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Abstract 

Microfluidic technology is a powerful tool for spatial and temporal control of 

cellular environment to improve cell biological study.  With surface chemistry, this 

platform can mimic complex biochemistries and geometries of extracellular matrix.  Also, 

microchannels can precisely regulate transport of fluids and soluble factors.  In this 

dissertation, we applied microfluidic systems for cell separation, controlling extracellular 

matrix properties, and regulating fluid environment. 

First, we studied cell separation using affinity chromatography columns.  We 

monitored cell adhesion based on aptamer recognition of target cells.  The sgc8 

aptamers were coated on the capillary surface, which can capture target cells from a cell 

mixture with highly specificity.  The aptamer capture was demonstrated to be strong by 

determining the number of bonds formed during aptamer capture and calculating the 

binding strength.  The capture efficiency and purity were tested under different flow type: 

linear and oscillation flow.  The oscillation ones showed better results in rare cell 

enrichment. 

Then, we selectively delivered reagents to captured cells through precisely 

controlling the fluidic environment.  Hydrodynamic focusing can confine reagent stream 

in the middle of multiple fluidic streams.  When passing these multiple laminar flow 

streams over the cell culture chamber, cells seeded under the reagent stream would be 

selectively treated.  To avoid the damage of hydrodynamic shear stress to cultured cells, 

we build a two-layer microfluidic system.  The system consisted of a cell culture chamber 

and fluid flow channel, which were located in different layers. The shear force was 

reduced from 6.0 dyn/cm2 in a one-layer device to 2.7 dyn/cm2 in the two-layer device.  
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Three-dimensional scanning of fluid distribution using confocal microscope confirmed 

that boundaries between streams were well controlled.  This approach demonstrated the 

capability of deliver reagent to different regions of the culture well at low shear stress. 

In addition, we engineered cell adhesion environment for high-throughput cell 

analysis.  First, neutravidin arrays were patterned on the glass surface using 

microcontact printing, which helped control cell positioning.  Next, multiple antibodies 

were conjugated to neutravidin spots by dropping them on different regions of surface.  

Those multiple antibodies could capture different cell types at different local points of a 

microchannel, which enabled parallel cell culture.  Also, immobilized Fas antibody can 

capture cells, as well as, induce cell apoptosis.  Therefore, multiple cell cues that guiding 

cell behavior were assembled in this device.  Cell apoptosis study was achieved in a 

parallel way in this work. 
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Chapter 1 

 General Introduction 

 

 

1. Microfluidics 

 

Microfluidics is a powerful tool for cell biology studies.[1-3]  The integration of cell 

biology with microfluidics has recently become a major focus within the scientific 

community due to its favorable characteristics in controlling cellular microenvironment. 

Cells and their internal structures have physical scales on the order of microns, which 

are well suited to be manipulated in microfluidic channels.  In moving from macro- to 

micro-scale, parameters of the cell microenvironment can be controlled at relevant 

length and time scales.  For example, gradients and patterns that cannot be captured in 

conventional laboratory techniques can be produced in microfluidic chips.  Also, 

microfluidics provide the possibility of massive parallel processing, which enables the 

manipulation of small volumes of fluid in microchannels for high-throughput biological 

experiments.  With further integration with bioanalytical microsystems, microfluidic 

technology offers fundamentally new capabilities in the precise control of experimental 

conditions for cell behavior study. 

 

1.1. Microfabrication  

The original concepts of microfluidics started in the 1980s and 1990s, when 

photolithography was successfully applied in silicon microelectronics.  The earliest work 
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in fluidic systems was in silicon and glass devices.  In recent years, these materials have 

largely been displaced by polymers.  This is because silicon and glass device fabrication 

needs a clean room and extensive training.  In addition, rigid materials are not amenable 

to engineering components required for microanalytical systems such as pumps and 

valves.  Also, neither glass nor silicon supports cell culture due to gas impermeability.[4]  

Currently the most popular microfluidic technology is based on soft-lithography of 

polydimethylsiloxane (PDMS).  It is a molding method that can rapidly create devices.  In 

brief, a silicon master mold is fabricated using photolithography.  This mold can be used 

hundreds of times to mold PDMS replicas of channels by casting a mixture of liquid 

PDMS and curing agent onto the master mold.  PDMS is an elastomer, which is easy to 

punch holes and integrate with outside connections.  Using plasma treatment, PDMS 

films can covalently bond to PDMS or glass substrates.  Beside easy fabrication and 

amenable to integration of fluidic valves, PDMS is biocompatible, permeable to gas and 

transparent.[5]  

 

1.2. Flow control 

Microfluidics exploit certain fundamental differences between the physical 

properties of fluids.  At the micrometer scale, different forces become dominant over 

those experienced at larger scale, including laminar flow, diffusion, fluidic resistance, 

surface tension and so on.[6] 

Fluid flow is typically characterized as laminar or turbulent.  Turbulent flow is 

chaotic and impossible to predict the position of a particle in the fluid stream as a 

function of time.  In laminar flow, velocity of a particle in a fluid stream is not a random 
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function of time.  These two regimes are usually identified by the Reynolds number, 

which is calculated by 

Re = ρνDh

µ
, 

where ρ 	  is	   the fluid density, ν 	  is velocity of the fluid, Dh 	  is the cross-sectional 

dimension, and µ 	  is the fluid viscosity.  Generally, as Re  increases to 2300, fluids 

would transfer from laminar flow to turbulent flow.  Microfluidic channel dimensions range 

from 10 to 1000μm in width and height, which is sufficient to provide laminar flow.  The 

Reynolds number is relative to the importance of inertial to viscous forces.  The 

reduction in size reduces the influence of inertial force compared to viscous forces, 

leading to the formation of laminar flow in microfluidic channels.  In laminar flow all fluid 

particles move in parallel to the flow direction in contrast to the 3D movement of particles 

in the macro-scale conditions.  Consequently, two or more streams flowing in contact 

with each other will not mix except by diffusion.  Under this flow condition, the fluid flow 

can be effectively used for spatio-temporal stimulation of cells and drug delivery to 

restricted subcellular compartments. [7]    

Diffusion is the spread of particles through random motion from region of higher 

concentration to lower ones.  It can be modeled in one dimension by the 

equation d = 2Dt , where d  is the distance a particle moves in a time t , and D 	  is the 

diffusion coefficient of the particle.  Since distance varies to the square power, diffusion 

becomes an important consideration on the microscale.  For example, hemoglobin (D = 

7 x107 cm2/s), a globular protein, requires 106 sec to diffuse 1 cm in water, but only 1 sec 

to diffuse 10 μm.[6]  The diffusive mixing properties of laminar flow allows the 
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establishment of controlled concentration gradients in flowing fluid streams, which is 

important in mimicing natural stimuli to study cell migration in response to 

chemokines.[8]  Meanwhile, the fast diffusive mass and heat transfer in microscale 

enable fast media and temperature control. [1] 

The stream of moving fluid (cell culture medium/reagents) is generally driven by 

two methods: pressure-driven and electrokinetic.  In pressure driven flow, the flow rate 

Q  is given by Q = ΔP / R , where ΔP  is the pressure drop across the channel, and R  is 

the channel resistance.  For a rectangular microchannel with a high or low aspect ratio 

(w <<h  or h <<w ), the resistance can be calculated using the formula:  

R = 12µL
h3w

, 

where µ 	  is the fluid viscosity,  L  is the length, w and h  is the width and height of the 

channel.  The pressure drop can be created either by external pump, gravity or a 

vacuum source.  Among those methods, external pumping is the most frequently used 

one due to its simplicity and precise flow control.  Pressure-driven flow has the key 

advantages that it is simple and effective for solvents with wide range of compositions or 

channels made of a wide range of materials.  Because of the relation R∝1/wh3 , high-

pressure drops are needed to drive fluid flow in small microchannels.  It is therefore 

necessary to form an irreversibly sealed structure to withstand the high pressure.  

Electrokinetic flow is based on the movement of molecules in an electric field due to their 

charges.  Compared to pressure driven flow, the linear dependence of electroosmotic 

flow rate on channel width or height is much less effective.[9]  Small channels also have 

the advantage of a high surface-to-volume ratio, and thus they dissipate heat more 
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efficiently.  Fluid flow can be controlled easily by switching voltages on and off.  

However, electrokinetic flow has drawbacks for bioassays, since only buffers of 

appropriate pH and ionic strength are compatible.  In addition, bubble formation in the 

channel is possible due to Joule heating.  Since components in the buffer would be 

separated due to different elelctrophoretic mobilities, electrokinetic separation 

techniques have been commonly used for biochemical analysis of cell lysates [10] or cell 

metabolites [11].  

The use of laminar flow is generally associated with hydrodynamic shear stress 

that arises from the small dimensions of microfluidic channels.[12] To maintain laminar 

flow, flow rate should be controlled precisely.  Shear stress in laminar flow in rectangular 

channels is given by: 

τ wall =
6µQ
h2w , 

where τ wall represents fluid shear, other parameters are the same as described before in 

this section.  In cell biology study, the major drawback of laminar flow is the undesired 

shear stress subjected to cells.  Details are discussed in section two. 

 

1.3 Surface engineering 

Substrate modification is required for cell immobilization.  In most devices, 

adherent cells attach on glass surface of the microchannel with the aid of proteins like 

fibronectin or polypeptides like poly-L-lysine.[13]  Suspension cells usually transport with 

flow, but they can be retained on a chip by modifying surface with cell adherent 

molecules (e.g. proteins, peptides) [14] or physically trapping them in devices using 
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filters [15], microsized hurdle structures [16], or dielectrophoretic cages [17].  In standard 

cell cultures, cells are randomly seeded on the surface of culture substrate.  However, 

this random organization can interfere with biological studies concerning heterogenetic, 

tissue morphogenesis and cell communication.  

Micropatterning techniques make it possible to pattern cells on a surface with 

control over their size, shape and spatial distribution. The concept of micropatterning is 

to provide cytophilic (cell-friendly) vs. cytophobic (cell-repelling) regions using modified 

surface chemistry of a substrate.[13]  It offers the ability to explore the interactions of 

anchorage-dependent cells with their environment. Cell patterning is used in thousands 

of assays of biochemical pathways daily in pharmaceutical and biotechnology 

laboratories.[4]  A large variety of surface-patterning methods are used to create 

chemical structures on surfaces for controlling cell-substrate interactions.  Examples 

include standard photolithography lift-off, photoreactive chemistry, electrochemical 

means, and techniques based on soft lithography.[18]  Soft lithography, including 

microcontact printing and microfluidic printing, is the most widely used method due to its 

simplicity and cost-effectiveness.  Microcontact printing shows more versatility and 

accuracy since patterned structures can be designed in various shapes.  The process of 

microcontact printing is typically based on the following steps.  First, an elastometric 

stamp is formed by casting a liquid phase polymer, typically PDMS, over a 

microstructured template (e.g. silicon master).  The polymer is cured at elevated 

temperatures, and a solid, elastomeric polymer is formed.  After peeling off the PDMS, 

the stamp is inked by placing a few droplets of the solution of interest on the patterned 

side of stamp.  The last step is the stamping procedure by bringing the inked stamp in 

conformal contact with the substrate surface.  At that point, the ink is transferred to the 
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substrate.  In some cases, after printing on a surface, the non-printed adjacent surface 

can be made passive by coating other molecules to prevent non-specific cell adhesion.  

The PDMS stamp can be used repeatedly and can achieve resolution below 500 nm.[15]  

Microcontact printing has been used extensively for patterning peptides, proteins, self 

assembled monolayer molecules and a wide range of biomolecules for cell culture on 

defined geometry.   

 

 

2. Cell selection and stimulation 

 

Cells respond to a wide array of external stimuli, including cell-cell contacts, cell-

extracellular matrix (ECM) interaction, cytokines, and secreted proteins from 

neighbouring cells.[16]  As mentioned before, microfluidic devices can facilitate 

fundamental studies of cell biology through precise definition of the cellular 

microenvironment.  By monitoring cellular responses to control perturbations in the 

extracellular environment, biological insight into the pathways that control cell behavior 

can be obtained.  A wide range of microfluidic devices have emerged with the express 

aim of facilitating the basic study of biochemical pathways, cell-fate decision and tissue 

morphogenesis.  Although few microsystems exist that enable highly controlled, high-

throughput presentation of diverse extracellular stimuli with detailed assessment of cell 

responses, individual or several combinations of signal cues can readily be controlled.  

