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ABSTRACT 

 The field of microfluidics has emerged as an important platform for cell biology re-

search.  This dissertation focuses on method development of cell separation and cell 

culture using microfluidic devices.  Four detailed studies were presented.  The 

world-to-chip interface is an important aspect of microfluidic devices.  A unique phe-

nomenon for vertical inlets of microfluidic affinity chromatography devices was reported.  

Cell capture density that was 5-10 times higher was found near the vertical inlet region 

compared with downstream of this device.  The enhanced capture increases the possibil-

ities of nonspecific binding, resulting in the deterioration of overall separation purity.   

 However, the enhanced capture efficiency at vertical inlet regions holds the potential 

for negative enrichment devices, since negative enrichment is difficult to achieve using 

straight channel devices due to the low capture efficiency.  We designed a multi vertical 

inlet device to utilize the inlet effect for negative enrichment.  Target cells were sepa-

rated with >90% purity by depleting unwanted cells on an antibody coated surface using 

this device.   

 Controlling surface coating patterns is another important aspect of microfluidic cell 

affinity chromatography.  Multi parameter analysis can be achieved by immobilizing 

multiple antibodies in well-defined regions.  We proposed the application of pneumatic 

valves to the surface coating patterns.  Up to four antibodies were coated in one straight 
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channel with defined boundaries.  Multiple cell line capture can be achieved conven-

iently by a flowing cell mixture through the main separation channel continuously.   

 On-chip cell culture was studied with novel cell seeding approach.  We employed 

multilayer soft lithography to fabricate vacuum control channel.  Cells can be loaded 

into dead-end side channels without the disruption fluidic channels via vacuum actuated 

cell seeding.  The filling of 256 side channels required only a single vacuum activation, 

reducing time and labor costs.  Because it is an active seeding strategy, multiple cell 

lines can be loaded into one chip using sequential injection.  Two cell lines were simul-

taneously cultured for four days in one device with >90% viability, which is comparable 

to cultures in petri dish.  Cell proliferation at each side channels can also be tracked.  

This device is also amenable for long-term cell based assay with selective chemical 

treatment. 
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CHAPTER I                                                                         

GENERAL INTRODUCTION 

1.1 Micro Total Analysis System and Microfluidics 

The idea of micro total analysis systems (μTAS) was first proposed by Manz et al. in 

1990
1
.  μTAS aims to integrate sample preparation, separation and detection functions 

into one silicon based microchip.  Since then, the concept of μTAS, also called 

―lab-on-a-chip‖, has expanded significantly and this research area has been growing rap-

idly.  The first reported analytical micro device can be dated back to the 1970s, which 

was a silicon wafer based device for gas chromatography
2
.  An injection valve and a 

separation column were fabricated on the silicon wafer.  However, this type of analyti-

cal device did not draw much attention from the scientific community during the next 15 

years until the introduction of the μTAS concept.  Significant research efforts have been 

made toward the fabrication and application of miniaturized devices due to the promising 

advantages of using μTAS
3-7

, such as reduced reagent consumption, rapid analysis, au-

tomation and device miniaturization.   

1.1.1 Device substrates and fabrication technologies  

Most of early microdevices were fabricated on silicon or glass substrates, because 

mature fabrication methods for these materials had already been established in the micro-

electronics industry
8
.  Besides the mature fabrication technologies, glass or oxidized sil-
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icon are widely used substrates for chemical separations in columns or capillaries.  

Chromatography or electrophoresis can easily be transferred to micro scale devices using 

these substrates.  However, it often requires specialized personnel and facility to fabri-

cate glass or silicon and the biocompatibility of these materials is not ideal for many bio-

logical applications.  

Many organic polymers were also investigated as microdevices substrates, including 

Poly-(methyl methacrylate) (PMMA), polycarbonate (PC), cyclic olefin copolymer 

(COC), etc.  Recently, they become increasingly important substrates in microfluidic 

devices due to the advantages of low cost, reduced fragility and faster fabrication pro-

cesses compared to glass or silicon substrates.  In 1998, Whitesides and co-workers in-

troduced elastomer poly(dimethylsiloxane) (PDMS) as a substrate for microfluidic de-

vices
9
.  PDMS is viscous liquid at room temperature.  When it is mixed with curing 

agent and baked at higher temperature for hours, it will become a solid slab, which allows 

rapid prototyping of microfluidic devices.  The low cost and ease of use of PDMS pro-

moted the wide adoption of microfabricated devices in research laboratories, resulting in 

the increasing amount of studies on microfluidics.  Moreover, the gas permeability and 

good biocompatibility make PDMS currently a dominant substrate for cell biology study 

in microfluidic devices.  The disadvantages of PDMS should not be omitted, including 

chemical absorption, evaporation, hydrophobic surface and lower mechanical strength.  

Therefore, the choice of substrates should depend on the availability of fabrication facili-

ty and the requirements of specific application.   
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 In addition to device substrates, microfabrication technologies are vital to the area of 

μTAS or microfluidics.  The development of microfabrication will enable new sub-

strates, achieve new channel structures, simplify operation process, and reduce fabrica-

tion time and cost.  Glass or silicon based devices can be fabricated using traditional 

technologies, such as etching, electroplating and photolithography.  Hot embossing is 

popular approach for plastic device fabrication
10

.  Inverse 3D features were created on 

silicon or glass substrates using photolithography, which serve as a mold to print chan-

nels on the plastics while heating.  Replica molding and micro contact printing are 

common strategies for fabricating PDMS based devices
11

.  The molds for replica mold-

ing or micro contact printing are often fabricated on silicon wafers using photolithogra-

phy.  

Bonding is also a crucial step in microdevices fabrication.  Glass-glass or sili-

con-silicon bonding is normally difficult.  It requires high temperature and long time to 

form robust bonding.  UV curable glue, anodic and Ca
2+

 assisted glass bonding have 

been reported facilitate the process
12-14

.  Bonding of silicon has been achieved using la-

ser radiation or plasma treatment
15-16

.  Thermal bonding is the widely used method for 

bonding between plastics.  Two pieces of plastics can be sealed by applying appropriate 

pressure and temperature between them
17

.  Solvent assisted bonding of plastic materials 

has also been reported
18

.  Bonding PDMS devices to PDMS or glass substrates are gen-

erally convenient using oxygen plasma treatment
9
.  After plasma treatment for a few 

minutes, PDMS can be irreversibly sealed with high bonding strength.  Bonding be-
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tween PDMS and thermoplastics was also achieved using 3-(trimethoxysilyl)propyl 

methacrylate after corona discharge activation
19

.   

Surface modification is necessary to many applications in microfluidic devices.  

Glass and silicon surfaces were silanized to achieve hydrophobic patterns and protein 

adsorption in the microfluidic channels
20

.  PDMS is the widely used material for micro-

fluidic devices.  However, its hydrophobic surface is not ideal for many applications.  

Numerous efforts have been devoted to the modification of PDMS surface.  Oxygen 

plasma treatment can change the surface to hydrophilic conveniently, but it will recover 

to hydrophobic quickly due to oligomers in PDMS slab, limiting its widely adoption in 

research laboratories.  Organic solvent extraction was reported to overcome this limita-

tion, prolonging surface hydrophilicity to a week
21

.  Dextran modification was also ex-

plored to enhance hydrophilicity of PDMS surface
22

.  PDMS also tends to absorb or-

ganic molecules or proteins, which is often unwanted in microreactor or bioanalysis ap-

plications.  Weitz and coworkers reported to use sol-gel approach to coat PDMS surface 

with glass to prevent swelling by organic molecules
23

.   

1.1.2 Applications of using microfluidic devices 

Since the advent of micro GC system, the application field of μTAS or microfluidic 

platform has been expanded significantly.  Sample preparation, chemical separation and 

purification, microreactors and mixers, and biological research are all investigated exten-

sively on the microfluidic platform.   
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1.1.2.1 Sample preparation  

Microfluidic ultrasonic devices have been reported for bacteria lysis or sample con-

centration
24-25

.  Liquid extraction devices were reported to be able to simultaneously 

control multiple organic flows, enhancing the extraction throughput.  Solid phase ex-

traction (SPE) was also possible on microfluidic platform
26

.  Jemere et al. reported the 

use of on-chip solid phase extraction to achieve 2000-fold concentration increase for pep-

tides detection
27

.  SPE and PCR were integrated in one microfluidic device to perform 

efficient DNA purification and amplification
28

.  Landers and coworkers filled micro-

channels with chitosan coated silica solid phase to purify RNA sample
29

.  Magnetic 

beads were also employed in microfluidic devices to extract RNA
30

.  Microdialysis can 

be incorporated into microfabricated devices for sample cleanup and on-line sampling.  

Huynh et al. reported the successful coupling of on-chip CE system with microdialysis 

sampling
31

.  Kennedy and coworkers combined microdialysis probe with segmented 

flow system and on-chip electrophoresis to achieve high efficient in vivo chemical moni-

toring with improved temporal resolution
32-33.

  Various membrane based microfluidic 

devices were reported to achieve sample purification and concentration.  Woolley and 

coworkers achieved 10000-fold concentration of proteins using an ion-permeable mem-

brane
34

.  Porous membrane was implemented in a cross junction of microfluidic channel 

using laser assisted fabrication for electrophoretic concentration of proteins
35

.  Isoelec-
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tric focusing was also implemented into microfluidic systems for sample 

pre-concentration
36

.   

1.1.2.2 Separation  

On-chip chromatography separation can be achieved using microfluidic devices.  

Separation of methane, acetylene, ethane and ethane gases was realized using a microm-

achined gas chromatography column
37

.  Pressure-driven liquid chromatography has also 

been demonstrated in microfluidic devices.  Reverse phase liquid chromatography was 

reported to separate coumarin mixtures using C8 coated microchannels
38

.  Centrifuga-

tion was combined with reverse phase chromatography separation in a microfluidic de-

vice
 39

.  Manz and coworkers used photopolymerisation to coat RP-HPLC beads which 

were immobilized by porous polymethacrylate onto the glass surface for microfluidic liq-

uid chromatography
40

.  Kato et al. fabricated separation channels with a depth of few 

hundred nanometers for liquid chromatography
41

.  The nano scale separation channel is 

able to overcome conventional limitations of chromatography, such as heterogeneity of 

the stationary phases and eddy diffusion.  PDMS based microchannels were applied to 

shear-driven separation of peptides and proteins
42

.   

Electrophoresis is another powerful separation tool and it has been studied extensive-

ly using microfluidic devices.  Jacobson et al. achieved on-chip electrophoretic separa-

tion in 0.8 ms with field strength of 53 kV/cm
43

.  Improved resolution and reduced low 

voltage requirements were reported using a field inversion electrophoresis method
44

.  
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2D separation microdevice combining isoelectric focusing and capillary electrophoresis 

was reported was reported to separate proteins
45

.  Sweedler and coworkers fabricated a 

3D hybrid microfluidic CE device for chiral amino acids separation
46

.  Ramsey and 

coworkers fabricated a chip-based electrophoresis device interfacing with a MS spec-

trometer
47

.  Besides electrophoresis, micellar electrokinetic chromatography has also 

been demonstrated using microfluidic devices
48

.   

1.1.2.3 Microreactors and micromixers   

The development of microfluidic devices enables performing reactions at microscale.  

Microreactors provide unique advantages, such as safety, rapid mass transport, reduced 

reagent consumption, and cost and energy efficiency, comparing to macroscale reactors.  

A glass and silicon based microreactor was reported for amino acids derivatization with a 

heating rate of 2 °C/s
49

.  Protein digestion and nanoparticles synthesis can also be per-

formed in microreactors.  Protein was digested in a nanozeolite packed microreactor 

with high efficiency
50

.  The size of nanoparticles can be controlled by changing temper-

ature, flow rate and concentration in microfluidic devices
51

.  Mitchell et al. implemented 

logic operator in microdevices to generate compound libraries
52

.  In addition, the con-

centration of glucose of can be determined in microfluidic devices by immobilizing en-

zymes on glass surface
53

.  Tanaka et al. employed diode laser to control temperature in 

micro enzyme reactors photothermally
54

.  Filter structures and porous silicon were in-

corporated in microchannels as support of catalyst for micro scale reactions
55

.  Micro-
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fluidic continuous flow reactor was reported to facilitate the reaction involving reactive 

intermediates
56

.  Marchand et al. applied electrically operated ionic liquid microdroplets 

as wall-free microreactors for organic synthesis
57

.   

Micromixers were another important application of microfluidic devices.  Generally, 

micromixers can be divided into two categories: passive mixers and active mixers.  Pas-

sive mixers utilize diffusion and geometry effects to mix multiple fluids.  A diffusion 

based micromixer was fabricated to mix phenolic solution with water
58

.  The Coanda 

effect, in which fluid flow tends to be attracted by nearby surface, was utilized in micro-

fluidic devices to achieve passive micromixer
59

.  Whitesides and coworkers fabricated 

herringbone structure in microchannels for rapid passive mixing of two streams of fluid 

flow
60

.  Segmented flow was able to confine small volume of multiple solutions and fa-

cilitate their mixing
61

.  Active micromixers often make use of external forces to facili-

tate mixing multiple fluids.  Yang et al. presented a micromixer based on ultrasonic vi-

bration
62

.  Lu et al. fabricated magnetic microstirrer to accelerate solution mixing
63

.  

Electroosmotic mixing methods have also been reported
64

.   

1.1.2.4 Biological research  

In addition to the aforementioned applications of microfluidic devices, biological re-

search is another important aspect and has been studied extensively recent years
65-66

.   

The ability of precise control of fluids and environment at micro scale makes microfluid-

ic devices a favorable platform for biological research.  The microfluidic devices not 
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only improved traditional approaches, but also enable new methods.  Numerous publi-

cations can be found in this field, namely microfluidic PCR, high throughput screening, 

on-chip cell culture and cell monitoring, cell sorting, single cell analysis, chemotaxis, and 

cell-cell interaction study.  

On-chip PCR systems have been demonstrated since the early stage of microfluidics.  

Recently, many improvements and extensions of original form of PCR have been 

achieved.  Fluidigm commercialized chip-based digital PCR systems that are capable of 

performing up to 36,960 reactions in one experiment run.  Ismagilov and coworkers re-

ported a ―slip chip‖ platform to achieve multiplexed digital PCR analysis with large dy-

namic range for virus detection
67

.  Heyries et al. achieved a microfluidic digital PCR 

device with density of 440,000 reactors/cm
2 

and 10
7
 dynamic range using oil phase con-

fined micro chambers
68

.  Besides the advantages of scaling up reaction chambers, con-

ventional PCR benefits from the integration of microfluidic devices.  Chang et al. com-

bined cell lysis, DNA extraction and amplification, and CE-LIF in one device for muta-

tions detection in mitochondrial DNA
69

.  Chip-based reverse transcription PCR 

(RT-PCR) has also been demonstrated for RNA analysis
70

.  High throughput screening 

has also benefited from the advantages of performing multiplexed reactions in microde-

vices.  Droplet-based system was explored to achieve high throughput screening with 

controlled microenvironment
71

.  Microfluidic arrays were also developed to study drug 

resistance at single cell level
72

. 
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Single cell analysis has become an increasingly important research topic in cell biol-

ogy area
73

.  Cells may behave significantly different from each other even in the same 

cell population.  However, this heterogeneity is often missed with conventional analyti-

cal approaches.  Microfluidic devices provide tools for single cell analysis with high 

throughput and high precision manner.  High density microwells were fabricated to seed 

single cell in each well for analysis
74

.  Cells can be patterned accurately by controlling 

surface coatings
75

.  External forces, such as mechanical, acoustic, optical, magnetic, and 

electric, were combined with microfluidic devices to trap cells at single cell level
76-80

.  

Droplet systems are also amenable to single cell analysis.  Single cells can be encapsu-

lated in one droplet for the following analysis
81

.  In addition, on-chip cytometry is 

widely investigated approach for cell analysis.  Imaging, fluorescence and impedance 

methods were employed for cell detection
82-84

.   

Chemotaxis studies have been facilitated by fabricating various kinds of microfluidic 

gradient generators.  Cancer cells migration, burn injuries and angiogenesis studies us-

ing chemical gradients were reported in microfluidic devices
85-87

.  E.coli growth towards 

glucose concentration was characterized using diffusion based microfluidic gradient gen-

erators
88

.  Since microfluidic tools offer sophisticated approaches to manipulate cells in 

microchannels, it is a favorable platform for cell-cell interaction study.  Cell line growth 

was enhanced with co-cultured cell lines, which are able to secrete growth factors in mi-

crodevices
89

.  Neuron-neuron interactions were studied by fabricating small connection 

channels for synapse formation between neurons
90

.  Recently, the concept of or-
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gans-on-a-chip was proposed to utilize the precise control of microenvironments for in 

vivo simulations.   Pulmonary epithelial cells were cultured in a PDMS based microde-

vice, mimicking the normal function of lung
91

.   

1.1.3 Current limitations 

Although exciting achievements have been made in μTAS, several practical limita-

tions should not be ignored.  First, most of reports do not truly meet the standard of a 

micro total analysis system or lab-on-a-chip.  Ideal devices should be capable of per-

forming experiment operations from sample preparation to final data presentation.  

However, current devices often focus on applying microfluidic technologies on one as-

pect of the total analysis system.  In future, devices that are able to integrate multiple 

functions are required.  In order to facilitate the integration, standards for the devices 

should be established.  Second, although the devices are miniaturized, the actual infra-

structure space requirement is still large.  The peripheral instruments, such as pumps, 

gas tanks, optical detection systems, and computer workstations, are hard to be miniatur-

ized, which increases the system cost and limits portability.  Research efforts have been 

made to miniaturize the control and detection system, but further investigations are still 

necessary.  Third, many novel biological applications are still in the proof of concept 

phase.  Currently, they are seldom adopted by the biologists.  Biologists still rely 

largely on conventional techniques.  To eliminate current gap between engineers and 

biologists, developing reliable and user friendly microdevices is of importance.   
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1.2 On-chip Cell Separation and Cell Culture 

1.2.1 Cell separation  

Cell sorting, separation and enrichment is an important topic for both clinical diagno-

sis and basic biological science research
92

.  In clinical diagnosis, reliable cell sorting and 

separation methods will facilitate cell identification process and accelerate disease diag-

nosis.  Experiment variations and uncertainties can be reduced by obtaining a pure cell 

population in basic biological research
93

.  Cell separation is based on differences be-

tween different cell lines.  The differences can be classified into two types: physical 

properties and surface antigen expressions.  Physical properties include size, density and 

electrical properties.  Filtration and centrifugation are simple and classic methods to 

separate cells based on their size and density.  They have been widely adopted and per-

formed routinely in research laboratories.  Dielectrophoresis utilizes external electrical 

forces to separate cells with different electrical properties.  However, many cell lines 

share similar physical properties, limiting the application scope of these approaches.   

The separation and identification of physically similar cells relies on cell surface spe-

cific markers.  Fluorescence activated cell sorting (FACS) employs fluorescent dye 

conjugated antibody labeling, fluorescence detection, and cell sorting.  Since the advent 

of this technique, it has become a standard approach to obtain pure cell population for 

biological applications.  However, FACS requires high quality optical system and so-

phisticated flow manipulation, which increases cost and limits non-infrastructure based 
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applications.  Moreover, labeling target cells with fluorescent dye conjugated antibodies 

is necessary before performing sorting.  The labeling molecules may have negative im-

pact on the following cell biology study in addition to the excessive shear of cells expe-

riencing during the sorting process.  Magnetic activated cell sorting (MACS) is another 

effective cell separation approach based on magnetic labeling and external magnetic 

fields.  Magnetic particles were first functionalized with specific affinity molecules for 

cell labeling, and mixed with cell sample to bind target (or unwanted) cells.  Magnetic 

particles bound cells will then be separated from unbound cells after applying external 

magnetic field to the system.  So far, MACS is still the golden standard for the separa-

tion of circulating tumor cells.  The only FDA approved (CTC) analysis instrument 

(Cell Search) is based on MACS.  The limitation of MACS is that the magnetic labeling 

is often harmful to cells and hinders subsequent studies using the separated cells.   

