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ABSTRACT 
 

Microfluidics, the manipulation of fluids at nanoliter scale, has emerged to offer an ideal 

platform for biological analysis of a low number of cells. The technological advances in 

microfluidics have allowed both forming of valves, mixers and pumps and integrating of optic 

and electronic components into microfluidic devices to construct complete and functional 

systems. In this dissertation, I present novel microfluidic techniques and their applications in 

cellular probes delivery, cell separation and epigenetic study.  In the first part of the dissertation, 

electroporation is implemented on microfluidic platform to generate uniform delivery of 

“exposed” nanoparticle or protein into cells. In contrast to endocytosis, electroporation is a 

physical method to breach cell membrane and does not involve vesicle encapsulation of 

delivered probes, which means these probes have exposed surface in the cytosol. Such trait 

enables the use of delivered nanoparticle and protein for intracellular targeting of native 

biomolecules. Laser-induced fluorescent microscopy was used for single particle illuminating to 

track single molecules in cells. Microfluidic device provide integrated platform for conducting 

electroporation, cell culture and imaging. In the second part, microfluidic immunomagnetic cell 

separation is introduced. I showed two new approaches to enhance immunomagnetic cell 

separation based on (1) uniquely microfabricated paramagnetic patterns inside separation 
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channels; and (2) using combination of nonmagnetic beads and magnetic beads for selection of 

tumor initiating cells based on two markers of opposite preference in one step. Enhancement in 

cell isolation (high capture efficiency or high selection purity) is experimentally observed and 

the former is explained by computational model. In the final part of the dissertation, microfluidic 

device incorporating valves and mixers for sensitive study of chromosome conformation is 

presented. This device has small reaction chamber minimizing sample requirement, and allows 

multiple steps of biological analysis in a single chip avoiding sample loss during sample transfer. 

Several orders of magnitude improved detection sensitivity is achieved with our microfluidics 

based method. I envision all novel techniques discussed in this dissertation have great potential 

in application of disease prognosis, diagnosis and treatment.    
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CHAPTER 1: OVERVIEW 

 

  

The goal of this research is to develop efficient and applicable microfluidic techniques 

for cellular analysis and molecular biotechnology. Although a lot of current techniques are 

available for cell manipulation and analysis, they usually suffer from bulky treatment, high cost 

and low sensitivity. Microfluidics provides a powerful and convenient platform for cellular and 

molecular analysis mainly due to two important facts: (1) small dimension (comparable to the 

cell size), which allows building up effective concentrations from limited amounts of molecules; 

(2) flexible design, which is compatible with most generic components (e.g. magnet, electronics, 

laser, etc.) and multi-step assays. Thus, biological analysis on microfluidic chips (lab-on-a-chip) 

offer high sensitivity and efficiency, high level of integration and automation. Microfluidic 

technique is highly promising in biomedical applications, including disease prognosis, diagnosis 

and treatment. 

One of the well-studied microfluidic techniques is microfluidic electroporation. Various 

microfluidic devices have been developed previously to electroporate cells, but are limited to a 

very narrow scope, either transfection or electrolysis. The research of this thesis extends the 

knowledge of electroporation. Electroporation is demonstrated to be independent of endocytosis. 

One of the major challenges in intracellular tracking, which is lacking of efficient way to deliver 
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“trackers” into cells without trapping them in vesicles, has been overcome by the microfluidic 

electroporation technology developed in this work. Another key benefits of microfluidics for 

biomedical application is to separate specific cells from complex biological mixtures. Two novel 

microfluidics-based methods for improved immunomagnetic cell separation have been discussed 

in Chapter 5 and 6. We not only apply microfluidic technology to cellular study, but also 

investigate its application in epigenetic analyses. The requirement of a large number of cells 

poses a major obstacle for application of chromosome conformation capture assays to low 

abundance cells. A microfluidics-based assay is introduced in the last chapter to detect protein-

DNA and protein-protein interactions and thus to reveal 3D conformation of chromosome with 

improve sensitivity.   

The thesis is divided in three parts containing nine chapters. The layout of each chapter is 

shown below for easy reference. Part I mainly discusses electroporation for delivering “exposed” 

protein/nanoparticle and its application in cellular studies. Part II introduces two microfluidic 

immunomagnetic cell separation techniques for enhanced cell isolation. Part III investigates 

microfluidics-based epigenetic assay for examining chromosome conformation with high 

sensitivity. 

 

Part I 

Chapter 2. Intracellular tracking of single native molecules with electroporation-delivered 

quantum dots 

Quantum dots (QDs) have found a wide range of biological applications as fluorophores 

due to their extraordinary brightness and high photostability that are far superior to conventional 

organic dyes. These traits are particularly appealing for studying cell biology under cellular 
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autofluorescence background and with long observation period. However, it remains the most 

important open challenge to target QDs at native intracellular molecules and organelles in live 

cells. Endocytosis-based delivery methods lead to QDs encapsulated in vesicles that have their 

surface biorecognition element hidden from the intracellular environment. The probing of native 

molecules using QDs has been seriously hindered by the lack of consistent approaches for 

delivery of QDs with exposed surface groups. In this chapter, we demonstrate that 

electroporation (i.e. the application of short electric pulses for cell permeabilization) generates 

reproducible results for delivering QDs into cells. We show evidence that electroporation-based 

delivery does not involve endocytosis or vesicle encapsulation of QDs. The amount of QD 

loading and the resulted cell viability can be adjusted by varying the parameters associated with 

the electroporation operation. To demonstrate the application of our approach for intracellular 

targeting, we study single molecule motility of kinesin in live cells by labeling native kinesins 

using electroporation-delivered QDs. We envision that electroporation may serve as a simple and 

universal tool for delivering QDs into cells to label and probe native molecules and organelles. 

 

Chapter 3. Electroporation-delivered fluorescent protein biosensors for probing molecular 

activities in cells without genetic encoding 

Fluorescence resonance energy transfer (FRET)-based fluorescent protein biosensors 

report intracellular molecular activities with high spatiotemporal resolution via optical signal 

change caused by conformational variation. A critical limit for these biosensors has been the 

requirement of genetic encoding which involves transfection of cells and expression of the 

biosensor vector in the cells of interest. Such procedure typically requires a substantial number 
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of cells to start in order to generate enough experimental subjects with the expressed vector. This 

requirement practically prevents the use of FRET protein biosensors on samples from scarce 

sources. Here, we show that by delivering the protein form of the FRET biosensor directly into 

cells by electroporation, we achieve sufficient concentration of the biosensor inside cells and 

observe strong FRET signal that is indicative of molecular activity. Our method does not require 

delivery and expression of the biosensor plasmid and thus is suitable for samples containing a 

low number of cells (e.g. ~100 cells). Our approach will dramatically broaden the application of 

fluorescence protein biosensors to potentially include primary samples from animals and patients.       

 

Chapter 4. Fluorescence microscopy for intracellular tracking of biocompatible fluorescent 

nanoparticles 

Intracellular tracking of drug molecules after being taken by cells is important in 

monitoring drug function and improving disease therapy. Co-encapsulation of drug molecules 

and fluorescent particles into biocompatible polymeric shells enables the imaging and tracking of 

distribution of the drugs. In this chapter, two fluorophores, 5(6)-Carboxyfluorescein and CdSe-

ZnS core-shell quantum dots, were assembled into poly (ethylene oxide-b-D,L-lactide) shell by 

rapid precipitation technique. The distribution of fluorescent particles in cells was tracked over 

time by fluorescent microscopy. QDs enabled the long-term tracking of the synthesized particle. 

Laser-induced fluorescence microscopy allows the imaging of single particles. This research will 

provide useful information toward better design and optimization of nanomedicine based 

therapies. 
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Part II 

Chapter 5. Paramagnetic structures within a microfluidic channel for enhanced 

immunomagnetic isolation and surface patterning of cells 

Microfluidic immunomagnetic isolation is the state-of-the-art method that leverages 

minimally invasive magnetic fields to accomplish both a high cell sorting specificity, as well as 

the ability to efficiently manipulate miniscule cell samples within microchannels. In this chapter, 

we propose a unique method for embedding magnetic structures inside a microfluidic channel for 

cell isolation. We demonstrate that the embedded magnetic structures significantly increased the 

magnetic field in the channel, resulting in up to 4-fold enhancement in immunomagnetic capture 

as compared with a channel without these embedded magnetic structures.  We also studied the 

spatial distribution of trapped cells both experimentally and computationally.  We determined 

that the surface pattern of these trapped cells was determined by both location of the magnet and 

layout of the in-channel magnetic structures. Our magnetic structure embedded microfluidic 

device achieved over 90% capture efficiency at a flow velocity of 4 mm/s, a speed that was 

roughly two orders of magnitude faster than previous microfluidic systems used for a similar 

purpose. We envision that our technology will provide a powerful tool for detection and 

enrichment of rare cells from biological samples.  

 

Chapter 6. One step immunomagnetic separation of tumor initiating cells by screening two 

markers 

Isolating tumor initiating cells (TICs) or TIC-like cells often requires screening of 

multiple surface markers, sometimes with opposite preferences. This creates a challenge for 
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using bead-based immunomagnetic separation (IMS) that typically enriches cells based on one 

abundant marker. Here, we propose a new strategy that allows isolation of CD44
+
/CD24

- 
TIC-

like cells by IMS involving both magnetic beads coated by anti-CD44 antibody and nonmagnetic 

beads coated by anti-CD24 antibody (referred to as “two-bead IMS”). Cells enriched with our 

approach showed significant enhancement in TIC marker expression (examined by flow 

cytometry) and improved tumorsphere formation efficiency. Our method will extend the 

application of IMS to cell subsets characterized by multiple markers.  

 

Part III 

Chapter 7. Microfluidics-based chromosome conformation capture (3C) technology for 

examining chromosome conformation with high sensitivity 

Detecting physical interactions between genomic loci is of crucial importance in 

understanding gene regulation and other chromosomal processes. Chromosome Conformation 

Capture (3C) methodology was developed to identify conformational changes by converting 

physical interactions into specific ligation products that can be quantified by qPCR.  However, 

traditional tube-based 3C assays require a large number of cells and have limited use for studies 

of low-abundance cells. In this chapter, we propose a microfluidics-based approach for 

examining chromosome 3D conformation by 3C methodology with several orders of magnitude 

higher sensitivity than conventional 3C assays.  We demonstrate 3C analysis with reduced cell 

number by conducting chromatin fragmentation, nuclear lysis and DNA ligation on a 

microfluidic chip. Using this technology, we analysed the chromatin looping interactions in the 

human -globin from as few as 50, 000 cells. We envision that our method will provide a 
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powerful tool for the analysis of chromosome conformation and epigenetic regulation from low-

abundance cells (e.g. scarce cell samples from animals and patients).  
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CHAPTER 2: INTRACELLULAR TRACKING OF 

SINGLE NATIVE MOLECULES WITH 

ELECTROPORATION-DELIVERED QUANTUM 

DOTS 

 

 

2.1 INTRODUCTION 

2.1.1 Quantum dots and its application in cellular studies 

Quantum dots (QDs) are nanometer-sized semiconductor crystals that fluoresce at sharp 

and discrete wavelengths depending on their sizes and exhibit quantum confinement of excitons
1-

4
. Important development has been made on the coatings to render QDs water-soluble, resistant 

to quenching, and open to conjugation with antibodies and other biomolecules
5-9

. These features 

allow QDs to have practical use in biomedical applications. There are distinct advantages of 

using QDs as fluorescent probes: (i) QDs fluoresce at narrow and discrete wavelengths that can 

be tuned by the size and the composition; (ii) QDs are exceptionally bright and highly 

photostable compared with organic dyes; (iii) QDs have broad excitation spectra that allow 
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multiple emission wavelengths under one excitation wavelength, facilitating multi-analyte 

detection; (iv) QDs are biocompatible with proper surface modification 
10

. For these reasons, 

QDs have been widely used as a replacement of organic dyes for tagging cells and analytes, in 

vivo imaging and diagnostics
5-7

.  

The use of QDs in cell biology research is particularly appealing. The autofluorescence 

(which may mask the labeled molecules) and long observation time associated with cell biology 

studies exemplify the needs for replacing organic fluorophores with QDs. However, QDs have 

been mostly restricted to labeling of extracellular proteins or intracellular components in fixed 

cells
4, 11

. It remains the most important open challenge to target QDs at intracellular molecules 

and organelles in live cells for a couple of reasons
4, 12

. First, the delivery of QDs across plasma 

membrane remains a challenge depending on the QD size, charge, and surface coating
13

. The 

QDs surface that is often modified to enable intracellular delivery is also needed for the 

attachment of targeting biomolecules (i.e. antibodies). Such dual roles of the QD surface coating 

remains highly demanding on the surface chemistry. Second, most internalization strategies (e.g. 

coating of QDs with cationic ligands, transferrin, cell penetrating peptides such as TAT) invoke 

endocytosis-based delivery
1, 14-16

. In these cases, QDs are encapsulated in endosomes and 

eventually aggregated in the acidic lysosomal environment. The highly regulated endocytosis 

process does not typically release QDs from the endosomal compartments and practically renders 

the surface moieties for targeting (i.e. antibody molecules) covered and useless.  

Various strategies have been developed to overcome this restriction. Microinjection was 

used to inject QDs into the cytosol. However, the technique required single cell manipulation and 

complicated equipment, resulting in a very limited throughput
17-19

. Osmotic lysis of pinosomes 

after macropinocytosis was used to release QD-antibody complexes from endosomal vesicles 
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through “proton-sponge effect”
20-23

. Lipid-based transfection reagent or pH-sensitive 

biodegradable nanocomposites were used as carriers to deliver QDs into cells and allow their 

subsequent endosomal escape
24-26

. Recently, mechanical disruption of cell membrane by glass 

beads or needle scratching was reported for cytoplasmic delivery of QDs
27

. Unfortunately, most 

of these methods showed low efficiency and poor reproducibility for delivering QDs with 

exposed surface.  Various methods for QD delivery were summarized in Table 2.1. 

Table 2. 1 Summary of QD delivery strategies. 

Technique Cell 

status 

Mechanism 

of uptake 

Throughput Delivery 

efficiency 

Intracellular 

Targeting 

References 

Cell Fixation Dead Cell death High High Yes 11 

Microinjection Live Physical 

stress 

Low High Yes 17-19 

Peptide-

mediated 

Endocytosis 

 

Live 

 

Endocytosis 

 

High 

 

Medium 

 

No 

14-16 

Lipofectamine Live Endocytosis High Low No 13, 18 

Osmotic lysis Live Pinocytosis High Low Yes 20-23 

Mechano-

delivery 

Live Mechanical 

stress 

Meidum Low Yes 27 

 

Electroporation 

 

Live 

Membrane 

nanopore 

formation 

 

High 

 

High 

 

Yes 
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2.1.2 Electroporation and it application for nanoparticle delivery 

Electroporation has been widely used in gene transfection, drug delivery, cell fusion, cell 

lysis and so on, ranging from in vitro to in vivo
28, 29

. It occurs when cells experience an external 

electrical field with intensity beyond the threshold. During electroporation the cellular membrane 

potential is changed, causing the rearrangement of phospholipids, subsequently resulting in the 

opening of nanoscale pores in the cell membrane. The mechanism has been well studied with 

mathematical models as well as experimental validation
30, 31

. It is found that electroporation is 

determined by cell type, cell size and shape, surface modification as well as electric field 

strength, duration, conductivity of the electroporation buffer, and so on. In general, the 

transmembrane potential ΔVm can be described by  

                                                  𝛥𝑉𝑚 = 𝜆 𝑔(𝜎)𝑟𝐸𝑒𝑐𝑜𝑠𝜃[exp (
−𝑡

𝜏
) − 1]                       (1)               

Where r is the radius of cell, 𝐸𝑒 is the external electric field and θ is the angle between 

the 𝛥𝑉𝑚 measurement site on the cell membrane and the direction of 𝐸𝑒.  

𝜆 is a cell shape factor:                           𝜆 =
𝑙

𝑙−0.67𝑟
 ,                                              (2) 

Where 𝑙 is the cell length. For spherical cells, 𝑙 = 2r, 𝜆 =1.5 

𝑔(𝜎) is a complex function which quantifies the impact of the cell on the extracellular field 

distribution:                                   

   𝑔(𝜎) = [1 + 𝑟𝐺𝑚(
1

𝜎𝑖
+

1

𝜎𝑒
)]−1                             (3) 
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𝐺𝑚  is the membrane conductance per unit area, 𝜎𝑖  is intracellular conductivity, 𝜎𝑒  is the 

extracellular conductivity. If the cell membrane is assumed to be a pure dielectric, which means 

𝐺𝑚 =0, then 𝑔(𝜎)=1. 

t is the time after applying electric pulse,  𝜏 is is the membrane charging time: 

                                                         𝜏 = 𝑔(𝜎)𝑟𝐶𝑚(
1

𝜎𝑖
+

1

2𝜎𝑒
)                                   (4) 

In most cases, the charging time is much shorter than electric pulse, thus exp (
−𝑡

𝜏
) is negligible. 

Therefore, for sphere cells eqn. (1) can be simplified as: 

                                                            𝛥𝑉𝑚 = 1.5𝑟𝐸𝑒𝑐𝑜𝑠𝜃                                      (5) 

Electroporation occurs when the transmembrane potential ΔVm exceeds a critical threshold of 

around 0.25V, so that the membrane becomes permeable by formation of pores
31

. 

Reversible electroporation is the use of a moderate externally electrical field to increase 

electrical conductivity and permeability of the cell plasma membrane, thus permitting cellular 

internalization of exogenous materials while keeping cells’ normal function. Nanopores are 

formed upon the application of the external electric filed, and resealed after switching off the 

voltage. Reversible electroporation has become the most extensively-utilized physical method 

for introducing foreign genes into cells, when reasonable cell viability is required for successful 

gene expression. Many studies have been done in order to achieve the balance between the gene 

transfection efficiency and cell viability
32, 33

. Electroporation has also been used for transdermal 

drug delivery. Iontophoresis is the use of continuous low-voltage electric pulses for introduction 

of ionizable drugs, it usually used for improving the transport of some small molecules
34

. For 
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delivery of large drug molecules, short high-voltage electric pulse can be used to induce the 

formation of nanopores large enough for macromolecules transport. Electroporation in 

combination with chemotherapeutic agents has progressed to the stage of clinical trials and is of 

highly potential value in medical application.  

Microfluidic devices provided a convenient platform for cell electroporation and 

subsequent post-electroporation manipulations. One common microfluidic cell electroporation is 

achieved by trapping cells in a channel recesses or microscaled structure that smaller than cell 

dimension within a microfluidic chip, and followed by applying an electric pulse to the trapped 

cells
35, 36

. Flow through electroporation has been also developed to provide a way for continuous 

and high throughput of microfluidic electroporation, cells are electroporated when they are 

flowing through the channel and collected from the outlet for further analysis
37, 38,

 
39, 40

. Cells are 

able to seed on the fibronectin pretreated microfluidic channel bottom within several minutes 

after flowing them into the channel, no need of any special structure or external force for cell 

trapping, subsequent electroporation was performed
41, 42

.   

In this report, we demonstrate electroporation as an efficient and reproducible method for 

QD delivery and intracellular targeting. As we discussed above, electroporation (i.e. the 

application of an external electric field for permeabilization of the plasma membrane) is 

commonly used for gene transfer and drug delivery in vitro and in vivo
43-47

. Several groups have 

investigated the delivery of QDs into cells by electroporation previously
18, 48-50

. These works 

included little optimization of the conditions and involved production of biomolecule/QD 

conjugates in vitro in the cases of studying the behavior of the biomolecule. In here, we 

demonstrate intracellular tracking of native molecules inside live cells with electroporation-

delivered QDs that are functionalized with a targeting antibody. We show systematic 
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optimization of the conditions under which electroporation delivers a high density of QDs into 

the cytosol, without involving endocytosis. The amount of QD delivery is strongly affected by 

the electric parameters. By conjugating the QD surface with anti-kinesin antibody, we are able to 

visualize the dynamic motion of native kinesin (a linear motor protein supporting transportation 

of cellular cargos) at the single molecule level. We envision that electroporation can be applied 

as a simple physical tool for targeting intracellular molecules using functionalized QDs.   

 

2.2 MATERIALS AND METHODS 

Microchip Fabrication.  

The microfluidic channel was fabricated using soft lithography
51

. Briefly, microscale 

patterns were designed by computer software (FreeHand MX) and then printed out on 

transparencies at high-resolution (5080 dpi), which were used as photomasks in 

photolithography. The microscale patterns on the transparency were then transferred to a 

negative photoresist SU8 2025 (Microchem Corp.) on a 3-inch silicon wafer after exposure and 

development (“the master”). A layer (∼5 mm thick) of polydimethylsiloxane (PDMS, General 

Electric Silicones RTV 615, MG chemicals) prepolymer mixture with a mass ratio of A:B=10:1 

was poured onto the master and then baked in an 80 ºC oven for 1 h. The cured PDMS replicas 

were then peeled off from the master, punched for inlet and outlet holes, oxidized by plasma 

treatment and bonded to a pre-cleaned and oxidized glass slide. Finally, the whole device was 

baked at 80 ºC for additional 1h to strengthen the bonding between PDMS and glass. 

 



15 
 

 

Cell culture.  

Chinese hamster ovary (CHO-K1) cells (ATCC) were cultured in Hams F12K medium 

(Life Technologies) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 100 

mg/mL streptomycin (Sigma), and placed in a humidified cell incubator with 5% CO2 at 37 ºC. 

Cells were subcultured at a ratio of 1:10 every 2 days to maintain their exponential growth phase. 

They were collected in culture medium after detaching from the flask bottom with Trypsin-

EDTA (Sigma). The cells were finally resuspended in the culture medium at a concentration of 

1x10
7
cells/mL. 

 

Cell seeding and culture in the microchannel.  