In this section, we focus on cellular chemical stimulation accomplished by controlling 

flow over cells and surface properties of extracellular matrix.  Examples of some 

techniques being applied to this area are provided.  Some other key parameters for cell 
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biological study, like mechanical force, temperature, are not included here.  Readers are 

referred to more detailed reviews elsewhere. [1, 3, 20-21] 

 

 

2.1. Cell affinity capture and separation 

 

To obtain accurate information about biochemistry of specific cell types in a 

mixture, the ability to isolate homogeneous and concentrated cell populations from 

heterogeneous cell mixtures is important.[22]  Many methods have been investigated to 

separate and isolate cells on the basis of physical and chemical properties such as size, 

density, electrical characteristics and molecules on the cell surface.[23]  Common 

techniques, such as dielectrophoretic cell sorters [23], fluorescently activated cell sorters 

[24] and magnetic cell sorters [25], show powerful performance but require complicated 

instrumentation.  Cell affinity chromatography is a simple, low cost, and highly specific 

method for cell isolation.  It takes advantage of molecules on the cell surface, in which a 

high-affinity ligand binds selectively to a particular cell type.  Molecules commonly used 

in affinity-based cell separation include antibodies and aptamers, and immobilization 

techniques are by covalent bonds [28], absorption [29] or biotin-avidin interaction [30].  

Wang et al. used an open tubular capillary coated with anti-CD4, anti-CD14 or anti-CD19 

antibodies to separate T and B lymphocytes cells from lysed blood with high purity using 

single or tandem capillaries.[30]  Tan’s group used an aptamer-based microchip to 

capture target cells with 97% purity and 80% efficiency.[31]  Isolation efficiency could be 

improved by increasing the effective surface area through the incorporation of silicon 

micro-pillars [32] or nanotextured PDMS substrate [33].  Recently, the “herringbone chip” 

developed by Stott and Toner et al., introduced a different microchannel architecture that 
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produced chaotic mixing within the flow to further improve the cell-surface interactions 

and achieved a high cell recovery rate (91.8% ± 5.2% for prostate cancer cells).[34]  

Further integration of this serpentine chaotic mixing PDMS channel with nano-structured 

surface resulted in greater than 95% MCF-7 cells recovery from whole blood.[35] 

In addition to selective cell capture, cell affinity separation techniques facilitate 

combination with other methods for cell stimulation.  First, tethering cells on surface 

during isolation facilitate fluid passing over cells, supplying cells with nutrients or drug 

stimuli.  Second, among the strategies to address cell types on specific locations of a 

microarray, many efforts have been deployed for the fabrication of protein microarrays.  

Most of these protein biochips are based on repertoires of antibodies produced for cell 

immunophenotyping.  Third, antibodies can also function as a biomarker [36] or drug 

stimuli [37].  For example, Reif et al. captured T cells in microfluidic chip with anti-CD95 

as a surface ligand.[37]  When cells were loaded, target cells are captured by binding to 

the Fas receptor on the cell membrane.  Apoptosis was subsequently induced, and 

temporal dynamics of apoptotic were obtained.  However, cell affinity separation also 

has the drawbacks such as the immunophenotype of target cells should be obtained 

before cell selection.  In addition, nonspecific binding might be strong during affinity 

separation. 

 

 

2.2 Cell stimulation through fluid flow  

 

Delivery of stimulants can be spatially and temporally controlled.  Microfludics, 

due to small time constants and diffusional mixing, can be used to dynamically focus a 
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drug stream on a given part of cells or generate chemical gradients.  This ability allows 

dynamic observation of cell behavior immediately after drug treatment, or study how 

local chemical stimuli propagate in the cell.   

One of the most important applications of fluid control for cell biology is the 

gradient generator.  Gradients allow several conditions to be probed simultaneously 

while also mimicking natural stimuli that promote the migration of cells in response to a 

stimulus. Complex concentration gradients can be achieved by generating multiple 

laminar interfaces, such as repeated combination and splitting of flow-streams.[38]  

These devices are highly effective for promoting chemotaxis of cells in both two 

dimensional fluid channel [39] and three dimensional hydrogel matrices [40].  Beside 

generating gradients in the perfusion medium, these chips can also create gradients in 

static by modify the surface with linear gradient of cytokines.[41]  To illustrate the 

application of these device to a real-time cell-based assay, Atencia et al. used a 

diffusion-based gradient generator in combination with time-lapse fluorescent 

microscopy to monitor green fluorescent protein express by cells exposed to an 

intermittent chemical gradient of cycloheximide, an inhibitor of protein synthesis.[42]  

These devices had also been applied to study migration of a variety of cell types in 

relevant to clinical areas including cancer cell chemotaxis [43], burn injuries [44] and 

angiogenesis[45].  For example, Butler et al. demonstrated neutrophils from burn 

patients showed a significant reduction in chemotactic speed compared to healthy 

controls.[44]  

Another application is selective chemical delivery into cells using multiple laminar 

streams.  “Hydrodynamic focusing”, using flows from two sides to constrict a central flow, 

can control the middle width as small as 50 nm.[46]  This offers controlled environments 
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down to subcellular dimensions, which had been explored for the local application of 

stimulants to subcellular areas since 2001.[47]  This helped observing intracellular 

propagation of cell signaling.  But this method is limited by molecular diffusion, since 

small molecules can diffuse 10 μm in 1 sec, and thus can diffuse through the whole cell 

during partial treatment of cells.  The advantage of fast cell condition variation also 

makes laminar flow widely applied for drug delivery to tissue slices [48] or large group of 

cell populations [49]. Blake et al. used laminar streams for treatment of specific regions 

of perfused rat brain slices to measure neurophysiological properties of brain slices.[48]  

Multiple laminar streams containing different dissolved compound were also used for 

supple cells with multiple stimulation.[49]  In this way, heterogeneous response of cells 

to various drug stimuli could be analyzed in parallel.  The position of the hydrodynamic 

focusing can be changed by simply adjusting the inlet flow.  Influences of channel 

geometry on hydrodynamic focusing have been theoretically studied.[50]  Beside the 

focusing position and width, the frequencies of flow were also temporally controllable. 

King et al. delivered stimuli in a pulse, based on which dynamic stimuli on NFkB 

transcriptional activation and cell fate were determined.[51] 

Fluid flow not only transports soluble factors, but also exerts mechanical force 

through shear.  For most of cultured cells, the maintenance of low levels of shear is vital 

for preservation of their well-being and to retain cells on the surface.[52-56]  To this end, 

many devices were designed to maintain stable flow with low shear force.  Generally, 

these devices can be simply classified as: (1) adding obstacles like membranes [52] or 

micropillars [53] between the fluid flow channel and cell culture chamber; (2) moving the 

cell culture chamber from the main fluid channel; [54-55] (3) seeding cells in a three 

dimensional matrix that allow mass diffusion.[56]  Here, the second method is the most 
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commonly used one since there is no specific device fabrication procedure.  It should be 

mentioned that the dimensions of cell culture chamber should be larger than the fluid 

channel, since mass transport to the cells should be dominated by diffusion not 

convection.   

 

 

2.3 Cells and extracellular matrix  

 

 Most mammalian cells adhere to and spread on a biological matrix called the 

extracellular matrix.  Due to the possibilities of positioning cells, array-like formats allow 

high-throughput analysis similar to microwells approaches.  For instance, the ability to 

pattern cells aided investigation of cell growth as a function of time.[57]  Arrays of 

patterned single and multiple cells had been wildly applied used for cell-based sensing 

and cell-based drug discovery.[58-60]   The other advantage of bioarrays is the study of 

potential biological effects of extracellular matrix on cells.  Surface cues as cell binding 

ligands (peptide, proteins, etc.) and their surface density can be varied for cell-surface 

interaction studies. Those surface cues could regulate cell development such as 

proliferation, differentiation, migration or apoptosis.[61-62]  In addition, the ability to 

constrain the spreading to a specific cell-surface contact area [63] and local substrate 

stiffness [64] can also affect cell response and development.  For example, human 

endothelial cells confined to closely spaced islands undergo apoptosis, whereas cells 

that can spread freely survive and proliferate normally. [63] 

Multiplex detection interfaces, created by patterns of different biomarker or 

stimuli, have attracted much attention for multiplex high throughput cell detection.  One 
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application spotted 32 different combinations of five extracellular matrix molecules 

(collagen I, collagen III, collagen IV, laminin and fibronectin), which enabled the study of 

differentiation in response to a multitude of microenvironments in parallel.[65]  Another 

platform apply signal cues from both extracellular matrix and soluble factor.  Different 

concentrations of matrix proteins were printed onto a device by row before cell seeding, 

after which soluble signals with or without transforming growth factor were supplied by 

column.[66]  Similar work developed a microarray of 16 cell culture environments 

composed of a combination of 4 soluble factors in media and 4 extracellular matrices for 

screening of cell culture environment.[67]  These devices with multitude of chambers, 

valves and connections are often impressive and avoid cross-chamber contamination, 

but this complexity can lead to devices that are difficult to produce and more prone to 

failure.  As a result, multiple arrays were adapted to simple devices with few control 

parts.  Didar et al. recently patterned multiplex protein microarrays in a single microfluidic 

channel using a combination of microcontact printing and microfluidic patterning.[68]  In 

this work, microcontact printing was employer for silanization using (3-aminopropyl) 

triethoxysilane, followed by microfluidic patterning of different antibodies using multiple 

laminar streams. 

  

 

3. Cell apoptosis analysis 

 

Apoptosis, programmed cell death, plays a crucial rule in various diseases such 

a heart disease, muscular dystrophy, and cancer.  The balance between programmed 

cell death and cell proliferation determines the tumor growth rate, and the alternation 
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between these two factors may be the key element for the uncontrolled expansion of 

malignant tumors.  Apoptosis is characterized by specific morphological features and 

biochemical cascades, including phoshatidylserine exposure, cell shrinkage, 

condensation and fragmentation of DNA, and blebbing of the plasma membrane.[69]  

There are many standard methods used to detect apoptosis.  Electron 

microscopy can be used to characterize morphological changes such as blebbing, 

condensation of chromatin.  Protein and gene based methods can be used to assay 

DNA fragmentation and protein expression.  Spectroscopy techniques can rely on 

fluorescent dyes to identify apoptosis markers.  In this thesis, fluorescence microscopy 

was used for detect cell apoptosis since it can monitor apoptotic pathways in real time 

noninvasively.  The different degree of apoptosis could be assessed using fluorescent 

markers.  For example, caspase probe, (Asp)2-rhodamine 110 (D2R), can be used for 

early stage apoptosis identification.  The annexin V-probes can be applied to identify 

mid- to late-stage apoptotic cells.  There are many probes for membrane potential like 

JC-1, Rhodamine 123 and MitoTracker Red.  Also, the commonly Calcein-AM, propidium 

iodide probes can sever as endpoint measurements.  A number of damaging agents can 

be used to induce cell apoptosis such as staurosporine.  These agents work via the 

intrinsic pathway.  The extrinsic pathway that is often induced using an antibody that 

binds to the Fas receptor on the cell membrane.[70]   

Microfluidic chips integrated with fluorescence microscopy have been wildly 

applied for cell apoptosis study. Most work serves as endpoint measurements for 

microsystem evaluation or for drug screening. Recently, Kim et al. investigated a fully 

programmable microfluidic cell array for combinatorial drug screening.[71]  The device 

has 64 individually addressable cell culture chambers in which cells can be exposed to 
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64 pair-wise concentration combinations of two drugs.  The investigation of Prostate 

cancer cells, involved in the induction of apoptosis through administration of the Tumor 

Necrosis Factor was studied to demonstrate the potential of this new device for drug 

screening.  Khanal et al. studied cardiomyocyte apoptosis processes in 

ischemia/reperfusion injury by following mitochondrial membrane potential change. [72] 

Changes in membrane potential were reported through fluorescence intensity variation 

of MitoTracker Red dye.  In this thesis, we applied cell apoptotic study for evaluating 

precise cell environment control by selectively drug delivery.  
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Chapter 2 

The Effects of Flow Type on Aptamer Capture in Differential Mobility Cytometry 

Cell Separations 

Yan Liu, Se Won Bae, Kelong Wang, Jong-In Hong, Zhi Zhu, Weihong Tan, Dimitri 

Pappas, Analytica Chimica Acta, 673 (2010) 95 

 

Abstract 

In this work, differential mobility cytometry (DMC) was used to monitor cell 

separation based on aptamer recognition for target cells.  In this device, open-tubular 

capillaries coated with Sgc8 aptamers were used as affinity chromatography columns for 

separation.  After cells were injected into the columns, oscillating flow was generated to 

allow for long-term cell adhesion studies.  This process was monitored by optical 

microscopy, and differential imaging was used to analyze the cells as they adhered to 

the affinity surface.  We investigated the capture time, capture efficiency, purity of target 

and control cells, as well as the reusability of the affinity columns.  Capture time for both 

CCRF-CEM cells and Jurkat T cells was 0.4±0.2 s, which demonstrated the high 

separation affinity between aptamers and target cells.  The capture efficiency for CCRF-

CEM cells was 95 % and purity was 99 % in a cell mixture.  With the advantage of both 

high cell-capture efficiency and purity, DMC combined with aptamer-based separation 

emerges as a powerful tool for rare cell enrichment.  In addition, aptamer-based DMC 

channels were found to be more robust than antibody based channels with respect to 

reuse of the separation device.  
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1.  Introduction 

Cell separations have played an important role in bioanalysis [1].  Applications as 

varied as CD4+ counting for AIDS patients [2-4], cancer cell detection/isolation [5-9], and 

bacterial detection [10-12] have been demonstrated in recent years, with the list of 

possible applications growing continuously.  While many cell separation strategies exist, 

such as dielectrophoresis [13-15], palette arrays for adherent cell selection [16-17], 

selective lysis [18-19], and size-based sieving [20-21], cell affinity chromatography has 

remained a versatile technique for separating cells based on differences of cell surface 

chemistry [22-27]. 

