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Circulating tumor cells (CTCs) are the cells that are shed from a

primary tumor into the vasculature and circulate in the bloodstream. CTCs

may trigger cancer metastasis, which leads to most cancer-related deaths.

CTCs are widely studied due to their value in cancer diagnosis, prognosis,

and oncology studies. The major challenges with CTCs lie in their extremely

low concentration in blood, thus requiring an effective enriching system to

enable downstream analyses.

The immunomagnetic assay has proved to be a promising CTC de-

tection tool with high sensitivity and throughput. Key factors related to

the immunomagnetic assay include the capture rate, which indicates the

vii



sensitivity, and distributions of target cells after capture, which impact the

cell integrity and other biological properties.

In this dissertation, we build a sedimentation model, a partial vis-

cosity model, and a cell-tracking model to address the principle of the im-

munomagnetic cell separation. We examine the channel orientations and

determine the favorable inverted condition. In addition, we develop a

micromagnet approach to modulate the in-channel magnetic field toward

enhanced cell detection and distribution. Through numerical studies, we

calculate the magnetic field generated by the thin-film micromagnets, de-

termine its effective ranges, and demonstrate its value in optimizing cell

distribution. In the experimental demonstration, we present two types of

micromagnets based on e-beam Ni deposition and inkjet printing technol-

ogy, respectively. In the screening experiments, the Ni micromagnet inte-

grated system achieves over 97% capture rate. It shows a 14% increase in

capture rate, and a 14% improvement in distribution uniformity compared

with plain slides. We also successfully isolate CTCs from metastatic cancer

patients with the micromagnet assay. The inkjet-printed patterns yield a

similarly high capture rate of 103%. With the pixel permanent magnet array,

the inkjet patterns further increase the distribution uniformity for 20%.

The proposed models lay the theoretical foundations for future mod-

ification of the immunomagnetic assay, and the micromagnet-integrated

system provides a promising tool for translational applications in cancer

diagnose and clinical cancer management.
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Chapter 1

Introduction

According to data from the American Cancer Society in 2014, cancer

is the second-most common cause of death in the United States, exceeded

only by cardiovascular diseases and accounting for nearly one of every four

deaths. In 2014, about 585,720 Americans are expected to die of cancer,

almost 1,600 people per day. One out of every two men and one out of every

three women will experience some type of cancer in the course of their

lives. [1, 2] Specifically, among the estimated new cancer cases, prostate

(27%), lung and bronchus (14%), and colon and rectum cancers (8%) are at

the top of the list for men, while breast (29%), lung and bronchus (13%),

and colon and rectum (8%) are the three most frequently occurring cancer

types for women. And globally, more people die from cancer every year

than die from AIDS, tuberculosis and malaria combined. By 2020, we expect

the number of new cancer cases to rise to 16.8 million, which will further

increase to 27 million by 2030. [3]

To address the global cancer challenge, emerging technologies have

been developed for cancer treatment, such as surgery, chemotherapy, and

radiotherapy. In addition, a huge amount of effort is being dedicated to
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developing cancer diagnoses, especially early-stage detection methods, be-

cause the effectiveness of the treatment is influenced by the stage at which

cancers are diagnosed. Cancers are most responsive to treatment at early

stages, and patients tend to have higher survival rates. Among all, Circulat-

ing tumor cells (CTCs), referring to the cancer cells that have escaped from

primary tumor sites and circulate in the peripheral bloodstream, have been

demonstrated to be an important indicator of carcinoma progression and

metastasis, and can potentially be used as a early cancer detection tool.

Here, we begin with the background of cancer metastasis and the

significance of studying CTCs. We then evaluate several existing CTC

enriching systems with a focus on the immunomagnetic assay. Through

theoretical modeling of the immunomagnetic assay from multiple physical

perspectives, we propose to optimize the separation efficiency of the assay

by manipulating local viscosity and modulating the near-filed magnetic field

with novel device implementation. Related concepts, designs, fabrication

techniques, and characterization results are presented. In the end, we pro-

vide the experimental results using the new device in processing samples

from both cultured cancer cells and cancer patients.

1.1 Metastasis and Circulating Tumor Cells

“Cancer” refers to a group of chronic diseases characterized by the

uncontrolled growth of abnormal cells within the body. Normally, cells

divide and replicate to replace worn-out cells or to repair some form of

2



injury to tissues of the body. After a certain period, normal cells wear out and

die. However, cancer cells behave entirely differently - they keep growing,

dividing and creating more abnormal cells, which eventually outlive normal

cells. The abnormal cells often spread to other body parts, invading other

biological organs. When they do spread, that is called metastasis. [3] If the

spreading gets out of control, it can result in death.

1.1.1 Cancer metastasis

Metastasis is the most lethal aspect of cancer, leading to more than

90% of cancer-associated deaths. By spreading throughout the body, cancer

becomes almost impossible to eradicate through either surgery or radio-

therapy. As shown in Figure 1.1 (adopted from [4], page 1221), metastasis is

a multi-step process: the cancer cells have to invade local tissues and vessels,

move through the circulation system (either blood circulation or lymphatic

system), leave the vessels, and then establish new cellular colonies at a

distant site. However, each of these events is complex, and most of the

molecular mechanisms involved are not yet fully understood. [4]

In order to metastasize, cancer cells must break free of constraints that

keep normal cells in their proper places and prevent them from invading

neighboring tissues. This invasiveness is thus one of the defining properties

of malignant tumors. Although the underlying molecular changes are not

fully clear, it is believed that the invasiveness requires a disruption of the

adhesive mechanisms that tether normal cells to their proper neighbors
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Figure 1.1: Steps in the process of metastasis. Cancer cells go through a
series steps of local invasation, circulation, adhesion, extravasation before
proliferating to form metastasis at a distant location.

and to the extracellular matrix. For carcinoma, this process resembles the

epithelial-to-mesenchymal transition (EMT).

1.1.2 Circulating Tumor Cells

Circulating tumor cells (CTCs) are cancer cells that have escaped the

primary tumor site and now circulate in the peripheral bloodstream (as

4



shown in Figure 1.1). In 1989, English surgeon Dr. Stephen Paget first used

the “seed and soil” theory to explain cancer metastasis. Here the “seed”

is the CTCs and “soil” is the body tissues. [5] Now it is widely accepted

that CTCs in the blood originate from solid tumors, and the presence of

viable CTCs can be an important indicator of carcinoma progression and

metastasis. Despite the fact that detection and characterization of these cells

can be a promising method for both diagnosis and clinical management

of cancer, there are two major challenges that need to be resolved to fully

exploit the potential of CTCs.

• Rareness

Figure 1.2: CTCs and blood cell frequencies in blood.

To complete the metastasis process, the detached cancer cells must

go through a complex, slow, and inefficient process. It needs the particular

stem-cell character that will enable them to divide without limit, the ability to

settle and survive in an alien environment to proliferate, and being resistance

to apoptosis. All of these restraints make CTCs an extremely rare event in

blood. [4] It is estimated that, among the cells that detach from the primary

tumor, only 0.01% translate into viable CTCs that can form metastasis. [6] As
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shown in Figure 1.2, CTCs are found in frequency on the order of 102
∼ 103

per 1L of blood. In contrast, the same amount of blood contains billions (109)

of white blood cells and trillions (1012) of red blood cells. To overcome the

limitations of low concentration, it is imperative to have enriching systems

that can isolate and preserve CTCs before any further molecular studies are

conducted.

• Heterogeneity

Many of the existing CTC enrichment systems distinguish CTCs from

background cells based on the surface biomarker recognition or the size

differentiation. However, the heterogeneity of CTCs in biomarkers and

sizes hinders the performance of these technologies.

Specifically, the biomarker expressions vary among different cancer

types. So far, EpCAM, EphB4, EGFR, CEA, HER2, and MUC-1 have all been

adopted to do CTC separation from breast and colon cancer patients. [7]

Even for the same cancer cell line, the biomarker expression may vary. For

example, the most commonly used epithelial cell surface marker - EpCAM

- is not expressed or is expressed at a low level in some tumors and may

be down regulated during the EMT transition. [8] Therefore, discovering

more biomarkers relevant to CTCs and developing multiplex labelings are

necessary to improve the efficacy of these CTC detection assays. [9]

The size-based isolation methods are generally based on the assump-

tion that CTCs are larger than the surrounding normal blood cells. However,
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as shown in Figure 1.3, the average diameters of different cell lines differ.

It is hard to differentiate some relatively smaller CTCs, such as NCI-H69

from leukocytes (typical diameter ∼12 µm). [10] In addition, the size of the

CTCs may show some dynamic changes under different conditions. For

example, CTCs found from patients (7.97 µm) are significantly smaller than

cultured cancer cells (13.38 µm), with a more elongated shape. [11] These

variations make it even more difficult to select an appropriate size threshold

for accurate cell separation.

Figure 1.3: Average cell diameter of some typical cancer cell lines.

1.2 Rare cell detection systems

Over the past decade, CTC detection has been an exciting field,

and many technologies have been proposed and successfully demonstrat-

ed. [12–16] Based on the separation mechanisms, these technologies can

be categorized as (1) physical parameters based separation (size and den-

sity gradient, dielectrophoretic separation, and hydrodynamic separation)

and (2) affinity mediated separation (immunoassay and immunomagnetic

separation). In this section, we will introduce and evaluate these methods.
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1.2.1 Physical separation

Separation based on physical parameters distinguishes CTCs from

normal blood cells by relying on one or more intrinsic properties of the

CTCs (such as size, density, deformability, and electrical charges) without

external labels. [17–20] The size filtration method, such as the microcavity

array, works under the assumption that carcinoma cells are generally larger

than normal blood cells. [21] Density gradient centrifugation based cell

enrichment is based on the differences in cellular buoyant density. [22] There

are also techniques performing CTCs separation based on cell deformability,

such as the micro-isolation well design that achieves>80% capture efficiency

for breast and colon cancer cells. [23] Although filter based approaches are

relatively simple and straightforward and are not limited by cell types, these

techniques cannot differentiate between cancer cells and normal blood cells

that are physically similar. Besides, when passing through the filtration

systems, CTCs may potentially be damaged or lost due to the increased

shear stress. Additionally, low pore density and pore fusion of the filter

structures may limit the flow rate and fundamentally hinder the system

throughput. [24]

1.2.2 Hydrodynamic sorting

A promising alternative to the filtration system is to separate cells

in a streamline by manipulating the hydrodynamic forces applied on cells.

Cells with different sizes or shapes behave differently in the streamline and
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can be sorted accordingly. [25, 26] The continuous deterministic flow array

is one of the earliest methods used to separate blood components based on

the hydrodynamic size. The streamline of the object is dependent on the

relation between the its diameter and the micro-post offset spacing. [27, 28]

A microscale vortices based CTCs separation system has been demonstrated

using size as the biomarker, in which cancer cells with larger diameters mi-

grate to and are enriched in the expansion-contraction trapping reservoirs

while smaller cells freely pass through the reservoir region. The separation

is due to the lift forces that cells encounter are different. [29] Additionally,

the spiral microchannel design focuses larger CTCs against the inner wall of

a curvilinear chamber and use the inherent Dean vortex flow to collect the

CTCs in the inner outlet. [30–32] In asymmetric pinched flow fractionation,

cells with different sizes and shapes move along different streamlines and

enter different collection outlets. [33] Hydrodynamic separation operates

with high flow rates and does not suffer from an increased shear stress,

because no physical filtration is present. However, to keep the carrier liq-

uid consistent in properties such as viscosity, the sample usually needs to

be diluted appreciably before being screened, which limits the separation

efficiency and throughput.

1.2.3 Dielectrophoretic separation

Electrical properties of cells can also be used to perform separation.

[34,35] When an external alternating current electric field is applied, cells are
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polarized by the field and affected by the applied dielectrophoretic (DEP)

force. The bottom of the liquid chamber is lined with an inter-digitated

microelectrode array. When inside the channel, cell equilibrium height in the

parabolic fluid-flow profile is determined by the balance of DEP levitation

forces generate by the inter-digitated microelectrodes and the sedimentation

force. Cells are lifted to different heights and are transported with different

velocities in the parabolic flow profile. Cells that are farther from the bottom

electrode are carried faster by the fluid. Therefore, blood cells move faster

near the center, whereas CTCs move slower near the edge, and become

separated thereby. [36] The existence of different components can usually

be read out from the multiple peaks in the time dependency cell fractogram

passing through the detection window.

DEP systems are appealing because a large amount of blood sample

can be treated in a flow-through device without labeling, and target cells

can be collected for further analyses. However, to increase the separation

resolution, a large chamber size is preferred, and a DEP system usually

requires an external power supply, both of which lower the portability of

the system.

1.2.4 Immunoassay

Other than the physical parameters, CTCs can also be differentiat-

ed from normal blood cells based on the surface biomarkers. In the im-

munoassays, affinity ligands are used to provide the capture force for cell

10



separation. Due to the highly selective nature of antibody-antigen interac-

tions, immunoassays usually display better sensitivity and specificity than

physical separations.

Immunoassay is first demonstrated with the three-dimensional micro-

post structures (the “CTC-chip”). The micro-posts are coated with cancer-

specific antibody (anti-EpCAM), and successfully identify CTCs in the pe-

ripheral blood of patients with metastatic lung, prostate, pancreatic, breast

and colon cancers with >90% accuracy. [37] Afterwards, a number of de-

vices with carefully engineered three-dimensional in-channel structures are

developed to increase the separation efficiency. [38] The “herringbone-chip”

applies passive mixing of blood cells through the generation of microvortices

to increase the effective interactions between target CTCs and the antibody-

coated chip surface. The system increases the capture efficiencies for 26.3%

on average compared with the CTC-chip, especially at higher flow rates. [39]

To overcome the limitations of using EpCAM as the major biomarker

for CTCs detection, while in fact the amount of EpCAM expression on

tumor cells varies largely and depends on the cell types, aptamers have been

introduced to improve the versatility of CTCs detection. Since aptamers can

easily be modified for any subpopulation of CTCs, and they can be easily

immobilized within a device, multiple types of CTCs can be detected at the

same time. [40, 41] In the meantime, ensemble aptamers and antibodies on

the same substrate and create a multivalent adhesive domain could further

increase both the efficiency and purity of CTCs separation. [42]
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However, the affinity mediated immunoassays are still limited by

the relatively slow transport of target cells to the capture surface. Besides,

selecting an appropriate shear stress that can both facilitate reactions be-

tween CTCs and surface molecules, and dissociate the non-specific bonds

to remove non-target cells is difficult. To address these challenges, a fluid-

permeable nanoporous membrane has been recently integrated to the im-

munoassay to promote surface reactions and reduce non-target fouling. The

nanoporous structure enhances transport as streamlines are diverted toward

the surface, and eventually significantly increases the CTCs capture rates at

high flow rates. [43, 44]

1.2.5 Magnetic activated cell sorting

In systems such as fluorescence-activated cell sorting (FACS) and

magnetic-activated cell sorting (MACS), affinity ligands are used as a label-

ing mechanism. FACS has been widely used in past decades; the method

sorts a heterogeneous mixture of cells into multiple containers based on flu-

orescent signals. [45] Recent developments in nanotechnology have enabled

miniaturized FACS systems based on microfluidics and pulsed lasers. [46,47]

However, FACS is usually designed to sort cells with large sub-populations

and lacks the sensitivity to separate cells as rare as CTCs.

In a MACS system, magnetic force is applied to separate CTCs. The

magnetic momentum of the cancer cells comes from the magnetic tags that

are conjugated selectively to cancer cells through antibody-antigen bindings.
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Depending on the desired field intensity, either permanent magnets [48] or

electromagnets [49] can be used to provide the magnetic attraction. Com-

pared with other CTCs enrichment methodologies, an immunomagnetic

assay has several advantages that make it especially promising regarding

translational applications.

Selectivity: Similar to affinity mediated immunoassays, immuno-

magnetic assays have good sensitivity that arises from antibody-antigen

binding.

Specificity: Using magnetic force as the retaining force, immuno-

magnetic assay increases the contrast between target and non-target cells in

terms of the surface binding.