1.2.2 Cell affinity chromatography 

Cell affinity chromatography is also able to separate cells based on their different 

phenotypes.  In cell affinity chromatography, affinity molecules are immobilized on 

solid support.  Cells with matching surface molecules can be captured on the surface, 

while unbound cells will be washed away at elevated shear stress.  Comparing to FACS 

and MACS, it is a label-free cell sorting approach.  It has drawn a lot of research atten-

tions recent years, especially with the development of microfluidic devices.  Micro-

channels tend to have larger surface to volume ratio compared with conventional 
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marcodevices.  A larger surface to volume ratio increases possibilities of cell-surface 

interactions, resulting in higher cell capture efficiency.  In geometrically defined mi-

crochannels, shear stress on cells can be controlled precisely to elute unbound cells while 

leaving target cells on the surface.  Moreover, affinity capture can be integrated into 

multi-function microdevices.  For example, cell lysis can be performed after cell capture 

to further analyze pure cell population at molecular level.   

1.2.3 Recent developments of microfluidic cell affinity chromatography 

With the unique advantages, microfluidic cell affinity chromatography becomes in-

creasingly important in biomedical research.  Cheng et al. reported a microfluidic 

chamber coated with anti-CD4 to count CD4+ T lymphocytes for HIV diagnosis
94

.  

Plouffe et al. modified a channel surface with specific peptide sequence to separate 

smooth muscle and endothelial cells using affinity capture
95

.  Tan and coworkers em-

ployed apatmer coated microdevices to isolate CCRF-CEM cells from cell mixtures
96

.  

Cell affinity chromatography also plays an important role in the isolation of CTC.  

Nagrath et al. fabricated silicon pillar structures in microchannels and coated EpCAM 

antibody to capture CTCs
97

.  Patients’ blood sample was tested using the CTC chip.  

Herringbone structure was studied in microfluidic channels to create chaotic flow which 

will enhance capture efficiency for CTCs
98

.  Silicon nanopillar surface was also reported 

to capture CTCs from patients’ sample with improved efficiency
99

.  Neutrophils were 
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isolated from whole blood sample, followed by mRNA and protein extraction for ge-

nomics and proteomic study
100

.   

1.2.4 On-chip cell culture  

Culturing cells in vitro is a major technical advancement for biological research dur-

ing last century.  Now it is a routine operation in biology labs to provide large amount of 

cells for research needs.  As microfluidics becomes a powerful tool for biological re-

search, on-chip cell culture is studied extensively to explore unique advantages of mi-

croscale devices.  Comparing to macro scale cell culture, microfluidic devices are able 

to precise control and change microenvironment of cells, which has the potential to 

eventually mimic in vivo environment.  On-chip cell culture can also be implemented in 

a highly integrated chip to realize the true micro total analysis system.  Eight mi-

crosieves were fabricated in one microfluidic cell culture chamber to achieve cell seeding 

and on-chip subculture
101

.  Sia and coworkers made use of pneumatic valves to control 

microenvironment of cell culture array in real time
102

.  Cells can also be cultured in mi-

crofluidic arrays.  With independent controlled microchambers, medium exchange and 

real-time analysis were possible
103

.  Cell recovery and similar proliferation rate as mac-

ro scale cell culture can be achieved with high throughput
104

.   
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1.3 Summary 

Significant advancements have been achieved in area of μTAS during the last 20 

years of development.  Numerous applications using microfluidic technologies have 

been reported.  In cell biology research, microfluidic devices become promising tools to 

overcome future challenges in this field.  It is still important to discovering new phe-

nomenon and develop new applications in microsystems.  This dissertation presents re-

search efforts on the development of cell separation and cell culture devices using micro-

fluidic technologies.  World-to-chip interfaces were studied for microfluidic cell affinity 

chromatography device.  A negative enrichment device based on world-to-chip interface 

effect was demonstrated.  New approach for controlling surface coating patterns for cell 

affinity capture device was presented using multilayer soft lithography.  High density 

on-chip cell culture arrays were developed by applying vacuum lines to selective seed 

cells.   
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CHAPTER Ⅱ                                                                      

COMPARISON OF INLET GEOMETRY IN MICROFLUIDIC CELL AFFINITY CHROMATOG-

RAPHY 

Abstract 

Cell separation based on microfluidic affinity chromatography is a widely used 

methodology in cell analysis research when rapid separations with high purity are needed.  

Several successful examples have been reported with high separation efficiency and pu-

rity; however, cell capture at the inlet area and inlet design has not been extensively de-

scribed or studied.  The most common inlets—used to connect the microfluidic chip to 

pumps, tubing, etc—are vertical (top-loading) inlets and parallel (in-line) inlets.  In this 

work, we investigated the cell capture behavior near the affinity chip inlet area and com-

pared the different performance of vertical inlet devices and parallel inlet devices.  Ver-

tical inlet devices showed significant cell capture capability near the inlet area, which led 

to the formation of cell blockages as the separation progressed.  Cell density near the 

inlet area was much higher than the remaining channel, while for parallel inlet chips cell 

density at the inlet area was similar to the rest of the channel.  In this paper, we discuss 

the effects of inlet type on chip fabrication, nonspecific binding, cell capture efficiency, 

and separation purity.  We also discuss the possibility of using vertical inlets in negative 

selection separations.  Our findings show that inlet design is critical and must be con-

sidered when fabricating cell affinity microfluidic devices. 
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2.1 Introduction 

Cell separations play an important role in both chemical and life sciences including 

cancer research, cell biology, microbiology and immunology.  Many techniques have 

been developed to realize high throughput and high purity cell isolation and separation
1
.  

These techniques can be classified into two types: separation based on internal properties, 

such as size, shape and electrical properties
2-6

; or separation based on cell surface mark-

ers, such as affinity surface or matrix, fluorescence-activated cell sorting and magnet-

ic-activated cell sorting
7-10

.  Among these methods, cell separations based upon affinity 

chromatography have become increasingly important in bioanalytical and diagnostic ap-

plications due to the features of rapid analysis, high selectivity, low cost, and ease of 

use
11-14

.   

Cells can be captured by antibodies, aptamers, or other capture ligands that recognize 

a cell surface marker.  Capture molecules will form affinity bonds with the surface 

molecules on cells to hold the specified cell against shear force in the separation channel, 

column or chamber.  When the applied shear force is smaller than the bond strength 

between cells and the affinity surface, cells cannot be washed away and are retained in 

the separation channel
1
.  Cells that cannot form a sufficient number of affinity bonds 

with the surface will move along the separation channel and reach the waste or recovery 

reservoir.  Cells captured on the surface can also be dislodged for recovery by increas-

ing shear force or using bubble induction
11, 15

.  Cell selection is based largely on the dif-
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ference in capture force between specific and nonspecific binding.  This selection can 

either be positive (retaining target cells on the surface) or negative (capture non-target 

cells on the surface)
16

.  

In recent years, the application of microfluidic devices in cell separation has extend-

ed the capacity of this technique with high-throughput, automation, miniaturization, and 

multi-parameter separation
17-22

.  When converting normal cell affinity separations into 

microfluidic devices, the macro-to-micro interface becomes a critical aspect for device 

performance.  Macro-to-micro interface solutions have been studied extensively in re-

cent years
23-29

.  Ideal interfaces feature simple, robust, and automated operation as well 

as zero dead volume.  However, few devices approach these ideal conditions.  For 

large particles, such as cells, size effects are not negligible in macro-to-micro interfaces 

comparing with molecules in solution.  Cell sedimentation in the connection syringe, 

tubing and interface have been reported and studied
30, 31

.  This problem can be more 

significant in affinity surface microdevices due to the surface capture effect for target 

cells; however, capture effects near the inlet area have not been discussed in detail.  In 

macro-scale experiments, sample tubing can be connected to the separation system easily, 

making the cell inlet parallel to the separation surface.  For micro-systems, the typical 

channel height is 25—75 μm and it is difficult to connect sample tubing parallel to the 

separation channel.  Therefore, a vertical inlet, in which the loading tube is perpendicu-

lar to the separation channel, is a more common approach.  However, when using verti-

cal inlets, larger dead volumes caused by a larger cross sectional area and initial impact 
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driven by the vertical direction of hydrodynamic force enhance the capture effect around 

inlet area.  These effects compounds over time, creating channel blockage.  Eventually, 

cell blockages around inlet area increase nonspecific binding, disrupt uniform flow, and 

degrade separation performance.  In contrast, parallel inlets alleviate channel blockage 

caused by large dead volume and initial cell-surface impact and lead to better separation 

results. 

In this paper, we compared cell capture behavior in microfluidic affinity devices with 

different inlet types.  Though vertical inlets have an increased likelihood of clogging 

and flow irregularities, they are sometimes necessary for certain experiments because of 

ease of fabrication and compatibility with multi-layer microfluidic devices
32-34

.  Because 

of increased cell capture at the inlet, vertical inlet devices can also be used as 

flow-through systems for negative cell selection, enriching a target cell without capturing 

or labeling it.  We also show that, while difficult to fabricate, parallel inlets are more 

suitable for large sample volumes and continuous flow cell separation.  These results 

can serve to guide others in the design of affinity microdevices. 

2.2 Experimental Section 

2.2.1 Cells and cell culture 

Human T lymphocyte (Hut 78), and Mouse endothelial (RCL-2583) cell lines were 

obtained from American Type Culture Collection (ATCC).  Mouse endothelial cells ex-
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pressed green fluorescent protein, which was used for identification under microscope.  

Hut 78 cells were CD71+, while mouse endothelial cells did not express any human sur-

face antigens.  Cells were cultured in an incubator at 37 °C and 5% CO2.  Culture me-

dium RPMI 1640 medium (Hyclone) was supplemented with 10% fetal bovine serum 

(Hyclone) and 20 mL/L antibiotic (penicillin-streptomycin solution stabilized, Sig-

ma-Aldrich, Inc.).  Hut-78 cells were normally subcultured twice each week to maintain 

a moderate cell concentration in culture flasks.  Mouse endothelial cells were subcul-

tured before becoming fully confluent in culture flasks, normally one to two times each 

week.  Before each experiment, cell concentration was determined by hemacytometer.  

Typical concentration range was from 2000 to 5000 cells/μL.  

2.2.2 Surface conjugation chemistry 

Surface modification was based on Flavell’s
35

 and Wang’s
11

 protocols. The micro-

fluidic channel was first rinsed with deionized water.  Biotin-conjugated bovine serum 

albumin (1mg mL
−1

 in 10mM Tris–HCl, pH 8.0, 50mM NaCl, Sigma-Aldrich) was load-

ed into the separation channel and incubated for 45 min under room temperature.  The 

channel surface was then washed with 10 μL 10mM Tris–HCl buffer and incubated with 

neutravidin (0.2mg mL
−1

 in 10mM Tris–HCl buffer, Pierce) for 15 min.  The channel 

was rinsed with 10 μL 10mM Tris–HCl buffer and 20 μL deionized water.  Before each 

experiment, 5 μL biotinylated mouse anti-human CD71 (Becton-Dickinson) were loaded 

into channel and incubated for 20 min.   
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2.2.3 Microfluidic device fabrication  

Microfluidic devices (Fig. 2.1) were made based on standard soft lithography proto-

cols
36

.  Chip designs were first drawn on computer and then printed out as high resolu-

tion photomasks by CAD Art Services.  The separation channel features were 40 μm 

height, 1 mm width and 3 cm length.  Photoresist SU-8 2015 (Micro Chem) was spin 

coated onto a 4 inch silicon wafer (University Wafer) at 1000 rpm to form a 40 μm thick 

layer.  The silicon wafer was then baked at 95℃ for 5 min and exposed to UV for 15 s 

with the photomask.  The silicon wafer was placed on a 95℃ hot plate for 6 min, fol-

lowed by development by SU-8 developer (Micro Chem) for 5 min and rinsed by isopro-

panol (Mallinckrodt Chemicals).  After developing, the wafer was baked at 200℃ for 

30 min to make the features robust.  Silanization was performed in a desiccator by add-

ing perfluorooctyltrichlorosilane (Alfa Aesar) on a surface under the wafer.     

PDMS prepolymer and curing agent was mixed at a ratio of 10:1 and degassed under 

vacuum for 30 min.  To make vertical inlet devices, the PDMS mixture was poured onto 

the silicon mold and baked at 80℃ for 1 h.  Then the PDMS layer was peeled off of the 

silicon and holes were punched by an 18-gauge stainless steel blunt needle (Small Parts) 

to form inlets and outlets.  The PDMS slab and a clean glass slide were treated by oxy-

gen plasma for 60 s and then bonded together.  30 gauge PTFE tubing (I.D.=300 μm, 

Small Parts) was inserted to the punched hole and sealed by a small portion of PDMS 

mixture to form vertical inlets.  To make the parallel inlet devices, three layers of Scotch 
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tape were adhered to the channel near the inlet area. The PDMS mixture was then poured 

onto the silicon mold and baked at 80℃ for 1 h.  Inlets were formed by cutting part of 

the PDMS slab at the inlet end to expose the channel end to air.  A diagram of the pro-

cedure is shown in Fig. 2.2.  The PDMS device was bonded with a piece of glass slide 

by plasma treatment.  A short capillary (O.D. = 360 μm, I.D.=200 μm, Polymicro 

Technologies) was inserted to the end of the microchannel and sealed by small amount of 

PDMS liquid mixture, forming the inlet connections.   
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Figure 2.1 Schematic of microfluidic device a) Vertical inlet chip. Holes were punched from PDMS slab 

to form the inlet and outlet.  30-guage PTFE tubing was connected to the inlet hole to load buffer and 

cell sample into the separation channel. b) Parallel inlet chip. Capillary (O.D. =360 μm) was inserted 

into the separation channel to form parallel inlet (See Supporting Information for fabrication procedure).  

30-guage PTFE tubing was then connected to the capillary to introduce the cell sample to the separation 

channel.  Both devices were fabricated following standard soft lithography protocols.  Separation 

channel dimensions are 40 μm × 1 mm × 3 cm (height × width × length).  The channel is narrower near 

the outlet (300 μm in width).  
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Figure 2.2 Procedure of making parallel inlet device.  1) Three layers of Scotch tape are adhered on the 

inlet of separation channel.  2) Cast PDMS on the silicon mold, cure at 80℃ for 1 h and peel off from 

mold.  3) Cut half of taller channel to expose inlet to the air.  4) Plasma seal on a clean glass slide for 

60 seconds.  5) Insert a short capillary to the inlet end and sealed by adding a small portion of PDMS 

and curing agent mixture. 
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2.2.4 Device setup and operation procedure 

A series of syringes and a T-junction flow system were used to introduce cells and 

wash buffer.  Syringes containing either cell suspension or wash buffer were placed onto 

syringe pumps (KD Scientific).  3% bovine serum albumin (BSA, Sigma-Aldrich) in 

phosphate-buffered saline (PBS, Mediatech) was first introduced at 0.5 mL/h by the 

pump holding the buffer syringe to fill the device and exclude any bubble.  Then the 

buffer loading pump was stopped and the sample loading pump was set to load cells into 

the channel at 0.5 mL/h.  This flow rate was chosen to rapidly fill the injection tubing 

with cells and begin to introduce cells into the separation channel.  When cell injection 

became constant, the flow rate was lowered to 0.05 mL/h to allow for cell separation.  A 

Schematic of the experiment setup is shown in Fig. 2.3. 

Cell separation was observed using an inverted epifluorescence microscope (IX71, 

Olympus).  All images and videos were recorded by a cooled CCD camera (Orca-285, 

Hamamatsu).  A 100W Hg lamp (Olympus) was used to excite green fluorescent protein 

in mouse endothelial cells. Suitable filters and a 0.3 NA 10X objective were used to ob-

tain white light and fluorescence imaging.  Images and compressed videos were pro-

cessed by ImageJ (Version 1.43u, National Institutes of Health). 
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Figure 2.3 Schematic of experiment setup.  Syringe pump 1 is served as washing buffer loading pump.  

Syringe pump 2 is served as cell sample loading pump.  Typical experiment procedure: 1) Turn on 

syringe pump 1 to fill system with separation buffer at flow rate 0.5 mL/h.  2) Turn off syringe pump 1 

and turn on syringe pump 2 to load cell sample at flow rate 0.5 mL/h. 3) Change flow rate to 0.05 mL/h 

to perform continuous flow affinity cell separation.  4) Turn off syringe pump 2 and turn on syringe 

pump 1 to wash unbound cells away at flow rate 0.3-0.5 mL/h.  

 

2.2.5 Fluorescence correlation spectroscopy (FCS) experiment setup and operation 

procedure 

 FCS instrument setup in this study is based on previous reports
37, 38

 with slight modi-

fication.  Briefly, excitation light was produced by a 637 nm laser diode (Edmund Op-

tics).  The laser beam passed through a variable neutral density filter and was attenuated 

to power of 150 μW. The attenuated laser beam was then directed to an inverted micro-

scope (IX51, Olympus) through a two-mirror periscope.  A 635 nm dichroic mirror 

(Semrock) was employed to reflect the incoming laser beam through the back aperture of 

the objective (60×, NA= 0.7, Olympus).  The objective was adjusted to focus on inter-

ested spots in microchannel.  Fluorescence emission passed through the same objective, 
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the dichroic mirror, lenses, and a 700 nm interference filter (used to minimize Rayleigh 

and Raman scatter).  A 100 μm pinhole was used to exclude out-of-focus light.  Fluo-

rescence was finally collected by a sigle-photon-counting avalanche photodiode detector 

(PerkinElmer).  Signals acquisition was achieved by a counting board (Model 6602, Na-

tional Instruments). 

 The flow experiment setup and procedure were the same as cell experiments men-

tioned above (Fig. 2.3).  The only difference is the use of Allophycocyanin- Alexa Fluor 

680 (APC680, Invitrogen) fluorophore in PBS solution instead of cells in buffer solution.  

A solution of 4 nM APC680 was first introduced into the flow channel and then the flow 

rate was adjusted to 0.05 mL/h and flow ran for 20 minutes before measurement.  Data 

was acquired and monitored by a FCS control program (a gift from Rigler group
39

) at a 

flow rate of 0.05 mL/h for both vertical and parallel inlet devices.  Collected data was 

further processed in Origin 6.0 (Origin Lab, USA) and the resulting FCS curves were fit-

ted by a non-linear least-squares algorithm to calculate diffusion time.   

2.3 Results and Discussion 

2.3.1 Cell separations in vertical inlet and parallel inlet devices  

Cell separations were performed both in vertical inlet and parallel inlet chips.  Cell 

mixtures of HuT 78 and mouse endothelial cells (5000±1000 cells/μL) were first intro-

duced into the separation channel at 0.5 mL/h. When cell flow became uniform and con-
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stant in the channel, flow rate was changed to 0.05 mL/h to provide enough time for cell 

surface antigens to interact with surface antibodies, a step which is essential for cell cap-

ture under continuous flow conditions.  About 10 μL of cell mixture were passed 

through the separation channel followed by a 0.5 mL/h flow rate wash step.  Images 

(Fig. 2.4a and 2.4b) of the middle of the separation channel were taken after a 10μL wash.  