The seeding and culture of cells in a microfluidic channel for a duration of several days 

have been well practiced
42

 . CHO-K1 cells suspended in the medium were loaded into the 

channel which had been treated by 100 μg/ml fibronectin (Sigma) at 37 ºC for 1 h to facilitate the 

adhesion. Cells entered the channel under gravity and attached to the channel bottom within 1 h. 

Then we incubated the microfluidic channel in a humidified, 5% CO2, 37 ºC incubator overnight 

before further experiment. A 200 μl pipette tip filled with fresh medium was inserted into one 

reservoir of the channel to provide continuous gravity-driven perfusion of the medium to support 

cell growth.  

 

Preparation of Tat-QDs and anti-kinesin-QDs.  
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Trans-activator of transcription (TAT)-biotin (Anaspec) was incubated with streptavidin-

QD 605 (cat. #Q10101MP, Life Technologies) with a molar ratio of 20 : 1 for 30 min in cell 

medium before use. Anti-kinesin monoclonal antibody (Sigma) was linked to amino 

functionalized PEG-QD 605 using the Qdot antibody conjugation kit (cat. #Q22001MP, Life 

Technologies) following the manufacturer instructions. Briefly, the antibodies were reduced by 

dithiothreitol (DTT) and the QDs were activated using succinimidyl trans-4-

(maleimidylmethyl)cyclohexane-1-carboxylate (SMCC). Then the conjugation reaction 

proceeded by coupling thiols present in the reduced antibodies to reactive maleimide groups on 

the SMCC-activated QDs. The conjugates were purified using a separation media column and 

stored in PBS (pH=7.4) at 4 ºC. 

 

Internalization of Tat-QDs into cells.  

CHO-K1 cells were cultured in the microfluidic channel overnight. The cell culture 

medium was replaced by 20 nM Tat-QDs in the medium. The channel was then incubated at 37 

ºC or 4 ºC for 30 min before flowing PBS to remove excessive Tat-QDs.  

 

Electroporation.  

PEG-QDs or anti-kinesin-QDs suspended in an electroporation buffer (8 mM Na2HPO4, 

2mM KH2PO4, 1 mM MgSO4∙7H2O and 250 mM sucrose, pH=7.4) flowed into the 

microfluidic channel at 2.5 µl/min, followed by applying electric pulse(s) of defined field 

intensity and duration via two Pt electrodes inserted in the two reservoirs at both ends of the 
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channel. Unless otherwise noted, a concentration of 160 nM was used for PEG-QDs to study the 

delivery efficiency. A low concentration of 20 nM (for PEG-QDs or anti-kinesin-QDs) was used 

in the single QD tracking experiments. Millisecond pulses were generated by a power supply 

(PS350, Stanford Research Systems, Sunnyvale, CA) connected with a relay (5501, Coto 

technology, North Kingstown, RI) which was controlled by a data acquisition card (PCI-6254, 

National Instruments, Austin, TX) via LabVIEW program
42

. At 0.5 h after electroporation, 

excessive QDs were washed away by flowing cell culture medium into the channel. The cells 

were cultured in an incubator for 2 h before examination of fluorescence and 24 h before 

determining the cell viability. We examined the cell viability (in percentage) by calculating the 

number of live cells in the channel at 24 h past electroporation divided by the original cell 

number before electroporation and then normalizing the value against a control sample that did 

not experience electroporation. 

 

TEM sample preparation.  

Cells containing electroporation-delivered QDs were prepared by flow through 

electroporation
52

, which provided high throughput needed to obtain enough cell sample for TEM. 

Cells (with internalized QDs by endocytosis or electroporation) were fixed in 3% glutaraldehyde 

in 0.1M sodium cacodylate buffer (pH=7.4) for 2h at 4 ℃, and postfixed in 1% osmium tetride in 

0.1M sodium cacodylate for 1h. Then, cells were dehydrated in ethanol series and propylene 

oxide, followed by infiltration with poly/bed 812 embedding resin. Cell samples were placed in 

60 ℃ oven for at least 48h to cure. Samples were sectioned by ultramicrotome (Leica Ultracut 
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UCT) for ultrathin sections (~50 nm). Electron micrographs were taken on JEM 1400 

transmission electron microscope (JEOL Ltd., Tokyo, Japan) operated at 80 kV. 

 

Live cell imaging and single QD tracking.  

An inverted fluorescence microscope (IX-71, Olympus) equipped with a 40X dry 

objective, a mercury lamp and a CCD camera (ORCA-285, Hamamatsu) was used to obtain 

phase contrast and fluorescent images. For fluorescent imaging, the excitation light from the 

mercury lamp was filtered by a D480/40 filter (Chroma Technology), and the emission signal 

was filtered by a D605/40 filter. The delivery efficiency of electroporation was defined by the 

average number of delivered QDs per cell and measured 2 h after electroporation.  

A 488 nm laser (Spectra-physics Cyan™ OEM laser, 50 mW) with attenuated intensity 

by neutral density filters (Newport) was used as the excitation source for laser-induced 

fluorescence imaging for single QD tracking. The laser beam was expanded by a factor of 4 in its 

diameter by a pair of lenses. Another lens was used to focus the laser beam at the back focal 

plane of the objective (60X) before it entered the microscope through a side port and was 

reflected by a 505DCLP dichroic beam splitter (Chroma Technology). Cells in the microfluidic 

channel were illuminated by paraxial rays in a circular region with a diameter of ~10 μm. The 

emitted fluorescence light was collected by the same objective and filtered by the D605/40 

emitter before it was recorded by the CCD camera. Image sequences were captured at a rate of 

60 ms per frame.   
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Data analysis.  

Particle Tracker plugin in ImageJ was used to analyze the image series of anti-kinesin-

QDs or PEG-QDs by tracking the locations of the QDs in each frame. The localization of a QD 

in a frame was established by fitting the fluorescence image of the QD using a Gaussian and the 

center of the Gaussian was considered as the QD location
53

. By connecting the locations in all 

frames, the moving trajectory of a QD over a period was established. The x(t), y(t) positions of 

QDs in each frame were determined and exported by ImageJ software. The x(t), y(t) information 

of a QD was then imported into a MATLAB program for calculation of the mean square 

displacement (MSD) using the below equation
54

: 

                                                         𝑀𝑆𝐷(𝑛𝛥𝑡) =
1

𝑁
∑ ((𝑥𝑖+𝑛 − 𝑥𝑖)2 + (𝑦𝑖+𝑛 − 𝑦𝑖)2)𝑁

𝑖=1  

Where N is the total number of frames, Δt is the interval between frames, xi and yi are the 

positions on i
th

 frame. MSD was then plotted against time, a linear dependency of MSD on time 

indicates pure Brownian diffusion and a parabolic curve suggests that the movement is directed. 

MSD was fitted to 4Dt+v
2
t
2
 to generate the diffusion coefficient D and the drift velocity v. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Electroporation-based Delivery of QDs into Cells.  

We used a microfluidic channel for electroporation to facilitate integration of QD 

delivery, cell culture and fluorescence imaging. The experimental setup is shown in Fig. 2.1A. 

Chinese hamster ovary (CHO) cells were seeded at the bottom of the channel (with dimensions 

of 150 µm × 30 µm× 3.8 mm) and cultured for 1 d prior to electroporation delivery of QDs. Two 
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Pt wires were inserted in the reservoirs at the ends of the channel for applying millisecond pulses 

to the cultured cells. Fig. 2.1B shows COMSOL modeling of the electric field within the device. 

The field intensity E within the cell seeding area was very uniform and determined by V/L (V is 

the applied voltage across the channel and L is the channel length). Fig. 2.1C shows DIC, 

fluorescent and overlay images of the typical results after electroporation delivery of QDs (~15-

20 nm in diameter after surface functionalization). A high density of QDs were present primarily 

in the cytosol after the electroporation delivery and 2 h culture, due to the fact that QDs are much 

larger than the size of the nuclear envelop pores (~9 nm) 
55

. Z stacks taken by confocal laser 

scanning microscopy confirmed that the delivered QDs were primarily inside the cytosol instead 

of on the cell surface (SI Movie S2.1). 

 

 

 

 

 

 

 

 

 



21 
 

 

Figure 2.1 Electroporation-based delivery of QDs into cells. (A) The setup for electroporation-

based QD delivery. A microfluidic channel facilitated application of electric pulses of 

millisecond durations and observation of intracellular dynamics. The dimensions of the channel 

were 150 µm (W) × 30 µm (D) × 3.8 mm (L). (B) Field intensity within the channel (including 

the reservoirs at the ends) modeled by COMSOL Multiphysics 4.3. The electrical potential 

applied to the channel was set to be 380 V. (C) Representative images of CHO cells with 

electroporation-delivered PEG-QDs after a pulse of 1000V/cm and 10 ms. 
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2.3.2 Electroporation Delivery of QDs Does Not Involve Endocytosis 

We show conclusive evidence that electroporation delivery of QDs does not involve 

endocytosis or endosomes. Such trait is critical for the use of QDs for intracellular targeting of 

native biomolecules. We tested QDs with two different coatings for their delivery by incubation 

or electroporation in our study. PEG-QDs (Life Technologies, cat. #Q21501MP) were QDs 

coated with amine-derivatized poly(ethylene glycol) (PEG) which prevented non-specific 

interactions. TAT-QDs were made by conjugating streptavidin coated QDs (Life Technologies, 

cat. #Q10101MP) with biotin-TAT via streptavidin-biotin interaction. TAT (Trans-Activator of 

Transcription, encoded for by the tat gene in HIV-1) is a cell penetrating peptide that facilitates 

entry into cells via macropinocytosis, a specialized and fluid-phase form of endocytosis
14

. As 

shown in the left panel of Fig. 2.2A, TAT-QDs entered cells spontaneously at 25 ºC but not at 4 

ºC because endocytotic pathways were suppressed at the low temperature
56-58

. In comparison, 

PEG-QDs presented no uptake into the cells at either temperature (shown in the central panel of 

Fig. 2.2A), due to the lack of suitable surface functionalization. However, by applying a pulse 

with a duration of 10 ms and an intensity of 1000 V/cm, PEG-QDs could be readily delivered 

into cells by electroporation at both 25 and 4 ºC (the right panel of Fig. 2.2A). Similar results 

were got for Hela cells (Fig. 2.3) when we used transferrin (Alexa Fluor 488 conjugated) as an 

endocytosis labeling. These results suggest that electroporation-based delivery is completely 

independent of endocytic pathways. To determine whether QDs delivered by electroporation are 

enclosed in vesicular compartments inside the cells, transmission electron microscope (TEM) 

images of cells after QD delivery by endocytosis or electroporation (Fig. 2.2B) were taken. The 

left panel of Fig. 2.2B shows that electroporation-delivered PEG-QDs were scattered in the 
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cytosol without enclosure by membranes. In the contrast, TAT-QDs delivered via endocytosis 

were distributed inside vesicles, as shown in the right panel of Fig. 2.2B.  

 

 

Figure 2.2 Electroporation-based delivery in CHO cells does not involve endocytosis. (A) 

Fluorescence images that examined the delivery of QDs of different coatings (PEG or TAT 

peptide) into CHO cells by either incubation or electroporation at different temperatures (4 and 

25 ºC). (B)TEM images of cells with QDs delivered by electroporation (left) or endocytosis 
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(right). The locations of QDs are indicated by the red arrows. The electroporation was conducted 

with a single pulse of 1000 V/cm and 10 ms with PEG-QDs used. The endocytosis delivery was 

conducted by incubating TAT-QDs with CHO cells for 30 min. 

 

 

 

Figure 2.3 Electroporation-based delivery in Hela cells does not involve endocytosis. Hela cells 

with fluorescent labels by incubation or electroporation at different temperatures (4 and 25 ºC). 

Electroporation was done with a single pulse of 1000 V/cm and 10 ms. The incubation time was 

30 min. 
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2.3.3 The Dependence of QD Delivery and Cell Viability on Electric Parameters of 

Electroporation 

We investigated the dependence of QD delivery and cell viability on electric parameters 

of electroporation including the pulse duration, the pulse intensity and the pulse pattern. The 

number of QDs delivered per cell was calibrated based on the fluorescence intensity emitted (Fig. 

2.4). In general, increased pulse duration and intensity led to higher loading of QDs and lower 

viability. Fig. 2.5A shows the electroporation delivery with a single pulse of 15 ms duration and 

various pulse intensities (400-1500V/cm). The delivery of QDs varied  from 60/cell at 400V/cm 

to 1100/cell at 1500 V/cm and the percentage of viable cells after such delivery changed from 71% 

at 400 V/cm to 42% at 1200 V/cm, and to 8% at 1500 V/cm. Under a constant pulse intensity 

(1000 V/cm), the pulse duration also strongly affects the results (Fig. 2.5B). QD delivery 

increased from 35/cell with 1 ms duration to 1000/cell with 20 ms while cell viability decreased 

from 93% to 32% at the same time. As shown in Fig. 2.5C, the increase in the number of pulses 

improved the delivery (i.e. the number of QDs per cell increased by roughly 20% each time 

when one additional pulse was applied). 

 The delivery of QDs by electroporation has some unique characteristics compared to the 

delivery of macromolecules (such as DNA) by electroporation. Fig. 2.5D shows that a long pulse 

duration was critical for efficient delivery. With the total electroporation duration being equal, a 

single 20 ms pulse delivered significantly more QDs into cells compared to a combination of 

short pulses (e.g. a 20 ms pulse delivered 1000 /cell QDs while two 10ms pulses delivered 

460/cell and four 5 ms-pulses resulted in 280/cell). This is likely to be related to the fact that 

pores with fairly large sizes (e.g. >15-20 nm) are required for QD delivery while they only 

account for a very small fraction of all pores and a long pulse duration is critical to increase their 
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availability
59, 60

. Furthermore, higher concentration of QDs in the electroporation solution 

substantially increases the delivery under the same electroporation conditions (Fig. 2.5E). This is 

also in sharp contrast to the fact that the delivery of DNA by electroporation plateaus with high 

DNA concentrations
61

 . Under our conditions, in order to deliver 100 to 1000 QDs/cell, the cell 

viability roughly varies between 70% and 20%, depending on the parameters selected. The 

fluorescent images of QD delivery into cells at different electroporation field intensity with same 

duration were shown in Fig. 2.6. At stable electric filed intensity, the fluorescent images 

reflecting the dependence of QD delivery on pulse duration were shown in Fig. 2.7. 

 

Figure 2.4 The standard curve for linking the number of QDs with the fluorescence intensity 

emitted. This relationship was established by manual counting of the number of single QDs 

(encapsulated in cells) and integrating the corresponding fluorescence in an image taken by a 

CCD camera 
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Figure 2.5 The dependence of QD delivery efficiency and cell viability on: (A) Pulse intensity; 

(B) Pulse duration; (C) Pulse number (with each pulse having a duration of 5 ms and interval(s) 

of 1 s between pulses); (D) Pulse pattern (with a total pulse duration of 20 ms and interval(s) of 1 

s between pulses in the cases of multiple pulses); and (E) QD concentration in the 

electroporation buffer. The pulse duration for (A) and (E) was 15 ms. The pulse intensity for (B), 

(C), (D) and (E) was 1000 V/cm. The concentration of QDs used in (A), (B), (C) and (D) was 

160 nM. The red curves are associated with the cell viability while the black curves are 

associated with the number of QDs per cell. 
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Figure 2.6 The fluorescent images showing the dependence of QD delivery on electric pulse 

intensity. The pulse duration was 15 ms. The concentration of QDs was 160 nM.  
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Figure 2.7 The fluorescent images showing the dependence of QD delivery on electroporation 

pulse duration. The pulse intensity was 1000 V/cm. The concentration of QDs was 160 nM.  

 

2.3.4 Single QD Tracking to Study the Motility of Native Kinesin. 

Taking advantage of the endocytosis-independent delivery by electroporation, we 

demonstrated intracellular targeting of native molecules using QDs to study single molecule 

motility. The vast majority of existent works on using QDs to study intracellular molecules 

involve production of biomolecule/QD conjugates in vitro  and their subsequent internalization 

into cells before studies 
12, 17, 20, 21, 23, 24

. However, it would be advantageous to directly label and 
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study endogenous intracellular molecules, in order to avoid synthesis/purification of complex 

biomolecules in vitro and permit probing of these molecules in their natural setting. We used 

electroporation-delivered QDs to label and characterize the movement of native kinesin in live 

cells. Kinesin is a well-studied motor protein that moves linearly along microtubule filament, 

powered by hydrolysis of ATP
62-64

. Amine-derivatized PEG-QDs were linked to anti-kinesin 

antibody through amine-thiol bonding using the Qdot antibody conjugation kit from Life 

Technologies (cat. #Q22001MP). Compared to biotin-streptavidin, this covalent conjugation 

offers stronger link to minimize antibody-QDs dissociation in the reducing intracellular 

environment
65

. QDs conjugated with anti-kinesin antibody were delivered into CHO cells by 

electroporation with a single pulse of 800 V/cm and 15 ms duration. The cell viability in this 

case was ~60%. The adherent and live cells at the bottom of the microfluidic channel (after 

electroporation delivery of anti-kinesin-QDs) were illuminated by a 488 nm laser that was 

focused at the back focal plane of a 60X objective for epi-illumination. As shown in Fig. 2.8A, 

the laser illumination spot was roughly 10-15 µm in the diameter and covered a part of a cell. 

The QD density was low in this case (~100-200 QDs in a cell and <20 QDs in the laser spot, due 

to using a QD suspension of a low concentration 20 nM to facilitate single QD tracking). All 

QDs located outside the nucleus, consistent with high-load delivery shown in Fig. 2.1C and 2.2A. 

In Fig. 2.8B and 2.8C, the fluorescence emitted by single QDs could be seen clearly in the 

intracellular space. With the 60X objective used, we generally considered single separate 

fluorescent dots with independent motions as single QDs. Given the low density of QDs in the 

cell (as shown in Fig. 2.8A), there is a very low probability for QD aggregation or having 

multiple kinesin molecules interacting with the same QD and microtubule. The intensities and 

profiles of the fluorescence emitted by these single QDs varied with their intracellular locations 
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and motions during the exposure time of a particular image. By taking time-lapse image series, 

we were able to track the movement of these QDs over time. We found that a fraction (~5%) of 

the anti-kinesin coated QDs experienced linear movement, by binding to native kinesin 

molecules which moved along the microtubule filament. We attribute this low percentage of 

successful labeling of native kinesin movement by QDs to two requirements: 1) The delivered 

anti-kinesin-QDs are in the proximity of native kinesin and able to bind to the molecules; 2) The 

bound QD-kinesin complexes are in the proximity of microtubule filaments and able to bind to 

the microtubule surface. These two requirements needed to be satisfied simultaneously in order 

for successful targeting to occur. Fig. 2.8 B shows a representative example of QD moving in a 

linear trajectory (with small perturbation created by thermal motion). The QD was originally at 

the upper right of the image frame (left panel, t=0), and eventually moved to the lower center 

(right panel, t = 4.50 s). As a control, when PEG-QDs were delivered into cells, we did not 

observe any linear movements by QDs and instead random walk of QDs due to Brownian 

motion
66

 was observed for all QDs (Fig. 2.8C). We analyzed the image series by tracking the 

locations of the QDs in each frame.  By connecting the locations in all frames, we were able to 

establish the moving trajectory of a QD over a period. In Fig. 2.8D, we show some examples of 

these trajectories observed with electroporation-delivered anti-kinesin coated QDs and PEG-QDs.  

In Fig. 2.8E, we used Mean Square Displacement (MSD) analysis to characterize these 

trajectories
67-69

. MSD analysis separately extracts diffusion and drift elements of a particle’s 

motion. The MSD plot (red circles) generated by anti-kinesin antibody coated QDs that carried 

on linear motion fit to a parabolic curve (R
2
=0.992), indicating that their motions were governed 

by both diffusion and drift. The calculated mean diffusion coefficient D is 0.032 ± 0.005 µm
2
/s 

and the mean drift velocity v is 0.54 ± 0.01 µm/s. In contrast, for PEG coated QDs, the fitting of 
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the MSD plot (green diamonds) was linear (R
2
=0.951), indicating a pure Brownian motion, with 

the mean diffusion coefficient of 0.048 ± 0.003 µm
2
/s. These diffusion coefficients and drift 

velocities match the range reported in the literature (D=0.03-0.04 µm
2
/s, v=0.46-0.78 𝜇m/s)

23, 63, 

68, 70
. Movies on the QD movement are provided in SI (linear movement of anti-kinesin-QDs 

(Movie S2.2) and random movement of PEG-QDs (Movie S2.3)).  
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Figure 2.8 Single QD tracking to study the motility of native kinesin. The experiment was 

conducted at room temperature. (A) Fluorescence/phase contrast overlay of a cell delivered with 

anti-kinesin-QDs by electroporation. The illumination of the 488 nm laser covered the circled 

area. (B) The laser-induced fluorescence images of single QDs at t = 0 (left) and 4.5 s (right). 

The yellow line in the right panel shows the trajectory of an anti-kinesin-QD during the period 

(0-4.5s). (C) The green line in the right panel shows the trajectory of a PEG-QD during the 

period (0-4.5s). (D) Typical trajectories of linear motions by anti-kinesin-QDs (exhibited by 

roughly 5% of delivered QDs) and random motions of PEG-QDs. (E) The MSD of single anti-

kinesin-QDs and PEG-QDs plotted against time. The plot of anti-kinesin-QDs (red circles) can 

be fitted to a parabolic curve (blue line), which indicates diffusion combined with directed drift 
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MSD=4Dt+v2t2. The plot of PEG-QDs (green diamonds) has linear trend (black line), which 

suggests a random diffusion as described by MSD=4Dt. Each MSD plot was constructed with 

time-lapse data from 8 single QDs. 
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2.4 CONCLUSION 

We demonstrate that electroporation provides a robust approach for delivering QDs into 

the cytosol without encapsulation of vesicles. The exposed QDs, when coated with an 

appropriate antibody, may bind to native intracellular molecules and allow study of the 

molecular activity inside live cells. Electroporation is a simple procedure that can be applied to a 

cell population. By tuning the operational parameters, we can preserve the functionality and 

viability of a substantial fraction of the cell population for subsequent cellular studies. 