Recently, a new affinity separation method, differential mobility cytometry (DMC), 

was described [28-29].  DMC uses oscillating flow and differential imaging of a CCD 

camera to realize a new form of affinity capture and isolation.  The benefits of DMC over 

other affinity methods include the use of the cell capture time to estimate the number of 

capture bonds formed and the ability to observe the same cells as they bind and interact 

with the surface.  The DMC approach is based on preliminary work with open-tubular 

capillary separations [22], although any channel coated with affinity ligands can be used.  

The differential imaging approach allows for cells to be detected based on movement in 

the channel [30-32], and classified as free or bound.  In addition, the difference in cell 

mobility can be used to observe surface interactions that result in incomplete cell 

capture, such as swaying or rolling on the affinity surface.  Since differential imaging is 

used, cell capture can be performed rapidly without the use of labels, if desired. 
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The majority of cell affinity separations use antibodies or other protein-based 

capture molecules.  The advantages of using antibodies—particularly monoclonal 

types—include high specificity (Kd in the pM-nM range for many antibody types), and 

wide availability.  However, antibodies have distinct disadvantages, including the need 

for a priori knowledge of the antigen, pure samples of antigen for antibody production, 

and in some cases an inability to generate a functional antibody.  Aptamers, DNA- or 

RNA-based capture ligands, address many of the disadvantages of antibodies and other 

capture proteins, and possess some unique advantages.  Benefits of using aptamers 

include their smaller molecular weight, the ability to generate aptamers based on a wider 

variety of molecular targets, and the reproducibility of aptamer production once the 

nucleic acid sequence is known. 

In recent years, a new approach to produce aptamers for cell capture has been 

introduced.  This method, whole-cell SELEX (Systematic Evolution of Ligands by 

Exponential enrichment), uses positive enrichment of a target cell, followed by negative 

depletion by a non-target cell [33].  The method is similar to SELEX used to generate 

aptamers for molecular targets, but knowledge of the surface markers of a cell is not 

needed.  Aptamers generated by whole-cell SELEX have been used for selective 

capture of T cell leukemia cells [34], including measurements of cancer patient samples. 

In this work, an aptamer sequence (Sgc8) generated using CCRF-CEM T 

leukemia cells was used as the capture ligand for differential mobility cytometry 

separations.  The number of bonds formed during aptamer capture was determined, and 

the binding strength was characterized.  Aptamer capture was found to be strong, as 

cells captured by the Sgc8 aptamer did not sway or roll on the surface, but adhered 

tightly upon capture.  The effects of linear (unidirectional) and oscillating flow were also 
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determined for DMC using the Sgc8 aptamer as the capture ligand.  The robustness of 

the aptamer, combined with its high specificity for the target cell, allowed for DMC 

separations with higher separation affinity than previously reported [28].  Capture 

efficiency and purity, as well as testing using a non-leukemia T cell control, are 

presented.  

 

2. Theory 

 Cell capture in any affinity separation is affected by cell-surface interactions.  In 

affinity capture—regardless of the type of capture molecule used—the number of bonds 

formed during the capture process is the product of the cell-surface interaction area 

€ 

Ac , 

the antigen density of the cell B , and the time of the cell-surface interactions cτ .  

According to Lauffenburger’s formula [35], the cell will adhere if the shear force is less 

than the bond strength formed during the cell-surface interaction.  The number of bonds 

is calculated as: 

€ 

B* = BAcτ c , 

and the critical number of bonds needed to hold a cell to the affinity [1] surface is 

c
c f

FB = . 

Here, F is the shear force and cf  is the force of a single bond between the capture 

molecule and the cell.  A stronger bond between the cell and capture molecule will result 

in a more rigidly held cell, or a cell that is captured with fewer bonds. 
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  Using DMC, the number of bonds formed during a collision can be estimated.  

The cell-surface interaction area can be estimated by microscopy, and the antigen 

density can be measured by several methods [36], including flow cytometry and 

fluorescence correlation spectroscopy.  The cell-interaction time is measured by DMC for 

each cell that is observed in the image frame.  Using video acquisition (either white-light 

or fluorescence), cells are loaded under linear or oscillating flow and adhere to the 

capture surface.  Differential imaging [28-29] is used to detect moving cells.  The capture 

time is defined as the time between the peak mobility and when the cell stops moving on 

the cell surface.  It is important to note that the capture time indicates the time required 

for the cell to come in contact with the surface and then stop (Figure 2.1), but it does not 

include any additional movement such as the cell swaying on its anchor point.  The 

additional movement is indicative of partial or weak capture, where the cell is held by 

enough affinity bonds to immobilize it on the surface, but not enough to completely stop 

all movement in the flowing stream (Figure 2.1). 

 

3. Experimental 

3.1. DMC instrumentation  

The DMC setup is similar to the one described in [28].  Briefly, an oscillation 

generator pump was used to produce push-pull flow in the capillary.  A T-connector was 

used to connect the oscillation pump with the capillary (Figure 2.1A).  The capillary was 

made of fused silica, with 10cm length and 200µm inner diameter. The second port on 

the T-connector was used to inject sample into the capillary.  The pulse speed and flow 

rate of the oscillating flow were controlled independently.  The separation channel and 



Texas Tech University, Yan Liu, August, 2012 
	  

	   28	  

pump were mounted on an inverted microscope (IX71, Olympus， Center Valley, PA， 

USA) using white-light imaging for most DMC measurements.  For fluorescence imaging, 

a 100W Hg lamp was used in conjunction with filter sets appropriate for the dyes used.  

For fluorescence imaging of mixtures, one cell type (either the target or control cell) was 

stained with CellTracker Green (Invitrogen). 

      The CCD camera (Orca, Hamamatsu， Bridgewater, NJ， USA) was operated in 

continuous-acquisition mode to generate video files.  These raw files were used to 

generate DMC data.  A frame difference (i.e. Frame t1 – Frame t2) is produced to identify 

cell movement.  The frame rate and the number of frames that elapse between the 

subtraction process dictate the temporal resolution.  In this work, the time between 

frames was 0.67 seconds.  Details of data analysis procedure are presented in [28-29].  

 

3.2. Aptamer synthesis and biotinylation 

The following aptamer has been selected for CCRF-CEM cells: sgc8, 5’-ATC 

TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GA-3’.  The aptamer 

was synthesized on the ABI 3400 DNA/RNA synthesizer (Applied Biosystems, Foster 

City, CA， USA).  Except for normal DNA bases, 5'-biotin group were also synthesized 

on machine.  The synthesis protocol was set up according to the requirements specified 

by the reagents’ manufacturers.  After machine synthesis, the HPLC purification was 

performed with a cleaned Alltech C18 column (Econosil, 5 µm, 250 X 4.6 mm, Alltech, 

Deerfield, IL， USA) on a Prostar HPLC machine (Varian, Walnut Creek, CA， USA).  

The purified probe was quantified by determining the UV absorption at 260 nm with a 
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Cary Bio-300 UV spectrometer (Varian, Walnut Creek), after which the probe was 

dissolved in DNA grade water and stored in the freezer at -20 oC for future experiments. 

 

3.3. Conjugation approach 

The conjugation strategy used in this work is based on previous cell affinity 

separations [22-23].  A layer of biotinylated bovine serum albumin (BSA) is deposited on 

the inner walls of the glass channel.  A layer of neutravidin is then introduced into the 

channel; the biotinylated Sgc8 aptamer is added in the final step, forming the affinity 

surface.  The volume of reagent loaded in the capillary is 3µL per injection, as per 

methods detailed elsewhere [23]. 

 

3.4. Cells and cell culture   

CCRF-CEM T cell leukemia, HuT 78 Cutaneous T cell, RPMI 8226 

plasmacytoma cell, and Jurkat T cell lines were purchased from American Type Culture 

Collection.  Each cell line was grown in RPMI 1640 medium supplemented with 10% 

fetal bovine serum and 20 mL/L penicillin-streptomycin solution (Sigma-Aldrich，St. 

Louis, MO，  USA).  Cells were maintained in an incubator at 37oC and 5% CO2 

atmosphere before use.  Cells were sub-cultured 1-2 times each week and typically 1-2 

days before use.  Cell densities varied between 105-106 cells/mL before use.  Cells were 

centrifuged and washed with phosphate buffered saline (PBS, pH = 7.4) containing 3% 

bovine serum albumin (BSA).  This 3% BSA solution was used as the separation buffer 
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as well.  Separation occurred on the microscope stage without thermostatting or control 

of the atmosphere. 

      

3.5. Separation system 

Cells were loaded into the capillary using a syringe pump.  Phosphate buffered 

saline containing 3% BSA was used as carrier fluid to minimize nonspecific binding.  

After the capillaries were filled with cell suspension, either linear or oscillating flow was 

initiated.  In linear flow, new cells were continuously introduced and suspended 

(unbound) cells were flushed out of the observation window.  In oscillation, the residence 

time of the cells was longer.  In this experiment, an optimized oscillation frequency of 

20.7 pulses/min was used.  For stop-flow measurements, cells were loaded into the 

capillary and allowed to settle to the surface for 10 min.  Unbound cells were then 

flushed from the aptamer surface.  Microscope images of the columns were taken before 

and after the washing steps to determine cell retention and removal efficiencies.   

 

3.6. Cell detection 

Cells were counted on-column using either transmission or fluorescence 

microscopy.  Images were obtained at two positions along the channel.  An objective 

(0.10NA, 4×) was used for white light imaging and a 0.25NA, 10×objective was used for 

fluorescence imaging.  Images were imported into ImageJ (v1.33, NIH，Bethesda, MD， 

USA) for analysis, while movie files were edited using Quicktime Pro (v.7.0, Apple Inc. 

Cupertino, CA， USA), compressed by VisualHub, and processed in Image J. 
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      Cell capture efficiency in oscillating flow was calculated by counting the number of 

cells attached on the capillary and unattached cells which kept moving in the capillary, 

respectively.  The capture efficiency was calculated as: 

unattatt

att

nn
nE
+

= ,         (Eq. 1) 

Where attn and unattn 	  are the attached cells on the surface and unattached cells that 

moving in the capillary. 

      Cell retention efficiency in linear flow was calculated by measuring the number of 

cells before wash (after a 10 minutes settling time) and after wash.  It is defind as: 

,
pre

postpre
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nn
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−

=          (Eq. 2) 

where pren  and postn 	  are the cell counts before and after wash, respectively.  The 

retention efficiency was calculated for each cell type.  

 

4. Results and Discussion 

4.1. Aptamer capture time in column 

The adhesion processes of CCRF-CEM (CEM), Jurkat T, HuT 78 T, and RPMI 

8226 B cells using aptamer sequence (Sgc8) as capture ligands were analyzed by DMC.  

In oscillating flow, HuT 78 T and RPMI 8226 B cells remained mobile in the channels, 

while most of CEM and Jurkat T cells slowed down and attached on the aptamer-

modified capillary surface.  DMC has proven to be an effective method for obtaining 
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accurate cell mobility information, including the adhesion time and cell sliding, swaying, 

rolling and so on.  

Data analysis was processed by subtracting two CCD image streams [37].  

These two image streams were derived from the same video file but had six-frame time 

difference (time interval 0.67s).   Figure 2.2A shows difference images of a CEM cell 

(CEM 1 in Figure 2.2B) at 103.4 s, 103.6 s, 104.0 s, 104.4 s, and 104.7 s.  The intensity 

of these images represents the cell mobility difference.  We fixed the analyzing window 

on a specific region of the image, where the target cell would slow down and attach.  The 

window size was approximately 100 µm2, the same as cell size, which can avoid other 

cells entering the window.  From 103.4 s to 104.0 s, target cell moved into the analysis 

window, reflected in Figure 2.2B as a sudden increase in the mobility difference value 

(brightness of the difference image).  The cell reaches the center of the analysis window 

(the point of attachment) and begins to form affinity bonds and stops at 104.7 s.  This is 

seen as both a decrease in mobility difference in Figure 2.2B, and by the disappearance 

of the cell from the difference images in Figure 2.2A (1-5).  The mobility difference for 

this example cell (CEM 1) increased from 1 a.u. (1) to 33 a.u.(3) as it entered the 

window.  The mobility difference then decreased to 3 a.u.(5) when the cell stopped 

completely.  The mobility difference curve of a second example cell (CEM 2) featured a 

similar mobility curve as it entered its analysis window and was captured.   Cell CEM 2 

showed a slight shoulder on the decreasing side of the mobility difference time trace. 