The purity of target Hut 78 cells was 98.2%±1.6% and 99.1%±1.8% for the parallel inlet 

device and vertical inlet device, respectively.  However, inconsistent flow affected cell 

capture efficiency during the separation process in vertical inlet devices.  Since the sy-

ringe pump provides nearly-constant pressure to the flow system, the inconsistent flow 

most likely arises from cell accumulation at the inlet area.  Observations of cells flowing 

in parallel channels did not reveal the same pulsatile behavior.   

Cell capture near the channel inlet exhibited different behavior than further down-

stream in the channel.  Cell mixtures of HuT 78 and mouse endothelial cells (~2000 

cells/μL, 2:1 mixture) were separated in anti-CD71 coated devices.  Cell blockage can 

be seen in the region near the vertical inlet after a 2.5 μL cell sample was introduced (Fig. 

2.5a).  In contrast, parallel inlet devices showed reduced level of cell blockage at the 

inlet area (Fig. 2.5b).  The cell density on the capture surface after 2.5 μL of cell mixture 

was 2600±110 cells/mm
2 
for vertical inlets and 500±140 cells/mm

2
 for parallel inlets.  

In addition, the cell density near the vertical inlet area was about 10 times higher than the 

rest of the channel.  In the parallel inlet device, the inlet cell density was 4-6 times 

higher.  It should also be noted that parallel inlet connections are more difficult to make 
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due to the height of micro channel.  Parallel inlet defects such as inconsistent channel 

height and debris at the inlet area may also lead to high cell density near the inlet (Fig. 

2.5c and 2.5d).  However, cell accumulation and blockage with parallel inlets is not as 

severe as observed in vertical inlet channels under similar conditions.  Cell density in a 

higher height channel (>360 μm) was 976±117 cells/mm
2
 (Fig. 3d) after a 10 μL sample 

was loaded (~5000 cells/μL), which was approximately 2.5 times less than at the vertical 

inlet area (Fig. 2.5a).  At vertical inlets, nonspecific binding is worse than in the rest of 

the channel (Fig. 2.5e).  As an analytical technique where the end result is the capture 

and counting of cells, avoiding counting the inlet will reduce error from nonspecific 

binding.  However, in experiments where cells are purified and captured (or cultured in 

the separation chip), nonspecific binding at the inlet cannot be neglected.  
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a          b 

 

Figure 2.4 Fluorescence images in the middle part of anti-CD71 separation chips, each showing >98% 

purity.  a) Hut 78 cells captured in vertical inlets device.  b) Hut 78 cells captured in parallel inlets 

device, bright cells in the picture are mouse endothelial cells.  Continuous flow was employed for both 

devices.  Cells were loaded at 0.5 ml/h and the flow rate was then changed to 0.05 ml/h to allow cells to 

be captured on the channel surface.  The total injected sample volume was 10 μL.  Cell sample con-

centration (5000±1000 cells/μL) and mixture ratio (HuT 78: Mouse endothelial ≈ 1:2) were the same to 

each experiment.  Scale bar is 100 μm. 
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a            b 

 

c             d 

 

e 

  

Figure 2.5 Images of Hut 78 cells captured by anti CD71 affinity surface a) Cell blockage near vertical 

inlet after 2.5 μL sample collection (large dark area is inlet and tubing).  Captured cell density is 

2586±111 cells/mm
2
.  b) Cells captured near parallel inlet after 1.7 μL sample collection.  Cell density 

was 427±170 cells/mm
2
.  After 2.5 μL sample collection, cell density increased to 499±143 cells/mm

2
.  
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Both a) and b) came from same day experiment and had the same sample concentration (~2000 

cells/μL).  c) Cell capture caused by debris on the surface.  Debris can block flow pathway of cells, 

resulting in higher cell capture efficiency near inlet.  d) Cell capture caused by different height in 

parallel inlet devices.  Left part of dark line indicates channel with higher height (>360 μm), while right 

part has channel height 40 μm.  Cell experienced less shear stress in taller channel, which leads to 

higher capture efficiency.  Cell density at left part is 976±117 cells/mm
2
 after 10 μL sample collection 

(~5000 cells/μL).  f) Non-specific binding near vertical inlets.  Bright cells are mouse endothelial cells 

expressing green fluorescence protein.  The image was taken after 25 μL of sample (2:1 mixture of Hut 

78 cells and Mouse endothelial cells) was loaded at 0.05 mL/h.  Cell blockage at vertical inlet area can 

trap non-specific cells on the surface, resulting in lower separation efficiency.  Scale bar is 100 μm. 

2.3.2 Theoretical considerations  

The different capture capacity at the inlet area is related to the different inlet geome-

try of two devices.  The flow profile at vertical inlets is more complicated than parallel 

inlets due to the inlet geometry (flow channels perpendicular to each other) and imperfect 

connections caused by the hole punching process.  Fluorescence correlation spectrosco-

py (FCS) experiments were conducted to describe the flow profile of the two devices (Fig. 

2.6a and 2.6b).  The ability and principle of measuring diffusion and flow time in mi-

crofluidic device by FCS has been demonstrated previously
39, 40

.  The diffusion time and 

flow time of fluorophore can be obtained using a model (Eq. 1, Eq.2, respectively) for the 

temporal autocorrelation function.   
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where N is the average number of fluorophres in the confocal volume, τD is the diffusion 

time and τF is the flow time.  Wxy and Wz are the horizontal and vertical dimensions of 

confocal volume, respectively.  It should be noted that the resultant autocorrelation 

curves failed to be fitted by flow model but can be fitted in simple diffusion model
40

.  

This failure of fitting may be caused by the low flow rate used in this experiment.  

Therefore, we chose static model to fit the points of measurement in the chips and com-

pare the calculated diffusion times of the fluorophore.  Though diffusion time cannot 

represent the exact velocity, it reflected relative mass transport and can be used to com-

pare relative flow velocity at different spots.  The calculated value of tD represents a 

transport time in this case, as small flow effects are also present.  In parallel inlet devic-

es, tD near the left channel wall at the inlet area is 0.494±0.083 ms.  This spot should 

have a relatively slow mass transport, since the position is furthest to the inlet capillary.  

In vertical inlet device, seven spots, which are 77% of measured spots near the inlet area, 

have a comparable tD (≥ 0.4 ms, see Supporting Information) with the slowest spot at the 

parallel inlet area, indicating a larger dead volume compared to the parallel inlet device.  

Cells in the dead volume have smaller flow velocity and cannot be transported to the 

separation channel effectively.  This prolonged the flow time near inlet area increased 

the chance of cells being captured.  In contrast, the cell inlet area in the parallel inlet de-
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vice maintains a relatively fast mass transport to reduce the capture effects at the inlet.  

Though there is a small dead volume at the left corner, it should not cause much capture 

since it is not the major pathway of the cells.  The difference in dead volume is related 

to the cross section area of two inlet types.  The vertical inlet diameter is about 600 μm 

(the hole punched by 18-gauge blunt needle), while the parallel inlet capillary has an in-

ternal diameter of 200 μm.  Base on the law of the mass conservation, linear flow veloc-

ity is inversely proportional to the cross sectional area of the channel.  Before entering 

the flow channel, cells flowed through a larger cross section at the vertical inlet than at 

the parallel inlet (about 9 times larger), which resulted in a smaller velocity at the vertical 

inlet area.  The smaller velocity and perpendicular geometry at the vertical inlet in-

creased cell-affinity surface interactions, leading to cell capture.  For the parallel inlet 

device, enhanced cell capture near the inlet area was unlikely to occur, as it is hard to 

make a large cross section area due to the nature of parallel geometry.   

In addition, the direction of hydrodynamic force may contribute to the difference of 

the inlet capture effect of the two devices.  Cells at both inlets experience the same 

forces of gravity, buoyancy and fluid resistance.  However, hydrodynamic force on the 

cells in vertical inlet channels has two directions (vertical and horizontal), while cells in 

the parallel inlet channels only experience hydrodynamic force along the channel (hori-

zontal).  The additional direction of hydrodynamic force pushed the cells at vertical in-

lets to the affinity surface, which increases the likelihood of cells interacting with surface 
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and being captured.  Slower cell velocity and additional force towards the channel sur-

face led to significant capture effects near vertical inlet area.   

Capture effects were further enhanced by cells captured in earlier parts of the separa-

tion. These captured cells increased the possibility of collisions with moving cells.  

These collisions result in increased cell capture.  If too many cells are captured at the 

inlet, they may block the flow of buffer solution.  Though this blocking effect is very 

short, it can cause inconsistent flow in the channel.  Moreover, non-targeted cells tend to 

be trapped by cells captured on the surface due to the large cell density near the inlets 

(Fig. 2.5e).  Non-specific binding near inlets will degrade the separation experiment.  

In parallel inlet separation channels, cells trapped by already-captured target cells are also 

the main reason for decreased separation purity.  However, parallel inlets allow larger 

separation sample volumes, because cell blockage was reduced near inlets.   
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a            b 

  

Figure 2.6 Transport time of a tracer fluorophore (APC680) (unit: ms) under 0.05 mL/h flow rate.  a) 

Transport time of selected spots in the vertical inlet device (capillary connection shown in grey).  

Larger transport times indicate slower mass transport at selected area. Transport time at inlet center is 

0.448±0.046 ms, which is larger than the measurement spot in the middle of flow channel (0.321±0.021 

ms).  b) Transport time of selected points in the parallel inlet device.  The transport time at inlet center 

is 0.284±0.020 ms, which is smaller than spot in the middle of flow channel (0.354±0.054 ms).   

 

2.3.3 Cell velocity comparison   

As indicated above, cells at vertical inlets should have slower velocity than at paral-

lel inlets.  To validate our hypothesis, cell horizontal velocities were measured for each 

type of device under a flow rate 0.05 mL/h.  In vertical inlet devices, cell velocities were 

0.07±0.03 mm/s at the inlet and 0.48±0.08 mm/s in the middle section of the channel, re-

spectively (Fig. 2.7a).  Cells moved slower at the inlet area, which facilitated cell cap-

ture on the affinity surface.  In parallel inlet devices, cell velocities at the inlet and mid-
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dle of the channel were 0.46±0.06 mm/s and 0.47±0.05 mm/s, respectively (Fig. 2.7a), 

showing no significant difference (a t-test was performed at the 95% confidence level for 

all comparisons).   

Cell velocity changes were also tracked for each device (Fig. 2.7b).  Fig. 2.7b 

shows the change in velocity for two typical cells between the inlet area and the separa-

tion channel in each device.  The cell in the vertical inlet device showed a velocity in-

crease from 0.09 mm/s (at inlet) to 0.36 mm/s (in channel), while the cell velocity in the 

parallel inlet was maintained at a stable level (0.38 mm/s).  These two representative 

cells reflected typical cell moving pattern near each inlet area.  Cells in the vertical inlet 

device moved slowly at the inlet area until they entered the separation channel, which has 

smaller cross section area compared to the inlet area.  Slower horizontal velocity and an 

initial vertical direction increased the chance of cells interacting with the affinity surface 

in the vertical inlet device, which led to increased cell capture.  In contrast, cells moved 

smoothly from the inlet area to the rest of the channel in parallel inlet devices.  Cell ve-

locity comparison indicated that dead volume around vertical inlet area and different hy-

drodynamic forces applied to cells resulted in the high capture efficiency at the vertical 

inlet.   

2.3.4 Quantitative characterization of inlet capture effects   

To characterize the effects of inlet type on cell capture behavior and validate our hy-

pothesis, we examined cell numbers that passed through right after the inlet area in a con-
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fined time period.  When cells were loading into the separation channel at a flow rate of 

0.5 mL/h, no affinity capture occurred and cell throughput for both inlet types was similar.  

After changing flow rate to 0.05 mL/h to allow cell capture to ensue, cells initially main-

tained a high flow rate as the system pressure equilibrated.  As cells decelerated and 

were captured on the surface, fewer cells passed through our observation region as a 

function of time.  To describe this observation quantitatively, we define P as the ratio of 

cells passing through the observation region in 30s at several intervals after changing the 

flow rate to 0.05 mL/h (It), to cells passing through the observation region in 30s just af-

ter changing flow rate from 0.5 mL/h to 0.05 mL/h, (I0).  

                         P= It/ I0*100%                            (2.3) 

The P value reflects changes in cell throughput in a channel.  In the case where no 

cell capture occurs, (i.e. for a non target cell), P should remain 100% throughout the 

course of the separation.  In our separation setup, three factors contribute to the 

throughput decrease.  These factors are the decrease in flow rate, the capture or trapping 

of cells near inlets, and cell capture on the channel surface downstream from the inlet.  

Among these reasons, the decrease in flow rate impacts both inlet types equally and cells 

captured on the channel surface can be minimized by fixing the detection window adja-

cent to the inlet area (1mm downstream).  Therefore, the P value can be employed as 

an indicator to compare cells captured or trapped near inlets for different inlets types.  P 

values were determined by passing Hut 78 cells through an anti-CD71 coated surface.  

A 30-second video was recorded every 1 minute after changing the flow rate to 0.05 
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mL/h (Fig. 2.8).  At the first minute, both devices showed a significant drop in the 

number of cells that passed through as the flow rate decreased to 0.05 mL/h.  The P 

values at that time point for vertical inlet devices (17.8%±1.0%) start to be different with 

parallel inlet devices (21.6%±1.6%), though the difference is still small.  After 1 minute, 

the P value for parallel inlet devices was 19.4%±1.9%, while in vertical inlets, the value 

decreased as a function of time.  At 5 min, P values for the vertical inlet device was 

1.2%±0.2%. To exclude the possibility that flow pathways (vertical vs. parallel) affected 

cell throughput in these devices, we also performed experiments where Hut 78 cells were 

passed through a channel without an affinity surface. The P values at 15 minute for ver-

tical inlet devices and parallel inlet devices were 21.8%±2.0% and 21.5%±1.5%, respec-

tively.  We can conclude that there is no significant difference between P values in this 

case, and that flow pathways do not affect cell throughput.  These observations further 

confirm our hypothesis that the combination of slower flow rate at the inlet, vertical hy-

drodynamic force and capture on the affinity surface caused cell blockage near inlets.  

Also, as stated above, cell velocity in the channel showed no significant difference for the 

two devices.  As a result, differences in inlet geometry can be neglected when designing 

a microfluidic device not involving an affinity surface.  However, for cell capture and 

isolation, the design of the inlet is a critical parameter to be considered with the choice of 

affinity surface, channel design, etc.   
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a 

 

b 

 

Figure 2.7 Cell velocity comparison between two different inlet devices. a) Cell velocity comparison.  

Cell velocity at vertical inlet area was smaller than in the channel (0.07±0.03 mm/s vs. 0.48±0.08 mm/s). 

There was no significant difference (compared by t test) for the parallel inlet device (0.46±0.06 mm/s vs. 
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0.47±0.05 mm/s).  Error bars represent standard deviation of cell velocity. b) Typical cell velocity 

changes over time in two devices.  Cell velocity was tracked frame by frame.  The cell in the parallel 

inlet device moved out of inlet area between 0.22 and 0.33 second, while the cell in the vertical inlet 

device moved out of the inlet area between 0.33 and 0.44 second.  The velocity of the cell in the vertical 

inlet increased after moving out of the inlet area.  Cell velocity was measured from videos recorded 

during the experiments at camera speed 9 frame/s.  Videos were analyzed by imageJ to measure cells 

displacement in pixels between each frame.  1 pixel in the videos represents 0.001288 mm in actual 

scale.  

 

 

 

Figure 2.8 P value comparison between two types of devices over time.  Flow rate was changed from 

0.5 mL/h to 0.05 mL/h at time 0 minute.  After 1 minute, the flow rate in channel became stable.  Cell 

throughput in the parallel inlet device maintained at a constant level (19.4%±1.9%), while it decreased 

from 17.8%±1.0% (1 min) to 1.2%±0.2% (5 min) in the vertical inlet device.  Error bar represents 

relative counting error (n = 2000 cells for vertical inlet, n = 1000 for parallel inlet).  
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2.3.5 Vertical inlet effects for negative selection   

The area around the vertical inlet showed significant cell capture efficiency, which is 

detrimental in some positive-selection affinity cell separation experiments.  However, 

this effect may serve as a good feature for negative-selection cell separation.  As indi-

cated by P value for vertical inlet systems, only 1.2% of cells passed through the an-

ti-CD71 separation channel in 30 s, which means only 27 cells passed through comparing 

with 2178 cells passed in the first 30 s.  Using HuT 78 cells as the background cell and 

mouse endothelial cells as the target cell, we depleted HuT 78 cells from the sample us-

ing an anti-CD71 coated chip.  The initial mouse endothelial cell percentage was 31.1%.  

Cell concentrations were measured on the chip at the channel outlet.  At 8 minutes and 

20 minutes after changing the flow rate to 0.05 mL/h, 30 seconds of videos were recorded.  

The purity of mouse endothelial cells was 81.0% and 83.0%, respectively.  This prelim-

inary experiment demonstrates that chip geometry can be exploited to enhance separation 

efficiency in different modes.  The benefits of negative selection separation are higher 

separation throughput, the target cells are not labeled in any way, and easy integration 

with other on-chip cell analysis.  For example, when integrated cell separation and 

apoptosis induction/detection is needed, negative selection allows purified cells to be 

transported to the next functional area of the chip without labels or the need for elution.  

In positive selection, captured target cells must be removed from the surface before pro-

ceeding to the next step.  Bubble induced detachment is an ideal way (high efficiency 
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and high viability) to recover cells from the affinity surface
11

, but it’s not suitable in this 

case, as the introduction of bubbles into a microfluidic system can degrade performance.  

Elution of captured cells using high shear force overcomes the bubble problems but 

causes cell damage and excessive dilution.  Since negative selection avoids the dilemma 

of target cell elution, it is a better choice for integration into more complex cell analysis 

systems. 

2.4 Conclusion 

We compared the effects of differences in inlet geometries on microfluidic affinity 

surface cell separation experiments.  Vertical inlets showed significant tendency to re-

tain cells near the inlet, while parallel inlets did not exhibit this initial capture.  

Non-specific binding caused by cell blockages near vertical inlets is especially detri-

mental to experiments that require recovery of purified cells.  If experiments only re-

quire observation of captured cells on the chip, the initial capture effect in vertical inlet 

devices can be minimized since other parts of the channel still exhibit high purity.  Also, 

stop flow is still a viable option to vertical inlets.  In stop flow experiments, a high 

loading flow rate (which is not suitable for continuous flow capture) can avoid initial 

capture near the inlet area and unbound cells can be washed away at high flow rates.  

However, the high degree of cell capture can be a good feature for negative-selection 

separations.  A preliminary study showed the mouse endothelial cell concentration in a 

mixture with HuT 78 cells increased from 31.1% to 83.0% by a device described in this 



                                       Texas Tech University, Peng Li, August 2012 

52 

work without any optimization.  This result can be further improved with refinement of 

the microfluidic device design.  Capture near the vertical inlet is a potential way to en-

hance cell capture and binding by applying additional force towards the surface.  This 

work has illustrated the difference between cell loading methods and contributes to the 

current knowledge of microfluidic affinity cell separation.  This work can serve as ref-

erence for those designing affinity microfluidic devices for cell separation, both in posi-

tive and negative selection modes.  

2.5 Reference 

(1)Pappas, D.; Wang, K. Anal. Chim. Acta. 2007, 601, 26–35. 

(2)Springston, S.R.; Myers, M.N.; Giddings, J.C. Anal. Chem. 1987, 59, 344–350. 