Electroporation has very little dependence on the cell type and can be applied in vitro or in vivo. 

Combined with laser-induced fluorescence microscopy and single particle tracking, our approach 

is particularly suitable for probing the dynamics of single molecules and organelles in live cells.  
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CHAPTER 3: ELECTROPORATION-DELIVERED 

FLUORESCENT PROTEIN BIOSENSORS FOR 

PROBING MOLECULAR ACTIVITIES IN CELLS 

WITHOUT GENETIC ENCODING 

 

 

3.1 INTRODUCTION  

Fluorescence resonance energy transfer (FRET) based fluorescent protein biosensors 

have been widely used for visualization of molecular activities in live cells in real time with high 

spatiotemporal resolution
1-3

. FRET occurs when two fluorophores in close proximity undergo 

non-radiative transfer of energy from an excited donor fluorophore (more blue shifted) to an 

acceptor fluorophore (more red shifted). FRET-based biosensors exploit this physical 

phenomenon and translate a specific biochemical event, such as protein phosphorylation 
4, 5

, 

GTPase activities 
6, 7

, and ion concentration 
8
, into a conformational change in the biosensor (i.e. 

alteration in the distance and/or orientation between two fluorescent proteins) and subsequently a 

change in the optical signal. However, the use of fluorescent protein biosensors (i.e. biosensors 
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constructed by fusing fluorescent proteins to biopolymers) has been largely limited to genetically 

modified cells created by delivering and expressing a plasmid form of the biosensor. The genetic 

encoding typically requires a sizable cell population to start in order to achieve successful 

transfection and high cell viability and functionality after the procedure. This limitation renders 

the application of fluorescent protein biosensor technology to scarce cell samples (e.g. primary 

cells from animals and patients) impractical. To further complicate the situation, primary cells 

are in general harder to transfect than cell lines because they divide slowly or do not divide. This 

requirement of genetic encoding needs to be removed in order to extend the use of fluorescent 

protein biosensors to clinical diagnosis and prognosis. 

    In this study, we deliver a FRET biosensor in its protein form into cells using 

electroporation. Electroporation refers to the use of an external electric field for permeabilizing 

the cell membrane and permitting cellular uptake of macromolecules or nanoparticles
9
. 

Electroporation is most commonly used for gene transfer and drug delivery in vitro and in vivo
9-

11
 and several studies have also demonstrated its use in protein delivery

12-15
. Electroporation does 

not involve endocytosis (i.e. encapsulation of delivered molecules in vesicles) so that the 

delivered biosensor can be directly exposed to intracellular molecules for detection. Furthermore, 

electroporation is a physical method that has little dependence on cell types and is suitable for 

processing cell populations of various sizes. By delivering the protein form of the biosensor, our 

procedure does not require transfection and expression of a plasmid vector thus is particularly 

suitable for samples containing a low number of cells. As a proof-of-principle, we deliver 

ECFP/YPet (enhanced cyan fluorescent protein/a variant of yellow fluorescent protein) paired 

Src biosensor in its protein form into mouse embryonic fibroblast (MEF) cells by electroporation 

for detecting intracellular Src activity. Src is a protein tyrosine kinase that plays critical roles in a 
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variety of cellular activities, including cell adhesion, migration and cancer invasion and 

metastasis 
16

. We show that electroporation-delivered Src biosensor reports Src activity in the 

entire cell with very similar sensitivity and spatial resolution to those obtained by genetically 

encoded biosensors. Our technology will greatly expand the application of fluorescent protein 

biosensors to cell samples that are scarce and hard to transfect. 

 

3.2 MATERIALS AND METHODS 

Microfluidic chip fabrication.  

The microfluidic channels for electroporation were fabricated using standard soft 

lithography, as described in our previous paper
17

. Briefly, photomasks with microscale patterns 

designed by computer software (FreeHand MX) were printed out on transparencies at high-

resolution (5080 dpi). The designed micro-patterns were then transferred to 3 inch silicon wafers 

(University Wafer) to form masters using a negative photoresist SU8 2025 (Microchem Corp.) 

after exposure and development. A layer (∼5 mm thick) of polydimethylsiloxane (PDMS, 

General Electric Silicones RTV 615, MG chemicals) prepolymer mixture with a mass ratio of 

A:B=10:1 was then poured onto the master and baked in an 80 ºC oven for 1 h for curing. PDMS 

replicas were peeled off from the master and punched for inlet and outlet holes. PDMS and a pre-

cleaned glass slide were then oxidized by plasma treatment and put in contact for bonding. 

Finally, the bonded PDMS and glass pieces were baked at 80 ºC for 1 h to increase the bonding 

strength between them. 

 

Cell culture. 
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Wild type mouse embryonic fibroblasts (MEF) or Src/Yes/Fyn triple-knockout (SYF-/-) 

version of MEF cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Life 

technologies) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 100 mg/mL 

streptomycin (Sigma) in a humidified cell incubator containing 5% CO2 at 37 ºC. Cells were 

subcultured every 2 d at a ratio of 1:10 to maintain their exponential growth phase. They were 

collected in culture medium after detaching from the flask bottom by Trypsin-EDTA (Sigma).   

 

Src FRET biosensor (the protein form) production.  

The construct of the Src FRET biosensor has been described previously
18,19

. N-terminal 

6x His tag fusion biosensor protein was produced in Escherichia coli and purified by nickel 

chelation chromatography as described in previous publications
18,19

. Briefly, pRSETb vector 

containing the Src biosensor was transformed into BL21 (DE3) (Promega). A bright colony was 

picked under the excitation light with wavelength of 480 nm and grown in 50 mL LB broth 

supplemented with 100 𝜇M ampicillin at 37 ℃ with 250 rpm shake for 4-8 h till OD600 of 0.2-

0.4. Following the initial growth, the culture of the bacterial cells was continued in 200 mL LB 

broth supplemented with 100 𝜇M ampicillin and 0.4 mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) with shaking (250 rpm) at 25℃ or room temperature for overnight to induce protein 

expression. After harvesting cells by centrifugation, the Src protein biosensor was extracted 

following lysis of bacteria in 8mL B-PER (Pierce) with ¼ protease cocktail tablet (Sigma) and 

100 𝜇M phenylmethylsulfonyl fluoride (PMSF), and purified by 0.5 mL Ni-NTA agarose beads 

(Qiagen) in a flow through column. The bound protein was then eluted with an elution buffer 

(50mM Tris HCl pH=7.4, 300mM NaCl, 100mM imidazole) and dialyzed twice at 4 ℃ for 

overnight. 
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Delivery of the Src biosensor (the protein form) into cells by microfluidic electroporation.  

MEF or SYF-/- cells were resuspended in an electroporation buffer (8 mM Na2HPO4, 

2mM KH2PO4, 1 mM MgSO4∙7H2O and 250 mM sucrose, pH=7.4) at a concentration of 

1x107cells/mL. Purified Src biosensor protein was added into the electroporation buffer to 

generate a final concentration of 2 𝜇M. Fibronectin (Sigma) in PBS with a concentration of 100 

mg/ml was used to pretreat the microfluidic channel for 1 h at 37 ℃ to facilitate cell adhesion. 

The cell suspension (containing the Src biosensor) was then loaded into the microfluidic channel 

from one end by gravity. We conducted electroporation after incubating the cells in the 

microfluidic channel for 15 min at room temperature, so that cells had attachment to the channel 

bottom but remained round without full adhesion. 

Electroporation was carried out via two platinum wires placed in the two reservoirs at the 

ends of the microfluidic channel (W150 µm × D40 µm× L3.8 mm). Millisecond pulses were 

generated by the setup shown in Fig. 3.1B. The voltage V was set by the power supply and the 

pulse intensity was calculated by V/L. Pulse durations were controlled by a relay (5501, Coto 

technology, North Kingstown, RI) that was operated by a data acquisition card (PCI-6254, 

National Instruments, Austin, TX) via LabVIEW software. The generated square pulses were 

verified by an oscilloscope. At 0.5 h after electroporation, fresh 0.5% FBS cell culture medium 

was flowed through the device slowly to wash away excessive Src biosensor and supply nutrients 

to the cells. We incubated the cells (inside the microfluidic channel) in a humidified, 5% CO2, 

37 ºC incubator for 36 h (while attaching a cut pipette tip that held the culture medium for slow 

perfusion over the period)
20,21

, before PVD stimulation and observation of the Src activity using 

fluorescence microscopy. 
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Pervanadate (PVD) stimulation  

Serum-starved cells (by incubation with 0.5% FBS for 36 h) were washed by flowing 

through the channel with PBS slowly. Fresh 100X pervernadate (PVD, 10 mM) was prepared by 

mixing 10 µl of 0.25 M sodium orthovanadate (Sigma) solution in PBS with 28 µl of 30% 

hydrogen peroxide (H2O2) (Alfa Aesar) and 212 µl PBS and incubating at room temperature for 

10 min. The 100X PVD was diluted by 100 times by PBS to get a working concentration of 100 

𝜇M (1X) for cell stimulation. Freshly-made 1X PVD solution was then flowed into the 

microfluidic channel at 2.5 µl/min for 2 min. Then a cut pipette tip filled with 1X PVD solution 

was inserted into one end of the channel to provide a continuous supply of PVD for cell 

stimulation for 18 min.  

 

Live cell imaging 

An inverted fluorescence microscope (IX-71, Olympus) equipped with 20X and 40X dry 

objectives, a mercury lamp, and a CCD camera (ORCA-285, Hamamatsu) was used for cell 

imaging in the microfluidic channel. Phase contrast images of cells were taken before 

electroporation and at 36 h after electroporation to determine the cell number and thus the cell 

viability in percentage. For fluorescent imaging of the Src biosensor in cells, the excitation light 

(from the mercury) was filtered by a D420/20 filter. To reduce photobleaching, a neutral density 

(ND) filter (30%) was placed in front of the light source. The emission light was filtered by a 

D480/40 filter for ECFP signal collection and a D535/25 filter for YPet signal. The ECFP and 

YPet images were taken at a frequency of one per 2 min after PVD stimulation for 20 min.   
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3.3 RESULTS AND DISCUSSION 

3.3.1 ECFP/YPet Src biosensor and Electroporation-based Delivery of biosensor into Cells.  

We used a sensitive Src FRET biosensor that contained a Src SH2 domain, a flexible 

linker, and a Src substrate peptide, concatenated between enhanced cyan fluorescent protein 

(ECFP) and a variant of yellow fluorescent protein (YPet) 
22

. As shown in Fig. 3.1A, the design 

of the Src reporter allows the juxtaposition of ECFP and YPet to yield a high FRET emitting 

yellow fluorescence. Upon reaction with Src, the Src substrate peptide is phosphorylated and 

then binds to the phosphopeptide-binding pocket of SH2 domain
4, 23

. The associated 

conformational change separates YPet from ECFP and decreases the FRET efficiency, hence 

increasing cyan fluorescence at the expense of yellow fluorescence emission. The reverse 

process occurs under phosphatase activity (Fig 3.1A). In this way, the activity of Src within cells 

can be quantitatively detected and mapped by monitoring the fluorescence emission. The use of 

this fluorescent protein biosensor (under genetic encoding) to visualize spatiotemporal dynamics 

of Src activity at the subcellular level has been demonstrated experimentally
24, 25 

and 

computationally
26, 27

. 
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Figure 3.1 Schematic of the ECFP/YPet Src biosensor and its delivery by electroporation. (A) 

The mechanism of the Src FRET biosensor. The FRET signal varies with the Src activity and 

phosphatase treatment. (B) The setup for electroporation-based biosensor delivery in a 

microfluidic channel. A microfluidic channel facilitates application of electric pulses of 

milliseconds and observation of cellular dynamics. The dimensions of the channel were 150 µm 

(W) × 40 µm (D) × 3.8 mm (L).     

A 

B 
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In order to integrate electroporation delivery, cell culture, and fluorescence imaging, we 

conducted the experiment in a polydimethylsiloxane (PDMS) microfluidic channel (fabricated 

using soft lithography
28

) (Fig. 3.1B). Fibronectin was used to pretreat the channel to facilitate 

cell adhesion and culture 
29-31

. Wild type mouse embryonic fibroblasts (MEF) or Src/Yes/Fyn 

triple-knockout (SYF-/-) version of MEF cells were suspended in the electroporation buffer that 

contained the Src reporter (in its protein form). The cell suspension was flowed into the 

microfluidic channel and millisecond pulses were applied to the cells immediately (before the 

cell adhesion fully occurred). After electroporation, cells were starved in fresh 0.5% FBS cell 

culture media for 36 h before stimulation and recording of the FRET signal. We used 100-200 

cells in each experiment. 

 

3.3.2 The delivery of protein into cells was dependent on electroporation parameters  

IgG is a protein with large size (MW~150kDa), which is about twice larger than the Src 

biosensor we used in our project in terms of MW. We confirmed that pure incubation of large 

protein, such as IgG, with cells would not generate spontaneous uptake of them. But it has been 

demonstrated here that electroporation has ability to delivery large protein into cells by 

examining the fluorescent of FITC, which was used to lable the IgG. The delivery of a protein 

into cells via electroporation was optimized by adjusting electroporation conditions. We also 

investigated the dependence of the protein delivery on electroporation parameters and found that 

higher delivery efficiency of protein (Fig. 3.2 A), and lower cell viability occurred under longer 

duration and stronger field strength. At the same pulse duration (15ms), 800V/cm electric field 
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intensity increased the delivery efficiency by almost 100% compared to that of 600V/cm (Fig. 

3.2 C). Under these conditions, the cell viability experienced a modest drop from 69.5% at 

600V/cm to 52% at 800V/cm. On the other hand, the increase of the protein concentration in the 

electroporation buffer increased the delivery efficiency without increasing cell death (Fig. 3.2 B). 

We showed that the delivery was increased by 180% when we increased the protein 

concentration from 13 µg/ml to 40 µg/ml, as quantified in Fig. 3.2 C. 

 

Figure 3.2 The effects of electroporation parameters on Anti-IgG-FITC protein delivery. (A) 

Higher electric filed intensity generates higher protein delivery efficiency. A single 15 ms 

electric pulse was applied for the electroporation.  (B) Higher protein concentration in 

electroporation buffer solution generates more delivery of protein. The electroporation was done 

at 800V/cm with duration of 15ms. (C) Quantification of the delivery efficiency under various 

electroporation conditions. Delivery efficiency was defined by the average fluorescence intensity 

per area of cells (in arbitrary units) and measured 2 h after electroporation. 
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3.3.3 Intracellular Src activity in response to PVD stimulation was detected by the 

electroporation-delivered Src biosensor. 

We show that electroporation is capable of delivering significant amount of the 

fluorescent protein biosensor into cells and the delivered biosensor is highly functional for 

detecting the molecular activity of Src. Fig. 3.3A shows that Src reporters were delivered into 

both MEF and SYF-/- cells by electroporation. In our experiments, we loaded the cell sample 

into the microfluidic channel in a buffer containing the Src biosensor and then applied 

electroporation for the biosensor delivery. We then cultured the cells in the microfluidic channel 

for 36 h in a culture medium supplemented with only 0.5% FBS (serum starving to prepare the 

cells for stimulation treatment). We applied pervanadate (PVD), a tyrosine phosphatase inhibitor, 

for stimulation to promote Src activitiy
22, 25

. The level of phosphorylation on cellular proteins is 

regulated by the relative catalytic activities of protein tyrosine kinases (PTKs) and protein 

tyrosin phosphotases (PTPs). PVD treatment increases the activities of intracelluar PTKs and 

consequently promotes Src Tyr
416

 phosphorylation by inhibiting the activities of PTPs. The 

phosphorylation in Tyr416 of Src promotes increased access by the Src substrate and facilitates 

substrate phosphorylation 
32, 33

. In Fig. 3.3A, we observed significant FRET signal change before 

and after the treatment by PVD in MEF cells, while no change in SYF-/- cells(with Src 

knockout). We used ratiometric FRET (i.e. ECFP/YPet emission ratio) to measure the FRET 

efficiency in order to minimize the influence on the result from the biosensor concentration, the 

cell size, the energy density of the excitation light, and the instability of optical devices
34

. Fig. 

3.3A shows that the FRET response was roughly uniform inside the MEF cells and this indicates 

that the delivered biosensor was taken up in both the cytosol and the nucleus. There was no 

FRET signal change related to PVD treatment when SYF-/- were used and this suggests that the 
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biosensor was specific. In Fig. 3.3B, the ECFP/YPet ratio in MEF cells increased by 91% within 

20 min after the PVD stimulation (compared to less than 13% in SYF-/-cells). Such temporal 

dynamics match well with previous work using the same biosensor implemented via genetic 

encoding
22

. We found that with a single pulse of 15 ms and 1000 V/cm we were able to achieve 

45-48% viability for both MEF and SYF-/- cells. It is worth noting that our method offered rapid 

turnaround time for the biosensor assay. The electroporation-based delivery of the Src biosensor 

in its protein form was done within 1 h, while it usually takes several days to prepare genetically 

encoded Src biosensor by transfecting cells with the plasmid form of the biosensor. In addition, 

because a significant percentage of cells survive the electroporation and become experimental 

subjects, our method may work with samples of tiny amounts. 
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Figure 3.3 Intracellular Src activity in response to PVD stimulation was detected by the 

electroporation-delivered Src biosensor. (A) Color-coded ECFP/YPet emission ratio mapped 

over an entire cell before and 20 min after PVD treatment with MEF and SYF-/- cells. The 

images were generated using the pseudocolor mode in ImageJ by calculating ECFP/YPet 
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emission intensity ratio at each pixel.  (B) Temporal dynamics of the normalized ECFP/YPet 

emission ratio upon PVD stimulation (at t=0) with MEF and SYF-/- cells. The average emission 

ratio of a cell at t=0 was taken as 1 and the other emission ratios were normalized against this 

value. Trend lines (broken lines) are added to guide the eyes. (Scale bars, 10𝜇m) 

 

3.3.4 The signal from the Src biosensor under various pulse intensities. 

Finally, we investigated the effects of the electroporation conditions on the biosensor   

performance. We used various field intensities (600-1200 V/cm) with a fixed pulse duration (15 

ms) for the electroporation delivery and recorded the FRET signals. As shown in Fig. 3.4A and 

3.4B, the delivery and FRET change were weak when 600 V/cm was used, whereas significant 

Src activity detection was obtained when the field intensity was higher than 800 V/cm, indicating 

successful delivery of the biosensor with the retention of cell functions. The cell viability after 

electroporation dropped when the field intensity increased (from 60% at 600 V/cm to 18% at 

1200 V/cm). To conclude, the electroporation conditions affect the biosensor performance 

mostly by the amount of the delivery. Sufficient amount of biosensor delivery is important for 

the biosensor detection. On the other hand, intensive electroporation conditions lead to increased 

cell death. Thus the electroporation conditions ought to be optimized to strike a balance between 

high cell viability and sufficient biosensor delivery. 
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Figure 3.4 The signal from the Src biosensor under various pulse intensities. (A) Color-coded 

images of ECFP/YPet emission ratios before and 20 min after PVD stimulation. (B) Temporal 

dynamics of the normalized emission ratio of ECFP/YPet upon PVD stimulation at t=0. Trend 

lines (broken lines) are added to guide the eyes. (C) The dependence of the cell viability on the 

field intensities. The Src biosensor was delivered into MEF cells by electroporation under the 

field intensities of 600, 800, 1000 and 1200V/cm in (A), (B) and (C), and into SYF-/- cells by 

1000 V/cm in (B).  The pulse duration was 15 ms. (Scale bars, 10𝜇m) 

 

 



57 
 

 

3.4 CONCLUSION 

In conclusion, we demonstrated that a fluorescent protein biosensor in its protein form 

could be delivered into cells by electroporation with high efficiency and reproducibility. 

Electroporation-delivered Src reporter showed significant FRET signal variation in response to 

Src activity change. Such FRET signal could be mapped spatially and temporally at the single 

cell level. The delivered amount of the biosensor depended on the electroporation conditions. 

Our electroporation-based approach circumvents issues associated with genetic encoding that is 

currently used in the majority of the protein biosensor studies and will enable application of the 

biosensor technology to cells from scarce sources such as animals and human patients. 
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CHAPTER 4: FLUORESCENCE MICROSCOPY FOR 

INTRACELLULAR TRACKING OF 

BIOCOMPATIBLE FLUORESCENT 

NANOPARTICLES 

 

 

4.1 INTRODUCTION  

        Drugs have been used for disease treatment and health improvement for a long time. 

Scientists have long been making efforts on drug design, synthesis and development. More 

recently, plentiful researches have been focused on delivering drugs into organisms as needed to 

safely achieve its desired therapeutic effect. Furthermore, the imaging and tracking of the drugs 

behavior after administration have also been an aspect of researchers’ focus
1, 2

. Biocompatible 

polymeric spheres have drawn considerable attentions as carriers of drugs or imaging particles. 

Most imaging or therapeutic molecules are lowly bioavailable to cells due to their surface 

properties. Encapsulation of drugs into biocompatible polymeric shells has been a solution to this 

problem. Besides, it provides a way to co-enclosing of drugs together with fluorescent or 
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magnetic particles, which enables the imaging and tracking of distribution of the drugs. Many 

groups have reported the use of polymeric nanoparticles for drug encapsulation as well as 

delivery to cells
3, 4

. However, researches focused on the delivery mechanism of polymeric 

encapsulated drugs are lacking.  

        Fluorescent probes provide powerful tools for imaging and tracking particles. Incorporating 

of imaging agents into polymeric nanoparticles facilitates researches on revealing cellular 

entering pathway and intracellular trafficking of them
5
.  In this project, we enclose fluorescent 

particles into the polymeric sphere and tracking their intracellular distributions by fluorescent 

microscopy. Fluorescein was enclosed into the polymeric shell, which was prepared by rapid 

precipitation in a multi-inlet vortex mixer. Fluorescein is organic dye that is soluble in water and 

is able to diffuse through plasma membrane
6-8

. It is cheap and has been long and frequently used 

as fluorescent tracer for many applications
9
. It is important to detect single molecule and monitor 

molecular activities within living cells to characterize intracellular behavior of the molecule. 