This is attributed to the cell rolling on the surface after initial interaction with the 

aptamers [28].  

      The adhesion time of cells can be calculated from the mobility difference.  The 

adhesion time for each cell is from the point of cell-surface interaction to stopping 
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completely (marked with broad lines in Figure 2.2B).  For cell CEM 1, the adhesion time 

was 0.7 s; the adhesion time for cell CEM 2 was 0.4 s.  The mean adhesion time for all 

CEM cells measured was 0.37±0.15 s  (mean±stdv ) (n=20), and 0.38±0.17 s (n=20) for 

Jurkat T cells.  Using Lauffenburger’s model of cell adhesion, the capture time can be 

used to estimate the number of bonds formed in capture process [35].  From the similarly 

adhesion time and similar cell sizes, we can conclude that this selected aptamer can be 

used for highly recognition of both CEM and Jurkat T cells.   

The bond strength formed between aptamer and target cells is strong when 

compared with DMC work using antibodies as capture ligands.  Adhesion time in 

aptamer capture is short.  Most of cells stopped quickly after they attached on the 

surface.  In antibody capture of similar cells, the cells attach to the surface but continue 

to rock or sway in the oscillating flow [28].  Only a few cells swayed on the aptamer 

coated surface, indicating rigid capture and a high binding force.   

 

4.2. Comparison of linear flow and oscillating DMC flow using aptamers 

Since the Sgc8 aptamer has high selectivity for CEM target cells [38], we used 

DMC to investigate the capture efficiency of aptamer-coated capillaries for target as well 

as other cell types.  To clearly show the selectivity of aptamer coated capillary, four cell 

lines: CEM, Jurkat T, HuT 78 T, and RPMI 8226 B cells were separated using DMC in 

both linear and oscillating flow, respectively.  The capture efficiencies of CEM, Jurkat T, 

HuT 78 T, and RPMI 8226 B cells in DMC and linear flow are shown in Figure 2.3.  The 

Sgc8 aptamer has high selectivity to CEM and Jurkat T cells with capture efficiencies of 

95% and 87% in oscillating, and 94% and 94% in linear flow (CEM and Jurkat, 
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respectively).  The capture efficiency in oscillating flow for RPMI 8226 and HuT 78 cells 

was 2% and 1%, respectively.  There was no nonspecific binding of HuT 78 cells in 

linear flow (i.e. zero HuT 78 cells were captured), but the nonspecific capture of RPMI 

8226 cells was 17%.  All experiments were performed in triplicate, and the reported error 

is the standard deviation.  Comparing the results of the two flow approaches systems, 

oscillating flow has lower overall non-specific binding and provides adhesion information 

that linear flow cannot.  This is because nonspecific binding usually increases as flow 

rate decreases.[38] In linear flow, the flow profile is laminar and the minimal shear force 

is at the channel surface.  In oscillating flow, the flow is not laminar and we anticipate 

that shear force is greater at the channel surface for a given volumetric flow rate.   

However, both flow modes should be evaluated in individual cases to ensure optimum 

performance. 

Because of the limits in the depth of field of the imaging system (8µm for a 10× 

objective), only cells located on the bottom portion of the capillary wall were detected.   

The cell numbers obtained from the images were less than the total numbers in the 

capillary, even though most of cells settled to the surface via sedimentation.  In future 

work, microchannels with lower ceilings will be used in order to avoid this issue.  When 

continuous flow was applied to the cell separation, high separation purity of target cells 

was obtained, but the capture efficiency was much lower than in oscillating flow as cells 

may leave the channel before interacting with the surface [38].                  

  

4.3. Mixture Analysis 
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To demonstrate the selection potential of DMC using aptamer-immobilized 

channels, a mixture of target and control cells was passed through the flow cell in order 

to separate the cells according to the binding affinity.  A 2:1 ratio of CEM and HuT 78 T 

cells were used.  HuT 78 cells have a cell radius that is 1.6 times larger than CEM cells.  

The HuT 78 cells therefore have a larger cell-surface contact area, increasing the 

probability of nonspecific binding.  In order to distinguish the cells in the DMC channels, 

CEM cells were incubated with CellTracker Green, and both transmission and 

fluorescence microscopy were employed to visualize the cells.  As expected, the Sgc8 

aptamer retained most of the CEM cells, while most HuT78 T cells remained free (Figure 

2.4).  The purity of CEM cells was 99 % in oscillating flow, and 94 % in linear flow.  

The fluorescence image of a cell mixture in a DMC channel at 2 min is shown in 

Figure 2.4A. The bright cell (labeled b) is a CEM cell, and dark cell (labeled a) is a HuT 

78 T cell, which is not as distinct as the dyed cells but can be seen clearly in white-light 

images (not shown).  Figure 2.4B is the average projection of six frames of the mixture at 

2 min using Image J software.  

In this picture, only attached cells can be identified, because cells that moved 

quickly appeared blurred due to the relatively long exposure time.  From those two 

pictures, we can find most cells attached to the surface are CEM cells.  The dynamic 

states of these cells were further confirmed by comparing fluorescent images to videos.  

We found that not all the HuT 78 T cells in Figure 2.4B were attached.  Some of them 

were wagging at that time, and were removed at higher flow velocity.  As before, 

attached cells were counted after oscillating flow for 10 min.  Of all the 197 attached 

cells, only two cells were HuT 78 T cells in this test.  Figure 2.4C and 2.4D shows the 

retention of target cells when linear flow was used in another channel.  Most of the HuT 
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78 control cells were washed away at wash speed of 2.0 mL/h.  Although the purity 

reached 94 % using linear flow, non-specific binding remains problematic for the rarest 

cell concentrations.  

 

4.4. Reuse of DMC columns  

Aptamers are more robust than many of their antibody analogs, and can be 

subjected to suboptimum conditions for longer periods of time.  Therefore, the reusability 

of aptamer-coated columns was investigated.  In previous work [1, 37], antibody-coated 

cell separation devices could be used only once.  The inability to reuse columns is 

presumably due to elution conditions that rendered the antibodies nonfunctional after 

separation.  The same elution conditions were used with aptamer-coated channels to 

directly compare the robustness of aptamers for DMC separations.  In this test, cells 

were loaded into a PDMS-glass DMC channel.  After capture, cells were then washed 

with 3% BSA buffer at a flow rate of 2.0mL/h, which was sufficient to remove unbound 

cells.  The retention efficiencies of five successive separations (spanning eight hours) 

were 94%, 94%, 96%, 92%, and 91%, respectively.  The higher retention efficiency in 

third test when compared with the first and second test was due to intra-system variation 

and comparable to variation for other cell capture systems [22].  More than 90% 

retention efficiencies in all these five tests are sufficient to illustrate that the stability of 

aptamer coated DMC channel was superior to DMC devices using antibodies.  In 

addition, it is possible to conserve reagents and devices by reusing them in some cases.  

The inter-day longevity of DMC channels using aptamers will be studied in the future 

work. 
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5. Conclusion 

Differential mobility cytometry was demonstrated using an aptamer as the 

capture ligand.  The improved stability of the aptamer over traditional antibodies 

enhanced the performance of DMC separations.  The Sgc8 aptamer used in this work 

was able to capture target cells with high selectivity and low nonspecific binding.  The 

short adhesion time (measured by DMC) corresponds to a strong affinity bond between 

the cell and the aptamer surface.  In addition, cells attaching to the aptamer surface 

adhered tightly (no swaying), as compared to antibody surfaces which typically display 

cell movement around the cell-surface anchor point.  In future work, we will study the 

effect of aptamer surface density on cell adhesion. 

Compared with other separation systems, the aptamer-based DMC system has 

several advantages in capture efficiency and purity.  The oscillation system can retain 

cells in the separation channel, effectively increasing the separation column indefinitely.  

In oscillating flow, cells have adequate time to interact with the affinity surface, which 

improved the efficiency of target cells when compared to linear flow systems.  However, 

nonspecific binding must be evaluated in both oscillating and linear flow, and the best 

flow mode chosen for the experiment at hand.  

Differential imaging was used to obtain accurate cell mobility information.  

Compared with a test antibody, aptamer shows higher capture affinity to target cells.  

The adhesion time of target cells was 0.37-0.38 s.   Based on Lauffenburger’s formula 

[35], the adhesion time, the number of aptamer per unit area on the cell surface [39], and 

the collision area between the cell and the surface, the number of bonds formed can be 
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estimated.  For CCRF-CEM cells, the density of aptamer is estimated to be 14,000 

aptamers/ µm2 based on Reif’s estimation [37], capture time is 0.37±0.15 s, and collision 

area can be estimated to be 2 µm2 [28], consequently approximately 500-1500 bonds 

were formed during DMC capture using oscillating flow. 	  The large range arises from the 

random nature of cell-surface interactions, not from DMC systems or other 

measurements. 

DMC can be used for a variety of cell analysis applications, including the study of 

cell adhesion, detachment, and the change in ligand density over time.  Aptamers have 

enhanced the performance of DMC, and as new aptamers are generated for cell targets, 

new DMC approaches can be developed with high specificity and capture efficiency. 
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Figure Captions 

     

Figure 2.1. (A) DMC system.  (B) Captured cells and moving cells in the channel. (C) 
Mobility difference of adhered (lower trace, solid line), swaying (lower trace, dashed 
line), and rolling cells (upper trace). 
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Figure 2.2. (A) Mobility difference images of a cell entering the analysis window and 
adhering to the surface (the cell disappears as it adheres, since the mobility approaches 
zero).  In (1-2) cells move into the window (motion is left-to-right).  In (3) the cell is in the 
center of the window, indicated by the peak in the mobility difference curve (B).  In (4-5), 
the cell stops moving and is anchored to the cell surface in the analysis window.  The 
decrease in cell mobility is monitored as a decrease in differential image intensity.   (B) 
Mobility difference measurements of two typical CCRF-CEM cells.  Cells enter the 
window and the mobility difference increases, and then the cells adhere to the surface 
and the mobility difference decreases.  a.u. (arbitrary units) is the difference in image 
intensity between two video frames. 



Texas Tech University, Yan Liu, August, 2012 
	  

	   45	  

	  

Figure 2.3. Capture efficiency of CCRF-CEM, Jurkat T, RPMI 8226 B and HuT 78 T cells 
in oscillating (DMC) and linear flow (OT-CAC, (22)) channels.  The nonspecific binding is 
comparable for Hut 78 non-target cells, but 8.5 times worse for RPMI 8226 B non-target 
cells.   
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Figure 2.4. Selective binding of aptamer to target cells in DMC and OT-CAC using 
fluorescence microscopy.  (A) Image of mixed cells in the capillary at oscillation time of 2 
min.  A Hut 78 non-target cell is dark and marked as a; a CCRF-CEM target cell is white 
one and marked as b. (B) Average of six images, in which cells captured on the 
aptamer-coated surface can be identified.  (C) Image of mixed cells captured on the 
aptamer-coated surface before wash with buffer in a linear flow OT-CAC channel.  (D) 
The OT-CAC channel after wash with buffer at 2.0mL/h. 
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Chapter 3 

 Selective Reagent Delivery into Cancer Cells Using a Two-Layer Microfluidic 

Culture System 

Yan Liu, W. Boyd Butler, Dimitri Pappas, Analytica Chimica Acta, (2012) In Press 

 

Abstract 

 In this work, we demonstrate a two-layer microfluidic system capable of spatially 

selective delivery of drugs and other reagents under low shear stress.  Loading occurs 

by hydrodynamically focusing a reagent stream over a particular region of the cell 

culture.  The system consisted of a cell culture chamber and fluid flow channel, which 

were located in different layers to reduce shear stress on cells.  Cells in the center of the 

culture chamber were exposed to parallel streams of laminar flow, which allowed fast 

changes to be made to the cellular environment.  The shear force was reduced to 2.7 

dyn/cm2 in the two-layer device (vs. 6.0 dyn/cm2 in a one-layer device).  Cells in the side 

of the culture chamber were exposed to the side streams of buffer; the shear force was 

further reduced to a greater extent since the sides of the culture chamber were 

separated from the main fluid path.  The channel shape and flow rate of the multiple 

streams were optimized for spatially-controlled reagent delivery.  The boundaries 

between streams were well controlled at a flow rate of 0.1 mL/h, which was optimized for 

all streams.  We demonstrated multi-reagent delivery to different regions of the same 

culture well, as well as selective treatment of cancer cells with a built in control group in 

the same well.  In the case of apoptosis induction using staurosporine, 10% of cells 

remained viable after 24 hours of exposure.  Cells in the same chamber, but not 
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exposed to staurosporine, had a viability of 90%.  This chip allows dynamic observation 

of cellular behavior immediately after drug delivery, as well as long-term drug treatment 

with the benefit of large cell numbers, device simplicity, and low shear stress. 

