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ABSTRACT OF THE DISSERTATION 

 

Sample Preparation of Biofluids Using Microscale Vortices 

 

by 
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Professor Dino Di Carlo, Chair 

 

 

Analysis of cellular samples is widely used for medical diagnostics. While there has been 

significant progress made in developing cell detection and analysis technologies, the 

development of miniaturized and automated tools to prepare cellular specimens for sample 

analysis quietly lags behind. Sample preparation continues to be performed off-chip with 

macroscale instruments, like the bench top centrifuge, which limits the use of cell-based 

diagnostics in point-of-care settings, and increases the cost of tests through manually-performed 

steps. This dissertation reports the development of a miniaturized microfluidic device that 

recapitulates the high-throughput operations of enrichment and concentration of a standard 
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laboratory centrifuge. The “Centrifuge Chip” employs unique inertial fluid physics to selectively 

isolate larger cancer cells from bloody samples using laminar fluid microvortices. Specifically, 

cancer cells are captured in vortices while smaller leukocytes and erythrocytes are not stably 

trapped in vortices and are significantly reduced in the collected concentrated sample. This 

unique cell trapping mechanism was explored to systematically understand particle and cell 

behavior in microvortices and to design deterministic and predictable vortex trapping systems for 

biological and clinical applications. The design rules were employed to develop a tool for 1) 

isolating rare circulating tumor cells from blood of cancer patients and 2) harvesting large 

quantities of cancer and mesothelial cells from pleural and peritoneal effusions. By selectively 

enriching larger cells over a background of red and white blood cells, the miniaturized centrifuge 

replaces the traditional centrifugation step in the clinical lab while also potentially enabling more 

sensitive analysis of pure preparations originating from a larger volume. Ultimately, the 

Centrifuge Chip is an instrument that increases reproducibility of cell-based protocols, minimizes 

manual handling steps, reduces reagent costs via label free biomarker, and potentially 

revolutionizes traditional sample preparation procedures.  
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Chapter 1 

Microfluidic Sample Preparation for Diagnostic 

Cytopathology 

 

1.1 Introduction 

Analysis of cell samples is widely used for medical diagnostics.  Some areas of use include (i) 

quantifying cellular components of blood like complete blood counts (CBC), (ii) reviewing 

tissue sections and liquid-based cellular solutions by pathology, and (iii) analysis and sorting of 

target cell populations with flow cytometry.  Miniaturization of flow cytometry and differential 

blood cell counts have been a strong focus of the microfluidics community [1–4]. However, there 

has been less focus on analysis of tissue slices and cytology-based diagnostics, which often 

require a larger amount of sample preparation. While there has been significant progress made in 

developing cell detection and analysis technologies, the development of miniaturized and 

automated tools to prepare cellular specimens for sample analysis quietly lags behind. Sample 

preparation continues to be performed off-chip with macroscale instruments, like the bench top 

centrifuge, which limits the use of cell-based diagnostics in point-of-care settings, and increases 

the cost, and reduces consistency of tests through manually-performed steps [5]. Additionally, 

beyond the analysis of cells present in blood, processing and analyzing cells from other body 
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fluids can address important diagnostic needs.  The preparation of other body fluid samples for 

the analysis of cells present has unique challenges towards miniaturization and automation. 

Sample preparation of cells, for the purposes of cytology-based tests, traditionally is a 

multi-step process. Steps routinely require concentrating collected cells from solution, separating 

specific cell populations, chemically and biologically staining cells, washing cells with various 

solutions, and lysing cells in order to harvest nucleic acids or protein [6].  These steps usually 

involve multiple centrifugation and manual pipetting operations.  Notably, some miniaturized 

sample preparation techniques have been realized and successfully integrated with sample 

analysis methods for complete diagnostic systems, creating useful point-of-care applications with 

self sustainable units [7][8].  While there has been success in device design where sample 

preparation and analysis have been integrated into one system, this has largely been achieved 

using exclusively low volume blood samples (e.g. a pinprick of blood).  Therefore, expansion 

into the development of integrated devices for evaluation of larger volume samples, as well as 

samples consisting of other biofluids, is needed. 

Such large volumes present a difficult handling challenge within the discipline of 

microfluidics, where most developed capabilities can handle sample small volumes in the 

microliter range.  To address this challenge, there is a critical need for the development of 

sample preparation technologies that allow microscale manipulation of milliliter volumes and 

also perform on a level comparable to bench top machines, like centrifuges and flow sorters.  

This capability would enable the harvesting of large quantities of cells for cytopathology 

diagnostics, given that sampling large volumes would provide a means to gain improved 

statistical accuracy for measuring rare cellular events.  For example, isolating rare circulating 

tumor cells and fetal cells from amongst a heterogeneous population in a complex fluid, like 
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blood, is of significant interest for non-invasive diagnosis and treatment monitoring.  With the 

advent of these applications, there has been a paradigm shift, from only focusing on low sample 

volumes [9][10], toward creating high-throughput systems with clinically relevant processing 

times.  Blood has been the major body fluid explored using higher throughput microfluidic 

technologies [11].  However, there are significant opportunities to address unique challenges in 

preparing other body fluids, like pleural fluids [12][13], saliva [14][15][16] and urine [17]. 

Here we review the assortment of biofluids clinically analyzed, along with their 

characteristics and diagnostic value.  We investigate the conventional methods for cytological 

diagnosis and the challenges and opportunities in developing microfluidic devices for sample 

preparation of biofluids for cytodiagnostics. We then identify some initial efforts in the 

microfluidics community to prepare and analyze various biofluids with a focus outside of 

traditionally analyzed cells in blood [12]. We hope to convey the importance and help identify 

new research directions addressing the vast biological and clinical applications in preparing and 

analyzing the array of clinically-available biological fluids.  

 

1.2 Standard Procedure for Liquid-Based Cytology  

Examination of the cellular content of body fluids, cytology, is routinely performed for disease 

detection and diagnosis. As noted by the CDC, in 2007 over 7 billion laboratory tests were 

performed.  Samples for cytological examination are first collected in a clinical setting, by a 

physician, nurse, or dedicated technician.  These samples are transported to the cytology lab 

which is often present within major medical centers, but may be off site for smaller community 

hospitals or clinics.  In the cytology laboratory various sample preparation steps are performed 
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prior to analysis including centrifugation to concentrate cells in dilute samples, followed by 

preparation and staining of slides, and examination under a light microscope (Figure 1.1). 

 

1.2.1 Sample Collection 

Sample collection is the first step in preparing a sample for analysis, in which the collection 

technique can often impact downstream cytodiagnostic assays that can be performed.  Samples 

are obtained through collection techniques that vary in their level of invasiveness.  Sample 

collection techniques include phlebotomy, fluid aspiration via needle or syringe, or saline 

washing of a mucosal surface with catheter assistance.  First impressions like color, odor, and 

volume are noted by the physician to determine whether further testing is required. For example, 

red-colored urine may indicate the presence of red blood cells in the urine sample due to 

underlying pathology, including infection or cancer.  To further elucidate the cause and make a 

proper diagnosis, additional tests may be ordered.  Typically, this procedure is conducted in the 

clinical laboratory or an off-site location.  Once the sample is obtained, it is sent to a 

cytopathology lab and stored at 4°C.  Generally, samples can be refrigerated for several days 

while maintaining sample integrity [18].  In some cases, samples are treated with anti-clotting 

agents to preserve cell morphology.  For example, blood is collected into a collection tube 

containing an anti-coagulant to prevent cell clumping, and fixing agents are added to urine due to 

fast degradation times.  

 

1.2.2 Sample Preparation 

Most laboratories use two or more methods of preparing liquid-based samples for further 

evaluation and analysis. From a sample, cell smears or cell blocks may be prepared for 
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microscopic review by cytopathologist using conventional or immunohistochemical stains, and 

then further analyzed with flow cytometry and cytogenetic analysis. To make a cell smear or cell 

block, an aliquot of the sample, typically 50 mL in pleural and peritoneal fluid specimens, is 

centrifuged with a bench top centrifuge.  The supernatant is aspirated and the sediment is used 

for preparing direct cell smears or cell blocks.  Direct smear is the conventional method whereby 

sedimented cells are manually transferred onto a glass slide for examiner review under the 

microscope. Alternatively, an automated instrument called the cytocentrifuge takes the cell 

sediment and evenly distributes the cells onto a designated circle on a glass slide in an automatic 

and reproducible fashion.  Ultimately, a cell smear can take up to two centrifugation steps and 

multiple pipetting procedures, requiring as much as 10 minutes per sample. Additionally, the 

presence of blood cells can prevent the formation of a uniform cell layer, which may make the 

cell smear difficult to interpret under microscopy examination. Cell blocks are formed from cell 

sediments that are then embedded in paraffin and cut into histological sections.  Following cell 

preparation, the slides are stained with colored dyes to help differentiate cells by label-specific 

features of cellular morphology described in the sample analysis section.  The slides are alcohol-

fixed or air-dried to remove water content, followed by a series of washes and stains like 

Papanicolaou (Pap) or Romanowsky to highlight nuclear and cytoplasmic features. In some 

cases, biofluid samples are prepared for flow cytometry where the cells are labeled with 

compatible fluorescent dyes in liquid solution rather than on a glass slide.  The remaining fluid 

specimens are stored in the refrigerator for further and repeated testing if needed. Slide 

preparations for cytology review can take up to 45 minutes for a single sample [19].  Manual 

sample preparation of slides and blocks lead to increased costs and variation in quality from lab 

to lab.  
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1.2.3 Sample Analysis 

Once samples are prepared, they are handed off to the cytopathologist for diagnosis. Cell smears 

and blocks are examined under light microscopy and described with various parameters 

including cell size, morphology, multi-nucleation, nuclear to cytoplasmic ratio, and cell 

aggregates. In the case of malignancy, chromatin is more unfolded and will often appear darker 

[20], [21].  The laboratory diagnosis may be typically reported with a heading such as ‘positive 

for malignant cells’, ‘suspicious’, or ‘negative for malignant cells’.  Oftentimes, further testing is 

requested by the cytopathologist especially in ‘suspicious’ and ‘positive’ cases.  The biofluid 

specimens are also analyzed with flow cytometry, cytogenetic testing using fluorescence in-situ 

hybridization (FISH), or immunocytochemistry analysis, which provides a more sensitive and 

specific approach to determine malignancy using specific labels..  Use of flow cytometry and 

cytogenetic analysis are accurately predicting prognosis in certain disease states in a reproducible 

fashion. These studies have therefore become increasingly more important in defining disease 

characteristics, a theorem that is well illustrated in the diagnosis and treatment of particular 

hematologic malignancies [22].  Regarding immunohistochemistry for example, a sample from a 

patient with a history of lung cancer would require staining for biomarkers specific to the lung 

like EGFR, KRAS or TTF-1. Oftentimes, immunolabeling of existing colormetric slides are 

performed by washing out previous colorimetric labels and applying new labels with more 

specificity.  Additionally, cytopathologists are interested in extracting nucleic acid sequence 

information from malignant cells within samples to identify mutations that are potential 

therapeutic targets, but this is still not routinely performed in the clinic.  One method of 

collecting pure malignant cells is to use laser capture microdissection [23], [24], which uses a 

laser to cut out malignant cells from cell smears for molecular analysis [25].  
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1.3 Background and Applications of Biofluids 

Human biofluids are liquid-based cellular solutions that originate from the human body. 

Examples include urine, blood, pleural fluid, peritoneal fluid, cerebrospinal fluid, and wound 

exudates (Figure 1.2, Table 1.1).  Sample preparation and analysis of biofluids is an emerging 

application area that many microfluidic technologies may be able to address.  Microfluidic 

research has in particular focused on the preparation and analysis of blood [11]. With already 

over 1,100 citations, much of the work thus far has related to the development of devices for cell 

and molecular analysis of blood samples [7], [26], [27][1][28]. While significant diagnostic 

information about the patient can be obtained from blood analysis, other biofluids may be as rich 

in terms of diagnostic information, with unique sample preparation and analysis challenges that 

microfluidic technologies are poised to address.  Note that biofluids other than blood can contain 

elevated amounts of blood cells due to underlying pathology. Given that under these 

circumstances, the amount of blood cells present generally would not be equal to the amount 

present in whole blood, these biofluids can be treated as diluted blood for sample preparation 

purposes. In particular, regarding most biofluids, it is noteworthy that the cellular profile of the 

biofluid present as a result of a non-malignant versus a malignant process can be significantly 

different. Additionally, fine needle aspirations and core biopsies, while not included in this 

review due to their high cellular content, can potentially behave as biofluids when placed in 

liquid solution.  Here, we highlight clinically relevant biofluids with a brief background, identify 

the diagnostic value and clinical applications for microfluidics, and discuss critical challenges 

with developing sample preparation tools for each biofluid.  We categorize each biofluid with 

fluid volume (mL), cellularity (cells/mL), fluid viscosity, and its prevalence, and associated 

diseases. For some of these biofluids, researchers can gain access to remnant samples after all 
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diagnostic tests are performed with expedited IRB review, which can speed investigation into 

simple approaches to prepare and analyze these diagnostically important fluids beyond blood 

[29]. 