Throughput: Immunomagnetic assay requires no direct contact be-

tween CTCs and surface molecules. The large working range of magnetic

attraction allows for large chamber size and high throughput.

Tunability: The magnetic field can be easily and accurately modulat-

ed, especially when an electromagnet is used as the magnetic field source.

Integration: Magnetic attraction can be integrated with other separa-

tion methods due to the large effective range. [50]

Various immunomagnetic assays have been developed for cell sepa-

ration purposes in the past decades. With the progress in microfabrication

technologies, there is a trend toward miniaturization because it provides

better confinement of the magnetic force and other related factors on a small

13



scale. In the following review sections, we follow the order of the scale of

the immunomagnetic devices, from macroscale to microscale.

Macroscopic magnetic activated separation system

In conventional magnetic activated cell separation systems, samples

are stored in conical tubes and the screening/flushing steps are usually done

manually. Cells labeled with supermagnetic microbeads are attracted to

the tube wall, and unlabeled cells are eluted. Once the external magnetic

field is removed, the labeled cells can be released. [51] Bulky permanent

magnets provide the magnetic field and are arranged either as dipole or

quadrupole separators. Dipole separators drive cells across the streamlines

with a constant magnetostatic energy gradient, while quadrupole separators

deflect and capture cells in the radical direction. Separating rare cell samples

with a conventional MACS system is usually a time-consuming process with

low throughput because the system is manually operated and the magnetic

field intensity is typically limited. [52]

Recently, a new magnetic cell sorting system - MagSweeper technol-

ogy is reported. In the system, magnetic rods covered with plastic sheaths

are swept through the well to magnetically attract microbead-labeled target

cells. [53, 54] The diluted blood samples are pre-labeled with magnetic par-

ticles, and the samples are loaded into the capture wells. Sheath-covered

magnetic rods are swept a few millimeters above the bottom of the wells.

Loosely bound contaminating cells are removed, while the sheathed rods
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are washed. An external magnetic field is applied to facilitate the release of

labeled cells and the excessive magnetic particles. Using multiple rods, the

system can process different samples at the same time. However, during the

screening process, sheaths considerably reduce the magnetic force on the

magnetic rods and may lower the capture efficiency.

CellSearchTM, a commercial system used to detect CTCs, is also based

on the magnetic separation. CellSearchTM is among the few systems that have

been approved by the U.S. Food and Drug Administration (FDA) for clinical

diagnostics of breast, colorectal, and lung cancers. The system includes cell

preservation tube, cell profiling kit, and a semi-automated sample scanning

system. CTCs labeled with magnetic ferrofluids nanoparticcles conjugated

with EpCAM are isolated from whole blood samples by external magnets.

[55] CellSearchTM has been widely used to study the correlation between

the CTC counts and the survival rates of patients with breast, prostate and

colorectal cancers. [56–62] The limitations of the CellSearchTM system include

the fixed target assay designed only for EpCAM expression which may

lead to low capture efficiency in many clinical cases. Besides, instead of

collecting captured cells, the system re-suspends the captured cells in the

original screening solution after fluorescence imaging. It is difficult for the

captured cells to be retrieved on slides for further analyses.

Conventional MACS plays significant roles in cancer biology and

clinical studies, as revealed by the high level of interest and research ac-

tivities in CTCs. The field has been expanding remarkably fast in the past
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few years, and the enrichment techniques are continuously improved. At

present, the conventional MACS system cannot perform as needed for so-

phisticated molecular studies. In addition, the bulky size and low portability

restrict their applications for point-of-care medical systems.

Microscopic based immunomagnetic assay

With the recent advancement of micro and nano-fabrication tech-

niques, researchers are able to make miniaturized tools to observe, measure,

and manipulate extremely small objects. Combining microfluidic technolo-

gies, which is known for being able to provide precise control of the flow

behavior, transportation, and biological interactions in a microchannel en-

vironment, with immunomagnetic assay has been well pursued for sepa-

ration of rare cells. Similar to the conventional MACS system, microscopic

immunomagnetic assay uses magnetic beads or particles that are conjugat-

ed with cancer specific antibodies to label target cancer cells and uses an

external magnetic field for isolation.

Depending on the direction of the magnetic field, the microscopic

immunomagnetic assays work either in a retaining mode, where CTCs are

captured and fixed on a solid substrate; or in a deflection mode, where CTCs

are magnetically driven to different streamlines to be collected at different

outlets. There are also hybrid microchannels being reported that consist of

multiple functionalities or separating mechanisms integrated on the same

chip.
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Early work on combining microfluidic and immunomagnetic assays

to study cells in the retaining mode begin with analytical magnetapheresis.

It is proposed to compare magnetic properties of iron-rich protein (ferritin)-

labeled human lymphocyte and magnetite-doped dynabeads. When flow

through the microchannel over permanent magnets at a controlled flow rate,

magnetized cells and dynabeads are magnetically attracted to the interpolar

gap of the magnets, and can be used for microscopic analyses. [63]

Recent work on a microchip-based immunomagnetic separation sys-

tem in retaining mode has been successfully demonstrated with CTCs.

[48, 64] During the screening process, magnetic nanoparticle-labeled CTCs

in whole blood sample are pumped into the microchip and are captured on

the channel substrate. Normal blood cells such as red blood cells (RBCs) and

white blood cells (WBCs) are able to escape the magnetic entrapment.The

system yields high capture efficiency and throughput with blood samples

from breast, prostate, and lung cancer patients. It also discovers clusters of

CTCs, which might be clinically important.

The deflection channel is another cell sorting scheme. A stack of

permanent magnets are placed close to a microfluidic channel on the side

face to do sorting based on ferrohydrodynamics in a continuous-flow device.

[65] Different targets are deflected, and can be collected at different outlets.

It is demonstrated with Escherichia coli and Saccharomyces cerevisiae, as well

as fluorescent polystyrene microparticles. However, the device needs to

be further optimized in terms of separation sensitivity for target cells with
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small differences for clinical applications.

Viable CTCs can be retrieved using an immunomagnetic assay for

cell culture. Integration of micro-chambers with a microfluidic magnetic

separation device is developed to isolate CTCs suspended in whole blood

sample from mammary cancer-bearing mice. The isolated CTCs can then

be retrieved and cultured. The device is composed of a tilt inlet channel at a

certain angle in a main microfluidic channel with two rows of dead-end side

chambers to store attracted CTCs and protect them from being damaged

by shear stress. The device displays good isolation efficiency (87%) using

spiked mouse metastatic M6C breast cancer cells. [66]

As we mentioned previously, the far-field property of the magnet-

ic field allows integration with other functional components to achieve

better separation performances. A microfluidic chip (“CTC-iChip”) con-

taining three separation stages, namely debulking, inertial focusing, and

immunomagnetic separation, is fabricated for CTC detection. [67, 68] The

system incorporates three microfluidic functions to replace bulk RBC ly-

sis and centrifugation, hydrodynamic sheath flow in flow cytometry, and

magnetic-activated cell sorting in serial. Specifically, hydrodynamic size-

based filtration is performed in the first stage using an array of micropillar

structures, in which RBCs, platelets, plasma proteins, free magnetic bead-

s, and other blood components are discarded through the top outlet. The

remaining CTCs and WBCs are then flowed to the second stage for inertial

focusing before going to the third stage where immunomagnetic separation
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is performed. The developed CTC-iChip is capable of immunomagnetically

sorting epithelial and non-epithelial cancer cells in both negative and pos-

itive modes. It exhibits high capture efficiency for different human cancer

cell lines expressing different levels of EpCAM, even for MDA-MB-231 - a

“triple-negative” mesenchymal breast cancer cell line.

In addition to the integration in serial, immunomagnetic assay can be

combined with other principles in parallel. A micro-aperture chip system is

proposed to combine magnetic separation with size-based filtration. [69] A

magnetic field draws the magnetic bead-bound cells toward the microchip

which contains apertures that allow passage of unbound beads while trap-

ping the target cells. It is particularly effective in removing the excessive

magnetic nanoparticles in the system for better cell observation.

From macroscopic to microscopic, the downscaled immunomagnetic

system provides better control of the flow field and magnetic field. Minia-

turization also offers advantages such as better separation performance,

low material consumption, and high protability, all of which are critical for

potential mobile healthcare applications. However, the miniaturization is

limited by the need to avoid cell clogging and the desire to keep a substantial

system throughput to reduce the testing time.
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1.3 Downstream analyses with CTCs

Microscopic immunomagnetic assay enables the researcher to capture

and retrieve viable CTCs. It opens up opportunities to perform more in-

depth studies with the CTCs. Meanwhile, with the development of cell

profiling techniques, such as FISH, PCR, RT-PCR, plenty of information

have been extracted from CTCs. In this section, we will review some of the

significant work regarding downstream analyses of CTCs and introduce its

contributions to biological and clinical studies of cancer.

Specifically, we will cover (a) estimation of the metastatic progression

and survival rates, (b) stratification and real-time monitoring of therapies,

and (c) identification of therapeutic targets and resistance mechanisms. In

the end, we outline the requirements posted on CTCs separation technol-

ogy in order to better carry on the downstream analyses, which lay the

foundation for this dissertation.

Estimation of the metastatic progression and survival rates.

The number of CTCs found from blood samples can be used to esti-

mate the metastatic progression and survival rates of the patients. Metastatic

breast cancer patients can be determined as favorable (<5) and unfavorable

(>5) based on Kaplan Merier probability of the CTC counts at monthly in-

terval after initiation of therapy. The difference in survival rates between

the favorable and unfavorable groups is highly significant (p-value 60.0070).

Besides, changes in CTC counts after treatment can alter survival prospect-
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s. CTCs are acquired using CellSearchTM from 7.5 mL of patient blood. The

results indicate that patients with persistent CTC counts have the worse out-

come and strongly suggest they are on a futile therapy. The same methods

can be applied with colorectal and prostate cancer patients. [56]

Stratification and real-time monitoring of therapies

EMT transition - the process of adherent epithelial cells becoming

a migratory mesenchymal state has been considered to be a fundamental

step in tumor metastasis. In general, primary tumor cells simultaneously

express mesenchymal and epithelial markers, but mesenchymal cells are

highly enriched in CTCs. Therefore, monitoring the dynamic change of

the biomarkers on mesenchymal CTCs can be used for stratification and

real-time monitoring of therapies and disease progression. Longitudinal

monitoring the EMT features (E&M markers) in CTCs from a ER/PR+ lob-

ular breast cancer patient showed the patient had initially responded to

a regimen of PI3K+MEK, developed resistance, and then responded tran-

siently to standard chemotherapy. The color-coded quantification of EMT

features show excellent agreement with the disease progression and thera-

py response. It demonstrates the clinical importance of CTC as a potential

biomarker for cancer management. [70, 71]
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Identification of therapeutic targets and resistance mechanisms

Sub-microgram RNA-based sequencing method can be used to gen-

erate gene expression profile of CTCs. In the study of pancreatic CTCs, Wnt2

is found to be consistently enriched in CTCs. The existence of Wnt2 is con-

firmed using fluorescent RNA in-situ hybridization (RNA-ISH) technique.

In the functional consequence test, Wnt2 is found to promote anchorage-

indenpendent cell survival and may contribute to metastasis in human pan-

creatic cancer. In the inhibitor test, TAK1 (TGF-β activated kinease 1) is

found to be capable of abrogating Wnt2-induced tumor spheres, without

suppressing blaseline formation, thus can be a potential drug target for

metastasis suppression. [72] Therefore, molecular analysis of CTCs may i-

dentify candidate therapeutic targets for cancer treatment and resistance

mechanisms.

Molecular analyses of CTCs have been a highly active research area.

There are many other exciting work, such as detection of mutations in EGFR

in circulating lung cancer cells offers the possibility to track the changes

in tumor genotypes during treatment, [73] and studying the phenotype-

dependent effects of EpCAM expression to implicate EpCAM-based target-

ing strategy. [74] Besides, CTCs can be used as a non-invasive liquid-biopsy

to study the heterogeneity of cancer cells [54] and eventually aid the devel-

opment of personalized therapies. [75–77]

However, to overcome the limitations from the rareness and fully ex-

ploit the potential of CTC, huge challenges are posted on the enriching tech-
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nologies. Currently, there are two major areas that attract lots of dedication.

(1) Efficient separation. Since CTC is such a rare event in blood, it is always

important to optimize the separation system in the sensitivity, specificity,

versatility and stability. (2) Convenient identification. Although advanced

techniques like fluorescent in-situ hybridization (FISH), PCR can be used

for cell identification, immuno-fluorescent imaging is still the most widely-

adopted method due to its simplicity and straightforwardness. Therefore,

the separation system needs to maintain cell integrity, facilitate the cellular

imaging, and avoid negative factors such as fluorescent quenching.

1.4 Major contribution and dissertation organization

In the dissertation, we build an immunomagnetic assay for efficient

rare CTCs detection. We start with deriving the theoretical models to sim-

ulate the magnetic-driven motions of CTCs, which provides quantitative

guidance in the system design. Then we present the design, the fabrication

of a microscale magnetic structure, and the integration with the immuno-

magnetic assay as an enhanced platform. In the end, experiments with

different cancer cell lines are carried out to evaluate the system.

Specifically, the major contributions of this dissertation include the

following:

First, modeling and theoretical analyses of the immunomagnetic as-

say. We develop multi-physical models to address the governing physics
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of magnetic separation. Then we build a blood sedimentation model to

simulate the mechanical motion of the red blood cells within microchannels

and a partial-viscosity model to investigate the impact of the changes in

the micro-environment on rare cell separation. In addition, we derive the

principles for the implementation of micro-scale magnetic structures, and

demonstrate its value in altering the distribution of the captured cells.

Second, design and fabrication of micromagnet-integrated microchip

system for rare cell detection. We design and fabricate a thin-film microscale

magnetic structure with a traditional e-beam deposition technique to mod-

ulate the local magnetic field. In addition, we develop the inkjet-printing

technology as a flexible alternative approach to fabricate micromagnets for

magnetic activated patterning and separations.

Third, experimental analyses of the micromagnet-integrated assay in

detecting multiple types of rare CTCs. We test the micromagnet-integrated

immunomagnetic assay with cultured breast, prostate and colon cancer cells

to characterize the capture capabilities. The experimental results match the

theoretical predictions well. On average, the Ni-micromagnet integrated

system achieves over 97% capture rates with four types of cancer cell lines:

COLO205, SK-BR-3, MCF-7, and PC3. Compared with plain slides, the Ni

micromagnet slides increase the capture rate by 14% on average. It also

improves the distribution uniformity by 14±8%. The Ni micromagnet inte-

grated system has also been used to study clinical samples, and successfully

isolate CTCs from four types of metastatic cancers patients (breast, prostate,
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lung, and colon cancers). The inkjet printed patterns yield a similarly high

capture rate of 103±1%, a 35.5±16.5% increase compared with plain slides.

With the help of a newly designed pixel permanent magnet array, the inkjet

patterns further increase the distribution uniformity by 20%.

In this dissertation, Chapter 1 introduces the motivation and back-

ground of CTC studies, with substantial reviews of existing technologies for

CTC separation and downstream analyses. Chapter 2 presents the multi-

physical modeling of the immunomagnetic assay, together with the theoret-

ical framework of the micro-environment analysis and microscale magnetic

field modulation . The fabrication and device characterization of the micro-

magnets, and its systematical integration are presented in Chapter 3, while

Chapter 4 presents both the simulation and experiment results in using

the proposed device for screening CTCs from spiked and clinical samples.

Finally, Chapter 5 summarizes the thesis and discusses future work.
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Chapter 2

Multiphysical Modeling and Theoretical Analyses

This chapter presents the theoretical framework of the immunomag-

netic assay from multiple physical perspectives. Starting from the governing

physics of magnetic cell separation and the scaling law of the immuno-

magnetic assay, we identify two important parameters - local viscosity and

magnetic field - that are closely related to the separation efficiency. We then

build a set of models, including the blood sedimentation model, the par-

tial viscosity model, and the cell tracking model, to quantify the impact of

local viscosity on cell separation. Also, we introduce the analytical mod-

el of the micromagnets’ implementation to characterize the magnetic field

generation and the impact on the immunomagnetic assay. The theoretical

investigations lay the foundation for the device design and fabrication.