 

1. Introduction 

 There is an interest in designing microfluidic systems for selective cell treatment 

for a number of different applications.  By exposing cells to different chemical and 

mechanical environments, one can mimic natural stimuli that occur in biological 

processes such as cell migration, differentiation, and development [1-2].  Controlled 

delivery of drugs and other reagents into cells is also a critical issue for drug screening 

studies [3-4].  These studies require fast cellular environment switching, detailed cellular 

analysis, and sensitive measurements of cell response.  Fortunately, microfluidic 

systems offer the ability to manipulate the parameters of the cell microenvironment and 

also provide a platform for cell analysis [5]. 

 Microfluidic devices, which have cell-compatible volumes and laminar flow, are 

promising tools to control cell environments [6-7].  Due to minimal diffusional mixing, 

laminar flows can be used to delivery multiple parallel streams of reagents to cells.  One 

of the major applications of laminar flows for microenvironment control is to create 

chemical gradients with fine spatial control of concentration.  These approaches have 

been used extensively in cell chemotaxis studies [8-11].  Another major application of 

reagent delivery systems is dynamic introduction of reagents into cells at a single cell or 

sub-cellular level [4, 12-18].  Delivery chips have been used for continuous observation 

of effects of reagents on biochemical and biophysical processes.  However, most of 
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these systems directly expose cells to flow, and therefore shear forces that may alter cell 

function.  Most efforts to reduce shear force on cells contradict efforts to deliver reagents 

with spatial control.  One notable case where shear force has been minimized has also 

included gradient generation in a single device [19].  In that approach, a porous 

membrane separates the culture from a reagent channel.  However, the porous 

membrane relies on diffusion for transport.  In cases where fast response or a constant 

concentration difference is needed, a different mass transport approach must be 

employed. 

 Because laminar flow is inherent to most microchannels, hydrodynamic shear 

stresses are unavoidable.  For most mammalian cells, maintenance of low shear is vital 

to cell growth and proper cell function.  Shear force can remove necessary growth 

factors [1], produce mechanical stress, and change migration behavior.  To this end, 

many studies have been performed to reduce shear stress for long-term cell culture.  

Many devices use barriers to restrict direct fluid flow over cells [20-23].  These devices 

have resulted in lower shear stress, although the time constant for mass transport 

around the barriers is larger when compared to direct flow exposure.  The fabrication 

process is also not straightforward in many cases.  Similar work for reagent delivery to 

arrays of cell culture wells has been reported [24]; however, our approach is designed 

for larger culture wells and is simple to implement in most research laboratories.  Low 

shear flow can also be achieved using a top-channel approach as in Lecaul’s work [24] 

or a side-channel approach [25-27] developed in our group for long-term culture and 

analysis.  We have demonstrated that this chip can culture cells in low shear, and can be 

used with shear-sensitive primary cardiomyocytes for ischemia/reperfusion and 

apoptosis studies [27].  While reagent delivery in that chip design is on the order of 4-8 
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minutes in most cases, direct fluid flow offers faster reagent switching.  Our previous 

approach did not directly expose cells to reagent flow, and there was no spatial control 

over reagent delivery.  In this new approach, we have developed a different microfluidic 

architecture for cell perturbation and analysis.  

 

 In this work, we describe a new culture and analysis chip for reagent delivery with 

low shear and fast delivery times.  It is a two-layer system, with a lower culture layer and 

a reagent flow layer that passes over a portion of the culture chamber (Figure 3.1).  The 

design allows for reduced shear force.  In addition, the fluid flow only exposes cells 

situated underneath the reagent stream; cells in the side of the channel are not exposed 

and serve as an internal control for reagent delivery experiments.  This microfluidic chip 

is a simple device capable of testing reagents with a single culture with spatial control of 

reagent delivery.  We have tested this system using cell permeant dyes and also 

staurosporine to selectively treat cells in the culture well.  The cellular environment could 

be controlled spatially and temporally by adjusting fluid flow in the reagent channel.  

Hundreds of cells could be assayed in one experiment, making it possible to perform 

drug screening in a simple, low-shear microfluidic platform. 

 

2. Experimental 

2.1 Microfluidics Fabrication 

The microfluidic device is shown in Figure 3.1. The fluid flow channel was located 

above a round cell culture chamber, resulting in reduced levels of hydrodynamic shear 
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on cells.  Phosphate-buffered saline (PBS, pH = 7.4, Invitrogen, Grand Island, NY, USA) 

was introduced from the first chip inlet (Figure 3.1), which branched into two streams.  

The second inlet fed the center stream.  This hydrodynamic focusing approach 

constrained reagents spatially.  Reagents could be loaded in the side streams, with 

buffer or a second reagent in the center stream, if desired.  

The device required the fabrication of two layers of polydimethylsiloxane (PDMS) 

(Dow Sylgard 184, Ellesworth adhesive, Washington, USA).   PDMS films were cast 

against molds fabricated on silicon wafers patterned with SU-8 photoresist (Microchem, 

Newton, MA, USA).  Two masks were printed by standard photolithography.  For the 

chamber, the photoresist was coated using a spin coater (4000 rpm for 30 s) on a silicon 

wafer to generate a 15 mm-high culture chamber.  After development, the photoresist 

was heated 100 ℃ for 30 min.  For the fluid delivery channel, the photoresist was spin 

coated at 1000 rpm for 30 s, which were used to generate a 40 mm-high channel.  By 

molding the PDMS against the master, the positive replicas with chamber and channels 

were fabricated.  The main fluid channel had a width of 350 mm and a length of 3.5-4cm.  

The diameter of the cell culture chamber was 1.2 mm.  Holes were then punched 

through the PDMS to create inlet and outlet ports, and tubing was connected for fluid 

delivery.  An irreversible seal was made between the PDMS films and a glass cover slide 

using a plasma cleaner (1min, 200w, 200mTorr O2, Harrick plasma, Ithaca, NY, USA). 

 

2.2. Channel modification for cell attachment 

After the fabrication processes, the microfluidic channels were modified for cell 

attachment.  For adherent cell seeding, channels were rinsed with fibronectin (100 
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mg/mL in PBS, Invitrogen) by overnight incubation at 37oC.  In cases where suspended 

cells were used, Biotin anti-CD71 (BD Biosciences, San Diego, CA, USA) was coated on 

the channel to anchor the cells.  The coating procedures have been described previously 

[28-29].  

 

2.3. Cell culture and Cell seeding  

PC-3 Prostate cancer cells (CRL-1435), and Ramos cells (CRL-1596) were 

purchased from American Type Culture Collections and cultured in RPMI 1640 medium 

supplemented with 10% fetal bovine serum and 20 mL/L penicillin-streptomycin solution 

(Hyclone, Logan, UT).  PC-3 cells were maintained in an incubator at 37oC and 5% CO2 

atmosphere, and trypsinized and re-suspended in the PBS with cell densities varied 

between 105-106 cells/mL before use.  Cells were delivered to the device by directly 

injecting them to the chamber using a syringe with	  sharp needle that could directly punch 

through PDMS chip.  Cells were allowed to adhere for 3 hours in the fibronectin coated 

chip, or 10 minutes for antibody modified chips. 

 

2.4. Experimental setup 

The device was positioned on an inverted microscope (IX71, Olympus, Center 

Valley, PA, USA) with a CCD camera (Hamamatsu, Bridgewater, NJ, USA) to acquire 

images.  The reagents and PBS were introduced with two syringes controlled by two 

syringe pumps.  Cells were observed using a 10X or 4X objective.  Epifluorescence 

excitation was provided by a 100W mercury lamp using filter sets appropriate for the 
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dyes used.  The images were further analyzed using ImageJ software. Details are 

presented in previous work [30-31]. 

For three-dimensional scanning of fluid flow, we used an inverted microscope 

(Olympus, IX81) equipped with a confocal spectral imaging system (Yokogawa CSUX 

spinning disk confocal system with a Photometics Evolve 512 EMCCD camera).  

Rhodamine 110 and  AlexaFluor 568 were loaded from side streams and middle stream, 

respectively.  Fluorescence excitation was achieved using argon ion laser with 

appropriate filters for excitation and collection of dye fluorescence.  Confocal images 

were obtained by scanning from the bottom of chamber to the top of channel in the 

region of the channel and chamber in 0.2 mm z-steps.  In order to visualize the chamber 

bottom effectively, cells were seeded in the channel before measurement.  Images were 

analyzed in three dimensions using Slidebook software. 

 

2.5. Flow characterization 

Fluorescent dye was used to examine the diffusion between chip layers and to 

assess interfacial stability between laminar streams.  By introducing rhodamine 110 

(10µM in PBS) into the middle reagent stream, various flow rates ranging from 0.1 mL/h 

to 1 mL/h were used for loading buffer and dye solution.  The width of middle dye stream 

was measured at the boundaries where dye intensity decreased to 10% of the maximum 

fluorescence intensity.   

 

2.6. Selective delivery of reagents into cells 
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 For controlled reagent delivery studies, Calcein AM (10 mg/mL in PBS buffer) & 

MitoTracker Red (MTR, 10 mg/mL in PBS buffer), staurosporine (5 mM in PBS, BD 

Scienceces) were flowed over prostate cancer cells and ramos cells, respectively, by 

hydrodynamic focusing.  Calcein AM and MTR were delivered for 15 mins.  The dye 

streams were then replaced with buffer prior to microscope imaging.  For drug delivery, 

staurosporine was flowed over the center of the culture chamber for 24 hours.  Cell 

viability was tested after staurosporine exposure by staining cells with 10 mg/mL of 

Calcein AM and propidium iodide (PI) for 10mins.  Cell viability was obtained from the 

dead cell and live cell from fluorescence images.   

 

3. Results and Discussion 

3.1 Chip characterization 

 Spatially selective cell treatment relies on the boundaries between laminar 

streams.  The boundaries, in the absence of mixing, define the exposure region in the 

culture chamber.  The interfaces of the laminar streams were first visualized using a 

Rhodamine 110 solution in the center stream.  The laminar flow in the reagent delivery 

streams ensured minimal lateral mixing.  However, when the reagent channel passes 

over the culture chamber, the interface changes and there is potential for turbulent flow 

to be induced, particularly in the z-axis [29].  If no mixing occurred, then the reagents 

would never reach the cells in the culture chamber; however, adherent cells and 

suspended cells were both affected by reagents in the overhead stream. Figure 3.2A 

shows the width of the reagent stream at 0.1 mL/h and 0.02 mL/h flow rates.  When flow 

rate decreased to 0.02 mL/h, more diffusional mixing occurred.  
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In this simple two-layer device, there is some variation in the position of the 

reagent channel over the culture chamber from chip to chip.  In our studies the reagent 

channel does not have to be positioned directly over the center of the culture chamber, 

but it cannot be far from the center.  When the channel is not aligned near the chamber 

center, unstable fluid flow was observed.  

Both the center and side stream flow rates affect the area of cell exposure 

(Figure 3.2 B).  Increasing the middle stream flow rate resulted in wider reagent streams 

over the cell chamber.  Conversely, larger outer stream flow rates resulted in narrower 

reagent streams for a given center stream flow rate.  The width of the reagent stream 

over the cell chamber increased from 125 mm to 380 mm as the center stream flow rate 

was increased from 0.02 to 0.5 mL/h, when the buffer stream was set to 0.1 mL/h.  At 

0.5 mL/h the reagent stream width approaches the width of the reagent channel, and the 

reagent was no longer confined to the channel (i.e. the reagent diffused across the entire 

culture chamber). 