 

1.3.1 Blood 

Background. Blood harbors vast information about the physiological and pathological conditions 

of the human body.  The sampling and analysis of blood plays a significant role in medical 

diagnostics. One example of blood testing includes surveying the cellular constituents of blood 

with a complete blood count (CBC) that quantifies the number of red blood cells (erythrocytes), 

white blood cells (leukocytes), and platelets present in the sample analyzed.  Full blood counts 

have largely been automated by hematology analyzers and flow cytometers, becoming the gold 

standard for CBC determination.  Blood will continue to be the biofluid that is the dominant 

focus for engineering specimen handling and analysis technologies.  It is easily accessible among 

researchers and has proven to be a valid proof-of-concept biofluid to be used in evaluating 

prototypes being developed for use with various other biofluids. 

 

Diagnostic Value. A complete blood count (CBC) is routinely used as a laboratory test to 

determine health status. Typically a microliter of blood contains 5 million erythrocytes, 5,000-

10,000 leukocytes, and 400,000 platelets [11].  Leukocytes are further classified into 

subpopulations of cells that have different physiological functions, including neutrophils, 

lymphocytes, monocytes, basophils, and eosinophils.  An abnormal CBC is often indicative of 

underlying pathology, including infection or cancer. Noting the presence of abnormal numbers of 

specific populations of leukocytes [1], [30], [31] assists in diagnosing particular hematologic 
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conditions, monitoring response to therapy or disease progression. For example, the absolute 

number of CD4+ T cells (helper T-cells) is used to monitor HIV progression [32]. In another 

example, in patients with chronic myeloid leukemia, a gene translocation results in the presence 

of a constitutively active tyrosine kinase known as BCR-ABLthat is now a target for therapeutic 

intervention [33]. Preparation of a peripheral blood smear for review would be needed if cell 

counts appear to be low.  Review of a peripheral blood smear is also in order if there is concern 

for certain infectious diseases, such as malaria or babesiosis.  In the case of malaria, one can 

directly visualize the presence of the parasite in infected erythrocytes. The level of parasitemia 

(volume of blood occupied by the malaria parasite) can be estimated from review of the 

peripheral blood smear, which is important in terms of patient prognosis [34].  A current 

additional method for pathogen detection includes conventional blood culture, where an aliquot 

of blood is placed into blood culture media.  If a microorganism is detected, further analysis is 

required for specific microorganism identification.  This process usually takes 2-3 days, and can 

be suboptimal in terms of pathogen isolation [35].  

Finally, although not clinically used as of yet, there has been much work in isolating and 

identifying rare cells from blood. For example, the fraction of circulating tumor cells (CTC) 

present in blood could be as minute as  one circulating tumor cell per billion blood cells; the 

capture and analysis of circulating tumor cells could provide information about cancer relapse or 

mutational state [36]. Similarly, fetal cells are present in maternal peripheral blood in rare 

amounts, and can help determine health of the developing fetus (see Amniotic Fluid)[37]. 

Notably, a recent shift has emerged for developing sample preparation tools to process large mL 

volumes of blood as a method to gain additional access to rare cell populations in blood samples 

[38], [39].  It is highly anticipated that this paradigm shift will bring about a critical challenge for 
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the cell type-specific enrichment from large blood volumes in rapid fashion, allowing clinicians 

to incorporate this information in real time   

 

Sample Preparation Challenges. Many sample preparation challenges have been highlighted in 

Toner and Irimia’s review [11].  Briefly, challenges include the high cellularity of samples and 

the propensity of cellular components to aggregate.  In this case, chemicals that prevent platelet 

activation can be used, ex. EDTA. While dilution may seem as a remedy, this translates to 

greater processing times for a 1 mL blood volume.  Another alternative is to lyse red blood cells 

which can remove >95% of the cellular content leaving a population of platelets and leukocytes.  

However, chemical lysis buffers may affect the other blood cells and its properties.  In 

microchannels, where there will be less particle interactions between blood cellular components, 

physical phenomena such as mechanical, electromagnetic, and fluidic forces can also be 

exploited in device design to encourage interaction of cells with surfaces, concentrate cell 

subpopulations, stain, wash, and focus cells for analysis. Under circumstances where large 

(milliliter) volumes of blood are to be processed, this requires additional technological 

advancements that can allow for processing of whole blood in a continuous and rapid fashion. 

Using massively parallel devices, some have demonstrated that processing at sample flow rates 

of 1 mL/min [40] to 1 mL/hr [41], [42] is achievable.  A rapid blood culture test could be 

developed that would require specific separation and concentration of enough bacterial 

components from a sample of blood that would allow for rapid growth and analysis, perhaps 

shortening time from 2-3 days to 2-3 hours and significantly aiding clinical decision making.   

 

1.3.2 Pleural and Peritoneal Fluid 
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Background.  Both the lungs and inner thoracic cavity are lined with visceral and parietal pleura 

respectively, which slide against one another when the lungs contract and expand.  Between the 

two pleura there is a small amount of fluid called pleural fluid that acts as a lubricant, enhancing 

lung movement during inspiration and expiration under normal circumstances.  However, under 

pathologic conditions, a pleural effusion may develop, where excess amount of pleural fluid 

accumulates in the pleural cavity.  At times, volumes of 1-2 L of pleural fluid may accumulate. 

During a procedure called a thoracentesis, the operator will choose a location along the patient’s 

back, insert a needle through the chest wall into the pleural space, and withdraw the pleural fluid 

present. Once collected, the fluid is described in terms of its gross, or clinical, appearance.  

Biochemical analyses are performed; using Light’s criteria (criteria correlating the ratio of 

various types of proteins within pleural fluid and serum to classes of disease states), results of 

these tests assist in determining if the pleural effusion has developed as the result of a 

transudative or exudative process [43].  Transudates result from an imbalance of hydrostatic 

pressure while exudates result from injury from infection or cancer.  Additional laboratory tests 

include total cell counts with differential cell count values, cultures for various microorganisms, 

and cytology.  A pleural effusion may develop as the result of an infection, an inflammatory 

process, or malignancy.  In the normal state, pleural fluid is largely acellular.  However, 

depending on the process causing the pleural effusion to develop, a pleural fluid sample contains 

cells ranging from leukocytes predominated by mononuclear or polymorphonuclear cells (1000-

100,000 per uL), RBCs (1000-100,000 per uL), mesothelial cells that line the pleura cavity, 

cancer cells, and/or microorganisms such as bacteria or fungi.  There has been considerable 

interest in extracting the malignant cell populations to study about the cancer as well as the 

effusion microenvironment [44].  Peritoneal fluid is similar to pleural fluids but found in the 
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pelvic cavity surrounding the abdominal organs.  Accumulation of these fluids, described as 

ascites, produces abdominal distension, which may be reflective of up to several liters in volume 

of ascitic, or peritoneal fluid.  Peritoneal fluid is collected through a procedure called 

paracentesis.  

 

Diagnostic Value. Possible cytolological diagnoses include: positive for malignancy, suspicious 

for malignancy, and negative for malignancy.  Patient samples diagnosed with negative fluid 

results oftentimes were diagnosed with acute inflammation - associated with an increased 

neutrophil population, chronic inflammation - associated with a larger fraction of lymphocytes 

and histiocytes, reactive mesothelial changes, and lymphocytosis – associated with the increase 

of lymphocytes.   The manifestation of malignant effusions in the pleura and peritonea typically 

indicate poor prognosis. Malignant pleural effusions account for 10% of all pleural fluids.  Of 

those, lung and breast tumors account for more than 50% of pleural effusions while intestinal and 

ovarian cancers make up a dominant portion of peritoneal effusions.  Cytological examination of 

pleural fluids have reported positive findings ranging from 33% to 87% [45]. The accuracy of 

this cytopathology method relies on the experience of the technician as well as the 

cytopreparation method [46].  False negative findings may be a result of improper handling.  

Supplementary techniques have been used to improve sensitivity like immunocytochemistry. For 

example, biomarkers like carcinoembryonic antigen (CEA) are helpful for distinguishing 

malignant cells from reactive mesothelial cells. Additionally, these tests can give information 

about the malignant cells and whether specific gene mutations like EGFR or KRAS are present 

[47]. In cases with negative malignant effusions, specimens are analyzed for leukocyte 

prevalence.  
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Sample Preparation Challenges. These types of fluid samples may be highly cellular and full of 

proteinaceous debris in certain clinical situations.  The difficulty, then, would lie in isolating 

particular cells from a background of more plentiful and less relevant cell populations, in terms, 

of clinical diagnosis.  Harvesting malignant cells from pleural and peritoneal fluid is challenging, 

especially when malignant cells can easily be confused with mesothelial cells during microscopic 

review, even with the trained eye. Both cell types are generally larger than the blood cell 

population of cells that may co-exist in such a sample, but they may be similar in size.  

Interestingly, label-free biomarkers can be used to separate these cell populations such as size.  

In pleural fluids, measuring cell deformability using mesothelial and epithelial cells can be 

accomplished with AFM measurements [48].  Cell deformability can be used as a method of cell 

separation and may be a useful biomarker parameter that can be linked with clinical outcomes 

[49][12], [48].  After removal of bloody cells, this technique can be used as a way to remove 

cellular background when imaging cell smears and finding specific gene mutations with 

molecular analysis.    Isolation of specific rare cell populations from a large sample volume can 

also be difficult.  For example, during large volume paracentesis, as much as 9 L of fluid can be 

removed from the patient’s abdomen; in this case it is also important to process a large volume 

of biofluid for analysis in a time efficient manner.  These rare cell populations are important for 

molecular analysis of mutation status from purified malignant pleural effusions. One potential 

chip-based technology would automate the concentration and staining of these samples using 

microfluidic cell concentrators such as affinity or size-based capture methods and solution 

exchange systems.  
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1.3.3 Amniotic Fluid 

Background. Amniotic fluid, the fluid in the amniotic sac that surrounds the developing fetus, 

contains a rich source of information for prenatal testing.  It provides a safe and nourishing 

environment and a lubricated interface between the fetus and placenta.  Approximately 300,000 

pregnant women undergo an invasive procedure called amniocentesis, where amniotic fluid is 

sampled. A typical test requires harvesting 20 mL of amniotic fluid for the screening of genetic 

diseases.  Amniocentesis is considered a risky procedure as it can cause induced abortion or 

maternal injury.  Amniotic fluid is composed mostly of water giving a fluid viscosity comparable 

to water with traces of cells sloughed from the developing fetus.  

 

Diagnostic Value. The isolation and genotyping of fetal cells (erythrocytes, leukocytes, 

trophoblasts) is important for prenatal diagnosis.  Cytogenetic analyses include karyotyping and 

FISH to detect aneuploidy of all chromosomes and structural chromosomal abnormalities such as 

Down syndrome.  The harvested amniotic fluid also contains multiple cell types that differentiate 

along adipogenic, osteogenic, myogenic, endothelial, neurogenic and hepatic pathways [50][51].  

Although not addressing a clinical problem, microfluidic technologies have been used for the 

culturing and differentiation of amniotic stem cells [52][53]. 

 

Sample Preparation Challenges. A major challenge with sample preparation of amniotic fluid is 

distinguishing between cells of maternal or fetal origin. This becomes critical when wanting to 

perform molecular analysis on the fetal cells where maternal cells may interfere with results. 

Additionally, collecting sufficient numbers of fetal cells in high purity remains to be a challenge 

in order to initiate stem cell cultures and extract DNA for sequencing. Others have investigated 
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maternal blood as a less-invasive alternative to isolating embryonic cells. Fetal cells migrate into 

the maternal peripheral blood and then can be isolated [54], [55]. Recently, the detection of cell-

free DNA in maternal blood has been demonstrated as a method for prenatal diagnosis[56]. 

Under these circumstances, a device that is able to process a large sample volume would be 

valuable. 

 

1.3.4 Urine 

Background. The genitorinary system includes the kidneys, ureters, urinary bladder and urethra.  

In the kidney, as blood is filtered and toxic metabolites are removed, urine is formed.  Urine then 

flows along the genitourinary tract from the kidney, through the ureters, into the urinary bladder, 

where it collects until bladder emptying occurs.  At that time, when urine is voided, it exits the 

body from the bladder through the urethra.  Voided urine may be collected as it is eliminated 

from the body through the genitourinary system. Alternatively, a urine specimen may be 

obtained by inserting a catheter into the bladder via the urethra.   During cystoscopy, a procedure 

where the interior surface of the bladder is visualized with a fiber optic camera inserted through 

the urethra, to collect a bladder washing specimen, an operator may introduce a saline solution 

into the bladder, and then aspirate this fluid.  The contents of this fluid are then further analyzed 

to determine if underlying pathology is present, such as malignancy.  In general, the human body 

forms a total of 1-2L a day of urine. As a biofluid, in comparison to blood, it is largely acellular, 

containing soluble metabolites and, at most, a small amount of protein[17].  However, 

particularly in circumstances where underlying pathology is present, one may find cells, casts of 

cells, and/or crystals.  Routine testing of urine includes urinalysis and urine microscopy. The 

term urinalysis describes a collection of tests done to determine whether particular metabolites 



 

16 

 

and/or protein is present, and is performed usually as a group in order to screen for common 

diseases.   In general, urinalysis will evaluate urine samples for the presence and level of 

particular metabolites and protein, whereas urine microscopy entails the microscopic 

examination of the sediment obtained from a centrifuged sample of urine. 