2.1 Immunomagnetic assay
2.1.1 Principle of operation

The principle of the immunomagnetic assay is shown in Figure 2.1.

CTCs are conjugated with magnetic nanoparticles through cancer specific

antibodies (such as anti-EpCAM) before being pumped into the microchan-
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Figure 2.1: Physical model and scaling law of the immunomagnetic cell
separation system. Due to the attachment of the magnetic nanoparticles,
motions of CTCs are dominated by the magnetic force. Reducing the height
(H), increasing the magnetic field (B), and increasing the cross-section area
(W×L) can help improve the separation efficiency.

nel. When inside the channel, which is placed within strong external mag-

netic field, the CTCs are subject to the gravitational force (G), buoyancy force

(Fbuo), magnetic attractive force (Fmag) and the hydrodynamic force (Fdrag).

Due to the attachment of the nanoparticles, the magnetic force largely over-

weighs other forces. Therefore, the CTCs can be magnetically attracted,

retained on the substrate of the microchannel, and get separated thereby.

In the meantime, normal hematocyte cells flow out of the microchannel

unaffected.

2.1.2 Physics of magnetic separation

The physical principles of immunomagnetic assays evolve over the

length-scale. To elucidate key design parameters, we discuss the scaling
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laws of the immunomagnetic assay. Consider a virtual immunomagnetic

capture region as shown in Figure 2.1, with length (L), width (W), height (H)

and substrate thickness (S). If the dimensions of the permanent magnets are

greater than the capture region, the magnetic field within the region falls off

inversely with the square of the distance to the magnets (y):

B(y) ∝
B0

(S + y)2 (0 < y < H) (2.1)

Here B0 is the magnetic field generated by the magnetic flux source,

i.e. the permanent magnets. The average time (τ) a cell stays inside the

capture region can be estimated using the flow rate (FR) and the dimensions

of the region:

τ =
W ·H · L

FR
(2.2)

The magnetic force acting on a magnetic nanoparticle (Fmag) is depen-

dent on the magnetic dipole momentum m of the particles and the magnetic

field B:

Fp = (m · ∇)B (2.3)

The total magnetic momentum of a nanoparticle can be expressed

using:
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m =
Vp∆χp

µ0
B (2.4)

Here Vp is the volume of a single nanoparticle, ∆χp is the volume

magnetic susceptibility of the magnetic nanoparticles,µ0 = 4π×10−7 T·m·A−1

is the magnetic permeability of vacuum. We assume ∇ × B = 0, and the

magnetic force on a single nanoparticle can be simplified to :

Fp =
Vp∆χp

2µ0
∇B2 (2.5)

Therefore, the magnetic force on a target cell (Fc) is the summation of

the forces from all the particles:

Fc = N · Fp (2.6)

where N is the amount of labeling particles on a single cell.

When the magnetic force drives cells along the laminar flow inside

the capture region, the hydrodynamic drag force can be calculated using

Stoke’s equation:

Fdrag = 6πηR∆v (2.7)

To simplify the calculation, we assume a quasi-static cell motion,

neglecting the accelerating period, equating the drag force to the magnetic

force:
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Fdrag = Fc (2.8)

And we can get the expression of the instant relative velocity of the

target cell:

∆v =
R2

c∆χc

9µ0η
∇B2 (2.9)

Here Rc is the hydrodynamic radius of the cells, η is the viscosity of

the medium, and ∆χc is the effective magnetic susceptibility of the target

cells, represented using:

∆χc = N ·
R3

p

R3
c
· ∆χp (2.10)

We can calculate the average velocity of the cells by averaging over

the height of the microchannel.

vave =
1
H
·

R2
c∆χc

9µ0η

∫ H

0
∇B2(x)dx (2.11)

In the theoretical consider, a successful capture is defined that - within

the time τ the vertical distance moved by the cells is equate to the height of

the capture region:

τ · vave = H (2.12)
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Based on the Equation 2.12, we calculate the required magnetic field

intensity for successful magnetic separation:

B0 =
9µ0η

R2
c∆χc

·
H · FR
W · L

·
1

(S + H)−4 − S−4 (2.13)

We assess the immunomagnetic assay based on the required mini-

mum magnetic field (B0). The parameters that help reduce the value of B0

lower the physical barrier for cell isoaltion. In contrast, parameters that

increase the value of B0 make the cells less likely to be captured. Thus, we

can divide all the parameters into two groups, based on the effect on CTC

detection efficiency, as shown in Figure 2.2.

Figure 2.2: Parameters that affect the detection efficiency of the immuno-
magnetic assay.

According to Figure 2.2, there are several ways to improve the CTC

detection efficiency, such as decreasing the screening flow rate (FR), us-

ing stronger magnetic tags (χp), and increasing the labeling efficiency (N).
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However, from the perspective of scale, the system can be optimized by de-

creasing the height (H) and increasing the surface area (W×L) of the device.

It inspired us to scale down the device, and adopted the microchip approach

with large flat hexagon chamber geometry. [48]

Meanwhile, we identify two additional parameters that can poten-

tially be adjusted to increase the CTC detection efficiency - the viscosity (η)

and the magnetic field (B). Viscosity is decided by the screening medium -

blood and its cellular components. While the magnetic field is affected by

the permanent magnets outside the channel, and the microscale magnetic

structures we propose to implement inside the channel. In the following

parts, we introduce the theoretical endeavors in investigating these two

factors.

2.2 Micro-environment simulation

In the previous theoretical considerations of the immunomagnetic as-

say, blood is simply treated as a viscous Newtonian medium, [63] which is

sufficient to roughly estimate the blood flow and device functionality for cer-

tain applications. However, it does not represent the essential phenomena

found in rare cell separation processes. Non-Newtonian behavior of blood

caused by the particulate nature of blood cells can significantly change the

viscosity of the microenvironment inside the microchannel and affect the

performance of the blood-handling devices. There are also methods using

the lattice Boltzmann model, [78] or the moving particle semi-implicit (MPS)
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model, to study the motion of blood cells, [79] but they are usually limited

in the required high computational power and the number of cells can be

analyzed (typically fewer than 100). We propose to construct a hybrid math-

ematical model to describe the change of the local microenvironment due

to nonlinear mechanical motions of blood cells, and evaluate the efficacy of

the immunomagnetic rare cell separation process. [80]

2.2.1 Blood sedimentation model

Blood consists of blood plasma and hematocyte cells, including red

blood cells (RBCs), white blood cells (WBCs) and platelets. Among all, RBCs

make up about 40% of the blood’s volume. Thus, blood has to be treated as

a non-Newtonian fluid. To study the relation between microenvironment

and CTCs detection, we first construct a theoretical model to simulate RBCs

sedimentation. As is shown in Figure 2.3, we divide the flow space into

multiple cubic control volumes. The flow vector (Vmed) of the medium, RBC

sedimentation velocity (∆vRBC), and volume RBC rate (ρRBC) are defined for

each control volume. ∆vRBC is defined as an average, relative velocity to

the medium and is defined only in the direction of gravity. RBCs transport

between adjacent control volumes for each time step is calculated based on

these three parameters.

On the basis of the model described above, we develop a procedure

to calculate the behavior of RBCs in the microfluidic flows. First, we cal-

culate the flow field of the medium using finite element analysis software
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Figure 2.3: Red blood cell sedimentation model. RBC sedimentation in
each control volume is given as a relative velocity ∆vRBC of the RBCs to the
medium and is expressed as a function of the volume RBC rate ρRBC.

COMSOL, and then segment the flow field into the same control volumes.

We assume the macroscopic medium flow Vmed,u (u = x, y, z) is not affect-

ed by the RBCs motion. For each time step, the local volume RBC rate is

updated using the RBCs flux from neighboring control volumes. The RBC

flux is calculated based on the volume RBCs rate and RBCs flow velocity,

which is given as the summation of medium flow velocity and the average

sedimentation velocity ∆VRBC of RBCs relative to the medium. ∆VRBC us

a function of ρRBC and is only considered in the z-direction. The absolute

velocity of RBCs can be expressed as:
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vRBC,x = vmed,x

vRBC,y = vmed,y

vRBC,z = vmed,z + ∆vRBC(ρRBC)

(2.14)

Consequently, the RBCs flux Φu(u = x, y, z) at an interface between

neighboring control volumes is expressed as:

Φu = ρRBC · vRBC,u + D ·
∂ρRBC

∂u
(u = x, y, z) (2.15)

Here D is the diffusion constant. If we estimate the value of D by the

Einstein-Stoke equation

D =
KBT

6πηRRBC
(2.16)

where KB = 1.38 × 10−23kg · m2
· s−2
· K−1 is the Boltzmann constant,

T = 300K is the absolute temperature, η ≈ 5 × 10−3Pa.s is the medium

viscosity and RRBC ≈ 5×10−6m is the radius of the sphere particle. Given the

typical height of the channel is 500µm, ρRBC ≈ 0.5, VRBC,u ≈ 10× 10−6m/s, the

two terms in Equation 2.15 are estimated to be

ρRBC · VRBC,u ≈ 5 × 10−6m/s (2.17)

D
∂ρRBC

∂u
≈ 9 × 10−12m/s (2.18)
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The diffusion term is much less than the flux term, so we neglect the

diffusion term in the following calculations.

Then we define ∆ρRBC as the change of the volume RBC rate in a

control volume ∆x∆y∆z at a step time t→ t + ∆t, it satisfies

∆ρRBC∆x∆y∆z = (Φ+
x −Φ−x ) ·∆y∆z∆t+ (Φ+

y −Φ−y ) ·∆x∆z∆t+ (Φ+
z −Φ−z ) ·∆x∆y∆t

(2.19)

Where Φ+
u ,Φ

−

u (u = x, y, z) stands for the flux in and flux out at u =

ui − (∆u/2) and u = ui + (∆u/2) (u = x, y, z). Thus, the volume RBC rate of

each control volume can be instantly updated using the following equation

ρRBC(t + ∆t) = ρRBC(t) +
Φ+

x −Φ−x
∆x

· ∆t +
Φ+

y −Φ−y

∆y
· ∆t +

Φ+
z −Φ−z
∆z

· ∆t (2.20)

2.2.2 Partial viscosity model

To address the impact of the local viscosity change due to RBCs

sedimentation on rare cell detection, we build a partial viscosity model. The

model considers that the viscous force acting on a rare cell is the vector

summation of partial viscous forces from the medium and the RBCs, each

of them works in the same direction as its respective relative velocity to the

cells. This is an expanded interpretation of the Einstein’s viscos model, in

which viscosity is considered to be linearly correlated to the volume rate of

particles. [81]
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Figure 2.4: Partial viscos model: viscos force acting on a rare cell is the vector
summation of the viscos force from the medium and the RBCs, each works
in the same direction as its respective relative velocity.

To describe the extra viscous force from the RBCs, we introduce a

term - partial viscosity ∆ρRBC, as a function of the volume RBCs rate ρRBC.

The partial viscosity ∆ρRBC represents the contribution of viscous force from

RBCs, which has an independent flow vector VRBC = Vmed + ∆VRBC different

from the medium flow vector Vmed. The expression of drag force in Equation

2.7 needs to be modified to:

Fdrag = 6πRcell∆vcell · ηmed + 6πRcell(∆vcell − ∆vRBC) · ∆ηRBC(ρRBC) (2.21)

2.2.3 Target cell tracking algorithm

We touched a little about the algorithm of tracking the target cells in

Section 2.1.2, here we elaborate the procedure of calculating the trajectories
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of the rare cells that are separated from blood.

Under the quasi-static motion assumption, now with the modified

drag force expression considering the partial viscous force from RBCs, we

can calculate the instant relative velocity of the target cells as:

∆vcell =
Fmag + 6πRcell∆vRBC∆ηRBC

6πRcell · (ηmed + ∆ηRBC)
(2.22)

Thus, the absolute velocity of the cell is given as the vector summation

of the medium flow velocity and the relative velocity:

~vcell = ~vmed + ∆~vcell (2.23)

For each step time t→ t + ∆t, the position of the cell can be updated

based on the previous position and the instant velocity

x(t + ∆t) = x(t) + ~vx · ∆t

y(t + ∆t) = y(t) + ~vy · ∆t

z(t + ∆t) = z(t) + ~vz · ∆t

(2.24)

2.3 Microscale magnetic field modulation

Two important factors associated with immunomagnetic assay in-

clude the capture rate, which indicates the sensitivity of the system, and

distributions of target cells after capture, which impact the cell integrity and
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Figure 2.5: Schematic of the patterned thin film micromagnet design and
magnetization. (a) Patterned thin film micromagnet are integrated on the
substrate and magnetized by the permanent magnets. (b) Magnetization
process of the soft-magnetic micromagnets using the theory of magnetic
anisotropy and demagnetizing field.

other biological properties that are critical to downstream analyses. Howev-

er, in a conventional magnetic activated system, the efficacy of the magnetic

field generated by permanent magnets (usually on the scale of centimeters

or millimeters) is limited by the low value of the magnetic field gradient and

the low density of traps. Consequently, the target cells tend to be captured

and aggregated in a confined area. The aggregation may directly impact

the structural integrity of cells or quench the fluorescent signals from the

targetcells, all of which may interfere with cell identifying and profiling and

weaken the strength of the immunomagnetic assay.

39



Here, we present a theoretical framework of implementing a mi-

croscale magnetic structures to modulate the local magnetic field toward

enhanced capture and distribution of rare cancer cells. Through the design

of a two-dimensional micromagnet array, we characterize the magnetic field

generation and quantify the impact of micromagnets on rare cell separation.

2.3.1 Micromagnet magnetization

Figure 2.5(a) illustrates the concept of the thin-film micromagnet ap-

proach. Ferromagnetic coatings (such as nickel, iron and cobalt) are inte-

grated on the substrate of a microchannel. The geometries and layouts of

the micromagnet array can be defined using microfabrication techniques

such as photolithography. The entire device is placed on top of a perma-

nent magnets array. After being magnetized by the external magnetic field,

the ferromagnetic element generates strong localized field to increase the

magnetic force applied on the target cells.

The magnetization process of soft magnetic materials has been well

established using the concept of magnetic anisotropy and demagnetizing

field, as is shown in Figure 2.5(b). [82] Briefly, upon application of an external

magnetic field (~Hext) with an angle (α) to the net magnetization ~M of the

sample, ~M is rotated by the torque exerted by ~Hext with an angle (θ) from the

equilibrium direction, which is usually the long axis. In a permanent magnet

analysis, for magnetic structure with large aspect ratio (our case 20 µm:200

nm=100:1), shape anisotropy plays a dominate role in the magnetization
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process. Therefore, the assumptionθ = 0 is made to simplify the calculation,

and only magnetization along the long axis is considered. We incorporate the

magnetic anisotropy theory to describe the in-plane magnetization process

to fit in our thin-film structure.

2.3.2 Micromagnet theoretical characterization

To quantify the strength of the micromagnets, we adopt an analytical

model to describe the magnetic field generated by soft magnetic structure

with rectangular shape. [83] In a simplified two–dimensional model (as

shown in Figure 2.6(a)), a rectangular element (width 2 × w, height 2 × h)

centering with respect to the origin in the x–y plane is magnetized by an

external magnetic field ~Hext. Assuming ~Hext is strong enough to magnetize

the micromagnet to saturation ( ~M = ~Mes, ~Mes is the saturation magnetization

of the material) along the X direction, the magnetic field generated by this

soft magnetic element can be calculated using:

Bx =
Mesµ0

2π

{
tan−1

[
2w(−y + h)

(−y + h)2 + x2 − w2

]
− tan−1

[
2w(−y − h)

(−y − h)2 + x2 − w2

]}
(2.25)

By =
Mesµ0

4π

{
ln
[
(−y + h)2 + (x − w2)
(−y + h)2 + (x + w)2

]
− ln
[
(−y − h)2 + (x − w2)
(−y − h)2 + (x + w)2

]}
(2.26)

Please note that we modified the magnetization direction and geom-

etry notations from the original model in order to be consistent with the
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Figure 2.6: Analytical models to calculate the magnetic field generated by
the thin-film micromagnets. (a) a single micromagnet element magnetized
along the long axis. (b) an array of micromagnet elements aligned linearly
on the substrate.

conditions in our design.

