epoxy-terminated slides with highly reactive coupling efficiency (via 

amine/hydroxyl/thiol-based chemistries) and low fluorescence background allowed quantitative 

and reliable surface analyses using the two techniques.  The presence of E-selectin on the surface 

was observed by immunostaining using fluorescein-anti-E-selectin (green fluorescence).  APC-

anti-EpCAM (red fluorescence) was used instead of non-fluorescent anti-EpCAM to image the 

surface immobilized anti-EpCAM by fluorescence microscopy.  Table 2.1 summarizes the 

measured fluorescence intensities of the various bioadhesive surfaces.  For the surfaces 

functionalized with E-selectin/anti-EpCAM mixtures, the measured fluorescence intensities of 

each fluorophore well dictate the compositions of each protein.  With an increase of the amount 

of E-selectin immobilized, the green fluorescence intensity was obviously increased, but minimal 

changes in the red fluorescence intensity were also observed.   

The immobilization of anti-EpCAM and/or E-selectin was quantitatively confirmed by an 

increase in carbon and nitrogen compositions and decreased silicon detection in the underlying 

glass substrate, as measured by XPS analysis (Table 2.2).  Furthermore, as the amount of 

 
Figure 2.2. Immunostaining images of the surface of BSA (a) and b)), anti-EpCAM (c) and 
d)) or E-selectin (e) and f))-immobilized and the combinations (g) - l)) of anti-EpCAM and E-
selectin -immobilized slides. The images of the upper low (a), c), e), g), i) and k))and those of 
the bottom low (b), d), f), h), j) and l))were representative to E-selectin and anti-EpCAM on 
the surfaces, respectively. 
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immobilized E-selectin in the mixture of anti-EpCAM and E-selectin was increased, the amounts 

of carbon and nitrogen on the surface were increased with a decreased silicon composition.  All 

surfaces immobilized with proteins had a high degree of coverage, as evidenced by the lack of 

visible underlying silicon.  The measured nitrogen content likely corresponds to the degree of 

Table 2.1. Immunostaining results of surfaces immobilized with E-selectin, anti-EpCAM, and 
mixtures of the two proteins.   

 

 

Anti-
EpCAM 
1.5 µg 

E-
selectin 
1.5 µg 

Anti-EpCAM 
1.5 µg: E-
selectin 0.3 µg 

Anti-EpCAM 
1.5 µg: E-
selectin 1.5 µg 

Anti-EpCAM 
1.5 µg: E-
selectin 7.5 µg 

FITC-anti-E-
selectin (for E-
selectin 
detection) 

- 1 0.04 ± 0.01 0.66 ± 0.06 1.31 ± 0.02 

APC-anti-
EpCAM (for 
anti-EpCAM 
detection) 

1 - 0.88 ± 0.31 0.96 ± 0.70 0.61 ± 0.31 

Note that all the fluorescence intensities were normalized based on the intensities measured on 
the surfaces with individual proteins 

 

Table 2. 2. Atomic compositions of functionalized slides with various proteins, as measured 
by XPS.  

 
Control 
(mass 
conc. %) 

E-
Selectin 
(mass 
conc. %) 

Anti-
EpCAM 
(mass 
conc. %) 

Anti-EpCAM 
1.5 µg: E-
selectin 0.3 µg 
(mass conc. %) 

Anti-EpCAM 
1.5 µg: E-
selectin 1.5 µg 
(mass conc. %) 

Anti-EpCAM 
1.5 µg: E-
selectin 7.5 µg 
(mass conc. %) 

C 1s 11.3 21.6 26.2 32.5 40.2 36.9 

N 1s 0.0 5.4 2.6 3.5 4.6 6.5 

O 1s 59.7 51.9 39.2 43.3 35.5 40.7 

Si 2p 29.0 21.1 32.0 20.7 19.7 15.9 

N/C ratio 0.0 0.3 0.1 0.1 0.1 0.2 

C/O ratio 0.2 0.4 0.7 0.8 1.1 0.9 
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protein coverage on the glass surface, which is supported by the increased nitrogen composition 

when the total amount of proteins immobilized was increased. 

 

2.3.2. Interactions of cells on the protein-immobilized surfaces 

Cell interactions with the protein-immobilized surfaces under flow were assessed using a 

commercially available rectangular parallel-plate flow chamber.  A breast cancer cell line, MCF-7 

was employed as a CTC model.  The rolling behavior of the MCF-7 cells was compared with that 

of HL-60 cells, a human myeloid leukocytic cell line, which expresses a high level of sialyl 

Lewisx and exhibits rolling on selectins mediated primarily by P-selectin glycoprotein-1 (PSGL-1) 

[31, 32]. 

 

 

Figure 2.3. Time-course images of HL-60 cells under shear stress of 0.32 dyn/cm
2
 on P-

selectin (a) and b)), E-selectin (c) and d), and anti-EpCAM (e) and f))-immobilized surfaces.  
The rolling velocities (mean ± SEM, n=200) of the cells on P-selectin and E-selectin were 
2.26 ± 0.28 and 2.12 ± 0.15 µm/sec, respectively, whereas there was no interaction observed 
between the cells and anti-EpCAM-coated surface.   Flow directions of three sets were from 
left through right.   
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  Each sets (a and b, c and d, and e and f) of Fig. 2.3 show HL-60 cells on P-selectin, E-

selectin, and anti-EpCAM coated surfaces at t = 0 s (a randomly-picked starting recording time 

during the flow experiment) and 5 s (5 sec after the starting time), respectively.  Note that the HL-

60 cells on anti-EpCAM-coated slide observed in the images at 0 s were non-adherent cells that 

were vertically close to the surface.  As previously reported, HL-60 cells exhibited stable rolling 

on both P- and E- selectin-immobilized slides at velocities of 2.26 ± 0.28 and 2.12 ± 0.15 µm/sec, 

respectively, under 0.32 dyn/cm2 of shear stress.  HL-60 cells showed no interactions with the 

immobilized anti-EpCAM, traveling the flow path in the chamber at the speed of free stream 

velocity.  In contrast, as shown in Fig. 2.4, MCF-7 cells did not interact with immobilized P-

selectin, but exhibited the rolling response on the E-selectin coated surfaces.  The rolling 

velocities of MCF-7 on E-selectin-immobilized slides (4.24 ± 0.31 µm/sec) were faster than 

 
Figure 2.4. Time-course images of MCF-7 cells under shear stress of 0.32 dyn/cm2 on P-
selectin (a) and b)), E-selectin (c) and d)), and anti-EpCAM (c) and d))-immobilized surfaces.  
MCF-7 cells exhibited the rolling behavior on the E-selectin-coated surface (4.24 ± 0.31 
µm/sec) or captured on the anti-EpCAM-coated surface.  However, there was no interaction 
observed between the cells and the P-selectin-coated surface.  Flow directions of three sets 
were from left through right.  All of the rolling dynamic data is represented as mean ± SEM 
values (n=200). 
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those of HL-60 (2.12 ± 0.15 µm/sec).  It should be noted that the rolling velocities of MCF-7 cells 

varied between experiments with relatively high standard errors, whereas the velocities of HL-60 

cells on E-selectin-immobilized slides were relatively consistent between experiments.  Unlike 

HL-60 cells, however, MCF-7 cells exhibited a strong interaction with immobilized anti-EpCAM 

slides, rolling very slowly (0.09 ± 0.03 µm/sec), so that they appeared to be stationary captured 

on the surface.  Additionally, the rolling velocities of HL-60 and MCF-7 cells on E-selectin were 

measured at 4 different shear stresses (0.08-1.28 dyn/cm2) as shown in Fig. 2.5.  The rolling 

velocity of MCF-7 cells was significantly increased with an increase of the shear stress (~3.2-8.0 

µm/sec) whereas the rolling response of HL-60 cells was less dependent upon the flow rate 

change (~1.5-2.3 µm/sec).   

 

	
  

	
  
Figure 2.5. Cell rolling velocities of HL-60 and MCF-7 cells on E-selectin-immobilized slides 
at various shear stresses (0.08 dyn/cm2, 0.32 dyn/cm2, 0.64 dyn/cm2, and 1.28 dyn/cm2).  Note 
that the rolling response of HL-60 cells is minimally affected by an increase in shear stress, 
whereas MCF-7 cells show rolling highly dependent upon shear stress.  All of the rolling 
dynamic data is represented as mean ± SEM values. 
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2.3.3. Enhanced separation of tumor cells from two cell populations using combinations of anti-

EpCAM and E-selectin 

Interactions of mixtures of the two cell lines with various surfaces functionalized by P-

selectin, E-selectin, anti-EpCAM, and combinations of E-selectin/anti-EpCAM were observed 

under flow conditions, as shown in Fig. 2.6.  Note that DsRED-MCF-7 cells were used for easy 

recognition, as appeared to be red in the all images taken by a fluorescence microscope.  As 

shown in Fig. 2.6a, P-selectin induced rolling of HL-60 but did not interact with DsRED-MCF-7 

cells, which is consistent with the results using non-transfected MCF-7 cells as shown in Fig. 2.4.  

E-selectin, on the other hand, caused both cells to roll as presented in Fig. 2.6b.  The surface with 

anti-EpCAM alone induced stationary adhesion of DsRED-MCF-7 cells exclusively.  Although 

HL-60 cells had no interaction with anti-EpCAM, some of them were still located on the images 

 

 

Figure 2.6. Images of HL-60 and DsRED-transfected MCF-7 cells (red cells) on a) P-selectin, 
b) E-selectin, c) anti-EpCAM, and d) patterned E-selectin/anti-EpCAM coated surfaces, under 
shear stress of 0.32 dyn/cm2. The patterned surface with E-selectin and anti-EpCAM (shown 
in d) achieved efficient isolation of DsRED-transfected MCF-7 (a CTC model: red cells) cells 
from the mixture with HL-60 (a leukocyte model: white cells), on the anti-EpCAM coated 
region.   
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of the anti-EpCAM-immobilized surface (Fig. 2.6c), but these cells were in the bulk flow and not 

captured on the slide.   As shown in Fig. 2.6d, the combined, but spatially separated E-selectin 

and anti-EpCAM in deed provided an enhanced separation of MCF-7 cells from the cell mixture, 

compared to the surface functionalized with E-selectin.  Both cell types rolled on the E-selectin 

coated region (the left-hand side of the image), followed by clear separation of the pure MCF-7 

cells in the adjacent anti-EpCAM coated region (the right-hand side).   

 

2.3.4. Enhanced capturing of tumor cells using combinations of anti-EpCAM and E-selectin  

The effect of E-selectin addition to the anti-EpCAM coated surface was further examined 

by a quantitative analysis of capture efficiency of DsRED-MCF-7 cells.  Fig. 2.7a and b 

demonstrate a statistically significant enhancement in capture efficiency with the surface

 

 

 

Figure 2.7. a) Number of captured cells and b) capture efficiencies of the surfaces 
immobilized with the mixtures of anti-EpCAM and E-selectin.  The number of DsRED-MCF-
7 cells on each surface was counted and the capture efficiency was calculated based on the 
total number of MCF-7 cells injected into the flow chamber.  The flow experiments were 
performed at a shear stress of 0.16 dyn/cm2. The average capture efficiencies of the surfaces 
with the mixture of E-selectin and anti-EpCAM were generally higher than those with anti-
EpCAM alone.  With an increase in E-selectin concentration, the capture efficiency of the 
surfaces was further enhanced as high as 3-fold.  The measured capture efficiencies were 
compared by statistical analysis using one-factor ANOVA (SPSS software) and Fisher’s least 
significant difference (LSD) tests with 95% simultaneous confidence intervals were marked *.  
Error bars: SEM.  * p < 0.05. 
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immobilized with the mixtures (anti-EpCAM and E-selectin), as compared to the surface with 

anti-EpCAM only.  As shown in Fig. 2.7a and b, the average number of captured cells by the 

surfaces with the two proteins was enhanced in an E-selectin concentration dependent manner.  

The enhancement of capture efficiency of the surface with E-selectin/anti-EpCAM compared to 

one with anti-EpCAM alone was observed to be as high as 3-fold.   

To further evaluate cell capture under various conditions, a series of experiments in which 

DsRED-MCF-7 cells (2,500 cells/mL of PBS buffer) were spiked with HL-60 (2,500 cells/mL of 

PBS buffer) under the presence of anti-IgG was conducted.  The rolling velocity of HL-60 cells 

 

Figure 2.8. Effect of the amount of E-selectin added to E-selectin/anti-EpCAM mixture on 
rolling velocity of HL-60 cells and capture efficiency of DsRED-MCF-7 cells.   Mixture of 
the two cell populations (1:1) were injected onto the surfaces co-immobilized with anti-
EpCAM and E-selectin under the presence of anti-IgG at a shear stress of 0.16 dyn/cm2.  The 
amount of immobilized E-selectin was increased from 0, 0.3, and 1.5 to 7.5 µg, while the 
amount of immobilized anti-EpCAM was constant at 1.5 µg.  The rolling velocities of HL-60 
cells on each slides were 4.74 ± 0.32 (0.3 µg), 1.82 ± 0.10 (1.5 µg), and 0.07 ± 0.12 (7.5 µg of 
E-selectin) µm/sec.  Error bar: SEM. 

 



	
  

 
	
  

41 

was measured at a flow rate of 200 µL/min (0.32 dyn/cm2).  Fig. 2.8 quantitatively presents 

capture efficiency of DsRED-MCF-7 cells and rolling velocities of HL-60 on surfaces with co-

immobilized E-selectin and anti-EpCAM at various ratios.   As the amount of E-selectin in the 

total immobilized proteins was increased, the capture efficiency of DsRED-MCF-7 cells was 

increased, while the rolling velocity of HL-60 cells was decreased.     

 

2.4. DISCUSSION 

This study investigated three phenomena: i) two proteins with distinct biological functions 

can be co-immobilized; ii) rolling and stationary binding of tumor cells can be controlled by 

immobilized proteins; and iii) the protein combination enhances overall capture efficiency of 

tumor cells. 

Tables 2.1 and 2.2 demonstrate co-immobilization of the two proteins.  The red 

fluorescence from APC and the green fluorescence from fluorescein from the surfaces 

immobilized with either anti-EpCAM or E-selectin have little to no spectral overlap (Fig. 2.2).  

Furthermore, the even distribution of detected fluorescence (Fig. 2.2) indicates that uniform 

immobilization of both anti-EpCAM and E-selectin was achieved.  The specific correlation 

between fluorescence and protein presentation on the slides was confirmed by two experiments.  

First, the control surfaces treated with BSA exhibited neither red nor green fluorescence, 

indicating that non-specific protein adsorption was minimal, which is consistent with a previous 

report [33].  Second, although E-selectin/APC-anti-EpCAM combinations showed a slightly 

decreased red fluorescence intensities (by ~30%) compared to the surfaces functionalized solely 

with anti-EpCAM at the same concentration, the decrease was marginal.  By way of contrast, the 

green fluorescence intensities from fluorescein-anti-E-selectin substantially increased, in a non-

linear fashion, with an increase of the immobilized amount of E-selectin in the protein mixtures.  
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Rolling and stationary binding were individually assessed to test the second phenomenon.  

As shown in Fig. 2.3, 2.4, and 2.5, we have found that the MCF-7 response on different surfaces 

can be controlled from no interaction (P-selectin) and the rolling response (E-selectin) to 

stationary binding (anti-EpCAM).  The rolling velocities of the HL-60 cells that have a high level 

of PSGL-1 or sialyl Lewis X (sLex) expression were less shear stress-dependent than those of the 

MCF-7 cells (carcinoma cells) [34].  It is most likely caused by the regulation mechanisms by 

which leukocytic cells such as HL-60 maintain constant rolling velocities under varying flow 

conditions (Fig. 2.5) whereas carcinoma cells do not [35, 36].  Although the transient binding for 

rolling is a state between firm adhesion and the lack of the adhesion (i.e. no interaction), the 

rolling of leukocytic cells through selectins is highly stable due to a high density of selectin 

ligands presented on the leukocytic cells and their resistance against hydrodynamic force applied 

on the cells [37].  As a result, leukocytic cells are known to have a nearly constant rolling speed 

in vivo over a wide range of shear stresses [38].  It is also suspected that leukocytic cells maintain 

a constant rolling speed by shear dependent compensation mechanisms such as increasing the 

number of tethers and the number of selectin bonds so that they can be uniformly exposed to 

activating stimuli [35].  MCF-7 cells (Carcinoma cells), on the other hand, seem to lack these 

mechanisms, given that they are more susceptible to changes in shear stress (Fig. 2.5).  Moreover, 

the formation of metastatic cancers often exhibits the organ selectivity because of the different 

interactions between the ligands of cancer cells and the organ-specific selectins of endothelial 

cells for the extravasation of CTCs, which does not require CTCs to adapt the controlling 

mechanism of the leukocytic cells [39]. 

MCF-7 cells exhibit the rolling behavior only on E-selectin, and as reported by Aigner et 

al. [34], MCF-7 cells do not interact with P-selectin.  Although MCF-7 cells express CD24, a P-

selectin ligand, a lack of decoration with sLex results in weak interactions that are not strong 

enough to stably support rolling on P-selectin [34].  E-selectin-mediated rolling of MCF-7 cells 
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under flow was reported by Toezeren et al [40].  Under the presence of laminar flow, they 

reported that the adhesion capacity and rolling behavior of MCF-7 cells on human umbilical 

endothelial cells (HUVECs) were blocked by treatment with antibody against E-selectin on the 

surface of HUVECs, without providing clear evidence.  We have shown that clear interaction of 

MCF-7 cells with immobilized E-selectin in Fig. 2.4, and the behavior of MCF-7 cells was 

compared with HL-60.  However, it is still unclear which interaction induces the observed rolling 

response.  As a ligand of MCF-7 cells against E-selectin needs to be identified because MCF-7 

cells lack most of the known ligands against E-selectin such as PSGL-1 [34], CD44 [41], and 

sLex [34].  There have been no definitive reports that clearly identify ligands of MCF-7 cells 

against E-selectin in the literature.   

Adherent proteins that are involved in the metastasis process are randomly co-distributed 

on the endothelium [42].   Thus, our hypothesis was that cooperation of adherent proteins to trap 

tumor cells would be more efficient than the activity of one of them alone.  The surfaces with the 

protein mixtures (anti-EpCAM and E-selectin) in deed more efficiently recognize DsRED-MCF-7 

cells out of the cell mixture with HL-60 cells than the surfaces functionalized solely with anti-

EpCAMs (Fig. 2.6 and 2.7).  The protein combinations used in this study clearly demonstrate 

great potential to improve sensitivity and specificity of CTC separation and capturing from the 

whole blood.  One can argue that an increase of E-selectin composition in the protein mixture 

may lead pre-occupation of the surface by abundant cells such as leukocytes (HL-60 in this study), 

resulting in binding interruption of CTCs (MCF-7 in our study).  However, it would be not be the 

case because HL-60 cells exhibit the continuous dynamic rolling response whereas MCF-7 cells 

remain statically adhered on the surface.  That is, a thorough washing step will remove all the 

rolling cells, leaving only captured cells behind on the surface.  Further, it is shown that the 

enhanced capture efficiency by addition of E-selectin to anti-EpCAM is not interrupted by 

competitive binding of HL-60 cells.  Instead, it is our expectation that E-selectin would be 
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effective in pulling CTCs (MCF-7 cells in this research) along with leukocytes out of the blood 

flow, inducing rolling, thereby reducing the velocities of the flowing cells, which would facilitate 

stationary binding of CTCs by adjacent anti-EpCAM on the surface.  Furthermore, given that 

cells exhibit significantly different rolling velocities and different levels of interactions with 

various proteins, the surface responses of different types of cells are expected to be easily 

controlled by various combinations of proteins. 