 

Diagnostic Value. Upon collection, one notes the color and odor of the urine sample, which may 

indicate the presence of disease.  For example, tea-color or frankly red urine may signify that red 

blood cells, or hematuria is present. Urine contains a variety of metabolites that are of diagnostic 

importance.  For example, urine may be screened for whether glucose is present in excess, to 

determine if a patient has diabetes mellitus.  Urine pregnancy tests evaluate urine for the 

presence of human chorionic gonadotrophin.  Concern for infection would prompt a clinician to 

send urine samples for microbiologic evaluations, such as staining and culturing for 

microorganisms.  In urinary tract infections, isolating bacteria is necessary to study the methods 

and consequences of biofilm formation and has significant implications in catheter development 

and understanding MRSA.  Unlike epithelial cells, microorganisms can survive these harsh 

degrading and high shear environments and actually proliferate up the urinary tract. In the case 

of acute kidney injury, examination of urine sediment is a virtual requirement as part of the 

diagnostic evaluation.  In this case, cell casts representing damaged renal epithelial cells, indicate 

that renal tubule epithelial cells have been damaged.  Under other pathologic conditions, the 

presence of red or white blood cells in excess will assist in determining an appropriate diagnosis.  

Other findings that may be present during microscopic evaluation of urine include the presence 

of red or white blood cell casts and/or crystals.   Urine cytology assists in diagnosing 

malignancy, especially those that arise from cells originating from the genitourinary system, ex. 
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bladder cancer.  Urine cytology may also be important in determining the etiology of acute 

kidney injury in renal transplant patients.  For example, investigators were able to distinguish 

renal transplant graft rejection from cyclosporine toxicity in renal allograft recipients [57]. 

Cytodiagnostic urinalysis is also useful in diagnosing kidney allograft, where allograft 

dysfunction may be due to allograft rejection, the presence of polyoma virus, or calcineurin 

inhibitor toxicity [58].  

 

Sample Preparation Challenges. Sample preparation of urine is difficult due to its acellular 

nature, even with bloody samples that indicate microorganism infection or malignancy.  In the 

latter case, small quantities of malignant cells are shed from the kidney, prostate or bladder and 

released into the urine.  There is considerable interest in harvesting these cells but large milliliter 

volume assessment and repetitive testing are generally required.  Analysis for the presence of 

microorganisms such as bacteria or fungi is currently performed by inoculating culture media 

with an aliquot of urine.  Specific isolation of a species may take up to the 2-3 days, and 

currently done by exploiting the metabolic differences present between species as they consume 

the nutrients present in culture media.  Isolation and identification of a specific organism at the 

time of urine sample collection (rather than 2-3 days later), would require the separation of single 

colony forming units, a difficult task when considering the typical volumes of urine that may be 

collected.  Similarly, the separation of rare cells from urine may also be difficult.  Urine may also 

contain debris such as red or white cell casts or crystals, further complicating the task of isolating 

specific cells for the purposes of cytology review.  Additionally, high urea concentrations present 

in the urine degrade the cells rapidly; thus, samples should be prepared and processed quickly to 

increase the yield for cytologic review.  
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1.3.5 Bone Marrow Aspiration 

Background. Bone marrow is located in the fatty core of cancellous bone (sternum, rib, and 

pelvis), and the long bones (femur, tibia, and humerus).  Cells that give rise to the cellular 

components of blood are housed in bone marrow. Collecting a sample of bone marrow for 

further evaluation and testing would include obtaining a bone marrow aspiration or obtaining a 

bone marrow biopsy.  During a bone marrow aspiration, a needle is inserted into the bone 

marrow space; a sample is then withdrawn though the needle into a syringe.   Bone marrow 

tissue is spongy semisolid tissue, and typical bone marrow specimens are highly cellular.  

Further analysis of a bone marrow specimen is usually indicated if there is concern that a 

pathologic hematologic process is present.  An example of such a process would be a 

hematologic cancer or a deficiency in one or more hematologic cell line.    

 

Diagnostic Value.  Cytology review of a bone marrow specimen is in order in many clinical 

scenarios.  Bone marrow sampling is commonly performed in the evaluation of hematologic 

malignancies.  Cytology review gives important information regarding the behavior of cells 

present in marrow.  Particular abnormalities that can be appreciated during microscopic review 

of a prepared slide will allow for accurate diagnosis of a clinical condition.  Research has 

progressed to the extent that specific cell surface markers that have been identified are known to 

correlate with the clinical behavior of particular malignancies.  This makes the identification of 

specific cell surface markers important in making the diagnosis, determining appropriate 

therapies available to the patient, and in predicting the clinical course as well as prognosis for the 

patient.  Usual testing performed on bone marrow biopsy specimens include glass slide 
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preparation, immunophenotypic, cytogenetic, molecular genetic studies such as fluorescence in 

siu hybridization, and flow cytometry analysis (Bain, 2001).  Also, bone marrow specimens may 

be sent for microbiologic studies, including microscopic review, culture for microorganisms, and 

molecular testing.   

 

Sample Preparation Challenges.  Bone marrow samples are highly cellular and have a spongy 

semisolid consistency.  This makes separation of specific cell populations more difficult.  

Typically, a volume of less than 500 microliters is harvested for analysis; a portion is sent for 

glass slide preparation for microscopic review, and the remaining sample is sent for further 

testing.  Separation of specific cell populations is important for diagnostic reasons.  Also, this is 

important in harvesting cells to be used for clinical treatment; for example, hematopoietic stem 

cells are used for engrafting in patients undergoing bone marrow transplantation.   Given that 

low volumes are typically available for testing, the efficiency of a device to be used for the 

purposes of isolating specific cell populations should be high.  As well, where there is a clinical 

condition causing a paucity of cells present in the bone marrow of a patient, the ability to isolate 

rare cells would provide a distinct advantage. 

 

1.3.6 Cerebrospinal Fluid 

Background. Cerebrospinal fluid (CSF) is formed by the choroid plexus, which is located within 

the ventricular system, and surrounds the structures that comprise the central nervous system 

(CNS), which includes the cerebrum and the spinal cord [59].  It protects the CNS, providing 

shock absorbency, and also allows for the elimination of chemical waste.  Approximately 150 

mL of CSF surrounds the adult brain.  A sample of CSF, when sampled, should have less than 2 
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leukocytes per microliter, and no red cells; an abundance of red cells may be present, however, if 

inadvertently red cells and introduced into the sample during the collection process.  The most 

common procedure performed to collect a sample of CSF for analysis is lumbar puncture.  A 

needle introduced into space surrounding the lumbar spinal cord, which is occupied by CSF (as 

is the entire spinal cord).  A sample is then taken and sent for biochemical, cytologic, and 

microbial studies.  Under normal conditions, CSF is a clear, thin, watery fluid.   

 

Diagnostic Value.  Sampling of CSF is indicated in the evaluation of a patient with disease 

involving the central nervous system.  Routine testing of CSF includes biochemical, 

microbiologic, and cytologic analysis.  Additional tests that may be performed, if clinically 

indicated, would be molecular genetic, cytogenetic, or immunophenotypic analysis, as well as 

flow cytometry [60].  For example, consider a clinical scenario where there is concern that 

meningitis may be present.  In addition to microscopic review of a glass slide for the presence of 

microorganisms, the number of cells present in the sample is quantified.  Also, the specific 

population of cells present is determined; i.e., the number and type of white blood cells, and the 

number of red blood cells.  This determination is also important where there is concern for 

central nervous system lymphoma.   

 

Sample Preparation Challenges.  In particular regarding CSF, the isolation of rare cells from a 

fluid sample is a dilemma.  Where a sample contains a large amount of red blood cells because 

of trauma related to the procedure, removal of red blood cells before cytologic analysis is 

important.  Also, given the number of tests that may be requested for a finite volume of collected 

sample, one can anticipate that only a small volume of fluid will be available for each test 
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requested.  An advantage, then, would be for any given device to have the ability of isolating 

cells in an efficient manner while working with a small volume of fluid. 

 

1.3.7 Bronchoalveolar Lavage Fluid 

Background.  Since the introduction of the fiberoptic bronchoscope in the early 1970’s, 

bronchoalveolar lavage has been used as an investigative tool in the study and evaluate of acute 

and chronic pulmonary disorders [61][62].  In the lungs, gas exchange between inspired air and 

blood occurs. Upon inhalation, air is carried through the respiratory tree, a structure that begins 

with the trachea and progressively branches into small airways until it reaches the blind ends of 

the respiratory passages, termed the alveolar sac [59].  The walls of alveolar sacs are lined with 

alveoli, the site where gas exchange occurs [59]. As the respiratory tree further branches and 

subdivides, the population and identity of cells that make up the mucosal lining changes, as there 

are regional distinctions [63].  Examples of the cells found along respiratory mucosa include 

pseudostratified, tall, columnar, ciliated epithelial cells and mucus secreting goblet cells.  

Alveolar macrophages and recruited neutrophils are among the cells that protect against inhaled 

debris and invading pathogens.  During bronchoalveolar lavage, after a bronchoscope is 

introduced into respiratory tree, aliquots of normal saline are introduced into the respiratory 

airways; this fluid is then aspirated for analysis.  

 

Diagnostic Value.  Bronchoalveolar lavage is indicated in patients with abnormalities of unclear 

etiology seen on chest imaging [64]. Recovered aliquots of bronchial alveolar lavage fluid are 

analyzed for the presence of microorganisms, the profile of cells present, and the type of soluble 

biochemical factors present.  Upon collection, one notes the volume and gross appearance of 
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uncentrifuged fluid.  A portion of fresh sample may be sent to the microbiology laboratory for 

quantitative bacterial culture.  The supernatant and cell pellet in a portion of sample that is 

centrifuged sample is further analyzed.  The type and amount of soluble factors present in the 

supernatant can be determined with biochemical methods.  The resuspended cell pellet may be 

sent for additional tests, including flow cytometry, nucleic acid analysis, glass slide preparation 

for microscopic review, and further microbiologic studies.  A complete profile of cells present in 

the sample is determined, and accuracy is enhanced by analyzing 400-500 cells [65].  There are 

reports available in the literature regarding the expected amounts and profiles of cells found in 

BAL fluid analysis [63].  Identification of the population of cells present, as well as the 

determination of cell phenotypes is used to assist in the evaluation of patients with lung 

pathology, including those with an acute respiratory infection, interstitial lung disease, or 

malignancy.  In addition, regular long term monitoring of BAL fluid profiles with lung tissue 

sampling is performed in patients who have undergone lung transplantation to assess for acute 

and chronic long term graft and host interactions [63].  

 

Sample Preparation Challenges.   BAL fluid should be processed promptly if cells are collected 

in a nutrient poor media, such as normal saline [65].  In addition, note that mucus production 

increases the viscosity of respiratory secretions, and may interfere with BAL fluid specimen 

preparation; care should be taken as samples are collected to minimize this.  Often, collected 

fluid is strained though material such as cotton gauze, to remove debris and allow for more 

adequate sample preparation.  Isolation of specific cell populations is important for diagnostic 

purposes, so that the determination can been made whether the presence of these cells correlates 

with particular lung pathology.  On average, 100 to 250 mL of collected fluid is available for 
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analysis.  The number of cells present may vary from a sparse amount to a highly cellular 

specimen.  While the majority of cells present may be neutrophils, lymphocytes present in 

smaller numbers may be more difficult isolate and further analyze.   

 

1.3.8 Synovial Fluid 

Background. Synovial fluid is the biofluid that lines the cavitated space in synovial joints.  

Examples of synovial joints include the elbow and knee.  The synovial membrane is the 

boundary layer of this space, and consists of synoviocytes.  Synoviocytes secrete hyaluronic acid 

and proteins, as well as synovial fluid, which functions as a lubricant, a shock absorbent, and 

provides nutrition for articular hyaline cartilage.  Synovial fluid is a clear fluid that is a filtrate of 

plasma; it is viscous, containing hyaluronic acid, proteins, and few cells.  Normal synovial fluid 

has fewer than 180 leukocytes per microliter.  The abundance of these cells should be 

mononuclear cells.  In particular disease states, this number of leukocytes can increase; as well 

as the percentage profile of subpopulations of leukocytes present may change, for example, 

granulocytes (polymorphonuclear cells) instead of mononuclear cells.  In addition, the presence 

of crystals may be noted.  The characteristics and profile of synovial fluid may be determined by 

obtaining a sample of fluid during arthrocentesis.  During arthrocentesis, a sample of synovial 

fluid is aspirated through a needle that is inserted into the joint space.  This procedure may be 

performed by a physician in the hospital at the bedside or in the office [66].  

 

Diagnostic Value. Under normal circumstances synovial fluid is clear; cloudy or bloody fluid 

may be present in conditions where an inflammatory, infectious, or traumatic process has 

affected the joint from which the fluid was aspirated.  The appearance of the fluid is noted at the 
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time of initial collection.  Consider conditions causing joint inflammation, or arthritis: in the case 

of osteoarthritis, aspirated synovial fluid may appear clear; however, in the case of gout, where 

monourate crystals within the joint space elicit an inflammatory response, aspirated synovial 

fluid may appear cloudy, but translucent.  To assist in accurately diagnosing the cause of 

arthritis, a sample of synovial fluid is obtained with arthrocentesis.  In general, a 1-2 mL aspirate 

of fluid is adequate for routine diagnostic testing.  Metabolites that are routinely quantified 

include glucose, total protein, and lactate dehyodrogenase levels [67].  Additionally, the total 

number of leukocytes and specific leukocyte subpopulations present is quantified.  Further 

testing include performing a wet mount, or glass slide preparation, for review under normal light 

and compensated polarized light microscopy.  Microscopy allows for the identification of 

crystals that may be responsible for the joint inflammation causing patient symptoms.  If there is 

concern for infection, a sample of fluid is sent for Gram stain and microbial culture, to determine 

if any microorganisms are present.  Further cytology studies are also appropriate, as cancer may 

affect the synovium as a primary tumor or as the result of tumor metastasis [68].  It has also been 

reported that the proportion of synovial fluid mesenchymal stem cells present in freshly collected 

joint aspirates inversely correlates with disease severity in osteoarthritis [69].  