Equation 2.25, 2.26 can be used to calculate the magnetic field gen-

erated by a single micromagnet. For an array of micromagnets, the total

magnetic field can be computed based on super-position theory. The total

magnetic field is simply the linear summation of magnetic field generated

by each micromagnet within a certain range. Consider an array of Ne ele-

ments (indexed with n = 0, 1, 2, 3, · · · ,Ne−1) with the first element centered

with respect to the origin, and all the other micromagnets linearly positioned

along the x-axis with distance sn to the first element as illustrated in Figure

2.6(b). Please note that Figure 2.6(b) is essentially the cross-section shown

in Figure 2.5(a). The nth element is centered at x = sn on the x-axis, whose
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magnetic field can be calculated by shifting the coordinate system used in

the 0th component as follows:

B(n)
x (x, y) = B(0)

x (x − sn, y) (2.27)

B(n)
y (x, y) = B(0)

y (x − sn, y) (2.28)

Eventually, the total field of the element array can be obtained by

adding up the field components from all the micromagnet elements:

Bx =

Ne−1∑
n=0

Bx(x − sn, y) (2.29)

By =

Ne−1∑
n=0

By(x − sn, y) (2.30)

2.3.3 Effect of micromagnet on CTC detection

In order to investigate the influence of the micromagnets on the sep-

aration of rare cells, we incorporate the micromagnets into a simplified 2D

model representing the microchip based immunomagnetic assay, as shown

in Figure 2.7(a). The dimensions of the model are identical to those of the

real device (channel height = 500 µm, width = 17 mm, length = 30 mm). Cells

are released from one side of the channel, with initial positions uniformly

aligned from the bottom to the top of the microchannel. Flow field inside
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the microchannel follows a standard parabolic flow profile. The magnetic

field inside the microchannel is calculated using FEM simulation software

(shown in Figure 2.7(b)).

Figure 2.7: Analytical model of the microchip based immunomagnetic assay.
(a) 2D model represents the microchip for rare cells detection. Liquid flow
inside the channel follows standard parabolic profile. Permanent magnets
are placed below the channel for attraction. (b) Magnetic field inside the
microchannel generated by the permanent magnets.

To obtain the final locations of the captured cells and study the dis-

tribution, we divide the motion of the target cells into two stages - (i) in free

space, and (ii) on solid surface after hitting the channel substrate. In the

first stage, permanent magnets provide the primary long-range attraction.

Motions of the cells can be calculated based on the algorithm in Section 2.2.3.

In the second stage, cells continue moving under the combined influence of

the permanent magnets and micromagnets. To determine the final capture
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locations, we set up the criteria that if the value of the velocity perpendic-

ular to the substrate |~vy| becomes larger than the component parallel to the

substrate |~vx| with a factor λ, the cells are fully stopped because the forces

on the cells tend to stop them more than pushing forward.

|~vy| > λ · |~vx| (2.31)

Otherwise, the cells keep moving on the substrate until the condition

in Equation 2.31 is met. [84]

2.4 Summary

In this chapter, we first introduced the general physics of magnetic

separation and its scaling law, which help us identify two important pa-

rameters that directly affect the performance of the immunomagnetic assay

- the viscosity of the micro-environment (η) and the magnetic field (B).

Then we presented the algorithms for red blood cell sedimentation, partial

viscosity, and target cell tracking to address the relations between the micro-

environment and immunomagnetic cell separation. In the third section, we

present the micromagnet design as an approach to modulate the near-field

magnetic field, with a detailed introduction of the magnetization principle

and the method to calculate the magnetic field generated by the micromag-

nets.This chapter focuses on presenting the algorithms, and the simulation

results are presented in Chapter 4.
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Chapter 3

Micromagnet Design, Fabrication and Integration

In Chapter 2, we studied the immunomagnetic assay through theo-

retical simulations and proposed to adjust the viscosity (η) and the magnetic

field (B) toward enhanced CTC separation. In Chapter 3, we present the

technical approaches to fulfill these adjustments, including fabrication and

implementation of the micromagnets, and incorporation of a motion-control

module to manipulate the viscosity inside the screening system.

Specifically, we start with reviewing the current status of the research

on micromagnets, with introductions of the micromagnetic field generation

principles, micromagnet fabrication techniques, and related designs and

applications. In the second section, we present two techniques, based on

deposition and inkjet-printing technologies, respectively, to fabricate the

micromagnets for CTC detection. In the end, we introduce the immuno-

magnetic screening system, which incorporates a motion control module to

manipulate the viscosity distribution, and compare two permanent magnet

configurations with distinct layouts.
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3.1 Micromagnet overview

The advantages of the micromagnet approach for CTC detection can

be summarized into three aspects. First, the ferromagnetic micromagnets,

after being magnetized, increase the near-field magnetic field and largely

enhance the interactions between target cells and the magnetic field. It is

expected to increase the high capture rate. Second, with carefully defined

geometry and distribution, micromagnets rearrange the magnetic field in the

microchannel, which can potentially help eliminate the aggregation issues

(refer to Section 2.3) of the immunomagnetic assay. And third, while minia-

turization improves the detection efficiency of the immunomagnetic assay, it

lowers the system throughput. In contrast, considering the small size of the

micromagnets, they can be easily implemented seamlessly without affecting

other functional components or sacrificing the system throughput.

Micromagnetic field generation

There are two ways to induce the localized micromagnetic field: using

micro-electromagnets [85–87] or static micromagnets. [88–90] For chip-scale

implementations, the micro-electromagnets often involve the fabrication of

3-dimensional micro-coils on the planar substrate inside the microfluidic

channel and the usage of an additional current source to actuate the coil and

generate magnetic field. Using electromagnets, the intensity and distribu-

tion of the magnetic field can be easily tailored by controlling the actuation

current. However, the external power source hinders the portability of the
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entire system. Strength of the micro-electromagnet is also limited due to the

relatively weak magnetic field and the heating issues.

In practice, the static magnetic approach is more widely adopted

due to its simplicity in implementation. Soft magnetic materials can be

directly integrated onto the substrate of the microchannel using conven-

tional semiconductor fabrication techniques such as photolithography and

deposition. [88, 89] Upon application of an external magnetic field, these

ferro-micromagnets can be easily magnetized and generate localized mag-

netic field that is 100 times stronger than the magnetic fields generated by

electromagnets. Besides, using strong permanent magnets (like the NdFeB

magnet) as the magnetization field source, the entire device can be made

compact.

Micromagnet fabrication

Recent micromagnet fabrication technologies presented in the lit-

eratures include: 1) semiconductor fabrication techniques, which usually

consist of photo-patterning using a photoresist to define the locations of

the micromagnets. The micromagnet elements are integrated through tech-

niques like sputtering, thermal deposition or electroplating, depending on

the required size, thickness and resolution. [86–91] 2) Shrink induced micro-

magnets, in which Ni layer is deposited onto shape memory polymer films.

Upon heating, the polymer film shrinks in lateral dimension, causing the Ni

film to buckle and wrinkle and forming the micromagnets. [92] 3) Thermo-
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magnetically patterned micromagnets, which use heat irradiation through

a mask to selectively switch the magnetization direction of a thin film mag-

net and form an array of oppositely magnetized micromagnets. [93–95] 4)

Ferromagnetic material encapsulation, in which PDMS is used to encapsu-

late ferromagnetic oxide powder into the master template made with SU-8.

A micromagnet array is formed upon PDMS demolding from the master

template. [96]

Micromagnet designs and applications

Modulating magnetic field is critical in a variety of applications, such

as cell proliferation regulating, [97] magnetic particle trapping and ma-

nipulating, [98–100], and chemical kinetic modulation. [101, 102] It usually

associates with precise confinement of the magnitude and distribution of the

magnetic field and gradient. As for separation purposes, several early stud-

ies have been reported on the integration of micromagnets with microfluidic

systems, as summarized in Figure 3.1. Nickel micro-strips (Figure 3.1(a))

have been fabricated as magnetic conductive tracks to separate leukocytes

from whole human blood. [84] Arrays of nickel posts (Figure 3.1(b)) are used

in a microfiltration device to separate magnetic beads from non-magnetic

beads. [103] Shrink-induced magnetic traps (Figure 3.1(c)) are used to extract

DNA samples for qPCR studies. [92] Thermomagnetically patterned micro-

magnets (Figure 3.1(d)) are used to separate magnetic and non-magnetic

micro-particles from a mixed solution. [93] We summarize the fabrication
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principles, materials, micromagnet dimensions, capture range and applica-

tions in Table 3.1. Here, the capture range is the maximal distance away

from the magnetic element where the targets can still be attracted by the

micromagnets. Different targets are used in the demonstration experiments,

to eliminate the impact of the variations of the targets and only compare

the strength of the micromagnets, we estimate the magnetic gradient ∇B2.

According to Equation 2.5, the magnetic gradient can be considered as a

direct reflection of the magnetic force.

To combine the micromagnet with the immunomagnet CTC detec-

tion assay, the fundamental requirement is to enhance the local magnetic

force to facilitate surface cell retention. Additionally, an appropriate micro-

magnet system should (1) minimize possible physical damages to the target

cells inside the microchannel; (2) reduce the aggregation of cells and free

nanoparticles to avoid fluorescent quenching; (3) provide retrievable cells

after capture for subsequent cellular imaging and downstream molecular

studies; and (4) have robust fabrication processes that can be scaled up for

mass production.
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Figure 3.1: Micromagnet technologies used for cell separation. (a) Micro-
magnetic strips made with nickel. (b) Array of nickel micro-posts. (c)
shrink-induced groove micromagnet. (d) Thermally patterned micromag-
nets.
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3.2 Deposited thin-film micromagnets array

For rare cancer cell studies, the aforementioned micromagnet struc-

tures might not serve the purpose. Since the cancer cells are rather frag-

ile, [18] the relative large thickness (>5 µm) of the previous structures might

cause physical damages to the cells due to collision. We pursue an ultra-thin

structure with sub-micrometer thickness to minimize possible damages to

the cells. Additionally, in the demonstrated applications using aforemen-

tioned micromagnets to sort targets with large sub-populations, such as

white and red blood cells, [84] and magnetic and non-magnetic microbead-

s, [92, 93] separation efficiency is the major key parameter that matters.

However, when it comes to rare cell studies, each captured target cell needs

to be individually addressable, structurally distinguishable, fluorescently

visible, and potentially retrievable to facilitate downstream analyses. It

posts extra requirements on avoiding cell aggregation. Therefore, we adopt

an array design, anticipating the array captures cells discretely, and provides

a promising tool to generate better distribution of the captured CTCs.

To fabricate the thin-film micromagnets, the first technique we adopt

is electron beam physical vapor deposition (EBPVD). EBPVD works by

bombarding a target anode with an electron beam given off by a charged

tungsten filament under high vacuum. The electron beam causes atoms from

the target to transform into the gaseous phase. These atoms then precipitate

into solid form, coating the substrate inside the vacuum chamber with a thin

layer of the anode material.

53



3.2.1 Fabrication principle

Figure 3.2: Fabrication process of the micromagnet using thermal desposi-
tion. Chromium is firstly deposited as adhesion layer, after which Nickel is
deposited to form the magneti structure. At last, lift-off technique is used to
remove the rest parts.

Figure 3.2 illustrates the micromagnet fabrication process using E-

beam deposition. First, positive photoresist is spin-coated onto the stan-

dard glass slide. Patterns of the micromagnets are then photo-defined on

photoresist by selective exposure to UV light through a photo-mask. The

residual photoresist is removed with O2 plasma. Next, 15 nm chromium

layer is thermally deposited as the adhesion layer, after which the nickel

layer is deposited to form the magnetic structures with a thickness of 200

nm. In the final step, lift-off technique is used to remove the photoresist and

leaving behind the micromagnet arrays. [104]
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3.2.2 Fabrication results

The dimension of the fabricated micromagnet element is designed

to be 20µm×20µm, with a thickness of 200∼250 nm. Figure 3.3 shows one

example layout design of the micromagnet array. The periodicity of the

micromagnet array varies between 50 µm and 150 µm. Figure 3.4 shows

the SEM image of the fabricated micromagnet array, and the inset shows a

zoomed-in view of a single micromagnet element.

Figure 3.3: Design of the micromagnet array and key periodicity parameters.

To adapt the micromagnet towards different applications, the geom-

etry needs to be carefully tailored. The lateral dimension determines the

effective range of individual micromagnets. Larger the size, broader the

area get affected. Using advanced fabrication techniques, such as E-beam

lithography, the lateral dimension of the micromagnet can be even reduced

down to nano-scale. However, given the size of the target CTCs (∼20 µm),

nano-scale magnets are not strong enough to hold the cells. Thickness af-

fects the system performance both hydrodynamically and magnetically. On

one hand, in-channel structures can be used to disturb the hydrodynamic
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Figure 3.4: SEM image of the nickel micromagnets fabricated using e-beam
deposition. Inset shows a zoom-in image.

flow in the channel, creating additional vertical flows as a micro-scale mixer,

which increases the interactions between the cells and substrate for better

capture. [39, 105] However, thick micromagnets increase the shear stress

that might cause damages to the cells. On the other hand, thickness also

determines the magnitude of the magnetic force and the working range of

the micromagnets. As an array, the micromagnet spatial periodicity can be

engineered to adjust the distribution of the captured CTCs. Appropriate

spatial periodicity is mainly determined by the effective range of single mi-

cromagnet element. Beyond this value, cells are stagnated at the entrance

of the micromangnet array. Whereas below this value, the chances of cells

hitting a micromagnet on their trajectories become so low that the effect of

the micromagnets can almost be neglected. These factors need to be well
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balanced in searching for an optimum micromagnet design.

3.3 Inkjet printed micromagnets

During the cell screening experiments, we observe cancer cells being

captured by the magnetic nanoparticles aggregated around the Ni micro-

magnets, as shown in Figure 3.5. The aggregation in fact increases the

effective range of the micromagnets, and inspire us to directly pattern the

magnetic nanoparticles on the substrate as surface magnetic flux sources.

Figure 3.5: Observations of the CTCs being captured by the nanoparticles
aggregated around the Ni micromagnet element.

Inkjet printing technology, widely used for hard-copy documents

production and high definition photographic printing, is emerging as an

alternative patterning technology to traditional photolithography that en-

ables fabrication of two-dimensional or three-dimensional structures with

sub-micrometer resolution. This technology is appealing in it being a non-

contact, additive patterning and maskless approach. Versatile thin films can

be directly written on the substrate, and the design can be easily modified

from batch to batch. [106, 107]
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Inkjet printing technology has been applied in various fields such as

electrochemical sensor, [108] biological nanodevices, [109] nanophotonic de-

vices (photonic grating structures), [110, 111] and organic electronics. [112]

It has also been used as a versatile patterning technique with cells, poly-

mers [113], and magnetic materials. [114] The working process essentially

involves the ejection of a fixed quantity of ink in a chamber, which is sen-

sitive to external voltage, from a nozzle through a sudden, quasi-adiabatic

reduction of the chamber volume via piezoelectric action. This sudden

reduction sets up a shockwave in the ink, which causes a liquid to eject

from the nozzle. The inks have to meet strict physicochemical properties

(viscosity, surface tension, adhesion to a substrate etc.) to achieve optimal

performance and reliability of the printing process. [115]

3.3.1 Fabrication principle

Figure 3.6 illustrates the work flow of using inkjet printing technology

to fabricate the micromagnets. Magnetic nanoparticles (fluidMAG-ARA from

chemicell with hydrodynamic diameter of 100 nm) are mixed with medium

liquid (mixture of glycerol and water, with ratio of 3:4) of certain viscosity,

surface tension to make the printing ink. Commercial inkjet material printer

(Fuji DMP-2800 Dimatrix Materials Printer) is used to print the ink following

a defined pattern on a standard glass slide (pre-heated 60◦C). The volume

of a single droplet is 10 pL. After printing, the glass is moved to a hot

plate (pre-heated to 100◦C) to evaporate the medium liquid. The magnetic
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nanoparticles remain on the glass slide and self-assemble the micromag-

net structures. Eventually, plasma-enhanced chemical vapor deposition

(PECVD) is used to coat the entire structure with SiO2 (∼10 nm) to protect

the patterns against the blood flows inside the microchannel.