(3)Hawkins, B.J.; Smith, A.E.; Syed, Y.A.; Kirby B.J. Anal. Chem. 2007, 79, 7291-7300. 

(4)Vahey, M.D.; Voldman, J. Anal. Chem. 2008, 80, 3135-3143. 

(5)Avridsson, P.; Plieva, F.M.; Savina, I.N.; Lozinsky, V.I.; Fexby, S.; Bulow, L.;  

Galaev, I.Y.; Mattiasson, M. J. Chromatogr. A 2002, 977, 27–38. 

(6)VanDelinder, V.; Groisman, A. Anal. Chem. 2007, 79, 2023–2030. 

(7)Hertz, C.M.; Graves, D.J.; Lauffenburger, D.A.; Serota, F.T. Biotechnol. Bioeng. 1985, 

27, 603–612. 

(8)Lara, O.; Tong, X.; Zborowski, M.; Farag, S.S.; Chalmers, J.J. Biotechnol. Bioeng. 

2006, 94, 66–80. 

(9)Kato, T.; Yoshizuka, K.; Park, E. Y. J. Biotechnol. 2010, 147, 102-107. 

(10)Herzenberg, L. A.; Parks, D.; Sahaf, B.; Perez, O.; Roederer, M.; Herzenberg, L. A. 

Clin. Chem. 2002, 48, 1819-1827. 



                                       Texas Tech University, Peng Li, August 2012 

53 

(11)Wang, K.; Marshall, M. K.; Garza, G.; Pappas, D. Anal. Chem. 2008, 80, 2118–

2124. 

(12)Wang, K.; Cometti, B.; Pappas, D. Anal. Chim. Acta. 2007, 601, 1–9. 

(13)Peskoller, C.; Niessner, R.; Seidel M. J. Chromatogr. A. 2009, 1216, 3794–3801 

(14)Gutierrez, E.; Groisman, A. Anal. Chem. 2007, 79, 2249–2258. 

(15)Cao, X.; Eisenthal, R.; Hubble, J. Enzyme Microb. Technol. 2002, 31, 153–160. 

(16)Pappas, D. Practical Cell Analysis; John Wiley and Sons, 2010; p 137-144. 

(17)Xu, Y.; Phillips, J.A.; Yan, J.L.; Li, Q.; Fan, Z.H.; Tan, W. Anal. Chem. 2009, 81, 

7436–7442. 

(18)Phillips, J. A.; Xu, Y.; Xia, Z.; Fan, Z. H.; Tan, W. Anal. Chem. 2009, 81, 1033–

1039. 

(19)Cheng, X.; Irimia, D.; Dixon, M.; Sekine, K.; Demirci, U.; Zamir, L.; Tompkins, R. 

G.; Rodriguez, W.; Toner, M. Lab Chip 2007, 7, 170–178. 

(20)Dharmasiri, U.; Balamurugan, S.; Adams, A.A.; Okagbare, P.I.; Obubuafo. A.; Soper, 

S.A.; Electrophoresis 2009, 30, 3289–3300. 

(21)Lillehoj, P.B.; Tsutsui, H.; Valamehr, B.; Wu H.; Ho, C. Lab Chip, 2010, 10, 1678–

1682. 

(22)Cho, S.H.; Chen, C.H.; Tsai, F.S.; Godinc J.M.; Lo, Y. Lab Chip, 2010, 10, 1567–

1573. 

(23)Fredrickson, C.K.; Fan, H.Z. Lab Chip, 2004, 4, 526-533. 

(24)Oh, K.W.; Park, C.; Namkoong, K.; Kim, J.; Ock, K.; Kim, S.; Kim, Y.; Cho Y.; Ko, 

C. Lab Chip, 2005, 5, 845-850. 

(25)Mair, D.A.; Geiger, E.; Pisano, A.P.; Fre ćhet, J.M.J.; Svec, F. Lab Chip, 2006, 6, 

1346-1354. 

(26)Kortmann, H; Blank, L.M.; Schmid, A. Lab Chip, 2009, 9, 1455-1460. 



                                       Texas Tech University, Peng Li, August 2012 

54 

(27)Snakenborg, D.; Perozziello, G.; Geschke, O.; Kutter. J.P. J. Micromech. Microeng. 

2007, 17, 98–103. 

(28)Sabourin, D.; Snakenborg D.; Dufva, M. J. Micromech. Microeng. 2009, 19, 035021. 

(29)Sabourin, D.; Snakenborg D.; Dufva, M. Microfluid. Nanofluid. 2010, 9, 87–93. 

(30)Zhu, L.; Peh, X.L.; Ji, M.H.; Teo, Y.C.; Feng, H.H.; Liu. W. Biomed Microdevices, 

2007, 9, 745–750.  

(31)Cooper, R.; Lee, L. Lab Chip, Chips & Tips: Preventing suspension settling during 

injection, 2007-08-21. 

(32)Li, M.W.; Huynh, B.H.; Hulvey, M.K.; Lunte, S.M.; Martin, R.S. Anal. Chem. 2006, 

78, 1042-1051. 

(33)Fu, A.Y.; Chou, H.; Spence, C.; Arnold, F.H.; Quake, S.R. Anal. Chem. 2002, 74, 

2451-2457. 

(34)Cellar, N.A.; Burns, S.T.; Meiners, J.; Chen, H.; Kennedy, R.T. Anal. Chem. 2005, 

77, 7067-7073. 

(35)Jing, R.; Bolshakov, V. I.; Flavell, A. J. Nat. Protoc. 2007, 2, 168–177. 

(36)Duffy, D. C.; McDonald, J. C.; Schueller, O. J. A.; Whitesides, G. M. Anal. Chem. 

1998, 70, 4974-4984. 

(37)Tian, Y.; Pappas, D. Appl. Spectrosc. 2010, 64, 324-327. 

(38)Martinez M.M.; Reif R.D.; Pappas D. Anal. Bioanal. Chem. 2010, 396, 1177-1185. 

(39)Gosch, M.; Blom, H.; Holm, J.; Heino, T.; Rigler, R. Anal. Chem. 2000, 72, 

3260-3265. 

(40)Liu, K.; Tian, Y.; Burrows, S.M.; Reif, R.D.; Pappas, D. Anal. Chim. Acta. 2009, 

651, 85-90. 

 

 



                                       Texas Tech University, Peng Li, August 2012 

55 

CHAPTER III                                                                       

NEGATIVE ENRICHMENT OF TARGET CELLS BY MICROFLUIDIC AFFINITY CHROMA-

TOGRAPHY 

Abstract 

 A three-dimensional microfluidic channel was developed for high purity cell sepa-

rations.  This system featured high capture affinity using multiple vertical inlets to an 

affinity surface.  In cell separations, positive selection (capture of the target cell) is usu-

ally employed.  Negative enrichment, the capture of non-target cells and elution of tar-

get cells, has distinct advantages over positive selection.  In negative enrichment, target 

cells are not labeled, and are not subjected to strenuous elution conditions or dilution.  

As a result, negative enrichment systems are amenable to multi-step processes in micro-

fluidic systems.  In previous work (Li et al., Anal. Chem. 2011, 83, 774-781), we re-

ported cell capture enhancement effects at vertical inlets to the affinity surface.  In this 

study, we designed a chip that has multiple vertical and horizontal channels, forming a 

three-dimensional separation system.  Enrichment of target cells showed separation pu-

rities of 92-96%, compared with straight-channel systems (77% purity).  A parallelized 

chip was also developed for increased sample throughput.  A two-channel showed simi-

lar separation purity with twice the sample flow rate.  This microfluidic system, featur-

ing high separation purity, ease of fabrication and use, is suitable for cell separations 

when subsequent analysis of target cells is required. 
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3.1 Introduction 

 The enrichment, isolation, and sorting of target cells from mixtures are important to 

both clinical diagnostics and basic research
1-8

.  The preparation of a pure sample of tar-

get cells from a mixture of background cells is an enabling technology for genetic 

screening, immunology, and a host of other biomedical applications.  Separation tech-

niques can be based on a variety of approaches including magnetic separation (MACS) 

and fluorescence-activated cell sorting (FACS).  With the development of micro total 

analysis systems
9
, lab-on-a-chip based devices have become an important platform for 

biomedical research in recent years
10

.  Most conventional cell separation techniques 

have been implemented in microfluidic systems
11-12

.  The key advantage to miniaturiz-

ing traditional separations include low sample volume, flexible design, and the ability to 

customize separation parameters for a particular need
13-19

.  However, the true potential 

of chip based separations is to utilize the microfluidic format to achieve separations that 

cannot be readily implemented in traditional separation methods.  For example, most 

separation approaches isolate and purify a target cell based on positive selection.  In this 

case the target cells is selected based on size, electrical properties, or a labeled surface 

antigen.  While this approach works well in most situations, there are some inherent 

disadvantages to using the positive selection approach.  First, if there is no singular pa-

rameter that distinguishes the target cell (i.e. a unique surface antigen), then isolation by 

positive enrichment is difficult or impossible.  Second, the positive selection process in 
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many cases leaves the cell labeled with an affinity ligand or bound to a separation surface.  

When subsequent analysis or culture of the target cell is needed, the label may have to be 

removed or the cells recovered from the affinity surface.  Removal of the ligand or the 

release of the cells from a capture surface requires disruption of the affinity bond(s), 

which can damage the cell or compromise viability.  In the case of affinity capture, elu-

tion of the cells may result in excess shear stress
20-21

 or dilution of the target cells.  Ef-

forts to reduce shear stress during cell elution have resulted in gentler elution conditions, 

but with added complexity
22

.  Bubble induced elution can be employed for efficiency 

removal of cells from the affinity surface, but this approach cannot be easily interfaced to 

other chip-based processes
23-24

.  Nevertheless, positive selection methods will continue 

to play an important role in cell analysis. 

 In the cases where positive selection is not possible or not optimal, a strategy of 

negative selection can be employed.  In negative selection, target cells pass throughout 

the separation process without label or capture.  Background cells are depleted by affin-

ity capture, leaving the eluted sample enriched with target cells.  Negative enrichment 

has been reported using peptide-coated serpentine channels
25

 and spiral channels
26

.  

However, capture efficiency in traditional microfluidic channels is limited under contin-

uous flow conditions.  To implement negative selection with high efficiency, new 

channel geometries must be used. 

 Recently, we reported the effects of inlet geometry on cell capture in microfluidic 

devices
27

.  The use of a vertical inlet, where cells are loaded from the top of the chip in-
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to the separation channel, resulted in higher cell capture near the inlet itself when com-

pared with the remainder of the affinity channel.  This higher cell capture was found to 

result from the inlet geometry itself, where lower flow rates and trajectory toward the af-

finity surface resulted in higher cell capture.  However, a single inlet became saturated 

with captured cells during chip operation, limiting the cell purity.  We have now de-

signed a new chip that creates multiple inlet regions using a three-dimensional microflu-

idic circuit (Fig. 3.1) to overcome this limitation.    The new chip design was used to 

successfully separated target cells from different cell mixtures with high purity and sam-

ple throughput. 

3.2 Experimental Section 

3.2.1 Reagents   

 Biotinylated bovine serum albumin was obtained from Sigma.  Neutravidin was 

purchased from Pierce.   Mouse anti-Human CD71 and anti-Human CD19 were pur-

chased from BD Biosciences.  SU-8 2015 photoresist and developer were purchased 

from Micro Chem.  Dow Corning Sylgard 184 (PDMS) was purchased in kit form from 

Ellesworth Adhesives.  Calcein-AM was purchased from Invitrogen.  Phosphate Buff-

ered Saline (PBS, pH 7.4) was purchased from VWR.  
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3.2.2 Cells and cell culture   

 HuT 78 human lymphocytes (ATCC #TIB-161), Ramos human lymphocytes 

(ATCC #CRL-1596), and C166-GFP mouse endothelial cells (ATCC #CRL-2583) were 

purchased from American Type Culture Collection (ATCC).  HuT 78 lymphocytes are 

human CD71+CD19-.  Ramos cells are human CD71+CD19+.  C166-GFP cells are 

human CD71-CD19-.  Cell antigen expression was confirmed by flow cytometry (see 

Supporting Information).  The C166-GFP cells express green fluorescent protein, which 

was used to identify the cells during separations.  All cell lines were maintained in an 

incubator at 37
o
C and 5% CO2.  Cells were grown in RPMI 1640 medium (Hyclone) 

supplemented with 10% fetal bovine serum (Hyclone) and 20mL/L antibiotic-antifungal 

solution (penicillin-streptomycin stabilized solution, Sigma-Aldrich).  Cells were sub-

cultured twice a week.  Cell concentrations were determined using a hemacytometer 

before each experiment, with concentrations ranging from 300-2000 , depending 

on the experiment.  Specific cell concentrations are detailed in the figure captions. 

3.2.3 Microfluidic device fabrication   

 Soft photolithography
28

 was used to create the channels in poly (dimethylsiloxane) 

(PDMS).  The microfluidic device (Fig. 3.1) was comprised of two layers of PDMS 

bonded to a glass slide to produce a three-dimension chip.  A high resolution mask 

(20,000 dpi laser printer transparency, CAD Art Services) was used to selectively expose 
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a Si wafer coated with SU-8 2015 (Micro Chem).  The wafer was subsequently devel-

oped and coated with perfluorooctyltrichlorosilane (Alfa Aesar).  PDMS (mixed at 5:1 

prepolymer:curing agent ratio for enhanced mechanical rigidity) was poured onto the Si 

wafer and baked at 100
o
C for one hour.  The entire PDMS piece was removed from the 

wafer and cut into two pieces to form the top and bottom layer (see Supporting Infor-

mation).  A hole punch (18 gauge blunt needle) was used to create the vertical inlets in 

the bottom channel.  The vertical channels were 600 μm in diameter, while the affinity 

channels were 40 μm tall and 1 mm wide.  The punched, bottom PDMS layer was plas-

ma treated for 1 minute and sealed to a glass slide to form the lower separation channels 

and vertical connections.  After baking the sealed pieces at 100
o
C for 2 hours, the sealed 

pieces and top layer were plasma treated for two minutes and then sealed together.  The 

top piece was carefully aligned so that the top affinity channels matched the punched 

holes, forming the three-dimensional chip structure.  PTFE tubing (30 gauge, ID = 300 

μm, Zeus) was connected to the chip inlet and sealed with a drop of uncured PDMS.  

The finished device was baked at 100
 o
C for 5 minutes and stored until needed.   

3.2.4 Affinity surface preparation   

 The affinity surface was prepared using established protocols
27, 29

 with slight modi-

fications.  All surface coating reagents were loaded into the device after sealing; incuba-

tion of reagents occurred at 20
o
C.  First, the channels were rinsed with deionized water.  

10 μL of biotinylated bovine serum albumin (1mg/mL in 10 mM Tris-HCl, pH 8.0, 50 
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mM NaCl) solution was introduced to the device manually using a syringe.  Biotin-BSA 

was incubated in the channel for 45 minutes.  The device was then rinsed with 10 μL of 

10 mM Tris buffer.  Neutravidin (10 μL of 0.2 mg/mL solution in 10 mM Tris buffer) 

was loaded into the channels and incubated for 15 minute.  Rinsing steps of 10 μL Tris 

buffer and 10 μL deionized water completed the initial surface preparation.  Chips were 

dried under air and stored at 4
o
C until the final conjugation step.  Just before use, chips 

were removed from the refrigerator and 10 μL of biotinylated antibody (6.25 μg/mL) was 

added to complete the affinity surface conjugation.   

3.2.5 Cell separations   

 Flow control in this experiment was achieved using syringe pumps (KD Scientific).  

The syringe holding the cell mixture was connected to the buffer syringe (3% bovine se-

rum albumin in PBS) using a t-junction
27

.  For each experiment, the separation buffer 

was injected into the syringe first to ensure no bubbles were present in the chip.  The 

cell mixture was then loaded at a flow rate of 0.5 mL/hr to rapidly fill the tubing and dis-

place the buffer.  The flow rate was then lowered to 0.05 mL/hr for cell separation.   

 Cell separations were monitored via fluorescence microscopy (IX71, Olympus).  

Green fluorescent protein-expressing or calcein-labeled cells were imaged using appro-

priate filters.  Both fluorescence and white light images and videos were collected using 

a 0.3 NA, 10X objective.  All images and videos were recorded using cooled CCD cam-

eras coupled to the microscope.  Blank (unstained) HuT 78 or Ramos cells were used to 
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establish a threshold to identify fluorescent cells (either GFP expressing or calcein 

stained).  A threshold of the mean background intensity plus three times the background 

cell standard deviation was used.  Images and video were processed with ImageJ soft-

ware (v. 1.43u, National Institutes of Health).  All fluorescence images were back-

ground subtracted prior to data analysis.   
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a 

 

b 

 

Figure 3.1 Schematic of the microfluidic device. a) Side view of the negative enrichment device.  Cell 

mixtures are loaded into the chip, where background (non-target) cells are captured and target cells pass 

through for collection at the chip outlet. b) Image of the experimental device.  Red food coloring was 

introduced into separation channels to help visualization (the channel is reflected in the bottom glass in 

this image). 
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3.3 Results and Discussion 

3.3.1 Cell capture at vertical inlets   

 Enhanced cell capture has been reported when a vertical channel meets a horizontal 

affinity surface
27

.  Since the vertical channel in our device had a larger cross section ar-

ea than the affinity channel, cell velocity was slower in the inlet area than in the affinity 

channel.  This velocity decrease enhanced cell capture, since the fluid flow follows the 

mass conservation law.  As reported in our previous work, cell density at the verti-

cal-horizontal channel interface was approximately 10 times higher than in the center of 

the affinity channel.  In positive selection, this enhanced cell capture can actually be 

detrimental, as the surface can saturate and nonspecific binding of background cells oc-

curs.  In negative selection, however, nonspecific binding effects result in accidental 

capture of target cells, so purity is not affected while cell throughput decreases. 

 In any affinity cell separation system, there is a possibility that cell capture is not 

due to interaction between the capture ligand and a surface antigen.  To confirm that cell 

capture was specific in our device, HuT 78 cells were tested in chips with and without 

anti-CD71 capture antibodies (Fig. 3.2).  In the case of chips without antibodies, cells 

capture was not observed when the antibody was absent (leaving a coating of Neutravidin 

only).  When the antibody was present (Fig. 3.2b), cell capture was observed.  It should 

be noted that cracks in the vertical channels can be seen in the figure.  These cracks 

were not observed to affect fluid flow during the lifetime of the devices. 
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a                                  b 

   

Figure 3.2 Comparison of cell capture with and without the capture antibody coating. a) The first ver-

tical interface without anti-CD71 coating after 60 minutes of flowing HuT 78 cells (CD71+) through the 

device.  Low non-specific capture was observed at all vertical interfaces.  b) The first vertical interface 

with anti-CD71 capture antibodies.  HuT 78 cells were observed to collect at the channel interfaces, 

indicating antibody capture was the primary mechanism of cell separation.  Scale bar represents 100 

μm. 

3.3.2 Shear stress during separation   

 To study the shear stress effects on negative enrichment, C166-GFP mouse cells 

were used as a target with HuT 78 cells as a background with anti-CD71 modified sur-

face. Shear stress plays an important role in cell separations.  In general, lower shear 

stress increases the probability of cell capture.  The force of cell capture is the product 

of the number of affinity bonds formed per cell and the force of a single affinity bond.  