 

Sample Preparation Challenges.  Typically, arthrocentesis may yield 1-5 mL of fluid for 

analysis, leaving one with a small volume to work with.  This collected volume may be highly 

cellular, or acellular, depending on what process is present in the joint that prompts the patient to 

seek medical attention.  Also, depending on the underlying pathology present, if any, aspirated 

fluid may be have high viscosity, requiring high pressure to allow for fluid flow through the 

intended device.  As noted above, crystals may also be present, which should be considered in 
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the preparation of a sample where cells are to be further characterized and analyzed.  The 

isolation of specific cell populations is important for diagnostic and prognostication purposes. 

 

1.4 Critical Challenges in Microfluidic Sample Preparation 

Retrieving target cell populations in solution with minimal perturbation is a complex sample 

preparation task. Most microfluidic approaches to sample preparation are scaled down versions 

of techniques derived from biologists or chemists using well-plates, centrifugation, and pipetting.  

For example, cells can be isolated in a conical tube by incubating with immunomagnetic beads 

followed by placing a large magnet lateral to the tube and performing multiple rinse steps. 

Microscale technologies followed suit by integrating with on-chip and off-chip magnets for 

separating cancer cells, bacteria, fungi from blood [70].  Other concepts were borrowed from 

chemistry discipline, like affinity and size-based chromatography, translating to microscale 

techniques using unique cell biomarkers like size or surface markers. Our survey of various 

diagnostically-important biofluids has revealed several classes of sample preparation challenges 

which microfluidic technologies are poised to address: 1) concentrating rare cells from large 

volumes of biofluids, 2) efficiently preparing small volume samples, 3) preparing samples with 

high cellularity, 4) automating multi-step sample preparation, and 5) obtaining high purity for 

molecular assays.   

 

1.4.1 Concentrating Rare Cells from Large Volumes of Biofluids  

Biofluid analysis may require large sampling volumes in the range of mL volumes, especially for 

rare cell applications.  Oftentimes, a sample with a low cellularity combined with inadequate 

sampling and the rare presence of malignant cells within the total number of cells leads to 
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unsatisfactory results, prompting further diagnostic testing.  Therefore, large volumes in the mL-

L scale must be processed to harvest sufficient rare cellular materials for molecular analysis.  In 

order to achieve large volume processing, potential devices need to process samples at flow rates 

in the mL/min scale to achieve the quick turnover that is similar to that of the flow cytometer.  

One challenge in a device using high flow rates is that this may lead to high shear stress in the 

microchannels which may damage cells in the process. Careful mathematical calculations and 

experimental testing is required to be sure that cell viability and integrity are maintained.  

Scaling up of flow rates is possible by creating massive parallel arrays or increasing the channel 

dimensions of the device enabling more volume throughput.  Notably, only a few microfluidic 

technologies are able to expand in a parallel fashion and still retain the fundamental mechanics 

[71][72][73]. A valid metric to measure sample processing power can be defined as the number 

of cells processed over time (cells/s) or the amount of liquid processed over time (mL/min). 

Relevant biofluids where one would envision large volume analysis include blood, urine, pleural, 

peritoneal, and BAL fluid samples. For example, 50 mL of pleural fluid is adequate to gather 

enough material for a cell smear in malignant pleural fluid analysis [74].  In another case, the 

presence of >5 cancer cells circulating in the bloodstream was shown to be an independent 

predictor of overall patient survival in metastatic breast cancer [36] 

 

 

1.4.2 Efficiently Preparing Small Volume Samples for Multiple Assays 

There are circumstances where the sample volume available for testing is limited.  For example, 

typically 300 microliters of bone marrow is collected during a single bone marrow aspiration.  

Also, in particularly diagnostically challenging cases, clinicians may require multiple tests to aid 
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in determining the final diagnosis present.  In both examples, it is very important that the volume 

of sample available for testing is efficiently prepared so that an optimal number of investigations 

can be completed.  Factors that may reduce the sample volume available for further analysis 

include dead volume, mishandling of collected samples, or even that the amount of sample 

originally collected was already minuscule.  In developing microfluidic systems, regarding dead 

volume, apparatus such as tubing and syringes incorporated into devices for the purposes of 

sample flow will lead to a reduction in the effective volume of sample available for analysis. One 

potential solution is to enable repeated processing of the same sample to increase the overall 

yield for further downstream tests.  

 

1.4.3 Preparing Samples That Have High Cellularity  

Biofluids that have high cellularity, like blood or bone marrow aspirates, will contain very 

diverse and large populations of cells.  This can be challenging because of the likelihood that 

cells will aggregate, making the accurate quantification of total and subpopulations of cells 

present within a sample difficult.  In analyzing blood, targeted populations such as leukocytes, 

erythrocytes, and platelets are separately identified and quantified; the accuracy of this process is 

decreased when a clinical sample has a high number.  Within the population of leukocytes, 

further identification of neutrophils, lymphocytes, monocytes, eosinophils, and basophils is 

clinically useful.  Specific enumeration of leukocyte subpopulations is performed routinely in the 

clinical setting,  and, in this study, the ratio of total neutrophil to total lymphocytes present per 

microliter of blood was a predictor of increased cardiovascular risk [75].  It is also important to 

isolate single cells with particular genetic variance from within a purified target population.  To 

do this, one can consider using droplet generators [76][77],  and other technologies described in 
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the literature[78][38].  Single cell isolation and analysis is important, as bulk measurements may 

confound the analysis of single cell outliers that may harbor important specific genetic 

mutations—gene mutations which may explain the underlying cause of the disease [79].  To 

address this issue, it is important to identify and gather quantitative and qualitative measurements 

using single cells.  With large enough sampling, one can create cellular profiles and generate 

unique metrics.  These quantitative measurements may complement pathological information 

obtained by a cytopathologists during microscopic examination of cell smears or cell blocks.  

These may include cell morphology like size or deformability, nuclear to cytoplasmic ratio, and 

presence of specific markers.  These metrics can be quantified through downstream image 

processing technology like flow cytometers [80][2][12], which emphasizes the importance of 

upstream sample preparation techniques.  

 

1.4.4 Automating Multi-Step Sample Preparation 

Automated handling of samples is needed for standardizing the sample preparation process. This 

includes centrifugation, pipetting, and cell staining, all operations manually performed by the 

cytology team.  When working with large liquid volumes, cytologists must aliquot, centrifuge 

and manually pipette the supernatant of the sample to make cell smears.  However, mishandling 

and user error in processing such as neglecting a decanting step may lead to misleading results. 

And thus a standardized fluid plumbing system through the device would address this issue by 

removing user input; it can also allow for processing large liquid volumes. In the microfluidic 

laboratory, the common syringe pump or lesser-known pressure system introduces fluid into the 

device from a syringe or bottle.  While these systems are valid in the research setting, clinical 

translation of these technologies requires computer controlled systems.  Additionally, cell 
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staining techniques can be automated in microfluidic platforms to enable efficient uniform 

labeling using traditional and immunocytochemical stains as well as to enhance the performance 

of cytogenetic analysis ex. FISH.  Automation of these steps to minimize sample handling will 

preserve sample integrity and leading to less error overall, leading to cost reduction and increase 

in the quality of prepared samples. 

 

1.4.5 Achieving High Purity Cell Populations 

Achieving high purity of specific cell populations from heterogeneous solutions presents a 

critical challenge in biofluids. The removal of particulates and non-relevant cells becomes 

significant in cytology exploration.  This can aid in visualization purposes, given that in the 

review of standard cytology slides, target cells are difficult to examine where there is a high 

cellular background.  Additionally, the removal of bloody components and the concentration of 

target cells in small field of view may expedite and increase accuracy on cytology examinations 

[38] [73], [81].  Also note that in bloody specimens, leukocytes can contaminate molecular 

analysis results when attempting to detect gene mutations or sequencing in the target cell 

population [82]. Thus, the purity of sample outputs, defined as the amount of target cells over the 

total number of cells, is regarded as a valuable metric to characterize cell separation and isolation 

techniques. Purity is generally characterized by the imaging and analysis of cells that have been 

chemically treated and stained cells.  However, after these processing steps, the cells cannot be 

used for further applications, for example, cell culture or genetic sequencing.  While a few 

example microfluidic approaches address this conflicting situation and describe methods that 

have been successful in recovering specific cells from a general population [73], [83], others lack 

the ability to make cells readily available in solution after sample preparation for integration with 



 

30 

 

existing cell-based analysis tools like flow cytometry and imaging based techniques.  

Microfluidic technologies that may potentially address this need use label-free separation 

methods [84] that take advantage of cell size, deformability [49], [85], shape using various 

approaches (physical phenomena) like magnetic, acoustic, electrokinetic, dielectrophoretic, and 

hydrodynamic forces.   

 

1.5 Future Directions 

Sample preparation of biofluids has significant implications to the microfluidic and clinical 

community. As we design new technologies to address current deficiencies, we need to consider 

all stakeholders involved, including clinicians, clinical lab professionals, regulatory agencies, 

such as the FDA in the US, and insurance companies.  Most importantly, we must consider the 

very patients who stand to benefit from new advances in the field. It is important to involve 

stakeholders as early as possible in development process.  In this way, a multidisciplinary 

approach would yield fruitful innovative ideas rooted in a desire to address the real problems 

currently present.  Also, it can also provide motivation for more vigorous investigation of cutting 

edge applications.  Understanding the requirement of the regulatory agencies present in a 

particular region of interest should then prompt designers to incorporate these ideas during 

prototype development and testing.  Also, knowledge of reimbursement policies may guide the 

approach to be undertaken in terms of diagnostic development.  Indeed reduced sample 

preparation time should lead to quicker turnover regarding clinical results, and ultimately, 

improved patient outcomes.  In addition, standardization of sample preparation should improve 

sample quality while also reducing cost.   
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Figure 1.1 Standard procedure in collecting, preparing and analyzing biofluid samples for 

cytodiagnostics.  Biofluid specimens are collected from the patient and transported to a 

cytopathology laboratory. Freshly collected samples are prepared with multiple centrifugation 

and manual handling steps including cell fixing, washing, and cytochemical staining. These are 

necessary steps for preparing cell-based assays including cell smears, cell blocks and cell 

solutions. Prepared samples are handed to cytologists for microscopic examination, flow 

cytometry, and cytogenetic analysis. From the initial collection of biofluid samples until final 

analysis is complete, the time spent during the sample preparation portion has the longest 

duration, relative to sample collection and sample analysis.  
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Figure 1.2 The human system produces biofluids to complete bodily functions.  The constant 

secretion, absorption, and circulation of fluid in the body and the rich source of cellular material 

make it a valuable medium for liquid-based cytology.  This presents vast opportunities in 

bridging medical and clinical applications with microfluidic technologies for sample preparation 

and analysis.  
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Figure 1.3 Sample Preparation of Biofluids Requires a Balance of Throughput and Purity. 