Figure 3.6: Fabricating micromagnets using inkjet printing technology. Ink
mixed with magnetic nanoparticles are printed on the substrate following a
defined pattern. The substrate is then heat up to evaporate the ink liquid, and
the nanoparticles are left behind and self-assemble the magnetic patterns.
Finally, SiO2 is deposited using PECVD as the protecting layer.

3.3.2 Fabrication results

Figure 3.7 shows the SEM images of the inkjet printed micromagnets,

and the inset shows the zoom-in view of a printed pattern. The nanoparticles

self-assemble into a “ring-shaped” structure. Most of the nanoparticles

aggregate around the edges of the ring, and some nanoparticles are scattered
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in the middle of the ring. The ring structure is formed because of the

thermodynamics in the evaporation stage. The evaporation rate is higher at

the edge than the center, which creates outward convective flow and brings

the nanoparticles to the edge. [116, 117]

Figure 3.7: SEM image of the inkjet printed micromagnets. Inset shows the
zoom-in view of the a printed pattern.

To calibrate the fabricated structure, we take images of the printed

pattern using bright-field microscope and perform measurement with Im-

ageJ. The outer diameter is determined to be 48.5±3.5 µm, the inner diameter

25.9±3.1 µm, and the width of the edge is 11.2±1.3 µm. The size of one spot

is determined by the volume of the droplet comes out of the nozzle. The
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periodicity of the printed micromagnet array is measured to be 150 µm, and

it can be set to any value below 254 µm, as limited by the printer. We also

measure the printed pattern with AFM to obtain the morphological infor-

mation. According to the results shown in Figure 3.8, the peak thickness at

the edge is about 300 nm. AFM measurement also confirms the ring-shaped

geometry we observe in the SEM images.

Figure 3.8: AFM measurement of the inkjet printed micromagnet pattern.
The peak thickness of the pattern at the edge is ∼300 nm.

3.4 Screening system

As illustrated in Figure 3.9(a), the experiment apparatus consist of

a hexagon microchannel (dimension:30 mm in length, 17 mm in width, and

500 µm in height) made of PDMS using standard molding technique (Figure
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3.9(b)), a glass slide (integrated with micromagnets) serving as the capture

substrate, a reservoir to store the blood samples during the screening, a

syringe pump to drive the blood, and three strong permanent magnets

(NdFeB, grade N42) placed with alternating orientations to provide the

high magnetic gradient. After the screening, the substrate can be peeled off

from the PDMS chamber for cell identification and other studies. [48]

3.4.1 Rotational screening stage

To manipulate the microenvironment, we build an automatic work-

ing stage with motion control system to dynamically change the orientation

of the microchannel between “upright” and “inverted” during the screening

processes. The system (shown in Figure 3.9(c)) consists of DC motors and

optical position sensor, and is operated using a LabView program.

The inverted and upright orientations mainly differ in the relation

between the directions of gravity and magnetic attraction (shown as arrows

with G and Fmag in Figure 3.9(c)). In the upright case, gravity and magnetic

force are in the same direction. The RBCs, though not affected by the

magnetic field, settle down on the capture surface due to gravity-induced

sedimentation. As a result, the capture surface is covered by a thick layer

of blood cells with high viscosity, which might prevent the CTCs being

captured. In contrast, gravity and magnetic force are in opposite directions

in the inverted orientation. RBCs tend to sediment to the opposite side of the

microchannel, and flow out of the channel. Consequently, the local viscosity
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Figure 3.9: Rotational stage to control the orientations of the microchip dur-
ing the screening process. Inverted orientation reduces the sedimentation
layer on top of the capture plane, and facilitates the cell separation in the
channel.

near the capture surface would be reduced. We anticipate that keeping the

channel in the inverted orientation during the screening would significantly

increase the capture rate of the immunomagnetic assay. The effects of this

rotational stage will be first be investigated in the theoretical model and then

verified through cell screening experiments.

63



3.4.2 Permanent magnet configuration

Figure 3.10: Two types of permanent magnet configurations. (a) Three
parallel design. (b) 6×6 pixel array with inserted spacers.

The permanent magnet is an important part of the immunomagnetic

assay. It provides the external magnetic field for the long-range magnet-

ic attraction. In the meantime, it magnetizes the micromagnets inside the

microchannel. Here, we compare two types of permanent magnet array

configurations. Figure 3.10(a) shows the “three-parallel” design, consisting

of three N42 Neodymium magnets (3/4×1/4×1/2 inch, NB024, Applied Mag-

nets) aligned with alternating polarization. It has been used in our previous

demonstrations of the immunomagnetic CTC detection. [48] Figure 3.10(b)

illustrates the “pixel” design, where thirty-six pieces of N48 Neodymium

magnets (1/8 inch cube, NB001-N48, Applied Magnets) assemble a 6×6 array

with alternating polarizations. In addition, to reduce the magnetic field at

the front part of the permanent magnet array, we insert non-magnetic spac-

ers into the pixel array to increase the distance between the magnets and the

substrate of the microchannel.
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Figure 3.11: Magnetic field simulation results of the (a) three-parallel, and
(b) pixel permanent magnet arrays.

We first examine the magnetic field generated by the two types of per-

manent magnet arrays using COMSOLTM. Figure 3.11(a) shows the magnetic

flux density of the three-parallel design, and Figure 3.11(b) is the result of

the pixel permanent magnet array. In the three-parallel design, the peak

value of the magnetic flux density is ∼0.07 T, and it is at the boundary be-

tween neighboring magnets. While in the pixel design, the maximum value

is ∼0.03 T, and it locates at the later part of the array, where there is no

spacer. The three-parallel design generates a stronger magnetic field due to

the relatively large size. However, the pixel design creates a smooth curve

of a gradually increased magnetic field from the front to the later part of the

array. When we place the permanent magnet array beneath the microchan-

nel, the relatively weak magnetic field in the front part of the array allows

the cells to migrate into the later part of the microchannel. This might help
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alleviate the cell aggregation in the beginning part of the permanent magnet

array.

Furthermore, we use the potential well theory to estimate the impact

of the two types of permanent magnet configuration on CTC detection. A

potential well is the region surrounding a local minimum of potential energy.

Due to entropy, an object tends to stay in the potential well. It can also be

used to explain magnetic cell separation. Consider an object of volume V

with a fixed magnetization M. It possesses a magneto-static self-energy that

is given by:

Ws =
µ0

2

∫
V

M ·HM dv (3.1)

where HM is the field in the object due to M. If a magnetized object

is subject to an applied field Ha, it acquires a potential energy:

Wa = −µ0

∫
V

M ·Ha dv (3.2)

This potential energy can be viewed as the work required to move

the specimen from an environment with zero field to a region permeated by

Ha. Equation (3.2) can be used to calculate the force or torque imparted to a

magnetized body by an external field. [118]

Now we consider the model of a cell labeled with magnetic nanoparti-

cles in an external magnetic field. Due to the small size of a cell, the variation
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the magnetic field applied on the cell can be neglected. The potential energy

can be simplified to:

Wa = −µ0VMHa cos(θ) (3.3)

Here θ is the angle between M and Ha. The magnetization M is

dependent on the applied magnetic field Ha and the volume magnetic sus-

ceptibility χm of the material, given as:

M = χmHa (3.4)

Substitute Equation (3.4) into (3.3), the potential energy now can be

expressed as:

Wa = −µ0Vχm ·H2
a (3.5)

Given that µ0, V, χm are all constants for the same type of cell and

nanoparticle, the potential energy is totally determined by the intensity of

the magnetic field Ha generated by the permanent magnets. Substitute the

expression of the effective magnetic susceptibility of the cell (Equation 2.10),

we get the final expression of the magnetic potential energy of the cell as:

Wa = −
4
3
µ0πNR3

pχp ·H2
a (3.6)
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The magnetic permeability µ0 = 4π× 10−7H ·m−1, and we assume the

radius of the nanoparticle is Rp = 50nm, and the volume susceptibility of

the nanoparticle isχp = 5 (SI unit), and number of labeled nanoparticles is

N = 2500. [48]

Figure 3.12: Magnetic potential energy of target cells in (a) three-parallel,
(b) pixel permanent magnet array. The logarithmic value of the magnetic
potential energy in (c) three-parallel, (d) pixel permanent magnet array.

Figure 3.12(a) and (b) show the original values of the magnetic po-

tential energy of target cells in three-parallel and pixel permanent magnet
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array, respectively. The blue color indicates a relatively low magnetic poten-

tial energy. The results match the magnetic field simulation results well. In

the three-parallel configuration, the boundaries between neighboring mag-

nets have deep potential wells, while for the pixel design, the deep potential

wells lie in the later part of the array. At these deep potential wells, the

target cells are subject to stronger magnetic forces.

Due to the large variance in potential energy, the front part of the

array is saturated, as shown in Figure 3.12(b). To clarify the potential energy

distribution in the front part, we take a logarithmic calculation of the energy,

and the results are shown in Figure 3.12(c) and (d) for three-parallel and pixel

permanent magnet array separately. The three-parallel design works as a

single, large potential well that generates attractive forces starting at the

front edge of the array. In contrast, the pixel layout displays weak but

scattered potential wells in the front half array due to the spacers. In the

meantime, the pixel array shows enhanced potential well toward the end of

the array, which guarantees that any target cells that might escape from the

front part can be captured before flowing out of the channel.

Generally, the pixel permanent magnet layout is advantageous over

the three-parallel configuration. First, the insertion of the spacer signifi-

cantly reduces the magnetic field at the front part of the array, which helps

prevent the cell aggregation at the front edge of the permanent magnets.

Second, the small magnets create scattered magnetic potential wells that

can further distribute the target cells when they are captured. Third, the
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strong magnetic field at the end of the pixel array works as a secure system

to guarantee a capture rate comparable to that of the three-parallel layout.

Experimental results using the two types of permanent magnet arrays will

be presented and evaluated in Chapter 4.

3.5 Summary

In this chapter, we first reviewed the current development of micro-

magnet technologies and analyzed their limitations in rare cell separation

applications. Then we introduced two technical approaches to fabricate

the thin-film micromagnets based on e-beam deposition and inkjet print-

ing technology that can potentially improve the detection sensitivity and

distribution pattern of captured cells; both are critical to the immunomag-

netic assay. Related fabrication principles and characterization results are

presented. In the third section, we introduced the major components of the

CTC screening system, with focus on the screening stage that can change

the orientation of the microchip and manipulate the local viscosity inside

the channel to enhance the separation efficiency. Last but not least, we pre-

sented two types of permanent magnet configurations and discussed their

pros and cons for CTC detections.
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Chapter 4

Results and Discussions

In this chapter, we introduce both the theoretical and experimen-

tal results related to the micro-environment analysis and the micromagnet

implementation.

In the micro-environment analysis section, we first present the results

of the blood characterization experiments, which help define the relation-

ships among the blood volume rate, sedimentation rate, and viscosity. Then

we describe the results of the blood sedimentation and the cell tracking

models. In order to evaluate the significance of our analytical models, we

perform simulations of CTC separation under different conditions and carry

out screening experiments to verify the simulation results.

For the micromagnets, we start with characterizing the magnetic field

generation and quantify its impact on rare cell separation through a two-

dimensional micromagnet array model. Then we present the screening ex-

periment results using the Ni micromagnet and inkjet-printed micromagnet

separately with cultured cancer cells and clinical samples.
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4.1 Figures of merit

The experiment protocol has been well established. [64] Briefly, the

blood sample, spiked with cancer cells, is mixed with magnetic nanoparticles

(FerrofluidTM, Veridex, Johnson& Johnson) that are pre-functionalized with can-

cer specific antibody (anti-epithelial cell adhesion molecule, anti-EpCAM).

The CTCs bind actively to the nanoparticles in the blood, and are collected

by the immunomagnetic assay when pumped through the microchannel.

To evaluate the performance of the system, we define a parameter

“capture rate” as follows - two control slides are prepared from the same

cell suspension and at the same time the cells are spiked. Same amount of

cell suspension is dropped, dried, stained and counted. Capture rate is the

ratio between the number of CTCs found from the screening slide and the

average number of cell found on the two control slides.

To characterize the efficiency of the optimized immunomagnetic as-

say, we carry out experiments with four cancer cell lines - colon cancer

(COLO 205), prostate cancer (PC3), and breast cancer (SK-BR-3, MCF-7).

We select these cell lines first because colon, prostate, and breast cancers

are the three leading lethal cancer types for human beings. [1] More impor-

tantly, they have different expression levels of EpCAM, especially PC3 has

far less compared with other cell lines. [67] Tests with multiple cell lines

would demonstrate the versatility of the system, and provide more robust

conclusions.
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CTCs are identified through immuno-fluorescent staining and imag-

ing. After screening, the slides are stained with anti-cytokeratin (480 nm/

535 nm, CK, protein found in epithelial tissue, positive test, mouse anti-

cytokeratin, pan-FITC, Sigma- Aldrich, St Louis, MO), anti-CD45 (535 nm/

610 nm, found on leukocytes, negative test, AlexaFluor 568, Invitrogen,

Carlsbad, CA, bound to mouse anti-human clone 9.1 made in University

of Texas Southwestern Medical Center), and DAPI (350 nm/ 460 nm, stains

DNA found in cell nucleus, positive test, Vectashield Mounting Medium

with DAPI, Vector Labo- ratories, Inc, Burlingame, CA). Figure 4.1 shows

the fluorescent panel of a sample COLO205 cell and a white blood cell for

comparison. COLO205 are CK+/ DAPI+/ CD45-, while WBC behaves differ-

ently CK-/ DAPI+/ CD45+. Other types of cancer cells (PC3, SK-BR-3, and

MCF-7) exhibit similar fluorescent signals to COLO205.

4.2 Micro-environment analysis and CTC detection
4.2.1 Blood characteristics measurement

To address the relationship between the RBCs sedimentation rate

(∆vRBC) and the volume rate of RBCs (ρRBC), we perform a simple measure-

ment using a capillary tube to simulate a microhematocrit tube, as illustrated

in Figure 4.2. RBCs suspended at a volume density of ρRBC are kept in the

tube. After a certain amount of time, blood in the tube displays four layers,

supernatant, diffusion, main suspension, and settling layer. The sedimenta-

tion velocity ∆VRBC is defined as the growth rate of the sedimentation length
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Figure 4.1: Fluorescent panel of COLO 205 and WBCs. COLO205 are CK+,
DAPI + and CD45+, while WBCs have different expressions CD-, DAPI+
and CD45+. PC3, SK-BR-3 and MCF-7 all exhibit similar fluorescent signals
to COLO205.

L in the tube. The growth of the diffusion layer is found to be slow enough

to be neglected.

Some proteins in blood may cause RBCs stick to each other, forming

clusters, and changing the sedimentation velocity. To avoid this bias, we

replace the blood plasma with a buffer solution (Dilution buffer, Veridex).

[119,120] The sedimentation samples are prepared in the following way: 2.5

mL of blood is drawn from a healthy subject, add 3.5 mL PBS, and centrifuge

at a relative centrifugal force of 800G for 10 min. Supernatant containing

white blood cells, platelets, blood plasma and buffer are removed. The

buffer solution is then added to suspensions with RBCs volume rates ρRBC =

0.5, 0.25, 0.13, 0.06, 0.03, and 0.01. The processed blood samples are mixed

well and 2 mL of each sample is placed in a transparent tube and kept stable
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Figure 4.2: Red blood cell sedimentation rate measurement schematic. The
sedimentation rate is defined as the growth rate of the sedimentation length
L in the tube.

for hours.