 Confocal fluorescence 3D scanning allowed us to visualize the distribution of 

reagents in the chip (Figure 3.3A & 3.3B).  In this case, rhodamine 110 was focused in 

the center stream, while the buffer streams were loaded with Alexa Fluor 568.  After flow 

was allowed to equilibrate, three-dimensional scans of a portion of the culture chamber 

(limited by the microscope field of view) was imaged.  The region of fluorescence overlap 

(yellow in color) is due to mixing between the streams.  However, the central reagent 

(green) is clearly observed to remain in the center of the reagent channel and only affect 

cells in the center of the culture chamber.  The buffer (red dye in this case) flows into the 

sides of the culture chamber, indicating that a two-reagent system can be realized in this 

type of chip. 
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3.2 Reduction in shear stress vs. a one-layer system 

 In any culture and analysis device, shear stress must be regulated to avoid 

introducing artifacts.  Acceptable levels of shear stress can vary widely depending on 

cell type, various from less than 2 dyn/cm2 to 100 dyn/cm2 [22]. The reduction in shear in 

this chip was compared with the case when reagents flow directly over cells in a single-

layer chip (the same chip design, but without a lower culture well, Figure 3.4).  In this 

study, the buffer and central streams were 0.1 mL/h.  The linear flow rate in single-layer 

chip is calculated to be 4.0 mm/s in the channel that is 350 μm in width and 40 μm in 

height.  When fluid flow into two-layer part, the channel height increased to 55 μm, and 

width of fluid were increased to 416 μm.  Accordingly, the linear flow rate in two-layer 

system is 2.4 mm/s.  In the single-layer chip, cells were grown directly in a reagent 

channel lacking a lower culture chamber.  The shear stress in the one-layer chip was 

calculated to be 6.0 dyn/cm2, which is not large enough to detach cells in these 

experiments, but still resulted in cell deformation.  The shear stress in the two-layer 

system was calculated to be 2.7 dyn/cm2, owing in part to a change in the cross-

sectional area of the channel and chamber.  The shear stress in the sides of the culture 

chamber not directly above the reagent channel is expected to be lower, as there is no 

direct fluid flow.  When Prostate cancer cells are grown in a single-layer reagent chip 

(minus the lower, culture chamber), cells are shown to elongate in the direction of fluid 

flow (Figure 3.5A).  When cells are grown in the two-layer chip, they retain their normal 

shape and are not affected by shear stress (Figure 3.5B).  It is important to note that 

morphology was used only as an indicator of reduced shear, not as an indication of 

changes in shear stress on cells. 
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3.3 Spatially-selective cell treatment 

 The key advantage of this microfluidic system is the ability to spatially control 

reagent delivery.  Many applications, such as selective staining, drug delivery, or built-in 

controls can be envisioned with such a system.  To demonstrate this concept, 

lymphocyte cells were simultaneously stained with Calcein AM and MitoTracker Red for 

15 minutes (Figure 3.5).  Cells exposed to the Calcein AM stream were stained green, 

while the cells under the MTR stream are stained red.  There is some overlap area 

where cells are stained with both dyes, presumably due to diffusion.  The overlap area is 

9% of the total image area; the boundary region between the channel and the remaining 

culture chamber can be discarded during analysis.  By controlling reagent flows from 

syringe pump, rapid switch between staining the entire cell population with one reagent 

and selectively treating only a portion of the cells can be achieved.  

 

3.4. Spatially selective apoptosis induction 

 It is possible to treat cells with a reagent selectively and conduct whole-chamber 

staining afterward.  It is also possible to switch the reagent streams so that the center 

portion of the culture chamber is unaffected while the outer regions of the chip are 

exposed to reagents.  In this case, the center reagent stream is a buffer while the outer 

streams contain the reagent of interest.  In Figure 3.6, cells were selectively treated with 

staurosporine in the center of the culture well for 24 hours.  In Figure 3.6A, staurosporine 

was flowed in the center reagent channel, so that only cells directly under the reagent 

streams were affected.  In Figure 3.6B, the streams are switched so the center stream 
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was only PBS.  In this case, staurosporine affected cells that were not directly under the 

reagent stream (the remainder of the culture chamber).  In both cases, after 

staurosporine treatment the entire chip was stained with calcein-AM and propidium 

iodide.  In Figure 3.6A, the cells outside the reagent stream are viable (90% viability) 

while cells in the reagent stream, which were exposed to staurosporine, are dead (11% 

viability).  In the opposite case of Figure 3.6 B, cells in the reagent stream stain 

positively for calcein-AM (92% viability) while cells outside the reagent stream, exposed 

to staurosporine, stain positively for propidium iodide (1% viability).  This chip is 

therefore not only capable of multi-step staining, long- or short-term reagent testing, and 

spatial control, but the system can be reversed to selectively stain different portions of 

the culture chip.  It is important to note, however, that the flow in the remainder of the 

culture chamber is slower than in the reagent stream.  Therefore, experiments where the 

reagents are delivered to the sides of the culture chamber will have a slower temporal 

response than when the reagent is delivered via the center stream.  This chip is capable 

of local cell treatment via spatially-controlled reagent delivery, followed by global staining 

of the chip for analysis. 

 

4. Conclusion 

 A two-layer cell culture chip was used to generate spatially controlled flow.  The 

design resulted in reduced shear stress, while providing new culture perturbation and 

analysis capabilities.  By incorporating multiple laminar streams, reagents were confined 

to the reagent channel, and only cells under this portion of the chip were affected.  

Confocal microscopy showed that reagent confinement is stable.  We have 
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demonstrated that reagents can be delivered to the center of the culture chamber, the 

remainder of the culture well, or that two different reagents can be delivered to different 

parts of the culture simultaneously.  It is also possible to selectively treat the culture and 

then stain the entire chip with multiple reagents, as was performed in a two-stain viability 

assay using staurosporine as the treatment reagent.  In future work, we will refine the 

culture geometry to further reduce shear stress.  In addition, on-chip valves can be 

incorporated to enable reagent switching and faster control of fluid flow and composition.  

It is also possible to incorporate membranes between the two chip layers to study 

membrane-based mass transport.   
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Figure Captions 

 

Figure 3.1. Schematic drawing of the chip.  In the upper channel layer, buffer streams 
(blue) constrained regents (green) to the middle of the channel, and selectively treated 
cells in the chamber culture well directly beneath the regents. The inset to the right 
illustrates the flow scheme at the interface of the culture well and upper reagent channel.   
The main fluid channel was 350 μm in width, 40 μm in height and 3.5- 4 cm in length; 
the diameter of the culture chamber was 1.2 mm, and the height was 15 μm.  The 
photography on bottom right is a real microfluidic chip with green food dye loaded in the 
channel for visualization 
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2A   2B  

Figure 3.2. Reagent confinement analysis using Rhodamine 110.  A) Dye concentration 
distribution along the chamber at flow rate of 0.02 mL/h and 0.1mL/h.  The reagent 
stream is seen to narrow when the flow rate of the channel increases.  B) Width of 
middle stream at different flow rates of side buffer and middle dye streams.  Increasing 
the side streams resulted in greater hydrodynamic focusing, while increasing the center 
stream lessened the degree of focusing.  
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Figure 3.3. 3D confocal fluorescence scanning of Rhodamine 110 (middle stream) and 
AlexaFluor568 (side streams).  The chip outline is shown overlayed on the confocal 
images. The red dye diffuses into the culture chamber (only a portion of the culture 
chamber is shown in the microscope field of view), while the reagent stream (green) is 
confined to the center of the reagent channel. 
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4A   4B  

Figure 3.4.  Cells anchored by anti-CD71 in a single-layer chip (A) and a two-layer 
reagent delivery chip (B).  The reagent channel occupies the upper portion of the figure 
in each case.  In the single-layer chip, the cells are observed to orient in the fluid flow 
(due to shear stress).  In the two layer chip, cell growth is random in direction, indicating 
minimal influence from shear stress.  The flow rates in both cases was 0.1 mL/h for all 
reagent streams.  The scale is the same for both images. 
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Figure 3.5. Spatially selective cell treatment in a two-layer culture system.  Fluorescence 
images show that cells under the center stream are stained with MitoTracker Red, while 
cells in the remainder of the culture chamber serve are stained with Calcein-AM.  The 
region of overlap (staining of both dyes) is 9% of the field of view.   
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6A   6B  

Figure 3.6. Selective reagent delivery can also be used in a step-wise fashion.  Calcein-
AM (green) and propidium iodide (Red) staining of Ramos cells selectively treated with 
staurosporine for 24 hours.  Cells under the reagent stream (A) were dead (11% viable) 
while viability of the untreated cells is high (90% viable).  The fluidic system can be 
reversed so that buffer is loaded in the center stream and reagent streams are on the 
outside of the reagent channel (B).  In this case, the outer portions of the culture 
chamber are treated with staurosporine (1% viable) and the center of the channel, under 
the reagent stream, is healthy (92% viable).  This chip can therefore be used to locally 
treat cells and then globally stain them for analysis. 
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Chapter 4 

 Microfluidic Affinity Device for Cell-based Apoptosis Assays 

 

Abstract 

This work presents a microfluidic platform with antibody microarrays located in a 

single microfluidic channel.  This chip allows parallel cell cultures, as well as, multiplexed 

matrix arrays for cell apoptosis studies. We created a microfluidic affinity device with 

multiple antibody asssays patterned in this system, followed by selective capture of 

different cell lines on their respective antibody regions.  Cellular responses to 

immobilized proteins or flowing drugs were subsequently detected.  To control cell 

positioning, a patterned layer of neutravidin was created using microcontact printing.  

Next, avidin/biotin chemistry was used to initiate the attachment of biotinylated 

biomarkers, which allowed micropatterning of living cells after the device was fully 

assembled.  Herein, multiple types of biomolecules could be immobilized by pipetting 

various kinds of biotinylated probes on distinct regions throughout the avidin-modified 

surface.  To demonstrate its utility, we seeded two cell lines on their specific affinity 

spots and tested their response to apoptosis-inducing drugs.  Microarrays of anti-CD95 

(known to induce apoptosis) and anti-CD71 (control antibody) were patterned in a single 

channel, and their effect on captured cells was investigated by monitoring fluorescence 

apoptosis probes. This microfluidic platform demonstrated the capability to carry out 

parallel operations for cell research through precise engineering of cellular 

microenvironments.  This chip can be further integrated with well-established techniques 

for cell sorting, drug screening, or other cellular investigations. 
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1. Introduction 

Microfluidic systems have been widely used in patterned bioassays for high-

throughput cellular analysis.  Microfluidics allow rapid and reproducible experiments to 

be performed on small sample volumes.[1-3]  Combining surface patterning methods 

with subsequent coating of different biomarkers, multiplexed high-throughput cell 

analysis are possible.[4-5]   For example, patterning specific cell adhesion molecules in 

the device can help achieve the capture of different cell types at different local points of a 

microchannel.  This type of capture enables parallel cell analysis without using multiple 

channels.[6]  In addition, multiplex detection interfaces, created by pattering different 

biomarkers, allow cells respond to a wide array of external stimuli.[7, 8]  Therefore, it is 

important to engineer the cellular microenvironment to improve high throughput cell-

based drug tests and biological pathway evaluations.  However, integration and 

packaging of several functional interfaces into a single system has proven to be a 

complex task [9], and conventional, low-protein consumption assays are not presently 

developed enough in this field to allow systematic cell biology studies [10, 11].  

Microcontact printing is a simple and rapid method to create region specific 

patterns by printing functional groups on substrates, which would allowed further binding 

to DNA or proteins through adsorption, covalent immobilization or avidin/biotin 

interactions.[12]  Biotin/avidin chemistry has been wildly used for protein immobilization, 

since the binding strength is almost irreversible compared with a covalent bond (Ka 

=1×1015 M− 1) and  biotinylated reagents are widely available.[13] Also, this approach not 

only ensures that the immobilized protein is not denatured but also allows protein 

orientation to be defined.  Therefore, the immobilization of biotin or avidin (or strepavidin 

or neutravidin) with printing techniques would enable the convenient manufacture of 
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biosensors and biochips.[13]  Both biotin and avidin were reported in bioprinting, but 

most studies used chemically activated surface through chemosorption.[14-16]  

Streptavidin can be stamped directly on glass surface, without loss of activity.[17]  This 

method was not elegant and defined as chemisorption methods, but it is simple.  In this 

work, we directly printed neutravidin on glass surfaces using PDMS stamps, followed by 

bio-probes immobilization, which reduced the time and effort compared with traditional 

patterning methods.  

Immobilization of multiple proteins microarrays in a single microfluidic channels 

have been achieved through various methods.  Robotic printing is the most commonly 

used method to deliver different biomarkers but this system is costly.[18]  Some other 

complex methods based on stepwise surface change through electrochemical[19], 

photochemistry[20] or thermally responsive polymer[21] are also reported.  Laminar flow 

is a popular method since it is simple and cost-effective. For instance, as shown in a 

recent study, patterned multiplex antibody microarrays were senerated in a single 

microfluidic channel using microcontact printing to generate functionalized surfaces with 

geometrical patterns and laminar flows streams to deliver different antibodies.[22]  This 

work was straightforward and automated, but protein consumption was abundant due to 

laminar flow.  Addressing the above mentioned experimental limitations, new devices 

should be designed to facilitate the parallel analysis of cell response to combination of 

stimuli.  Here, we used a simple method to crosslink multiple biotin-antibodies on 

neutravidin patterned surfaces by depositing different biomarkers along the surface with 

coverslips to confine the binding regions of each reagent. 