Macroscale instruments like the centrifuge specialize in throughput while microscale 

technologies emphasize on purity. Both high throughput and purity are useful alone, but for some 

samples it will be clinically useful to have technologies that can process fluids at high 

throughputs and with high purity.  
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Table 1.1 Body Fluids used for Cytodiagnostics  
Body Fluid Location Procedure Required 

(Risk 0-3) 

Volume 

per Test  

Viscosity  

(mPa
.
s) 

Diagnostics, Diseases or 

Applications 

US Incidence 

(Cases/year) 

Cell Type & 

Number (cells/mL) 

Microfluidic 

Technologies 

Blood Veins 
 

Venipuncture1 1-7.5 mL 
[86] 

1.7-3.2 
[87] 

CBC 
 

12 M [88] RBCs (5 B) 
WBCs (5-10M) 
Platelets (400 M) 

[11]  

HIV, 
HematologicMalignancies 

48 K [89] Lymphocyte subsets 
CD4+ (1.5 K) 

[30], [1] 

Sepsis,  
Biofilm Investigation 

0.75 K [90] Bacteria  
Fungi 

[70] 

Metastastic Cancer  * CTCs (5) [36] [39] 
Prenatal Diagnosis * Fetal Cells (NA) [55][54] 

Urine, Bladder 
Washings  

Urethra Voided0 8-50 mL 
[91] 
 

1.2 [92] Urothelial Carcinoma 
 

9 M [88]  Epithelial Cells 
RBCs (>13 K) [93] 
WBCs  

NA 

Infection 8.2 M [94] Bacteria (>105 cfu) NA 
Bladder Catheterization2 100 mL[95] 1   Epithelial Cells  NA 

Semen Seminal 
vesicles  

PESA3 >2 mL   In-Vitro Fertilizations 13 M [96] 
 

Spermatozoa (20M) [97] 

Pleural Pleura Thoracentesis3 50 mL  1.25-1.68 
[98] 

Mesothelioma 
Malignancy 
Leukemia  
Infection 
Inflammation 

1.5 M [99] Mesothelial cells 
RBCs 
WBCs  
Cancer cells  

[12], [48] 

Peritoneal Peritoneum Paracentesis3 50 mL 1.425 
[100] 

 NA 

Pericardial Pericardium Pericardiocentesis3 250 mL   NA 
Cerebrospinal 
Fluid 

Subarachnoid 
space 

Lumbar puncture 3 15 mL 1.26-1.39 
[101] 

Meningitis 
CNS Lymphoma 
Multiple Sclerosis 

0.4 M [102] WBCs (0-5) 
 

NA 

Nasorespiratory 
Fluid 

Respiratory 
Tree 

Bronchoalveolar 
Lavage –
bronchoscopy3 

100-300  
mL [103] 

 Infection  
Malignancy 
Inflammation 

0.5 M [104] WBCs, [63]RBCs  
Dendritic cells 
Eosinophils 

[105] 

Amniotic 
Fluid 

Amniotic Sac Amniocentesis3 20 mL 1.006-
1.008  

Prenatal Diagnosis 124,000 
(NCHS) 

Differentiated Cells, 
Trophoblast [106] 

[52] 

Synovial Fluid Joints Arthorcentesis2 1-2 mL 6 [107] Joint pain 
Inflammation 

 Inflammatory Cells NA 

Bone Marrow 
Aspiration  

Pelvis Bone Bone marrow 
aspiration3 

300 µL 37.5 
[108] 

Leukemia, Multiple 
Myeloma, Lymphoma 

 RBCs,WBCs ,CTCs 
Progenitor Cells 

NA 

Footnote: NCHS = National Center for Health Statistics, NA = Data not available, * = currently under investigation, cfu = colony forming units 
Risk Level (rated 0-3): 0 indicates least invasive or procedurally difficult, 3 indicates very invasive and potential risk of harm to patient.  
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Chapter 2 

Particle Trapping in Confined Laminar 

Microvortices  

 

2.1 Introduction 

There has been considerable interest in developing deterministic methods of particle ordering, 

clustering, and separation in microscale flow.  In these confined microsystems, shear-gradient lift 

is dominant for particle manipulation such as particle focusing [1].  However, confined 

micrvortices consist of a complex system, where the shape of the vortex is not circular or 

elliptical and the shear gradient changes with the position along the vortex [2].  These 

complexities, coupled with the presence of a particle, make the understanding of particle 

behavior in fluid vortices a significant challenge.   

In this chapter, we describe a phenomenon where particles above a critical size passively 

entered fluid vortices to become ‘trapped’ and maintained a stable orbit within the vortex. To 

systematically understand particle behavior in vortices, there are two aspects of particle 

interaction with laminar microvortices that are important to investigate: (i) under what conditions 

do particles migrate across streamlines to enter vortices, and (ii) what leads to maintenance of 

particles within vortices once they have entered.  We uncover the forces involved in particle 
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trapping using various particle sizes and densities while trapped in fluid vortices.  We 

investigated the complex velocity profiles in this system, compared empirical evidence with 

numerical results, and evaluated various fluidic forces that may be relevant to the trapping 

mechanics.  Admittedly, the presented model is a simplification of the problem and assumptions 

of a circular path and constant pressure gradients across particles should be modified to better 

describe the phenomenon.  Ultimately, an understanding of particle trapping mechanics allows us 

to build deterministic and predictable vortex trapping systems for practical biological 

applications. 

 

2.2 Particle Manipulation in Inertial Microfluidics 

2.2.1 Inertial Microfluidics 

Fluid flow at the microscale is assumed to occupy low Reynolds number, where Reynolds 

number   

Re
UHρ

µ
=                (1) 

is a dimensionless parameter describing the ratio between inertial and viscous forces.  This has 

always been a safe assumption mainly because channel dimensions have a characteristic length 

<1 mm.  A quick calculation of a common microchannel flow with water density, ρ ~ 1000 

kg/m3, water viscosity of µ ~ 0.001 Pa s, channel diameter H of 100 µm, and fluid velocity U of 

~0.01 m/s, shows that Re < 1.  As a result, traditional thinking has often perceived microfluidics 

as having neglible inertia with the viscous force dominating.  However, recent reports 

demonstrate the important use of inertial effects in microfluidic systems, such as secondary flows 

in curved channels and inertial migration of particles [1].  
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2.2.2 Inertial Migration of Particles 

Particle and cell manipulation can be achieved using inertial lift forces in confined channel flow.  

The first reported migration of particles in 1960 was in macroscale flow through a cylindrical 

pipe (Segre and Silberberg 1961). Segre and Silberberg demonstrated the formation of a ring 

annulus of particles from a randomly distributed particle solution. Recently, similar observations 

were observed at the microscale. Inertial effects that lead to particle migration transverse to fluid 

streamlines have recently been identified as useful in microfluidic systems for focusing [4], [5], 

separation [1], [4], [6], [7], [8] and filtration [6], [9–12] applications.  These systems based on 

curving or straight channels have been used to perform separations on blood cells, polystyrene & 

PDMS beads, and oil droplets [6].  During operation, randomly distributed particles are observed 

to localize at particular equilibrium positions within the channel cross-section that depends on 

channel geometry, particle size, and flow properties.  In straight, high aspect ratio channels (i.e. 

height > width), equilibrium positions are largely centered to two positions along channel faces 

and close to the wall [9], [10].  

Equilibrium positions occur because of a balance between shear-gradient lift and “wall 

effect” lift (Di Carlo et al. 2007).  The parabolic velocity profile and its associated gradient in 

shear rate leads to a lift force on flowing particles away from the channel centerline down the 

gradient in shear rate and toward the channel walls.  As particles migrate closer to the walls, a 

counteracting inertial lift directed away from the stationary wall as a result of inertia of the fluid 

around the particle balances with the shear-gradient lift creating a stable equilibrium position for 

particles that is about halfway between the channel centerline and wall.  Recent work suggested 

that when the ratio of particle size to channel dimension (a/W) becomes of order 1, shear-

gradient lift would scale as Eq 1. [1]: 
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2 3
L

L

f U a
F

W

ρ
=              (2) 

where a is the particle diameter, U is the maximum fluid velocity, W is the channel dimension in 

direction of migration, and ρ is the fluid density.  The non-dimensional lift coefficient (fL), is 

dependent on the particle’s position within the channel (x), the channel aspect ratio (H/W), and 

the channel Reynolds number. Assuming that the inertial lift force is balanced with Stokes drag 

on a sphere  

3d pF aUπµ=               (3) 

where µ is the viscosity of the fluid, the lateral particle migration velocity (Up) is found to be: 

2 2

( , )
3p L c c

U a
U f R x

W

ρ

πµ
=            (4) 

Note that this equation describes lateral particle migration velocities away from the channel 

centerline (where shear-gradient lift dominates). Separations based on inertial migration in 

straight high-aspect ratio channels are inherently limited in the amount of enrichment possible 

due to the relative location of the particle equilibrium position (xeq) in these systems away from 

the wall.  As discussed above, the equilibrium position in these systems is often between 0.5-0.6 

the distance between the centerline and channel wall.   

  

2.3 Laminar Microscale Vortices 

2.3.1 Confined Laminar Microvortices 

Microscale vortices are less well-known, mainly since flow in microchannels has been regarded 

to lack appreciable fluid inertia. Microvortices can arise when a microchannel is quickly 

expanded in width leading to jetting of the narrow entering stream of fluid, detachment of the 
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boundary layer, and recirculation in the expansion region.  Vortex formation relies on fluid 

inertia: that is increasing Reynolds number of the flow leads to increasing vortex size until the 

full expansion region is occupied.  It is important to note that the microvortices created in this 

system are different from vortices created in the streamwise direction such as Dean vortices 

created in curved channel flows with inertia [4], [13] or vortices created due to asymmetrically 

structured microchannels [14].  Key external parameters to control these flows include the 

channel dimensions (height, width, chamber width, chamber length) and flow rate.  

 

2.3.2 Particle and Cell Behavior in Microvortices 

There has been considerable interest in understanding particle and cell behavior in microvortices. 

In particular, microvortices have been used for studying cell manipulation [15–19], plasma 

extraction [20], particle focusing [5], cell docking [21] and fluid mixing [22].  Microvortices 

have been studied in blood flow where it was observe large cellular aggregates would occupy 

long residence times inside the vortex [23], [24].  This trapping behavior lead to much work in 

experimental and computational analysis of particle behavior in vortices [25].  Similar particle 

trapping and orbiting behaviors have been observed using external forces such as microactuators 

[26], hydrodynamic tweezers [27], [28], and electrokinetic fields [29].  Microvortices have been 

used for biological applications such as understanding cell orbiting and rotation but there is little 

empirical evidence in explaining the behavior of particle trapping [15] [17][19][30][31].  This 

phenomenon indicates an unknown mechanics of particles in microvortices.   
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2.4 Experimental Methods 

2.4.1 Materials and Methods 

Polydisperse PDMS (Polydimethylsiloxane) beads were prepared using an emulsion 

polymerization process.   PDMS was mixed at the standard 10:1 ratio of resin to crosslinker 

(Dow Corning; Sylgard 184), degassed, and added to deionized water containing 0.1% Tween 20 

at 10% w/v PDMS.  The uncured solution was mixed vigorously with a vortexer and placed in an 

oven overnight at 65oC to allow hardening into solid PDMS beads.  After curing, PDMS beads 

smaller than 50 µm were extracted from the bead solution via centrifugation.  Any remaining 

beads larger than 50 µm were removed via filtration through a filter upstream of the trapping 

arrays in the device.   

Polydisperse PDMS particles with sizes (a/W=0.1-0.7 and particle diameter ranging from 

~1 to ~35-50 µm) were injected (average velocity = 2.8 m/s) into two different vortex trapping 

chips with 70 µm channel height (Figure 2.1).  One device had a 50 µm channel width and  a 

vortex chamber of 600 µm width by 720 µm length, while the other device had a 40 µm channel 

width and a chamber of 480 µm width by 560 µm length.  Using high-speed video microscopy, 

we tracked the trajectories of single PDMS particles as they migrated and stabilized in the fluid 

vortices.  Individual particle trajectories were visualized and recorded with Phantom v7.3 high-

speed camera (Vision Research, Inc.) conducted with 60-100 µs times between frames.   

The particle trajectories were mapped using a custom MATLAB program that determined 

the PDMS particle center automatically (Figure 2.2).  The automated program converted each 

raw image to a binary image where channel walls and PDMS particles form defined intensity 

peaks.  Each image frame was subtracted from a background image, which contains only the 
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channel walls, leaving a defined intensity peak representative of the particle.  The program 

measured the particle diameter and located the particle center position, which was then 

normalized to the channel center and orifice of the expansion-contraction chamber.  This process 

was repeated for each frame until all images were analyzed.  Each video consisted of ~1000 

frames, which was long enough to observe the particles migrating into and become stably 

trapped within a fluid vortex.  Particles were recognized to be stably trapped when the orbiting 

trajectory within the vortex remained constant.  Particles that were not trapped in fluid vortices 

contained <10 frames for image analysis.   Figures demonstrating particle migration trajectories 

and particle orbits within the vortex included data binned according to particle size.  Each 

particle range (n = 3 or more samples) contained particle positions that were averaged, mapped, 

and overlaid onto fluid streamlines computed using finite element modeling.  To determine the 

magnitude of shear gradient lift force, FL, that each particle experiences, the inertial lift was 

assumed to balance Stokes drag on a sphere FL =3πµavt where the force is dependent on the 

particle diameter a and transverse velocity vt. This transverse velocity is derived from the 

mismatch in particle and fluid element trajectories as the particle migrates across streamlines. 

 

 

 



 

50 

 

 

Figure 2.1 Particle entry mechanism in laminar microvortices. (A) For a polydisperse particle 

solution injected into a device with a straight high-aspect ratio channel leading into an 

expansion-contraction chamber we expect size-dependent entry into the laminar vortices created.  

(B,C) Particles are subjected to a shear gradient lift force, which directs particles toward the 

channel wall, and a wall effect lift force, directed toward the channel center, which leads to 

entrainment of particles at dynamic equilibrium positions, Xeq.  (D) As focused particles enter 

the vortex chamber, the lift forces are decoupled due to the absence of a nearby wall, resulting in 

a dominate shear gradient lift force. Larger particles (red) experience larger lift forces and are 

able to migrate across fluid streamlines into the vortices while smaller particles (blue) follow 

fluid streamlines and flow out of the system. 
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Figure 2.2 Using Phantom v7.3 high-speed camera (Vision Research, Inc.), we tracked the 

orbital trajectories of single particles in the fluid vortices.  The positions of the particle were 

mapped using a custom MATLAB program that measured the particle diameter and center 

position.  The automated program converted each raw image to a binary image where channel 

walls and PDMS particles form defined intensity peaks (white).  The images were magnified at 

the particle position to measure the particle diameter (dotted box).  This process was repeated for 

each frame until all images were analyzed.  Each video consisted of ~200 frames.   

 

2.4.2 Capture Efficiency of Particle Trapping  

The efficiency of trapping depends in a complex fashion on system parameters (Figure 2.3). 