Figure 4.3 shows the measured sedimentation for the six different

volume RBC rates. The sedimentation velocity is estimated as the slope

of the line fir for each sedimentation plot. Fit curve for y = a(1 − x)n (n =

2, 3, 4, 5) is used to model the relation between sedimentation velocity ∆VRBC

as a function of ρRBC under the assumption that the sedimentation velocity

should approach symptotically to 0 as ρRBC gets closer to 1. Eventually, the

relation can be expressed as:

∆vRBC = 1.8 × 10−6
· (1 − ρRBC)4 (4.1)

As we discuss previously, the total viscosity of blood suspension is

the summation of the medium viscosity and the partial viscosity from RBCs

as:
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Figure 4.3: Measured RBC sedimentation length changes for different vol-
ume RBC rates (ρRBC = 0.5, 0.25, 0.13, 0.06, 0.03, and 0.01).

ηRBC(ρRBC) = ηmed + ∆ηRBC(ρRBC) (4.2)

When ∆VRBC = 0, the RBC suspension can be treated as a continuous

medium, and the viscosity is equate to the value of the medium:

ηRBC(0) = ηmed (4.3)

The relation between the volume RBC rate ρRBC and the blood viscos-

ity ηRBC has been expressed in different formats, such as linear, [81] quadrat-

ic, [121] and exponential. [122] One of the easy way is the linear function by

Einstein: [81]

ηRBC = ηplasma(1 + 2.5ρRBC) (4.4)
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We perform experiments to find out the relationship between the vol-

ume RBC rate (ρRBC) and blood viscosity (ηRBC) using a cone plate viscometer

(DV-I+, Brookefield, Middleboro, MA) at the shear rates ranging from 2 to 750

s−1. Figure 4.4 shows the measured data. We use a simple linear fit, which is

similar to Einsteins model, to estimate the function that gives the viscosity.

Figure 4.4: Measured blood viscosity as a function RBC volume rate ρRBC at
different shear rates ranging from 2 to 750 s−1. Linear fit for each viscosity
plot is also shown.

Assuming the shear rate of a moving rare cell to be on the order of

∆Vcell/Rcell, with the cell radius Rcell =7.5µm and cell velocity ∆Vcell ≈ 10µm/s,

we decide to use the line fit at 2 s−1 as the viscosity model used in the

following calculations. Therefore, the relation between the volume RBC

rate (ρRBC) and blood viscosity (ηRBC) can be expressed use:

ηRBC = 4.7 + 30 · ρRBC [cP] (4.5)

Comparing Equation 4.5 with 4.4, we can define the related coeffi-
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cients as: ηmed = 4.7 [cP] and ∆ηRBC(ρRBC) = 30 · ρRBC [cP].

4.2.2 RBC sedimentation modeling results

Blood sedimentation in bent tubes

In order to verify the efficacy of our mathematical model, we first

simulate RBC sedimentation in a simple bent tube with inner diameter of

1.6 mm, and bent curvature radius 20 mm. The tube can be considered as

a simplified representation of the microchannel. The results are compared

with experimental observations. A RBC suspension with a volume rate of

ρRBC = 0.02 starts flowing in a bent tube, which is initially filled with a

medium ρRBC = 0 at t = 0 s. The tube space is divided into 85 ×85 ×20 three-

dimensional cubic control volumes. Then, the distribution of volume RBC

rates is calculated using Matlab program from 0 to 140 s, with a time step of

0.01 s. Photographs of the tube and simulation results are shown in Figure

4.5 for time points at t = 20, 80, and 140 s. The gray scale of the simulation

result indicates the local RBC volume rate. Simulation results show good

agreement with the measurements, especially when sedimentation is well

grown in the tube at t = 140 s.

Blood sedimentation in microchannel

We then apply the sedimentation model to assess the immunomag-

netic microchip. We build a 3D device model for finite element analysis.

The model is show in Figure 4.6(a), with important dimensions included.
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Figure 4.5: Comparative experiments of blood sedimentation in a bent tube.
Photographs (preferred to be viewed in color) taken at (a) 20, (b) 80, and (c)
140 s. Simulation results at (d) 20, (e) 80, and (f) 140 s.

Figure 4.6(b) shows the flow velocity magnitude distribution calculated

with a sample flow rate of Q = 10 mL/h. The average flow velocity is

given as vave = 0.33 × 10−3 m/s. This value falls into the typical range of

microchip-based separators, where velocity in the order of 10−6 m/s [123] to

10−3 m/s [124] have been demonstrated. We used the three-parallel magnet

array to provide the external magnetic attraction. The simulated magnetic

field distribution can be seen in Figure 3.11(a).

Here, we are primarily interested in the orientations of the microchan-

nel - upright and inverted. With different channel orientations, we can

change the direction of gravity with regard to the magnetic force, and in-

vestigate the role of gravity in separating CTCs from blood. Please refer to

Figure 3.9(c) for the illustration of the two orientations.
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The three-dimensional model of the microchannel is divided into 20

(x axis) × 60 (y axis) × 20 (z axis) cubic control volumes. The channel is

initially filled with medium without any RBCs ρRBC = 0. A RBC suspension

with a volume rate of ρRBC = 0.5 is flowed into the channel with flow

rate of 10 mL/hr starting at the time point of t = 0 s. The sedimentation

patterns are shown in Figure 4.7(a) for the upright, and 4.7(b) for the inverted

condition at the time points t = 20s, 40s, 80s. Three-dimensional illustration

of the sedimentation can be seen in Figure 4.7(c) and (d) for upright and

inverted channel at t= 270s. Through comparison between upright and

inverted case, we find that RBC sedimentation gradually covers the bottom

substrate “capture plane” in the upright condition. In contrast, there is a

separation between the bottom substrate and the RBC stream in the inverted

case. To facilitate cell capture, it is preferable that the capture plane is not

covered with a viscos layer of RBC sedimentation. From this perspective,

the inverted orientation is advantageous over the upright case.

4.2.3 Computational analysis of rare cell isolation

Cellular force analysis

Before we present the result of the cell tracking algorithm and discuss

the efficacy of rare cell separation. We calculate the magnitude of several im-

portant forces in the system to clarify some assumptions of our calculations.

The density of a cancer cell is assumed to be dcell = 1.077 × 103 kg/m3, [125]

so the additional gravitational force acting on a cancer cell can be calculated
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Figure 4.6: Configuration of the microfluidic immunomagnetic separation
device. (a) Three-dimensional model created for a finite element analysis
software COMSOL. (b) Flow velocity magnitude [mm/s] calculated with the
sample flow rate of Q = 10 mL/h.

by subtracting the buoyancy force as:

Fg,cell =
4
3
πR3

cell · (dcell − dwater) · g = 1.3 × 10−12 [N] (4.6)

Here Rcell is the radius of the cancer cell Rcell =7.5 µm, g is the accelera-

tion of gravity g = 9.8 m/s2, and the medium density is dwater = 1×103 kg/m3.

The magnitude of the magnetic force is dependent on the magnetic

field gradient ∇B2, which is around ∇B2 = 10 ∼ 70 T2/m at the bottom of the

channel. [48] Therefore, the magnetic attractive force is estimated to be

Fmag,cell =
Vcell∆χcell

2µ0
∇B2 = 1.2 × 10−10 [N] (4.7)

Here the effective relative magnetic susceptibility of the cell ∆χcell can

be calculated using Equation 2.10, and is estimated to be ∆χcell = 0.0044 (SI).
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Figure 4.7: Simulated RBC sedimentation pattern inside the microchannel
for (a) upright and (b) inverted orientations at the center y plane at the
time of 20, 40 and 80 s. Three-dimensional illustration of the sedimentation
patterns in (c) upright and (d) inverted at the times of 270 s. Upright channel
makes a thicker sedimentation layer on th ebottom substrate and the corner
near the inlet.

The magnetic force is nearly two orders of magnitude larger than the grav-

itational force on the CTCs. It justifies our assumption that the magnetic

force dominates the motion of the CTCs.

In addition, we investigate the effect of magnetic force on RBCs.

The density of RBCs is found to be dRBC = 1.10 [kg/m3], and the volumet-

ric magnetic susceptibility is ∆χRBC = 6.5 × 10−6 (SI). [126] Therefore, the

gravitational and magnetic forces on RBCs are calculated to be:
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Fg,RBC =
4
3
πR3

RBC · (dRBC − dwater) · g = 5.1 × 10−13 [N] (4.8)

Fmag,RBC =
VRBC∆χRBC

2µ0
∇B2 = 5.1 × 10−14 [N] (4.9)

The gravitational force is about 10 times larger than the magnetic

force. We can expect that RBC sedimentation could be affected at about 10%

by the magnetic force. However, considering the variations found in the

measured sedimentation velocity and the mathematical model we use here,

an effect of 10% is still within the range of measurement errors and small

enough to be neglected to simplify the calculation process. In the following

simulation, we do not take the magnetic force on RBCs into account.

Rare cell separation analysis

Now we discuss the result of the cell tracking algorithm. Cells are

“virtually” released from the inlet of the microchannel. Figure 4.8(a) and (b)

are examples of CTCs trajectories that are released at t = 270 s (we assume

the sedimentation profile becomes stable at this time point and beyond) in

the upright and inverted channels, respectively. Three dimensional views

of the cell trajectories are also shown for the upright and inverted channels.

We can observe more cells being gradually pulled to the capture plane in

the inverted orientation channel orientation.

In order to evaluate the significance of out analytical models, we
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Figure 4.8: Side-view cell trajectories of the CTCs that are released at t = 270s
for the (a) upright and (b) inverted channels respectively. 3D views of the
trajectories are also shown for the upright and inverted channels. Position
of the magnets (cyan line) and shape of the microchannel (black lines) are
included in the figures.

perform comparative simulations under with different channel orientations,

flow rates, and channel designs. The conditions used are as follows:

(1) Upright, Q = 10 mL/h, standard channel (channel width = 17 mm)

(2) Inverted, Q = 10 mL/h, standard channel

(3) Inverted, Q = 5 mL/h, standard channel

(4) Inverted, Q = 5 mL/h, half-width channel (channel width = 8.5

mm)

The sedimentation patterns calculated for conditions (1) - (4) are
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Figure 4.9: (a)-(d) RBCs sedimentaion pattern calculated for the four control
conditions (1-4) with different channel orientations, flow rates and channel
designs at the time of t = 270s.

shown in Figure 4.9(a) - (d), and Figure 4.10(a) - (d) show the simulated

capture counts and final positions of the captured cells on the substrate un-

der the four conditions. Comparison between Figure 4.10(a) and (b) shows

that the capture efficiency of the upright channel is significantly lower than

the inverted channel, which can be attributed to the high viscosity of the

dense RBC layer that covers the capture plane. The effect of the flow rates

can be found in comparison between Figure 4.10(a) and (c). Even though

cells stay inside the channel for longer time with slow flow rate, the thicker

RBC sedimentation layer counter-balances the effect of the flow rate and

results in a similar capture rate. Same principle can be used to explain the

results of the half-width channel in Figure 4.10(d), since the half-width chan-

nel essentially makes the flow rate two times faster. The results suggest that
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Figure 4.10: (a)-(d) Simulated maps of the captured CTCs compared for the
four conditions (1-4). In the simulation, 150 cells are released randomly
from the inlet of the microchannel.

the orientations of the channels, and the corresponding viscosity changes of

the local microenvironment have a large effect on the capture rates of the

immunomagnetic assay.

4.2.4 Experimental verifications

We conduct experiments with plain glass slides corresponding to the

conditions (1) - (4) to verify our theoretical models. We use the rotational

holder (as shown in Figure 3.9(c)) to place microchannels in inverted and

upright orientations. A 100µL aliquot of cancer cell suspension that contains

an average of ∼150 COLO205 cells is spiked into 2.5 mL of healthy blood

sample. The cell count is chosen to match the value used in the simulation.
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Figure 4.11: (a)-(d) Experimental maps of the captured CTCs compared for
the four conditions (1-4). In the experiment, an average of 150 cells are
spiked into blood.

The blood plasma is replaced with buffer solution. The experimental results

of the capture rate and cell maps are shown in Figure 4.11. Compared with

the simulation results in Figure 4.10, experimental results show excellent a-

greement, indicating the efficacy of our computational model. Additionally,

it confirms that the inverted orientation can significantly increase the CTC

capture rate for 30%. The number of magnetic particles N attached to a rare

cell is determined based on several experimental conditions such as the type

of the rare cell, amount of antigen expression on the cell surface, and con-

centration of introduced magnetic nanoparticles. We first try N = 20000 to

match the simulation and experimental rare cell capture rates for condition

(1), then the same N value is used for the other conditions.
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4.3 Micromagnet characterization
4.3.1 Micromagnetic field generation

We first calculate the magnetic field generated by a single micromaget

element. In our system, the micromagnets are fabricated using nickel (Ni).

The dimension of each micromagnet is 20 µm(width) × 200 nm (thickness).

The saturation magnetization of Nickel is found to be 55.1 emu/g [127] (can

be converted to volume magnetization of Mes = 4.9 × 105A · m−1). We plot

the distribution of both X and Y components of the magnetic field along

horizontal lines (−40µm < x < 40µm), at three different heights (h =5 µm, 10

µm and 15 µm) on top of the micromagnet.

The results can be seen in Figure 4.12 ((a)Bx and (b)By), where the

micromagnet is shown as a gray box (size not to scale) to indicate the po-

sition. The magnetic field curves are shape coded according to the heights

of the plotting. The field generated by the micromagnet decays fast in both

vertical and horizontal directions. Since the value of magnetic force is large-

ly dependent on the properties of the targets, we plot the gradient ∇B2 as

an indirect but objective measurement of the magnetic force. The results

are presented in Figure 4.12(c) (∇B2
x) and Figure 4.12(d) (∇B2

x). The negative

values of the gradient in Y direction indicate that the micromagnet generates

attractive force towards the surface that promotes the separation and helps

retaining the cells.

We define the effective range of a micromagnet element to be the

distance where the magnetic force (Fmag) acting on the cells is equal to the
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Figure 4.12: Magnetic field and gradient calculated for a single micromagnet
element (a) Bx , (b) By, and the magnetic field gradient (c) ∇B2

x and (d) ∇B2
y.

The gray box indicates the lateral position of the micromagnet. The curves
are plotted along horizontal lines (−40µm < x < 40µm) with different heights
(h =5 µm, 10 µm and 15 µm) on top of the micromagnet.
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gravitational force (Fg). Beyond this range, micromagnets cannot generate

sufficient magnetic force to dominate the movement of the cells. According

to our previous calculations (Equation 4.6), the gravitational force on a

single cancer cell is Fg = 1.3× 10−12 [N],which gives an equivalent threshold

magnetic gradient to be ∇B2
≈ 0.3 T2/m. Therefore, the vertical effective

range is 15 µm. As for the lateral range, we make the decision by examining

the gradient at 10 µm on top of the micromagnets, which is the center of

the CTCs when they are on the surface (typical diameter of CTCs is ∼20

µm ). [10] The lateral range is found to be ±15µm. The fact that the effective

capture range of the micromagnet is comparable to the size of a single cancer

cell indicates that only a few cells can interact fully with each micromagnet

through its magnetic field. It helps distribute cell populations across the

substrate covered by the network of micromagnet elements.

In addition, we also perform calculations for micromagnet array (an

array of 3 elements linearly aligned is used as an example), magnetized in

the horizontal direction. The dimensions of each micromagnet are consis-

tent with the single element study (20 µm×200 nm), and the edge-to-edge

distance between adjacent micromagnets is 100 µm. The magnetic field a-

long a horizontal line 10 µm on top of the micromagnet array is shown in

Figure 4.13(a). The magnetic field gradients are shown in Figure 4.13(b).

The magnetic field generated by micromagnet array exhibits the same char-

acteristics as single element, with the profiles being spatial repetition of a

single micromagnet.
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Figure 4.13: Magnetic field (a) and magnetic field gradient (b) of an linear
array of three micromagnets. The data are plotted 10µm on top of the
micromagnet array.