Apoptosis was chosen as a model system for this work, because it is associated 

with many types of cancer, which has made it a popular target for anti-cancer drug 
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discovery research.[23]  Apoptosis is generally based on two initiating mechanisms: the 

intrinsic pathway and extrinsic pathway.  The intrinsic pathway (damage response 

pathway) has been initiated using a number of cytotoxic compounds such as 

staurosporine and camptothecin.[24,25]  The extrinsic pathway (death receptor pathway) 

is initiated through Fas ligands that binds to the Fas receptor on the cell membrane.[26]  

Both of those pathways were chosen as model systems for this work.  Here, we reported 

a microfluidic affinity device for cell-based apoptosis assays.  We built an easily-

fabricated microfluidic affinity device, which facilitated parallel analysis of cell response 

to simple combination of stimuli with precisely defined cell positioning, well controlled 

growth conditions, and presentation of multiple cell cues. This work provided a powerful 

cellular bioanalysis platform with integrated functions, such as cell sorting, drug 

screening, and evaluating cell biological pathway study.  

 

2. Experiment 

2.1. Material and reagents  

The negative photoresist SU8-2015 and its developer were purchased from 

Microchem Cop (Newton, MA).  The positive photoresist AZ 9260 and developer 

AZ400K were from Azelectronic materials (Soneville, NJ).  Poly(dimethylsiloxane) pre-

polymer and cross-linking agent were purchased from Ellesworth Adhesives (Dow 

Sylgard 184, Midland, MI).  Glass micro- scope slides and cover glass were purchased 

from VWR International (Radnor, PA).  Biotinylated bovine serum albumin (BSA) was 

purchased from Sigma- Aldrich (St. Louis, MO).  Neutravidin was from Pierce (Thermo 

Fisher Scientific Inc, Rockford, IL).  Functional anti-CD95 (Fas) antibody and biotinylated 
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anti- mouse IgM were purchased from eBioscience (San Diego, CA). Both biotinylated 

anti-CD71 and biotinylated anti-CD19 were purchased from Becton-Dickinson (BD 

Biosciences, San Diego, CA).  Sterile phosphate-buffered saline (PBS) was obtained 

from Invitrogen (Grand Island, NY).  The fluorogenic probe, biotin- phycoerythrin (biotin-

PE), MitoTracker Red, MitoTracker Green, PI, Calcein AM were purchased from 

Invitrogen.  

 

2.2. Chip designation and fabrication  

Microfuidic design for microcontact printing and microchannels were generated 

on Canvas (v.10) and printed on a photomask (ad/art services).  The device consisted of 

Y channel with two short channels merged into a main channel, 40 μm in depth, 1.0 or 

2.0 mm in width, 0.5 mm and 30 mm in length for short channels and main channels, 

respectively.  Soft lithography was used to fabricate the mold.  Here, negative 

photoresist (SU-8 2050) was spin coated (at 1500rpm for 30s) on a 4-in. silicon wafer to 

generate a 40 μm-high fluid delivery channel.  Positive photoresist (AZ 9260) was spin 

coated (at 1500rpm for 30s) to generate stamp molds with pillars of 40 μm in diameter.  

The microfluidic network was fabricated by casting PDMS onto those photoresist-based 

molds.  Once the PDMS elastomer with imbedded channels was released, holes were 

punched and tubes were connected to provide external access to the channels.  

 

2.3. Microcontact printing and surface functionalization   

The procedure for preparing affinity arrays was shown in Figure 4.1A.  The first 
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step was patterning uniform biofunctional spots on the glass slides using microcontact 

printing.  The PDMS stamp was covered with 10μL of 3μM neutravidin in Tris-HCl buffer 

at room temperature.  To avoid solvent evaporation, a coverslip was placed on the 

stamp for 15 min.  After rinsing with water and drying under air, the stamp was gently 

brought into contact with a clean glass substrate for 15 min, during which neutravidin 

patterns were transferred to the glass substrate.  The second step was integrating 

multiple antibodies on the substrate.  Here, different biotin-antibody solutions were 

deposited along the 3-cm neutravidin functioned surface, and incubate for another 15 

min.  Concentrations of all antibodies were 10 μg/mL in PBS.  Immediately after antibody 

deposition, several piece of coverslip were positioned on top of each antibody spots to 

define the antibody covering area and at the same time delay reagent evaporation.  The 

next step was plasma sealing (1min, 200W, 200mTorr O2) the glass substrate with 

PDMS cover chip to form an irreversibly sealed microfluidic device.  Here, an auxiliary 

PDMS strip trimmed to the channel sizes was used to reversibly secure on top of protein 

arrays during plasma treatment.  This reversible sealing strategy allowed antibody 

molecules enclosed inside the shield to avoid damage or denaturing.  A 10 mL syringe 

was connected to the tubing, which was attached to the inlet of fluidic channel, for 

reagent delivery.  Flow control was controlled using a syringe pump.  After sealing the 

chip, the channel surface was treated with BSA to reduce nonspecific binding.   We 

prepared affinity device with two antibody arrays used for capture target cells from 

mixture (Figure 4.1B), as well as, create parallel cell patterns by passing parallel cell 

lines into affinity channel through laminar flow (Figure 4.1 C).   

 

2.4. Cells and cell culture 
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B lymphocyte Ramos cells, T lymphocytes Jurkat and Hut78 cells were 

purchased from American Type Culture Collection.  Each cell line was cultured in RPMI 

1640 medium (HyClone, Logan, UT) with 10% fetal bovine serum and 2% 

penicillin/streptomycin (Sigma- Aldrich) at 37 °C, 5% CO2 atmosphere.  Before analysis, 

cells were centrifuged at 4500 rpm for 5 min, and resuspended in buffer (3% BSA in 

PBS) with concentrations between 105 and 106 cells/mL.  Cells were loaded into the 

channel using a syringe pump at flow rate of 0.05 mL/h for 2 minutes and allowed to 

settle for another 5 min.  The channel was then rinsed with buffer at 2.0 mL/h to remove 

unbound cells.   

 

2.5. Surface characterization  

To evaluate the stamp size features, transfer efficiency and protein activity, 1 μM 

PE-biotin in PBS was incubated with the printed neutravidin for several minutes.  During 

the incubation process, the neutravidin keep biotin capture molecules from the aqueous 

solution.  After rinsing with water, any unbound molecules were washed away.  The 

fluorescence was quantified with an inverted fluorescence microscope.  

 

2.6. Cell isolation and drug stimulation 

Two experiments were performed to demonstrate this affinity microdevice for 

studying cell response to drug stimuli.  One was to prepare a tandem affinity 

chromatography, with anti-CD19 and anti-CD71 patterned in a single channel as 

described in section 2.3, for two cell type isolation and subsequent drug stimulation.  
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Before loading cells into the microchannel, cells were stained with MTR following 

protocals.  PBS with 3% BSA was used as the carrier fluid for cell loading to minimize 

nonspecific binding.  After 5 minutes of cell incubation under stop flow conditions, the 

channel was rinsed with 3% BSA to remove unbound cells.  Next, 1μM staurosporine in 

medium was introduced into the channel at the speed of 0.05 mL/h for 6 h to induce cell 

apoptosis.  White light and fluorescence images were acquired at the very beginning and 

the end of this experiment, with 3% BSA buffer flowing in the channel to reduce 

background signal. Control experiments were accomplished by incubating hut 78 cells in 

the same affinity device with no drug stimulation. 

The second experiment was designed to studied cell interaction to their 

anchoring surface.  In this experiment, MTR stained Jurkat and Hut78 cells were into the 

affinity channel patterned with anti-CD71 and functional anti-CD95.  Here, anti-CD95 

was known to capture T lymphocytes, as well as, to function as an induction agent.  The 

operation procedure of this experiment is the same as the first one except loading drugs 

molecules through medium, since anchored surface itself delivered chemical signals.  

 

2.7. Fluorescence Microscopy   

An inverted fluorescence microscope (IX71, Olympus, Center Valley, PA) was 

used to obtain all images. Different fluorescent dyes used in the experiment were 

observed through appropriate filters. All images were captured by a CCD camera (Orca-

285, Hamamatsu, Bridgewater, NJ) and analyzed by ImageJ (v. 1.41, National Institute 

of Health) 
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3. Results and Discussion 

3.1. Characterization of functionalized surfaces  

To obtain patterns, a PDMS stamp with pillar shape features 40 μm in diameter 

with 150 μm spacing was used to microcontact print neutravidin on a glass surface. 

Fluorescein labeled biotin was applied to incubate with neutravidin for feature 

visualization.  Figure 4.2A depicts patterning of neutravidin on a clean glass surface.  

The presence of fluorescence spots indicated that microcontact printing of neutravidin 

was successfully implemented.  The mechanism of transfer was due to the fact that 

binding strength between the glass surface and the proteins was stronger than the 

adhesion force between the proteins and the PDMS stamp.  Figure 4.2B is the image of 

fluorescence labeled stamps after protein transfer.  Black spots represented the pillar 

shape features, according to the bright spots in Figure 4.2A.  Comparing fluorescent 

intensity between patterning area and spacing area on stamps, 70% of proteins were 

transfered. 

We compared neutravidin adsorption capabilities on different glass substrates, 

including clean glass substrate, BSA-biotin modified surface, and plasma treated glass 

surface. The fluorescence signal intensity presented in Figure 4.2A, C, D indicated the 

differentiation in transfer efficiency among those surfaces.  The glass surface without 

any treatment shows better result than others. BSA-biotin functioned glass surface had 

been wildly used for neutravidin immobilization in aqueous solution [26], while it did not 

show enhancement for dry protein immobilization.  This might due to uncontrollable 

orientation of protein structure.  Also, in aqueous solution, the glass surface cannot be 
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applied for neutravidin attachment, since the protein-substrate adsorption has to 

overcome the barrier of solvent molecules like water.  Oxygen plasma treatment is a 

commonly used method for increasing surface hydrophilicity, which would enhance the 

adsorption of hydrophilic proteins.  For neutravidin patterning, it did not show 

enhancement either.  Detailed interaction study between neutravidin and glass surface 

needs further investigation.    

Fluorescence labeling results, together with further application in following 

experiments demonstrated that direct patterning neutravidin on glass substrate was 

effective.  As we mentioned before, most of reports were patterning neutravidin on 

chemical modified substrate such as aminooxy-terminated poly(ethylene glycol) 

substrates or biotin derivatives.[15] Compared with those attach methods based on 

chemisorption, this method might shows weakness in protein stability, pattern uniformity, 

and protein fouling.  Results showed that protein patterns formed in this method were 

good enough to sustain the shear stress applied in this experiment without detaching 

from the substrate.  Also, high transfer efficiency and spot dimension control affirmed 

this platform could successfully lead to high throughput biological assays 

 

3.2.  Antibody microarrays and cell patterns 

Microarrays coated with antibodies were designed to capture antigen expressing 

cells. Consequently, multiple antibodies patterned along the channel would allow for 

multiple immunophenotyping.[27]  We provided a straightforward method to pattern two 

antibody arrays in the channel.  We directly used a pipet to drop 3 μL antibody reagent 

on neutravidin patterned surface.  Then, two glass coverslips were placed on top of each 
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antibody spot, which confined the antibody area.  Based on this method, we prepared 

two antibody arrays on a 2 mm × 30 mm functional surface, with 8 × 56 arrays for each 

group.  The number of antibodies that could be accomodated in the device could be 

controlled by defining the length of the channel and the size of the coverslip.  For further 

cell analysis, it was necessary to close antibody arrays inside a miniature flow-through 

channel.  Therefore, plasma sealing was required for irreversibly assembly microfluidic.  

Although we reversibly sealed substrate during plasma treatment to avoid exposure of 

antibodies molecules to oxygen plasma, the subsequent antibody drying could also 

potentially destructive or denaturing effects of protein.  This might restrict the application 

to those functionally fragile proteins.  However, this method is convenient for preparing 

simple compositional interface.  Compared with other straightforward method, such as 

microfluidic flow patterning or parallel channels, this system greatly save the 

consumption of antibodies.   

 An example of a microfluidic device containing anti-CD71 and anti-CD19 

immunoarrays used to capture B and T lymphocyte cells was shown in Figure 4.3A and 

4.3B.  Here, B cells were anti-CD71 and anti-CD19 positive, and T cells were anti-CD71 

positive but anti-CD19 negative.  A mixture of B and T cells was loaded in the device.  

Figure 4.3 shows fluorescent stained green T cells and unstained B cells captured on 

anti-CD19 (A) and -CD71 (B) microarrays, with 96% and 60% purity to B cells, 

respectively.  Here, anti-CD19 showed high purity of the desired leukocyte type, and 

anti-CD71 capture both of those two cell lines.  On the anti-CD71 interface, those two 

cell lines can distribute to different affinity region by loading them through laminar flows.  

As show in Figure 4.3C, Hut78 cells were in top of channel and Ramos cells were in the 
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bottom.  Although this method is not helpful for cell sorting, it is very useful for patterning 

multiple cell lines for parallel cell analysis.  