Capture efficiency is defined as the number of collected beads over the number of beads 

introduced into the system.  We found that optimal trapping was observed for particles above 

15µm, a channel height of H=54µm, reservoir width ratio of 15 and reservoir length of 720µm 

(Figure 2.3A-D).  More importantly, we found that the vortex trapping depended on system 

parameters non-linearly.  For example, trapping did not monotonically increase with reservoir 
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width ratio, displaying a local minimum in trapping at a ratio of 20.   These observations require 

further understanding of particle behavior in the entrance and maintenance in microvortices.  

 

 

Figure 2.3 Dependence of Capture Efficiency on Geometrical Parameters and Flow Conditions. 

(A) Size-dependence of particle trapping with H=54µm. Effective trapping observed above 

15µm and flow rates of 300µL/min. (B) Effect of H and Q on particle trapping. Effective 

trapping observed at H≤54µm. Stability of trapping increases with lower heights (C,D) Effect of 

reservoir width ratio over main channel width and reservoir length on particle trapping. Effective 

trapping observed at reservoir ratio of 15 and length of 720µm. These experiments completed by 

E. Sollier.   
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2.5 Mechanics of Particle Entrance 

2.5.1 Particle Focusing Leads to Better Trapping 

We first explored the mechanism of particle migration and entry into two symmetric vortices 

created in a microfluidic chip consisting of a single microchannel with an expansion-contraction 

chamber.   When a polydisperse solution of particles is introduced into the system, the particles 

begin randomly distributed throughout the channel cross-section at the inlet (Figure 2.1A).  As 

particles travel downstream, they are subjected to a shear gradient lift force, directing particles 

toward the channel wall, and an opposing wall effect lift force, that is due to the presence of the 

wall, leading to migration of particles toward the channel centerline.  A combination of these 

forces leads to entrainment of particles at dynamic equilibrium positions about halfway between 

the channel centerline and wall, Xeq (Figure 2.1C) [1], [4], [32].  For the high-aspect ratio 

microchannels used (70 µm height, 50 µm width), this leads to two focusing positions along the 

long face of the channel as previously reported  [1], [33–35]. There is also a slight particle size-

dependence to focusing position, where larger particles are focused closer to the channel center.   

 

2.5.2 Particle Migration Across Fluid Streamlines into Fluid Vortex 

When a focused particle reaches the expansion region (Figure 2.1D) the neighboring 

microchannel wall is no longer within its vicinity.  Therefore, the hydrodynamic interaction with 

the wall disappears leading to a loss of a significant wall-effect lift to balance the remaining 

shear-gradient lift directed down the shear gradient towards the vortex center.  The gradient in 

shear rate responsible for shear gradient lift decays only slowly as the particle moves 

downstream through the expansion. The end result of these effects is that transverse particle 
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migration due to shear gradient lift controls entry of particles into vortices.  In previous work [1] 

we demonstrated that when the ratio of the particle diameter to channel width approaches one, 

the shear gradient lift (FL) in a straight channel would scale as Equation 2. For small a/W, 

however, FL was analytically determined to scale with a4 [36]. Taking these two possible scalings 

into account, and assuming that the velocity profile remains similar upon entering the expansion, 

we can determine a transverse migration velocity, vt, into the vortex by balancing shear gradient 

lift with Stokes drag Fstk = 3πµavt.  We find that the transverse migration velocity, vt, will be a 

function of particle diameter - between a2 to 
a

3.  Following this scaling, larger particles (red) are 

expected to migrate laterally through fluid streamlines and into the vortex while smaller particles 

(blue) below a critical size will not migrate fast enough to cross into the vortex before passing 

out of the expansion region (Figure 2.1D).     

 It should be noted that entry into the vortex is controlled solely by shear gradient lift forces in 

the case of a dilute solution neglecting particle-particle interactions.    In the case of highly 

concentrated particle solutions, like biofluids used in Chapters 3 and 4, interparticle 

hydrodynamic interactions are common, and cross-stream migration and entry can be assisted by 

particle collisions or disturbance flows from neighboring particles[37].  Although we have not 

explored it in detail, it is apparent that trapping is robust to changes in the vortex chamber 

geometry – as long as the shear gradient lift is present - including whether vortex chambers 

expand in one or both directions simultaneously during an expansion.  This design flexibility can 

aid in developing parallel arrays with a small footprint for higher throughput operation. 

With increasing particle size, migration occurred over a shorter downstream distance and 

resulted in final positions closer to the vortex center (Figure 2.4).  In agreement with predictions, 

this is a result of larger particles experiencing higher shear gradient lift forces leading to faster 
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migration.  Note that in the region in which particles enter the vortex the fluid does not change 

direction appreciably, minimizing local centrifugal effects that might push these particles 

outwards.  Therefore, measured particle trajectories and dynamics calculated from these 

trajectories (Figure 2.5) are expected to yield a scaling similar to shear gradient lift force alone.  

In fact, the maximum lift force in this entry region for individual particles over a range of sizes 

was found to scale with a best fit of a3.2, which closely matches previously reported predictions 

of between a3 [1] to a4 [36] (Figure 2.5).   

Particles above a critical size migrated into the vortex and maintained a stable orbital 

position within the vortex (Figure 2.6).  Particle trapping was observed for a range of particle 

sizes between a/W=0.3-0.4 for W=50 µm and a/W=0.4-0.45 µm for W=40 µm, where a is the 

particle diameter and W is the channel width.  Particles smaller than the critical size range were 

never observed to be trapped and flowed past the trapping chamber and out of the system.  The 

two datasets from Figure 2.6 together suggest that the critical size leading to entry into the vortex 

does not depend strongly on the inlet channel width and should be robust to small variations in 

this value.      
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Figure 2.4 Average trajectories of polydisperse PDMS particles overlaid on fluid direction 

vectors obtained from a COMSOL model.  Particle sizes larger than the ratio of particle diameter 

to channel width of 0.3 entered in vortex traps.  As the particle size increases, the particle 

migrates closer to the vortex center. 
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Figure 2.5 Calculation of the shear-gradient lift force.  With the absence of the wall, the particle 

experiences a dominant shear gradient lift force that drives the particle through fluid streamlines 

into the vortex.  This lift force can be measured by calculating the cross-streamline velocity of 

the particle, vt.  The instantaneous cross-stream velocity is accompanied by a Stokes drag that is 

equal in magnitude but opposite in direction of the lift force at steady state 3L tF avπµ= ,  where µ 

is the fluid viscosity, a  is the particle diameter, and vt is the transverse velocity which is 

calculated based on the mismatch in particle velocity and fluid velocity at each time point. The 

maximum lift force upon entry into a vortex was found to scale with the particle diameter to the 

3.2 power. 
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Figure 2.6 Critical particle size for trapping.  Particle trapping was observed for a range of 

particle diameters between a/W=0.3-0.4 for a 50 µm channel width and 0.4-0.45 for a 40 µm 

channel width.  Particles smaller than the critical size were incapable of being trapped and 

flowed past the trapping chamber and out of the system.  Interestingly, these results suggest that 

the critical size leading to entry into the vortex does not depend strongly on the inlet channel 

width.   
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2.6 Mechanics of Particle Maintenance 

Once particle entry into a microvortex has occurred, the problem of maintaining particles in 

vortices becomes important.  Particles occupy stable and repeatable orbits within the fluid 

vortices (Figure 2.7).  In one orbit trajectory, particles experienced changes in velocities and 

accelerations based on the surrounding fluid velocity (Figure 2.8).  For instance, a particle 

orbiting closer to the channel center experiences higher velocity and rapid acceleration changes 

while the same particle orbiting closer to the channel wall experiences slower velocities and 

acceleration.  Particles can experience velocity and acceleration measurements up to 0.5m/s and 

1000m/s2, respectively. We also found that larger particles occupied the inner orbits closer to the 

vortex center while smaller particles traveled in outer orbits (Figure 2.7).  We observed a similar 

phenomenon with multiple particles in the vortex traps, where larger particles orbited closer to 

the vortex center (Figure 2.7).   
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Figure 2.7 Once the particle migrates into the vortex, it occupies an orbit around the vortex 

center that is dependent on its size. Time-lapse high-speed image of two PDMS particles 

interacting and traveling in two separate orbits inside a vortex.  The larger particle occupies an 

orbit closer to the vortex center. Elapsed time is ~7 ms. 
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Figure 2.8 Velocity Dependence on Particle Orbit. Particles experienced changes in velocities 

and accelerations based on the surrounding fluid velocity. Particles can experience velocity and 

acceleration measurements up to 0.5m/s and 1000m/s2, respectively. 

 

2.6.1 Balancing Forces Responsible for Particle Trapping 

Particle maintenance within the fluid vortex suggests a net balance of forces acting on the 

particle. Here, we investigate the role of the centrifugal, Saffman, shear gradient lift, and viscous 

drag forces.  The centrifugal force takes place when a particle changes its velocity direction 

while orbiting.  It is defined as:  
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 where vp is the tangential particle velocity, ρp is the particle density, a is the particle 

diameter and r is the radius of the orbit.  The Saffman force occurs when there is a mismatch 

between the particle velocity and the fluid velocity.  Theoretically, denser particles should travel 

at slower speeds and require large forces to catch up with the fluid, while a less dense particle 

like oil would have little difficulty in maintaining fluid velocity.  The shear gradient lift force is 

defined as Equation 2. The viscous drag force occurs when the particle follows fluid streamlines.  

The centrifugal and Saffman forces are related to effects of particle inertia, while the shear 

gradient lift and viscous drag forces are purely determined by the flow velocity profile.  

To determine the fluidic forces responsible for particle maintenance, particles of different 

sizes and densities were individually introduced into the fluid vortex.  All three particle 

materials, both more dense and less dense than the suspending fluid, follow similar orbital 

trajectories and velocities (Figure 2.9A,B), suggesting particle orbiting is not affected by relative 

particle density.  This was an unexpected behavior as it is well known that particles heavier than 

the surrounding fluid are ejected out of fluid vortices due to centrifugal force [38].  Furthermore, 

the maximum velocities of all three particle densities with different particle diameters were 

plotted with lateral distance from the channel center (Figure 3.9C).  The maximum velocity is 

significant for comparison because it provides information to whether the particle is lagging 

behind the fluid.  The lateral position of interest near the channel center (Figure 2.10C) is 

important because this region has rapid changes in fluid velocity, providing a fair comparison 

between particles of different size and density at the same lateral position. Particles do not appear 

to lag behind the fluid flow since all particle densities have a similar velocity, suggesting that the 

Saffman force is not a dominant factor in particle maintenance. The centrifugal force is also not 

responsible for particle maintenance.  A simple analysis using the centrifugal and shear gradient 
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lift equations indicates that a glass particle would experience 30 times larger centrifugal force 

than a PDMS particle of the same size suggesting that glass particle would occupy an outer orbit 

compared to the PDMS particle.  Particles of similar diameter with different densities occupied a 

similar orbital pattern with a similar perimeter (Figure 2.9D).  Since the denser glass particles do 

not possess a larger orbit as predicted, this suggests that the centrifugal force is not a dominate 

force in particle orbiting.  Thus, we conclude that the particles orbital pattern is not dependent on 

particle inertial effects and can only be caused by fluidic velocity profile.  Additionally, the 

viscous drag force can be neglected since particles can self-assemble in different orbits within 

the fluid vortex based on particle size where larger partticle occupy inner orbites (Figure 2.7).  

Our unexpected results on how particle density plays a minor role in particle maintenance lead us 

to logically eliminate potential contributions from particle inertia and Saffman’s lift force, 

suggesting that there remains other factors that can control particle dynamics within the fluid 

vortex system, such as the dominant shear-gradient lift force seen in other confined systems.  
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Figure 2.9 Orbit Characteristics are Independent of Particle Density. Using same-sized particles 

of different densities,  oil droplets (0.8g/cm3), PDMS beads (1.03g/cm3) and glass beads 

(2.6g/cm3), no significant difference was found between (A) orbit size, (B,C) maximum velocity, 

or (D) orbit perimeter. These results demonstrate that the centrifugal force is not a dominant 

factor in particle maintenance. 

 

2.6.2 Velocity Curvature Controls Particle Maintenance 

The shear-gradient lift force is the dominant force responsible for particle maintenance.  

The shear gradient lift force is determined by the fluid velocity profile and the particle geometry.  

In the fluid, particles experience a shear force perpendicular to flow, where the direction of the 

force is determined by the shear gradient, defined as the second derivative of the velocity.  To 

characterize the behavior of the shear gradient forces on the particle, the fluid velocity line 
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profile that spans from the channel center through the vortex center to the channel wall were 

extracted from numerical simulations (Figure 2.10A,B).  Admittedly, the simulated velocity 

profile is not identical to experimental conditions since the simulation models a rigid channel and 

does not take into account the PDMS deformations found in the vortex chamber [39].  The 

particle velocities, using similar lateral positions of the numerical line profile, were overlaid with 

the fluid velocity profiles of two heights at the line profile crossing the vortex center (Figure 

2.10C).  When a particle orbits closer to the vortex center, it travels at a higher velocity and 

travels closer to the channel top wall with a particle velocity that matches closer with the fluid 

velocity at the 13 µm channel height.  On the other hand, particles orbiting closer to the channel 

wall travel slower and experience velocities that match fluid velocities at the 27 µm channel 

height (Figure 2.10C Inset).  