The total force of cell capture must exceed the shear force in order for the cell to remain 

captured.  However, low shear forces also promote nonspecific binding, so an optimum 

value must be reached.  Since shear forces are directly proportional to volumetric flow 

rate, the flow of the system was varied and cell purity compared to optimize cell capture.  
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As shown in Fig. 3.3, sample purity of C166-GFP cells increases from 53 +/- 8% in the 

initial sample as the flow rate decreases.  Flow rates below 0.1 mL/h enabled depletion 

of HuT 78 cells using anti-CD71 ligands.  Under 0.05 mL/h, 50% initial C166-GFP 

cells were enriched to 96% after separation, showing better purity. Since affinity bond 

strength and the number of affinity bonds per cell will differ between cell types, it is nec-

essary to optimize the flow rate for each set of experimental conditions.   

 

 

Figure 3.3 Flow rate effects on sample purity.  The initial C166-GFP purity (53%±8%) increases as 

flow rate decreases, indicating the reduced shear stress and increased cell-surface interaction time im-

prove depletion of background HuT 78 cells.  Differences in cell purity at 0.5 and 0.1 mL/h are statis-

tically significant. 
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3.3.3 Negative selection of target cells from mixtures   

 Two test cases were established in this study.  First, C166-GFP mouse cells were 

enriched from mixture of HuT 78 cells.  In this case anti-CD71 was used as a capture 

molecule.  In the second case, Ramos cells served as the background cell and HuT 78 

cells were the target cell.  For the second case anti-CD19 served as the capture molecule.  

The C166-GFP/HuT 78 experiments were used to test the performance of this device, 

while the HuT 78/Ramos experiments demonstrated separation of same-species cell 

types.   

 Fluorescence histograms of cells before and after separation are shown in Fig. 3.4.  

The fluorescence intensity of the background cells was 7.8 counts/pixel with a standard 

deviation of 2.9 counts/pixel.  For this particular experiment, the threshold for positive 

fluorescence identification was 16.5 counts/pixel.  The threshold was calculated for each 

experiment.  A mixture of C166-GFP and HuT 78 cells had an initial target cell concen-

tration of 51.6%.  After separation, 95.8% of the cells eluting from the chip were fluo-

rescent and identified as mouse C166-GFP cells.   
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Figure 3.4 Fluorescence intensity histograms of cell mixtures and separated samples.  Cell intensity (n 

= 59) was calculated for each experiment.  Blank HuT 78 background cells (black) were used to set the 

fluorescence detection threshold.  The cell mixture shows dim HuT 78 cells plus brighter C166-GFP 

cells expressing green fluorescent protein.  The cells eluting from the chip (after separation) have the 

characteristically higher fluorescence of C166-GFP cells.  C166-GFP cell concentration was 51.6% 

before separation and 95.8% after separation.   

    

 Since a higher flow rate was used to initially inject the sample, to cut down on 

loading time, the first five minutes of eluted sample were discarded since they may con-

tain a large fraction of background cells.  C166-GFP target cells were separated in mix-

tures containing 20-50% target cells with total cell concentrations of 350-1800 cells/L 

(See Figure 3.5a caption for specific cell concentrations).  The overall purity in these 

experiments was 96 +/- 3%.  A straight channel, two-dimensional chip was used with 

separation purities of 77%, indicating enhanced performance in the three-dimensional 

chip design (Fig. 3.5a).  In previous work by Plouffe and coworkers
25

 96% depletion 

was achieved using a three-stage, serpentine channel (16 cm channel length in each stage).  
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9.31 and 3.43 μL min
−1 

flow rate was applied to an eight parallel channels device.  Sam-

ple purities in our case were comparable, but with shorter separation distances since the 

three-dimensional channel promotes cell capture.  In another study
26

, Green and 

coworkers used spiral-shaped two-dimensional channels to deplete cells, showing an en-

richment of adipose-derived cells from 1.6% to 8.9% after negative selection with 7.54 

μL min
-1

 flow rate.  Our device can also be operated in serial circuits to deplete multiple 

cell types, and will be tested in the future to enrich a cell line out of a complex mixture.   

 The total number of captured cells in the three-dimensional chip was also compared 

to a straight channel chip.  Samples containing only HuT 78 cells were divided in half 

and loaded into the two chip types.   Both chip types were coated with anti-CD71, and 

the same flow rate was used for both chips (0.05 mL/h).  A separation length of 2 cm 

was used for both channels.  A total of 463 cells were captured in the straight channel 

chip, while 5722 cells were captured in the three-dimensional device (Fig. 3.5b).  The 

three dimensional channel geometry showed both higher purity and higher capture effi-

ciency.   

 Separations of HuT 78 from Ramos background cells using anti-CD19 coated sur-

faces yielded similar results (Fig. 3.5c).  Ramos cells were pre stained with calcein-AM 

to distinguish them from HuT 78 cells.  In this case a separation purity of 91% was 

achieved.  To ensure that the transportation system (syringe and tubing) did not bias de-

pletion of one cell type, cell throughput was observed for HuT 78/Ramos cell mixtures.  

Videos of cells passing through the device under constant flow were used to determine 
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cell throughput.  Two 30 second videos were recorded every 10 minutes at the first inlet 

under separation flow conditions.  An uncoated device was used to avoid any cell cap-

ture.  The initial percentage of HuT 78 cells was 38.0 +/- 5.1%.  After 60 minutes of 

continuous operation, the HuT 78 cell percentage was 42.0 +/- 3.5%, which was not sta-

tistically different than the initial cell throughput.  In contrast, a chip operated under 

identical conditions using anti-CD19 surfaces enriched a sample containing 18% HuT 78 

cells to 93%.  Therefore, affinity capture was the primary mechanism for cell enrich-

ment. 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                       Texas Tech University, Peng Li, August 2012 

71 

a 

 

b 
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Figure 3.5 a) Enrichment of target cells (C166-GFP cells) of different initial mixture ratios.  Sample 1 

and 2 have 50% C166-GFP cells (HuT 78 cells were the background cells) with initial concentrations of 

340±60 cells/μL and 1650±130 cells/μL, respectively.  Sample 3 and 4 have approximately 30% 

C166-GFP cells in the initial mixture with total cell concentrations of 600±80 cells/μL and 1800±130 

cells/μL, respectively.  After collecting cells from outlet of the devices for 60 minutes, average 

C166-GFP purity of four samples was 96±3%.  Straight channel chips operating under identical con-

ditions (flow rate 0.05 mL/h) showed less enrichment.  The initial C166-GFP ratio in the mixture was 

60% with a total cell concentration of 720±80 cells/μL.  Output of the straight channel chip was 77%, 

indicating the three-dimensional geometry enables superior cell separation.  Error bars represent rela-

tive counting error (n=126, 193, 132, 106, 380, respectively).  b)  HuT 78 cell capture in the 

three-dimensional negative-selection device and a straight channel control.  Samples containing 

1100±164 cells/μL were introduced into both devices.  The three-dimensional chip captured 5722 cells, 

compared with the straight channel chip, which captured 463 cells in the same experiment duration of 

15 minutes. c) Enrichment of HuT 78 cells (target in this case) from Ramos cells using anti-CD19 chips.  

The HuT 78 cell percentage in Sample 1 was 35% with a total cell concentration of 1860±80 cells/μL.  

After separation the HuT 78 percentage was 90%.  In Sample 2, the HuT 78 percentage was 18% with 

a total concentration of 3800±400 cells/μL.  After separation the HuT 78 percentage was 93%. Error 

bars represent relative counting error (n=376 and 276 for samples 1 and 2, respectively). 
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3.3.4 Parallel negative selection chips  

 It is possible to parallelize multiple channels in the same chip to increase through-

put.  A two-channel chip, coated with anti-CD71, was used for negative selection of 

C166-GFP cells.  A mixture containing 28% C166-GFP cells was enriched to 92% using 

this paralleled device (Fig. 3.6).  The performance of the left and right channels is not 

statistically different.  The total sample flow rate was 0.1 mL/hr.  The result is compa-

rable in purity to single channel devices, indicating that parallel channels can achieve 

similar performance with higher sample throughput.  We are currently working on a 

larger-scale parallelization for future studies.   
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Figure 3.6 Enrichment of C166-GFP cells from Hut78 T cell using parallel separation channels at flow 

rate 0.1 mL/h.  The initial sample concentration was 1900 ± 400 cells/μL and the percentage of 

C166-GFP target cells was 28%.  Left and right outlets were monitored independently for target cell 

enrichment.  The left and right channels performed similarly (no statistical difference) with an average 

purity of 92%.  Error bars represent relative counting error (n=427, 332, 142, 1336, respectively). 

 

3.3.5 Separation conditions for optimum background cell depletion   

 It is expected that each additional vertical-horizontal channel interface will increase 

the capacity to deplete background cells.  To verify this hypothesis, samples containing 

only the background cell (HuT 78 cells in this case) were passed through the device at the 

optimum flow rate of 0.05 mL/hr.  Cell throughput (free moving cells) were measured at 

the output of the chip at 10 minute intervals.  With an initial cell concentration of 660 

HuT 78 cells/ -CD71 chip, background cell output was 
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0.8 +/- 0.8 cells at the chip outlet in a 30-second video, indicating effective depletion of 

Hu78 cells.  Depletion of background cells was also conducted at higher concentrations 

(1330 cells/L).  In this case, cell throughput was monitored at each vertical channel in-

terface (Fig. 3.7).   

 The first vertical-horizontal channel interface showed the greatest degree of cell 

capture, but also saturated after 30 minutes of operation.  Cell throughout at the first in-

terface is seen to rise after 30 minutes as the affinity surface saturates with captured cells 

(Fig. 3.7b).  In addition, a single vertical interface cannot capture cells with 100% cap-

ture efficiency due to the random nature of cell capture.  The additional vertical inter-

faces ensure efficient capture and serve as secondary capture surfaces as preceding inter-

faces become saturated.  The use of multiple vertical interfaces prevents loss of system 

performance and allows cells to be depleted with high efficiency.  In the case of a higher 

cell concentration, only 0.8 +/- 0.9 cells were observed to exit the chip at 60 minutes of 

separation.  When C166-GFP cells were added to the HuT 78 sample, cell throughout 

increased (Figure 3.7c) as target cells passed through the device without capture. 
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Figure 3.7 Depletion studies of background HuT 78 cells.  a) Cell throughput at different vertical 

channel interfaces (at bottom channel).  Outlets 1,2,4,6 in the figure represent outlet area for bottom 

channel sections 1,2,4,6, respectively.  Outlet 6 was the outlet of this device.  Samples containing only 

Hut-78 T cells (1300±110 cells/μL) were introduced into anti CD71 coated devices.  Every 10 minutes, 

a 30 second video was recorded for different outlets.   Outlet 1 is seen to saturate at 30 minutes, 

however downstream outlets maintain efficient cell capture.  b) Image of cell saturation on the surface 

at inlet 1 after 30minutes of separation.  C) Comparison of cell throughout when target cells 

(C166-GFP, mouse endothelial cells (MEC)) are added to the sample.  Initial C166-GFP cell concen-

tration in Samples 1 and 2 were 540 cells/μL and 830 cells/μL, respectively.  The output cell 

throughput increased according to C166-GFP initial concentration (Sample 1 = 29 cells, Sample 2 = 54 

cells at 10 minutes).  The output of outlet 6 was 0 cells.   
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3.3.6 Geometric effects on cell velocity   

 Cell velocity plays a key role in cell capture.  Cell velocity was measured using 

video data of cells moving though uncoated chips (to exclude capture effects).  The 

three-dimensional chip design features a lower layer of channels connected to an upper 

layer via several (6) vertical channels, and cell velocity was found to vary depending on 

the location of the cell in the three-dimensional chip.  Cells in the lower channels (glass 

bottom, coated with affinity ligands) had mean velocities of 0.11 +/- 0.04 mm/s as they 

entered the lower channel from the vertical inlet.  Cells that were in the lower channel, 

after exiting the vertical channel interface region, accelerated to a velocity of 0.40 +/- 

0.04 mm/s.  Cells exiting the lower affinity channels have a mean velocity of 0.41 

+/-0.06 mm/s.  Cells exiting the top of the vertical channel and entering the upper hori-

zontal channels had a mean velocity of 0.54 +/-0.09 mm/s, compared to a mean velocity 

of 0.42 +/- 0.05mm/s in the middle of the upper channels.  Since cells at the inlet of 

each lower affinity channel have the lower velocity, the six bottom affinity channels are 

the major source of cell capture and negative cell depletion.   

3.4 Conclusion 

 In this study, we reported enrichment of a target cell by negative selection of back-

ground cells.  The microfluidic chip uses a three-dimensional architecture that results in 

efficient cell capture and low nonspecific binding.  The device was capable of enriching 



                                       Texas Tech University, Peng Li, August 2012 

79 

target cells without labels or the need to elute captured cells.  This approach is therefore 

directly amenable to applications where subsequent analyses of target cells are required, 

such as sub-culture, genetic analysis, or electron microscopy.  The flexible nature of this 

approach enables parallelization.  In future work, we will expand chip capabilities to 

simultaneously deplete multiple cell types. 

 The major limitation of this, and any, cell separation device is nonspecific binding 

when the target cell is rare (<1% of the total cell population).  In these cases, new cap-

ture molecules can be developed to minimize nonspecific capture.  In the case of nega-

tive enrichment, however, it is possible to separate rare target cells multiple times to re-

duce the number of background cells present in the sample.  Our three-dimensional chip 

approach is an enabling tool for cell separations, and can enrich a target cell under con-

tinuous flow, with throughput scaling directly with the number of parallel separation 

channels. 
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CHAPTER IV                                                                       

MULTI-PARAMETER CELL AFFINITY SEPARATION AND ANALYSIS IN A SINGLE MI-

CROFLUIDIC CHANNEL 

Abstract 

 Multi-parameter cell separations have become increasingly important in bioanalysis.  

The ability to sort and capture more than one cell type from a complex sample will enable 

a wide variety of studies of cell proliferation, death, and the analysis of disease states.  

In this work, we integrated a pneumatic actuated control layer to an affinity separation 

layer to create different antibody coating regions on the same fluidic channel.  

Four-parameter cell separation in a single channel was achieved.  The comparison of 

different antibody capture capabilities to the same cell line was demonstrated by flowing 

Ramos cells through anti-CD19 and anti-CD71 coated regions in the same channel, re-

spectively.  It was determined that cell capture density on anti-CD19 region was 

2.44±0.13 times higher than on anti-CD71 coated region.  This approach can be used to 

test different antibodies or aptamers on a cell line in one separation.  Selective capture 

of Ramos and HuT 78 cells from a mixture using two antibody regions in the same chan-

nel was also demonstrated.  >90% purity was obtained on both capture areas in both 

continuous flow and stop flow separation modes.  A four-region antibody coated device 

was then fabricated to study the simultaneous, serial capture of three different cell lines.  

In this case the device showed effective capture of cells in a single separation channel, 
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opening up the possibility of multiple cell sorting.  The chip can also be used to selec-

tively treat cells after affinity separation.  After selective capture, 70% ethanol and 10 

μg/mL propidium iodide solution was introduced to the channel to prove the feasibility of 

reagent delivery and fluorescence detection.  In this case, the control channels can be 

operated to deliver different reagents to different antibody coating regions.   

4.1 Introduction 

 Microfluidic devices have become an increasingly important analytical platform for 

biological research as they provide precise fluid control, minimum sample and reagent 

consumption, device miniaturization and large scale integration.  Numerous investiga-

tions and applications in microfluidic devices have been reported in recent years
1
, in-

cluding cancer research, drug discovery and screening, single cell analysis and stem cell 

research, etc.  In most biological studies, it is important to obtain a pure cell population 

to simplify experiment parameters and eliminate variations in experiments
2-3

.  Moreover, 

disease diagnosis benefits from specific cells counting and separation
4
.  Chip-based cell 

separation systems have also been studied extensively to combine the advantages of mi-

crofluidic systems with conventional separation approaches. These approaches include 

hydrodynamic separation, dielectrophoresis, fluorescence activated cell sorting (FACS), 

magnetic activated cell sorting (MACS), affinity separation, etc.
5-14

  Among these ap-

proaches, on-chip affinity cell separation methods have gained interests due to the ad-

vantages of label free separation, rapid analysis, high specificity, low cost and ease of 
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operation.  Devices based on affinity surface separation have been reported for cancer 

cell separation, circulating tumor cell enrichment and CD4+ cell counting for HIV diag-

nosis
15-21

. 

 For cell affinity separations, separation occurs when cells have different affinity to 

surface-immobilized molecules.  Cells that have low affinity with the capture surface 

require low shear stress to be removed, whereas high affinity cells require higher shear 

stress for removal.   As a result, different cell lines can be separated by choosing ap-

propriate applied shear stress, which will remove low affinity cells from the surface while 

maintaining high affinity cells
21

.  In a straight, rectangular channel, shear stress can be 

expressed as: 

2

6

wh

Q
 

                         (4.1)
 

Where μ is the buffer viscosity, Q is the volumetric flow rate, w is the width of separation 

channel and h is the height of channel.  Shear stress can be adjusted in most cases by 

changing the volumetric flow rate.  In practical experiments, the flow rate is often con-

trolled by pump pressure or syringe pump speed.   

Surface modification is also an important factor for microfluidic affinity cell separa-

tion.  Surface roughness and micro structures have been exploited to enhance 

cell-surface interaction to obtain better capture efficiency
15, 17, 19, 22

.  Surface coating 

patterns are also an important aspect for microfluidic affinity separation.  Patterned af-

finity surface coatings can extend the affinity separations to multi-parameter capture and 



                                       Texas Tech University, Peng Li, August 2012 

85 

separation.  To coat the separation surface with desired patterns and molecules, mi-

cro-contact printing and microfluidic printing are the widely used strategies
23

. Mi-

cro-contact printing uses fabricated stamps (e.g. Polydimethylsiloxane (PDMS) stamps) 

with designed patterns to transfer said designs onto the surface.  Affinity molecules are 

subsequently conjugated to the patterned surface
24-26

.  Flexible coating patterns and ar-

rays can be easily transferred onto surface via standard lithography or soft lithography.  

However, it is difficult to control the concentration of surface-conjugated molecules, and 

precise alignment is required to achieve complex coating patterns.  For affinity based 

cell separation where fluidic channels are used to control shear stress for separation, post 

assembly modification of the capture surface is difficult.  Therefore, microfluidic print-

ing is a more favorable approach for microfluidic affinity cell separation
15-18, 27-31

.   

Microfluidic printing allows capture molecule coating to occur in the final assembled 

device.  Surface modification reagents are loaded into separation channels for conjuga-

tion, thus surface coverage can be controlled by changing the solution concentration. Cell 

samples can be directly introduced into the separation channels after modification with-

out any additional procedures.  However, microfluidic printing is not as flexible as mi-

cro-contact printing in creating coating patterns.  For example, it is difficult to modify 

one straight channel with different affinity molecule regions.  In chips where multiple 

cell types are to be separated, either parallel or series approaches can be used.  In the 

case of parallel chips, the cell sample is split into parallel channels, each loaded with a 

different antibody.  Series separation chips feature multiple antibody separation zones in 
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a single channel.  Series chips allow for multi-parameter cell separations with a single 

channel, eliminating differences in flow rates between channels.  Oftentimes, however, 

these chips are difficult to fabricate and cannot allow for collection of individual separa-

tion zones for additional analyses.   