 

3.3. Intrinsic apoptosis induction  

After capturing B and T-cells, stimuli were passed through the channels.  To 

position those two cell lines with the antibody used, we loaded T cells first, which would 

occupy most anti-CD71 patterning region.  Then, B cells were loaded to anchor on anti-

CD19 functionalized spots, as well as few free anti-CD71 region not already occupied by 

T cells.  After that, 1μM staurosporine in medium was perfused into the channel.  Shear 

stress should be controlled inside the fluidic channel.  The medium pumping step was 

performed at a low flow rate of 0.05mL/h (0.26 dyn/cm2), while the washing step was 

carried out at 2.0mL/h (10 dyn/cm2).  The latter high flow rate was chosen to remove 

loosely bound non-specific cells without dislodging antibody captured cells.   

 Cell apoptosis processes was monitored during drug loading for 20 h.  One 

hallmark of apoptosis is mitochondrial membrane potential loss, which could be 

evaluated through the fluorescence probe MTR.[28]  Figure 4.4 shows representative 

fluorescence images of MTR stained B and T cells bound to the affinity surface in a 

single microfluidic channel.  The fluorescent cells are MTR stained living cells.  The 

varying levels of brightness were results of different amount of dye flow out of cells 

during to membrane potential loss. Figure 4.4A shows fluorescence images of Hut 78 

cells that were exposed to the induction reagent for 0 h, 4 h and 20 h, respectively.  The 

initial measurement at 0 h represented the period when cells bound to surface without 

being induced.  Figure 4.4B shows the results of Jurkat cells sitting in the same channel 
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as Hut 78 cells, as well as, the same measuring time.  Figure 4.4C shows the control 

group with Hut 78 cells cultured in the device with no drug molecules in the medium.  It 

can be seen that the fluorescence intensity lose in the control sample is much less than 

drug induced sample.  The fluorescence intensity from each image was measured using 

image J and presented in Figure 5. The mean values for drug induced Hut 78 cells at 0 

h, 4 h and 20 h are 135, 55, 18 respectively. While un-induced Hut 78 cells shows the 

intensity of 103, 97, 79 at 0 h, 4 h and 20 h. Drug induced Hut 78 lost 87% fluorescence 

signal after 20 h, while control group maintained 77% fluorescence intensity. 

 

3.4. Extrinsic induced apoptosis 

Functional anti-CD95 has been demonstrated to capture T cells by binding to the 

Fas receptor on the cell surface and induce cell apoptosis.[29]  To take advantage of this 

specific function, we compact devices with anti-CD95 and anti-CD71 microarrays for cell 

apoptotic study.  Compared with induction in solution, immobilize drug molecules on the 

chip surface could consume less reagent, as well as, control cell environments in a more 

precisely way.  The results were shown in Figure 4.6 and Figure 4.7, including MTR 

fluorescence images and histogram of intensity values. After 6-hour incubation, the 

fluorescent intensity of Jurkat T cells patterned on anti-CD95 spots was 32%, while the 

control group was 77%.  Jurkat cells presented similar results, with 17% fluorescent 

intensity for drug induction group and 64% for control group.  Meanwhile, apoptotic cells 

showed weaker binding to the surface and result in delamination from surface during this 

progress. As shown in Figure 4.6D, only several cells retained on the surface with weak 

fluorescence signal.  
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Cell viability and morphology were also determined simultaneously with 

fluorescence measurements.  For long analysis time, MTR might not be suited, since 

control group cells might start early stage apoptosis and lose membrane potential as 

shown in Figure 4.8.  Also, MTR was subject to photobleaching on long analysis times.  

Therefore, we compared cell morphology and viability of two groups of Hut 78 cells.  

After 24-hour cell treatment, drug induced cells showed compromised membrane, while 

the shape of control cells did not change.  Using Calcein AM and PI, the viability of 

induced cells and uninduced cells were 15% and 81%, respectively.  

 

4. Conclusion 

Here, we report an integrated microfluidic affinity device for cell capture and 

induction of cell apotosis.  This work presents a simple method to pattern several 

antibody arrays in a single channel, which facilitates analysis of cellular response to 

external stimuli in a parallel way. We used multiple antibody patterns to capture different 

cell types at different local points of a microchannel, which provided a parallel cell assay 

capabilities.  On the other hand, multiplexed interfaces with drug stimuli were 

demonstrated using a specific group of antibodies, anti-Fas antibodies, which can 

capture cells and, at the same time, induce apoptosis.   The goal of this work was to 

develop a straightforward method to create an integrated microarray.  To generate a 

multiplexed detection interface, the key factors were achieving parallel cell capture and 

precisely controlling the cellular environment.  In the future, we would use robotic printing 

to delivery a variety of proteins on the substrate to generate complex capture arrays.  
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Figure Captions 

 

Figure 4.1. A schematic of the experimental platform.  (A) Device fabrication, including 
neutravidin printing, antibody deposition, cover	   chip	   integration and cell loading.  (B) 
Microfluidic affinity device with two antibody arrays used for capturing target cells from 
mixture.  (C) Two laminar streams, each one carrying a specific cell lines were passed 
through the affinity channel to create multiple cell patterns.  
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Figure 4.2. Microcontact printing of neutravidin and conjugation of PE labeled biotin to 
the printed area: (A) proteins patterned on a clean glass substrate; (B) PDMS stamp 
after neutravidin transfer; (C) protein patterned on BAS-biotin coated glass substrate; (D) 
protein patterned on plasma treated glass substrate. 
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Figure 4.3. (A-B) Cell patterning onto the channel with two antibody arrays. (A) Anti-
CD19 captured B lymphocyte cells (grey cells, 94% capture purity).  (B) Anti-CD71 
captured both B cells (green cells 60% capture purity) and T cells (grey cells 40% 
capture purity). (C) Cell loading through laminar flow with Hut78 T cells on top and 
Ramos B cells on the bottom side. 
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A       

B       

C      

Figure 4.4. Parallel drug stimulation of Hut 78 T and Ramos B cells in a single channel. 
Hut 78 (A) and Ramos (B) cells, patterned in the same channel, were exposed to 
staurosporine for 0h, 4h, and 20h.  Control group Hut 78 cells (C) were cultured in the 
medium without drug stimulation. The decrease of MitoTracker Red fluorescence 
intensity shows the membrane potential loss during apoptosis. 
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Figure 4.5. Histogram showing the fluorescence intensity for different times (0h, 4h, and 
20h) of staurosporine activation of Ramos B and Hut 78 T cells, as well as, control group 
Hut78 T cells with no activation.  These values correspond to images shown in Figure 
4.4. 
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Jurkat  CD71 0h               CD71 6h                     CD95 0h                     CD95 6h 

    

Hut 78   CD 71 0h            CD71 6h                      CD95 0h                      CD95 6h 

Figure 4.6. Cell response to drugs embedded in extracellular matrix.  Jurkat (A-D) and 
Hut 78 (E-H) cells were captured on channel patterned with anti-CD71 and anti-CD95 
arrays for 6 hours. Here, anti-CD95 induced cell apoptosis and anti-CD71 served as a 
control group.  Also, the decrease of MitoTracker Red fluorescence intensity shows the 
membrane potential loss during apoptosis. 
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Figure 4.7. Histogram showing the fluorescence intensity of Jurkat and Hut 78 cells 
before onset of activation and after anti-CD95 activate for 6h， as well as, control group 
of Jurkat and Hut 78 cells attached on anti-CD71 spots. These values correspond to 
images shown in Figure 4.6. 
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Figure 4.8.  Cell culture on anti-CD95 and anti-CD71 spots for 24h. Both drug induced 
cells (A) and control cells (B) lost MTR fluorescence.  Cell morphology was compared 
through white light images. Control group cells maintained integrated plasma membrane 
(C), while drug induced cells degraded into apoptotic bodies (D).  Cell viability for 
induced cell was 81% (E) and for control cells was 15% (F). 

 

 

 

 

 



Texas Tech University, Yan Liu, August, 2012 
	  

	   94	  

Chapter 5 

 General Conclusion and Prospective 

 

In this thesis, we demonstrated the application of microfluidics for cell separation, 

controlling of fluidic environment, controlling initial cell position and presentation of 

multiple cues on extracellular matrix.  All those experiments were adhesion based cell 

sorting and detection, which facilitated the incorporating of all those functions into a 

single system for long time observation to study complex biological process such as cell 

apoptosis.  

The isolation and soring of cells is important for clinical diagnostics and basic 

research.  The ability to isolate target cells from mixtures helps obtain accurate 

information about specific cell types.  Here, we used a cell-adhesive surface to retain 

target cells in the channel, which facilitated the combination with methods for cell culture 

and stimulation.  Sgc8 aptamers were used to recognize target cells.  We investigated 

the capture time (0.4±0.2 s), capture efficiency (95%), purity (99%) of target and control 

cells and the reusability of aptamer-coated columns. Those results demonstrated the 

high separation affinity between aptamers and target cells, as well as, robust 

functionality of aptamers.  All those experiment were performed under differential 

mobility cytometry, with oscillation flow condition to improve rare cell enrichment and 

facilitate cell adhesion monitor.  Affinity based cell separation, including aptamers and 

antibodies, is the reliable and high specific method.  But it has the drawbacks of non-

specific binding, and need strong know-how about surface properties.[1]  Therefore, 

there is still a need to discover and introduce novel cell specific biomolecules to be used 

in cell separation.   
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 Microfluidic technology can precisely control cellular environment, such as cell 

medium, extracellular matrix, and neighbouring cells.  For cell medium control, 

microfluidics, due to small time constant and diffusion mixing, can create chemical 

gradient and enable dynamically focus a drug stream on a given part of cells.   In this 

thesis, we selectively delivered drugs to cancer cells using a two-layer microfluidic 

culture system. The reason for design the two-layer system was to reduce the shear 

stress produced from laminar flow, which might flush cells out of the surface.  In this two-

layer system, a narrow fluid channel was positioned on the top of a wide cell culture 

chamber.  Reagent stream was confined in the middle of medium streams and delivered 

to cells in the center of the culture chamber, while the remainder of the culture well cross 

talk with side medium streams through diffusion.  Cells exposed to parallel streams of 

laminar flow under the shear force of 2.7 dyn/cm2 in the two-layer device (vs. 6.0 

dyn/cm2 in a one-layer device).  Cells in the side of the culture chamber were exposed to 

very low shear force since the sides of the culture chamber were separated from the 

main fluid path.  This system enabled precise reagent boundaries control and fast 

environment switching.  But the shear stress was still significant for cells exposed to 

flows.  A lot of methods were applied to reduce shear stress, such as moving cell culture 

chamber out of fluidic flow channel [2], or adding fluidic barriers like membranes.[3]  

Those devices were trying to reduce the convection flow and increasing diffusion flow.  

However, diffusion flow has large time constant.  Also, barriers in the channel would 

cause fluid mixing.  By increasing the depth of cell culture chamber in bottom layer, the 

shear force impact on cells would be decreased.  In the further, we might build arrays of 

small wells under the fluidic channel as a recent published work.[4]  The critical issue for 

this device is the caliber of wells should be small enough to maintain the reagent 

boundaries of the passing laminar flows. 
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Cell analysis can be significantly increased by microarray system due to its 

advance in high-throughput analysis by combing surface patterning methods with 

subsequent coating of different biomarkers, drug stimuli.  In one experiment, we 

patterned multiple antibodies on the surface to selectively position target cells on their 

affinity spots.  In this system, B and T cells were patterned on anti-CD19 and anti-CD71 

arrays in a single channel.  We validated the cell culture properties and analyzed the 

chemosensitivity of those two cell lines in response to the drug staurosporine.  In another 

experiment, we patterned anti-CD95 and anti-CD71 arrays in the same channel.  Here, 

anti-CD95 induced captured cells apoptosis, while anti-CD71 arrays captured target cells 

but could not induce cell apoptosis.  This work demonstrated the capability to carry out 

parallel operations allowing simultaneous cell isolation, cell position control, extracellular 

medium delivery, and multiple cell cues presenting.  Further integration is needed to 

advanced complex functions and applications in the broader space of combinatorial 

chemistry and biology.  For example, with robotic printing, we can position hundreds 

combinations of proteins on the substrate, which would present a complex multiplex 

interface.  Besides presenting multiple surface cues, cells attached on the surface were 

needed since only limited proteins can capture cells and at the same time guide cellular 

behavior.  This problem could be improved by delivering cell capture molecules and cell 

function molecules on the same patterning spot of array.[5]  To overcome the shortage 

of affinity capture with limited cell lines positioning, other techniques such as 

dielectrophoretic position can be applied to definite cell positions.[6]   In the future, an 

integrated device with multi-step manipulation, including cell sorting, cell culture, 

applying biological cues,  would be used to gather precise data from cells and tissues.  

This highly integrated microdevices will find application in basic cell biological study, 

pharmaceutical research and portable point-of-care devices for clinical diagnostics.    
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