 To understand the shear gradient forces involved in particle trapping, we decoupled two 

regions that experience different shear gradient lift forces.  One region, Region I, spans from the 

channel center to the vortex center (vortex center defined as the position where the fluid velocity 

is zero/minimum) while the other region, Region II, spans the vortex center to the channel wall.  

In Region II, particles remain stable in their orbit and follow fluid streamlines, which indicates 

that the shear gradient force is small compared to the viscous drag force.  Region I consists of an 

inflection point, dividing two velocity profile regions of positive curvature and negative 

curvature.  The positive curvature has the shear gradient force pointing towards the vortex center 

[32] and is responsible for particle entrance into the fluid vortex.  For particles to maintain 

stability, the negative curvature with the negative shear gradient force should provide the 

antithesis force acting towards the channel center (Figure 2.10).  These two opposing shear 
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gradient forces are responsible for particle maintenance inside the fluid vortex, suggesting that 

the velocity profile alone can control particle behavior 

To confirm this theory of the negative shear gradient, it is possible to simulate the effects of 

a particle undergoing negative curvature. This can be created using a straight U-shaped channel 

to remove the complexities of a fluid vortex system. It is predicted that particles in the negative 

curvature would move up the shear gradient.   This creates an equilibrium position where the 

particle cannot escape the vortex and prevents the particle from migrating towards the vortex 

center.  Most of the particles lie in the negative curvature region with larger particles closer to 

the vortex center.  This behavior may be a result of the larger shear rate pointing towards the 

vortex center compared to the smaller opposing force.   Additionally, increased flow rate 

conditions pushes larger particles to outer orbit trajectories [31].  To understand this effect, we 

mapped the shear rate ratio between region IA and IB where the ratio decreased significantly 

with higher flow rates.  This decrease suggests that particles experience a larger outward force 

with a shift in the overall equilibrium position.  However, smaller particles do not have this 

similar shift in orbital patterns with increased flow rate as the particle already occupies the stable 

equilibrium between region IA and IB.  
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Figure 2.10  Shear Gradient Lift Force (FS) Alone Can Result in Stable Orbits of Particles in 

Vortices. (A,B) Schematics of microvortex chamber used in numerical simulation where the 

velocity line profile (dashed-line) was extracted at H=27µm, 13µm. (B) Schematic showing 

direction of Fs pointing away and towards the vortex center. (C) Particle velocities 

(experimental) plotted over fluid velocity line profiles. Particles closer to the channel center 

experience higher velocity and occupy equilibrium positions closer to the wall (H=13µm) while 

particles closer to the channel wall are slower with equilibrium position at H=27 µm.  
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2.7 On-Demand Particle Release 

Trapped orbiting particles could be released by changing the flow conditions such that the vortex 

dissipated (Figure 2.11).  This was accomplished by decreasing the input flow rate, which 

simultaneously reduced the vortex size, allowing particles to escape the vortices into the main 

channel flow. Thus, particles can be released from the vortex traps on-demand.  This serves to be 

useful for capture and release of target particle and cell populations from a heterogeneous 

solution (See Chapters  3 and 4).  Particle exiting is an interesting phenomenon as it may provide 

clues on creating more predictable vortex traps.  Particle leaving was observed in situations 

where large quantities of particles crowded the vortex chamber.  These particle-particle 

interactions may induce particles to be bumped out of its stable orbit and trajectory and thereby 

potentially knock particles into outer orbit or out of the vortex.  

 

 

Figure 2.11 On-Demand Particle Release from Vortex Traps.  This was accomplished by 

decreasing the input flow rate, which simultaneously reduced the vortex size, allowing particles 

to escape the vortices into the main channel flow. 
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2.8 Designing Deterministic Particle Traps with Microvortices 

In order to improve our understanding of particle trapping in microvortices, we developed a 

model of the capture process which takes into account two critical steps: i) selective particle 

entry into microvortices from the main flow and ii) particle maintenance within microvortices 

following entry.  Upon investigating particle maintenance, we unexpectedly identified that shear-

gradient lift alone can create defined orbits for particles within microvortices, suggesting it is a 

key component responsible for stable trapping. This insight gives improved intuition for 

developing far-ranging particle trapping applications by modifying the shape of the velocity field 

for more predictable vortex trapping systems. For example, building more predictable vortex 

trapping systems can enable trapping of smaller particles in solution such as bacteria and fungi as 

a method of water purification. Interestingly, we can also use this information to understand how 

particles behave in curvature-induced flow even in straight channels [40].  By manipulating the 

channel dimensions alone, we can engineer velocity flow profiles for precision control of particle 

dynamics for a variety of applications. 
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Chapter 3 

Isolation of Circulating Tumor Cells Using 

Microscale Vortices 

 

3.1 Introduction  

A blood-based, low cost alternative to radiation intensive CT and PET imaging is critically 

needed for detection of cancer and for management of its treatment.  A non-invasive diagnostic 

that can be repeated regularly to provide up to date molecular information about the cancer 

would open up key opportunities for personalized therapies.  For example, regular blood-based 

“biopsies” of the cancer after resection/chemotherapy can indicate if the residual cancer is 

relapsing, or more importantly, is susceptible or has become resistant to specific 

chemotherapeutics.  In effect, if these clinical needs are met, cancer could become a managed 

disease similar to HIV, in which drugs regimens are started or modified only when viral loads or 

CD4+ T cell counts reach critical levels.  Additionally, if sensitivity and specificity is high 

enough a blood-based diagnostic might make it possible to detect cancer early in pre-

symptomatic patients besides those who are at risk for relapse with a simple noninvasive blood 

test, leading to a decrease in cancer deaths. 
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An approach for cost-effective enrichment, enumeration and molecular analysis of 

circulating tumor cells (CTCs) from large volumes of blood may address these unmet needs.  

CTCs are thought to play a role in metastasis where cells shed from a solid tumor, enter the 

bloodstream, and land in secondary sites to form metastases.  CTC number has been shown to be 

predictive of cancer prognosis and may suggest more or less aggressive treatment regimes [1]. 

However, isolating viable CTCs from blood in a quick, effective and label-free approach remains 

a significant technical challenge – CTCs are rare events at rates as low as one cell per one billion 

blood cells [1], [2].  Studies have shown that patients have poor prognosis with 5 or more CTCs 

per 7.5 mL of blood [1].  While the gold standard and emerging technologies focus on 

enumeration of CTCs for diagnostics [3], there is a critical need for gathering larger sample sizes 

of viable CTCs for research purposes [4].  This requires processing large blood volumes with 

higher throughputs and enriching target cells without the attachment to modified substrates or 

magnetic beads, providing an advantage for individually selecting captured cells for further 

analysis or culture. 

   

3.1.1 Gold Standard in CTC Isolation 

The gold-standard in CTC enumeration technology is the CellSearch system from Veridex.  This 

system requires that cells are first immuno-magnetically separated from the rest of the blood 

using anti-EpCAM (Epithelial Cell Adhesion Molecule) conjugated magnetic nanoparticles that 

bind to EpCAM that is presumed to be present on carcinomas (which are of epithelial origin).  

Captured cells are then fixed and labeled with fluorescent antibodies a second time to increase 

the specificity of the assay.  Cancer cells are positively identified if they stain positive for a 

cytokeratin stain (CK) and negative for CD45 (a leukocyte marker).  Automated imaging of a 
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smear of these captured cells is time intensive and cells cannot be further analyzed for molecular 

markers or growth.  Still, this test is very reliable for enumerating CTCs from blood and is FDA-

approved for prognostic applications, where increased CTC number is correlated with a poor 

prognosis.  

 

3.1.2 Emerging technologies in CTC Isolation 

A variety of alternative technologies have emerged to isolate and enumerate CTCs.  These 

technologies take advantage of cellular biomarkers for capturing CTCs such as surface markers 

or cell size [5]. The following CTC isolation technologies are mentioned for their advanced 

research stage of using clinical samples.  

Chief amongst these, now in clinical studies, is the CTC-chip technology from Mass. 

General Hospital [6–8].  These chips operate on the principles of affinity chromatography, such 

that cells with EpCAM coated surfaces preferentially adhere to the high device surface area.  

Anti-EpCAM is immobilized on the chip surfaces and blood is flowed through the device at a 

controlled rate to maximize specific binding.  A major challenge is that currently cells cannot be 

easily removed from the non-transparent microchannel surfaces once attached, limiting the 

quality of immunofluorescent images and not ideal for cytopathology examination.   

The FAST (Fiber Array Scanning Technology) approach from the Palo Alto Research 

Center (PARC) and the Kuhn group at Scripps addresses this by imaging stained CTCs amongst 

all other nucleated cells on a smeared slide [9–14].  The approach uses arrayed fibers to collect 

more optical data per unit time than conventional automated microscopy used to image the CTC-

chips.  However, because of the large background of leukocytes, specificity can be an issue and 

pure cancer cells cannot be obtained for molecular analysis.   
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The MagSweeper technology uses immunomagnetic capture similar to the CellSearch 

system, however, the capture technology has been optimized to work on larger volumes and to 

increase sensitivity.  Still the approach results in cells attached to beads and those are not viable 

and must be imaged separately.  Again the costs for the multiple antibodies used are high.   

Finally, size-based filtration of CTCs is perhaps the simplest technique and has been 

successfully demonstrated by two groups [15], [16], [17]. Because CTCs are larger than normal 

blood cells they can be filtered from blood with a microfabricated filter with precisely controlled 

and uniform pore size and eluted from the filter after processing.  However, because of the large 

deformability of these cells, Cote has described that it is necessary to fix (i.e. crosslink proteins 

within) cells prior to filtration.  Thus cells that are recovered are not viable.  Additionally, cells 

are not easily recovered from the membranes or imaged on the membranes.   

 

3.2 Centrifuge Chip 

3.2.1 Advantages 

We improve the operational criteria for CTC isolation by using cutting-edge inertial 

hydrodynamic separation technology that can isolate larger CTCs from mixed blood populations.  

This reagentless approach functions by enriching CTCs from blood at high throughput using a 

massively parallel filtration technique that uses laminar vortices combined with inertial focusing 

[18–20].  The technology, called the Centrifuge Chip, is tailored to gently and reversibly trap 

larger CTCs based on size.  We branded the Centrifuge Chip name since it can perform all the 

operations of a standard bench top centrifuge, such as solution exchange, cell concentration, and 

cell separation, but accomplished on a lab-on-a-chip (Figure 3.1). 
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Figure 3.1 A photograph demonstrating the small footprint of the Centrifuge Chip and a 

schematic of the massively parallel device that employs microscale fluid vortices in each 

reservoir for selectively trapping cancer cells from whole human blood.   

 

A critical feature of the technology is the ability to size-selectively isolate CTCs in the 

vortices while smaller RBCs and WBCs pass un-trapped through and flow downstream to a 

waste reservoir.  This is because CTCs have been shown to be 2-3X larger than normal blood 

cells (Figure 4.2).  Circulating lung cancer cells for example were found to be >2X larger than 

WBCs [21], while circulating malignant breast cancer cells were observed to be >3X larger than 

WBCs [22].  This allows for the concentration of cells of interest into a smaller volume of fluid 

(without an overwhelming background of RBCs and WBCs) such that they can be directly 

analyzed using standard cytological staining techniques that pathologists are familiar with (thus 

more likely to be adopted by this important stakeholder). Size-selective operation is due to 

differences in inertial lift forces for different sized particles such that shear-gradient lift scaling 
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with particle diameter cubed [18] leads to differences in cross-stream migration and entry into 

laminar vortices.  Another key aspect of the system is that it can be easily parallelized to operate 

at high throughputs and process blood at rates up to 6 mL/min in the current design.  A third key 

feature is that since cells are not attached to surfaces or magnetic beads, or chemically fixed, 

cells can be simply released for further analysis or culture. In order to remove uncaptured RBCs 

and WBCs within reservoirs and other dead-spaces we have developed a unique flushing 

procedure with phosphate buffered saline solution, which operates at the flow rates necessary to 

maintain vortices.  Notably, this flushing procedure that is implemented after capture of cancer 

cells in the vortices does not lead to appreciable loss of cells  

 

3.2.2 Device Design and Fabrication 

The Centrifuge Chip device is designed to handle large liquid volumes and rapid processing 

times.  This was accomplished by arraying the vortex traps in series and parallel and yet 

maintained the fundamental mechanics of cell trapping in the fluid vortices. In the original 

design, the Centrifuge Chip was composed of 64 chambers with 8 channels and 8 chambers in 

each channel.  This design was used for collecting data with the syringe pump setup and 

collecting data with spiked blood samples.  To handle large liquid volumes of up to 500 mL, we 

developed a fluidic pressure system that drives fluid with compressed air and controlled with 

Labview software.  We also designed an improved device that was able to withstand high fluidic 

pressures from this new setup.  In this new design, we significantly shortened the total channel 

length upstream of the vortex chambers to reduce fluidic resistance. Notably, shortening of the 

channel did not affect cell trapping in the fluid vortices which demonstrates that inertial focusing 
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may not be important. This may be a result of cell-cell interactions that disturb the flow 

dynamics preventing cells to reach equilibrium positions within the channel.  