4.3.2 Impact of micromagnets on CTCs detection

We incorporate the micromagnets into the 2D immunomagnetic mi-

crochip model to investigate the impact of the micromagnets on cell separa-

tion. Key design parameters of the microchip and detailed introduction of

the model can be found in Figure 2.7 and the related descriptions. We divide

the motion of the target cells into two stages - (i) in free space and (ii) on solid

surface after hitting the channel substrate to obtain the final locations of the

captured cells. Figure 4.14(a) shows the calculated trajectories of the target

cells inside the microchannel at a flow rate of 2.5 ml/hr. In the first stage, the

cells are attracted by the permanent magnets and gradually move towards
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Figure 4.14: Simulation results of the imapcts of micromagnets on rare
cell detection. (a) Sample cell trajectories in the microfluidic channel. (b)
distribution histogram of the captured CTCs of micromagnet slide and (c)
plain slide.
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the substrate as they flow through the channel. In the second stage, cells

continue moving under the combined influence of the permanent magnets

and micromagnets. The calculated histograms of the final positions of the

captured cells are shown in Figure 4.14(b) and (c) for micromagnet slide

and plain slide separately. On plain slide, most of the cells are captured

and aggregated in a confined area, where the front edge of the permanent

magnet lies (refer to Figure 2.7 for the position of the permanent magnet).

In contrast, micromagnet slide exhibits a broader cell distribution spectrum

from the inlet to the front edge of the magnets as expected. This result indi-

cates that the micromagnet array re-arranges the magnetic field inside the

microchannel and improves the distribution patterns of the captured CTCs.

The stopping factor is estimated to be λ = 1.2.

4.4 Screening results - Ni micromagnet

Now we discuss the experimental results of using the Ni micromagnet

integrated system to separate rare CTCs. As we mentioned before, four

different human cancer cell lines, including COLO205 (colorectal cancer

cell), SK-BR-3 and MCF-7 (breast cancer cell), and PC3 (prostate cancer cell),

are used as the model cells. The CTCs are identified based on fluorescent

signals from CK, CD45, and DAPI, as illustrated in the fluorescent panel in

Figure 4.1. Please note that in the experiments with the Ni micromagnets,

we use the three-parallel permanent magnet configuration as the external

magnetic flux source. Since the micromagnets increase the surface retention
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force at short range, we can directly observe the cancer cells’ being captured

by a micromagnet with a strong fluorescent signal and intact shape, as

shown in Figure 4.15(a). SEM images of cancer cells being captured by

micromagnets are shown in Figure 4.15(b), which confirm the interactions

between the target cells and the micromagnets.

Figure 4.15: Ni micromagnet screening experimental results with COLO205
cells. (a) Overlay of fluorescence images and bright field images of CK-
stained COLO205 cells (green) captured by Ni micromagnets. (b) SEM
images of of COLO205 cells captured next to or on top of the Ni micromagnet.

Figure 4.16(a) summarizes the capture rates of the four spiked cell

lines with the Ni-micromagnet integrated immunomagnetic system (CO-

LO205: 98±7%, PC3: 99±5%, SK-BR-3: 90±3%, and MCF-7: 100±9%). On

average, the Ni micromagnet integrated system yields >97% capture rates.

Meanwhile, we run experiments with plain slides (without any surface pat-

terns) in parallel for comparison. We choose COLO205 and PC3 as the

model cells. On plain slides, the capture rates are 84±19% for COLO205
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and 86±11% for PC3, as shown in Figure 4.16(b). To briefly sum up, the

implementation of the thin-film Ni micromagnets optimizes the immuno-

magnetic assay in the following aspects: first, an average 14% increase in

capture rate is achieved. Second, the micromagnets reduce the variations

of the capture rates by 10%, indicating an improved working stability. In

addition, the integrated micromagnets improve the working versatility of

the immunomagnetic assay by increasing the number of types of cancer cell

lines that are applicable to this system.

Figure 4.16: Ni micromagnet cell screening results. (a) Capture rates for
the four cell lines: COLO205, PC3, SK-BR-3 and MCF-7. (b) Capture rate
comparison between micromagnet slides and plain slides using COLO205
and PC3 cells as the screening targets.
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To further investigate the impacts of the micromagnets, we categorize

the captured CTCs into three groups based on how they are captured: 1)

directly by micromagnets, also including the cells that are captured by the

nanoparticle aggregating around the micromagnet element; 2) by permanent

magnets, including the CTCs that are found near the front edge of the

permanent magnets, but are not attached to any micromagnets; and 3) in

others areas - these cells are also captured due to magnetic attraction. Figure

4.17 shows the percentage of CTCs in each category for plain slides and

micromagnet slides respectively, using COLO205 and PC3 as the target cells.

According to Figure 4.17(a), in the experiments with COLO205, 90±7% of the

spiked cells are captured by permanent magnets, while 10±8% are captured

in other ways on plain slides. On micromagnet slides, micromangets attract

59±6% of the captured cells, while 35±6% cells are still captured by the

permanent magnets, and only 6±1% of spiked cells are captured elsewhere.

In the spiked experiment with PC3 cells, about 39±6% of the target cells

are attracted by the micromagnets. The numbers of PC3 cells captured by

permanent magnets drops from 72±12% to 49±6% after the implementation

of the micromagnets. We observe a similar phenomenon in the spiked

experiments with MCF-7 and SK-BR-3 cells - 23% and 40% of the spiked

cells are captured by the micromagnets. The increased ratio of cells captured

by the micromagnets demonstrates the interactions between micromagnets

and the target cells. We can conclude that the increase in the capture rates

is largely attributed to the implementation of the micromagnets.
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Figure 4.17: Breakdown analysis of the spiked COLO 205 and PC3 cells based
on how they are captured on plain and micromagnet slides respectively.

In addition, we study the effect of the micromagnet in changing the

distribution of the CTCs after capture. Here, we use COLO205 as the model

cell line. We run experiments using micromagnet slides and plain slides in

parallel for comparison. Figure 4.18(a) shows example location maps of the

captured CTCs on the micromagnet and plain slide, respectively. We sum-

marize the positions of the cells based on the distance to the channel inlet

and generate the distribution histogram in Figure 4.18(b). The experimental

results of the distribution histogram match the simulation results (presented
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Figure 4.18: Micromagnet distribution analysis of the spiked experiments
using COLO205. (a) Locations of the captured COLO205 cells on plain slide
and micromagnet slide. (b) Distribution histogram of the captured CTCs
from micromagnet slide and plain slide respectively.

in Figure 4.14(b) and (c)) very well, both showing that cells captured on the

micromagnet slides are more evenly distributed than those on plain glass

slides. To quantify the comparison of the distribution uniformity, we define

a parameter “distribution uniformity” by calculating the unit area (1 mm

× 1 mm) within the microchannel that has at least one captured cell. This

term can be used to reflect the channel space occupancy. On plain slides,

the uniformity is found to be 9±4%. After the implementation, the micro-
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magnets change this value to 23±4%, an increase of 14±8%. These results

further demonstrate the value of micromagnets - not only in increasing the

capture rate but also in optimizing the distribution of the captured cells on

the substrate.

We also use the Ni micromagnet integrated system to study blood

samples from cancer patients and successfully discover CTCs with four dif-

ferent types of metastasis cancers - colorectal, lung, prostate, and breast can-

cers. The CTCs are identified based on the same immuno-staining method-

ology. Similar to the spiked experiments, 54% of the CTCs are captured by

micromagnets, and we observe cancer cells being captured directly by the

micromagnets, as shown in Figure 4.19. Table 4.1 summarizes the pathology

information and CTC screening experimental results of the patient samples.

Figure 4.19: Overlay of fluorescence image and bright field image of CTCs
from patient blood samples captured by micromagnets.
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Table 4.1: Pathology information and screening results using the Ni
micromagnet-integrated immunomagnetic assay for patient studies.

Sample
Ferrofluid/ Blood

(µl/ml)

Flow rate

(ml/hr)

Screening

volume (ml)

CTC

counts

Cancer

type

1 7.5 2.5 7.5 2 Breast

2 7.5 2.5 7.5 1 Breast

3 7.5 2.5 10 22 Breast

4 7.5 2.5 5 215 Breast

5 7.5 2.5 7.5 2 Breast

6 7.5 2.5 7.5 6 Breast

7 7.5 2.5 5 10 Breast

8 7.5 2.5 7.5 13 Prostate

9 7.5 2.5 7.5 7 Prostate

10 7.5 2.5 12.5 7 Prostate

11 7.5 2.5 7.5 3 Breast

12 7.5 2.5 7.5 6 Breast

13 7.5 2.5 10 1 Lung

14 7.5 2.5 5 7 Breast

15 7.5 2.5 5 1 Colon
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4.5 Screening results - Inkjet micromagnets

To test the strength of the inkjet-printed patterns, we first run separa-

tion experiments using fluorescent magnetic microbeads as the targets. The

fluorescent magnetic microbeads (FCM-2052-2, Spherotech, IL) are made with

ferromagnetic material, with diameters of 2µm, and are pre-conjugated with

green fluorescent dyes (470 nm/ 490 nm). An amount of 3 µL microbeads

suspension is added to 1 mL PBS and flowed through the printed-patterned

integrated microchannel at the rate of 5 mL/hr. Figure 4.20(a) shows the

fluorescent image of the slide after the screening experiments. The printed

patterns work as microscale magnetic flux sources and attract the magnetic

beads. We plot the relative fluorescent intensity of the image as shown in

Figure 4.20(b). It exhibits regular repetition, and the distance between two

adjacent fluorescent peaks is about 75 µm, which is the value we use for the

fabrication. It validates the idea that the surface pattern is generated due

to the printed micromagnet patterns. Furthermore, we examine the fluores-

cent signal intensity of the beads suspension before and after the screening

with a spectrofluorometer, and the depletion rate is 100%.

Moreover, we perform cell screening experiments with COLO205

cells as the separation targets using the immunomagnetic assay integrated

with the inkjet-printed patterns. Other experimental conditions are identical

to the standard protocol. Blood samples are acquired from healthy donors.

Then, blood plasma is replaced using a dilution buffer to keep the physiolog-

ical properties of the screening samples consistent. Ferrofluid nanoparticles
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Figure 4.20: (a) Magnetic fluorescent beads screening results with the inkjet
printed patterns. (b) Relative fluorescent intensity profile exhibits regular
repetition, with periodicity equal to the value of the printed patterns.

are used to label the cells and provide the magnet momentum. During the

screening experiment, flow rate is 2.5 mL/hr. After the screening, we stain

the slides with CK/ DAPI/ CD45 for cell identification, counting and locating.

We then observe the slides using a brightfield and a fluorescent microscope,

respectively. The brightfield images and fluorescent signals from three dyes

are shown in Figure 4.21. We can observe COLO205 cells being directly

captured onto the printed patterns. There are also cells being trapped by the
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ferrofluid nanoparticles aggregated around the printed patterns, as shown

in the overlay images in Figure 4.21. These observations are similar to what

we find with the Ni micromagnets.

Figure 4.21: Brightfield and fluorescent images of the COLO205 cells found
on the inkjet printed slides. Cells are either directly captured by the print-
ed patters or indirectly trapped by the magnetic nanoparticle aggregation
around the printed patterns.

Now we discuss the capture efficiency of the inkjet-printed slides.

Noteworthy is that we use the 6×6 pixel permanent magnet array (as il-
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lustrated in Figure 3.10) with spacer insertion as the external magnetic flux

source in this section with the inkjet patterns. Since the permanent magnet

configuration design has changed compared with the Ni micromagnet, here

we are comparing the inkjet printed slide and the plain slide. On plain

slides, the average capture rate is 67.5±15.5%, while on inkjet printed slides,

the average capture rate is 103±1%. The printed pattern increases the cap-

ture rate by 35.5±16.5% compared with plain slides. To study the effect of

the patterns, we divide the captured cells into two groups based on whether

they are captured by the printed patterns. The results are shown in Fig-

ure 4.22 (blue dots: captured by micromagnets, orange dots: captured by

permanent magnets). 78.5% of the captured cells are found to be captured

by the printed patterns, and 21.5% of the cells are captured by permanent

magnets.

Eventually, we study the distribution of the captured cells. One

sample patterned slide and one plain slide are shown in Figure 4.22(a) and

(b), respectively. The position of the permanent magnet array is also shown

in Figure 4.22. Compared with the cell maps and histograms using the three-

parallel permanent magnet array (Figure 4.18(a) and (b)), the combination

of pixel permanent magnet and inkjet printed pattern create even better

distribution. The insertion of the spacers reduces the magnetic field at

the front of the channel, allowing more cells to migrate beyond the front

edge of the permanent magnet array. A significant number of the cells

are captured at the center and end part of the channel. The distribution
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Figure 4.22: Cell screening results with COLO205 on patterned and plain
slides. (a) Map and histogram on the printed slide. Blue cells are captured
by the printed patterns, while orange cells are captured by the permanent
magnets. (b) Map and histogram on plain slide.
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uniformity is further increased by 20%. In addition, through comparison

between Figure 4.22(a) and (b), we find that the cells start to be captured

before the permanent magnet array on the patterned slides, whereas on

plain slides, all the cells are captured on top of the permanent magnet array.

It can be attributed to the patterns before the permanent magnet array being

magnetized and generating an attractive force to retain the cells. Overall,

the printed pattern combined with the pixel permanent magnet array yields

high capture rates but with even better distribution. It can potentially work

as a flexible substitute for the deposited Ni micromagnets.

4.6 Summary

In this chapter, we first presented the results of the blood sedimen-

tation model and the cell tracking model, based on a set of measurements

of blood characteristics. It reveals that keeping the microchannel in the

inverted orientation can significantly increase the capture rate of the im-

munomagnetic assay by 30%.

Then we introduced the modeling results of the thin-film micromag-

net implementation. We calculated the magnetic field generated by the

thin-film micromagnets, and determined the vertical effective range to be 15

µm, and the lateral range to be ±15 µm. We incorporated the micromagnets

into a 2-D model simulating the immunomagnetic assay and observed an

extended distribution spectrum, indicating that micromagnets help improve

the distribution of the captured cells.
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In the last section, we presented the experimental results using the Ni

micromagnet and the inkjet printed micromagnet separately. Ni micromag-

nets achieve over 97% capture rates in spiked experiments with COLO205,

SK-BR-3, PC3, and MCF7. Compared with the plain slide, the Ni micro-

magnet increases the capture rate by 14% on average. It also improves the

distribution uniformity by 14±8%. On the other hand, the inkjet printed

patterns achieve a similarly high capture rate of 103±1%, with a 35.5±16.5%

increase compared with plain slides. Using the pixel permanent magnet

array, the inkjet pattern further optimizes the cell distribution after capture,

increasing the distribution uniformity by 20%.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

Rare cell separation has been an important emerging process toward

the early diagnosis of diseases such as cancer. In particular, circulating tumor

cells (CTCs) have been extensively studied due to their clinical significance

in cancer diagnosis, prognosis, and treatment monitoring. Immunomag-

netic assay combines the strength of magnetic separation and biomarker

recognition and has been a promising tool to perform CTC detection. In

this dissertation, we present the theoretical frameworks and technical ap-

proaches to develop an immunomagnetic CTC detection platform with high

sensitivity, stability, and versatility.

The major contributions of the dissertation includes:

First, we investigate the principles of magnetic separation, and the

related biophysical phenomenon on micro-scale. We address the impacts of

the system parameters on the detection efficiency of the immunomagnetic

assay, and discover two important parameters - the viscosity of the micro-

environment (η) and the magnetic field (B) - that are worthy of more in-depth

studies.
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We develop a set of theoretical models to describe the relationship

between the micro-environment viscosity and rare cell detection. The red

blood cell (RBC) sedimentation model, in which the local RBC volume rate

can be instantly calculated based on the medium flow field and the RBC

sedimentation rate. The partial viscous model, which connects the RBC

sedimentation with rare CTC detection. The cell tracking algorithm, which

allows us to trace the movement of the target cells, to record the positions

where they are captured, and to evaluate the detection system.

To improve both the capture efficiency and cell distribution after

capture of the immunomagnetic assay, we propose a micromagnet approach

to modulate the in-channel magnetic field (B). We discuss the micromagnet

magnetization process and principle of the micromagnet integration. Based

on a 2-D model simulating the thin-film micromagnets, we calculate the

magnetic field generated by the thin-film micromagnets and determine the

vertical effective range to be 15 µm and lateral range to be ±15 µm. In

addition, we theoretically demonstrate the contribution of the micromagnet

in optimizing the cell distribution after capture.