Taken together, it is obvious that the addition of E-selectin can induce the rolling of 

various cell types to be readily accessible by anti-EpCAM that recognizes/captures tumor cells, 

resulting in substantially enhanced capture efficiency of tumor cells by the surface – more than 3-

fold enhancement as compared to the surface with anti-EpCAM alone.  The E-selectin-induced 

tumor cell rolling most likely maximizes the chance of the tumor cells to interact with anti-

EpCAM on the surface, resulting in effective stationary binding.   

 

2.5. SUMMARY 

We have achieved the evenly distributed, stable immobilization of proteins: P-selectin, E-

selectin, anti-EpCAM, and mixtures of the proteins, using epoxy-functionalized glass slides.  The 

immobilized proteins maintained their own biological adhesive functions that induce cell rolling 

and stationary binding in each specific protein-dependent manner.  The patterning and 

combination of these immobilized proteins as a step towards mimicking physiological complexity 

can be used to design therapeutic or diagnostic devices for capturing specific cells using their 

enhanced separation capacity and capture efficiency.  We are presently translating these results to 

a device to capture CTCs from the mixture of other cell lines and whole blood.  In addition to the 

potential use of this device as a metastatic cancer treatment tool by filtering CTCs from the 

bloodstream, the advantages of this device include the ability to collect CTCs from whole blood 

under continuous flow without labeling or damaging the CTCs.  Therefore, the collected CTCs 



	
  

 
	
  

45 

can be extracted and potentially be subject of further analysis such as genetic understanding and 

responses for currently available therapeutic drugs by culture expansion.     
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CHAPTER 3 

DIRECT MEASUREMENTS ON CD24-MEDIATED ROLLING OF HUMAN 

BREAST CANCER MCF-7 CELLS ON E-SELECTIN  

 

3.1. INTRODUCTION 

Adhesive interactions between tumor cells and the vascular endothelium are necessary to 

promote cancer metastasis induced by circulating tumor cells (CTCs) [1, 2].  The transient 

adhesion of cells to the endothelium in blood circulation, known as cell rolling, is the early event 

of the adhesive interactions that are mediated by adhesive proteins such as selectins on the 

endothelium and specific ligands on the cancer cell surface [3, 4].   To date, three types of 

selectins have been identified, E-selectin (CD62E), L-selectin (CD62L), and P-selectin (CD62P) 

[5].  Among them, E-selectin, an inducible endothelial cell-surface glycoprotein [6], has been 

suggested as one of the major receptors responsible for causing the metastasis of primary tumors 

such as breast [7], colon [3], and prostate cancers [8, 9].  E-selectin has been also shown to 

mediate the adhesion of leukocytes or carcinoma cells to cytokine-activated human endothelial 

cells [10, 11].  Information regarding the ligands for E-selectin on the cancer cells would thus be 

crucial to understand the mechanism of metastasis and to potentially find a way to prohibit the 

spreading of primary cancers in patients. 

Earlier reports have shown high-affinity binding between E-selectin and its ligands such as 

E-selectin ligand-1 (ESL-1) [12], P-selectin glycoprotein ligand-1 (PSGL-1) [13, 14], and sialyl 

Lewis X (sLex) and related sulfated structures including sialyl Lewisa (sLea) [15, 16].  In addition 

to these known ligands for E-selectin, it is reported that the following molecules also have 

binding affinity to E-selectin; CD43 [17], hematopoietic cell E- and L-selectin ligand (HCELL; a 

specialized glycoform of CD44) [10], β2 integrins [18], and CD44v4 [19].  In our previous report, 
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MCF-7 cells exhibited the rolling behavior only on E-selectin-immobilized surfaces under flow 

but no interactions with P-selectin [20].  However, to the best of our knowledge, a ligand against 

E-selectin present on MCF-7 cells has not been identified since MCF-7 cells lack all the known 

E-selectin ligands listed above [19, 21, 22].   

CD24, which is highly expressed by MCF-7 cells, is a mucin-like glycosylphosphatidyl-

inositol-linked cell surface protein consisting of 27 amino acids [23].  Expression of CD24 from 

MCF-7 cells was assessed using a fluorescence activated cell sorter (FACS) as shown in Fig. 3.1.  

This protein is also expressed by early stage B-cells and neutrophils, whereas it is not expressed 

by normal T-cells and monocytes [23].  Previous reports have also shown that it is highly 

expressed on several non-hematopoietic tumors such as breast carcinomas, epithelial ovarian 

 

Figure 3.1.  FACS histograms of PE fluorescence intensities from MCF-7 cells.   The cells 
were treated with PE-conjugated anti-CD24 (blue), PE-conjugated anti-IgG2a, k for an isotype 
control [red], or were untreated (black).  Based on the fluorescence intensity of each group, it 
was confirmed that MCF-7 cells have two subpopulations, CD24 negative and CD24 positive.	
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cancer, small and non-small cell lung carcinoma, prostate cancer, pancreatic cancer, and renal cell 

carcinoma [9, 24, 25].  A higher expression level of CD24 on cells in cancer patients has been 

correlated with a decreased survival rate, and thus CD24 has demonstrated potential to be used as 

a marker for more aggressive cancers [24, 26].  In cancer cell lines, the expression of CD24 

molecules is known to enhance the metastatic properties of carcinoma cells, e.g. the adhesiveness 

[25, 26] and invasion in vitro [27] and in vivo [28, 29].  Moreover, expedited cell growth and 

metastatic properties of MCF-7 cells were inhibited by cross-linking of CD24 using anti-human 

CD24 rabbit polyclonal antibodies on the cell surface [30].  Based on the in vitro and in vivo 

connection between CD24 and the cancer cell properties as well as our previous observation of 

MCF-7 cell rolling, the possibility that CD24 may be a ligand for E-selectin has emerged.   

In this chapter, we hypothesize that CD24 is a ligand for E-selectin, which mediates cell 

rolling.  To test the hypothesis, the binding kinetics of CD24 with E-selectin were measured 

directly and quantitatively using surface plasmon resonance (SPR) provided by BIAcore® 

technology.  We have also found that the rolling response of the CD24-positive MCF-7 cells was 

completely blocked by anti-CD24 pre-treatment to the cells.  Additionally, we have tested the 

rolling velocities of MCF-7 cells treated with cytochalasin D (cytoD), an actin-disrupting agent, 

revealing that the cellular mechanics, such as actin-filament dynamics, play a role in the rolling 

mechanism mediated by CD24 and E-selectin.  The involvement of the actin filament was further 

supported by the observed no rolling but stationary binding of CD24-coated microspheres on E-

selectin.  Our results presented here support our hypothesis that CD24 is a ligand for E-selectin 

and induces the rolling of the MCF-7 cells. 
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3.2. MATERIALS AND METHOD 

3.2.1. Materials  

Recombinant human E-selectin/Fc chimera (E-selectin) and anti-human epithelial-cell-

adhesion-molecule (EpCAM)/TROP1 antibody (anti-EpCAM) were purchased from R&D 

systems (Minneapolis, MN).  Recombinant human CD24 and sLex–PAA-Biotin were purchased 

from Santa Cruz Biotechnology, Inc (Santa Cruz, CA) and Glycotech (Gaithersburg, MD), 

respectively.  Unconjugated goat anti-Human IgG (H + L) was acquired from Pierce 

Biotechnology, Inc (Rockford, IL).  The epoxy-functionalized glass surfaces (SuperEpoxy2®) 

were purchased from TeleChem International, Inc (Sunnyvale, CA).  PE mouse IgG2a (k isotype 

control), PE mouse anti-human CD24, and purified mouse anti-human CD24 were obtained from 

BD PharmingenTM (BD biosciences, San Jose, CA).  All other chemicals were obtained from 

Sigma-Aldrich (St. Louis, MO), unless otherwise specified, and used without further purification.   

 

3.2.2. Flow Cytometry Measurements of CD24 expression 

CD24 expression of MCF-7 cells was measured using a fluorescence activated cell sorter 

(FACS, Beckman Coulter EPICS Elite ESP, Miami, FL).  Trypsinized MCF-7 cells (50 µL of 1 × 

107 cells/mL solution in PBS with 1% FBS) were incubated with 10 µL of PE-conjugated anti-

CD24 on ice for 15 min, centrifuged at 1800 rpm for 5 min, and resuspended in the FBS-

containing PBS for the FACS measurements.  The control groups include the untreated cells as a 

negative control, the cells treated with 10 µL of anti-IgG2a, k, an isotype of anti-CD24, as an 

isotype control.  

 
3.2.3. Surface plasmon resonance measurements 

BIAcore® X instrument (GE Healthcare, Pittsburgh, PA) was used for quantitative and 

direct measurements of the binding kinetics of CD24 and sLex with E-selectin at 25 °C.  The E-
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selectin was immobilized on CM5 sensor chips (GE Healthcare) using the amine coupling kit (GE 

Healthcare) as described earlier (Fig. 3.2.) [31].  Briefly, 6 µL of E-selectin solution (1 mg/mL in 

PBS buffer) was diluted in 144 µL of sodium acetate buffer (immobilization buffer, 10 mM, pH 

5.0).  The protein solution (70 µL) was then injected into the channel 2 of a sensor chip CM5 that 

was pre-activated by 70 µL of a mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) and N-hydroxylsuccinimide (NHS).  After protein immobilization, the remaining reactive 

ester residues were blocked by the injection of 70 µL ethanolamine (pH 8.5).  The whole protein 

immobilization process was carried out at a flow rate of 5 µL/min using HBS-EP (GE Healthcare) 

as a running buffer.   

CM5 sensor chips with an immobilized shift of more than 8,000 resonance units (RU, 

approximately 8 ng/mm2 of surface presentation) were used for subsequent protein binding 

 

 

Figure 3.2. A SPR sensorgram of E-selectin immobilization on a CM5 sensor chip.  The 
amount of the immobilized protein on the sensor chip was determined by the difference in 
resonance unit before and after immobilization of E-selectin (d).  The sensor chips with the 
immobilized shift of more than 8,000 RU were used for subsequent binding analyses.  The 
immobilization process was performed by three steps: (a) activation of the CM5 sensor chip 
using a mixture of EDC and NHS; (b) injection of E-selectin; and (c) termination of the 
remaining reactive ester residues on the sensor chip using ethanolamine.	
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analyses (Fig. 3.2).  The protein-immobilized sensor chips were rinsed with PBS buffer (10 mM, 

running buffer) until a stable baseline  (equilibrium) was obtained, prior to the injection of the 

analytes.  To perform binding assays, 50 µL of CD24 or sLex in PBS buffer at a series of 

concentrations was injected into the two channels (channel 2 with E-selectin and channel 1 as 

reference) at a flow rate of 50 µL/min, which allowed the analytes to interact with the chip 

surface for 1 min, followed by flowing the running buffer for 5 min.  After obtaining the binding 

curves, the sensor chip surface was regenerated using Glycin-HCl (10 mM, pH 2.5 or pH 3.0) 

buffer for further experiments. To confirm that the response is a result of the specific interactions, 

the responses (in RU) from the channel 2 were subtracted by those from the channel 1, 

represented as differences in responses.  All sensorgrams were recorded from the start of the 

injection to the end of the dissociation phase, and were shifted to overlay at the same baseline 

resonance level.  All binding kinetics parameters were obtained by fitting a 1:1 binding model 

provided by the BIAevaluation software and represented as the mean value ± standard deviation 

from three independent measurements. 

 

3.2.4. Cell culture and treatments 

MCF-7 cells purchased from ATCC (Manassas, VA) were grown in DMEM media 

supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin in a humidified incubator 

at 37 °C and 5% CO2.  Prior to all flow-chamber experiments, MCF-7 cells at a concentration of 2 

× 105 cells/mL (5 mL) were pre-treated with 240 µg/mL of anti-IgG solution to prevent potential 

non-specific binding [32].  To block CD24 on the MCF-7 cell surface, 100 µL of anti-CD24 (0.5 

mg/mL) was added into the cell suspension and incubated for 15 min.  The final suspensions were 

kept on ice throughout the subsequent cell rolling experiments.  To investigate the effect of actin-

filament dynamics on the cell rolling behavior of MCF-7 cells, 5 mL of the cells at 2 × 105 

cells/mL was treated with 40 µM of cytoD for 60 min and were resuspended in the supplemented 

DMEM media for the flow chamber experiments [33, 34].  
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3.2.5. Preparation of CD24- and sLex-coated microspheres  

Recombinant human CD24 was used after dialysis (Slide-A-Lyzer® mini dialysis units 

with 10,000 MWCO, Thermo scientific, Rockford, IL) to remove impurities for high conjugation 

efficiency of the subsequent reaction with a biotin reagent.  The purified, recombinant CD24 

proteins were biotinylated using 10 mM EZ-Link® Sulfo-NHS-LC-Biotin (20-fold molar excess, 

Thermo scientific) for 2 hr on ice, and the biotinylated CD24 proteins were re-purified by dialysis 

using a Slide-A-Lyzer® mini dialysis unit.  Streptavidin-coated microspheres (104.8 µL, 1 × 107 

beads, 9.95 µm O.D., ProActive® microspheres, Bangs Laboratories, Inc, Fishers, IN) in 1% (w/v) 

bovine serum albumin (BSA) in PBS buffer (10 mM, Cellgro®, with 2 mM Ca2+) (BSA solution) 

were washed three times using a centrifuge at 10,000 rpm for 2 min.  The biotinylated CD24 (100 

nM) was conjugated to the microspheres in BSA solution by the spontaneous interaction between 

 

Figure 3.3. FACS histograms of PE fluorescence intensities from the various microspheres.  
The microspheres were treated with PE-conjugated anti-CD24 (blue), PE-conjugated anti-
IgG2a, k for an isotype control (green), or were untreated [red].  The significantly increased 
fluorescence intensity from the CD24-coated microspheres confirms that CD24 coating was 
performed successfully.	
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streptavidin and biotin after 1 hr of incubation at room temperature.  The coating of CD24 

molecules on microspheres was confirmed by flow cytometry (Fig. 3.3) using the same 

immunostaining condition for the confirmation of CD24 expression on MCF-7 cell using 

phycoerythrin (PE)-anti-CD24.  In parallel, sLex-coated microspheres were also prepared using 

the biotinylated sLex (100 nM) as previously described [35].  The density of CD24 and sLex on 

microspheres might not be exactly identical, but presumably very similar due to the reasons such 

as the same streptavidin density on microspheres and the similar efficiencies of biotinylation of 

CD24 and sLex.  For parallel flow chamber experiments, CD24 or sLex-coated microspheres were 

resuspended in 10 mL BSA solution (1 × 106 microspheres/mL).  To investigate potential 

 

 

Figure 3.4.  Time-course images of (a and b) nonfunctionalized microspheres and (c and d) 
CD24-coated microspheres without Ca2+ in buffer, both under shear stress of 0.08 dyn/cm2 on 
E-selectin-immobilized surfaces.  No interactions between the microspheres and the surfaces 
were observed in the either condition, indicating that non-specific interaction of the 
microspheres is minimal and the CD24/E-selectin interaction is Ca2+ dependent.  
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non-specific interactions of microspheres themselves with E-selectin, a flow-chamber experiment 

(described in detail below) was performed using non-functionalized microspheres, confirming 

that there is no non-specific binding (Fig. 3.4). 

 

3.2.6. Surface functionalization by immobilization of adhesive proteins 

A general scheme of the adhesive protein immobilization, along with the characterization 

of the surfaces, is described in our previous publication [20].  Briefly, 150 µL of each protein (E-

selectin or anti-EpCAM) at a concentration of 5 µg/mL in PBS buffer was added on an 

approximately 1 cm2 area of an epoxy functionalized glass slide defined by a 

polydimethylsiloxane (PDMS) gasket.  After incubation at room temperature for 4 hr with 

constant gentle shaking, the PDMS gasket was removed, and the whole slide surface was washed 

with PBS three times.  Potential non-specific binding of both protein-coated and uncoated regions 

was blocked by a final incubation with BSA solution.  Experiments using the functionalized 

surfaces were performed immediately.   

 

3.2.7. Flow chamber experiments 

Flow chamber experiments were also performed according to our previous report [20].  

The biofunctionalized glass slide, a gasket (30 mm (L) × 10mm (W) × 0.25 mm (D), Glycotech), 

and a rectangular parallel plate flow chamber (Glycotech) were assembled in line under vacuum.  

To observe cellular interactions, MCF-7 cell suspensions with or without anti-CD24 treatment as 

well as CD24- or sLex-coated microsphere suspensions were injected into the flow chamber at 

various flow rates (ranging from 50 to 200 µL/min) using a syringe pump (New Era pump 

Systems Inc., Farmingdale, NY).  Note that, in this flow chamber, 50 µL/min of flow rate is 

correspondent to 0.08 dyn/cm2 of a wall shear stress, 8 s-1 of a wall shear rate, and 20 µm/sec of 

near-wall non-adherent cell velocity according to the Goldman equation [36].  All cellular 

responses in the flow chamber were monitored using an Olympus IX70 inverted microscope (IX 
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70-S1F2, Olympus America, Inc., Center Valley, PA) and images were recorded using a 10× 

objective and a CCD camera (QImaging Retiga 1300B, Olympus America, Inc.).  Rolling 

velocities of cells and the functionalized microspheres on the immobilized proteins were 

measured, based on the images taken every second for 1 min in repetitive observations using 

ImageJ (NIH).  Cell rolling was defined when the rolling velocities were less than 50% of the free 

stream velocity (e.g. slower than 10 µm/sec at a flow rate of 50 µL/min).  In addition to the flow-

based experiments using the functionalized microspheres, the same number of CD24-coated 

microspheres (1 × 106 microspheres/mL in BSA solution) was incubated with each protein-

immobilized surface for 1 min and the number of protein-immobilized microspheres per 1 mm2 

that remained on the surface was counted after flowing PBS buffer for 1 min. 

 

3.3. RESULTS AND DISCUSSION 

We have previously reported MCF-7 cell rolling on immobilized E-selectin [20].  

However, as indicated, it was unclear which ligand was responsible for inducing the rolling 

behavior since the cells do not express any known ligands for E-selectin.  The purpose of this 

study was therefore to identify the ligand of MCF-7 cells.  Given that cells that maintain a high 

level of CD24 expression have enhanced invasive and adhesive properties which can potentially 

related to cancer metastasis [24, 28], we hypothesized that CD24 may mediate the rolling 

response of MCF-7 cells on E-selectin. 

 

3.3.1. Flow Cytometry Measurements of CD24 expression 

CD24 expression of MCF-7 cells was measured using a FACS.  The FACS histograms of 

the PE fluorescence intensities are shown in Fig. 3.1.  MCF-7 cells were divided into two groups 

based on CD24 expression; CD24-positive and CD24-negative subpopulations, which is 
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consistent with a previous report [37].  The CD24-positive subpopulation showed the strongest 

fluorescence intensity, indicating high expression of CD24.  The fluorescence intensity of the 

CD24- subpopulation was similar to that of the non-treated cells.  The anti-IgG2a,k-treated MCF-7 

cells exhibited a lower intensity than CD24+ group but higher than the untreated cells.  