Laser induced fluorescence offers means for single particle tracking
10

. However, fluorescein is so 

easy to be quenched that it is not suitable for long-term cellular tracking. Besides, fluorescein is 

able to enter cell without the polymeric coating, so that it’s hard to determine whether it reflects 

the trafficking of the fluorophore-polymer core-shell structure or the fluorescein itself alone.  

        Quantum dots (QDs) are nanosized fluorescent semiconductors that show strong resistance 

to photobleaching, thus they have been candidates for single particle tracking
11, 12

. QDs without 

any modification are not able to be internalized by cells due to their large size and surface 

property. We encapsulated QDs into the polymeric nanoparticle and track their distribution 

within cells over time by fluorescent microscopy. The polymeric coating enables their uptake by 

cells. Mercury UV lamp excited fluorescent images show the intracellular polymeric 
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nanoparticles distribution, but no detailed information can be revealed. Laser induced fluorescent 

images record the single QDs enclosed polymeric nanoparticle’s movement within the cell. It is 

able to reflect the intracellular trafficking of single particles and promising for understanding of 

biodistribution and transport of nanomedicine in vivo. 

 

4.2 MATERIALS AND METHODS 

Well plate fabrication: 

Homemade well plate with glass bottom and PDMS walls were fabricated. A blank silica 

wafer was placed in a petri dish. Weight about 25g PDMS prepolymer mixture with a mass ratio 

of A:B=10:1, and poured it into the petri dish. Degas the PDMS in a vacuum for 2h and transfer 

the petri dish together with PDMS into an 80 ºC oven for 1 h. The cured PDMS replicas were 

then peeled off from the silica, cut into small squares with about 3 cm length of side, punched for 

holes in the center with about 10mm in diameter, oxidized by plasma treatment and bond to a 

pre-cleaned and oxidized glass slide. The glass slide was placed in cleaning solution (water: 

hydrogen peroxide: ammonia=5:1:1) and heated to 75℃ for 3h. During the 3h, the solution was 

stirred with a magnetic stir bar continuously. Rinse the glass slide with ultrapure water and blow 

dry them with clean air. Finally, the whole device was baked at 80 ºC for additional 1h so as to 

increase the bonding strength between PDMS and glass. 

 

Cell culture 
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Hela cells (ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Life 

technologies) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 100 mg/mL 

streptomycin (Sigma), and placed in a humidified cell incubator with 5% CO2 at 37 ºC. Cells 

were subcultured at a ratio of 1:10 every 2 days to maintain their exponential growth phase. They 

were collected in culture medium after detaching from the flask bottom with Trypsin-EDTA 

(Sigma) treatment.  

 

Cell seeding in the well plate 

Hela cell suspension were got from the last step. Determine the cell density by 

haemocytometer, and dilute the cell suspension to 10
4 

cells/ml with medium. Then about 200 

Hela cells suspended in medium (20µl cell suspension) were loaded into the hole of the 

homemade well plate. Extra 50µl fresh medium was added into the well to provide nutrient for 

cell growth. We placed the well plate (together with cells) into a petri dish, and incubated it in a 

humidified, 5% CO2, 37 ºC incubator overnight before further experiment. The purpose of using 

petri dish is to reduce the evaporation rate of medium, thus to make sure sufficient medium for 

cells during the overnight culture. 

 

Incubation of fluorescent nanoparticles with cells 

Polylactide fluorescent nanoparticles with a composition of 8.6 wt% 5(6)-

carboxyfluorescein or 2.6 wt% CdSe-ZnS quantum dots were prepared by Dr. Davis’s group 

(Chemical Engineering, Virginia Tech). The fluorescein incorporated fluorescent nanoparticles 

were suspended in PBS solution with a concentration of 0.04mg/ml or 0.1mg/ml. QDs 

incorporated fluorescent nanoparticles were suspended in PBS with a concentration of 0.1mg/ml. 
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All samples were freshly made, in order to minimize the disassembling if nanoparticle in the 

liquid environment. 

        Hela cells have attached to the bottom of the well plate after culturing for overnight. 

Remove the medium from the well plate and wash the cells with 50µl PBS twice. Add 50µl 

freshly made fluorescent nanoparticles (5(6)-carboxyfluorescein or QDs encapsulated) in PBS to 

cells. Incubate cells together with solution at 37℃ for 1.5 h (QDs) or 3 h (fluorescein). And for 

an endocytosis control group, well plate with cells and suspension of polylactide nanoparticles 

containing QDs was placed on ice/water mixture for 1.5h. Wash cells with PBS twice before 

imaging with fluorescent microscope, during imaging, cells were immersed in PBS. For long-

term tracking, replace the PBS with 50 µl fresh DMEM medium and incubate in 37℃, 5% CO2 

incubator for 16h or 24h before imaging.  

 

Fluorescent nanoparticle imaging 

Inverted fluorescence microscope (IX-71, Olympus, Melville, NY) equipped with a 60X 

oil objective and a CCD camera (ORCA-285, Hamamatsu, Bridgewater, NJ) was used to 

visualize the fluorescent dots in the nanoparticle suspension. Place one drop of fluorescein or 

QDs encapsulated fluorescent nanoparticle suspension to a clean cover slip. Fluorescein or QDs 

were excited by a 488 nm laser (Spectra-physics Cyan™ OEM laser, 50 mW). The emission 

fluorescence was filtered by a D535/40 filter. 
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Live cell imaging 

Inverted fluorescence microscope (IX-71, Olympus, Melville, NY) equipped with a 20X 

dry objective, a mercury lamp and a CCD camera (ORCA-285, Hamamatsu, Bridgewater, NJ) 

was used to obtain phase contrast and fluorescent images. For cellular fluorescent images, the 

exited light source was filtered by a D480/40 filter, and the emission signal was filter by a 

D535/40 filter. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Confirming of the incorporation of fluorescein into polymer nanoparticles by laser induced 

fluorescence microscopy. 

5(6)-carboxyfluorescein is organic dye with the structure of fluorescein with an extra carboxyl 

group located at the 5- or 6-position. It is a water-soluble fluorophore with small molecule size, so that 

could not be detected by optical microscope. Upon the loading of 5(6)-carboxyfluorescein into 5k-mPEG-

b-10k- PDLLA Mn block copolymer (Fig. 4.1A), the size of the assembled nanoparticle reached to around 

100nm, making them visible with laser induced fluorescence. Single fluorescein molecules are not 

distinguishable because of their small sizes. Fig. 4.1B) showed the laser induced fluorescence of 

fluorescein encapsulated polymeric nanoparticles and confirmed formation of detectable nanoparticles, 

which in turn confirmed the successful encapsulation of fluorescein into the polymeric spheres.  
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Figure 4.1 (A) Schematic illustration of fluorophore incorporated polymer nanoparticle. 

(B)Laser induced fluorescence of fluorescein encapsulated fluorescent nanoparticles. 

 

4.3.2 Cellular uptake of fluorescein incorporated polymeric nanoparticle. 

We found that cells were able to take the fluorescent nanoparticles spontaneously by pure 

incubation (Fig. 4.2).  The fluorescence intensity of cells largely depended on the concentration 

of fluorescent particle solution added. That is, higher concentration contributes to more uptakes 

of nanoparticles by cells. We recorded the phase contrast, fluorescent and overlay image of the 

cell, and found the localization of fluorescence after internalization is the cytosol and the 

distribution is pretty uniform. This is not consistent with the distribution of particles entering cell 

via typical endocytosis pathway, in which endocytosed materials are gathered in intracellular 

vesicles and transport to perinucleus region by motor molecules. The mechanism explains the 

entering of these synthesized fluorescent nanoparticle into cells still needs more investigation. 

One explanation is that fluorescein molecules were leaked out of the polymeric sphere and 

diffuse into cells because of their small size. The synthesized particle was proved to be 

biocompatible. Cells remained healthy after 3h culture in the solution, and grew very well with 
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delivered nanoparticle after long-term culture in medium. However, the fluorescent intensity 

decreased dramatically after 16h incubation. We suspect this phenomena caused by the serious 

photobleaching of fluorescein, or the release of the fluorescent nanoparticles from cells, or 

release of fluorescein molecules from cells after dissembling of the fluorescein/mPEG-PDLLA 

nanoparticle. 

 

Figure 4.2 Cellular uptake of fluorescein/mPEG-PDLLA nanoparticle. Different concentrations 

were explored. Short-term and long-term incubation were involved. 
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4.3.3 Confirming of the incorporation of CdSe/ZnS QDs into polymer nanoparticles by laser 

induced fluorescence microscopy. 

CdSe/ZnS QDs is inorganic semiconductor nanocrystal with high brightness and strong 

photostability. The original QDs we purchased is a hydrophobic fluorophore with size of about 

5nm, so that hard to be recognized by optical microscope. Upon the loading of QDs into 5k-

mPEG-b-10k- PDLLA Mn block copolymer, the size of the assembled nanoparticle reached to 

around 100nm, making them visible with laser induced fluorescence. Besides, after the 

incorporation, the PEO hydrophilic surfaces of the fluorescent particles enable them dispersible 

in water and PBS. We examined the fluorescent nanoparticle suspension and confirmed the 

formation of detectable nanoparticles (Fig. 4.3). 

 

Figure 4.3 Laser induced fluorescence of QDs encapsulated fluorescent nanoparticles. 

 



70 
 

 

4.3.4 Cellular uptake of QDs incorporated polymeric nanoparticle 

       We found that cells were able to take the fluorescent nanoparticles spontaneously by pure 

incubation (Fig. 4.4). The fluorescent cells indicate the encapsulation of QDs in polymeric 

nanoparticles as QDs without coating are not able to enter cells. We recorded the phase contrast, 

fluorescent and overlay image of the cell, and found the localization of fluorescence after 

internalization is the cytosol and the distribution is pretty uniform. This is not consistent with the 

distribution of particles entering cell via typical endocytosis pathway, in which endocytosed 

materials are gathered in intracellular vesicles and transport to perinucleus region by motor 

molecules. It is well known that endocytosis is suppressed by low temperature, but our 

observation indicated the internalization of synthesized fluorescent particle was not significantly 

reduced, if any, by adjusting the temperature from 37℃  to 4℃  (Fig. 4.4). The mechanism 

explains the entering of these synthesized fluorescent nanoparticle into cells still needs more 

investigation. For our next step, an endocytosis marker (e.g. transferrin) will be added to the 

solution simultaneously to see whether co-localization of endocytosis marker and our 

synthesized fluorescent polymeric nanoparticle would happen. The biocompatibility of the 

synthesized particle was proved to be good. Cells remained healthy after 3h culture in the 

solution, and grew very well with delivered nanoparticle after long-term culture in medium. 

However, the fluorescent intensity still decreased significantly after 24h incubation. Since the 

QDs’ strong resistance to photobleaching, the decrease in the fluorescence was not likely due to 

the quenching of the fluorophores. But the release of the fluorescent nanoparticle from cells was 

still a potential reason. Or the leaking of QDs out of cells after the dissembling of the 

QDs/mPEG-PDLLA nanoparticle.  
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Figure 4.4 Cellular uptake of QDs/mPEG-PDLLA nanoparticle. Different incubation 

temperatures were explored. Short-term and long-term incubation were involved. 
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4.4 CONCLUSION 

Laser induced fluorescence microscopy is able to track single particles for studying the 

dynamics of intracellular trafficking. We have demonstrated that single fluorophore encapsulated 

polymeric nanoparticles are detectable by laser induced fluorescence microscopy.  In our future 

work, time-lapse images of single nanoparticles trafficking inside cells will be recorded. The 

trajectory of each nanoparticle can be drawn and mean square displacement (MSD) will be 

calculated using the method described previously, which will help to determine the types of the 

motion, intracellular fate of nanoparticles and even cellular internalization mechanism of them. 

These data will provide information toward the design and optimization of nanomedicines with 

better therapeutic effects. 
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CHAPTER 5: PARAMAGNETIC STRUCTURES 

WITHIN A MICROFLUIDIC CHANNEL FOR 

ENHANCED IMMUNOMAGNETIC ISOLATION AND 

SURFACE PATTERNING OF CELLS 

 

 

5.1 INTRODUCTION  

Cells are basic structural and functional unit of all organisms. Normally, cells of various 

types are mixed in a tissue or organ. In order to better understand the mechanisms of cellular 

function in each type of cells for better diagnostics and therapeutics, the isolation and sorting of 

different cell types from a blend is of critical importance. Blood, for example, is a complex 

mixture of more than 4,000 components. There are many kinds of blood cells, including 

abundant erythrocytes (93-96% of blood cells), as well as low frequency hematopoietic stem 

cells (1 in 10
5
-10

6
 blood cells)

1
, which are responsible for constant blood renewal. It is necessary 

and challenging to isolate these limited cells from heterogeneity for accurate analysis.    
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Various cell isolation technologies have been developed over yeas. We can classify them 

into two categories: physical methods and chemical (immunoassay-based) methods. Physical 

methods separate cells based on biophysical properties, such as cell size and density,
2, 3

 electrical 

polarizability,
4, 5

 intrinsic magnetic susceptibility,
6, 7

 and optical property,
8, 9

 etc. One of the 

simplest forms of isolation is centrifugation, which separate cell subpopulations based on their 

size and density. But this method is only suitable for separation of simple mixture with 

components that differ greatly in size. Cell electrophoretic mobility is another characteristic used 

to separate cells. Hannig et al. reported separation of cells by vertical free-flow curtain 

electrophoresis in the 1960s, and dielectrophoresis based cell sorting has been widely studies 

since then
10

. However it requires elaborate equipment and its use is restricted when separation of 

cells with similar surface charge is needed. In some cases, for example, the separation of 

erythrocytes, intrinsic magnetophoresis of hemoglobin leads the isolation of erythrocytes from 

other cells, but the difference in intrinsic magnetic property is not significant in most cell types, 

thus its use is currently limited in blood cells separations. Similarly, separation based on optical 

properties (e.g. refractive index) has also been reported, but viable continuous cell separation 

system still remains to be demonstrated. Overall, cell separation based on physical properties 

have been demonstrated, but the resolution, throughput and recovery ratio of these methods are 

not satisfactory
11

, so that not sufficient for highly specific separation. 

For highly specific cell separation, the most reliable and robust method is antibody-based 

detection, which takes the advantage of the specific recognition of antibody to antigen on target 

cells.
11

 Different expression of proteins or biomolecules provides the basis for the recognition of 

different cell types. In the last several decades, immunoassay-based technologies have been 

widely developed for the detection of rare components, such as circulating tumor cells (CTCs)
12, 
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13
 and tumor initiating cells (TICs),

14
 which have very low frequency in natural biological 

samples while their occurrence rate can be correlated with important clinicopathological 

parameters
15, 16

 Currently, the most popular immuno- based cell sorting methods are fluorescence 

activated cell sorting (FACS) and magnetic activated cell sorting (MACS). FACS is a specialized 

form of flow cytometry that is able to individually sort a heterogeneous mixture of biological 

cells into two or more streams, based on their fluorescent light-scattering characteristics after 

pre-labelling of fluorescent antibodies antibody-antigen recognition
17

. It provides a powerful tool 

for physical sorting of cells with high purity and throughput. It enables the separation of cells 

based on intracellular or extracellular protein expression or when the expression level varies 

among positive cell population. However, the use of FACS in research or clinical microbiology 

is largely restricted by its requirement for expensive equipment, large sample volume and highly 

trained operation
18

. Besides, FACS processes the cell sorting at an aggregate level so that lacks 

the ability to observe and measure individual cell behavior. MACS is an immunomagnetic 

method for separation of various cell population based on extracellular properties (e.g. surface 

antigens). In a typical MACS process, target cells are specifically recognized by antibodies 

against the particular surface antigens that only expressed or overexpressed in them. These 

antibodies have been coated with magnetic microbeads in advance, so that target cells would be 

trapped by magnetic field, leaving other cells freely to be removed. Both positive and negative 

selection can be done with this method depending on the particular antigen(s) the antibody target 

to. MACS can only be based on extracellular properties and the binding of antibody to surface 

antigens may induce cell processes (e.g. endocytosis). In spite of these disadvantages, MACS is 

still an effective way for sorting with fast procedures and generation of high purity cell 

subpopulation. Moreover, the setup and reagents needed for MACS is simple and cheap, which 
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makes it accessible to most researchers. Various methods used for cell isolation are summarized 

in table 5.1. 

Table 5.1 Summary of cell isolation methods 

Isolation 

methods 

Invasiveness 

to cells 

Equipment 

cost 

Target to 

surface 

marker 

Separation 

specificity 

References 

Physical 

methods 

     

Size and 

density 

Low Low No Low 2,3 

Electrical 

polarizability 

High Medium No Low 4,5 

Magnetic 

susceptibility 

Low Low No Low 6,7 

Optical 

property 

Medium High No Low 8,9 

Chemical 

methods 

     

FACS Medium Very High Multiple 

markers 

High 17,18 

MACS Low Low One 

marker 

Medium www.miltenyibiotec.com 

Two-bead Low Low Two High  
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IMS markers 

 

Isolation of rare cells from a complex mixture is meaningful for biological studies. For 

example, the capture of circulating tumor cells (CTCs) from whole blood, and the isolation of 

tumor initiating cells (TICs) from primary tumor samples. CTCs are tumor cells in the peripheral 

blood of patients that disseminated from the site of disease in metastatic cancers 
19

. The detection 

of CTCs in patient blood provides a useful method for understanding the status of the disease. 

CTCs are extraordinarily low-frequency in the blood (estimated at one CTC per 10
9 

blood cells 

in patients with metastatic cancer)
13

. TICs are a subpopulation of tumor cells that drive cancer 

development. They are also a small fraction of the tumor cells (<1%). Conventional MACS 

based on flowing cell mixture through a magnetic column or placing cell mixture contained tube 

inside a magnetic field. Both of the two methods have capacity of working with a large number 

of cells (10
7
-10

9 
cells/ml). However, the design and dimension of the column or the tube are not 

optimized for cell sorting, especially when the sample size is very small. 

Microfluidics provides an effective platform for manipulating small quantities of cell 

samples with sensitivity and precision.
20, 21

 Isolation and enrichment of a specific cell type from 

complex biological samples are critical for molecular studies and clinical applications. With 

microscale channels and chambers, microfluidic devices are ideal for isolating samples in the 10-

10,000 cell range. Various microfluidic isolation technologies have been developed over the 

years, targeting the biophysical properties and surface biomarkers of cells.
20, 22, 23

 Physical 

methods separate and isolate cells based on their size and density,
3, 24, 25

  deformability,
2, 26

 

electrical polarizability,
4, 27

  and intrinsic magnetic susceptibility.
6
 Despite their success, most 

physical methods do not involve identification and selection based on biomarkers, thus may lack 
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specificity or biological utility especially when used on highly heterogeneous cell populations 

such as primary tissues. In comparison, immunoassay-based isolation methods isolate cells by 

targeting unique surface markers via antibody-antigen interactions and offer high specificity that 

is critical for molecular biology studies.
12, 28-30

 Among various immunoassay-based isolation 

methods, immunomagnetic separation (IMS) is implemented by using a magnetic field to 

manipulate magnetically labeled cells, and this method is gaining popularity due to its minimally 

invasive nature. Microfluidic devices working in both trapping mode (i.e. using a magnetic field 

to trap labeled cells inside channels/chambers
31-34

) and continuous sorting mode (i.e. using a 

magnetic field to direct labeled cells to desired outlets
35-37

) have been demonstrated.  

The vast majority of the microfluidic IMS devices have applied a magnetic field via 

placing a magnet exterior to the microfluidic structures. However, because the magnetic field 

intensity decays rapidly with distance, it would be highly advantageous to place additional 

magnetic structures inside the microfluidic channels. This would furthermore provide a robust 

means of creating consistent field distributions in microfluidic devices.  Embedding a pattern of 

magnetic material on the bottom of a microfluidic channel is way to concentrate field lines from 

an external magnetic field source, and thus improve local magnetic field inside the channel. 

Sputter coated nickel on silicon substrate was used to alter the movement of magnetic beads 

tagged cells along the stripe direction, diverging from uncoated cells.
35

 NiFe/Ni layer was 

electroplated on a base layer of evaporated Ti/Au in a shape of microneedle or microcomb on a 

glass to serve as a high gradient magnetic concentrator for continuous magnetic separation.
36, 38, 

39
 Nickel doped PDMS was used to form high field gradient sites for magnetic beads trapping.

40
 

Integration of hard magnetic material NdFeB film to microfluidic device for cell separation with 

no need of external magnetic field source have also been studied.
41-43

 Unfortunately, most of 
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these methods involved complicated fabrications that require advanced facilities, trained 

personal and high-cost materials. In order to generate a substantial thickness (~micrometers) for 

the magnetic structures for significant field enhancement, these procedures easily become too 

costly and time-consuming and are not suitable for low-cost devices.   

In this report, we demonstrate a simple microfluidic device that contains microscale 

paramagnetic structures inside a microfluidic channel for cell isolation based on IMS. We used a 

molding process to fabricate these magnetic structures (with a thickness of 4.5 µm) out of a 

ferrofluid of cobalt ferrite nanoparticles (5-13 nm in diameter). We tested our microfluidic 

channels for capturing RAW 264.7 cells that were magnetically labeled by microscale beads. We 

found that channels embedded with the magnetic structures yielded up to 4 times higher capture 

efficiency compared to that of channels without the structures. We built COMSOL models to 

simulate the magnetic field and magnetic field gradient distribution inside channels and generate 

insights into the mechanistic details. Both the experimental and modeling results indicated that 

the layout of the magnetic structures and the location of the magnet strongly affected the 

distribution of the trapped cells. With the enhanced magnetic field gradient, our device allowed 

100% capture efficiency at a flow velocity of 0.5 mm/s and >90% capture rate at 4 mm/s. These 

velocities were 20-80 times faster than those of previous microfluidic IMS devices.
22, 31-33, 44

  

 

5.2 MATERIALS AND METHODS 

Cell culture and fluorescent labeling.  