In this study, we demonstrate the feasibility of using well-established multi-layer soft 

lithography techniques
32

 to define different coating regions in one straight separation 

channel. As the proof of concept, four antibody capture zones were produced in a single 

separation channel.  Multi-parameter cell separations were performed using anti-CD19, 

anti-CD4, anti-CD71, and anti-CD8 regions.   Pneumatic valves were employed to con-

fine different coating reagents in desired areas in the separation channel.   We also 

demonstrated the ability to select individual separation regions for secondary analyses or 

cell treatment.  This multi-parameter cell separation chip can be used for a wide variety 

of cell separation assays, including secondary analysis of isolated cell types. 

4.2 Experimental Section 

4.2.1 Cells and cell culture   

HuT-78 T lymphocytes (TIB-161), Ramos cells (CRL-1596), and Prostate cancer 

cells (CRL-1435) were obtained from American Type Culture Collection (ATCC).  

HuT-78 T lymphocytes are CD4 and CD71 positive and CD19 negative, while Ramos 

cells are CD71 and CD19 positive and CD4 negative.  Prostate cancer cells are CD71 
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positive, CD4 negative, and CD19 negative.  All cell lines were cultured at 37°C and 5% 

CO2 in RPMI 1640 medium (Hyclone) with 10% fetal bovine serum (Hyclone) and 20 

mL/L antibiotic (penicillin-streptomycin solution stabilized, Sigma-Aldrich, Inc.) solu-

tion.  Both HuT-78 T and Ramos cells were subcultured one to two times a week.  

Prostate cancer cells were subcultured once they were fully confluent.  Before each ex-

periment, cells were taken out from the culture flask and concentrated using a centrifuge 

to the experiment concentration.  The typical cell concentration range in this study was 

from 1000-5000 cells/μL, determined by hemacytomer before each experiment.   

4.2.2 Device fabrication   

Devices in this work were fabricated using the typical procedures of multilayer soft 

lithography
32

.  Briefly, a microfluidic design (Fig. 4.1) was drawn on computer and 

printed at 20,000 dpi by CAD Art Services.  Photolithography was used to make the 

molds for both fluidic layer (bottom layer) and control layer (top layer).  Negative pho-

toresist SU-8 2015 (Micro Chem) was spin coated at 1000 rpm for 30 seconds to form an 

about 40 μm thick layer on a 4 inch diameter silicon wafer.  Wafers were processed by 

baking for 6 minutes at 95°C, 15 seconds of UV exposure, 6 minutes baking at 95°C, and 

6 minutes of developing using SU-8 developer (Micro Chem). Perfluorooctyltri-

chlorosilane (Alfa Aesar) was coated on the mold surface under vacuum to protect the 

wafer.   
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 Both the fluidic layer and control layer were made of PDMS (SYLGARD 184, Dow 

Corning).  To make the control layer, PDMS pre-polymer was mixed with the curing 

agent at 5:1 ratio and baked at 95°C for 1 hour.  25:1 of PDMS pre-polymer and curing 

agent was spin coated at 2000 rpm for 30s to form the thin fluidic layer and baked at 

70°C for 30 minutes.  The cured control layer was layered onto the fluidic layer and 

baked at 120°C for 2 hours to seal the two layers.  Holes were punched to form fluid 

inlets and outlets and sealed on a glass slide using an oxygen plasma.  

4.2.3 Affinity surface modification procedure   

To prepare the modified glass surface, fluidic channels were first rinsed with deion-

ized water and dried.  5 μL of biotin-conjugated bovine serum albumin (1 mg/mL in 10 

mM Tris–HCl, pH 8.0, 50 mM NaCl) solution were loaded into the main separation 

channel and incubated for 45 min at room temperature
33

.  After rinsing with 10 μL 

10mM Tris–HCl buffer, 5 μL of neutravidin (0.2 mg/mL in 10mM Tris–HCl buffer, 

Pierce) solution were loaded into the main channel and incubated for 15 min.  Modified 

devices were washed with 10 μL 10mM Tris–HCl buffer and 10 μL deionized water and 

stored in refrigerator at 4°C after air dry.  At this point, the entire chip surface was 

coated with a layer of neutravidin.  Before each experiment, antibodies were coated onto 

the desired region of the main channels.  In general, 5 μL of antibody 1 was first intro-

duced into the main channel from the side fluidic channel and incubated for 20 minutes.  

Control channels were connected with an air source and were controlled via a 3-way 



                                       Texas Tech University, Peng Li, August 2012 

89 

stopcock (Small parts).  The process was repeated for each antibody capture zone.  The 

surface modification procedure is summarized in Fig. 3.1c. 

4.2.4 Cell separation and detection   

Cell sample introduction and flow rate control were achieved using syringe pumps 

(KD Scientific).  Syringes and chips were connected via 30-gauge PTFE tubing (Small 

Parts).  3% bovine serum albumin (BSA, Sigma-Aldrich) in phosphate-buffered saline 

(PBS, Mediatech)) was first introduced into the channel.   To minimize the cell loading 

time, a 0.5 mL/h flow rate was used to load cells into the tubing and chip inlet.  Once 

cells were observed in the separation channel under the microscope, the flow rate was 

decreased to 0.05 to 0.1 mL/h for cell capture.  The separation time varied from 10 to 30 

minutes.  To measure cell velocity and throughput, 30-secondsvideos were recorded at 

different time intervals and chip positions.  For cell mixtures, HuT 78 cells were 

pre-stained with 10 μL of 10 μM Calcein-AM (Invitrogen) to differentiate different cell 

lines.  Fluorescent cells were observed using inverted epifluorescence microscope (IX71, 

Olympus) with appropriate filters and a 0.3 NA 10X objective.  Microscope images and 

videos were recorded with a cooled CCD camera coupled to the microscope and analyzed 

using ImageJ (Version 1.43u, National Institutes of Health).  
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c 

 

Figure 4.1 Schematic of fluidic network design (2-parameter cell separation shown). a) Illustration of 

side view of device operation.  Different antibodies can be coated on the different regions in the same 

channel, allowing for multi-parameter cell separation.  b) Actual image of a device with two antibody 

zones.  Red and green food coloring were introduced to the individual separation zones for visualiza-

tion.  c) The surface modification procedure.  Biotinylated bovine serum albumin and neutravidin 

were added sequentially to the main channel.  Afterward, control valves were closed (symbolized by 

―X‖) to allow antibodies to be coated in specific capture zones. 

4.3 Results and Discussion 

4.3.1 Surface modification with pneumatic valves   

In our approach, we used pneumatic valves to confine the coating of antibodies to 

desired regions.  However, the positive air pressure (in this study, ~75-80 kPa) typically 

applied to actuate valves tended to introduce air to the fluidic channels due to the gas 

permeability of PDMS membrane.  Thus, long term operation of valves may introduce 

air bubbles into the fluidic system and disrupt the coating process.  In Fig. 4.2a, even 
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after short term operation (~5 seconds) to produce confined reagent coatings, small bub-

bles were observed.  Over a 20-minute interval the bubble volume increased.  The 

bubbles disrupted the boundary of the antibody-modified area, resulting in the decrease 

of coating resolution (Fig. 4.2b).  Water-actuated valves were employed to overcome 

this difficulty.  Since the PDMS membrane is gas permeable, using water in the control 

channels will eliminate bubble formation.  The same air pressure was then applied to the 

water filled channels to close the valve.  In this manner, water isolated the air from the 

fluidic system to prevent bubbles coming into the channels, allowing long-term valve op-

eration.  Fig. 4.2c and 4.2d show the water filled valve confined a dye in the desired re-

gion, and that the boundary was stable for 20 minutes with the valves closed.  Using this 

valve operation approach, the spatial control of the coating region depended on the valve 

actuated area. 
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a                               b 

 

c                                d 

 

Figure 4.2 a) 0 min of localized coating with pneumatic valve.  Dark area indicated solution of red food 

color.  Light area indicated air region.  Pneumatic valve was released in this image.  b) 20 min of 

localized coating with pneumatic valve.  Disruption of coating boundary can be observed.  The 

coating solution boundary was irregular. c) 0 min of localized coating with water filled pneumatic valve.  

d) 20 min of localized coating with water filled pneumatic valve.  Valve was closed all the time during 

the 20 minutes period.  Coating boundary was stable during the coating period using water filled 

pneumatic valve.  No bubbles were observed under the microscope.  Scale bar = 100 μm. 
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4.3.2 Comparison of cell antigen-antibody interaction on cell capture   

Our coating strategy was able to create well-defined cell capture areas.  We first 

used this device to assess capture efficiency of different capture ligands using a single 

cell line.  Although antibody-antigen affinity assays and flow cytometry can be used to 

predict antibody performance, an on-chip assay is a direct method for the comparison 

since channel dimensions, anchoring of capture molecules to the chip surface, and shear 

stress can be evaluated.  In our study, we used the same concentration (6.25 μg/mL) of 

anti-CD19 and anti-CD71 to modify the channel surface.  Both capture region areas 

were approximately 1cm x 1mm and there was a 1cm x 1mm region between the capture 

zones lacking any capture molecules.  Ramos cells in 3% BSA solution were loaded into 

the microfluidic channels under flow rate of 0.1 ml/h for cell capture.   

To compare cell capture density, the cell velocity and cell throughput should not 

have significant differences in order to make the comparison valid.  After side channels 

were visually confirmed to be closed, cell velocity at the two different antibody regions 

was measured.  The cell velocity was 0.83±0.07 mm/s at the anti-CD19 capture zone 

and 0.79±0.09 mm/s at the anti-CD71 capture zone (no statistical difference).  Cell 

throughput at each area was also measured.  If the majority of cells were captured at the 

first antibody region, the number of cells that reached second capture area will be lower.  

For comparison of antibody capture of the same cell line, this bias must be avoided.  

Cell throughput at the anti-CD19 region was 31±2 cells/s and 31±1 cells/s at anti-CD71 
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region, indicating no significant difference.  The number of captured cells at the an-

ti-CD19 coated region after 10 minutes of continuous collection was 840 cells, which 

means about one cell was captured every second.  The number of captured cells was 

only a small portion (~4%) of total number of cells passing through the anti-CD19 coated 

region in 10 minutes.  Therefore, cell throughput did not change significantly.  

The cell capture density of anti-CD19 and anti-CD71 were compared to study the 

difference in capture efficiency.  Representative cell capture images at both regions are 

shown in Fig. 4.3a and 4.3b (results are summarized in Table 4.1).  In three trials, the 

cell capture density ratio of anti-cd19 to anti-cd71 was 2.44±0.13, indicating anti-cd19 

has larger capture efficiency.  It should be noted that the positions of the antibody zones 

were switched in trial 3.  However, a similar density ratio was obtained, excluding the 

possibility that the cell capture density may be affected by the relative position of a zone 

to the device inlet.  The feasibility of using this device for direct comparison of antibody 

capture strength was demonstrated.  This assay not only showed qualitative comparison 

of different antibody capture strength, but also provided quantitative information on cell 

capture density for microfluidic cell chromatography.   
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Table 4.1 Ramos cell capture density on anti-cd19 and anti-cd71 coated zones. 

  Anti-cd19 (cells/mm2) Anti-cd71 (cells/mm2)   

  Mean SD Mean SD cd19/cd71 

trial 1 91.1  3.4  38.9  3.0  2.34  

trial 2 39.4  6.9  15.3  1.0  2.58  

trial 3 69.5  3.0  29.1  3.9  2.39  

Three images were taken at each zone to calculate average capture density after 10 

minutes of continuous flow capture.  Initial cell concentrations for trial 1, 2, 3 were 

5600±1900, 7100±900, 20400±800 cells/μL, respectively. 

 

a                               b 

            

Figure 4.3 a) Image of Ramos cells captured on an anti-CD19 coated area. Cell density was 91 

cells/mm
2
.  b) Image of Ramos cells captured on an anti-CD71 coated area in the same channel.  Cells 

density was 39 cells/mm
2
.  The ratio of cells on the anti-CD19 and anti-CD4 zones was consistent 

between experiments and was independent of antibody zone position.  Blurred cells in the figure were 

moving cells. 
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4.3.3 Selective capture of multiple cell lines from cell sample mixture  

The localized coating device can also be used to capture multiple cell lines using 

several antibody zones in a single channel.  In this study, we created anti-CD19 and an-

ti-CD4 coated areas in the separation channel to selectively capture Ramos cells (CD19+, 

CD4-) and HuT 78 cells (CD4+, CD19-) from a mixture.  To identify specified cells, 

HuT 78 cells were pre-stained with Calcein-AM.  Continuous flow cell capture was 

performed to selectively capture Ramos or HuT 78 cells from the mixture.  The cell 

capture density increased over time, whereas captured cells purity decreased (Figure 4.4a 

and 4.4b).  This result is not unexpected, as longer separations can experience more 

nonspecific binding as the cell surface is increasingly covered with target cells
30-31

.  

From 5 minutes to 30 minutes, cell density increased from 230±10 to 650±80 cells/mm
2
 

on the anti-CD19 coated area, and 20±20 to 400±200 cells/mm
2 

on the anti-CD4 coated 

area.  However, the chance of colliding and trapping non-target cells would also in-

crease due to nonspecific binding between target and non-target cells.  If a non-target 

cell collided with the captured cells, it may decrease its flow velocity and be captured on 

the surface or be trapped by bound target cells.  At 30 min, Ramos cell purity on the an-

ti-CD19 coated surface was 90%, comparing with 57% in the initial mixture.   In the 

same channel, HuT 78 cell purity on the anti-CD4 coated surface was 83%, comparing 

with 43% in the initial mixture.   



                                       Texas Tech University, Peng Li, August 2012 

98 

To further enhance the cell separation purity, we compared both stop flow capture as 

well as washing steps after continuous flow capture.  Stop flow capture will avoid ex-

cessive cell collisions, which leads to non-specific capture.  On the other hand, 

non-specifically bound cells may be washed away under elevated flow rate after contin-

uous flow capture since nonspecific binding is typically weaker than specific capture.  

Figure 4.5a and 4.5b show the comparison of capture density and separation purity be-

tween stop flow capture and continuous flow capture.  The separation purity after 30 

minutes of continuous flow capture was 87% and 85% for Ramos cells and HuT 78 cells, 

respectively.  After washing at 0.2 mL/h (10 min), 0.5 mL/h (4 min), and 1 mL/h (2 

min), purity increased to 98% for Ramos cells and 95 % for HuT 78 cells.  With the 

same sample mixture, stop flow capture showed >99% and 98% purity for Ramos cells 

and HuT 78 cells, respectively.  Both washing step after continuous collection and stop 

flow capture enhanced separation purity.  Cell capture density was higher for continuous 

flow capture than stop flow capture since a larger cell sample passed through the separa-

tion channel under continuous flow conditions (Fig. 4.5b).  Moreover, cell density did 

not show a significant difference before and after washing steps (1300+/-200 cells/mm
2
 

and 1200+/-110 cells/mm
2
 on anti-CD4 coated regions, respectively).  In summary, both 

stop flow and continuous flow affinity chromatography successfully captured cells on 

specific antibody coating regions with high purity in this chip.  The choice between con-

tinuous flow and stop flow capture can be based on the requirement of cell density, the 

compatibility of other fluidic systems, and experimental needs. 
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a 

 

b 

 

Figure 4.4 a) Change in Ramos cell capture density (black squares) and purity (blue circles) over time. 

As the captured cell density increases over time, the likelihood of nonspecific binding also increases as 

target cells cover the affinity surface.  As a result, cell capture purity begins to decline at longer sep-
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aration times.  b) Change of HuT 78 cells capture density and purity over time.  As in the case of 

anti-CD19 capture of Ramos cells, HuT 78 cell purity decreases at longer separation times and higher 

cell capture density.  A mixture of Ramos cells and HuT 78 cells introduced into the chip under con-

tinuous flow conditions.  The mixture concentration was 3600±1120 cell/μL (43% HuT 78 cells). 

a 

 

b 

 

Figure 4.5 a) Comparison of cell capture purity between stop flow and continuous flow approaches.  

Cells collected under continuous flow (30 min) were subjected to a wash step of 0.2 mL/h for 10 min, 

0.5 mL/h for 4 min, and 1 mL/h for 2 minutes.  For stop flow capture, cells were first introduced into 

separation channel under 0.5 mL/h flow rate and settled down in the channel for 20 minutes.  Flow rate 

was then set at 0.2 mL/h to wash unbound cells for 5 minutes.  b) Comparison of cell capture density 

between stop flow and continuous flow.  While stop flow capture yielded higher cell purity, the 

throughput was higher in continuous flow.  Continuous flow separations followed by washing steps 

yielded adequate purity at the expese of analysis time.  The initial cell concentration was 1100±500 
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cell/μL; 42% were HuT 78 cells.  The error bar of cell density represents the standard deviation of two 

different microscope images in the same antibody coated region.  Error bar of cell purity represented 

the relative counting error. 

4.3.4 Four-parameter cell separations in a single channel   

Four-parameter cell capture was performed on a cell mixture to demonstrate the abil-

ity to perform cell capture and control experiments in a single channel.  The number of 

parameters separated in a single channel is limited by the channel length, as well as the 

size of the antibody coated region and the space between regions).  It is possible to scale 

our current approach to larger numbers of antibody capture zones, each controlled by 

PDMS valves.     

The number of coating regions can be increased by repeating the valve system as 

needed. To further demonstrate the extendibility of this coating strategy, we performed 

four-region, multi-parameter cell capture in one device.  In this study, we employed 

three cell lines, Hut 78, Ramos and Prostate cancer cells (CRL-1435).  The chip was 

coated with four antibodies, anti-CD19, anti-CD4, anti-CD71 and anti-CD8.  Anti-CD19 

and anti-CD4 region should only capture Ramos cells and Hut 78 cells, respectively.  

Anti-CD71 will capture all three cell lines.  Anti-CD8 should capture none of them, 

serving as negative control.  Continuous flow capture for 30 minutes was followed by a 

wash step (2mL/h, 2.5 minutes) to wash away non-specifically bound cells. Results were 

summarized in Fig. 4.6, showing cell capture at different regions was related to cell sur-

face antigen expression. The purity of the anti-CD4 zone was 79 ± 14%, while the purity 
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of the anti-CD19 zone was 100% ± 8%.  The binding of cells to the anti-CD8 zone 

showed that there was a degree of nonspecific binding between that antibody type and the 

cells.  In regions without antibodies, cells were not captured, indicating that the interac-

tion was between the cells and the anti-CD8 antibodies.  As expected, all three cell lines 

adhered to the anti-CD71 spot.  In future work, we will expand the number of antibody 

zones, as applying this approach to blood screening, antibody testing, and a range of oth-

er applications.  
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Figure 4.6 Four-region, multi-parameter cell capture. A Hut 78, Ramos and Prostate cancer cell mixture 

was continuously captured at 0.05 mL/h for 30 min, followed by a wash step (2 mL/h for 2.5 min).  Hut 

78 and Ramos cells were stained with 0.2 μM Calcein-AM and 0.5 μM Mito-tracker Red, respectively.  

Fluorescence images were taken at each antibody coated area to calculate capture density.  The purity 

of the anti-CD4 zone was 79 ± 14%, while the purity of the anti-CD19 zone was 100% ± 8%.  The cell 

mixture concentration was 4600+/-300 cells/μL; the mixture of the three cells was approximately 

1:1.8:1 (Hut 78:Ramos:CRL-1435).  Error bars represent the standard deviation of three different 

microscope fields of view in the same antibody coated region. 