 

 

 

Figure 3.5. SPR sensorgrams showing the binding curves of (a) CD24 and (b) sLex with the 
immobilized E-selectin.  The colored lines represent the raw data curves, and the solid black 
lines are simulated fitting curves using an 1:1 interaction model.  The arrows indicate the 
injection time of the analytes. 
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3.3.1. Direct measurements of binding kinetics using SPR 

For the first time to our knowledge, the binding kinetics of recombinant CD24 with E-

selectin was quantitatively measured using a direct binding assay by BIAcore® X.  A well-known 

ligand for E-selectin, sLex was also employed as a control.  The BIAcore® sensorgrams 

illustrating the binding interactions between the E-selectin-immobilized sensor chips and CD24 

or sLex are shown in Fig. 3.5, and all measured kinetic parameters are listed in Table 3.1.  Note 

that concentrations of the analytes (CD24 and sLex) used for the SPR measurements were 

optimized to achieve similar levels of resonance unit (RU) (preferably lower than 100) between 

sensorgrams.  The SPR measurements revealed that CD24 indeed bound to E-selectin.  The 

association rate constant (ka) and the dissociation rate constant (kd) were 3.8 × 105 M-1s-1 and 1.6 

× 10-3 s-1, respectively, and the dissociation constant (KD) of CD24 was 3.4 nM.  The binding 

parameters ka, kd, and KD of sLex were measured to be 7.9 × 104 M-1s-1, 5.6 × 10-3 s-1 and 78.3 nM, 

respectively.  While the kd values of CD24 and sLex were relatively similar, ka of CD24 was

 
Table 3.1. Quantitatively measured kinetic parameters of binding of CD24 and sLex with E-
selectin using SPR. 
 

Kinetic Parameters1 
Ligands 

CD24 sLex 

ka (× 104 M-1s-1) 37.9 ± 30.4 7.9 ± 2.6 

kd 
 (× 10-3 s-1) 1.6 ± 1.3 5.6 ± 0.8 

KA (× 107 M-1) 31.8 ± 6.5 1.4 ± 0.3 

KD (nM) 3.4 ± 0.7 78.3 ± 15.7 

1ka: association rate constant, kd: dissociation rate constant, KA: association constant, and KD: 
dissociation constant.  All the kinetic values were obtained by averaging three independent 
runs of SPR measurements, presented as averages ± standard deviations.   
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 higher than those of sLex by an order of magnitude.  Based on the ratio of the directly measured 

binding parameters, especially the dissociation constants, we have found that the binding affinity 

of CD24 with E-selectin is stronger than that of sLex by approximately 20 fold.   

 

3.3.2. Cellular responses on selectin- and anti-EpCAM-functionalized surfaces 

We then investigated how the measured binding parameters correlate with cell interactions 

with various proteins on surfaces under flow using a parallel plate flow chamber.  As shown in 

our previous report, no interactions were observed between MCF-7 cells and P-selectin [20].  

Although CD24 is known as a P-selectin ligand, it requires modification by mechanical enzymes 

to bind to P-selectin, which requires sLex decoration [22, 38].  This can explain the lack of 

interaction between sLex-deficient MCF-7 cells and P-selectin [20].  Fig. 3.6 shows the surface 

interactions of MCF-7 cells with E-selectin and anti-EpCAM.  The cell interactions with each of 

 

 

Figure 3.6. Time-course images of MCF-7 cells under shear stress of 0.08 dyn/cm2 on E-
selectin and anti-EpCAM-immobilized surfaces.  Untreated MCF-7 cells exhibit the rolling 
behavior on the E-selectin-coated surface at a velocity of 2.76 ± 0.16 µm/sec (a and b) while 
being stationary bound on the anti-EpCAM-coated surface (c and d).  Upon treatment with 
anti-CD24, the interaction of MCF-7 cells with E-selectin is disappeared (e and f) whereas the 
binding with anti-EpCAM is not affected (g and h).  Flow direction is from left to right.   
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the individual proteins in Fig. 3.6a-d were compared to those of the anti-CD24-treated MCF-7 

cells in Fig. 3.6e-h.  Images of the cells on each surface were taken at t = 0 s (a randomly chosen 

time to begin recording during the flow experiment) and at t = 5 s to observe any dynamic cell 

response such as cell rolling.  Untreated MCF-7 cells exhibited the rolling response on E-selectin 

and stationary adhesion on anti-EpCAM.  The average rolling velocity of MCF-7 cells was 2.8 ± 

0.2 µm/sec on E-selectin-immobilized slides at a wall shear stress of ~0.1 dyn/cm2.  Upon anti-

CD24 treatment, the rolling behavior of MCF-7 cells on E-selectin was completely interrupted 

(Fig. 3.6e and f), while the responses of MCF-7 cells on anti-EpCAM remained the same (Fig. 

3.6g and h), i.e. stationary binding with anti-EpCAM.  The directly measured binding kinetics 

between CD24 and E-selectin using Biacore, along with the ceased rolling of MCF-7 cells upon 

anti-CD24 treatment, confirms that CD24 is a mediator for the MCF-7 cell rolling.  

 

 

 
 

 
Figure 3.7. Preparation of CD24-coated microspheres.  a) biotinylation of recombinant human 
CD24, b) pre-washing of streptavidin-coated microspheres, c) purification of the biotinylated 
CD24 using dialysis, and d) incubation of the biotinylated CD24 with streptavidin-coated 
microspheres. 	
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3.3.3. Interactions of microspheres on the surfaces functionalized with E-selectin 

To assess if CD24 is solely responsible for binding and rolling of the MCF-7 cells, CD24-

coated microspheres were prepared for a flow-chamber experiment (Fig. 3.7).  Microspheres 

functionalized with sLex were also prepared according to the previous report and used as a control 

group [35].  The coating of CD24 on microspheres (10 µm in diameter) was also confirmed using 

FACS following the same method described above, as shown in Fig. 3.3.  The streptavidin-coated 

microspheres (negative control) showed the lowest fluorescence intensity, and the isotype control 

showed a slightly higher intensity than the negative control.  A significantly higher intensity was 

observed from the CD24-coated microspheres, indicating that CD24 was successfully 

immobilized on the microsphere surfaces.  Note that the streptavidin-immobilized microspheres  

(without CD24 or sLex) had no non-specific binding with immobilized E-selectin (Fig. 3.4a and 

b).    

CD24- and sLex-coated microspheres exhibited different behaviors on the E-selectin-

immobilized slides.  As shown in Fig. 3.8, CD24-coated microspheres exhibited stationary 

binding to E-selectin, whereas sLex-coated microspheres exhibited the stable rolling response on 

E-selectin at a velocity of 0.4 µm/sec, which is consistent with the previous report [35].  The 

stationary adhesion of CD24 microspheres as opposed to the dynamic rolling of sLex 

microspheres can be explained by the significantly higher affinity between CD24 and E-selectin 

than sLex-based binding by ~20 fold, as measured by SPR.  Additionally, in a Ca2+-deficient PBS 

buffer, the CD24 and sLex-coated microspheres did not bind to E-selectin (Fig. 3.4c and d), 

indicating that the interaction of both CD24 and sLex with E-selectin is Ca2+ dependent.   
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3.3.4. Actin filament dynamics for the cell rolling behavior  

Our results so far still remain a question why CD24-coated microspheres bind statically 

(Fig. 3.8) unlike MCF-7 cells that exhibit rolling (Fig. 3.6) on the E-selectin-immobilized surface.  

This may be explained by the role of intracellular dynamics of the live cells.  Given that actin 

filament dynamics are known to be involved in P-selectin-mediated rolling [39], we investigated 

the effect of the actin filaments on MCF-7 cell rolling.  CytoD is a cell permeable inhibitor of 

actin polymerization, resulting in disruption of actin network organization [40], which alters the 

rolling response of neutrophiles on P-selectin to the stationary adhesion [39].  MCF-7 cells were 

incubated with various concentrations of cytoD ranging from 10 to 40 µM for 30 min and 60 min, 

and the rolling velocity ratios (the velocity of treated cells to that of untreated cells on E-selectin) 

 
Figure 3.8. Time-course images of microspheres that are coated with (a and b) CD24 and (c 
and d) sLex under shear stress of 0.08 dyn/cm2 on E-selectin-immobilized surfaces.  CD24-
coated microspheres are statically bound on E-selectin-immobilized surface, but sLex-coated 
microspheres exhibit the rolling behavior on E-selectin (0.44 ± 0.02 µm/sec).  Flow direction 
is from left through right.   

	
  



 
	
  

66 

as a function of shear stress were measured.  After treating the cells with cytoD at a concentration 

of 40 µM for 60 min, the rolling velocity was significantly reduced to less than half of that of 

untreated cells (Fig. 3.9), suggesting that actin filament dynamics play a role in the rolling 

process.  Intracellular dynamics are known to be involved in various cellular interactions with 

adhesive molecules.  Actin filament polymerization is one of the factors that affect cell 

morphology [33] and cellular behaviors (e.g. cell migration [41]) and intercellular interactions 

between cancer cells and endothelial cells [42]).  In our experiments, cytoD-treated MCF-7 cells 

exhibited an increased adhesion, i.e. the decreased rolling velocities (Fig. 3.9).  Therefore, actin 

 

 
Figure 3.9. Ratios of rolling velocities of cytoD-treated MCF-7 cells to those of untreated 
cells on E-selectin-immobilized surfaces.  MCF-7 cells were treated with 40 µM of cytoD for 
30 min.  The dotted red line (ratio 1) indicates the rolling velocity of the untreated MCF-7 
cells.  Note that the rolling velocities of the treated MCF-7 cells are significantly reduced in a 
shear stress independent manner.   Error bars: standard error (n=120). 
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filament dynamics could be one factor that can control the intercellular interactions, which could 

explain the different behavior of the CD24-coated microspheres from MCF-7 cells with E-

selectin.  This can be further supported by the case of human colorectal carcinoma cells (HT-29), 

where it was reported that the adhesion between cells and the adhesive molecules became tight 

under dynamic condition after disruption of actin filaments [42].   

 

3.4. SUMMARY 

In summary, this chapter reports the specific interaction between CD24 and E-selectin, 

which is confirmed by: i) the direct measurements of the binding kinetics of CD24 by SPR (Fig. 

3.5); ii) the observed interruption of rolling of MCF-7 cells upon treatment with anti-CD24 (Fig. 

3.6); and iii) the specific binding of CD24-coated microspheres on E-selectin (Fig. 3.8 and 3.9).  

The identification of CD24 as a ligand for E-selectin will help to better understand the adhesion 

and invasion mechanisms of potentially metastatic cancer cells.  For example, using CD24-

mediated cell rolling on E-selectin-immobilized devices, CD24-positive and negative cancer cells 

may be separated without staining based on different binding and rolling behaviors that are 

reflected by CD24 expression.  Further, in a similar way to several publications [43, 44], CD24- 

and sLex-coated microspheres may be utilized to inhibit E-selectin-mediated cell adhesion (cell 

migration antagonists), which can be potentially used as treatment of inflammatory diseases and 

metastatic cancer.   
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CHAPTER 4 

DENDRIMER-MEDIATED MULTIVALENT BINDING FOR ENHANCED 

CAPTURE OF TUMOR CELLS 

 

4.1. INTRODUCTION 

Multivalent binding, the simultaneous binding of multiple ligands to multiple receptors, 

has played a central role in a number of pathological processes, including the attachment of viral, 

parasitic, mycoplasmal, and bacterial pathogens [1-3].  These biological activities have been 

extensively investigated to promote targeting of specific cell types [4-8], and biological 

multivalent inhibitors have yielded significant increases in binding avidities by 1-9 orders of 

magnitude [9-11].  In particular, nano-scale poly(amidoamine) (PAMAM) dendrimers have been 

reported to be an excellent mediator for facilitated multivalent effect due to their capability to 

pre-organize/orient ligands and easy deformability of the polymer chains [4].   

PAMAM dendrimers have not been used only as a nanocarrier in a drug delivery system, 

but also as a scaffold to enhance the surface properties, such as stability and sensitivity, for DNA 

microarray and for cell culture in vitro [12-15].  For example, the PAMAM dendrimer-

immobilized microarray mediates higher immobilization efficiency of amino-modified DNA-

oligomers by 10-fold, up to 9-fold higher detection sensitivity of the target oligonucleotides from 

the solution, and a remarkable high stability during up to 10-time regeneration, than with other 

DNA microarrays [12].  The PAMAM dendrimer-immobilized surfaces also enhance the cell 

adhesion onto the treated surfaces, resulting to a promising scaffold to culture cells in vitro in 

tissue engineering [14].  However, no research that used dendrimer-immobilized surfaces to 

capture whole cells has been reported. 
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We hypothesized that the advantages of enhanced binding avidity through dendrimer-

mediated multivalent effect could significantly improve detection of human disease-related rare 

cells (<0.1% subpopulation) such as circulating tumor cells (CTCs) in peripheral blood.  Given 

the extreme rareness of CTCs (as few as one out of a billion hematologic cells), a very sensitive, 

specific detection is obviously necessary to achieve clinically significant CTC detection.  Many 

efforts to increase sensitivity of CTC devices have been reported, mostly based upon engineering, 

such as topographical modifications [16, 17] and chaotic mixer fluidics [18, 19].  

In this chapter, we have investigated a new approach to exploit naturally occurring 

processes using nanotechnology, i.e., biomimetic nanotechnology.  To create a highly sensitive 

surface utilizing the multivalent effect, we have employed generation 7 (G7) PAMAM 

dendrimers and anti-epithelial-cell-adhesion-molecule (aEpCAM), as illustrated in Fig. 4.1.  Note 

that aEpCAM is one of the most commonly used CTC capturing agents [16, 18, 20] as EpCAM is 

often expressed by CTCs but not by normal hematological cells [17, 21, 22].  G7 PAMAM 

dendrimers were chosen due to their adequate size (8-10 nm in diameter) and number of surface 

functional groups (512 theoretically) to accommodate multiple aEpCAM (around 5.5 nm in 

 

Figure 4.1. Schematic illustration and fluorescence images of tumor cell capture using 
aEpCAM on a) dendrimer (a)- and b) linear polymer-immobilized surfaces.   
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diameter of Fc region) per dendrimer, thereby enabling multivalent binding.  In addition, another 

physiological process cell rolling mediated by E-selectin, mimicking the initial CTC recruiting 

process to the endothelia [23, 24], has been also implemented to our device to further enhance 

surface sensitivity and specificity towards tumor cells. 

 

4.2. MATERIALS AND METHOD 
4.2.1. Materials 

PAMAM dendrimer (Generation 7, theoretical MW 116,488 Da), Deuterium Oxide (99.9 

atom % D, D2O), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-

hydroxysuccinimide (NHS) were obtained from Sigma-Aldrich (St. Louis, MO) and used without 

further purification.  All other chemicals, unless otherwise specified, were also purchased from 

Sigma-Aldrich and used without further purification. 

 

4.2.2. Synthesis of G7 PAMAM Dendrimer Derivatives 

The synthetic steps of dendrimer derivatives were performed using a slightly modified 

protocol from previous publications [4, 25], as illustrated in Figure 4.2.  

 

4.2.2.1. Carboxylation of G7 PAMAM dendrimers 

G7 PAMAM dendrimers (G7-(NH2)512) were first purified by ultracentrifugation using an 

Amicon® Ultra (MWCO = 50,000, Millipore, Billerica, MA) as described earlier [4, 25].  The 

purified G7 PAMAM dendrimers were partially carboxylated, in order to use the carboxylic ends 

and the remaining amine ends for aEpCAM conjugation and surface immobilization, respectively.  

Briefly, G7-(NH2)512 (56 mg, 0.48 µmol) were dissolved in 2 mL DMSO, and reacted with 24.6 

mg succinic anhydride (245.6 µmol, 1:1 molar ratio) under vigorous stirring overnight.  For 

completely carboxylated G7 dendrimers (G7-(COOH)512), ten times excess molar ratio of 
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succinic anhydride (66 mg, 660 µmol) was added to G7-(NH2)512 (15 mg, 128.8 nmol) in 2 mL 

DMSO.  The resulting G7-(COOH)512 were dialyzed in deionized distilled (DDI) water for two 

days to remove the unreacted succinic anhydride as well as organic solvent, and obtained as 

powder by lyophilization (Labconco FreeZone 4.5 system (Kansas City, MO)).  The partially 

carboxylated dendrimers (G7-(COOH)461) were further reacted with fluorecein isothiocyanate 

(FITC) and aEpCAM as described in the following sections.  The completely carboxylated 

dendrimers were used to make the dendrimer-aEpCAM conjugates for the subsequent SPR 

measurements. 

 

4.2.2.2. Conjugation of fluorescein to dendrimers 

To employ fluorescence-based techniques for confirmation of the dendrimer 

immobilization on the surfaces, fluorescein-conjugated dendrimers (G7-(COOH)461-(FITC)2) 

were synthesized through reaction between partially carboxylated dendrimers and FITC [6].  G7-

 

Figure 4.2. Surface modification and functionalization of G7 PAMAM dendrimers.  a) 
starting G7 PAMAM dendrimer with primary amine end groups (G7-(NH2)512); b) partially 
carboxylated G7 PAMAM dendrimer (G7-(COOH)461); c) completely carboxylated G7 
PAMAM dendrimer (G7-(COOH)512); d) G7-FITC conjugate (G7-(COOH)461-(FITC)2); and e) 
G7-aEpCAM conjugate (G7-(COOH)512-n-(aEpCAM)n, n = 2.8 or 4.9). 
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(COOH)461 (24 mg, 0.2 µmol) were dissolved in 2 mL of DMSO, and reacted with 1.4 mg FITC 

(3.6 µmol) under vigorous stirring overnight.  The FITC-conjugated dendrimers were recovered 

from DMSO solution via dialysis against DDI water for two days, followed by lyophilization. 

 

4.2.3. Synthesis of Dendrimer-aEpCAM Conjugates 

To measure binding kinetics of free aEpCAM and the dendrimer-aEpCAM conjugates 

using SPR, two dendrimer conjugates at different molar ratios of aEpCAM were prepared.  The 

completely carboxylated dendrimers (0.01 mg, 86 pmol) were dissolved in 2 mL PBS buffer, and 

the carboxylic ends of the dendrimers were activated using EDC (920 ng, 4.3 nmol, 50 molar 

excess) and NHS (940 ng, 4.3 nmol, 50 molar excess) for 1 hr.  The activated dendrimers were 

divided into two vials, and each was reacted with aEpCAM at 204 pmol (4.8 molar excess) and at 

102 pmol (2.4 molar excess), respectively, under vigorous stirring overnight.  The dendrimer-

aEpCAM conjugates were purified by dialysis (Slide-A-Lyzer® mini dialysis units with 10,000 

MWCO, Thermo scientific, Rockford, IL) in DDI water overnight and lyophilized [4, 25]. 

 

4.2.4. SPR Measurements of Free aEpCAM and the Dendrimer-aEpCAM Conjugates 

Recombinant human EpCAM/TROP1 Fc chimera (EpCAM) was purchased from R&D 

systems (Minneapolis, MN).  BIAcore® X instrument (GE Healthcare, Pittsburgh, PA) was used 

for quantitative and direct measurements of the binding kinetics of free aEpCAM and the 

dendrimer-aEpCAM conjugates to EpCAM at 25°C.  EpCAMs were immobilized on CM5 sensor 

chips (GE Healthcare) using the amine coupling kit (GE Healthcare) as described earlier [26].  

Briefly, 0.2 µL of EpCAM stock solution (1 mg/mL in PBS) was diluted in 149.8 µL of sodium 

acetate buffer (immobilization buffer, 10 mM, pH 5.0).  The protein solution (40 µL) was then 

injected into the channel 2 of a sensor chip CM5 that was pre-activated by 70 µL of a 1:1 mixture 

of EDC and NHS.  The remaining reactive ester residues were blocked by the injection of 70 µL 
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ethanolamine (pH 8.5).  All protein immobilizations were carried out at a flow rate of 5 µL/min 

using HBS-EP buffer.   