RAW 264.7 cells (mouse leukemic monocyte macrophage cell; ATCC, TIB-71) were 

grown in Dulbecco's Modified Eagle Medium (DMEM) (Life technologies) supplemented with 
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10% fetal bovine serum (FBS) (Atlanta Biologicals) and 1% penicillin/streptomycin (Invitrogen) 

in a humidified atmosphere of 5% CO2 at 37 ºC. Cells were subcultured every 2 days at a ratio of 

1:10 to maintain their exponential growth phase. They were collected in culture medium after 

dislodging from the flask substrate with a cell scraper. Cells were incubated with 1 𝜇M calcein-

AM green (Life technologies) for 30 min at 37 ºC for fluorescent labeling.   

 

Immunomagnetic labeling.  

2.5 𝜇l streptavidin-coated superparamagnetic polystyrene beads (4 ×10
8
 beads/mL, 4.5 

𝜇m diameter, Dynabeads, Life technologies) were conjugated with 0.25 𝜇g biotinylated anti-

CD11b antibody (Clone M1/70.15, Life technologies) by incubating in 1 ml PBS overnight at 4 

ºC. The tube containing antibody conjugated magnetic beads was then placed in magnet 

(Dynamag-5, Life technologies) for 1min and discard the supernatant to remove excess of 

antibodies. 1 ml fluorescently labeled RAW 264.7 cells in PBS were added to the beads (cell 

number: bead number = 1:4) and mixed well by pipetting. The mixture was incubated for 1h at 4 

ºC on a rotator mixer at 24 rpm. Cell-bead complexes were then centrifuged and resuspended in 

PBS containing 7 wt% dextran (Sigma-Aldrich). Dextran was used here to increase density of 

PBS to prevent cells from settling in the tubing or channel.
45

 After the procedure, cells were put 

into 96 well-plates to determine the percentage of cells being magnetically labeled by visual 

inspection under a microscope. 

 

Magnetic structure fabrication.  

The process is shown in Fig. 5.1A. A microfluidic mold was fabricated first. Briefly, a 

photomask with microscale pattern was designed by FreeHand MX software (Macromedia) and 
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printed at a resolution of 5,080 dpi on transparencies (Infinity Graphics). The features on the 

mask were transferred to a silicon wafer spin-coated with 10 𝜇m thick photoresist AZ 9296 

(Clariant) after UV exposure and development. A 10:1 mixture of polydimethylsiloxane (PDMS, 

General Electric Silicones RTV 615, MG chemicals) prepolymer was poured onto the silicon 

wafer to form a ~5 mm thick layer and cured in an 80 ºC oven for 1 h, followed by being peeled 

and drilled for inlet and outlet. The PDMS structure was washed with liquid soap (Thermo 

Scientific), sterilized with 70% ethanol, rinsed with ultrapure water, and blow-dried with air 

before being put in contact with a pre-cleaned glass slide (1 mm thick) for bonding by reversible 

surface adhesion. The chip (including the glass slide and the PDMS structure) was baked at 80 

ºC for 30 min to strengthen the bonding. Ferrofluid (MJ300, Liquid Research, United Kingdom) 

was added to a reservoir of the chip and entered the channel by gravity. The chip was put under 

house vacuum for 30 min to facilitate filling of ferrofluid into the channel. The ferrofluid-filled 

chip was baked for 15 min each at 30, 40, 50, and 60 ºC sequentially, followed by an overnight 

baking at 70 ºC. The PDMS structure was then peeled off from the glass slide (which bears the 

magnetic structure). The glass surface was cleaned carefully with acetone-dipped cotton stick to 

leave magnetic stripes. 

 

Microfluidic chip fabrication.  

The microfluidic channel was fabricated by standard soft lithography.
46

 Negative 

photoresist SU8 2075 (Microchem) was used to prepare a master for a channel with a depth of 

100 𝜇m. After PDMS molding and drilling for inlet and outlet holes, the PDMS replica was 

aligned and bonded to the glass bearing the magnetic structure after oxidization of both surfaces 
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in a plasma cleaner (Harrick Plasma). The assembled chip was baked at 80 ºC for 1 h to ensure 

strong and irreversible bonding between PDMS and the glass. 

 

Microfluidic chip operation.  

The experimental setup used for microfluidic immunomagnetic separation is shown in 

Fig. 5.2B. The microfluidic channel was pretreated with 1% BSA in PBS for 1h at 37 ºC to 

minimize nonspecific adhesion of cells and beads to the channel walls. Microfluidic chip was set 

up with the glass surface facing up and a NdFeB magnet with maximum energy product of 42 

MGOe, (1/4" x 1/4" x 1/4", K&J Magnetics) was placed on the glass slide. The magnetization 

direction of the magnet is perpendicular to the flow and the channel width. This setup ensured 

that the distance between the magnet and the channel was consistent among experiments (~1 

mm). With the magnet out of the observation path, this also allowed real-time monitoring of cells 

within the channel with an inverted fluorescent microscope. RAW cells conjugated with 

magnetic microbeads were flown through the microfluidic channel at a constant rate sustained by 

a syringe pump (Harvard Apparatus).  

 

Quantification of cell capture.  

Cells suspended in PBS with 7 wt% dextran were counted with a hemocytometer and 

diluted to be roughly 10 cells/𝜇l before being pumped into the channel. The accurate cell 

concentration was determined by counting cells in 20 µl suspension with a 96-well plate. Cell 

capture efficiency was defined as: 

𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝑓𝑙𝑜𝑤𝑖𝑛𝑔 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙
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When the flow velocity was higher than 10 mm/s, the total number of magnetically labeled cells 

entered was determined by the percentage of labeled cells (89% for RAW 264.7), the cell 

concentration, and the volume of solution being pumped through the chip. The captured cells in 

the channel were imaged and counted in ImageJ software. Inverted fluorescence microscope (IX-

83, Olympus, NY) equipped with a 2X dry objective, a UV lamp and a CCD camera 

(Hamamatsu, NJ) was used for imaging. The excitation light was filtered by a D480/40 filter, and 

the emission light was filter by a D535/40 filter. When the flow velocity was lower than 10 

mm/s, cell density was not uniform during the experimental duration, thus we determined the 

number of labeled cells by imaging. Videos were taken at rate of 6 frames per second at the 

entrance and exit of the channel and the number of labeled cells during a time interval was 

counted.  

 

COMSOL Modeling.  

3D steady-state model was built in COMSOL Multiphysics 4.3 to simulate the distribution of 

magnetic field within the microfluidic channel. We assumed no free current in the region and 

selected the Magnetic Field, No Currents interface from the AC/DC Module for the modeling. 

Instead of using infinite element domain, a sufficient large air box was draw to cover the whole 

magnetic block and magnetic structure for convenience. In a current free region,  

∇ × 𝑯 = 0 

Scalar magnetic potential, 𝜓, is defined as:    

𝑯 = −∇𝜓 

For the paramagnetic stripes and surrounding air:  

𝑩 = 𝜇0𝜇𝑟𝑯 
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and for the permanent magnet: 

𝑩 = 𝜇0𝜇𝑟𝑯 + 𝑩𝒓 

where 𝜇0 is the permeability constant, 𝜇𝑟 is the relative permeability determined by the 

materials, and 𝑩𝒓 is the residual flux density of the permanent magnet (1.3 T). µr was estimated 

to be 200 for the magnetic stripes and 1 for air and the permanent magnet.  

Together with the Guass’s law : 

∇ ∙ 𝑩 = 0 

𝜓 can be solved. Magnetic insulation condition was used as the boundary condition. Initial value 

of 𝜓 is set to be zero. 

For modeling of the magnetic field gradient dB/dy, fine mesh (maximum element size of 

2.5 𝜇m and minimum element size of 0.25 𝜇m along y/z axis; 20 times larger mesh size along x 

axis) was used for the region covering the three magnetic stripes at the center of 7-stripe-

structure. One additional air box of 4 mm (L) × 0.5 mm (D) × 6 mm (L) was added to enclose all 

7 stripes with a coarse mesh (max. 20 𝜇m and min. 2 𝜇m along y/z axis). This mesh size was also 

applied to the 4 magnetic stripes other than the 3 central ones. Large mesh size (max. 400 𝜇m 

and min. 4 𝜇m along y/z axis) was used for the permanent magnet and the outer large air box. 

Cubic discretization was used for high precision. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 The fabrication and characterization of magnetic structures in microfluidic channel. 

Magnetic structures were fabricated by microfluidic molding. As shown in Fig. 5.1A, a 

microfluidic network with desired geometry and dimensions was first fabricated by soft 

lithography into PDMS. The PDMS microfluidic structure (which served as a mold) was put into 
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contact with a clean glass substrate to form a reversible seal. Ferrite ink (i.e. cobalt ferrite 

nanoparticles in water) was filled into the microfluidic network and then the entire structure was 

baked for 15 min intervals repeated at 30, 40, 50 and 60 ºC. The PDMS structure was then peeled 

off the glass substrate carefully before an additional 10-12 h heating step at 70 ºC was conducted. 

The ferrite ink left solid magnetic structures defined by the PDMS mold, after evaporation of 

water by baking. With the PDMS mold having a channel depth of 10 𝜇m, the thickness of the 

magnetic structure was ~4.5 µm (Fig. 5.1B). A new PDMS microfluidic channel was then 

aligned with the magnetic structures on the glass substrate and irreversibly bonded to the glass 

substrate after plasma treatment to form a closed channel. The inset scanning electron 

microscope (SEM) image shows that our magnetic structure was assembled by cobalt ferrite 

nanoparticles with diameters smaller than 10 nm with a high density. The attachment of the 

magnetic structures to the glass substrate was very robust and could sustain a flow up to 10 cm/s. 

There was no visible loss of the magnetic material under prolonged duration of flow (up to 3-4 h). 
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Figure 5.1 The fabrication and characterization of microfluidic magnetic structures. (A) The 

procedure of fabricating thick paramagnetic stripes via microfluidic molding of ferrofluidic ink. 

(B) Optical image of the magnetic stripes in a microfluidic channel. The dimensions of each 

stripe are 160𝜇m (W) × 4.5𝜇m (D)× 5mm (L) with a gap of 160 𝜇m in between. The magnetic 

structure was located within a PDMS microfluidic channel that was 2.4 mm wide and 100𝜇m 

deep. Scale bar: 500𝜇m. The inset shows a SEM image of the magnetic structure. Scale bar: 100 

nm.  
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5.3.2 Immuno-labeling of CD11b
+
 cells by magnetic beads and capture of them in a microfluidic 

channel. 

RAW 264.7 cells (a mouse leukaemic macrophage cell line) were conjugated with 

functionalized magnetic beads (Dynabeads, 4.5 𝜇m in diameter, Life technologies) via antigen-

antibody interaction, as shown in Fig. 5.2A. The surface of the magnetic beads was 

functionalized with streptavidin via a DNA linker and then linked with a biotinylated antibody 

via streptavidin-biotin interaction, to bind leukocyte-expressed CD11b. These beads can be 

released from the cell surface by cleaving the linkage between beads and streptavidin using 

DNase if further analysis of cells is needed. 89% of the cells were labeled by the magnetic beads 

after mixing the cells (examined by optical imaging) and beads at a ratio of 1:4 for 1h at 4 ºC 

under rotation. This percentage matches the percentage of CD11b-expressing cells in RAW 

264.7 reported in the literature.
47

 The experimental setup is shown in Fig. 5.2B. A permanent 

NdFeB magnet (1/4" x 1/4" x 1/4") was placed on the glass side in order to achieve a small 

distance (the thickness of the glass slide was 1 mm) between the magnet and the channel. 

Biocompatible high molecular-weight dextran was added in the buffer to match the liquid and 

cell densities to avoid settling.
30, 33, 34 

We used 7%wt of dextran in PBS and found no settling of 

cells during the experiments. The cell/bead suspension was introduced into the channel at a 

constant flow rate sustained by a syringe pump. We optimized the flow conditions to facilitate 

trapping of magnetically labeled cells and removal of unlabeled cells.    

 

 



89 
 

 

 

 

Figure 5.2 Labeling of CD11b
+ 

cells by magnetic beads and capture of them in a microfluidic 

channel. (A) Magnetic labeling of cells via immunoassay. Antibody-coated magnetic beads bind 

to target cells. The inset shows images of bead-bound RAW 264.7 cells. (B) The experimental 

setup for our microfluidic immunomagnetic separation. A NdFeB magnet was placed on the 

glass slide side of the microfluidic device to reduce the distance between the magnet and the 

channel.  
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5.3.3 Paramagnetic structure increases cell capture efficiency in a microfluidic IMS device. 

We studied cell capture efficiency in microfluidic channels with and without the 

embedded magnetic microstructures as a function of flow rate. In either case, the microfluidic 

channel had a width of 0.96 mm and a depth of 100𝜇m. In the channel with the magnetic 

structures, magnetic stripes 200 𝜇m wide, 4.5𝜇m thick and 5 mm long, separated by a 200𝜇m 

gap, were fabricated on the glass substrate. The permanent NdFeB magnet was placed on the 

glass side to cover the entire magnetic stripe-filled area. Cells were fluorescently labeled by 

calcein-AM to facilitate imaging. The capture efficiency was defined as the number of 

magnetically labeled cells (accounting for 89% of the total cell population, as described above) 

trapped inside the channel divided by the total number of magnetically labeled cells that flow 

through the channel during the period. As shown in Fig. 5.3A, generally the capture efficiency 

decreased as the flow velocity increased in both channels (i.e. with and without the magnetic 

structures), due to the increased drag force associated with the higher velocity. The cell capture 

efficiency in the channel with the magnetic stripes was substantially higher compared with the 

channel without such features under medium velocities (4-20 mm /s). The difference diminished 

under very high/low velocities when the magnetic force was either too low/high compared to the 

drag force exerted by the flow. The channel with the magnetic stripes yielded a capture 

efficiency ranging from 91% to 39% under flow velocities 4-20 mm/s, compared to 52% to 14% 

yielded by the channel without the structure. The enhancement was as high as 4-fold at a flow 

velocity of 10 mm/s (64% vs. 16%). It is worth noting that the flow velocity used in our studies 

(4-20 mm/s) was significantly faster than that of other microfluidic IMS assays reported by other 

groups (50-200 𝜇m/s).
18, 29, 35

 In all cases, the captured cells can be 100% eluted from the channel 
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after removing the magnet. The fabricated structures are paramagnetic in nature and the magnetic 

field becomes negligible after the permanent magnet is removed. 

The magnetic force F on a magnetic particle is governed by F = mB, where m is the 

magnetic moment of the particle, B is the magnetic flux density. 
21, 24, 36, 37

The magnetic moment 

of the particle m = ΔVB/𝜇0, where Δ is the difference in magnetic permeability between the 

particle and surrounding buffer, V is volume of the particle, and 𝜇0is the magnetic permeability 

constant. m increases with B and reaches a saturation value ms, with a direction that is parallel to 

B. Under these circumstances, F=msB and is proportional to B
35, 38

. The magnetic field and 

field gradient in the channels with or without magnetic stripes was modeled using COMSOL 

Multiphysics. We only considered B and B in the direction that is perpendicular to the glass 

substrate (By and dB/dy) only, because the magnetic force in this direction provided the main 

mechanism for cell trapping. As shown in Fig. 5.3B and 5.3C, both By and dB/dy were 

substantially enhanced in the space that was on top of the magnetic stripes, especially at the ends 

of the stripes. dB/dy (and F) in this region was about 50 times stronger than that without the 

magnetic stripe underneath. 
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Figure 5.3 Paramagnetic structure increases cell capture efficiency in a microfluidic IMS device. 

(A) Cell capture rate (i.e. the percentage of captured cells among all magnetically labeled cells) 

as a function of flow rate in a microfluidic channel containing the magnetic structure (black 

diamonds) and that without the structure (red circles). (B) Magnetic flux density By modeled by 

COMSOL Multiphysics.  By (in a plane that is within the channel and 10 µm from the glass 

surface) with the magnetic structure (black) and the one without it (red) plotted against the 

distance from the channel center (along the channel width). (C) Magnetic field gradient dB/dy 

modeled by COMSOL Multiphysics at the upstream end of the magnetic stripes. dB/dy in the 

channel with the magnetic structure (black) and the one without it (red) plotted against the 

distance from the channel center (along the channel width). The residual flux density of the 

external magnet was set at 1.3 Tesla. The dimensions of the microfluidic channel were 0.96mm 

(W) × 100 𝜇m (D) × 8 mm (L), and the magnetic structure included 2 magnetic stripes of 200 𝜇m 

(W) × 4.5 𝜇m (D) × 5 mm (L) with a gap of 200 𝜇m in between. 

 

5.3.4 Magnetic structure and location of the magnet determine spatial distribution of trapped 

cells in a microfluidic channel. 

Interestingly, we found that the spatial distribution of trapped cells was strongly affected 

by both the location of the magnet and the layout of the magnetic structures. Fig. 5.4 shows two 

different locations of the magnet (in relation to the magnetic stripes) and the corresponding 

COMSOL models established to simulate the magnetic field By and magnetic field gradient 

dB/dy. When the magnet covers the entire magnetic structures from above, By and dB/dy were 

the strongest at the upstream ends of the magnetic stripes (Fig. 5.4A). At location 1, dB/dy on top 

of the magnetic stripes was around -4000 T/m (i.e. the magnetic force was strongly attractive) 
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and the regions between the stripes showed dB/dy value around 700 T/m (i.e. the magnetic force 

was repulsive). As the net result, the time-lapse images in Fig. 5.4B (and SI Movie S5.1) show 

that magnetically labeled cells were trapped close to the upstream ends (location 1) of the 

magnetic stripes. In contrast, when the magnet covered only half of the magnetic stripes (i.e. 

with the magnet having its upstream edge at the middle of the stripe length) (Fig. 5.4C), 

COMSOL modeling indicated that dB/dy was around -50 T/m at the upstream end of the 

magnetic stripes (location 1) across most of the channel width. dB/dy was strongly negative at 

the edges of the magnetic stripes. However, we believe that these extreme dB/dy intensities at the 

stripe edges do not substantially affect cell trapping due to the very narrow regions they 

influence. Then dB/dy became slightly higher on the stripes than between the stripes at the more 

downstream location 2 (with around -80 T/m on the magnetic stripes and -55 T/m between the 

stripes). However, at location 3 (close to the downstream ends of the magnetic stripes), dB/dy 

was -1000 T/m between the stripes and 80 T/m on the magnetic stripes. Our modeling results 

explain what we observed experimentally (Fig. 5.4D and SI Movie S5.2). At location 1, we 

observed cell distribution that was essentially uniform throughout the channel surface. At 

location 2, cells showed obvious preference for occupying the space on the stripes and the edges 

of the stripes. However, in the region around location 3, cells occupied only the space between 

the stripes due to the strong attractive force there. As a comparison, we found that cells were 

stopped at random locations in the microfluidic channel without the magnetic stripes (SI Movie 

S5.3).  
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Figure 5.4 The layout of the magnetic structures and the location of the magnet determine the 

spatial distribution of trapped cells in a microfluidic channel. (A) COMSOL modeling of By and 

dB/dy (in the plane that is within the channel and 10 µm from the glass surface) when the magnet 

is placed right above, covering the magnetic structure. dB/dy was plotted along the channel width 

at various locations (1 and 2) along the channel length. (B) Time-lapse images of cell 

accumulation in the channel with the setting showed in (A). (C) COMSOL modeling of By and 

dB/dy when the magnet covers only half of the magnetic structure. dB/dy was plotted along the 

channel width at various locations (1, 2, and 3) along the channel length. (D) Time-lapse images 

of cell accumulation in the channel with the setting showed in (C). The dimensions of the 

microfluidic channel were 2.4 mm (W) × 100 𝜇m (D) × 10 mm (L), and the magnetic structure 

contained 7 stripes of 160 𝜇m (W) × 4.5𝜇m (D) × 5 mm (L) uniformly aligned in the channel. 

Cells were fluorescently labelled with calcein AM green. 
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5.4 CONCLUSION 

To summarize, we have developed a simple molding method to fabricate paramagnetic 

structures with a thickness of several micrometers inside a microfluidic channel for enhanced 

immunomagnetic separation of cells. We show that the paramagnetic structures drastically 

increased the magnetic field and thus the capture efficiency of cells. The layout of the magnetic 

structures and the location of the external magnet collectively determine the spatial distribution 

of trapped cells, which may be leveraged for concentrating and patterning cells. Our technology 

will find applications for processing and analyzing rare cells from biological samples.  
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CHAPTER 6: ONE STEP IMMUNOMAGNETIC 

SEPARATION OF TUMOR INITIATING CELLS BY 

SCREENING TWO MARKERS  

 

 

6.1 INTRODUCTION  

There has been increasing proposition and observation that cancer growth is driven and 

sustained by tumor initiating cells (TICs, also known as cancer stem cells or CSCs) that are 

capable of self-renewal and aberrant differentiation
1-3

.  Critical implications stem from the TIC 

model for understanding of cancer biology and, more importantly, design of new and more 

effective antitumor treatment
4-6

. TIC-like cells are commonly defined by a distinctive profile of 

surface markers and can be reproducibly isolated as a subset from tumor samples
7-9

. However, 

TIC detection and isolation present unique challenges due to their low frequency in most human 

tumors
2,9-11

. Currently, the most common method for TIC isolation is to use a fluorescence 

activated cell sorter (FACS) to sort out cells that present the desired surface profile after 

fluorescent labeling. FACS is an expensive instrument and typically only available at centralized 
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facilities. FACS also requires complex optical and electronic systems that make it hard to 

implement it on a microfluidic platform.  

Microfluidics provides a powerful platform for rare cell separation and analysis because 

of its ability of handling minute amounts of samples with high precision and integration
12-15

. 