 

4.3.5 Zone-selective cell assays after separation   

After cells were captured on the surface, reagents could be loaded into the localized 

coated sections for various types of cellular analysis.  Different capture zones can be 

exposed to the same or different chemicals to study cell response in a single microfluidic 

device.  To test the reagent delivery approach and fluorescence detection in this device, 
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we used 70% ethanol to induce cell death in selected capture zones.  Cell viability was 

determined by propidium iodide (PI) exclusion.  Stop flow separations were performed 

to selectively capture Ramos and HuT 78 cells on their respective regions.  70% ethanol 

with PI was then introduced into the anti-CD4 coated area while 3% BSA in PBS buffer 

was delivered to the anti-CD19 coated area.  Both the ethanol solution and buffer solu-

tion contained 10 μg/mL PI.  After washing away the unbound cells, valves on the main 

channel were closed to confine reagent flow.  Ethanol solution was loaded into anti-CD4 

coated area from side channel and directed out via the other side channel, while 3% BSA 

buffer was introduced through the anti-CD19 coated area simultaneously.   

Though cell death induced by ethanol can be detected immediately, ethanol flow was 

maintained for 10 minutes to check whether the reagent delivery is stable and ethanol will 

leak into anti-CD19 coated area.  Fig. 4.7 showed the PI positive cells in both the an-

ti-CD19 and anti-CD4 areas after 20 minutes of reagent loading.  Cells were all dead at 

the anti-CD4 zone area, whereas cell viability was maintained at the anti-CD19 zone.  

This result showed the fluidic network was capable of delivering different reagents to 

different coating areas after cells capture.  Ethanol leakage into buffer loading area was 

not detected in this device, as cells viability did not show significant changes.  Ethanol 

is an effective cell killing reagent; even if small amount of ethanol leaked into the an-

ti-CD19 area it would cause significant cell death.  We showed under mild reagent 

loading speed (0.2 mL/h) reagent loading was stable and no cross-contamination was 

found.   
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It was worth noting that the channel geometry used in this study is not optimized for 

valve operation.  Channels are rectangular in our device as the SU-8 mold will not re-

flow after high temperature baking to form round shaped channels.  It was reported that 

round channels can be closed more effectively by pneumatic valves
32

.  However, rec-

tangular channels used in this study can be closed effectively, as reagent leakage was not 

found in both reagent coating and reagent loading steps with closed valves.  This result 

is reasonable because valves were not exposed to significant pressure, since the volumet-

ric flow rate applied in this study was low (0.2 mL/h).  The mild flow rate in this study 

is also typical for cell separation assays, as higher shear stress may be harmful to the cells.  

For the applications that require higher flow rate, round channels may be a better choice 

to prevent reagents from leaking through the valves.   
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Figure 4.7 Selective exposure of reagents to a single antibody region.  Ethanol (70%) was exposed to 

the anti-CD4 zone while buffer was exposed to the anti-CD19 zone.  Propidium iodide staining indi-

cated that all cells were killed by ethanol in the anti-CD4 zone, while viability was not affected in the 

anti-CD19 zone.  The control valves were able to direct reagent flow only to the desired antibody zone, 

preventing leakage into other parts of the chip.  Using this approach, multi-parameter cell separations 

can be followed by selective reagent treatment after cell isolation.  Error bars represent the relative 

counting error. 

4.4 Conclusion  

 In this study, we presented a chip capable of multi-parameter cell analysis based on 

label-free cell separation.  The chip was capable of separation using a single channel, 

with zone-selective reagent delivery after separation possible.  In future work, it will be 

possible to sort cells as well, using a single channel to separate cells but collecting them 

from individual capture zones independently.  This method is also a flexible approach, 
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as the modification region is defined by the number and position of valves, which makes 

it compatible with various fluidic network designs and applications.  The use of a single 

channel for multi-parameter cell separations eliminates differences in flow rate for paral-

lel devices, and also opens up the possibility of performing serial separations in the future, 

where cells captured in one antibody zone are further separated by subsequent zones.   
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CHAPTER V                                                                         

HIGH DENSITY MICROFLUIDIC CELL CULTURE ARRAY USING VACUUM ACTUATED 

CELL SEEDING 

Abstract 

 Cell seeding is an important step for cell based assay in microfluidic devices.  In 

this study, we employed vacuum actuation to manipulate nanoliter volume of cell sus-



                                       Texas Tech University, Peng Li, August 2012 

110 

pensions to create arrays of individual cell cultures.  This method simplifies cell seeding 

operation and scales up the culture chambers significantly.  In one device, we integrated 

256 side culture chambers only requiring one simple vacuum operation to seed cells in 

them.  Two cell lines were seeded in one device via sequentially injection and cultured 

simultaneously for long-term.  We have demonstrated on-chip culture of C166-GFP, 

Hut 78 and CRL-1435 cell lines for 96 h with viability of 96%+/-2%, 95%+/-3% and 

91%+/-2%, respectively.  The longest culture period for C166-GFP cells in this study 

was 168 h with a viability of 96%+/-10%.  Cell proliferation in each individual side 

channels can be tracked.  Mass transport between the main channel and side channels 

was achieved through diffusion and studied using fluorescein solution.  This device was 

also able to perform cell based assays.  On-chip immunostaining of two cell lines and 

same chip selective chemical treatment using hydrodynamic focusing, were also demon-

strated, respectively.  With the advantages of enhanced integration, ease of use and fab-

rication, and flexibility, this device will be suitable for long-term cell monitoring and cell 

based assay.  

5.1 Introduction 

 Microfluidics has become increasingly important to biological research in recent 

years
1-3

.  Cell based analysis especially benefits from the precise control of small vol-

ume of fluids, low reagent consumption and integration
4
.  Many on-chip cell cultures 

and cell based assays have been reported using microfluidic technology.  The develop-
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ment of microfluidic tools for cell biology will not only offer new advantages to tradi-

tional research, but also enable new areas of study.  Cell-cell interaction and the 

cell-environment interactions can be investigated with high precision
5-12

.  The flexibility 

of channel design provides advantages for cell analysis and to better understanding the 

heterogeneity of cell populations
13-18

.  Cells have been able to be cultured in microflu-

idic devices for long-term.  Cell proliferation in micro environment can be enhanced by 

optimizing cell growth factors, and cell growth can be directed using confining fea-

tures
19-21

.  Moreover, tissue and organ models have been established on microfluidic 

platform using well designed 2D or 3D microenvironment
22, 23

.  Microfluidic systems 

can be used to study the heterogeneity of cell populations, with low reagent consumption 

and precise control over the cell microenvironment.  

 Cell seeding is the first step for microfluidic cell cultures and assays
24

.  A syringe 

controlled cell loading procedure is the most convenient and widely used approach.  

However, it is difficult to control the loading process precisely and position cells in a 

specific location on a chip.  Gravity flow and pipetting can be employed to achieve 

more uniform cell distribution for certain applications
25

.  Pre-fabricated micro structures 

allow cells to form desired patterns in microfluidic devices.  Small traps and grooves 

have been implemented in microfluidic channels for single cell analysis
26

.  To study cell 

proliferation, micro curtains were fabricated to control the cell seeding region
27

.  Alt-

hough these passive cell seeding approaches provide advantages of ease of use and high 

throughput, they are not amenable to all applications.  External forces, such as electric 
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and acoustic fields, may be applied to control cells movement.  However, the low 

throughput and additional complexity in fabrication and operation hinder wide adoption 

for cell based assays.  In this study, we introduced a convenient approach to load cells 

into arrays of microfluidic chambers using multilayer soft lithography.  Pneumatic 

valves have been implemented in many PDMS based microfluidic devices for fluid con-

trol.  Instead of applying positive air pressure to the control channels, a vacuum can also 

be applied to them.  It has been reported that air bubbles were removed from fluidic 

channels by utilizing the gas permeability of a thin layer PDMS membrane
28, 29

.  In our 

study, we make use of this feature to manipulate small volumes of fluid in micro channels 

and enable high-density culture arrays.    

 To demonstrate the effectiveness of this strategy, we combined this cell seeding ap-

proach with a low-shear cell culture device
30

.  Our previous reported low-shear cell cul-

ture device is extended significantly using the vacuum actuated cell seeding approach.  

The low-shear cell culture device cultured cells in side channels to maintain medium ex-

change and avoid excessive shear from the main fluidic channel where culture medium 

flows.  The device has been demonstrated in culturing both adherent and suspension 

cells for long-term and applied in the study of ischemia/reperfusion of cardiomocytes
31

.  

To load the cells into the dead-end side channels, previous approaches required opening 

the side channels first to seed cells in the chamber.  After seeding, sealing the side 

channels was necessary to ensure the low-shear feature of this device.  However, this 

post sealing process caused leakage and introduced bubbles to the system.  Moreover, 
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the labor intensive cell loading procedure prevented scaling up the number of side chan-

nels.  The dimension of the side chambers was also large (millimeter scale), which was 

not able to maintain small colonies of cells.  More importantly, our previous chip was a 

single-culture device, lacking of the ability to load multiple cell lines.  

Designing fluidic network for syringe controlled cell loading may simplify the oper-

ation, but leakage may still occur and additional device footprint is needed.  Vacuum 

actuated cell seeding allows cells to be loaded into culture channels without physically 

opening the side channels, eliminating the post sealing procedure.  The additional con-

trol layer will not disrupt design of fluidic channels or add to the device footprint.  

Moreover, it allows convenient scaling-up of the side culture channels, since it only re-

quires one vacuum operation to load multiple side channels.  Therefore, we are able to 

create 128 cell culture chambers on each side of a 4.5 cm long main channel, increasing 

the number of side channels significantly.  With small volume (5.7 nL), discrete side 

channels, this device is able of culturing cells in small colonies, 10-100 cells per side 

channel.  This feature will enable long-term monitoring of the same set of cells and 

identifying the heterogeneity in cell populations.  Since this seeding procedure is active, 

the time and position of cell seeding can be controlled by design.  Multiple cell lines can 

be seeded in desired regions of one device to achieve better comparative studies.  In this 

work, we simultaneously cultured two cell lines (one suspension and one adherent) in one 

device for up to four days.  Immunostaining assay and selective treatment assay have 
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also been demonstrated using this device.  This device was able to perform reagent de-

livery, fluorescence probe staining and monitoring, and flow stream manipulation.  

5.2 Experimental Section 

5.2.1 Instruments and reagents 

 RPMI 1640 medium and fetal bovine serum were obtained from Hyclone.  Peni-

cillin-streptomycin stabilized solution was purchased from Sigma.  SU-8 2015 photore-

sist and developer were purchased from Micro Chem.   Dow Corning Sylgard 184 

(PDMS) and curing agent were purchased from Ellesworth Adhesives.  Perfluorooctyl-

trichlorosilane was obtained from Alfa Aesar.  Fibronectin, Propidium iodide, Calce-

in-AM and Mito-Tracker Red were purchased from Invitrogen.   Phycoerythrin (PE) 

conjugated anti-CD19 was purchased from eBioscience.  Phosphate Buffered Saline 

(PBS, pH 7.4) was purchased from VWR.  

 Fluid flow in this study was controlled by a syringe pump (KD Scientific).  Cell 

monitoring and fluorescence observation was achieved using an inverted epifluorescence 

microscope (IX71, Olympus) with appropriate filters and a 0.3 NA 10X or 0.1 NA 4X 

objective.   Images and videos of cell culture and seeding were recorded with a cooled 

CCD camera connected to the microscope and analyzed using ImageJ (Version 1.45s, 

National Institutes of Health).  
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5.2.2 Cells and cell culture 

 HuT 78 human lymphocytes (ATCC #TIB-161), Ramos human lymphocytes 

(ATCC #CRL-1596), C166-GFP mouse endothelial cells (ATCC #CRL-2583) and pros-

tate cancer lines (ATCC #CRL-1435) were obtained from American Type Culture Col-

lection (ATCC).   All cell lines were maintained in culture flasks with RPMI 1640 me-

dium supplemented with 10% fetal bovine serum and 20mL/L penicillin-streptomycin 

stabilized solution.  The culture incubator was set at 37
o
C and 5% CO2.  Suspension 

cell lines were subcultured twice a week, while adherent cell lines were subcultured once 

they were fully confluent.  Cell concentrations were determined using a hemacytometer 

for injection concentration studies.  

5.2.3 Device fabrication 

 Devices in this work were fabricated using standard multilayer soft lithography 

procedures
32

.   Briefly, a microfluidic design (Fig. 5.1) drawn on computer was printed 

out as masks by CAD Art Services.   The main fluidic channel of the device was 4.5 cm 

in length and 300 μm in width.  128 side channels with 1 mm length and 150 μm width 

were placed on each side of the main channel.  The distance between each side channels 

was 100 μm.  Control channels in the top layer were 4 cm in length and 150 μm in width.  

Molds for both layers were created on a 4 inch diameter silicon wafer using negative 

photoresist SU-8 2015.  The height of channel features is 38 μm (1000 rpm, 30 seconds 
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spin coating).   The surface of the silicon wafer was protected using perfluorooctyltri-

chlorosilane. 

 A 5:1 ratio of PDMS pre-polymer and curing agent was employed to make the top 

layer (control layer).  The mixture was baked at 95°C for 1 hour.  A 25:1 ratio was 

used to create the thin fluidic layer.  The mixture was first poured onto fluidic silicon 

wafer and spin coated at 2000 rpm for 30s.  After baking at 70°C for 30 min, the bottom 

layer was attached with top PDMS layer.  The two layers were baked at 120°C for 2 

hours to form a seal.  The resulting PDMS device was then sealed onto a glass slide us-

ing oxygen plasma after punching holes for inlet connections.  

5.2.4 Cell seeding operation and on-chip cell culture  

 For single cell line seeding, cell suspension in buffer solution (RPMI 1640 medium 

or PBS) was injected into the main channel.  Once cell flow stopped, one side of vacu-

um line was turned on to draw the cells into side channels until the channels were filled 

with aqueous solution.  Then the other side of vacuum line was turned on to seed cells 

into the other side.  For two cell line seeding, the first cell line was seeded the same 

manner as the single cell line loading.  Buffer solution was then injected into the main 

channel to wash out all the remaining first type of cells.  After washing, a second cell 

line was seeded into the remaining culture wells by turning on the other side of vacuum 

line.  For on-chip culture, RPMI 1640 medium was flown through the main channel at 

0.1 mL/h during the entire culture period.  The chip was normally maintained in an in-
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cubator with 37
o
C and 5% CO2.  Every 24 h, the device was taken out the incubator and 

cells were observed under microscope.   
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b 

 

Figure 5.1 a) Overview of device design.  Gray lines indicate control channels in the top layer.  Black 

lines represent fluidic channels in the bottom layer (a closeup of the culture wells is shown as an inset).  

The main fluidic channel was 4.5 cm long and 300 μm wide, while side channels are 1 mm long and 150 

μm wide.  There were 128 repeat side channel units on each side of the main channel.  Two control 

channels were located above the side channels on each side, on the neck and end of side channels, 

respectively.  The control line on the end was used for vacuum actuation.  The line on the neck was 

used as a pneumatic valve for preventing side channels from excessive washing pressure (however, it 

was not activated in this study).  b) Actual image of the device.  Red food coloring was introduced into 

the device to aid visualization.  
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5.3 Results and Discussion 

5.3.1 Device design and operation 

 The device was fabricated using standard multilayer soft lithography, resulting in a 

thin layer of PDMS between the bottom fluid channel and top air channel.  Once vacu-

um is applied to the control channels, air in the fluid channel will be removed rapidly 

through the thin layer PDMS membrane at the overlapping region of both layers.  The 

removal of air led to the filling of aqueous phase.  Our previously reported single culture, 

low-shear device required a main channel for flowing medium constantly and side chan-

nels for cell seeding.  In the new design, we added control channels on the top layer, 

which overlap the end of side channels (Fig. 5.1).  When aqueous solution was loaded 

into the main channel under moderate pressure, it will not enter the side channels due to 

air pressure in the side channels.  Once the main channel was filled with aqueous phase, 

air in side channels was isolated, resulting in a finite volume of trapped air.   

 Although liquid can be filled in side channels easily by vacuum actuation, the in-

troduction of cells is a more complicated process.  Because cells are large particles in 

solution, they need enough force to move them effectively.  This force is determined by 

the volumetric flow rate and cross section of channels.  The volumetric flow rate of 

withdrawing solution depends on air removal rate, which is related to the permeability of 

the PDMS, the thickness of thin layer membrane, and the applied vacuum
28

.  Practically, 

to enhance the air removal rate, the thickness of thin layer membrane must be reduced 
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and the vacuum must be increased.  In this study, the PDMS membrane was ~10 μm and 

the vacuum was ~-70 kPa.  The cross section area is another important factor for cell 

transportation into the culture channels.  If the cross section area is too large, the re-

duced force may not be able to move cells, resulting in failure of cell seeding.  We de-

signed side channel dimension to be 150 μm in width, 38 μm in height.  The volume of 

each side channel was 5.7 nL with 1 mm in length.  Another concern is the position of 

overlap between side channels and control channel.  Aqueous solution will block the 

thin layer membrane when it reaches the overlap region, decreasing the air removal rate 

significantly.  Thus cell suspension will not be moved into the back of the culture chan-

nel effectively.  Placing the control channels at the end of side channels was necessary 

to make full use of the volume of side channels.  Combining the above designs, cells 

were successfully drawn into side channels (Fig. 5.2).  The side channel filling time was 

about 30-40 s.  

 On-chip cell culture devices often require modification of the culture surface to fa-

cilitate cell attachment and promote cell proliferation.  Thus our device should not only 

be able to introduce solution into the side channels, but also wash out the coating solution 

after surface modification.  This requirement can be solved by simply applying positive 

air pressure to the new control channels without changing the device design.  The ex-

cessive air will be introduced into the fluidic channel through the thin layer PDMS mem-

brane, which will wash out coating solution and regenerate air volume for cell seeding.  
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In this study, 50 μg/mL fibronectin was coated for surface modification overnight at 4°C 

and washed out before each cell culture experiment.  

 

 

Figure 5.2 Image of cell seeding.  C166-GFP cells were manually loaded into the main channel and 

then drawn into side channels via vacuum actuation.  PBS buffer was used to manually wash away cells 

remaining in the main channel.  The injection concentration was 7100+/-200 cells/μL.  Scale bar 

represents 100 μm. 
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5.3.2 Cell seeding and on-chip cell culture 

 Since cells were successfully loaded using this approach, cell seeding efficiency 

and on-chip cell culture were studied.  Cell seeding density is important for on-chip cell 

culture applications.  Too many or too few cells may lead to failure of cell culture.  

Thus the cell seeding approach should be able to control the concentration of seeded cells.  

In our strategy, the number of cells in each side channel should depend on the concentra-

tion of the injected sample.  The cell concentration in side channels was correlated with 

injection concentration, indicating seeding density can be controlled with different injec-

tion concentration (Fig. 5.3a).  The cell concentration in side channels was calculated 

using the cell number in each side channel divided by channel volume (5.7 nL).  The 

average cell concentration in side channels tended to be lower than the hemacytometer 

concentration, eg, 2300+/-1200 vs. 3800+/-400 cells/μL.  The deviation is due to the 

mild channel loading condition and regions of dead volume.  The mild loading may not 

move cells as effective as other stronger driving forces.  Dead volume included volume 

that was directly affected by convection and volume behind the vacuum channel.  It 

should also be noted that the large variation of cell density in side channels was due to 

the non-uniform distribution of cells in the main channel (Fig. 5.3b).  The wide distribu-

tion comes from complicated flow profiles when actuating hundreds of side channels 

simultaneously, and the heterogeneity of cell concentration distributions at the nanoliter 

scale.  Despite the variation among individual side channel, absolute number of side 
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channels with desired seeding density can be increased by simply adding more side 

channel units.  

a 

 

b 

 

Figure 5.3 a) Relation between injecting concentration and seeding concentration.  C166-GFP cells 

were loaded into the device at different concentrations.  Seeding concentration was calculated from 

number of cells in each side channel divide by the volume of side channels (5.7 μL) after washing out 

cells in the main channel.  Error bars represent standard deviation of 40-70 counted individual side 
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channels.  b) Distribution of cell number in each individual side channels.  The injection concentration 

is 3800+/-400 cells/μL. 