Prior to the binding assays between EpCAM and free aEpCAM or the dendrimer-

aEpCAM conjugates, 80 µL of the completely carboxylated dendrimers (a negative control) in 

HBS-EP buffer at a concentration of 43 nM were injected into the two channels (channel 2 with 

EpCAM and channel 1 as reference) at a flow rate of 30 µL/min.   

The binding kinetic parameters of the dendrimer-aEpCAM conjugates (G7-(aEpCAM)2.8 

and G7-(aEpCAM)4.9) with surface-immobilized EpCAM were measured using BIAcore® X and 

compared to those of free aEpCAM using a similar protocol as we previously described [4, 26].  

All SPR measurements were performed at 25 ºC.  Free aEpCAM and the dendrimer-aEpCAM 

conjugates (G7-(aEpCAM)2.8 and G7-(aEpCAM)4.9) were diluted at a series of concentrations (6-

170 µg/mL) using HBS-EP buffer.  As described above, 80 µL of free aEpCAM or dendrimer-

aEpCAM conjugates were injected into the two channels at a flow rate of 30 µL/min at 25 °C.  

After obtaining the binding curves, the sensor chip surface was regenerated using Glycin-HCl (10 

mM, pH 2.0 or pH 2.5) buffer for further experiments.  All sensorgrams were recorded from the 

start of the injection to the end of the dissociation phase, and were shifted to adjust the baseline 

resonance level.   

 

4.2.5. Preparation of Dendrimer-aEpCAM-immobilized Surfaces 

Three different types of surfaces were functionalized by conjugation with aEpCAM: i) 

epoxy-functionalized surfaces; ii) PEGylated surfaces; and iii) G7 PAMAM dendrimer-

immobilized surfaces.  Briefly, an epoxy-functionalized glass slide ((SuperEpoxy2®, TeleChem 

International, Inc (Sunnyvale, CA)) was defined as 5 mm (L) × 5 mm (W) by a 

polydimethylsiloxane (PDMS) gasket, followed by direct conjugation with aEpCAM [23].  For 

PEGylated surface, the epoxy surface defined by PDMS were incubated with PEG (NH2-
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(PEG)5000-COOH, Nektar Therapeutics (Huntsville, AL)) at a concentration of 0.5 µg/mL in DDI 

water, followed by conjugation with aEpCAM after activation using 1:1 mixture of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) for 1 hr.  The 

dendrimer-coated surfaces were prepared on the PEGylated surfaces.  After activation of 

carboxylic termini of PEG using 1:1 mixture of EDC/NHS, partially carboxylated G7 PAMAM 

dendrimers (50 µM in PBS buffer (pH 9.0)) were immobilized on the surface [17].  The 

dendrimers immobilized on the surface were then activated using EDC/NHS, followed by 

conjugation with aEpCAM.  For aEpCAM conjugation on all surfaces, a concentration of 5 

µg/mL in PBS and overnight incubation were used.  For investigation on the combination effect 

of cell rolling and multivalent effect, all three EpCAM-coated surfaces were further treated with 5 

µg/mL of E-selectin (R&D system) in PBS for 4 hrs.  All surface functionalization reactions were 

carried out at room temperature with constant gentle shaking.  The volumes of all reagent 

solutions were fixed at 40 µL, and the surfaces between each step were washed with DDI water 

three times to remove the extra reagents from the surfaces.  Potential non-specific binding on the 

surfaces was blocked by 1% (w/v) BSA solution.  The functionalized surfaces were immediately 

used for subsequent experiments or stored at 4 ºC no longer than 1 week before use. 

 

4.2.6. Characterization of Dendrimer-aEpCAM-immobilized Surfaces 

The immobilization of dendrimers and aEpCAM on the surface was confirmed by 

fluorescence intensity analysis using fluorescein-conjugated dendrimers and monoclonal human 

EpCAM-allophycocyanin (aEpCAM-APC) and X-ray photoelectron spectroscopy (XPS).     

Surface immobilization of dendrimers and free aEpCAM was confirmed by fluorescence 

intensity analysis.  A general process of the surface characterization was described in our 

previous report [23].  The presence of dendrimers on the surface was confirmed by observing 

green fluorescence from FITC-conjugated dendrimers.  Monoclonal human EpCAM-
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Allophycocyanin (aEpCAM-APC, red fluorescence) was used instead of non-fluorescent 

aEpCAM to visualize the immobilized aEpCAM by fluorescence.  All slides were then covered 

using Vectashield® mounting medium (Vector laboratories, Inc., Burlingame, CA), and air 

bubbles in the mounting medium were gently removed by applying pressure to the cover slides.  

The fluorescence images were taken using an Olympus IX70 inverted microscope using a 10× 

objective and filters for FITC (450 nm excitation and 535 nm emission) and APC (560 nm 

excitation and 645 nm emission).  For each image, 5 regions of equal size were randomly selected, 

and the total pixel intensity values within these regions were acquired using ImageJ (NIH).   

The functionalized surfaces were characterized using XPS as described in our previous 

report [23].  Axis 165 X-ray photoelectron spectrometer (Kratos Analytical, Manchester, U.K.) 

equipped with a monochromatic AlKα source (hv = 1486.6 eV, 150W) and a hemispherical 

analyzer was used.  The % mass concentrations were obtained from high-resolution spectra of the 

C 1s, O 1s, N 1s, and S 2p regions at an X-ray irradiating angle of 30° with pass energy of 80 eV 

and a step size of 0.5 eV, carried on 5 scans per spectrum. 

 

4.2.6. Cell culture and Cell treatment 

All cell lines were purchased from ATCC (Manassas, VA).  MCF-7 cells were cultured in 

DMEM media supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin (P/S) in a 

humidified incubator at 37 °C and 5% CO2.  HL-60 cells were grown in IMDM media 

supplemented with 20% (v/v) FBS and 1% (v/v) P/S under same conditions of incubation for 

MCF-7 cells.  MDA-MB-231 and MDA-MB-361 cells were cultured in Leibovitz’s L-15 media 

supplemented with 1% (v/v) P/S and 10 or 20% (v/v) FBS, respectively, in a humidified 

incubator at 37 °C without CO2.  Prior to the various cell experiments, 5 mL of cell suspensions at 

a concentration of 106 cells/mL were seeded into 25cm2 T flask one day before the experiment.  

The seeded cells were treated with 4 µM Calcein AM in PBS in the incubator for 30 min to 



 80 

fluorescently label viable cells for cell experiments.  The Calcein AM-labeled cells were 

trypsinized to create cell suspensions at a concentration of 106 cells/mL in PBS.  The final 

suspensions were kept on ice throughout the subsequent cell experiments. 

 

4.2.6. Cell adhesion on the functionalized surfaces under static agitation 

A dendrimer-immobilized surface and a PEGylated surface were located vertically within 

one PDMS gasket (15 mm (L) × 10 mm (W), Fig. 4.1), and treated with aEpCAM simultaneously 

under the same condition.  The defined surfaces were then incubated with cell suspensions (250 

µL of 106 cells/mL in PBS buffer) at 37 ºC, under 5% CO2 for MCF-7 and 0% CO2 for MDA-

MB-361 and 231 cells, for 10 min.  For the regression assay, 10-1000 of Calcein AM-labeled 

MDA-MB-361 cells in 40 µL of PBS buffer with HL-60 cells (0 or 107 cells per each surface) 

were applied on each functionalized surface defined by a PDMS gasket (5 mm (L) × 5 mm (W)).  

After removing non-adhered cells, the surfaces were placed on a petri dish with grid, and 30 

sequential images of each functionalized surface were taken under a fluorescent light (ex. 490 

nm/em. 520 nm) to count the numbers of the bound tumor cells.  To observe the binding stability 

between the cells and the surfaces, the cells adhered on the surfaces were counted at 0, 1, 2, 5, 10 

and 30 min time points during static agitation using a plate shaker at 600 rpm at room 

temperature. 

All cells on the surface were monitored and the images were recorded at 10X 

magnification using an Olympus IX70 inverted microscope equipped with a fluorescence 

illuminator (IX 70-S1F2, Olympus America, Inc., Center Valley, PA) and a CCD camera 

(QImaging Retiga 1300B, Olympus America, Inc.).  The cells bound on the surfaces in the 

images were counted using ImageJ (NIH).  The measured recovery yields of the dendrimer-

immobilized surfaces were statistically analyzed by comparing to those of the PEGylated surfaces 
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using one-factor ANOVA (SPSS software, Chicago, IL) with 95% simultaneous confidence 

intervals. 

 

4.2.7. Surface Characterization after E-selectin Treatment by Immunostaining 

Surface functionalization by E-selectin and non-fluorescent aEpCAM was confirmed 

using monoclonal anti-E-selectin-fluorescein (aE-selectin-fluorescein, green fluorescence, R&D 

system).  A general process of the surface characterization is described in our previous report [23], 

and again in the section 4.2.6 (Characterization of Dendrimer-aEpCAM-immobilized Surfaces).  

The fluorescence intensities of the surfaces were summarized with images after normalization 

using the intensities of a positive control (E-selectin-immobilized epoxy functionalized surfaces).   

 

4.2.8. Flow chamber experiments for cell binding strength comparison under flow 

All three functionalized surfaces, i.e., epoxy-functionalized, PEGylated, and dendrimer-

immobilized surfaces (defined by a 5 mm (L) × 5 mm (W) PDMS gasket for each), were prepared 

on one glass slide, followed by aEpCAM conjugation using the same condition as above.  The 

functionalized glass slide along with a gasket (30 mm (L) × 10mm (W) × 0.25 mm (D)) was 

assembled into a flow chamber [23].  Calcein AM-labeled cell suspensions (all three cell lines) at 

a concentration of 105 cells/mL were injected at a flow rate of 50 µL/min (0.08 dyn/cm2) using a 

syringe pump (New Era Pump Systems Inc., Farmingdale, NY).  The numbers of the bound cells 

on the functionalized surfaces were counted under fluorescence after the injection step consisting 

of forward flow (injection) for 5 min, backward flow (withdrawal) for 5 min, and PBS washing 

for 1 min.  To observe the differences in cell binding stability among the surfaces, the numbers of 

the remaining cells on the surfaces were monitored after 5 min washing at a flow rate of 500 

µL/min (0.8 dyn/cm2). 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Characterization of dendrimer derivatives 

Chemical structures of all dendrimer derivatives were confirmed by 1H NMR in D2O using 

 

Figure 4.3. 1H NMR spectra of various dendrimer derivatives.  a) starting G7 PAMAM 
dendrimer with primary amine end groups (G7-(NH2)512); b) partially carboxylated G7 PAMAM 
dendrimer (G7-(COOH)461); c) completely carboxylated G7 PAMAM dendrimer (G7-
(COOH)512); and d) G7-FITC conjugate (G7-(COOH)461-(FITC)2).  Inset spectrum is the 
enlarged characteristic peaks of FITC. 
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a 400 MHz Bruker DPX-400 spectrometer (Bruker BioSpin Corp., Billerica, MA) as shown in 

Fig. 4.3.  The number of FITC molecules per dendrimer was calculated by fitting the fluorescence 

intensity measurements of the dendrimer-FITC conjugates to a standard curve of free FITC 

solution in DMSO using a SpectraMAX GeminiXS microplate spectrofluorometer (Molecular 

Devices, Sunnyvale, CA) as described earlier [4, 27].  From 1H NMR and fluorescence 

measurement of fluorescein, it was confirmed that approximately two fluorescein molecules were 

conjugated per dendrimer (G7-(COOH)461-(FITC)2).  In addition, particle size (diameter, nm) and 

surface charge (zeta potential, mV) of the dendrimer derivatives were measured by quasi-elastic 

laser light scattering using Nicomp 380 Zeta Potential/Particle Sizer (Particle Sizing Systems, 

Santa Barbara, CA) as summarized in Table 4.1.  As the degree of carboxylation increased, the 

surface charge of the dendrimer derivatives became more negative in aqueous solution.   

 

4.3.2. Characterization of dendrimer derivatives 

A series of free aEpCAM solutions (50, 100, 250, and 500 µg/mL) in HBS-EP buffer (a 

running buffer for the SPR mesurement, GE Healthcare, Pittsburgh, PA) was prepared and used 

to create a standard curve for the UV/Vis measurements.  The standard solutions and the 

recovered dendrimer-aEpCAM conjugates (0.25 mL) in HBS-EP were characterized using a 

NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE).  The completely 

carboxylated dendrimers (43 nM) showed no absorption at 220 nm (Fig. 4.4), which was used as 

Table 4.1. Size and zeta potential of the dendrimer derivatives. 

 Size (nm) ζ potential (mV) 

G7-(NH2)512 8.0 ± 0.7  13.6 ± 1.3  

G7-(COOH)461 8.9 ± 1.8  -6.6 ± 3.5  

G7-(COOH)512 6.8 ± 0.9  -7.4 ± 2.2  

G7-(COOH)461-(FITC)2 10.4 ± 1.7  -18.8 ± 1.9  

Date presented as average ± standard deviation (n = 3). 
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an indicator of the presence of aEpCAM.  Based on the linear curve of free aEpCAM at 220 nm, 

the numbers of the conjugated aEpCAM molecules per dendrimer were calculated to be 2.8 and 

4.9 molecules in each conjugate (G7-(aEpCAM)2.8 and G7-(aEpCAM)4.9, respectively) (Fig. 4.4).  

The dendrimer-aEpCAM conjugates were immediately used or stored at -20 ºC for the subsequent 

SPR measurements. 

 

4.2.3. SPR Measurements of Free aEpCAM and the Dendrimer-aEpCAM Conjugates 

To investigate the dendrimer-mediated multivalent binding, we directly measured the 

binding behaviors of the G7-aEpCAM conjugates using surface plasmon resonance (SPR).  G7 

PAMAM dendrimers were carboxylated and conjugated with aEpCAM, which was confirmed by 

1H NMR and size/zeta potential analyses (Fig. 4.3 and Table 4.1).  The UV analysis revealed that 

2.8 and 4.9 aEpCAM molecules were conjugated per dendrimer, resulting in G7-(aEpCAM)2.8 

and G7-(aEpCAM)4.9, respectively.  The binding parameters of the G7-aEpCAM conjugates to 

EpCAM-immobilized sensor chips were recorded and compared to those of free aEpCAM.  CM5 

 

Figure 4.4. UV spectra of free aEpCAM solutions, completely carboxylated dendrimers, and 
dendrimer-aEpCAM conjugates.  The amount of aEpCAM in each sample was determined by 
UV absorption at 220 nm. 
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sensor chips with an immobilized shift of around 2,000 resonance units (RU, approximately 2 

ng/mm of surface presentation) were used for subsequent binding analyses (Fig. 4.5).  The 

protein-immobilized sensor chips were rinsed with HBS-EP buffer until a stable baseline was 

obtained, prior to the injection of analytes.  The completely carboxylated dendrimers without 

aEpCAM conjugation (a negative control) showed no noticeable binding as shown in Fig. 4.6, 

indicating that there are no non-specific interactions between the carboxylated dendrimers and 

EpCAM immobilized on sensor chips (Fig. 4.6).  The carboxylated G7 PAMAM dendrimers 

without aEpCAM showed no non-specific binding, assuring that the observed binding events of 

the G7-aEpCAM conjugates are results of specific EpCAM-aEpCAM interactions.  

  

 

Figure 4.5. A representative SPR sensorgram of EpCAM immobilization on a CM5 sensor 
chip.  The amount of immobilized protein on the sensor chip was determined by the difference 
in resonance unit before and after immobilization of EpCAM (d)).  The sensor chips with 
immobilized shift of around 2000 RU were used for subsequent binding analyses.  The 
immobilization process was performed by three steps; a) activation of CM5 sensor chip using 
a mixture of EDC and NHS; b) injection and binding of EpCAM; and c) removal of loosely 
bound EpCAM and deactivation of remaining reactive ester residues on the sensor chip using 
ethanolamine. 
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The SPR sensorgrams (Fig. 4.7) were used to obtain the quantitative binding kinetic 

parameters, such as association rate constant (ka) and dissociation rate constant (kd) (Table 4.2).  

All sensorgrams shown in Fig. 4.7 represent the response differences, i.e., the responses from 

channel 2 (with EpCAM) subtracted by those from channel 1 (reference), to confirm that the 

observed binding is a result of the specific interactions.  The colored lines represent the raw data 

curves, and the solid black lines are simulated fitting curves using an 1:1 interaction model 

provided by the BIAevaluation software (Fig. 4.7).  Dissociation constants (KD) were calculated 

from the measured ka and kd (KD = kd/ka = 1/KA), where a lower value of KD corresponds to a 

stronger binding strength.  Based on the simulated fitting curves (Chi2 value < 3.0), all binding 

kinetics parameters, including Ka and Kd, were obtained (Table 4.2). 

As listed in Table 4.2, the dendrimer conjugates show significantly lower KD values than 

free aEpCAM. The changes in the dissociation constants can be expressed by the multivalency 

parameter β [2, 4]. 

 

Figure 4.6. A binding sensorgram of completely carboxylated G7 dendrimers.  The 
completely carboxylated G7 dendrimers without aEpCAM do not exhibit any non-specific 
binding with an  EpCAM-immobilized sensor chip.   
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        [Eq. (1)]  

In Equation (1), Kmono is the dissociation constant of free aEpCAM (Kmono = 7.3 × 10-7 M), 

and N is the number of ligands (2.8 and 4.9) per dendrimer.  The dissociation constants of the 

conjugates with multiple aEpCAMs, 𝐾!!"#$%, were measured to be  𝐾!.!!"#$% = 3.5 × 10-8 M and 

𝐾!.!!"#$% = 5.8 × 10-13 M, providing the β values of 21.01 and 1.26 × 106, respectively.  The 

phenomenal increase in binding avidity of G7-(aEpCAM)4.9 by approximately a million-fold is 

largely due to the exponential decrease in kd, which is typical for multivalent binding [4].  

 

 

Figure 4.7. SPR sensorgrams of aEpCAM and dendrimer-aEpCAM conjugates using 
EpCAM-immobilized sensor chips. a) free aEpCAM; b) G7-(aEpCAM)2.8; and c) G7-
(aEpCAM)4.9. 

 

monomulti KK =
N

β
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4.3.4. Characterization of Dendrimer-aEpCAM-immobilized Surfaces 

The immobilization of dendrimers and aEpCAM on the surface was confirmed by 

fluorescence intensity analysis using fluorescein-conjugated dendrimers and monoclonal human 

EpCAM-allophycocyanin (aEpCAM-APC) and X-ray photoelectron spectroscopy (XPS). 

 

Table 4.2. Kinetic parameters for binding of free aEpCAM and the G7-aEpCAM conjugates 
to EpCAM measured by SPR 

 
 Kinetic parameters 

β[a] 
 ka (Ms-1) kd (s-1) KA (M-1) KD (M) 

Free aEpCAM 131 1.0×10-4 1.4×106 7.3×10-7 - 

G7-(aEpCAM)2.8 5.2×104 1.3×10-4 2.8×108 3.5×10-8 21.0 

G7-(aEpCAM)4.9 1.2×105 7.3×10-8 1.8×1012 5.8×10-13 1.3×106 

All kinetic values were obtained by averaging at least three independent runs of SPR 
measurements. [a]The multivalency parameter β. 
 