TIC-like cell isolation based on physical properties of cells (e.g. dielectrophoretic response
16

 and 

deformability
17

) has been performed on microfluidic platforms. However, these isolation 

methods do not directly screen surface markers and whether the molecular biology of the isolated 

cells is identical to that of TICs is questionable. Immunomagnetic separation (IMS) combines 

high specificity of immunoassays and minimal invasiveness of magnetic force and is highly 

compatible with microfluidic platform. Although IMS has been used for rare cell isolations
18-22

 

(e.g. circulating tumor cells, virus infected cells), no TIC isolation with IMS has been reported. 

Current IMS methods typically sort cells based on a single cell surface marker that is highly 

expressed. However, TICs are usually identified by multiple markers
7-9

 (such as CD44
+
/CD24

- 

population in breast cancer 
11,23-25

, CD34
+
/CD38

-
 population in leukemia

26
,  CD44

+
/2 1 

hi 

/CD133
+ 

population in prostate cancer
27

).  

In this report, we demonstrate a new strategy for TIC-like cell isolation based on two 

markers of opposite selection criteria by using a combination of magnetic beads and 

nonmagnetic beads for IMS. In our method, CD44
+
/CD24

- 
cells were isolated from breast cancer 

cells (SUM149) by first mixing with anti-CD24-antibody-coated nonmagnetic beads before 

mixing with anti-CD44-antibody-coated magnetic beads. We then use a magnetic field to trap 

CD44
+
/CD24

- 
cells in a microfluidic channel in one step. Cells enriched with our “two-bead” 

IMS method showed high percentage of CD44
+
/CD24

-
 population (41.7% compared to 10.3% 

before separation, and 19.4% for using only anti-CD44-coated magnetic beads), as showed by 
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flow cytometry analysis. Cells sorted by two-bead IMS yielded 1.62% tumorsphere formation 

compared to 1.16% with one-bead IMS using only CD44
+
 criterion, and 0.62% before separation, 

when the tumorsphere cultures started with same initial cell number. Our technology will extend 

the application of IMS to highly specific TIC enrichment from scarce samples. 

 

6.2 MATERIALS AND METHODS 

Cell culture: SUM149 cells (a human breast cancer cell line, gift from Dr. Albert Baldwin at 

University of North Carolina) were grown in Ham’s F-12K medium (Life Technologies) 

supplemented with 5% fetal bovine serum (FBS) (Atlanta Biologicals), 5 𝜇g/ml insulin (Gibco), 

1 𝜇g/ml hydrocortisone (Stemcell Technologies), and 1% penicillin/streptomycin (Invitrogen) in 

a humidified atmosphere of 5% CO2 at 37 ºC. Cells were subcultured every 2-3 days at a ratio of 

1:10 to maintain their exponential growth phase. Cells were collected in the culture medium after 

detaching from the flask substrate with trypsin-EDTA (Sigma).  

 

Labeling by beads: CD44-magnetic beads (i.e. magnetic beads coated with anti-CD44) were 

obtained by mixing 10 𝜇l streptavidin-coated superparamagnetic polystyrene beads (4 ×10
8
 

beads/ml, 4.5 𝜇m diameter, Dynabeads, CELLection Biotin Binder Kit, Life technologies) with 1 

𝜇g biotinylated anti-CD44 antibody (human, Clone DB105, Miltenyi Biotec) in 1 ml PBS and 

incubating overnight at 4 ºC under gentle rotation (24 rpm). CD24-nonmagnetic beads were 

produced by mixing 30 𝜇l streptavidin-coated polystyrene beads (1.4 ×10
8
 beads/ml, 4.95 𝜇m in 

diameter, Bangs Laboratories, Inc.) with 1 𝜇g biotinylated anti-CD24 antibody (human, Clone 

32D12, Miltenyi Biotec) in 1 ml PBS and incubating overnight at 4 ºC under gentle rotation (24 



105 
 

 

rpm). The tube containing CD44-magnetic beads was then placed in magnet (Dynamag-5, Life 

technologies) for 1 min. The supernatant was then discarded to remove excessive anti-CD44 

antibody. The suspension containing CD24-nonmagnetic beads was centrifuged at 300 g for 5 

min before the supernatant was discarded to remove excessive anti-CD24 antibody. 1 ml 

SUM149 cells in PBS were added to the CD24-nonmagnetic beads (at a ratio of 1:2, 1:5 or 1:10, 

cell number/bead number) and mixed well by pipetting. The mixture was incubated at 4 ºC for 1 

h under rotation at 24 rpm. Then CD44-magnetic beads (at a ratio of 1:2, cell number/bead 

number) were added and mixed at 4 ºC for 1 h with rotation at 24 rpm. After the reaction, cell-

bead complexes were then centrifuged and resuspended in 0.6 ml PBS containing 7 wt% dextran 

(Sigma-Aldrich, added to match the density of buffer with that of cells to prevent cell settling 

due to gravity).
28

   

 

Microfluidic chip fabrication: A microfluidic channel (with dimensions of 2.4 mm (W) × 0.2 

mm (D) × 10 mm (L)) was fabricated using standard soft lithography
29,30

. Briefly, a photomask 

with microscale pattern designed by FreeHand MX (Macromedia) was printed on transparencies 

(Infinity Graphics) at a resolution of 5,080 dpi. The features on the photomask were transferred 

to a 3 inch silicon wafer by spin-coating a layer of ~ 200 𝜇m thick photoresist SU8 2125 

(Clariant) followed by UV exposure and development. Polydimethylsiloxane (PDMS, General 

Electric Silicones RTV 615, MG chemicals) prepolymer mixture at a mass ratio of A:B = 10: 1 

was poured onto the silicon wafer to form a ~5 mm thick layer and cured in a 80 ºC oven for 1 h. 

PDMS replica was then peel off and drilled for inlets and outlets before binding to a pre-cleaned 

glass by plasma treatment (Harrick Plasma). The assembled chip was baked at 80 ºC for 1 h to 

ensure strong bonding between PDMS and glass. 
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Cell separation on the microfluidic chip: The experimental setup used for microfluidic 

immunomagnetic separation is shown in Figure 1b. 1% BSA in PBS was used to pretreat the 

microfluidic channel for 1 h at 37 ºC to reduce nonspecific adhesion of cells and beads to the 

channel walls
31

. The glass side of the microfluidic device was facing up and a NdFeB magnet 

with maximum energy product of 42 MGOe (1/4" x 1/4" x 1/4", K&J Magnetics) was placed on 

the glass substrate (~1 mm thickness). This setup also kept the magnet out of the observation 

path, so that the separation process could be monitored with an inverted fluorescence microscope 

(IX-83, Olympus). Cell/bead mixture were flowed through the microfluidic channel at a constant 

rate of 57.6 𝜇l/min sustained by a syringe pump (Harvard Apparatus) for separation. After the 

flow of the sample, we flowed PBS buffer for 1 min at 57.6 𝜇l/min to remove nonspecific 

adsorption. Magnetically captured cells were eluted at the same flow rate from the channel after 

removing the magnet and collected at the outlet. The separated cells (in the form of cell-bead 

complexes) were centrifuged and resuspended in 400 𝜇l culture media containing 0.8 𝜇l DNase I 

(CELLection Biotin Binder Kit, Life technologies), and incubated at 37 ºC for 20 min with 600 

rpm shaking. This step broke the DNA linker between bead surface and streptavidin to release 

magnetic beads (CD44 Beads) from cell surface. The magnetic beads were then removed from 

the suspension by a magnet (Dynamag-5, Life technologies). 

 

Flow cytometry: Cells (or cells with bound beads) were suspended in 100 𝜇l cold (4 ºC) stain 

buffer (PBS, 2% FBS, 0.1% NaN3) for staining by fluorescently conjugated antibodies. 2 µl 

FITC anti-human CD44 antibody (Clone G44-26, BD Biosciences) and 2 µl PE anti-human 

CD24 antibody (Clone ML5, BD Biosciences) were added to the cell suspension according to 
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manufacturer instructions and incubated for 45 min on ice, protected from light. After staining, 

the cells were washed twice with 1 ml stain buffer and kept in 400 𝜇l stain buffer on ice until 

analysis by FACS-Canto-II (BD Biosciences).  

 

Tumorsphere formation assay: Cells were plated at 2,500 cells per well in 6-well low-adhesion 

plates (Cat. no. 3471, Corning) with each well containing 3 ml complete Mammocult media 

(Mammocult basal media supplemented with 10% Mammocult proliferation supplement, 4 

𝜇g/ml heparin, 0.48 𝜇g/ml hydrocortisone (Stemcell Technologies), and 1.5% 

penicillin/streptomycin (Invitrogen)), and incubated in a humidified atmosphere of 5% CO2 at 37 

ºC. After 7 d incubation, tumorspheres (size ≥ 40 𝜇m) formed per well were determined by 

visual counting under a microscope with 10X dry objective (Olympus IX-83). Tumorsphere 

formation efficiency was calculated as the number of tumorspheres divided by the initial number 

of cells seeded (2,500 cells). Images of tumorspheres were taken using an Olympus IX-83 

inverted microscope with 20X dry objective.  

 

6.3 RESULTS AND DISCUSSION 

6.3.1 CD44+/CD24- cells selection by using combination of magnetic beads and nonmagnetic 

beads 

Breast cancer cell line SUM149 cells were labelled sequentially with anti-CD24-coated 

nonmagnetic beads and anti-CD44-coated magnetic beads, as shown in Fig. 1a. Nonmagnetic 

polystyrene beads (~4.95 𝜇m in diameter, Bangs Laboratories) were functionalized with anti-

CD24 antibody (referred to as CD24-nonmagnetic beads), and superparamagnetic polystyrene 

beads (Dynabeads, 4.5 𝜇m in diameter, Life technologies) were functionalized with anti-CD44 
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antibody (referred to as CD44-magnetic beads) via streptavidin-biotin interactions. The linkage 

between magnetic bead and streptavidin is a cleavable DNA linker that allows cell release. 

SUM149 cells were firstly mixed with CD24-nonmagnetic beads. Cells with a high expression 

level of CD24 antigen (CD24
+ 

cells) were conjugated with the beads, while CD24
-
 cells 

remained unoccupied. In the second mixing, CD44-magnetic beads could only bind to 

CD44
+
/CD24

-
 cells (i.e. they could not bind to CD44

+
/CD24

+
 due to the spatial hindrance from 

the bound CD24-nonmagnetic beads from the previous step). The net result was that only 

CD44
+
/CD24

-
 cells were magnetically labeled. Cell/bead complexes were then flown into a 

microfluidic device for magnetic isolation, as shown in Fig. 1b. Magnetically captured cells were 

eluted from the channel after removing the magnet and collecting at the outlet. 
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Figure 6. 1 IMS of CD44
+
/CD24

-
 cells using two types of beads. (a) Schematic for sequential 

use of CD24-antibody-coated nonmagnetic beads and CD44-antibody-coated magnetic beads to 

magnetically label CD44
+
/CD24

-
 cells. (b) The experimental setup for immunomagnetic 

separation in a microfluidic channel.  
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6.3.2 Cells enriched with “two-bead” IMS method showed increased percentage of 

CD44+/CD24- population 

We examined the surface TIC markers, CD44 and CD24, before and after our IMS using 

flow cytometry. Quantitative measurement using flow cytometry requires setting up a standard to 

compensate shifts in the relative fluorescence intensity among different set of experiments 

(possibly taken on different days). The color density plots in the top row of Fig. 2 show the data 

taken using SUM149 cells after immunofluorescent labeling of CD44 and CD24. These plots 

serve as the standard for dividing 4 quadrants for each set of data. These standard plots were all 

obtained using labeled SUM149 cells on the day when the set of flow cytometry data (i.e. the 

other plots in the same column in Fig. 2) was taken. We divided the quadrants in these plots in 

such a way that all 4 quadrants contain roughly the same percentages of the cell population. We 

then used the same subdivisions for the rest of the plots in the same data set. The middle row of 

Fig. 2 shows the color density plots of cells after mixing with and binding to beads under various 

conditions. We tested using “one bead/1:2”(cells and CD44-magnetic beads were mixed with a 

ratio of 1:2, n/n), “two-bead/1:2:2” (cells were mixed with CD24-nonmagnetic with a ratio of 1:2 

and then with CD44-magnetic beads with a ratio of 1:2), “two-bead/1:5:2”, and “two-

bead/1:10:2”. Before examination by flow cytometry, CD44-magnetic beads were released from 

the cell surface via DNase cleavage of the link between bead surface and streptavidin. However, 

nonmagnetic beads remained on cell surface. The cell populations examined included increasing 

amount of cell/bead complexes when the amount of CD24-nonmagnetic beads used increased. 

This affected the fluorescence intensity of the cell population observed (e.g. the upper left 

quadrant, i.e. the CD44
+
/CD24

-
 subpopulation, in all the plots in the middle row of Fig. 2 exhibit 
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larger percentages than their standard plots in the top row.). In the bottom row of Fig.2, cells 

were enriched by IMS after binding to beads. After IMS, magnetic beads were released from the 

cell surface before flow cytometry. The percentage of the upper left CD44
+
/CD24

-
 quadrant all 

increased significantly after the IMS (with either one-bead or two-bead procedure). With one-

bead IMS, we were only selecting cells base on the abundance of CD44 and we increased the 

upper left quadrant percentage by 10.4% (from 9.0% to 19.4%). The enrichment increase was 

similar when we added 2X CD24-nonmagnetic beads (in “two-bead/1:2:2”). When we further 

increased the amount of CD24-nonmagnetic beads in “two-bead/1:5:2” and “two-bead/1:10:2”, 

the use of more CD24-nonmagnetic beads removed more CD24
+
 cells and the upper left 

quadrant experienced a more substantial enrichment by 18.7% and 21.9% due to IMS, 

respectively. This confirmed that the use of CD24-nonmagnetic beads was a critical piece of our 

cell isolation strategy, as depicted in Fig. 1.  
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Figure 6. 2 Flow cytometry data show that “two-bead” IMS method yielded high percentage of 

CD44
+
/CD24

-
 population. Color density plots of CD44 and CD24 expression on SUM 149 cells 

after fluorescent labeling (top row), after bead binding and removal of magnetic beads (middle 

row) and after IMS and removal of magnetic beads (bottom row). Various bead mixing 

conditions were used: “one bead/1:2”: cells and CD44-magnetic beads mixed with a ratio of 1:2, 

cell number/bead number); “two-bead/1:2:2”: cells mixed with CD24-nonmagnetic with a ratio 

of 1:2 and then with CD44-magnetic beads with a ratio of 1:2; “two-bead/1:5:2”: cells mixed 

with CD24-nonmagnetic with a ratio of 1:5 and then with CD44-magnetic beads with a ratio of 

1:2; “two-bead/1:10:2”: cells mixed with CD24-nonmagnetic with a ratio of 1:10 and then with 

CD44-magnetic beads with a ratio of 1:2. 
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6.3.3 Cells separated with “two-bead” IMS method showed enhanced tumorigenesis. 

The most important and characteristic feature of TICs is their ability to drive the 

formation of spheroids, known as tumorspheres 
32,33

. We assessed tumor initiating ability of cells 

before and after isolation using one bead or two-bead IMS approaches. Cells were seeded at 

2,500 cells per well in low-adhesion 6-well plates and the morphology and the number of 

tumorspheres were evaluated 7 days later. The tumorspheres formed had a size range of 40-120 

µm (Fig. 3a). Approximate 0.62% of unsorted SUM149 cells formed tumorspheres (Fig. 3b) and 

this percentage matches the range of tumorsphere formation efficiency reported in the 

literature
17,34,35

. Tumorsphere formation efficiency was increased to 1.16% when we applied 

“One bead/1:2” IMS and used the isolated cells.  In comparison, there was no significant further 

improvement in the tumorsphere formation efficiency using “two-bead/1:2:2” IMS enrichment 

and this is consistent with the flow cytometry results in Fig. 2. The percentage of tumorsphere-

forming cells with “two-bead/1:5:2” IMS increased to 1.50% (i.e. a factor of 2.4 increase 

comparted to cells without sorting), providing justification for the superiority of “two-bead” IMS 

method over “One-bead” isolation for TIC-like cells enrichment. This enhancement in 

tumorigenesis with CD44
+
/CD24

-
 population using our “two-bead” method also matches to that 

enriched by FACS 
36

. The tumorsphere formation efficiency further increased to1.62% when the 

sphere culture started from cells sorted by “two-bead/1:10:2”. All these results are consistent 

with the results by flow cytometry (Fig.2).  
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Figure 6. 3 Cells separated with our “two-bead” IMS method showed high tumorsphere 

formation efficiency. (a) Representative images of tumorspheres formed by SUM 149 cells. 

Scale bars: 50𝜇m. (b) Tumorsphere formation efficiency for cell populations produced under 

various separation conditions. *P < 0.05. 
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6.4 CONCLUSION 

To summarize, we have developed a new strategy that allows isolation of TIC-like cells 

based on two markers of opposite preferences in one step using two differently-coated beads. 

This is the first work of isolating TIC-like cells using microfluidic IMS. We show that cells 

enriched with our approach showed significant enhancement in TICs markers (CD44
+
/CD24

-
) 

expression. Tumorsphere formation efficiency of cells after “two-bead” IMS separation is 

increased compare to cells before separation or after “one-bead” IMS separation. Our technology 

will find applications for high specific TIC-like cells enrichment from scarce samples. 
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CHAPTER 7: MICROFLUIDICS-BASED 

CHROMOSOME CONFORMATION CAPTURE 

(3C) TECHNOLOGY FOR EXAMINING 

CHROMOSOME CONFORMATION WITH HIGH 

SENSITIVITY 

 

 

7.1 INTRODUCTION  

A single human genome is about 2 meters long if stretched, and it is stored inside a 

nucleus with a diameter less than 10 𝜇m. An interesting and important question in cell biology is, 

therefore, how does cell do this? Apparently, a high degree of packing is required to fit the 

genome in a very confined nuclear volume. This packing is not random, as the 3D organization 

of the genome is not only important from structural perspective, but also strongly relevant to 

genomic processes
1-3

. It has been revealed that genes are controlled by the combined action of 

many regulatory elements, which can be located at large genomic distances (ten to hundreds of 

kb) away from the targets. For example, enhancers can regulate multiple distant promoters 
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located in cis or in trans without affecting genes at closer genomic positions
4-6

. These long range 

cis- and trans- regulations are mediated by physical interactions between genomic loci that come 

in close spatial proximity, which provide principle for the looping and compaction of 1D genome 

into 3D chromosome
4, 7-9

.  

Chromosome conformation capture (3C) methodology has been developed to identify the 

packaging and organization of chromatin by converting physical interactions between elements 

into specific ligation products that can be quantified by PCR
10-15

. In a typical 3C experiments, 

interacting chromatin segments are crosslinked followed by digestion and intramolecular ligation. 

The ligation products are amplified by PCR using locus-specific primers. Their amounts are then 

estimated by gel electrophoresis of PCR products, which is proportional to the interaction 

frequency of two chromatin regions. TaqMan qPCR technology has also been used to provide 

accurate quantification of ligation products
11, 16

. Variants of 3C assay using sequencing technique 

to examine ligation products have also been developed for genome-wide contact maps
17-20

. 

Dekker et al. developed 3C technology about a decade ago and applied it to the analysis of 

spatial organization of chromosomes in yeast
10

. This technology later has also been used to study 

long range interactions between genetic elements in several mammalian loci, such as human and 

mouse -globin loci
21-24

, mouse imprinted Igf2/H19 locus
11, 25

, mouse T helper type 2 cytokine 

locus
6
, and -globin locus

26
.    

Conventional 3C assays require a large number of cells (>10
7
 cells) due to sample loss 

and low reaction efficiency after multiple steps, posing a challenge for studies of low-abundance 

cells, e.g. primary samples. These samples are usually very limited in amount from animals and 

patients, and typically composed of many different cell types. The enrichment of a single cell 

type from mixture brings a risk of further loss in sample amount. In addition, 3C methods 
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provide an estimate of the average chromosome conformation in all cells included in the analysis. 

However, microscopy studies (e.g. fluorescence in situ hybridization (FISH)) have shown that 

even genotypically and phenotypically identical cell populations can exhibit considerable 

variability in chromosome conformations. This heterogeneity among apparently homogeneous 

population also leads to an interest in improving the protocol using fewer cells. A single-cell Hi-

C (a variant of the 3C technique) protocol has been reported to study chromosome arrangement 

in individual cells
27, 28

. However, this protocol has some serious limitations. First, 10
7
 cells or 

more are needed to start with. Second, ligation of chromatin fragments is performed in the nuclei, 

which may not necessarily generate DNA concentration low enough to distinguish 

intramolecular ligation of crosslinked fragments with intermolecular ligation of random 

fragments. This may explained the reason why the rate of useful libraries build by the protocol is 

very low. Finally, mouth pipetting for single-cell isolation generates safety and efficiency 

problems. No alternative 3C analysis with low number of cells or single cell has been reported. 

Microfluidics provides a convenient and powerful platform for manipulating tiny amount 

of liquids and integrating multiple biological assays on a small chip. The tiny volume of the 

microfluidic chip allows the building of effective concentrations from limited amounts of 

samples and reagents (e.g. chromatin, restriction enzyme). This high concentration will 

dramatically increase the efficiency of reactions. Microfluidics allows the integration of many 

treatments (e.g. restriction digestion, nucleus lysis, DNA ligation, etc.) into a single chip, which 

minimizes the sample loss due to sample transfer. It also provides high level of automation, high 

throughput and short assay time. There are considerable efforts has been made toward genetic
29-

35
 and epigenetic analysis on microfluidic chips

36-41
, including microfluidic device for DNA 

sequencing
34, 35

, microfluidics-based chromatin immunoprecipitation to study protein-DNA 
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interaction
37, 38

, microfluidic RNA sequencing to determine transcriptome
40

. However, 

microfluidics-based protocol for studying 3D conformation of chromosome with high sensitivity 

has been lacking.  