 

 The cell seeding procedure is an active process.  Thus multiple cell lines can be 

seeded in one cell culture chip using sequentially injection and vacuum actuation.  To 

study multiple cell line loading, Hut 78 and Ramos cells were stained with Calcein-AM 

and Mito Tracker Red dye, respectively.  Ramos cells were manually injected into the 

main channel and one vacuum channel was turned on.  Once Ramos cells were loaded 

into position, the remaining cells in the main channel were washed away using PBS buff-

er.  Then the second cell line, Hut 78, was introduced into the same main channel and 

drawn into the other side.  After washing away remaining Hut 78 cells, loading purity 

was studied at both sides.  The loading purity was high in each side of channels (Fig. 

5.4a-5.4d).  For 542 counted Ramos cells and 332 counted Hut 78 cells, the purity was 

100%.  This procedure allows creating multiple cell seeding regions in one device with 

little interference.  In future work, we will expand the number of cell culture regions.  

 After seeding multiple cell lines in one device, simultaneous culture of different 

cell lines was also demonstrated using the low shear culture device.  We studied on-chip 

culture of mouse endothelial cells, Hut 78 T lymphocytes, and prostate cancer cells.  All 

cell culture devices were pre-coated with 50 μg/mL fibronectin overnight at 4
o
C.  After 

seeding in the side channels, the cell culture region is free of convention, resulting in low 

shear stress on the cells.  Moreover suspension cells were maintained without any addi-
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tional fixation or trapping steps.  Thus, adherent and suspension cell lines can be cul-

tured in one device.  Fig. 5.5a showed simultaneous culture of Hut 78 and GFP cells af-

ter 96 hours.  GFP cell is adherent cell line, showing attachment on the surface.  The 

suspension cell line, Hut 78, did not attach on the surface, but they remained in the side 

channels after 96 hours of 0.1 mL/h continuous flow in the main channel.   After 96 h 

of cell culture, all the tested cell lines maintained high viability that was comparable to 

the initial viability (Fig. 5.5b).  The cell culture experiments was stopped at 96 h but 

were not limited to this period.  C166-GFP cells were cultured for 168 h on the chip 

with 96% viability, which was the longest period in this study (Fig. 5.6).  In addition to 

viability, cell proliferation in the chip was also studied.  Since cells were cultured in 

discrete side channels, cell proliferation in each individual side channel is traceable (Fig. 

5.7).  Fig. 5.7a and 5.7b show the change of Hut 78 and C166-GFP mouse endothelial 

cell numbers in seven individual channels, respectively.  For both cell lines, a major in-

crease in cell number occurred after 72 h of on-chip culture, which showed this device 

was able to support monitoring of cell proliferation.   

 

 

 

 

 

 



                                       Texas Tech University, Peng Li, August 2012 

126 

a                                 b 

  

c                                 d 

  

Figure 5.4 Sequential loading of two different cell lines.  a) White light image of Hut 78 cells stained 

with Calcein-AM.  b) Overlay fluorescence image of green and red channel after background subtrac-

tion.  c) White light image of Ramos cells stained with Mito Tracker Red.  d) Overlay fluorescence 

image of green and red channel after background subtraction.  Green spots on the bottom left of the 

image are artifacts from PDMS channel not Hut 78 cells.  The two cell lines were seeded into opposite 

side of channels sequentially.  The overlay fluorescence images indicated no interference between the 

two cell lines.  Scale bars indicate 100 μm.  
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a 

 

b 

 

Figure 5.5 a) Simultaneous culture of Hut 78 and C166-GFP cells in one device.  C166-GFP cells were 

located in the top part of the image.  Since they are adherent cells, cell attachment was observed.  In 

contrast, the Hut 78 cells in the lower culture chambers were not attached, since they are suspension 

cells.  However, they were still maintained in the side culture channels under continuous main channel 

medium flow even without any anchoring step.  Scale bar represents 100 μm.  b) Viability of Hut 78, 

CRL-1435 and C166-GFP after 96 h of on-chip culture.  Cell viability was determined using 10 μg/mL 

propidium iodide (PI).  Control cell viability is the viability at 0 h.  Error bars represent standard de-

viation of three individual trials.  
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Figure 5.6 Viability of C166-GFP cells after 168 h of on-chip culture. Error bars represent the relative 

counting error (n=421, 98, respectively). 
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a 

 

b 

 

Figure 5.7 a) Hut 78 cell numbers in 7 individual side culture channels during 96 h period.  b) 

C166-GFP cell numbers in 7 individual side culture channels during 96 h period.  With discrete side 

culture channels, cell number can be tracked and monitored during the culture period.   
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5.3.3 Mass transport in side channels 

 Medium replenishment and waste removal in this device is achieved with continu-

ous flow in the main channels.  Our orthogonal culture and medium flow channels pro-

vide medium exchange for the side channels
30, 33

.  Mass transport between main channel 

and side channels was studied using fluorescein solution and fluorescence microscope for 

30 min.  The whole device, including main and side channels, was first filled with PBS 

solution.  Then 1.4 μM fluorescein solution was introduced to the main channel.  Gen-

erally, once fluorescein solution was observed in the main channel, side channels started 

to show fluorescence.  The intensity in the side channels increased over time, indicating 

the mass transport of fluorescein between the main channel flow and side channels.  The 

fluorescence intensity decreased as a function of distance from the main channel but 

equilibrated after a short time (Fig. 5.8a).  Diffusion time was also related to the main 

channel flow rate (Fig. 5.8b).  This feature can be used to adjust the medium refresh-

ment rate in side channels which is important to the on-chip cell culture
34

.  
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b 

 

Figure 5.8 a) Mass transport study using fluorescein solution.  Fluorescence intensity change over time 

at different locations in side channels under flow rate 0.1 mL/h.  Relative fluorescence intensity is the 
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ratio of fluorescence at certain position to fluorescence at main channel.  If the value approaches to 1, it 

indicates the mass transport of fluorescein molecule.  The values of different positions represent dis-

tance to the edge of main channel.  b) Fluorescence intensity change over time at position 804 μm with 

different main channel flow rate.  Slower main channel flow rate lead to slower mass transport to the 

side channels.  Error bars represent standard deviation of values from four individual side channels. 

 

5.3.4 On-chip immunostaining and selective treatment 

 This chip is suitable for many cell-based assays.  We demonstrated the on-chip 

staining of different cell lines using this device as proof of principle.  Since multiple cell 

lines can be placed in one device, comparative studies of different cell response are pos-

sible.  We first loaded Ramos and PC-3 prostate cell lines into each side of the device, 

respectively.  Ramos cells express CD19 on the surface, while PC-3 prostate cells do not.  

PE labeled anti-CD19 solution was introduced through the main channel for 30 min, fol-

lowed by PBS for another 30 min.  Since cell loaded results in pure cell cultures, Ramos 

cells were stained by PE anti-CD19, whereas PC-3 prostate cells were not (Fig. 

5.9a-5.9d).   

 This device can also be used for cell selective treatment in one chip.  Multiple 

flow streams can be established in the main channel due to the laminar flow in the micro-

fluidic device.  In this study, we created two different streams by introducing flow from 

two opposite side inlets, resulting in different chemical treatment in each side of channels 

(Fig. 5.10a).  Ethanol and PBS streams were introduced into the chip to selectively kill 

one side of cells in the device.  Both ethanol and PBS solution contained PI to visualize 
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dead cells.  Before applying ethanol solution, Ramos cells were loaded into all of the 

side channels.  The ethanol treated side of Ramos cells was PI positive; while cell via-

bility at PBS treated side was not affected (Fig. 5.10b and 5.10c).  Therefore, this device 

has demonstrated the ability of performing flexible cell based assays.  Combined with 

the ability of long-term on-chip, cell culture, this chip will be especially suitable for cell 

based assays requiring long-term monitoring.   

 

a                                b 

  

c          d 

 

Figure 5.9 Cell based assay in the device.  a) Ramos and CRL-1435 cells were loaded into different 

regions of the chip.  The entire chip was then stained with Phycoerythrin-conjugated anti-CD19 to stain 
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CD19+ cells. a) White light image of Ramos cell region.  b) Fluorescence image of Ramos cell region 

after background subtraction.  c) White light image of CRL-1435 cell region.  d) Fluorescence image 

of CRL-1435 cell region after background subtraction.  Since Ramos cells express CD19 surface an-

tigen, they were stained by the PE anti-CD19 solution.  In the same device, CRL-1435 cell line was not 

stained due to lack of CD19.  Scale bar represents 100 μm. 

 

a 

 

b                                 c 

  

Figure 5.10 a) Fluorescence image of selective reagent delivery using fluorescein and PBS solution.  

1.4 μM Fluorescein solution was introduced from top side inlet, while PBS buffer solution was intro-

duced from bottom side inlet under to form two streams in the microfluidic channel.  b) White light 

image of Ramos cells after 10 min of ethanol exposure on one half of the chip.  c)  Fluorescence image 

of Ramos cells after 10 min of ethanol exposure.  After PI staining, it showed left side cells were all 

dead while viability of cells in right side was maintained.  Scale bar represents 100 μm.  
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5.4 Conclusion 

 We introduced a novel cell seeding approach which was able to manipulate cell 

movement into microfluidic culture wells.  This approach has been combined in a 

low-shear cell culture device, which simplified cell seeding operation and enhanced cul-

ture chamber throughput significantly.  Simultaneous culture of two different cell lines 

was achieved with high viability.  Cell proliferation was also monitored in each indi-

vidual side culture channel.  The device is tolerant to inadvertent introduction of air 

bubbles from buffer solutions, since bubbles from the main channel will not enter the side 

channels where cells are cultured.  Moreover, bubbles can be easily removed by acti-

vating the vacuum line without disrupting fluid flow and cell cultures.  It is also suitable 

for flexible and integrated cell based assay, especially for long term on-chip monitoring.  

The simplicity in fabrication and operation will make this device easily adopted by other 

research labs with a basic soft lithography facility.  However, optimization of device 

dimensions and fluid network are still required to further enhance cell loading uniformity 

and the cell culture microenvironment.  Protocols for implementing more cell lines in 

the same device are also under investigation to further increase device throughput. 

5.5 References 

(1)Auroux, P.; Iossifidis, D.; Reyes, D.R.; Manz, A. Anal. Chem. 2002, 74, 2637–2652. 

(2)Salieb-Beugelaar, G.B.; Simone, G.; Arora, A.; Philippi, A.; Manz, A. Anal. Chem. 

2010, 82, 4848–4864. 



                                       Texas Tech University, Peng Li, August 2012 

136 

(3)Kovarik, M.L.; Gach, P.C.; Ornoff, D.M.; Wang, Y.; Balowski, J.; Farrag, L.; Allbrit-

ton, N.L. Anal. Chem. 2012, 84, 516–540. 

(4)El-Ali, J.; Sorger, P.K.; Jensen, K.F. Nature 2006, 442, 403-411. 

(5)Lovchik, R.; Tonna, N.; Bianco, F.; Matteoli, M.; Delamarche, E. Biomed. Microde-

vices 2010, 12, 275–282.  

(6)Danino, T.; Mondragon-Palomino, O.; Tsimring, L.; Hasty, J. Nature 2010, 463, 326–

330. 

(7)Taylor, A. M.; Dieterich, D. C.; Ito, H. T.; Kim, S. A.; Schuman, E. M. Neuron 2010, 

66, 57–68. 

(8)Torisawa, Y.-S.; Mosadegh, B.; Bersano-Begey, T.; Steele, J. M.; Luker, K. E.; Luker, 

G. D.; Takayama, S. Integr. Biol. 2010, 2, 680–686. 

(9)Shin, Y.; Jeon, J. S.; Han, S.; Jung, G.-S.; Shin, S.; Lee, S.-H.; Sudo, R.; Kamm, R. D.; 

Chung, S. Lab Chip 2011, 11, 2175–2181. 

(10)Meier, B.; Zielinski, A.; Weber, C.; Arcizet, D.; Youssef, S.; Franosch, T.; Readler, J. 

O.; Heinrich, D. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 11417–11422. 

(11)Yu, L.; Chen, M. C. W.; Cheung, K. C. Lab Chip 2010, 10, 2424–2432. 

(12)Kim, K. P.; Kim, Y. G.; Choi, C. H.; Kim, H. E.; Lee, S. H.; Chang, W. S.; Lee, C. S. 

Lab Chip 2010, 10, 3296–3299. 

(13)Taniguchi, Y.; Choi, P.; Li, G.; Chen, H.; Babu, M.; Hearn, J.; Emili, A.; Xie, X. 

Science 2010, 329, 533–538. 

(14)Tay, S.; Hughey, J. J.; Lee, T. K.; Lipniacki, T.; Quake, S. R.; Covert, M. W. Nature 

2010, 466, 267–271. 

(15)Wang, J.; Fei, B.; Zhan, Y.; Geahlen, R. L.; Lu, C. Lab Chip 2010, 10, 2911–2916. 

(16)Didara, T.F.; Tabrizian, M. Lab Chip 2010, 10, 3043-3053. 

(17)Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W.; Irimia, D.; Ulkus, L.; Smith, 

M.R.; Kwak, E.L.; Digumarthy, S.; Muzikansky, A.; Ryan, P.; Balis, U.J.; Tompkins, 

R.G.; Haber D.A.; Toner, M. Nature 2007, 450, 1235–1239. 



                                       Texas Tech University, Peng Li, August 2012 

137 

(18)Li, P.; Gao, Y.; Pappas, D. Anal. Chem. 2011, 83, 7863–7869. 

(19)Liu, L.; Loutherback, K.; Liao, D.; Yeater, D.; Lambert, G.; Estevez-Torres, A.; 

Sturm, J. C.; Getzenberg, R. H.; Austin, R. H. Lab Chip 2010, 10, 1807–1813. 

(20)Lee, K.; Boccazzi, P.; Sinskey, A.; Ram, R. Lab Chip 2011, 11, 1730–1739. 

(21)Lecault, V.; VanInsberghe, M.; Sekulovic, S.; Knapp, D.J.H.F.; Wohrer, S.; Bowden, 

W.; Viel, F.; McLaughlin, T.; Jarandehei, A.; Miller, M.; Falconnet, D.; White, A.K.; 

Kent, D.G.; Copley, M.R.; Taghipour, F.; Eaves, C.J.; Humphries, R.K.; Piret, J.M.; 

Hansen, C.L. Nat. Methods 2011, 8, 581–586. 

(22)Tavana, H.; Zamankhan, P.; Christensen, P.; Grotberg, J.; Takayama, S. Biomed. Mi-

crodevices 2011, 13, 731–742. 

(23)Estrada, R.; Giridharan, G. A.; Nguyen, M.-D.; Roussel, T. J.; Shakeri, M.; Parich-

ehreh, V.; Prabhu, S. D.; Sethu, P. Anal. Chem. 2011, 83, 3170–3177. 

(24)Young, E.W.K.; Beebe, D.J.; Chem. Soc. Rev. 2010, 39, 1036–1048. 

(25)Song, J.W.; Cavnar, S.P.; Walker, A.C.; Luker, K.E.; Gupta, M.; Tung, Y.; Luker, 

J.D.; Takayama, S. PLoS One 2009, 4, e5756. 

(26)Chung, K.; Rivet, C.A.; Kemp, M.L.; Lu, H. Anal. Chem. 2011, 83, 7044-7052. 

(27)O’Neill, A.T.; Monteiro-Riviere, N.A.; Walker, G.M. Lab Chip 2009, 9, 1756–1762. 

(28)Kang, J.H.; Kimab, Y.C.; Park, J. Lab Chip 2008, 8, 176–178. 

(29)Skelley, A.M.; Voldman, J. Lab Chip 2008, 8, 1733–1737. 

(30)Liu, K.; Dang, D.; Harrington, T.; Bayer, K.; Pappas, D. Langmuir 2008, 24, 

5955-5960. 

(31)Khanal, G.; Chung, K.; Solis-Wever, X.; Johnson, B.; Pappas, D. Analyst 2011, 136, 

3519-3526. 

(32)Unger, M.A.; Chou, H.-P.; Thorsen, T.; Scherer, A.; Quake, S.R. Science 2000, 288, 

113-116. 



                                       Texas Tech University, Peng Li, August 2012 

138 

(33)Liu, K.; Tian, Y.; Burrows, S.M.; Reif, R.R.; Pappas, D. Anal. Chim. Acta. 2009, 651, 

85-90. 

(34)Yu, H.; Alexander, C.M.; Beebe, D.J. Lab Chip 2007, 7, 726–730.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                       Texas Tech University, Peng Li, August 2012 

139 

CHAPTER VI                                                                      

CLOSING REMARKS AND FUTURE OUTLOOK 

Several microfluidic devices for cell based analysis have been demonstrated in this 

dissertation.  A study of world-to-chip interface for microfluidic cell affinity chroma-

tography was presented, which is important to the design of microfluidic cell separation 

devices.  Enhanced cell capture efficiency was observed at vertical inlets of microfluidic 

chip.  Due to this effect, cell clogs are easy to form in vertical inlet devices, leading to 

the failure of separation experiment.  More uniform capture density can be obtained by 

fabricating parallel inlet devices.   

However, enhanced capture efficiency can be utilized for negative enrichment de-

vice, in which target cells are collected in continuous flow and unwanted cells are de-

pleted on the device surface.  A microfluidic device featuring multiple vertical inlet 

structures was fabricated to realize the negative enrichment of target cells.  The negative 

enrichment of C166-GFP cells from Hut 78 cells and Hut 78 cells from Ramos cells were 

demonstrated with antibody modified microfluidic devices.  Future directions of this 

project should focus on increasing device throughput and reducing non-specific binding.  

To enhance the throughput, designing large scale parallel channels is necessary.  How-

ever, uneven distribution of flow rates among the parallel separation channels can be 

problematic.  Revised design and improved fabrication processes should be taken into 

consideration to overcome this problem.  Reducing non-specific binding relies on find-
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ing better capture molecules, eg. aptamers, and optimizing collection and washing flow 

rates. 

A multi parameter cell capture device was realized using pneumatic valves to con-

trolled microfluidic printing.  Up to four types of antibodies can be coated on defined 

regions in the same microchannel.  Therefore, multiple cell lines were captured on dif-

ferent regions with only one loading operation.  Subsequent selective chemical treat-

ment is also possible by actuating pneumatic valves.  In the future, the number of dif-

ferent antibodies should be further increased.  Development of an automated surface 

coating procedure is necessary in order to reduce the time and labor associated with the 

scaling up of coating regions.  Designing new coating fluidic networks and employing 

computer controlled solenoids can be considered. 

Significant enhancements of previously reported low-shear cell culture device were 

achieved by introducing vacuum actuated cell seeding.  The new device reduced reagent 

consumption, simplified seeding operation, and prevented bubble introduction and leak-

age.  Simultaneously culturing two cell lines for up to four days was demonstrated in 

256 discrete side channels.  On-chip cell assays are also possible, especially for 

long-term monitoring.  Culturing more cell lines may be realized by adding more vac-

uum control channels for sequential loading.  To meet the loading purity and density 

requirements, revised loading protocols may be necessary.  In addition, fluorescence 

correlation spectroscopy can be applied for better understanding of the mass transport 

between main channel and side channels.   
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