 

Figure 4.8. Surface characterization using fluorescence intensity analysis.  Fluorescence 
images of functionalized surfaces treated with a) and b) IgG; c) and d) FITC-dendrimer; e) and 
f) aEpCAM-PEG; and g) and h) aEpCAM and FITC-dendrimer.  Note that green and red 
fluorescences come from fluorescein-conjugated dendrimer and aEpCAM-APC, respectively.  
Immunostaining results of surfaces show that dendrimer and aEpCAM are immobilized onto 
the glass substrate as designed.  Note that all the fluorescence intensities are normalized based 
on the intensities measured on the control surfaces with IgG.  Error bars: standard deviation 
(n=15). 
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Surface immobilization of dendrimers and free aEpCAM was confirmed by fluorescence 

intensity analysis, as shown in Fig. 4.8.  The epoxy-functionalized glass slide treated with IgG 

was used as a negative control, and the intensities obtained from all functionalized slides were 

normalized by the average intensity values of the negative control to make all numbers semi-

quantitative.  The measured fluorescence intensities of each fluorophore dictate the surface 

functionalization, thus dendrimer-immobilized surface is a good platform to immobilize more 

aEpCAM (2 fold greater than other substrates) on the surface.  

The immobilization of aEpCAM and dendrimer was quantitatively confirmed by an 

increase in carbon and nitrogen compositions and decreased silicon detection in the underlying 

glass substrate, as measured by XPS analysis (Table 4.3).  Because PEG and dendrimer both 

have amine termini, nitrogen compositions of the surfaces were slightly increased after 

PEGylation and dendrimer immobilization, before aEpCAM treatment.  The measured nitrogen 

content corresponds to the degree of protein coverage on the glass surface, which is confirmed by 

the significant increase in nitrogen and decrease in silicon compositions when aEpCAM was 

immobilized. 

 

 

 

Table 4.3. Surface characterization using XPS.  Atomic compositions of surfaces 
functionalized with aEpCAM were measured by XPS. 

 

Mass 
concentration % 

Untreated PEG Dendrimer PEG-
aEpCAM 

Dendrimer-
EpCAM  

C(%) 11.3 26.0 27.7 39.1 41.6 
O(%) 59.7 54.2 51.8 40.9 38.2 
N(%) 0.0 0.4 0.9 4.2 4.7 
Si(%) 29.0 19.4 19.5 15.8 15.5 
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4.3.5. Tumor Cell Adhesion of Various Functionalized Surfaces under Static Conditions 

To translate the multivalent binding benefit to enhanced tumor cell capture on surfaces, 

aEpCAM was covalently immobilized to G7 PAMAM dendrimer-coated surfaces and using a 

similar method described earlier [4].  The cell adhesion of the dendrimer surfaces was compared 

to that of the linear polymer poly(ethylene glycol) (PEG)-immobilized (PEGylated) surfaces.  

Three breast cancer cell lines, MDA-MB-361, MCF-7, and MDA-MB-231 cells were employed 

as CTC models.  The comparison analysis using the cancer cells (Fig. 4.9a) showed that the 

dendrimer-immobilized surfaces induced substantially more cells to be bound than the PEGylated 

surfaces for all three cell lines.  

We also observed that dendrimer-coated surfaces accommodate more aEpCAM to be 

immobilized than the PEGylated surfaces do, even under the identical protein immobilization 

condition.  This is an additional advantage of using dendrimers.  However, it is possible that the 

 

 
Figure 4.9. Enhanced cell adhesion and binding stability on the dendirmer-coated surfaces 
under static conditions. a) The ratios of the numbers of the bound cancer cells on the 
dendrimer-immobilized surfaces to those on the PEGylated surfaces. Error bars: standard error 
(n > 3). b) Dissociation kinetics of MDA-MB-361 cells on the dendrimer-immobilized 
surfaces and the PEGylated surfaces. The dendrimer-immobilized surfaces significantly 
increase the fraction of remaining cells on the surfaces upon static agitation as compared to the 
PEGylated surfaces even after reducing the amount of aEpCAM added. Error bars: standard 
error (n=3). c) Recovery yields of the captured MDA-MB-361 cells using various numbers 
(10, 20, 200, and 1,000) of the cells spiked with and without HL-60 cells. Significant 
improvements of the dendrimer surfaces were observed when either 103 of cancer cells were 
applied or the cells were mixed with HL-60 cells (107 cells per surface). Error bars: standard 
error (n=3). Asterisks indicate p < 0.05. 
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observed enhancement in tumor cell capturing is simply due to the increased amount of aEpCAM 

present on the dendrimer-coated surfaces rather than the multivalent binding.  To investigate this, 

a reduced concentration (from 5.0 to 3.4 µg/mL) of aEpCAM was applied onto the dendrimer-

immobilized surfaces to match the surface density of aEpCAM on the PEGylated surfaces where 

5.0 µg/mL of aEpCAM was added.  Although the number of the captured cells on the dendrimer-

coated surfaces was reduced, the dendrimer-coated surfaces still exhibit similar or higher initial 

capture efficiencies than the PEGylated surface (Fig. 4.9a, the right three bars).  More 

importantly, the dendrimer surfaces show markedly decreased dissociation rate constants of the 

surface binding of the tumor cells (up to 3.6-fold) and the enhanced binding stability upon 

agitation (up to 15.2-fold), compared to the PEGylated surface counterparts (section 4.2.5).  

These results indicate that the multivalent binding effect mediated by dendrimers is the major 

factor that enhances the cancer cell capture efficiency and the surface binding strength of the 

tumor cells.  

The cell-bound surfaces were then agitated to show the stability of the cell binding on each 

surface.  The number of remaining cells was normalized based on the initial cell number attached 

to each surface before agitation.  Fig. 4.9b shows greater numbers of the bound cancer cells 

(MDA-MB-361 cells) remained on the dendrimer-immobilized surface upon agitation than those 

on the PEGylated surface.  To quantitatively analyze the multivalent effect in the cell adhesion 

experiments, the dissociation rate constant of the cell-surface complexes were calculated by 

nonlinear curve fitting using the following exponential dissociation Equation (2) [28].  

T -k  dp AeYY ×+=
   [Eq. (2)]   

Where Y is the number of remaining cells on a surface at T, Yp is the number of the 

surface-bound cells after reaching a plateau, A is the difference between the number of cells at 0 

min and at the plateau, and T is time.  The plateau is defined as the region where no more cells 

are being detached from the surfaces.  Although the dissociation rate constants vary between the 
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cell types, it is obvious that all cancer cells exhibit the significantly slower dissociation rates (up 

to 5.2 fold for MCF-7 cells) from the dendrimer-immobilized surfaces than those from the 

PEGylated surfaces (Table 4.4).  Association rates were also calculated using an equation (3-4) 

published by Motulsky et al [29].  The dendrimer-immobilized surfaces induce the slow 

dissociation and the enhanced association of the cancer cells. 

Association rates were also calculated using an equation published by Motulsky et al [29].   

As for association, despite the difficulty to quantitatively calculate the association rate constant 

Table 4.4. Dissociation rate constants of cell-surface complexes.  Dissociation rate constants 
were obtained by nonlinear fitting (exponential decay function formulated by Equation (2)) 
using the average number (n=3) of cells remaining on each surface during static agitation.  
The dissociation rate constants of all cancer cell lines on the dendrimer-immobilized surfaces 
were lower than those on the PEGylated surfaces. 

Cancer cell type Dissociation rate constant (kd [min-1]) 

Dendrimer-
immobilized PEGylated Fold decreased 

MDA-MB-361 0.2 1.0 4.6 
MCF-7 0.2 0.8 5.2 

MDA-MB-231 2.3 2.6 1.1 
 

 

Table 4.5. Ratios of the association rate constants of cell-surface complexes.  Based on the 
average number (n=3) of the bound cells on the each surface before static agitation, ratios of 
association rate constants were calculated using Equation (4).  The ratios were higher than 1.5 
in all cancer cell lines, indicating that the binding rates of cells on the dendrimer-immobilized 
surfaces are faster than those on the PEGylated surfaces. 

Cancer cell type Ratio of association rate constants (ka of dendrimer-immobilized surface 
/ ka of PEGylated surface) 

MDA-MB-361 1.6 

MCF-7 1.8 

MDA-MB-231 1.6 

HL-60 1.1 
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between cells and each surface, the relative ratio of the association rate constants between the 

surfaces with cells can be calculated by modifying the exponential association Equation (3) [29].  

 )
T ka

e(1Ymax Y
×−

−=     [Eq. (3)]   

Where Y is the number of bound cells before agitation, Ymax is the number of applied cells on 

surface, and T is time.  Further, Equation (3) can be modified in terms of association rate constant 

shown in Equation (4).   

{ }
T
)ln(YY)ln(Yk maxmax

a
−−=                                  [Eq. (4)] 

Based on Equation (4), the relative ratio of the association rate constants on the dendrimer-

immobilized and on the PEGylated surfaces could be calculated.   

As shown in Fig. 4.10, the ratios of the bound cell numbers on the dendrimer-immobilized 

surfaces to those of the PEGylated surfaces were consistently higher than 1, over 30 min of static 

agitation, indicating that the multivalent effect mediated by dendrimers enhance cell adhesion to 

the surface.  Although the dissociation rate constants vary between cell types in Table 4.4, it is 

obvious that all cancer cells exhibit significantly slower dissociation rates from the dendrimer-

immobilized surfaces than those from the PEGylated surfaces.  Before agitation, the dendrimer 

immobilized surface enhanced the association, whereas the PEGylated did not, giving the ratio 

higher than 1 (Table 4.5).  Compared to the control surfaces, the dendrimer-immobilized surfaces 

induce more stable binding of cancer cells, which is likely due to the multivalent effect mediated 

by the dendrimers.  The dendrimer-immobilized surfaces induce the slow dissociation and the 

enhanced association of the cancer cells. 

To further evaluate the tumor cell adhesion under various conditions, we performed a 

series of regression assays using calcein AM-labeled MDA-MB-361 cells spiked with 107 HL-60 

cells  (Fig. 4.9c).  Human leukemia HL-60 cells were used as a control leukocyte model, and the 
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numbers of the spiked cancer cells and HL-60 cells in the mixtures were decided to simulate the 

clinical samples roughly 1 CTC per 103-106 leukocytes [31].  Although the recovery yield (the 

number of the cells being captured divided by the number of the cells that were originally spiked) 

of the both surfaces was generally decreased with an increase in the number of the applied cells, 

the recovery yield of the dendrimer-immobilized surfaces (at least over 70% regardless of the 

presence of HL-60 cells) were remarkably greater than those on the PEGylated surfaces.  In 

contrast, the recovery yield of the PEGylated surfaces was rapidly dropped from ~80% to ~20% 

when the cell mixtures were applied.  These results further support that the dendrimer-

 

Figure 4.10. Enhanced binding stability by multivalent effect in static conditions.  Enhanced 
binding stability on the dendrimer-aEpCAM conjugate-immobilized surfaces was observed 
using a) MDA-MB-361; b) MCF-7; and c) MDA-MB-231. The numbers of the bound cancer 
cells during static agitation were higher on the dendrimer-aEpCAM conjugate-immobilized 
surfaces, compared to those on the PEGylated surface without dendrimers.  Non-specific 
binding on both surfaces of HL-60, a leukocyte model in this investigation, was negligible.  
Error bars: standard error (n=3). 
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immobilized surfaces are superior to the linear polymer-functionalized surfaces in terms of the 

detection sensitivity from the cell mixtures. 

 

4.3.6. Surface Characterization after E-selectin Treatment by Immunostaining 

The fluorescence intensities of the surfaces were summarized with images after 

normalization using the intensities of a positive control (E-selectin-immobilized epoxy 

functionalized surfaces, Fig. 4.11).   In the epoxy functionalized surfaces and PEGylated surfaces, 

the green fluorescence intensity was lower than the dendrimer-immobilized surfaces when equal 

amount of E-selectin solution was applied onto various surfaces.  The dendrimer-immobilized 

surface showed similar fluorescence intensity as the positive control, indicating that dendrimer-

immobilized surface is a good platform to attach more E-selectin on the surface.  

 

 

 

Figure 4.11. Surface characterization after E-selectin treatment using immunostaining.  
Fluorescence images of functionalized surfaces treated with a) untreated surface; b) positive 
control (only E-selectin treated surface); c) IgG and d) aEpCAM-immobilized Epoxy 
functionalized surfaces; e) IgG and f) aEpCAM-immobilized PEGylated surfaces; and g) IgG 
and h) aEpCAM-immobilized dendrimer surfaces.    Note that green fluorescence comes from 
aE-selectin-fluorescein.  Immunostaining results of surfaces showed that dendrimer-
immobilized substrate has higher fluorescence intensities than other substrates, indicating that 
dendrimer-immobilized surface is a good platform to hold more E-selectin.   Error bars: 
standard deviation (n=15). 
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 4.3.7. Tumor Cell Capture of Various Functionalized Surfaces under Dynamic Conditions 

The dendrimer-mediated cell capture was further assessed under dynamic conditions 

(under flow) by comparing three substrates (epoxy functionalized, PEGylated, and dendrimer-

immobilized) using a parallel-plate flow chamber [23].   Fig. 4.12 demonstrates that more cells 

were being captured on the dendrimer-coated surface than on the control surfaces by 1.5-3 fold, 

 

Figure 4.12. Enhanced selective capture of tumor cells by multivalent effect on the 
dendrimer-immobilized surfaces.  Three substrates, epoxy-functionalized, PEGylated and 
dendrimer-immobilized surfaces, were treated only with aEpCAM (left) or with both 
aEpCAM and E-selectin (right).  All numbers of the bound cancer cells on the surfaces were 
measured after cell suspension injection (at 0.08 dyn/cm2 of shear stress) before PBS washing 
(at 0.8 dyn/cm2 of shear stress), and normalized using the number of each cell line on epoxy-
functionalized surfaces without E-selectin treatment.  Regardless of E-selectin treatment, the 
dendrimer-immobilized surfaces enhanced the cancer cell binding (1.6–4.0 fold), compared to 
that on other surfaces without dendrimer immobilization.  Regardless of the surface type, all 
E-selectin treated surfaces (right) showed higher capture of cancer cells under flow than 
surfaces without E-selectin treatment (left).  The capture efficiency of the dendrimer-
immobilized surface (up to 4-fold (MDA-MB-231)) was significantly increased by a 
combination of rolling (E-selectin) and stationary binding (aEpCAM).   Error bars: standard 
error (n=3). 
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indicating that the cell capture on the dendrimer-immobilized surfaces is enhanced under static as 

well as dynamic conditions.  Non-specific interactions between the HL-60 cells and all three 

surfaces were negligible under flow, although minimal non-specific captures on the surfaces were 

observed under static conditions.  

Fig. 4.13a shows fold enhancements in capture efficiency of the three surfaces after a 

harsh washing step (washing with PBS for 5 min at a flow rate of 500 µL/min (0.8 dyn/cm2)).  

Compared to the epoxy-functionalized surface where aEpCAM was immobilized without a 

polymer linker (PEG or dendrimer), PEGylated surface exhibited slightly improved capture 

 
 

 
Figure 4.13. Enhanced cell binding stability by combination of multivalent binding and cell 
rolling under flow. Three substrates, epoxy-functionalized, PEGylated, and dendrimer-
immobilized surfaces, treated with aEpCAM alone (a) or with both aEpCAM and E-selectin 
(b) were compared in terms of capture efficiency. The captured cancer cells on the surfaces 
were counted after injection of cell suspensions and washing with PBS at a shear stress of 0.8 
dyn cm-2, followed by normalization based on the number of each cell line on the epoxy-
functionalized surfaces without E-selectin. Up to 7-fold enhancement in the capture efficiency 
by the dendrimer-immobilized surface was achieved through combination of rolling (E-
selectin) and multivalent binding (aEpCAM).  Error bars: standard error (n=3). 
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efficiency (1.1-1.7 fold).  More importantly, a significantly enhanced capture efficiency was 

observed on the surface with dendrimers (1.7-3.7 fold, Fig. 4.13a), further supporting that 

dendrimers indeed mediated the multivalent binding effect in cell capture.   

In previous chapter 2, the biomimetic combination of dynamic rolling (E-selectin) and 

stationary binding (aEpCAM) showed substantially enhanced capture efficiency (over 3-fold 

enhancement), as compared to a surface functionalized solely with aEpCAM [23].  To utilize the 

biomimetic effect, the three types of the aEpCAM-immobilized surfaces were treated with E-

selectin and characterized by immunostaining using monoclonal anti-E-selectin-fluorescein 

(Section 4.3.6).  The capture efficiencies of all three surfaces after addition of E-selectin were 

significantly improved than those treated only with aEpCAM (Fig. 4.12), indicating that 

additional cell rolling mediated by E-selectin synergistically cooperates with stationary binding 

through aEpCAM.  In particular, the dendrimer-immobilized surface showed, after adding E-

selectin, remarkably higher capture efficiency of cancer cells up to 7-fold, as shown in Fig. 4.12b 

in the case of MDA-MB-231 cells.  Note that the fold enhancement was increased from up to 4-

fold (Fig. 4.12) to up to 7-fold (Fig. 4.13) after washing at a shear stress of 0.8 dyn/cm2, 

demonstrating the enhanced binding stability by the dendrimer-mediated multivalent effect. 

 

4.3.7. Dendrimer, a multivalent binding-mediator  

The dramatic enhancement in tumor cell capturing of the dendrimer surfaces is a result of 

the combined effect of multivalent binding and efficient protein immobilization, likely due to the 

spherical architecture of dendrimers.  Obviously, dendrimers can provide more functional groups 

available to protein immobilization than linear polymers.  However, it is noteworthy to discuss 

why the same level of the multivalent binding was not observed in the linear polymer-coated 

surfaces.  To induce the multivalent binding effect efficiently, the selection of scaffolds and 

linkers is crucial [32].  Three-dimensional structure of the dendrimer organizes the ligands into a 

small region of space, as compared to what can be obtained when the ligands are conjugated to a 
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similar molecular weight linear polymer [4, 33].  This geometric advantage likely reduces the 

energy of deformation (entropy) of ligands on dendrimer surface to bind with their receptors, 

facilitating the localized multivalent binding.  Furthermore, it has been known that the 

carboxylated dendrimer has good accessibility of target cells to the immobilized targeting ligands 

on the dendrimer surface [6], and reduces denaturation of the ligands during immobilization [34].  

 

4.4. SUMMARY 

Taken together, the significantly increased binding avidity of the G7-aEpCAM conjugates 

measured by SPR, along with the enhanced binding stability of the tumor cells on the dendrimer-

functionalized surfaces, supports our hypothesis that the dendrimer-mediated multivalent binding 

effect can be exploited in cell capture on engineered surfaces.  Additionally, we have shown that 

the combination of the two-biomimetic approaches, i.e., multivalent binding and cell rolling, 

substantially enhances the tumor cell detection.  The results demonstrate that the combination of 

nanotechnology and biomimicry has a great potential to be applied for highly sensitive detection 

of rare tumor cells from blood. 
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CHAPTER 5. 