In this study, we propose a microfluidics-based approach for examining chromatin 

interactions by 3C methodology with several orders of magnitude higher sensitivity than 

conventional 3C assays. We demonstrated that the reaction at microscale has improved 

sensitivity. Our microfluidics-based 3C assay is able to detect chromosome conformation using 

50000 cells.  The microfluidic device is designed to take advantage of  diffusion to replace small 

molecules from the previous step with new reagents in the reaction chamber for each step while 

keeping DNA molecules inside
29

. Alternating pressure pulses on the inlet and the outlet has been 

used to generate oscillatory movement for sample mixing and shaking which is essential for high 

efficiency in-nucleus digestion
37, 38

. As a proof-of-concept, we examined the chromatin 

interaction at the human -globin locus. The human β-globin locus is composed of five genes (휀, 

HBE; A𝛾 and G𝛾, HBG1 and HBG2; 𝛿, HBD; and , HBB) and one pseudogene (HBpsi) located 

on a short region of chromosome 11.Expression of all of these genes is controlled by single locus 

control region (LCR) via interaction of the LCR with the individual globin gene promotors. The 

enhancer-promotor interactions are differentially regulated throughout development, which is 

important for erythropoiesis
21, 42, 43

.  Analysis of chromatin looping interactions in the human -

globin by traditional 3C methods has been reported
21, 22, 24, 44

. In this study, we confirmed 

frequent interaction between the LCR and the active A𝛾-globin gene in -globin locus 

expressing fetal cells. 
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7.2 MATERIALS AND METHODS 

Microfluidic chip design and fabrication 

The design of the microfluidic chip is shown in Figure 7.2. 3 masks were used for the 

fabrication of two-layer chip by multilayer soft lithography
45, 46

. The microfluidic chip contains 

two layers: a lower control layer with 30 𝜇m depth for pneumatic valve actuation; an upper 

fluidic layer 80 𝜇m deep reaction and diffusion chambers, and 10 𝜇m deep rounded channels, 

which can be completely closed by the bending of a thin PDMS membrane separating the two 

layers.  

The fabrication of SU8 microfluidic channels has been described as in previous chapters 

and literatures
47, 48

. 10 𝜇m deep channel with round cross section was fabricated by positive 

photoresist AZ. Briefly, AZ was poured onto a silicon wafer and formed a uniform layer by 

spinning at 1100 rpm for 30s. The wafer bearing AZ layer was placed at room temperature for 10 

min followed by 90 °C for another 10 min. The pattern was transferred to the wafer after UV 

exposure and washing with developer. The chip was then baked at 130 °C for additional 1-1.5 

min until round cross section form observed under optical microscope. The prepolymer mixture 

of PDMS is then poured in the petri dish with the fluidic layer master to ~5mm thickness, and is 

spun coated on the control  layer master. The spinning rate is typically 1100rpm in order to 

create a thin membrane of ~110 𝜇m thick. The two PDMS layers were baked at 80 °C for an 

hour, after which the thick fluidic layer was peeled from the master and permanently bonded 

with the control layer by oxygen plasma. Another 1 h bake is followed to ensure strong bonding, 

and the holes for the inlets and the outlets are punched. Oxygen plasma followed by an hour bake 

at 80 °C was used to bind the PDMS chip to glass slide.  
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BAC DNA purification  

Buffer preparation 

Buffer P1 (resuspension buffer): 50 mM Tris·Cl, pH 8.0; 10 mM EDTA; 100 μg/ml RNase A 

Buffer P2 (lysis buffer): 200 mM NaOH, 1% SDS 

Buffer P3 (neutralization buffer): 3.0 M potassium acetate, pH 5.5 

Buffer TE: 10 mM Tris·Cl, pH 8.0; 1 mM EDTA 

A control library for the human -globin locus was prepared from bacterial artificial 

chromosome (BAC) clone RP11-910P5 (Children’s Hospital Oakland Research Institute). BAC 

DNA was purified using DNA purification kit (Qiagen, Cat. no. 12291). A single isolated BAC 

clone was inoculate and incubated in 2 ml LB broth containing 20 𝜇g/ml chloramphenicol 

overnight at 37 °C with shaking at 200 rpm. The culture was centrifuged and the bacteria were 

resuspended in 0.3 ml buffer P1. Buffer P2 was then added and incubated at room temperature 

for 5 min. White precipitation of protein was formed after adding Buffer P3 while gently shaking 

the tube and incubated on ice for 10 min. The sample was centrifuged 30 min at 16,100 g at 4 °C 

and the supernatant aqueous phase was taken to a new tube containing 0.54 ml isopropanol and 

incubated for 30 min on ice. A white DNA pellet was obtained after centrifuging the solution at 

16,100 g for 20 min at 4 °C. 1 ml 70% ethanol was used to wash the pellet by centrifuging 5 min 

at 16,100 g at 4 °C. The supernatant was removed as much as possible. The pellet was air dried 

at room temperature until it became invisible and dissolved in 50 𝜇l Buffer TE. 



125 
 

 

 

Control library generation in tube 

Purified BAC DNA concentration was estimated with Qubit fluorometer (Life 

Technologies). ~8 𝜇g DNA was used for the control library preparation. Restriction buffer and 

400 U EcoRI restriction enzyme was added and the final reaction volume was adjusted to be 450 

𝜇l. The digestion reaction was conducted by incubating the tube containing reaction solution 

overnight at 37 °C with 900 rpm shaking. The digested DNA was purified by phenol/chloroform 

extraction and ethanol precipitation. Briefly, 1:1 phenol/chloroform was added to the digested 

DNA solution followed by vortex and centrifugation at 16,100 g at room temperature. The 

supernatant was transferred to a new tube and 0.6 volume of 5 M cold ammonium acetate and 3 

volume of cold 100% ethanol were added. The tube was then incubated at -80 °C overnight. A 

white DNA pellet was obtained after centrifuging the solution at 16,100 g for 20 min at 4 °C. 1 

ml 70% ethanol was used to wash the pellet by centrifuging 5 min at 16,100 g at 4 °C. The 

supernatant was removed as much as possible. The pellet was air dried at room temperature until 

it became invisible and resuspended in 160 𝜇l Buffer TE. Then, 140 𝜇l DNA fragments were 

ligated with 35 U T4 ligase in ligation buffer at 16 °C for 15h. The ligated DNA was then 

purified by phenol/chloroform extraction and ethanol precipitation and dissolved in 100 𝜇l TE 

buffer. 1 𝜇l undigested, 1 𝜇l digested and 1 𝜇l ligated BAC DNA were run side by side on a 0.8% 

agarose gel to verify digestion and ligation efficiency. 

 

BAC DNA digestion and ligation on microfluidic chip 
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Purified BAC DNA in 20 ng/ 𝜇l concentration was introduced into the reaction chamber 

(0.5 𝜇l in volume) of the microfluidic chip showed in Figure 7.2. Digestion solution (22.5 𝜇l H2O, 

2.5 𝜇l 10 x digestion enzyme buffer and 0.5 𝜇l EcoRI enzyme) was flown into the two diffusion 

chambers (1.3 𝜇l in volume each) when all valves remained closed. The valves between the 

reaction and diffusion chamber were then opened to let the digestion reagent to diffuse into 

reaction chamber for 15 min. The valves were closed followed by putting the chip on 37 °C 

hotplate for reaction for 1 h. The digested DNA was continued with ligation or collected and 

followed by phenol/chloroform extraction and ethanol precipitation to estimate digestion 

efficiency. For ligation reaction, the digestion solution in the diffusion chambers was replaced by 

ligation reagent (18 𝜇l H2O, 2 𝜇l 10 x ligation enzyme buffer and 0.2 𝜇l T4 ligase enzyme), 

which diffused into the reaction chamber after opening the valves between the reaction and 

diffusion chamber. We kept the valves opened during ligation reaction, as the small digested 

DNA fragment would also quickly diffuse into diffusion chamber. The solution in all chambers 

was collected after reaction for 1 h at room temperature. The ligated DNA was collected and 

purified by phenol/chloroform extraction and ethanol precipitation. On chip digested BAC DNA 

and on chip ligated BAC DNA were run on a 0.8% agarose gel to verify digestion and ligation 

efficiency. 

 

Cell culture 

K562 cells (human leukemia lymphoblast) (ATCC) were cultured in DMEM (Life Technology) 

supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 1% 

penicillin/streptomycin and 2 mM L-glutamine (Life Technology) in a humidified atmosphere of 
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5% CO2 at 37 ºC. The suspension K562 cells were subcultured every 2 days at a ratio of 1:5 by 

replacing with fresh culture medium.  

 

GM06990 cells (human EBV-transformed lymphoblastoid) (Coriell Cell Repositories (CCR)) 

were grown in RPMI 1640 (Life Technology) supplemented with 15% FBS, 1% 

penicillin/streptomycin and 2 mM L-glutamine in a humidified incubator with 5% CO2 at 37 ºC. 

GM06990 is a suspension cell line and were subcultured every 3 days at a ratio of 1:5 by 

replacing with fresh culture medium.  

 

3C library generation from mammalian cells in tube 

Crosslinking: 10
6
 K562 or GM06990 cells were fixed in 1 ml 1% formaldehyde  in PBS 

containing 10% FBS by incubating at room temperature for 10 min with tumbling. The 

crosslinking was quenched by 142.5 𝜇l 1M glycine for 10 min on ice. Cells were harvest by 

centrifuging at 300g at 4 ºC for 5 min.  

Cell lysis: Cell pellet was then resuspended in 1 ml cold lysis buffer (50 mM Tris·HCl, 

pH 7.5; 150 mM NaCl; 1% TritonX-100; 5 mM EDTA) containing 20 𝜇l protease inhibitor 

cocktail and incubated for 10 min on ice. Homogenizer was used to facilitate the release of intact 

nuclei from fixed cells. Nuclei were harvest by centrifuging at 300g at 4 ºC for 5 min. 

Digestion: The pelleted nuclei were suspended in 50 𝜇l 1.2 x EcoRI enzyme buffer and 

0.75 𝜇l 20% (w/v) SDS and incubated at 37 ºC for 1 h with 1200 rpm shaking.   5 𝜇l 20% (v/v) 

TritonX-100 was added with another 37 ºC, 1 h, 1200 rpm shaking incubation. The solution was 
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adjusted to be 59 𝜇l with H2O and 1 𝜇l EcoRI enzyme (100U) was added. The digestion reacted 

overnight (~16h) at 37 ºC with 1200 rpm shaking and stopped by adding 4 𝜇l 20% (w/v) SDS 

and incubating at 65 ºC for 20 min, 1200 rpm.   

Ligation: 40 𝜇l digested sample were added with 470 𝜇l H2O, 60 𝜇l 10x ligase buffer and 

30 𝜇l TritonX-100 and incubated for 1h at 37 ºC with 600 rpm shaking. 1 𝜇l T4 ligase enzyme 

(20 U) was then added followed by incubation for 4 h at 16 ºC and 0.5 h at 20 ºC.  

Reverse crosslinking: After ligation, the sample was de-crosslinked and all proteins in the 

solution were denatured by 6 𝜇l 10 mg/ml proteinase K with incubation overnight at 65 ºC. RNA 

in the sample was disrupted by 3 𝜇l 10 mg/ml RNase with incubation for 30 min at 37 ºC.  

DNA purification: The ligated DNA was then recovered by phenol/chloroform extraction 

and ethanol precipitation as described previously and dissolved in 40 𝜇l TE buffer.  

 

Mammalian cells digestion and ligation in microfluidic chip 

K562 cells or GM 06990 cells were crosslinked and lysed in tube as described above. 

After incubating with SDS and TritonX-100 for 1 h and adding EcoRI, the reaction solution 

containing 1 x 10
7
 nuclei/ml was introduced into the reaction chamber (0.5 𝜇l in volume) of the 

microfluidic chip showed in Figure 7.2. 0.4% PEG and 0.05% Tween20 was used to prevent the 

adsorption of DNA to the channel wall. A critical step here is that all air bubbles in the reaction 

chamber need to be removed. Otherwise, the evaporation would be very serious with 37 ºC 

heating.  Air in the chamber was squeezed out of the chamber from air permeable PDMS by 

pressure from reservoir 1 after closing valve 6. The control layer included a hydration channel 
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beneath the reaction chamber. The hydration channel was filled with water (under 25 psi 

pressure) to compensate liquid evaporation in the reaction chamber. A layer of coating with 3M 

Novex electronic grade coating was formed on the outside of PDMS layer to prevent liquid 

evaporation. The subsequent operations of the chip were shown in Figure 7.4. The connecting 

channel between reservoir 2 and reaction chamber was filled with reaction liquid to avoid the 

generation of bubbles during oscillation. The digestion was conducted overnight (~16h) with 

chip placed on a 37 ºC hotplate, valve 2 and 5 opened, all other valves closed, reservoir 2 and 3 

connected with oscillation pressure
38, 46

. This oscillation served like shaking in tube to facilitate 

the access of enzyme to nuclei for digestion. After overnight digestion, 2% SDS was added to the 

diffusion chamber while closing valve 1-6. SDS was diffused into reaction chamber after 

connecting the chambers by opening valve 3 and 4 for 10 min. The digestion was deactivated by 

closing all valves and putting the chip on 65 ºC hotplate for 10 min. After equilibrium at 37 ºC 

for several minutes, ligation solution (30 𝜇l 1.5 x ligation enzyme buffer and 1.5% TritonX-100, 

0.2 𝜇l T4 ligase) was flown into diffusion chambers, followed by diffusion for 10 min. The chip 

with all valves closed was then placed on a plate at 16 ºC for 4 h and 20 ºC for 0.5 h to ligase 

DNA. The ligated sample was collected and purified by phenol/chloroform extraction and 

ethanol precipitation. 

  

Digestion efficiency determination 

Undigested sample (denote as “UND”) before adding EcoRI and digested sample (denote 

as “D”) after overnight EcoRI digestion were processed with proteinase K and RNase. 
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Undigested DNA and digested DNA was recovered by phenol/chloroform extraction and ethanol 

precipitation and dissolved in 20 𝜇l TE buffer.  

SybGreen quantitative PCR was performed to determine the digestion efficiency. The 

primers that amplify across restriction sites of interest were listed in Table 7.1. A set of primer 

(“internal” primer) that amplifies a control region not containing EcoRI restriction sites was used 

to minimize the differences in the number of DNA copies added to the qPCR.  The PCR 

condition was set as in Table 7.2.  

Ct values were used to determine the digestion efficiency by:  

Digestion efficiency = (100 −
100

2(𝐶𝑡𝐼−𝐶𝑡𝐶)𝐷−(𝐶𝑡𝐼−𝐶𝑡𝐶)𝑈𝑁𝐷
) × %  

𝐶𝑡𝐼: Ct value of interested region, 𝐶𝑡𝐶: Ct value of control region 
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Table 7.1 Primer sequences used to analyze the digestion efficiency at each EcoRI restriction 

site by qPCR.   

Test fragment Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 

HS5 (F1) gttttgcttccacatcaatccactcaaggcc tccttgcaaatcatgaataatgatcaatcgagg 

LCR1 (F2) ctctaacatagttgtcagcacaatgcctaggc gacctctgcactaggaatggaaggttagcc 

HBG2 (F8) gtaagatgcaaatagtaagcctgagccc gggcatgtggaaaactctgaggctgagg 

HBG1 (F9) ggggataaactaatttgaagatacagcttgcc ggaccattaacagggtaggaagtatttatgg 

HBpsi (F13) ctggagcgggtgagagaaaagtggaagttag catgtcctttaatggccctaaaactcattccc 

HBD ccttccttttggatatgctcatgggtgtg cgaagttcctgggaatatgctagtacagaac 

HBB gtagtcagtgagtctaggcaagatgttggc gctcccacactcctagactcttacaaaagc 

Gapdh primer used as “internal” primer:  

Forward primer sequence (5’-3’): acagtccatgccatcactgcc;  

Reverse primer sequence (5’-3’): gcctgcttcaccaccttcttg 

 

Table 7.2 SybGreen quantitative PCR condition for determining digestion efficiency 

Cycle number Denature Anneal and extend 

1 95 ºC, 3min  

2-46 95 ºC, 1s 62.5 ºC, 30s 

72 ºC, 30s 

47 Increase temperature to 95 

ºC at a rate of 0.2 ºC s
-1 
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3C analysis of mammalian cells 

TaqMan qPCR was performed to quantitatively analyze each ligation product from 

mammalian cells using primers indicated in Table 7.3. Serial dilutions of the control library 

(ligation products from BAC clone) were used to perform standard curves in each qPCR run. The 

PCR condition was set as in Table 7.4. 

 

Table 7.3 Primer sequences used to analyze chromatin interactions in human -globin locus by 

qPCR.   

Test fragment Forward primer sequence (5’-3’) 

LCR1 (F2) tcctccatgtgtagaattg 

F3 ggtagataagtcagagaacaatc 

F4 ttctaaccattggctaacac 

F5 ttctccatcatatcatcctcc 

F6 ctgatctttgacaaacatcac 

F7 cttcagccttcttaaacaaaac 

HBG 2 (F8) actccagtcaccatcttctg 

HBG1 (F9) gcctaaagtacgttgaag 

F10 gatccatgatctctaaccttg 

F11 actgcagtcaccatcttctg 

F12 tgaaaagctaagtgccattag 

HBpsi (F13) catctttccatcagccaac 
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F14 tgctctccacaattctaatc 

 

Primer for HS5 fragment (Constant primer):  ccaccacttcacatacta; 

TaqMan probe sequence: 5'FAM-actgcatcctgacacatatgacatt-3'BHQ-1  

 

Table 7.4 TaqMan quantitative PCR condition for determining chromatin interaction frequency 

Cycle number Denature Anneal and extend 

1 95 ºC, 15 min  

2-46 95 ºC, 10 s,  56 ºC, 1 min 

 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 The principle of chromosome conformation capture (3C)  

Chromatin interactions were examined by chromosome conformation capture (3C) 

methodology. The principle of 3C method is illustrated in Fig. 7.1. Cells are firstly fixed by 

formaldehyde, which induces the crosslinking of physically interacting chromatin segments. The 

following cell lysis allows the release of nuclei while keeping the spatial organization of 

chromosomes. Crosslinked DNA is then digested with restriction enzyme EcoRI and DNA ends 

are joined with the existence of T4 DNA ligase. The ligation step is conducted at very low DNA 

concentration so that the intramolecular ligation of crosslinked fragments is much more frequent 

than intermolecular ligation of random fragments. Crosslinking can be reversed by Proteinase K 
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and the ligation products are subsequently examined and quantified by qPCR using specific 

primers for candidate fragments. Since the ligation of two elements is largely dependent on their 

crosslinking status, the amount of each specific ligation product reflects the interaction frequency 

of the two corresponding fragments.  

 

 

Figure 7.1 Schematic representation of Chromosome Conformation Capture (3C) methodology: 

formaldehyde cross-linking, EcoRI restriction digestion, intramolecular ligation, and qPCR 

quantitatively detection of ligation products after reversal of the cross-linking.  

Formaldehyde induced 

crosslinking

EcoRI cut sites

Digestion

Ligation

Reverse 

crosslinking

 qPCR quantification 

of ligation product

G A A T T C

C T T A A G
EcoRI recognition site
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In order to minimize the influence of primer efficiency on the quantification of chromatin 

interaction, a PCR control library containing all ligation products of interest in equal amounts is 

built
11, 49

. Due to the complexity of human whole genome, it is very hard to generate ligation 

products in equal amounts with detectable levels from whole genomic DNA.  Thus, BAC clone(s) 

was used to build the control library. Bacterial artificial chromosome (BAC) is a DNA construct 

used to clone DNA sequences in bacteria. These DNA sequences (usually have size ranging from 

150 k-350 k base pairs) are segments of an organism’s DNA (in our experiments, human’s DNA), 

but without 3D conformation. The selected BAC clone or a set of clones should cover the entire 

genomic region under study with minimal overlapping. This BAC clone(s) is digested with 

restriction enzyme and randomly religated by ligase enzyme. Interaction frequencies are 

expressed as the ratio of amount of ligation products obtained with crosslinked DNA to the 

amount of ligation products obtained with control library.  

 

7.3.2 Microfluidics-based digestion and ligation of BAC clone 

Human -globin locus was investigated in this study. BAC clone RP11-910P5 

(Children’s Hospital Oakland Research Institute) covering region of interest was used to build 

control library. BAC DNA was firstly recovered from the BAC clone bacteria with commercial 

available DNA purification kit (Qiagen, Cat. no. 12291).  

Multilayer soft lithography was used to fabricate a microfluidic device containing a 

simple central reaction chamber (0.5 𝜇l in volume), two diffusion chambers (1.3 𝜇l in volume) 

and several connection channels as shown in Fig. 7.2. Pneumatic microvalves were designed at 

the indicated location to control the sample transport. Purified DNA was cut with EcoRI 
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restriction enzyme in tube or on the microfluidic chip, and followed by phenol/chloroform 

extraction and ethanol precipitation. Digested BAC DNA fragments were then ligated at the 

existence of T4 DNA ligase in tube or on chip, and purified with another phenol/chloroform 

extraction and ethanol precipitation. Undigested, digested and religated BAC DNA was analysis 

by gel electrophoresis to verify digestion and ligation efficiency, as shown in Fig. 7.3.  
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Figure 7.2 Schematic of microfluidic device design. (i) overview of the design. (ii) design of the 

fluidic layer for reaction (in reaction chmber) and loading reagents (in diffusion chamber 

containing supporting pillars). (iii) design of the AZ layer to generate round cross-section thin 

channel, which can be fully closed by actuation of the control layer. (iv) design of the control 

layer to control the valve, and a hydration channel to compensate evaporation in the reaction 

chamber.   

 

Gel electrophoresis results of traditional (reaction in tube) digested and ligated BAC 

DNA was shown in Fig. 7.3A, which matched results showed in previous literature
12, 49

. Uncut 

DNA (second lane from left) appeared above 10.0 kb DNA molecular weight marker (left) as a 

tight bar on the agarose gel. Digested DNA (third lane from left) migrated to smear-like pattern 

on the gel, indicating effective digestion of the DNA. The right lane showed the disappearance of 

most of the smear-like pattern with ligated DNA, which verified that the ligation is successful. 