Second, we develop two technical approaches to fabricate the thin-

film micromagnets based on e-beam deposition and inkjet printing tech-

nology. The fabrication principles, processes and results and presented

and analyzed detailedly. We build a screening system, which incorporates

a rotational stage to control the channel orientation based on the specific

requirements at different experimental steps.
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Third, we present the experimental results in using the proposed

system to do CTC screening. We perform comparative studies of cell sepa-

ration with different channel orientations (upright and inverted), flow rates,

and channel widths. Experimental and simulation results match well, both

indicating that keeping the microchannel in the inverted orientation can sig-

nificantly increase the capture rate of the immunomagnetic assay for 30%,

while the flow rates and channel widths do not affect the capture rate much.

In the experiments with the micromagnets, the Ni micromagnets

achieve over 97% capture rates in spiked experiments with COLO205, SK-

BR-3, PC3 and MCF7. Compared with plain slides, the Ni micromagnet

increases the capture rate by 14% on average. It also improves the distri-

bution uniformity by 14±8%. The Ni micromagnet integrated system has

also been used to study clinical samples, and successfully isolate CTCs from

four types of metastatic cancer patients. The inkjet printed patterns achieve

a similarly high capture rate of 103±1%, with a 35.5±16.5% increase com-

pared with plain slides. Using the pixel permanent magnet array, the inkjet

pattern further optimizes the cell distribution after capture, increasing the

distribution uniformity by 20%.

To sum up the dissertation, as is shown in Figure 5.1, we derive theo-

retical models that successfully address the fundamental relations between

force, flow, and field at the interface of engineering and biomedicine. We

successfully build an immunomagnetic assay for rare CTC detection with

enhanced sensitivity, stability, versatility, and yields better cell distribution
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Figure 5.1: Dissertation contribution.

after capturing. We develop robust techniques to fabricate the micromag-

nets. The combination of the micromagnets and the immunomagnetic assay

provides an efficient tool to probe cancer and other development diseases.

We perform clinical studies with cancer patients, demonstrating the poten-

tial of the system in translational applications.

5.2 Future work

In the previous sections, we reviewed the CTC detection technologies

based on mechanisms such as filtration, immunoassay, DEP separation, and

hydrodynamic sorting. The fundamental goal of these systems is to yield

high capture efficiency, high isolation purity, and high system throughput.

In the meantime, they confront the same challenges that arise from CTCs’
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rarity and heterogeneity. Going forward from this dissertation research,

future endeavors could be move in the following directions.

The cell surface molecule EpCAM is a commonly used biomarker to

target CTCs. However, EpCAM is not expressed on some types of cancer,

and it may be down-regulated during metastasis. Depending on the specific

targeting cancer type, additional antibodies need to be discovered. An

alternative approach is to develop versatile nanoparticles with multiple

antibody labelings. As a recent example, we have successfully demonstrated

the improved capture of A-431 cells (skin cancer cells) using the combination

of EpCAM/EGFR, SK-BR-3 cells (breast cancer cells) using EpCAM/HER2,

and BT-20 cells (breast cancer cells) using EpCAM/MUC1. [9]

In addition, efforts in developing novel nano-carriers with hybrid

functionalities should be considered. Figure 5.1 illustrates the concept of

using a ciliated silicon micropillar for CTC detection. The principle is shown

in Figure 5.1(a): the silicon micropillar (∼20µm in length) is coated with

porous silicon nanowire (∼300nm in length) and is covered with a thin

layer of Ni deposition on one end. The porous silicon nanowire coating

works as the affinity domain, offering the selective binding with cancer

cells through antibody - antigen interaction. The thin Ni layer works as

the magnetic domain and provides the magnetic momentum for the cell-

pillar complex. Figure 5.1(b) shows the SEM image of the fabricated ciliated

micropillar. [128,129] We test the micropillar carrier with SK-BR-3 cells, and

the capture rate is 30% in the initial experiments. Figure 5.1(c) shows one
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cancer cell being captured due to the attachment with the micropillars. The

ciliated micropillar is one of the few CTC nanocarriers that is fabricated

based on top-down techniques. [130, 131]

There are several advantages to this micropillar approach. First, the

magnetic momentum can be easily changed by fine-tuning the Ni deposition

layer’s thickness. Second, the large size of the pillars prevents them from

being uptaken by the cells through endocytosis. It helps to obtain viable cells.

Third, the porous nanowire dissolves in PBS buffer (phosphate buffered

saline) after a certain amount of time, which essentially provides a capture-

and-release assay. Therefore, the pillars can be detached from the cells after

the capture, which can potentially eliminate the fluorescent quenching issue

completely.

Most of the current studies regarding immunomagnetic assay focus

on the existence determination of a single target, while the multiplexing ca-

pabilities of immunomagnetic assay are overlooked. [132, 133] Figure 5.2(a)

illustrates the concept of multiplexing immunomagnetic detection. Two

types of cells with different magnetic labelings flow through the microchan-

nel placed in an external magnetic field. Since the applied magnetic forces

are different, the cells with stronger magnetic responses are captured closer

to the inlet, while the weaker cells tend to be captured at a distant location.

The spatial information of the final locations of the captured cells can be

used for cancer phenotyping.

We perform simple calculations based on our cell tracking algorithm-
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Figure 5.2: Ciliated micropillar based CTC detection. (a) Schematic of the
ciliated micropillar based CTC detection. The micropillars have one affinity
domain that binds to cancer cells based on antibody-antigen bonding. The
magnetic domain on the tip of the micropillar provides the momentum to
the CTC-pillar complex. (b) SEM of the fabricated ciliated micropillars. (c)
Preliminary results of the micropillar screening experiments - the cancer cell
is captured due to the attachment with the micropillars.
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s. A mixture of three types of cells flows through a microchannel on top of

three-parallel permanent magnet array. Figure 5.2(b) shows the trajectories

of three types of cells, using the same labeling nanoparticle, but with dif-

ferent labeling numbers (red: 20000 per cell, green: 1000 per cell, blue: 50

per cell). It is corresponding to the case in which the cells have the same

biomarker expression, but at different levels. Figure 5.2(c) shows the cell

trajectories with three different types of nanoparticle labeling (radius of the

nanoparticle - red: 100 nm, green: 25 nm, blue: 8 nm). This is to simulate the

condition in which different biomarkers are expressed among different cell

lines. In both cases, the trajectories show clear separations. Cells labeled

with either larger nanoparticles, or more nanoparticles are captured first

close to the inlet of the channel.

As a conceptual demonstration, we carry out experiments with two

types of ferromagnetic nanoparticles made with the same Au shell/ iron

oxide core, [9] but with different diameters of 6 nm and 100 nm. The

distributions of the nanoparticles on the substrate are shown in Figure 5.2(d).

We measure the maximum capture distance - 6 nm nanoparticles travel

farther, with a maximum difference of 19%.
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Figure 5.3: Multi-target immunomagnetic CTC phenotyping. (a) Concept of
the multi-target detection. (b) Simulated cell trajectories with three targets
labeled with different amount of nanoparticles. (c) Simulated cell trajectories
with three targets labeled with nanoparticles of different diameters. (d)
Conceptual demonstration using two types of ferromagnetic nanoparticles
(6 nm and 100 nm). The maximum difference in capture distance is 19%.
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Appendix A

Experimental protocols

Cell culture protocols

For adherent cells, such PC3, SKBR3, MCF7 et al., they can be cultured

and passaged based on the following protocol.

1. Remove and discard the used cull culture media from the culture

petri dish.

2. Wash cells using 1 mL PBS(1X) buffer. Gently add wash solution

to the side of the petri dish to avoid disturbing the cell layer, and rock the

petri dish back and forth several times.

3. Remove and discard the wash solution from the petri dish.

4. Add the pre-warmed dissociation reagent such as trypsin to the

petri dish; use enough reagent to cover the cell layer (approximately 3∼5

mL). Gently rock the container to get complete coverage of the cell layer.

5. Keep the culture petri dish in the incubator (37 ◦C) for approxi-

mately 5 minutes. Note that the actual incubation time varies with the cell

line used.

6. Observe the cells under the microscope for detachment. If cells are

118



less than 90% detached, increase the incubation time a few more minutes,

checking for dissociation every 30 seconds.

7. When >90% of the cells have detached, add the equivalent vol-

umes (equal the volume used for the dissociation reagent) of pre-warmed

complete growth medium. Disperse the medium by pipetting over the cell

layer surface several times.

8. Transfer the cells to a 15-mL conical tube and centrifuge then at

1000 RPM for 3 minutes. Note that the centrifuge speed and time vary based

on the cell type.

9. Remove and discard the supernatant in the conical tube. Re-

suspend the cell pellet in a minimal volume of pre-warmed complete growth

medium and remove a sample for counting.

10. Determine the total number of cells and percent viability using a

hemacytometer, cell counter and Trypan Blue exclusion.

11. Dilute cell suspension to the seeding density recommended for

the cell line, and pipet the appropriate volume into new cell culture petri

dish, and return the cells to the incubator.

For non-adherent cells, such as COLO205, they can be directly trans-

ferred to the conical tube, and starting from Step 8. If over-growth, and cell

clustering are observed, step 4, 5 can be performed by option to break the

cell clusters.

Note: All solutions and equipment that come in contact with the
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cells must be sterile. And all procedures must be performed in laminar flow

hood.

Cell counting protocols

Figure A.1: Grids on the hemacytometer. Average number of cells found in
area 1∼4 multiplied by 3 × 104 is the number of cells per mL in the original
cell suspension.

Cell counting is performed using standard hemacytometer. Follow-

ing is a brief introduction of the counting procedure.

1. Clean the chamber and the cover slop with alcohol. Dry and fix

the cover slip in the right position.

2. Harvest the cells. Take 50 µL cell suspension, and mix with same

amount of PBS (1X), Trypan blue. Add 10 µL of the mixed cell suspension
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to the hemacytometer from the notch.

3. Place the chamber in the inverted microscope under 10X objective.

4. Count the cells in the large, central grid square (1 mm2), labeled

with 1∼4 in Figure A.1. Average the number from area 1∼4, and multiply

the value by 3 × 104 to estimate the number of cells per mL in the original

cell suspension.

Screening sample preparation

1. Blood samples are obtained from healthy donors or cancer patients,

and stored in CellSaveTM (Veridex, LLC, NJ) tubes.

2. Blood samples are divided into multiple conical tubes, each con-

taining 2.5 mL.

3. 2.2 mL of dilution buffer solution (Veridex, LLC, NJ) is added to

each 2.5 mL blood, well mixed and centrifuged at 800g for 10 min.

4. Supernatant containing plasma as well as the buffer solution is

removed till there is 2.5 mL solution in the tube. 1 mL buffer solution is

added again to make screening sample of 3.5 mL.

5. Cancer cells are harvested, centrifuged, counted and resuspended

in PBS buffer to prepare a solution with approximate 200 cells per 10 µL.

6. 10 µL cell suspension is added to each 3.5 mL aliquot of blood to

prepare a sample spiked with ∼200 cells.
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7. 18.8 µL Ferrofluid (Veridex, LLC, NJ) nanoparticle suspension is

added to the screening sample, and well mixed.

8. 18.8 µL Capture enhancement reagent (Veridex, LLC, NJ) is added

to the screening sample, and well mixed.

9. The blood samples are kept in strong magnetic field to facilitate the

nanoparticle binding for 10 mins before being loaded into the microchannel.

Blood sample screening protocols

Blood samples are stored in a syringe that is connected to the mi-

crochannel before flowing into the channel. The blood samples and other

screening solutions are introduced into the micro-chamber using a pressure

driven syringe pump (PHD 2000, Harvard Apparatus) in the following or-

ders. At different steps, the microchannel needs to be placed at different

orientations to facilitate the operation.

1. PBS buffer is flowed into the microchannel, at a flow rate of 5∼10

ml/hr to eject the air bubbles inside the tubing and microchannel. (Upright

channel)

2. Blood samples are flowed into the microchannel at a constant flow

rate of 2.5∼10 ml/hr. (Inverted channel)

3. After blood flows out of the syringe, PBS is introduced with the

same flow rate in step 2 to push the blood left in the tubing through the

microchannel. (Inverted channel)
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4. Keep introducing PBS until the red blood cells are not visible in

the microchannel. (Vertical channel)

5. Bury the system in ice to cool down the system, at the same time

keep flowing PBS. (Upright channel)

6. Add 1 mL of cold acetone at the same flow rate into the channel to

fix the cancer cells onto the glass slide. (Upright channel)

7. After the screening, the microchannel is disassembled with the

PDMS chamber and dried completely at room temperature.

8. The sample slides are stored at low temperature 4 ◦C until staining.

Note: From step 3 to 6, typically 4 mL of PBS buffer is needed to push

the blood and flush the channel completely.

Cell staining protocols

The experimental slides are stained with fluorescent dyes based on

the following protocol.

1. Take the slides out of the fridge, warm up at room temperature

and mark the staining area with hydrophobic pen.

2. Rinse/ rehydrate with PBST solution (PBS+ 0.1% Tween 20), wait

for 5 minutes, and then apply Kimwipe on the side to remove excessive

solution.

3. Add 300 µL pre-warmed blocking buffer per slide to immerse the
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staining area. Put slides in a plastic box, and add some water in the box

outside of foil to prevent drying.

4. Incubate 30 mins in 37 ◦C oven.

5. Remove the blocking buffer, and rinse the slides with PBS buffer.

Apply Kimwipe on the side to remove excessive solution.

6. Apply staining solution for CK and CD45.

7. Incubate 45 mins in 37 ◦C oven.

8. Rinse with PBST, hold for 5 mins. Repeat 3 times.

9. Gently remove excessive PBST solution.

10. Apply DAPI staining solution 10 µL on each slide, gently drop to

cover the entire staining area.

11. Cover the staining are with glass coverslip. Store the samples at

4 ◦C 30 mins before observation.

Note: The CK/ CD45 staining solution is composed of PBST, 1%

BSA, cytokeratin dye solution (200:1), and CD45 dye solution (100:1). For

example, 10 sample slides need 3000 µL staining solution, which is made

up of 3 mL PBST, 30 mg of BSA, 15 µL cytokeratin solution and 30 µL CD45

solution.

The DAPI staining solution is made by mountain media and DAPI

solution mixed with 1:1 ratio.
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Inkjet fabrication

The instrument we use for the inkjet printing fabrication of the mi-

cromagnets is the DMP-2800 FUJIFILM Dimatrix Materials Printer. It is a

sheet substrate scanning ink jet deposition system with drop observation,

spot location, and variable printing resolution. A user-fillable piezo-based

jetting cartridge is used to store the ’ink’. We use the cartridge with 10 pL

nozzle volume.

To achieve the best printing quality, some of the fluid physical char-

acteristics needs to be pre-examined.

1) Viscosity - 10∼12 cP at the jetting temperature

2) Surface tension - 28∼42 dynes/cm at the jetting temperature

3) Filtration - for the 10 pL cartridge, it is recommended to filter all

fluids to 0.2 µm

There are also other parameters, such as the density needs to be

greater than 1, the boiling point needs to be higher than 100 ◦C, the pH

value needs to be between 4 and 9.

The piezo-jetting of the cartridge is controlled by a customized wave-

form. The typical basic waveform is divided into four segments, as shown

in Figure A.2. Each segment has three properties: duration, level and slew

rate. The level values, which is a percentage of the cartridge voltage. The

level values in segment one and two have the most impact on the jetting

process. Changing duration of segment one and slew rate and/or duration
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of segment two changes drop formation largely. The applied voltage relates

directly to the volume of the pumping chamber. Faster changes in voltage

change the volume faster, bigger changes in voltage cause bigger volume

changes. The slew rate determines the rate of the volume change.

Figure A.2: Printing waveform of the inkjet printing instrument.

The waveform we used is summarized in table 2.

Table A.1: Inkjet micromagnet fabrication waveform parameters

Segment Level (%) Slew rate Durationi (µs)

1 0 0.36 5.376

2 100 1.35 8.384

3 67 0.6 4.928

4 40 0.8 1.344
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