A NOVEL MULTIFUNCTIONAL PLATFORM USING A BIOMIMETIC 

COMBINATION OF CELL ROLLING AND MULTIVALENT BINDING FOR 

HIGHLY SENSITIVE TUMOR CELL CAPTURE 

 

5.1. INTRODUCTION 

CTCs are one of the exceedingly rare cells related to human diseases (one CTC in the 

background of one million to one billion blood cells in cancer patient blood) [1].  It is known that 

the quantification of CTCs in blood well correlates with cancer progress and metastasis [2], thus 

provides an effective tool for diagnosis and prognosis of cancer metastasis [3, 4].  CTCs can be 

detected by antibodies that have specific affinities for tumor cell surface markers that are 

overexpressed on the surface of cancer cells, and not on normal hematological cells.  Currently, 

there are several tumor cell markers targeted; epithelial cell adhesion molecule (EpCAM) [3, 4], 

human epidermal growth factor receptor-2 (HER2) [5, 6], and prostate specific antigen (PSA) [7, 

8].  

Although the current CTC detection methods based on a single antibody against one 

cancer cell marker have shown promising results, several clinical challenges are encountered due 

to the highly heterogeneous nature of cancer cells.  Due to various cancer cell surface markers 

and its expression levels, it is extremely difficult to effectively detect CTCs with one universally 

expressed marker [9].  Although most of epithelial cancer cell universally express EpCAM, a 

number of CTCs lose their epithelial cell nature upon epithelial-mesenchymal transition (EMT, in 

exchange for expressing stem cell-like phenotypes) [10].  Because the expression of EpCAM is 

down-regulated during EMT, the detection using anti-EpCAM would be less efficient to target 

the CTCs that are released from the primary tumor cells after EMT [10].  However, there are 
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FDA-approved CTC detection methods using other cell surface markers, such as HER2 and PSA.  

HerceptTest, an immunohistochemistry using anti-HER2 after tissue-based biopsy, is FDA-

approved diagnostic method for breast cancers [11].  Because HER2 is overexpressed only on 20-

30% of breast and prostate cancers, the detection method based only on the anti-HER2 have vast 

variations of detection and less effective than fluorescence in situ hybridization alone [12, 13].  

Serum PSA is detected by RT-PCR-based assay in AdnaTest ProstateCancerSelect, but is limited 

due to PSA mRNA expression in some other organs and normal blood [8, 14].  For the 

personalized immunotherapy and diagnosis of the cancer properties, more accurate and sensitive 

diagnostic tools for screening multiple cancer cell surface markers need to be developed.  

Herein, a novel multifunctional surface platform with multiple antibodies and two 

biomimetic approaches (i.e. E-selectin for cell recruitment and multivalent binding effect through 

surface nanotechnology) is designed to detect the rare CTCs at great sensitivity and selectivity, as 

illustrated in Fig. 5.1.  To prove the multifunctional concepts, we focused on three cancer-specific 

 

 

 

Figure 5.1. A schematic illustration of the multifunctional surfaces for simultaneous detection 
of multiple cell surface markers.  The multifunctional surfaces are composed of several 
antibodies against multiple cell surface markers, E-selectin for cell rolling on the surface, and 
dendrimer-mediated nanoarchitecture for multivalent binding effect.  Based on the specific 
binding between surface markers and their antibodies, different types of cancer cells can be 
separated and enriched in a surface marker-dependent way. 
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biomarkers, i.e., EpCAM, HER2, and PSA, to target and capture CTCs [15][16][17].  The 

antibodies against three model biomarkers were immobilized separately on surfaces 

micropatterned using a gasket.  To enhance the capture efficiency (directly related to detection 

sensitivity) on the antibody-immobilized stripes, the surface was treated with adhesive proteins 

such as E-selectin to recruit the cells under flow onto the surface like a landing-induced road [16].  

Surface nanoarchitecture of dendrimers can mediate multivalent binding effect to enhance the 

binding specificity and stability between cancer cells and the antibodies [17].  The specific 

interactions between the optimized surfaces and in vitro cell lines including prostate cancer 

(MDA-PCa-2b) and breast cancer (MDA-MB-361 and MCF-7) cell lines were validated in terms 

of cell capture efficiency.  The enhanced sensitivity and specificity of the functionalized surfaces 

after incorporation of cell rolling and multivalent binding were feasible to facilitate the 

continuous sorting of the targeted cancer cells from human blood.   

 

5.2. MATERIALS AND METHOD 

5.2.1. Materials 

Anti-human epithelial-cell-adhesion-molecule (EpCAM)/TROP1 antibody (anti-EpCAM), 

anti-human epidermal growth factor receptor-2 (HER2)/TROP1 antibody (anti-HER2), anti-

human prostate specific antigen /TROP1 antibody (anti-PSA) [7], and recombinant human E-

selectin (E-selectin) were all purchased from R&D systems (Minneapolis, MN).  The epoxy-

functionalized glass surfaces (SuperEpoxy2®) were purchased from TeleChem International, Inc 

(Sunnyvale, CA).  PAMAM dendrimers (generation 7), bovine serum albumin (BSA), Calcein 

AM, and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO), unless 

otherwise specified, and used without further purification.   
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5.2.2. Surface functionalization by immobilization of adhesive proteins 

A polydimethylsiloxane (PDMS) gasket was used to define the area of an epoxy 

functionalized glass slides, as portrayed in Fig. 5.3.  Three different types of surfaces were 

functionalized by conjugation with each antibody: i) epoxy-functionalized glass surfaces; ii) 

PEGylated surfaces; and iii) G7 PAMAM dendrimer-immobilized surfaces.  The surface 

functionalization was followed as previously reported [17].  For all antibody conjugation 

reactions, the antibody solutions of anti-EpCAM, anti-HER2 at a concentration of 5 µg/mL, and 

anti-PSA at a concentration of 10 µg/mL in PBS buffer were applied on the defined surfaces.  The 

antibody-immobilized stripes were marked using FITC-conjugated BSA treatment (1 mg/mL in 

PBS) for 1 hour.  After the micropatterned PDMS gasket was removed, the surface with the 

antibody stripes was covered with E-selectin at a concentration of 5 µg/mL in PBS buffer for 4 

hours.  The volumes of all reagent solutions except E-selectin were fixed at 20 µL.  All 

incubation processes were carried at room temperature with constant gentle shaking, and the 

surfaces between steps were washed with PBS buffer three times to remove the chemical residues 

from the surfaces.  Potential non-specific binding of both protein-coated and uncoated regions 

was blocked by a final incubation with 1% (w/v) BSA or 1 µg/mL methoxy PEG-NH2 (Nektar 

Therapeutics, Huntsville, AL) solution.  The functionalized surfaces were kept in 4°C of 

refrigerator and the experiments using the surfaces were performed within 24 hours.   

 

5.2.3. Characterization of the functionalized surfaces by X-ray photoelectron spectroscopy (XPS) 

The surfaces were characterized as described in our previous publication [16, 18].  In brief, 

Axis 165 X-ray photoelectron spectrometer (Kratos Analytical, Manchester, U.K.) equipped with 

a monochromatic AlKα source (hv = 1486.6 eV, 150W) and a hemispherical analyzer were used.  

The % mass concentrations were obtained from high-resolution spectra of the C 1s, O 1s, N 1s, 
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and S 2p regions at an X-ray irradiating angle of 30° at 80 eV of energy and a step size of 0.5 eV, 

carried on 5 scans per each spectrum. 

 

5.2.4. Cellular response observation of each cell line on the antibody- and E-selectin-immobilized 

surfaces under flow 

MDA-MB-361 cells were cultured in Leibovitz’s L-15 media (Gibco, Invitrogen, Grand 

Island, NY) that were supplemented with 1% (v/v) Penicillin/Streptavidin (P/S) and 20% (v/v) 

FBS in a 37°C humidified atmosphere containing 100% air and 0% CO2.  MCF-7 cells were 

cultured in DMEM media (Cellgro, Mediatech, Manassas, VA) that were supplemented with 10% 

(v/v) FBS and 1% (v/v) penicillin/streptomycin (P/S).  MDA-PCa-2b cells and HL-60 cells were 

cultured in BRFF-HPC1 media (AthenaES, Baltimore, MD) and IMDM media (Gibco), 

respectively, supplemented with 20% FBS and 1% (v/v) P/S.  All cell lines were purchased from 

ATCC (Manassas, VA).  All of cancer cell lines except MDA-MB-361 cells cultured in a 37°C 

humidified incubator containing 95% air and 5% CO2. 

A typical flow chamber experiment was performed as the previous researches [16].  In 

short, a glass slide functionalized by protein immobilization, a gasket (30 mm (L) × 10mm (W) × 

0.25 mm (D), Glycotech, Gaithersburg, MD), and a rectangular parallel plate flow chamber 

(Glycotech) were assembled in line under vacuum.  To observe cellular interactions with the 

biofunctionalized surfaces, individual cell lines (MDA-PCa-2b, MDA-MB-361, MCF-7, and HL-

60) at a concentration between 106-107 cells/mL in the completed media were injected into the 

flow chamber at a shear stress of 0.08 dyn/cm2 using a syringe pump (New Era pump Systems 

Inc., Farmingdale, NY).  Note that, in this flow chamber, 50 µL/min of flow rate is correspondent 

to 0.08 dyn/cm2 of a wall shear stress, 8 s-1 of a wall shear rate, and 20 µm/sec of near-wall non-

adherent cell velocity according to the Goldman equation [19].  Cellular response of each cell line 

was monitored using a parallel flow chamber against each antibody-immobilized surface, and 
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recorded using an Olympus IX70 microscope (IX 70-S1F2, Olympus America, Inc., Center 

Valley, PA) attached with a CCD camera (QImaging Retiga 1300B, Olympus America, Inc.).  

 

5.2.5. Fluorescence labeling for viable cells 

Cells, except HL-60 cells, at a concentration of 1 × 106 cells/mL (5 mL) were seeded onto 

25cm2 T flask one day before the experiment.  To label the viable cells with fluorescence, the 

MDA-PCa-2b, MDA-MB-361, and MCF-7 cells were treated with 4 µM Calcein AM, 5 µM 

Alive cell track It Blue (AAT Bioquest, Inc., Sunnyvale, CA) or Calcein Blue AM (Sigma-

Aldrich), and 5 µM Alive cell track It Red (AAT Bioquest, Inc.), respectively, at 37°C in the dark 

for 30 min (Fig. 5.2).  The labeled cells were trypsinized to make their suspension at a designed 

concentration in the completed cell culture media or the whole blood withdrawn from healthy 

donor.  The final suspensions were kept on ice throughout the subsequent cell rolling experiments.   

 

 

 

 

 

  

Figure 5.2. Fluorescence-labeled cancer cell models.  MDA-PCa-2b, MDA-MB-361, and 
MCF-7 cells were stained with Calcein AM (green), Alive cell track It Blue or Calcein Blue 
AM (blue), and Alive cell track It Red [red], respectively.	
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5.2.6. Optimization of the surface micropatterning 

A polydimethylsiloxane (PDMS) gasket was used to define the area of an epoxy 

functionalized glass slides, as portrayed in Fig. 5.3.  Epoxy-functionalized glass surfaces were 

functionalized by conjugation with each antibody as previously reported [16].  For all antibody 

conjugation reactions, the solutions of anti-EpCAM at a concentration of 5 µg/mL in PBS buffer 

were applied on the defined surfaces.  The antibody-immobilized stripes were marked using 

FITC-conjugated BSA (1 mg/mL in PBS) for 1 hour.  After the PDMS gasket was removed, the 

surfaces with the antibody stripes were covered with 200 µL of E-selectin at a concentration of 5 

µg/mL in PBS buffer for 4 hours.  The volumes of all reagent solutions except E-selectin were 

fixed at 20 µL.  All incubation processes were carried at room temperature with constant gentle 

shaking, and the surfaces between steps were washed with PBS buffer three times to remove the 

 

 

Figure 5.3. A schematic illustration of micropatterning surface using a PDMS gasket.  
Multiple antibodies against cancer cell surface markers were immobilized on the epoxy-
functionalized glass slide using the PDMS gasket (a).  The antibody-treated surfaces were 
back-filled with E-selectin to enhance the cell capture efficiency (b).  After the micropatterned 
surfaces were treated with 1% (w/v) BSA solution to prevent potential non-specific binding, 
the flow chamber-based experiments using the surfaces were performed within 24 hours (c).	
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chemical residues from the surfaces.  Potential non-specific binding of both protein-coated and 

uncoated regions was blocked by a final incubation with 1% (w/v) BSA solution.  The 

functionalized surfaces were kept in 4°C of refrigerator and the experiments using the surfaces 

were performed within 24 hours. 

 

5.2.7. Measurement of Capture Efficiency using Flow Chamber 

A typical flow chamber experiment was performed as the previous researches [16].  A 

glass slide functionalized by protein immobilization, a gasket (30 mm (L) × 10mm (W) × 0.25 

mm (D), Glycotech, Gaithersburg, MD), and a rectangular parallel plate flow chamber (Glycotech) 

were assembled in line under vacuum.  Suspensions of fluorescence-labeled cancer cells (MDA-

PCa-2b, MDA-MB-361, MCF-7, and HL-60) were injected into the flow chamber using a syringe 

pump (New Era pump Systems Inc., Farmingdale, NY).  The number of captured cells on the 

antibody-immobilized stripe defined using FITC-BSA treatment was counted using the images 

taken after one cycle, consisting of forward flow (pushing) for 5 min and backward flow 

(withdrawing) for 5 min at 50 µL/min (0.08 dyn/cm2).  The surface was washed using PBS for 10 

min at 200 µL/min (0.32 dyn/cm2).  To remove the leukocyte cells from the E-selectin-regions, 

the surface was washed using EGTA/Mg2+ in PBS for 3 min at 200 µL/min (0.32 dyn/cm2) [20].  

As the known number of cancer cells was perfused into the flow chamber, the number of captured 

cells per antibody-stripe could be translated into the capture efficiency (%).  All cells on the 

surface were monitored using an Olympus IX70 inverted microscope (IX 70-S1F2, Olympus 

America, Inc., Center Valley, PA) with fluorescence light and images were recorded using a 10× 

objective and a CCD camera (QImaging Retiga 1300B, Olympus America, Inc.).  The number of 

cells on the surfaces was measured, based on the images taken in repetitive observations using 

ImageJ (NIH).   
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Cellular responses of each cell line on the interphases between antibody- and E-selectin-

stripes under flow were observed under flow.  Note that the FITC-BSA-labeled antibody-stripes 

did not appeared in the images taken under natural light.  Cancer cell suspensions in the 

completed cell culture media (MDA-PCa-2b, MDA-MB-361, and MCF-7) at 106 cells/mL were 

injected into the flow chamber.  We monitored cellular responses of the cancer cells on the 

interphases during PBS washing at a shear stress of 0.32 dyn/cm2.  All cells on the surface were 

monitored using an Olympus IX70 inverted microscope with fluorescence light and images were 

recorded using a 4× objective and a CCD camera.   

 

5.2.8. Enhanced capture efficiency on G7 dendrimer-immobilized surfaces  

Three different types of surfaces were functionalized by conjugation with each antibody: i) 

epoxy-functionalized glass surfaces; ii) PEGylated surfaces; and iii) G7 PAMAM dendrimer-

immobilized surfaces.  The surface functionalization was followed from our previous work [17].  

Briefly, epoxy-functionalized glass slides were directly conjugated with antibody solutions.  For 

PEGylated surface, the epoxy-functionalized slides were incubated with PEG (NH2-(PEG)5000-

COOH) at a concentration of 0.5 µg/mL in DDI water for 4 hrs, followed by conjugation with 

antibody solutions after EDC/NHS activation.  The dendrimer-surface nanoarchitectures were 

prepared on the PEGylated slides.  After activation of carboxylic termini of PEG using 1:1 

mixture of EDC/NHS, partially carboxylated G7 PAMAM dendrimers (50 µM in PBS buffer (pH 

9.0)) were immobilized on the surface.  The dendrimers immobilized on the surface were then 

activated using EDC/NHS, followed by conjugation with antibody solutions.  After the antibody 

immobilization, the surfaces were covered with E-selectin at a concentration of 5 µg/mL in PBS 

buffer for 4 hours.  All antibody conjugation reactions were incubated overnight at a 

concentration of 5 µg/mL (except anti-PSA at 10 µg/mL) for all other antibodies.  All surface 

functionalization reactions were carried out at room temperature.  Potential non-specific binding 
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of both protein-coated and uncoated regions was blocked by a final incubation with 1% (w/v) 

BSA.  The volumes of all reagent solutions were fixed at 40 µL for non-patterned surface or 20 

µL for the micropatterned surface, respectively.  The surfaces between each step were washed 

with DDI water or PBS buffer three times to remove the residues from the surfaces. 

To compare the surface types for cancer cell capture, MDA-PCa-2b cells, all three cell 

surface marker-expressed cells, were used.  MDA-PCa-2b cell suspensions (105 cells/mL in 

completed cell culture media) were injected into flow chamber at 0.08 dyn/cm2 of shear stress for 

one cycle.  The surfaces were washed with PBS buffer for 10 minutes at a shear stress of 0.32 

dyn/cm2.  The captured cancer cells on the surfaces were counted, followed by normalization 

using the cell number on epoxy-functionalized surfaces without E-selectin treatment.   

 

5.2.9. Blood sample preparation using Ficoll-Paque Plus  

Cancer cell-spiked blood samples were prepared as follows.  Cells at a concentration of 1 

× 106 cells/mL (5 mL) were seeded onto 25cm2 T flask one day before the experiment.  Alive 

MDA-PCa-2b, MDA-MB-361, and MCF-7 cells were labeled with fluorescence dyes as 

described in Section 5.2.5.  The labeled cells were detached from the surface using TrypLETM 

Express (Gibco BRL, Grand Island, NY, USA) to make suspension at a concentration of 1 × 105 

cells/mL in the whole blood withdrawn from healthy donor.  The withdrawn blood was kept in 

4°C of refrigerator and the experiments using the whole human blood from healthy donors was 

performed within 48 hrs.  On a round bottom-tube, a sequence of the following solutions was 

loaded without mixing as the instruction of vendor, in order: 3 mL of Ficoll-Paque Plus (Stemcell 

Technologies Inc., Vancouver, Canada), and 3mL of the cancer cell-spiked whole blood diluted 

with 3mL of PBS buffer.  The PBS buffer for blood dilution was included with 2% FBS and 95 

USP unit heparin.  The round bottom-tube was centrifuged at 20 °C for 20 minutes at 1,500 g 

with brake function off.  The upper plasma layer was removed without disturbing the plasma-
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Ficoll interphase.  Three milliliter of mononuclear cell layer at the plasma-Ficoll interphase 

(buffy coat) was transferred into a new round bottom tube without disturbing 

erythrocyte/granulocyte pellets in the bottom layer.  The buffy coat including cancer cells was 

washed twice with the FBS/heparin-included PBS buffer for 10 minutes at 2,000 rpm with brake 

function on.  The recovered cells were suspended with 3 mL of the completed cell culture media.  

The cell suspension was injected into the flow chamber as described in Section 5.2.7. 

To capture the tumor cells from blood samples, multifunctional surfaces with multiple 

antibodies were prepared using a PDMS gasket.  All functionalization using the dendrimers, E-

selectin, and antibodies were same as described in Section 5.2.8.  Potential non-specific binding 

of both protein-coated and uncoated regions was blocked by a final incubation with 1 µg/mL 

methoxy PEG-NH2 (Nektar Therapeutics) solution. 