For microfluidic analysis, the BAC DNA was flown into the reaction chamber in Fig. 7.2, and 

the digestion was conducted at 37 ºC hotplate for 1h after diffusing EcoRI from the diffusion 

chamber to reaction chamber. No oscillation is needed for the cutting of purified BAC DNA, 

which has no complex 3D conformation. Subsequent ligation reaction was carried out at room 

temperature for 1h after diffusion of T4 ligase from diffusion chamber to reaction chamber. 

Microfluidic digested or ligated sample were collected, purified and analyzed by gel 

electrophoresis. As shown in Fig 8.3B, microfluidic reactions showed similar results as that of 

reactions in eppendorf tube. Successful digestion and ligation at microscale were achieved with 

microfluidics-based assays.  
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Figure 7.3 Gel electrophoresis analysis of bacterial artificial chromosome (BAC) DNA during 

generation of 3C control library. (A) Digestion and ligation of BAC DNA in tube. Lane 1: DNA 

ladder; Lane 2: Uncut BAC DNA appears above the 10 kb DNA ladder; Lane 3: Digested BAC 

DNA migrates as a smear-like pattern; Lane 4: Ligated BAC DNA digestion fragments shows 

disappearance of most of the smear-like mark. (B) Digestion and ligation of BAC DNA in 

microfluidic chip. Lane 1: Digested BAC DNA migrates as a smear-like pattern; Lane 2 and 

Lane 3: DNA ladders; Lane 4: Ligated BAC DNA digestion fragments shows disappearance of 

most of the smear-like mark.  
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7.3.3 Microfluidics-based digestion of mammalian cells 

To investigate human -globin locus, human leukemia lymphoblast K562 cells were first 

crosslinked by fixation and lysed. Crosslinked nuclei with EcoRI enzyme in digestion buffer 

were flowed into the center reaction chamber (0.5 𝜇l in volume) from inlet 1, as shown in Fig. 

7.4A. 0.4% PEG and 0.05% Tween20 was used to prevent the adsorption of DNA to the channel 

wall. A critical step is removing all air bubbles in the reaction chamber to minimize evaporation 

in the following steps. The connecting channel between reservoir 2 and reaction chamber was 

filled with reaction liquid to avoid the generation of bubbles during oscillation. With valve 2 and 

5 opened and all other valves closed, the alternating pressure connected with reservoir 2 and 3 

were controlled by computer to produce sample oscillation in the device. This oscillation step 

was served as shaking step and used to facilitate digestion reaction. A hydration channel filled 

with water (under pressure) was used to compensate water loss in the reaction chamber due to 

evaporation. After oscillation digestion at 37 ºC, the digested sample was then collected to a tube 

containing proteinase k (PK) buffer and PK to denature proteins. Purified digested DNA was 

quantified by SybGreen qPCR using primers in Table 7.1 to determine the digestion efficiency. 

We examined the restriction digestion of 3 fragments overlapping with HS5, HBG and HBB. 

The digestion efficiencies under different conditions were shown in Fig 7.5. The reaction volume 

in microfluidic chip is 1000 times smaller than that in the tube, 10
4
 cells were investigated 

(compared to 10
7
 cells used in traditional assays) but showed similar digestion efficiency. The 

efficiency of restriction enzyme digestion increased with longer incubation time in both in tube 

and on chip digestions. In all condition, digestion showed efficiency higher than 60-70%, which 

is acceptable for subsequent 3C analysis
11

.     
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Figure 7.4  3C analysis in microfluidic chip. (A) Digestion of chromatin in nucleus: load nucleus 

and restriction enzyme into reaction chamber; alternating pressure for oscillatory digestion. (B) 

Nuclear lysis: load nuclear lysis buffer into diffusion chamber; diffuse nuclear lysis reagents into 
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reaction chamber after opening valve 3 and 4; heat the device to 65 ºC to lyse nuclear in closed 

reaction chamber. (C) Ligation of digested chromatin fragments at 16 ºC: load ligation buffer and 

lysis quench reagent into diffusion chamber; diffuse ligation and lysis quench reagents into 

reaction chamber after opening valve 3 and 4, and ligation in closed reaction chamber; collect 

ligation products into a tube for subsequent crosslinking reversal, DNA purification and PCR 

quantification.  

 

 

Figure 7.5 Digestion efficiency of three sites in the -globin locus (LCR (HS5), HBG, HBB) 

evaluated by qPCR. Reactions were performed in tube or microfluidic chip for 4h or 16h. 
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7.3.4 Microfluidics-based 3C analysis of mammalian cells 

To investigate human -globin locus, human leukemia lymphoblast cell line K562, which 

has high 휀- and 𝛾- globin expression levels, and human EBV-transformed lymphoblastoid cell 

line GM06990 which has no expression of -globin locus, was analyzed by 3C method. Fig. 7.6 

showed the chromatin looping interaction in the K562 and GM06990 -globin locus. The 

ligation products were quantified by TaqMan qPCR using primers in Table 7.2.  In both cell lines, 

LCR HS5 showed frequent interactions with adjacent chromatin fragments, reflecting 

nonfunctional random collisions between genomic neighboring segments. These random 

interactions are likely decreased with larger genomic distances, as observed in GM06990 cells
11, 

24
. We found higher interaction frequency in K562 cells compared to that in GM06990 cells.  In 

K562 cell, a peak of interaction frequency was found between the LCR HS5 region and HBG1 

(located ∼40 kb downstream), indicating the presence of a strong physical interaction between 

these two segments. Strong interactions between HS5 and HBE, HS5 and HBpsi were also 

identified in K562 cells, which matched to previous reports
24

. 



143 
 

 

 



144 
 

 

Figure 7.6  3C analysis of the human -globin locus. (A) Schematic of the human -globin locus. 

The positions of LCR (HS5), -globin genes and pseudogene are indicated. 3C analysis of 

chromatin looping interactions between the LCR (HS5) and nine sites located 10-50 kb 

downstream in the -globin locus in (B) K562 cells (globin expressing) and (C) GM06690 cells 

(globin nonexpressing). The y-axis shows the interaction frequencies, and the x-axis indicates the 

genomic position relative to the LCR (HS5), matching back to the -globin genes and 

pseudogene indicated in (A). 

 

For microfluidic 3C analysis, digested sample was loaded into the reaction chamber (2.5 

𝜇l in volume) for subsequent 3C analysis. EcoRI enzyme was deactivated and chromatin 

fragments were released from nucleus by the manipulation shown in Figure 7.4B. With all valves 

closed, 2% SDS in water was flowed into the two diffusion chambers, followed by diffusion of 

the reagent into reaction chamber after opening valve 3 and 4.  The chip was placed on 65 ºC 

hotplate for 10 min to deactivate the digestion enzyme and lyse the nuclear with all valves closed. 

The subsequent ligation was conducted by following the procedures shown in Fig. 7.4C. After 

diffusing ligation reagents into reaction chamber, the microchip was placed on a plate with 16 ºC 

for 4 h and 20 ºC for 0.5 h. Finally, ligated sample was collected into a tube containing PK in PK 

buffer for de-crosslinking. After DNA purification, the ligation products were quantified by 

TaqMan qPCR using primers in Table 7.3. The constant fragment in this study is located at HS5 

element of LCR region. Ligation products from BAC clone were used as control template and 

used to generate standard curve in the qPCR.  
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We used our microfluidic 3C system to test the interactions between the HS5 and 6 other 

sites located 30-50 kb downstream in the -globin locus using 50000 K562 cells, including the 

regions overlapping HBG1 and HBpsi. The results are presented in Fig. 7.7. We found that the 

conformation of human -globin locus revealed with microfluidic assays is comparable to that 

from traditional methods. Highest looping interaction frequencies were observer at HBG1 in 

both assays, indicating regulation of LCR to the active A𝛾-globin gene in globin-expressing cells. 

We also detected frequent interactions at pseudogene HBpsi, as described in previous studies
24

. 

Based on this analysis, we concluded that our microfluidics-based 3C technology is effective and 

sensitive to quantitatively identify chromatin looping interactions. 
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Figure 7.7  3C analysis of the human -globin locus in traditional or microfluidics-based method. 

(A) Schematic of the human -globin locus. The positions of LCR (HS5), -globin genes and 

pseudogene are indicated. (B) Chromatin looping interactions between the LCR (HS5) and six 

sites located 30-50 kb downstream in the -globin locus in K562 cells analyzed by tube-based 

(dots)or microfluidics-based (circles) method. The y-axis shows the interaction frequencies, and 

the x-axis indicates the genomic position relative to the LCR (HS5), matching back to the -

globin genes and pseudogene indicated in (A). 
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7.4 CONCLUSION 

To conclude, we developed a microfluidics-based approach for examining chromosome 

conformation by 3C methodology with several orders of magnitude higher sensitivity than 

conventional 3C assays. Restriction enzyme digestion in microfluidic device reduces the required 

cell number (10,000 cells). Our microfluidics-based 3C assay is also able to detect chromosome 

conformation using as few as 50,000 cells.  Our microfluidics-based approach allows the 

investigation of chromosome con formation of cells from scarce primary sources such as animals 

and human patients. 
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CHAPTER 8: SUMMARY AND OUTLOOK 
 

 

Microfluidics offers new opportunities and perspectives to the field of cellular and 

molecular biology. In this thesis, I have described my work in developing novel microfluidic 

technologies and their applications in cellular analysis and molecular biotechnology, including 

microfluidic electroporation as a powerful tool to deliver probes for intracellular tracking of 

native biomolecules, microfluidic immunomagnetic separation for rare cell isolation with high 

throughput and purity, and integrated microfluidic platform for studies of protein-DNA and 

protein-protein interactions with several orders of magnitude improved sensitivity.  

Future work in this field will potentially focus on integration and automation of 

microfluidic techniques to solve emerging and challenging biological problems and their further 

application in clinic setting. One continuing work will likely be the further optimization of the 

current technology for use in primary samples. The minimal sample requirement and maximum 

assay sensitivity of microfluidics will enable monitoring of cellular dynamic during disease 

development (e.g. cancer of different stages) with real clinical applications. Microfluidics also 

showed great potential for generating biochemical information on single cells. Such single-cell 

information is highly valuable for the analysis of those samples, in which the cells of interest are 

the minority and average signals obtained from bulk analysis are not desired. Another aspect is 

the integration of several techniques. For example, the high purity isolation of TICs (or TIC-like 

cells) with our “two-bead” IMS, investigation of Src activity in TICs and non-TIC tumor cells by 
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electroporation delivered FRET biosensor, and examination of  chromatin looping interaction in 

TICs and non-TIC tumor cells by microfluidic 3C assay to systematically study intratumoral 

heterogeneity.  This integrated microfluidics based approach will provide not only a powerful 

tool for the understanding  of  disease mechanism and dynamics at both cellular and molecular 

level, but also an approach for prognosis of cancer survival and for the evaluation of the 

efficiency of different therapies on an individual patient.  
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APPENDIX A - FABRICATION OF MICROFLUIDIC 

DEVICES 

 

 

The microfluidic devices were fabricated using a standard soft lithography method. 

Firstly, a master with designed pattern will be fabricated. The procedure is illustrated in Figure 

A.1A. Briefly, microscale patterns were firstly designed by computer software (FreeHand MX) 

and then printed out on transparencies at high-resolution (5080 dpi), which were used as 

photomasks in photolithography. The microscale patterns on the transparency were then 

transferred to masters on 3 inch silicon wafers (University Wafer) using a negative photoresist 

SU8 2025 (Microchem Corp.). For this transfection, SU-8 2025 was poured onto the silica wafer 

and formed a uniform layer by spinning at 500 rpm for 10s and 2000 rpm for 30s. A hot plate 

was then used for soft bake for ~3 min at 65 ℃ and ~6 min at 95 ℃ to evaporate the solvent from 

the photoresist. Let the wafer cool down to the room temperature and cover it with photomask 

designed earlier. Turn on the UV light (energy density is 585 mJ/cm2) for 17s to exposure the 

photoresist, SU-8 photoresist was cross-linked upon UV exposure, followed by post-baking the 

wafer for 1 min at 65 ℃  and ~6 min at 95 ℃. Cool down the wafer and we can see the pattern 

has been replicated to the wafer after developing with SU-8 developer for ~4 min.  Rinse the 

patterned wafer with IPA and dry it with air blow. 
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        As shown in Figure A.1B, a layer (∼5 mm thick) of polydimethylsiloxane (PDMS, General 

Electric Silicones RTV 615, MG chemicals) prepolymer mixture with a mass ratio of A:B=10:1 

was poured onto the master and then baked in an 80 ºC oven for 1 h after degasing under a 

vacuum for 2h. The cured PDMS replicas were then peeled off from the master, punched for 

inlet and outlet holes, oxidized by plasma treatment and bond to a pre-cleaned and oxidized glass 

slide. The glass slide was placed in cleaning solution (water: hydrogen peroxide: ammonia=5:1:1) 

and heated to 75℃ for 3h. During the 3h, the solution was stirred with a magnetic stir bar 

continuously. Rinse the glass slide with ultrapure water and blow dry them with clean air. Finally, 

the whole device was baked at 80 ºC for additional 1h so as to increase the bonding strength 

between PDMS and glass. 

Multilayer soft lithography was used to fabricate two layer devices, as shown in Figure 

A2. The two-layer microchip is composed of a bottom (or upper) channel for fluids flowing and 

an upper (or bottom) channel for pneumatic valve actuation. The two channels are separated by a 

thin membrane. Two silicon masters will be needed: one with positive photoresist (e.g. AZ) for 

mold of the fluidic layer, and one with negative photoresist (e.g. SU-8) for mold of the control 

layer. We have shown the preparation of SU-8 on silicon wafer above. The fabrication procedure 

of positive photoresist is similar except that the pattern exposed to UV light will be washed away 

after washing with developer. The reason why we use positive photoresist is its ability of 

forming round cross section, which ensures the complete closure of the fluidic channel when the 

valve is activated by adding pressure to the control channel. The prepolymer mixture of PDMS is 

then poured to the petri dish containing the control (or fluidic) layer master to ~5mm thickness, 

or PDMS is spun coated on the fluidic (or control) layer master. The spinning rate is typically 

1100rpm in order to create a thin membrane of ~110 μm. The two PDMS layers are baked at 
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80
o
C for an hour, after which the thick layer is peeled from the master, and is permanently 

bonded with the other layer using oxygen plasma. Another 1 h bake is followed to ensure strong 

bonding, and the holes for the inlets and the outlets are punched. Oxygen plasma followed by an 

hour bake at 80 °C was used to bind the PDMS chip to glass slide to create the microfluidic 

device. 
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(A)                                                             (B) 

 

Figure A.1 Schematic illustration device fabrication process (A) Schematic illustration of SU-8 

(negative photoresist) master fabrication. (B) Illustration of the PDMS molding for single layer 

device. 
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(A)                                                                   (B) 

Hot plate

Spin AZ 

photoresist on 

silica wafer 

Photomask

UV 

exposure

Soft bake

Hot plate

Post bake to 

form round 

shape channel

Develop
AZ developer

Rinse and dry

AZ

Silica wafer 

Glass

Spin PDMS 

on AZ 

master

PDMS slice 

peeled from SU-8 

master

Plasma bonding 

of two PDMS 

layers

Plasma 

bonding to 

glass

Multilayer PDMS

 

Figure A.2 Schematic illustration multi-layer device fabrication process. (A) Schematic 

illustration of AZ (positive photoresist) master fabrication.  (B) Illustration of PDMS molding for 

AZ master and the formation of multilayer device.  
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APPENDIX B – CELL CULTURES 

 

 

 

Chinese hamster ovary (CHO-K1) cells (ATCC) were cultured in Hams F12K medium 

(Life Technologies) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 100 

mg/mL streptomycin (Sigma), and placed in a humidified cell incubator with 5% CO2 at 37 ºC. 

Cells were subcultured at a ratio of 1:10 every 2 days to maintain their exponential growth phase. 

They were collected in culture medium after detaching from the flask bottom with Trypsin-

EDTA (Sigma). 

Wild type mouse embryonic fibroblasts (MEF) or Src/Yes/Fyn triple-knockout (SYF-/-) 

version of MEF cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Life 

technologies) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 100 mg/mL 

streptomycin (Sigma) in a humidified cell incubator containing 5% CO2 at 37 ºC. Cells were 

subcultured every 2 d at a ratio of 1:10 to maintain their exponential growth phase. They were 

collected in culture medium after detaching from the flask bottom by Trypsin-EDTA (Sigma).   

RAW 264.7 cells (mouse leukemic monocyte macrophage cell; ATCC, TIB-71) were 

grown in Dulbecco's Modified Eagle Medium (DMEM) (Life technologies) supplemented with 

10% fetal bovine serum (FBS) (Atlanta Biologicals) and 1% penicillin/streptomycin (Invitrogen) 

in a humidified atmosphere of 5% CO2 at 37 ºC. Cells were subcultured every 2 days at a ratio of 
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1:10 to maintain their exponential growth phase. They were collected in culture medium after 

dislodging from the flask substrate with a cell scraper.  

SUM149 cells (human breast cancer cell lines) (gift from Dr. Albert Baldwin at 

University of North Carolina) were grown in Ham’s F-12K medium (Life Technology) 

supplemented with 5% fetal bovine serum (FBS) (Atlanta Biologicals), 5 𝜇g/ml insulin (Gibco), 

1 𝜇g/ml hydrocortisone (Stemcell Technologies), and 1% penicillin/streptomycin (Invitrogen) in 

a humidified atmosphere of 5% CO2 at 37 ºC. To maintain cells exponential growth phase, they 

were subcultured every 2-3 days at a ratio of 1:10. Trypsin-EDTA (Sigma) detached cells were 

collected in culture medium.  

K562 cells (human leukemia lymphoblast) (ATCC) were cultured in DMEM (Life 

Technology) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 1% 

penicillin/streptomycin and 2 mM L-glutamine (Life Technology) in a humidified atmosphere of 

5% CO2 at 37 ºC. The suspension K562 cells were subcultured every 2 days at a ratio of 1:5 by 

replacing with fresh culture medium.  

GM06990 cells (human lymphoblast) (Coriell Cell Repositories (CCR)) were grown in 

RPMI 1640 (Life Technology) supplemented with 15% FBS, 1% penicillin/streptomycin and 2 

mM L-glutamine in a humidified incubator with 5% CO2 at 37 ºC. GM06990 is a suspension cell 

line and were subcultured every 3 days at a ratio of 1:5 by replacing with fresh culture medium.  

Hela cells (ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Life 

technologies) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 100 mg/mL 

streptomycin (Sigma), and placed in a humidified cell incubator with 5% CO2 at 37 ºC. Cells 

were subcultured at a ratio of 1:10 every 2 days to maintain their exponential growth phase. They 
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were collected in culture medium after detaching from the flask bottom with Trypsin-EDTA 

(Sigma) treatment.   
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APPENDIX C – SPECTRUM OF FLUOROPHORES 

 

 

Fluorophore Excitation 

filter 

Emission 

filter 

Application 

Quantum dots D480/40 D605/40 Intracellular tracking 

ECFP D420/20 D480/40 Donor of FRET based src protein biosensor 

YPet D480/40 D535/25 Acceptor of FRET based src protein biosensor 

Calcein AM D480/40 D535/25 Living cell labeling 

Fluorescein D480/40 D535/25 Cell labeling 

Propidium 

Iodide (PI) 

HQ530 HQ620 Nucleic acid stain, dead cell labeling 
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  APPENDIX D – MATLAB CODE FOR ANALYSIS 

OF MOVEMENT OF INTRACELLULAR QDS  

                    

 

MATLAB code to define functions used to analyze the mean square displacement of particles 

can be found online http://www.mathworks.com/matlabcentral/fileexchange/40692-mean-

square-displacement-analysis-of-particles-trajectories 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

http://www.mathworks.com/matlabcentral/fileexchange/40692-mean-square-displacement-analysis-of-particles-trajectories
http://www.mathworks.com/matlabcentral/fileexchange/40692-mean-square-displacement-analysis-of-particles-trajectories
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To draw the trajectories of QDs movements from their x(t), y(t) information 

 

 

close all 

clear all 

SPACE_UNITS = 'µm'; 

TIME_UNITS = 's'; 

  

  

  

  

cd('E:\projects\qds for intracellular tracking\particle tracking'); 

data=xlsread('data.xlsx'); 

dt=0.06;  %  

x=size(data); 

time = (0 :( x(1)-1))' * dt; 

N_PARTICLES=x(2)/2;  %number particle 

  

 tracks = cell(N_PARTICLES, 1); 

  

for i = 1 : N_PARTICLES 

  j=i*2-1; 

    tracks{i} = [time data(:,j) data(:,j+1)]; 

  

end 

  

  

ma = msdanalyzer(2, SPACE_UNITS, TIME_UNITS); 

ma = ma.addAll(tracks); 

ma.plotTracks 
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To calculate the mean square displacement (MSD) of QDs movement from their x(t), y(t) 

information 

 

 

ma = ma.computeMSD; 
ma.msd 
N_TIME_STEPS=100 
dT=0.06;  %  
x=size(data); 
t = (0 :( x(1)-1))' * dT; 
  

  
[T1, T2] = meshgrid(t, t); 
all_delays = unique( abs(T1 - T2) ); 
fprintf('Found %d different delays.\n', numel(all_delays)); 
disp(all_delays(1:9)); 
fprintf('For %d time-points, found %d different delays.\n', N_TIME_STEPS, size( ma.msd{1}, 1 ) ); 
figure 
ma.plotMSD; 
cla 
ma.plotMeanMSD(gca, true) 
  
mmsd = ma.getMeanMSD; 
t = mmsd(:,1); 
x = mmsd(:,2); 
dx = mmsd(:,3) ./ sqrt(mmsd(:,4)); 
errorbar(t, x, dx, 'r') 
[fo, gof] = ma.fitMeanMSD; 
plot(fo) 
ma.labelPlotMSD; 
legend off 
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