 

5.3. RESULTS 

5.3.1. Characterization of the functionalized surfaces by X-ray photoelectron spectroscopy (XPS) 

Prior to the investigation of the multifunctional surface, cellular responses of CTC model 

cells were examined on the protein-immobilized surfaces.  The proteins such as antibodies and E-

selectin can be immobilized on epoxy-functionalized surfaces by simple chemical reaction, as 

reported in our earlier study [16].  Surface functionalization by protein immobilization was 

confirmed by XPS, as summarized in Tables 5.1.  The immobilization of anti-EpCAM, anti-

HER2 and anti-PSA was quantitatively confirmed by an increase in carbon and nitrogen 

compositions, subsequently decrease in silicon detection in the underlying glass substrate, as 

measured by XPS analysis (Table 5.1).  All surfaces immobilized with proteins had a high degree 

of coverage, as evidenced by the lack of visible underlying silicon.  The measured nitrogen 
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content likely corresponds to the degree of protein coverage on the glass surface as the nitrogen 

composition increased when the total amount of proteins immobilized was increased.  

 

 

5.3.2. Cellular Responses on the Protein-immobilized Surfaces 

On the surfaces prepared with antibodies and E-selectin separately, all cell lines exhibited 

stable rolling on E-selectin-immobilized slides at a variety of different velocities (0.09-6.45 

µm/sec) under 0.08 dyn/cm2 of shear stress (Fig. 5.4).  However, all cell lines, excluding 

leukocyte model HL-60 cells, were stationary binding on the antibody-immobilized surfaces, and 

the bindings on the surface were dependent on the surface markers of the cells (Fig. 5.4). 

Cellular responses of all cancer cell models and HL-60 on each antibody-immobilized 

surface were monitored under flow.  Each set of Fig. 5.4 shows the cellular responses of each 

cancer cell line on anti-PSA, anti-HER2, and anti-EpCAM-coated surfaces at t = 0 s (a randomly-

picked starting recording time during the flow experiment) and 10 s (10 sec after the starting 

time), respectively.  MDA-PCa-2b cells were stationary binding on all of three antibody-

immobilized surfaces under flow (Fig. 5.4a).  Although MDA-MB-361 cells have no binding 

affinity to the anti-PSA-immobilized surface, the cells were stationary binding on other two 

 

Table 5.1. Measured atomic compositions of functionalized slides by XPS 

(mass conc. %) Control anti-PSA anti-HER2 anti-EpCAM 

C 1s 28.1 34.6 41.8 42.2 

N 1s 0.5 5.4 5.8 5.3 

O 1s 55.2 47.0 40.0 39.7 

Si 2p 16.2 13.0 12.4 12.8 

(C+N)/(O+Si) ratio 0.4 0.7 0.9 0.9 
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Figure 5.4. Time-course images of four different cell lines under a shear stress of 0.08 
dyn/cm2 on protein-immobilized surfaces.  Each cell line, MDA-PCa-2b (a), MDA-MB-361 
(b), and MCF-7 (c), showed the stationary binding on the antibody-immobilized surfaces in 
cell surface marker-dependent ways.  However, no interaction on the antibody-immobilized 
surfaces was observed with HL-60 cells (d).  All cell lines, including HL-60 cells, were 
observed to be rolling under flow on E-selectin-immobilized surface.  Rolling velocities of 
MDA-PCa-2b, MDA-MB-361, MCF-7, and HL-60 cells were 3.13 ± 0.23 µm/sec, 6.45 ± 0.41 
µm/sec, 3.22 ± 0.24 µm/sec, and 0.09 ± 0.07 µm/sec, respectively.  Flow directions of three 
sets were from left through right.   
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surfaces, anti-HER2 and anti-EpCAM-immobilized surfaces (Fig. 5.4b).  MCF-7 cells were 

stationary binding only on anti-EpCAM-immobilized surface, not on other surfaces 

functionalized with anti-PSA and anti-HER2 (Fig. 5.4c).  Unlike other cancer cell lines, HL-60 

cells exhibited no interaction with any antibody-immobilized slides, traveling the flow path in the 

chamber at the speed of free stream velocity (Fig. 5.4d).  

On E-selectin-immobilized surface, cellular responses of all cancer cell models and HL-60 

were monitored under flow.  E-selectin, an adhesive protein involved in the cell rolling of 

leukocyte and cancer cells on the endothelium during leukocyte homing and cancer metastasis, 

has shown the cell recruitment effect from flow and the biomimetic effect for cancer cell capture 

[16, 21].  All cell lines including HL-60 cells exhibited stable rolling on E-selectin-immobilized 

slides, but the rolling velocities for each cell line varied under 0.08 dyn/cm2 of shear stress (Fig. 

5.4).  The average rolling velocities of MDA-PCa-2b, MDA-MB-361, and MCF-7 cells on E-

selectin-immobilized slides were 3.13 ± 0.23 µm/sec, 6.45 ± 0.41 µm/sec, and 3.22 ± 0.24 µm/sec, 

respectively.  Generally, the rolling velocities of cancer cell lines were faster than those of HL-60 

(0.09 ± 0.07 µm/sec) on E-selectin-immobilized surfaces.   

 

5.3.3. Surface Micropatterning  

Multiple antibodies can be patterned and miniaturized on one substrate to capture the 

cancer cells from flow efficiently.  Multiple antibodies were immobilized on the epoxy surface 

using a polydimethylsiloxane (PDMS) gasket that had accurately fabricated channels for protein-

immobilized stripes, and the prepared surface is defined as a micropatterned surface (Fig. 5.5).  

The feasibility of PDMS gaskets to define the area for antibody immobilization was confirmed 

using FITC-conjugated BSA.  As the channel width in PDMS gasket was increased, the width of 

FITC-BSA stripes with green fluorescence was proportionally increased (Fig. 5.5).   
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The effect of the surface patterning with E-selectin and anti-EpCAM was examined by a 

quantitative analysis using MDA-MB-361 cells.  For surface micropatterning, PDMS gaskets 

with four channel widths ranging from 100 µm to 1,000 µm were selected.  The surface 

patterning parameters such as widths of antibody and E-selectin-immobilized stripes were 

optimized to maximize the cell capture.  The number of captured cells at different parameters 

were normalized as follows: for Fig. 5.6a, 100 µm channel width and 2 mm distance between 

channels; for Fig. 5.6b, 500 µm channel width and 1 mm distance between channels without E-

selectin treatment.  As the E-selectin stripe between antibody-stripes was fixed at a width of 2 

mm, the MDA-MB-361 cells captured on the anti-EpCAM-immobilized stripes were increased as 

the width of the stripe increased, irrespective of E-selectin treatment (Fig. 5.6a).  When the width 

of the anti-EpCAM-immobilized stripes was fixed at 500 µm, the capture efficiency on the anti-

EpCAM- stripes was decreased if the E-selectin-stripes were wider than 2 mm (Fig. 5.6b).  Both 

Fig. 5.6a and b using the anti-EpCAM/E-selectin-micropatterned surfaces (µAE) demonstrated a 

statistically significant enhancement (up to 147 fold) in MDA-MB-361 capture, as compared to 

the results using the surfaces with anti-EpCAM only (µA).  It clearly showed the biomimetic 

effect of E-selectin-mediated cell rolling for cancer cell capture.  Based on these results, the 

 

 

Figure 5.5. Characterization of the surface micropatterning using FITC-BSA solution.  The 
representative images were taken under a fluorescence microscope at 10X magnification.  In 
the case of the representative image with 1,000 µm, it is a merged image of two pictures 
because it was hard to take by one shot. 
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widths of the anti-EpCAM and E-selectin stripes on the micropatterned surfaces were fixed at 500 

µm and 2 mm, respectively, demonstrated a statistically significant enhancement  (up to ~147-

fold) in capture efficiency (Fig. 5.6). 

 

 

5.3.4. Cellular Responses using the Micropatterned Surfaces 

The micropatterned surfaces with multiple antibodies can be used to capture the target 

cancer cells efficiently, as well as to differentiate the cells according to their surface markers.  As 

we observed using antibody-immobilized surfaces in Fig. 5.4, each cell line had different cellular 

responses on the micropatterned surfaces (surface marker-dependent binding, Fig. 5.7).  

Regardless of E-selectin treatment on the surface, MDA-PCa-2b was binding with all three 

antibody-stripes (Fig. 5.7a), and MDA-MB-361 was binding with both anti-HER2 and anti-

EpCAM stripes simultaneously (Fig. 5.7b).  In the absence of E-selectin, MCF-7 cells were only 

 

 

Figure 5.6. Optimization of the surface micropatterning parameters using MDA-MB-361 and 
anti-EpCAM.  The MDA-MB-361 cell capture at the fixed E-selectin width exhibited 
proportional increase as the channel width increased (a).  When the width of the aEpCAM-
stripes was fixed at 500 µm, the maximum MDA-MB-361 cell capture was at 2 mm of the E-
selectin-immobilized stripes.  Error bars: standard error (n=6).	
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Figure 5.7. Representative images and capture efficiencies of three cell lines, MDA-PCa-2b 
(a), MDA-MB-361 (b), and MCF-7 (c), on the multifunctional surfaces.  Before E-selectin 
treatment, MDA-PCa-2b cells were binding with all three antibodies (a), but other two cell 
lines were partially binding; MDA-MB-361 cells (b) on two antibodies, anti-HER2 and anti-
EpCAM; MCF-7 cells (c) only on one anti-EpCAM, respectively.  After E-selectin treatment, 
the capture efficiency on the surface was significantly increased, and MCF-7 cells showed the 
additional binding on anti-HER2-immobilized stripe (c).  The cells indicated by the white 
arrows are those bound to E-selectin-coated region, which reduced the clarity of the patterns.  
These cells were easily removed upon EGTA/Mg2+-included PBS buffer washing.  The 
capture efficiency was calculated based on the ratio between the bound cell number and the 
number of the cells injected into the flow chamber per antibody-stripe.  The presence of E-
selectin and EGTA-washing is expressed as ‘+’ in the figures.  Error bars: standard error 
(n=6).	
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binding on the anti-EpCAM stripes under the same flow condition.  Interestingly, although MCF-

7 cells are known to have relatively low HER2 expression [22], the binding affinity of MCF-7 

cells on the anti-HER2-immobilized stripes was observed after E-selectin treatment proving that 

E-selectin plays key role in recruiting cancer cells (Fig. 5.7c).  E-selectin-mediated cell binding 

on the surface could not only recruit the cells under flow, but also raise the potential issues for 

detection specificity because of E-selectin binding affinity of leukocytes in blood [23].  We can 

control the E-selectin-mediated leukocyte binding by washing the surface with ethylene glycol 

tetraacetic acid (EGTA, Ca2+ chelator)-included PBS buffer because the interaction between E-

selectin and cells are calcium2+-dependent (Fig. 5.7) [20].  

The sequential responses of rolling and capturing on the interphase between E-selectin and 

antibody-immobilized stripes were observed under flow.  As shown in Fig. 5.8, all of the cell 

lines were rolling on the region that functionalized only with E-selectin (the right-hand side of the 

images), following the flow direction (from right to left).  When the rolling cells under flow 

reached the adjacent antibody-immobilized regions (the left-hand side of the images), the cells 

were stationary binding in cell surface marker-dependent ways, as shown in Fig. 5.8.  If the 

targeted cancer cells have binding affinities to the immobilized antibody, we observed that the 

cancer cells were accumulated on the boundary of E-selectin and antibody (e.g. MCF-7 cell 

accumulation on the boundary of anti-EpCAM and E-selectin in Fig. 5.8c).  The biomimetic 

effect from E-selectin treatment enhanced the surface detection sensitivity as MCF-7 cell binding 

on the aHER2-E-selectin-treated interphase (Fig. 5.8c). 
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5.3.5. Cell Separation using the Micropatterned Surfaces 

The surface patterning of E-selectin and multiple antibodies can be used to separate the 

mixture of various cancer cells as their surface markers (Fig. 5.9).  When we mixed the three 

different types of cell lines at 1:1:1 ratio (v/v/v), the cells were enriched and differentiated by the 

 

 

 

Figure 5.8. Time-course images of three cell lines under shear stress of 0.32 dyn/cm2 on the 
surface interphases functionalized with antibodies and E-selectin.  All cells exhibited the 
rolling behavior on the E-selectin-coated surface, but the stationary binding on the antibody-
coated surface in cell surface marker-dependent ways.  Flow directions of three sets were from 
right through left.   
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Figure 5.9. Effective cell separation from cell mixture in cell surface marker-dependent ways.  
a) In heterogeneous cell mixture of three cancer cells, the individual cell line can be 
distinguished by different fluorescence colors: Calcein AM-labeled MDA-PCa-2b (green), 
Alive cell tracker Blue-labeled MDA-MB-361 (blue), and Alive cell tracker Red-labeled 
MCF-7 [red].  The bindings of all three cell lines on the multifunctional surfaces were cell 
surface marker-specific as observed from those of the individual cell line on the surfaces.  The 
representative image taken under bright field is marked as BF in the figure.  b) Composition 
(%) of each cell line in the initial cell mixture and the bound cells on each antibody stripe 
were quantitatively measured.  The composition percentage in the bound cells on each 
antibody, especially MDA-PCa-2b cells on anti-PSA stripes, showed clearly the surface 
marker-dependent cell enrichment.  Representative images and composition percentages were 
obtained after injection of mixture of the three cell populations (1:1:1) onto the 
multifunctional surfaces of antibodies and E-selectin.  Error bars: standard error (n=6).  c) A 
schematic illustration summarizes the results of cell separation from the mixture.  The 
transparent circle for MCF-7 cell on anti-HER2 surface represented the enriched MCF-7 cells 
after E-selectin treatment.  HL-60 cells are represented other hematological cells. 
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specific binding affinities of the cell lines to the different antibodies on the surface (Fig. 5.9a).  

Although EpCAM on cell surface have binding affinities against anti-EpCAM, the composition 

percentage of three cell lines from their mixture on the anti-EpCAM-stripe were not as similar as 

their initial mixing ratios (0.33, Fig. 5.9b).  Based on the different composition percentage, we 

can tell that the cell surface marker density of each cell line affects the capturing efficiency on the 

antibody-stripes.  The biomimetic approach (i.e., E-selectin for cell recruitment) also affected the 

detection sensitivity, as well as cell separating ratios (Fig. 5.9b and Fig. 5.10).  In particular, the 

separated group composition on anti-HER2-stripes was significantly changed after E-selectin 

incorporation, because of the enhanced surface sensitivity for MCF-7 cells (Fig. 5.7c). 

 

 

 

 

  

Figure 5.10. Cell separation and enrichment from cell mixture in cell surface marker-
dependent ways.  Composition (%) of each cell line in the initial cell mixture and the bound 
cells on each antibody stripe without E-selectin were quantitatively measured.  The surface 
marker-dependent cell enrichment was achieved in the bound cells on each antibody, 
especially MDA-PCa-2b cells on anti-PSA stripes.  Images and composition percentages were 
obtained after injection of mixture of the three cell populations (1:1:1) onto the 
multifunctional surfaces of antibodies only, without E-selectin treatment. 
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5.3.6. Dendrimer-mediated Multivalent Binding Effect for the Micropatterned Surface 

The surface efficiency to capture and differentiate various cancer cells using multiple 

antibodies can be improved by multivalent binding effect using dendrimer nanotechnology.  

When surface nanoarchitecture of polyamidoamine (PAMAM) dendrimers in our previous works, 

the dendrimer-mediated multivalent binding can be leveraged to develop a sensitive device for 

CTC detection [17].  However, because the enhancement of detection sensitivity were measured 

using the surface functionalized with anti-EpCAM in the previous work, other effects such as 

micropatterning and antibody types need to be confirmed to develop the multifunctional surfaces.  

The multifunctional surface is defined as the multiple antibody-immobilized, micropatterned 

surfaces with E-selectin and dendrimers for two biomimetic approaches.  

The biomimetic combination of cell rolling and multivalent binding on the non-patterned 

surfaces enhanced cell detection under flow.  The surfaces modified using dendrimer 

 

 

Figure 5.11. Enhanced cell detection by multivalent effect and combination effect of rolling, 
under dynamic conditions.  Three substrates, epoxy-functionalized, PEGylated, and 
dendrimer-immobilized surfaces without micropatterning, treated with antibodies alone (A) or 
with both antibodies and E-selectin (AE) are compared in terms of capture efficiency.  The 
captured cancer cells on the surfaces were normalized using the cell number on epoxy-
functionalized surfaces without E-selectin treatment.  MDA-PCa-2b cell suspension at 105 
cells/mL in completed media was used.  The dendrimer-immobilized surfaces with E-selectin 
enhance the cancer cell detection (4 fold for anti-EpCAM (a), 17 fold for anti-HER2 (b), and 
56 fold for anti-PSA (c)) with greater binding stability, compared to that on the surfaces 
without dendrimers.  Irrespective of the surface type, all of the E-selectin treated surfaces 
(AE) show higher capture efficiencies of cancer cells under flow than surfaces without E-
selectin (A). Error bars: standard error (n=3). 
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nanotechnology generally captured more cancer cells under flow than the epoxy-functionalized 

surfaces up to 3 fold (Fig. 5.11).  The cell capture efficiency was enhanced by a combination 

effect of cell rolling and multivalent binding effect on dendrimer-incorporated surfaces: 4 fold for 

anti-EpCAM (a, in Fig. 5.11), 17 fold for anti-HER2 (b), and 56 fold for anti-PSA (c)) with 

greater binding stability, compared to that on the surfaces without dendrimers. 

The biomimetic combination of cell rolling and multivalent binding on the micropatterned 

surfaces enhanced cell detection under flow.  The micropatterned surfaces modified using 

dendrimer nanotechnology generally captured more cancer cells under flow than the epoxy-

functionalized surfaces up to 4 fold (Fig. 5.12).  The cell capture efficiency was enhanced by a 

combination effect of cell rolling and multivalent binding effect on dendrimer-incorporated 

surfaces: 14 fold for anti-EpCAM (a in Fig. 5.12), 33 fold for anti-HER2 (b), and 39 fold for 

anti-PSA (c)) with greater binding stability, compared to that on the surfaces without 

 

Figure 5.12. Enhanced capture efficiencies by combination effects of rolling, multivalent 
binding, and micropatterning.  Three substrates (epoxy-, PEG-, and dendrimer-substrates) on 
the micropatterned surfaces, treated with antibodies alone (µA) or with both antibodies and E-
selectin (µAE) were compared in terms of capture efficiency.  The captured cancer cells on the 
surfaces were normalized using the cell number on epoxy-functionalized surfaces without E-
selectin treatment.  MDA-PCa-2b cell suspension at 105 cells/mL in completed media was 
used.  The dendrimer-immobilized surfaces with E-selectin enhance the cancer cell detection 
(14 fold for anti-EpCAM (a), 33 fold for anti-HER2 (b), and 39 fold for anti-PSA (c)) with 
greater binding stability, compared to that on the micropatterned surfaces without dendrimers.  
Irrespective of the surface type, all of the E-selectin treated surfaces (µAE) show higher 
capture efficiencies of cancer cells under flow than surfaces without E-selectin (µA). Error 
bars: standard error (n=3).  
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dendrimers.  At 4X magnification under natural light, the clear patterned stripes through the 

combination effect of cell rolling and multivalent binding were observed (Fig. 5.13).  

 

 Irrespective of micropatterning, immobilized antibody type, and cancer cell lines, the 

dendrimer-mediated surface nanotechnology showed the enhanced capture efficiencies under 

flow (Fig. 5.11 and 5.12).  Although the dendrimer nanotechnology itself enhanced the antibody-

based capture efficiency (~ 2 fold enhancement), the combination effects of cell rolling and 

multivalent binding (µAG7E) were the most effective compared to any single biomimetic 

approach (µAE and µAG7) and only antibody-based capture (µA, Fig. 5.14a-d).  In addition, the 

enhanced surface sensitivity can be seen from the clear micropatterned stripes at low 

magnification without further analysis or treatment, which showed the potential to be developed 

as a detecting kit (Fig. 5.13). 

	
  

Figure 5.13. Enhanced capture efficiencies by combination effects of rolling, multivalent 
binding, and micropatterning.  The patterned stripes with E-selectin, dendrimers, and 
antibodies were observed clearly at 4X magnification under natural light. 
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Figure 5.14. Enhanced capture efficiency on the multifunctional surfaces by dendrimer-
mediated multivalent binding effect.  Capture efficiencies of MDA-PCa-2b (a), MDA-MB-
361 (b), and MCF-7 (c) MDA-MB-361 cell lines on the multifunctional surface were 
summarized.  Compared to the antibody on the micropatterned surface (µA), the dendrimer-
incorporated surfaces (µG7A and µG7AE), especially after E-selectin treatment (µG7AE), 
showed the enhanced cell capture efficiencies.  Although the binding specificity of the 
surfaces were slightly decreased after E-selectin treatment, the binding sensitivity and stability 
were significantly enhanced by multifunctionalized surface using E-selectin and dendrimer 
nanotechnology.  The calculated capture efficiency was based on the captured cell number and 
the number of the cells injected into the flow chamber per antibody-stripe.  Error bars: 
standard error (n=4).	
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5.3.7. Blood sample preparation using Ficoll-Paque Plus 

The multifunctional surfaces with a combination of cell rolling and multivalent binding 

effect captured the targeted cancer cells successfully from blood samples.  The cancer cells 

spiked into blood were recovered using Ficoll-Paque Plus, and the recovery yields of three cancer 

cell lines from blood ranged between 10-20% (Fig. 5.15).  

 

5.3.7. Tumor Cell Capture from Blood Samples 

The multifunctional surfaces that enhance detection sensitivity can be used to detect CTCs 

in clinical samples.  To check the tumor cell binding in clinically relevant conditions, the CTC 

model cells were spiked into human blood withdrawn from healthy donors, and treated for 

analysis as described in Section 5.3.7.  As the cancer cells and hematological cells were 

monitored during PBS washing under flow on the multifunctional surfaces, the rolling responses 

of the fluorescence-labeled cancer cells and natural leukocytes in blood on E-selectin-stripes were 

observed.  However, leukocytes rolling on the E-selectin-treated surfaces can be removed by 

washing with EGTA-buffer, thus highly pure population of the captured cells were observed 

 

Figure 5.15. Blood separation using Ficoll-Paque Plus.  Cancer cell-spiked whole blood 
withdrawn from healthy donors (a) was separated into plasma (b), buffy coat with MCF-7 
cells (c), Ficoll solution (d), and erythrocytes (e).  The mononuclear cells including cancer 
cells and leukocytes were collected into buffy coat layer (c), and the recovery yield of all 
cancer cells in buffy coat from whole blood was between 10-20%. 
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(between 50%-90% purity, Fig. 5.16a).  Cancer cells from blood samples showed the surface 

marker-dependent binding as the cell suspension in in vitro cell culture media (Fig. 5.16b and 

Fig.  5.17). 

Based on the recovery yield of the cancer cells from blood samples using Ficoll-Paque 

Plus, the capture efficiency of the cancer cells recovered from whole blood samples were 

calculated.  The capture efficiency of the multifunctional surface (µAG7E, up to 80%) was 

significantly higher than that of the micropatterned surface only with antibodies (µA, up to 8%) 

under the same conditions (Fig. 5.15).  The E-selectin treatment was significantly enhanced 

 

 

Figure 5.16. Effective cell capture from cancer cell-spiked blood specimens.  a) A set of 
representative images of the captured cells from blood samples on multifunctional stripes with 
anti-EpCAM showed.  The individual cancer cell line in blood specimens can be distinguished 
by different fluorescence colors: green-labeled MDA-PCa-2b, blue-labeled MDA-MB-361, 
and red-labeled MCF-7.  A few of cells on the images without fluorescence colors are 
hematological cells from blood, and the purity of the captured cells on the multifunctional 
surfaces was higher than 50%.  b) Detection sensitivity of the multifunctional surfaces 
(µAG7E) was significantly higher up to 20 fold than that of the surfaces with only antibody 
stripes (µA).  The surface marker-dependent bindings of cancer cell models were also 
observed.  c) The enhanced capture efficiency on the multifunctional surfaces can be 
developed as a diagnostic platform for rare CTC without analytical assistances of complicated 
imagining tools.  The additional information about cell surface markers with high sensitivity 
can be used as personalized cancer therapy. Error bars: standard error (n=4). 
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the surface capture efficiency, irrespective of the dendrimer functionalization.  However, the 

synergetic effect of cell rolling and multivalent binding (µAG7E) was most effective in cancer 

cell capture.  All the capture efficiencies were enhanced mostly via the combination effects of 

two biomimetic approaches up to 12 fold, compared to that of antibody-stripes without E-selectin 

and dendrimers (µA, Fig. 5.16b and Fig. 5.17).  Based on these results, we can conclude that the 

E-selectin can induce the rolling of both leukocyte and cancer cells and the antibody stripe can 

sort out the targeted cancer cells successfully in blood samples.  The cell surface marker-specific 

binding of cancer cells on the multifunctional surfaces with biomimetic approaches can develop 

to a visualized kit as a pregnant detection kit (Fig. 5.16c).  

 

 

 

 

Figure 5.17. Effective cell capture from cancer cell-spiked blood specimens. a) Detection 
sensitivity of the micropatterned surfaces with E-selectin (µAE) was significantly higher up to 
5 fold than that of the surfaces with only antibody stripes (µA).  b) Detection sensitivity of the 
multifunctional surfaces with E-selectin (µAG7E) was significantly higher up to 8 fold than 
that of the dendrimer-immobilized surfaces with antibody (µAG7).  The surface marker-
dependent bindings of cancer cell models were also observed.  Error bars: standard error 
(n=4). 
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5.4. DISCUSSION 

The surface micropatterning with E-selectin and antibodies has great potential to 

maximize the detection sensitivity from blood samples.  First, high specificity, and fast 

association and dissociation rate constants between E-selectin and its ligands on the cells can 

facilitate the recruitment of the selected cells from flow onto the surface successfully [16, 21].  

Selected cells with E-selectin binding affinity such as cancer cells and leukocytes are binding on 

the functionalized surfaces, hence the targeted cells can be isolated first from blood samples or 

cell mixtures on the surface.  Secondly, under flow in the presence of Ca2+, we observed the 

accumulation of the cancer cells on the boundary between antibody- and E-selectin-stripes as 

shown in Fig. 5.8.  The sequential rolling and stationary binding of the cells on the boundary 

were recorded under flow, which is clearly explaining the cell accumulation mechanism on the 

antibody-stripes.  A clear evidence of the enhanced surface capturing efficiency is stationary 

binding of MCF-7 cells on the aHER2-stripes of the multifunctional surfaces as MCF-7 cells have 

relatively low expression of HER2 [22].   

The combination of biomimetic approaches is important to enhance the detection 

specificity.  E-selectin treatment enhanced the binding affinity of the non-targeted cells, e.g. 

MDA-MB-361 and MCF-7 binding on anti-PSA stripes (Fig. 5.9b-c).  However, those non-

targeted binding mediated by E-selectin is minimized by the EGTA-included PBS buffer washing, 

and by the increased density of antibodies immobilized on the dendrimer nanoarchitecture (Fig. 

5.14).  Compared to the other detection methods (purity between 1-20%) [3, 4], the 

multifunctional surfaces with biomimetic approaches also showed clearly the enhanced detection 

specificity from blood samples with higher purity (up to 90%, Fig. 5.16).  

Using this novel multifunctional surface, we can identify multiple surface markers 

simultaneously by one single injection without cell labeling.  This is a proof of concept study to 

make a multifunctional platform for label-free diagnostic tools (Fig. 5.16c).   Upon success with 
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our initial study for EpCAM, HER2, and PSA, the modularity of our device allow for easy 

incorporation of more surface markers, such as CD24/44, CD146, carcinoembryonic antigen 

(CEA) and others as needed.  Although the expression of one surface biomarker is down-

regulated during metastasis, the other antibody-stripes and E-selectin-mediated cancer cell 

recruitment will be still useful to detect the metastatic cancer cells.  In addition to the potential 

use of this device as a diagnostic tool by collecting CTCs from whole blood under continuous 

flow without labeling or damaging the CTCs, the advantages of this device include the ability to 

filter CTCs from bloodstream as a metastatic cancer treatment tool. 

Screening of the multiple cancer markers could give us more genetic information such as 

genetic regulation.  For example, the expression of one surface marker is correlated to the other 

surface marker post-expression in cancer cells.  The HER2 expression confers androgen-

independent growth to the prostate cancer cell line in vitro through the activation of the androgen 

receptor in a ligand-independent way [24].  The active androgen receptor could affect the 

transcription of its known down-stream target, PSA, and eventually induce the prostate cancer 

metastasis [24].  Simultaneous screening of HER2 and PSA using the multifunctional surface 

could be used to monitor the progress of prostate cancer.  The genetic information obtained using 

the designed multifunctional surfaces also could be used to provide his/her personalized treatment 

for individual cancer patient, which can further enhance the therapeutic efficiency of metastatic 

cancer patients.  If we use antibodies against the organ-specific antigens (e.g. PSA majorly 

expressed in human prostate), the cellular responses of the CTCs on the antibodies against tissue-

specific cancer markers can be used an indicator of their origins.  
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5.5. SUMMARY 

Taken together, the significantly increased sensitivity and specificity of the 

multifunctional surface for cancer cell capture were achieved by two biomimetic approaches: cell 

rolling on E-selectin and stable binding through nanotechnology-induced multivalent binding.  

The biomimetic surface showed the remarkably enhanced capture efficiency of the tumor cells, 

along with the increased purity of the captured cell population from cancer cells in culture media 

as well as in human blood.  Additionally, we have shown that the surface micropatterning with 

multiple antibodies and E-selectin showed the separation effect of cancer cells as the cell surface 

markers.  Our results clearly demonstrate that the combined nanotechnology and biomimicry 

have a great potential to be applied for highly sensitive detection of rare tumor cells from blood. 
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 

 

 

Selective detection of CTCs is of significant clinical importance for the clinical diagnosis 

and prognosis of cancer metastasis.  However, largely due to the extremely low number of CTCs 

(as low as one in 106-109 hematologic cells) in the blood of patients, effective detection and 

separation of the rare cells remain a tremendous challenge.   

The preceding chapters 2, 4, and 5 in this dissertation focus on biomimetic approaches 

such as E-selectin-mediated cell rolling and dendrimer-mediated multivalent binding effects to 

enhance the sensitivity and specificity of anti-EpCAM-based CTC detection.  Cell rolling is 

known to play a key role in physiological processes such as recruitment of leukocytes to sites of 

inflammation and selectin-mediated CTC metastasis.  As a few surface markers such as EpCAM, 

HER-2, and PSA are expressed on CTCs but not on normal hematologic cells, substrates 

immobilized with antibodies against the surface markers specifically isolate the CTCs.  The 

interaction between CTCs and anti-EpCAM can be enhanced by multivalent binding effect using 

PAMAM dendrimer immobilization on the substrates.  

The findings in this dissertation regarding cancer cell binding with adhesive proteins such 

as selectin and anti-EpCAM can be summarized as follows:   

 

• The biomimetic surfaces functionalized with P-/E-selectin and anti-EpCAM induce different 

responses of HL-60 (used as a model of leukocytes in this study) and other models of CTCs 

(breast cancer-MCF-7, MDA-MB-361, and MDA-MB-231 cells, and prostate cancer-MDA-

PCa-2b cells).  

• HL-60 and other tumor cells showed different degrees of interaction with P-/E-selectin and 

anti-EpCAM at a shear stress of 0.32 dyn/cm2: All cell lines including HL-60 cells showed 
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interactions with E-selectin; Only HL-60 cells, not other tumor cells, were rolling on the P-

selectin-immobilized surfaces; All tumor cells except HL-60 cells interacted with anti-

EpCAM-coated surfaces, forming stationary binding. 

• The combination of the rolling (E-selectin) and stationary binding (anti-EpCAM) resulted in 

substantially enhanced separation capacity and capture efficiency (more than 3-fold 

enhancement), as compared to a surface functionalized solely with anti-EpCAM which has 

been commonly used for CTC capture.    

 

A novel surface engineering approach to exploiting the strong multivalent binding for 

sensitive detection of tumor cells was investigated in chapter 4.  The findings in this dissertation 

regarding cancer cell binding through multivalent binding effect can be summarized as follows: 

 

• A direct, quantitative analysis using SPR revealed that the dendrimer conjugates exhibited a 

dramatically enhanced binding avidity by 106-fold, compared to free aEpCAM.   

• Surface immobilization of the dendrimer-aEpCAM conjugates resulted in a significantly 

enhanced tumor cell detection with greater stability than the surfaces with the linear PEG-

aEpCAM conjugates.   

 

Based on these findings, a multifunctional surface through a combination of E-selectin-

mediated cell rolling and dendrimer-mediated multivalent binding effect has been developed.  

Multiple antibodies directed to cancer cell-specific surface markers such as EpCAM, HER2, and 

PSA, were also incorporated on the multifunctional surfaces.  The biomimetic combination of E-

selectin, multiple antibodies, and dendrimers were miniaturized on the micropatterned surface.  

The results on the multifunctional surfaces are summarized as follows:  
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• Cell-type dependent responses of several different types of cancer cells (MDA-PCa-2b, 

MDA-MB-361, and MCF-7) were screened on the antibody-functionalized surfaces at a shear 

stress of 0.08 dyn/cm2: All cell lines showed interactions with anti-EpCAM; On anti-HER2-

immobilized surface, two cell lines except MCF-7 were stationary binding; Only MDA-PCa-

2b cells interacted with anti-PSA-coated surfaces, forming stationary binding. 

• The micropatterned surfaces for multiple antibodies were defined as 500 µm antibody-

immobilized patterns with 2 mm distance between patterns to maximize the capture 

efficiency under flow and miniaturize the surface size. 

• The biomimetic combination on the micropatterned surfaces with multiple antibodies showed 

the enhancement in terms of capture efficiency: multiple antibodies (µA) < µA in addition of 

dendrimer (µAG7) < µA in addition of dendrimer (µAE) < µAG7 in addition of E-selectin 

(µAG7E). 

• The unique combination of the two physiological processes (µAG7E) leads to a significantly 

improved surface detection of CTC model cells spiked into human blood, up to 82% capture 

efficiency and 90% capture specificity (purity).  

 

In addition, CD24 overexpressed CD24 overexpressed on MCF-7 cells, in chapter 3, is 

identified as one of E-selectin ligands by the following investigations:  

 

• The binding kinetics between CD24 and E-selectin was directly measured using SPR, which 

revealed that CD24 has a binding affinity against E-selectin (KD = 3.4 ± 0.7 nM).   

• The involvement of CD24 in MCF-7 cell rolling was confirmed by the rolling behavior that 

was completely blocked when cells were treated with anti-CD24.   

• A simulated study by flowing microspheres coated with CD24 onto E-selectin-immobilized 

surfaces further revealed that the binding is Ca2+ dependent.   
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• Additionally, actin filaments are involved in the CD24-mediated cell rolling, as observed by 

the decreased rolling velocities of the MCF-7 cells upon treatment with cytochalasin D (an 

inhibitor of actin-filament dynamics) and the stationary binding of CD24-coated 

microspheres (the lack of actins) on the E-selectin-immobilized slides.   

 

This dissertation demonstrates that cell-specific detection and separation is achieved 

through mimicking the biological processes of cell rolling and stationary binding, which leads to 

a CTC detection device with significantly enhanced specificity and sensitivity without any 

complex fabrication process.  Eventually, the developed diagnostic device via mimicking these 

natural phenomena could measure the number of CTCs from the peripheral blood samples of 

cancer patients and predict the cancer metastasis.  In addition to the potential use of this device as 

a metastatic cancer treatment tool by filtering CTCs from the bloodstream, the advantages of this 

device include the ability to collect CTCs from whole blood under continuous flow without 

labeling or damaging the CTCs.  Therefore, the collected CTCs can be extracted and potentially 

be subject of further analysis such as genetic understanding and responses for currently available 

therapeutic drugs by culture expansion.   

 

The versatile surface platform with biomimetic approaches that is developed in this 

dissertation for CTC detection can be applied for other diagnostic purposes.  A large class of 

hematological cells, including leukocytes, platelets, neutrophils, mesenchymal and hematopoietic 

stem cells, exhibits rolling on E-selectin.  If the cell recruitments of E-selectin from flow are 

combined with the targeting moieties with selective binding affinity to target cells, this 

biomimetic surfaces will provide the technology to a clinically significant device to capture any 

disease-related hematological cells in blood with high sensitivity and specificity.  On the other 

hand, dendrimer-mediated multivalent binding has not only been utilized to enhance targeting 

efficacy of tumor cells as demonstrated in this dissertation, rather it has also been leveraged to 
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develop highly sensitive devices for the detection of DNA [1], toxins [2], and antigens [3].  For 

instance, the dendrimer functionalization on substrates was able to enhance the capture of 

oligomers by 2-fold in nucleic acid hybridization experiments using fluorophore-labeled 

complementary oligonucleotide targets, compared to the untreated intact substrate [4, 5].  

Disease-related molecules such as circulating DNA released by necrosis, apoptosis, and active 

release from tumor [6], human immunodeficiency virus (HIV)-p24 antigen [7], and choleragen 

(cholera toxin) [8] can be targeted.  However, these detection methods under the static condition 

have a limitation to analyze the clinical samples with large quantity.  The continuous analysis 

system under flow developed in this dissertation using dendrimers also can be used for detection 

of the disease-related DNA, toxins, and antigens in clinical samples.   

  

Although the biomimetic surfaces developed in this dissertation showed the enhanced 

detection sensitivity, we need further investigations to improve the surface properties for clinical 

samples.  This dissertation presents quantitative analysis on the multifunctional surfaces with 

biomimetic techniques using in vitro cancer cell lines.  Since the properties of in vitro cancer cells 

could be different from real CTCs, we cannot exclude the possibility of the CTCs in blood 

specimens withdrawn from patients to be captured differently.  On the other hand, because our 

technique for surface functionalization is based on simple covalent bindings of random amine 

groups of the antibodies or E-selectin, the three-dimensional structure, binding site orientation, 

and surface distribution of the proteins may be varied from batch to batch.  To control the 

orientation of antibodies, one method would be to modify the protein reactive groups.  For 

example, the carboxylate groups in antibody Fc regions may be altered to thiol group that will 

bind with the thiol-terminated dendrimers.  The disulfide bond between antibodies and the 

dendrimer-immobilized surface can dissociate using free thiol chemicals to release the captured 

cells such as tumor cells from the surface.  The captured cells could be transferred to post-

analysis without releasing damage using enzyme, and the dendrimer-immobilized surface can be 
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reused.  The surface functionalized with protein combinations also need to be further 

characterized.  Although the quantitative analysis between EpCAM and anti-EpCAM-

immobilized dendrimer conjugates using SPR, the anti-EpCAM immobilized conditions such as 

the density and orientation on the dendrimer-immobilized surfaces may be different from the free 

anti-EpCAM-dendrimer conjugates.  The direct measurement of EpCAM affinity to the anti-

EpCAM-dendrimer-immobilized surface using AFM may give important clues to characterize the 

surfaces.  These future efforts combined with work presented in this dissertation will play a 

critical role to advance surface engineering for early diagnosis of cancer metastasis.  
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