Centrifuge Chip device is connected to a custom-made pressure system that delivers 

biofluid samples or saline wash from pressurized glass bottles through the Centrifuge Chip. The 

Labview-controlled system contains a pair of air regulators, air valves and liquid valves that 

brings compressed air into the bottles and drives fluid through the microchip device.  Effusion 

samples are placed into the pressurized glass bottle and introduced through the device at a flow 

rate of ~6 mL/min.  Once the vortex traps were filled with cells, PBS was introduced into the 

device to wash out untrapped blood cells in the main flow and the vortex traps. Cells trapped in 

the fluid vortex were removed by reducing the input air pressure and subsequently released in a 

collection tube. We implement a ‘trap-and-release’ program that can continuously introduce 

sample through the Centrifuge Chip, wash, and release the captured cells into a microtiter plate.   

Devices were fabricated using standard lithography techniques.  Briefly, KMPR 1050 

(Microchem) was spun at 1800 rpm for 30 s to create a 70 µm-thick layer on a 10-cm silicon 

wafer. The pattern was photolithographically defined in this layer by using a Mylar mask printed 

at 40,000 dpi. After development, polydimethylsiloxane (PDMS) (Sylgard 184 Dow Corning 

Corp.) was poured onto the photoresist master at a 10:1 ratio of base to crosslinker, degassed in a 

vacuum chamber, and cured at 65oC overnight.  The devices were then cut from the mold, ports 

were punched with a punch kit (Technical Innovations), and the devices were bonded to glass 

slides using oxygen plasma for 30 s (Harrick Plasma).  After plasma treatment and placement 

onto the glass substrate, the devices were maintained at 65oC in an oven for 15 min to increase 

bonding. PDMS microchip devices were mounted onto the stage of an inverted fluorescent 

microscope (Nikon TE2000-U).  
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Figure 3.2 Size-Based Isolation of Cancer Cells from Blood Cells.  Breast, lung, prostate, and 

melanoma cancer cells (>15 µm) cultured in the laboratory were measured to be larger than 

blood cells (2-15 µm). Circulating lung cancer cells were reported to be >2X larger than WBCs 

[21].   
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3.3 Experimental Methods 

3.3.3 Cell Culturing, Labeling, Imaging and Analysis 

Cells were imaged after collection into the smaller volume on the well plate to collect 

information about capture efficiency, enrichment, and purity.  Each well of a 96-well plate was 

used to collect captured cells from one blood sample and contained ~200 µL liquid volume. To 

determine the cell population, leukocyte, epithelial and nuclear stains were used.  After 

centrifuging the cells to the bottom of the well with a plate centrifuge (Refer to Dan’s machine), 

the supernatant was aspirated.  Cells were treated with 4% v/v formaldehyde for 15 min, 

permeabilized with 0.4% v/v Triton X-100 (Sigma-Aldrich) for 7 min, and incubated with CK-

PE, DAPI, CD45-FITC (Invitrogen). in 2% w/v BSA. Between each step, cells were sedimented 

with the centrifuge and washed with PBS.  After staining, the cells were imaged using a 

Photometrics CoolSNAP HQ2 CCD camera mounted on a Nikon Eclipse Ti microscope. The 

whole well was automatically imaged in a few minutes (100X) using an ASI motorized stage 

operated with Nikon NIS-Elements AR 3.2 software.  Captured images were automatically 

obtained for four configurations:  brightfield, FITC, TRITC and DAPI filter sets. Collected 

images were automatically stitched together using the NIS-Elements Software.  Images were 

analyzed by enumerating the number of cells present in the well.   

MCF7 breast cancer cells (ATCC) were cultured in media containing DMEM 

supplemented with 10% FBS, 1% bovine insulin, and 1% penicillin/streptomycin (Invitrogen).  

Cells were typically passaged every 4 days.  Single and clustered cells were made by incubation 

for less time with trypsin, 1-2 minutes, in room temperature before neutralizing trypsin with 

media and resuspending cells in PBS. Blood samples were obtained by venous puncture of 
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healthy human volunteers by a trained physician.  Blood was collected in EDTA tubes and used 

within 48 h.       

 Experiments involving rare cell isolation required diluting blood with PBS to 5% to 20% 

v/v followed by spiking of known amounts of cancer cells.  Cancer cell number and 

concentration was determined by transferring a 100 µL volume of cell solution using a 

micropipette into a 96-well microtiter plate.  After waiting for10 min for the cells to sediment, 

three wells were imaged using fluorescence microscopy to count the number of cells.  The 

average value was taken as the cell spiking concentration.  100 µL of cell solution was spiked 

into each blood sample for cell capture efficiency, enrichment and purity experiments described 

below.  Typically, there were about ~500 cells spiked in each 0.5 mL of whole human blood 

diluted with 9.5 mL PBS.  Capture efficiency, enrichment and purity experiments required pre-

labeling cancer cells with fluorescent dye (CellTracker Blue, Invitrogen). Blood samples were 

incubated with CD45-FITC (Invitrogen). 

 

3.3.4 Implementation of the Centrifuge Chip 

The Centrifuge-on-a-Chip was applied to separating and concentrating cancer cells (diameter of 

20 µm) from normal human blood cells (diameters range from 2 to 15 µm) to demonstrate utility 

for size-based enrichment and concentration in a high-throughput manner (Figure 3.2). 

Fluorescently-labeled breast cancer cells (MCF-7) spiked into diluted human blood was injected 

into the Centrifuge-on-a-Chip device at 4.4 mL/min.  At these high flow rates channel 

deformation is observed in the upstream vortex reservoirs [23], however trapping is not 

significantly impacted given that downstream vortex chambers operating closer to ambient 

pressure remain undeformed.  Higher operational flow rates are instead limited by bond strength.  
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Spiked MCF-7 cells included single cells and 2-4 cell clusters, as clustered cells have been 

shown to be present at significant levels in clinical samples [7].  Blood and cancer cells were 

observed to enter and orbit in the vortices during the injection step (Figure 3.3).  Red blood cells 

were observed to enter vortices even though particles of similar size did not migrate into vortices 

in experiments with dilute samples.  Likely, the high cell concentration induces collisions and 

hydrodynamic disturbances between cells that lead to cross-stream migration and entrance into 

vortices.  Additionally, there is a maximum capacity of cells each vortex chamber can maintain.  

After the vortex occupies the entire reservoir a maximum of ~40 single MCF7 cells can be 

maintained over a range of higher flow rates.  For most spiking experiments we operated at 

conditions well below this maximum.  Once the solution was completely processed, the vortex-

trapped cells were “washed” with PBS without disrupting the vortices.  Interestingly, we 

observed that blood cells that initially entered the vortex were not stably trapped and quickly 

exited from the traps and out of the system leaving only the larger stably trapped cancer cells 

orbiting.  In agreement with our model, red and white blood cells have both higher density and/or 

smaller size, and therefore cannot form stable orbits.  Washed cells were released into one well 

of a 96-well-plate for characterization and enumeration.    
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Figure 3.3 Mechanism of Cancer Cell Trapping in the Centrifuge Chip. An artist rendering of the 

Centrifuge Chip that employs microscale vortices for selective trapping of cancer cells from 

human blood. A schematic of the operations of the Centrifuge Chip where (i) a spiked blood 

sample is injected into the microchip causing blood and cancer cells to enter the fluid vortices, 
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and (ii) once the blood solution has been flowed through, a wash step is performed to remove 

smaller and denser blood cells while maintaining the vortices and trapped cancer cells. 

 

3.4 Cancer Cell Isolation from Spiked Blood Samples 

The Centrifuge Chip system performs well when quantifying key metrics for target cell 

concentration, enrichment, and purity.  10 mL volume blood samples (n ≥ 6 samples) of 5% v/v 

blood (i.e. 0.5 mL whole blood or ~2.5 billion blood cells) spiked with ~500 cancer cells were 

concentrated to a final volume of less than 200 µL (20-fold volumetric concentration) with 

relatively little blood cell contamination in <3 min (Figure 3.4, Table 3.1).  This corresponds to 

an enrichment ratio (the ratio of target cancer cells to contaminant blood cells in the output 

divided by the same ratio in the input solution) of 3.4 million (Figure 3.5).  This high level of 

enrichment leads to high purity of the cancer cells in the 200 µL final volume:  ~40% (Figure 

3.5, an average of 102 ± 21 cancer cells, and 221 ± 155 blood cells).  Blood samples without 

spiked cancer cells (n = 3) that were processed with Centrifuge-on-a-Chip and collected in the 

well were found to have 772 ± 283 red blood cells and 4 ± 1 CD45+ white blood cells, which is 

similar to the amount of blood cell contaminants found in the microwells using spiked blood 

samples.  The level of enrichment achieved is comparable to molecular affinity-based and filter-

based approaches for target cell separation which have reported enrichments from 1 million [6] 

to 10 million [16].  The purity of our processed sample is high when compared to affinity-based 

approaches which report purities of spiked cancer cells of 9.2-14.0% [7].   Reducing the dilution 

of blood in processed samples leads to increases in cell-processing throughput, but also results in 

reduced capture efficiency of spiked cells. We recovered 10-20% of the spiked cancer cells, with 
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decreasing capture efficiency with increasing blood concentrations (Figure 3.5).  Higher blood 

concentrations lead to higher fluid viscosities which modify the fluid vortex size and position, 

resulting in lower trapping efficiency.  This relatively low capture efficiency suggests that in 

order for this technique to be useful in isolating ultra-rare cells occurring at 1-10 cells/mL, a 

large volume of blood must be processed (10 mL or more).  However, the high throughput of our 

approach (~5 mL/min of diluted blood for a 2 cm2 chip) indicates that operation on large 

volumes in a reasonable time period (< 30 minutes) is achievable.    

 

 

Figure 3.4 Centrifuge Chip Offers High Enrichment and Purity. Wide-field fluorescent and 

brightfield images of cancer cells (labeled with Cell Tracker Blue), red blood cells and white 

blood cells (labeled with CD45-FITC) shown before and after processing of blood through the 

Centrifuge Chip.   
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Spiked (Input) Recovered (Output) Metrics 

Cancer cell RBC & CD45+ Cancer cell RBC CD45+ Efficiency 

(%) 

Enrichment Purity (%) 

146 ~2,500,000,000 31 - - 21.2 - - 

146 ~2,500,000,000 25 - - 17.1 - - 

146 ~2,500,000,000 27 - - 18.5 - - 

423 ~2,500,000,000 93 - - 22.0 - - 

423 ~2,500,000,000 88 - - 20.8 - - 

423 ~2,500,000,000 93 - - 22.0 - - 

972 ~2,500,000,000 119 39 - 12.2 7851178 75.3 

972 ~2,500,000,000 189 197 - 19.5 2468594 48.9 

972 ~2,500,000,000 157 231 - 16.2 1748800 40.4 

342 ~2,500,000,000 89 498 3 28.7 1431563 16.4 

342 ~2,500,000,000 72 203 5 21.0 2533327 25.7 

342 ~2,500,000,000 84 137 4 24.6 4359958 37.3 

    AVG 20.3 3398902 40.7 

    STDEV 4.17 2406423 20.5 

Table 3.1 Counts for spiked and recovered cancer and blood cells.  Calculated metrics include 

efficiency, enrichment, and purity. 
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Figure 3.5 Centrifuge Chip Metrics. Capture efficiency, enrichment, and purity data for MCF7 

cells spiked into 5-20% diluted blood (~500 cells/mL whole blood) and processed on the 

Centrifuge Chip indicates the ability to concentrate cancer cells while rejecting other blood cells 

at clinically useful levels. 

 

Cells captured in the device maintained high levels of viability.  We observed no 

significant changes in cell viability (90.1% vs. 90.3% initial) after injecting cells through the 

Centrifuge-on-a-Chip as determined by a fluorescent live/dead assay.  Cells exposed to similar 

flow in a microfluidic device were also not shown to have significant changes in gene 

expression.  Viable cells may be important for some sample preparation applications of the 

Centrifuge Chip [7]. Cells captured and released from the Centrifuge-on-a-Chip system are 

available for standard molecular assays such as immunostaining.  As a proof of concept, 

unlabeled spiked blood samples were enriched with the chip.  Cancer cells were then released 

and labeled in a microwell.  Cancer cells stained positive for Cytokeratin-PE and DAPI and 

negative for CD45.  This ability to enrich on one platform but transfer cells in a small volume for 

further processing offers significant advantages for rare single cell analysis.  
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 While the Centrifuge Chip offers relatively low capture efficiency compared to other 

emerging technologies, reprocessing of the blood sample enables harvest larger quantities of 

cancer cells.  Performing serial runs is possible since the Centrifuge Chip system can process 10 

mL whole human blood diluted to 5% v/v (total volume of 200 mL) with a flow rate of 6 

mL/min for a total processing time of 33 min. Blood samples were spiked with breast, lung, and 

prostate cancer cells at clinically relevant cell concentrations into dilute human blood and 

processed three times (Figure 3.6, Figure 3.7).  Additional cancer cells were captured with each 

additional run, demonstrating that large quantities can be captured from one sample. 

Interestingly, a spiking concentration of 10 cells/mL had the highest capture efficiency, 

suggesting that the Centrifuge Chip is specialized for rare cell capture. To ensure vortex 

trapping, a total of 100 20 µm beads was introduced into each sample as a control. Typically, 

30% the beads were recovered.  

 

 

Figure 3.6 Capture Efficiency of Blood Samples Spiked with Lung and Breast Cancer Cell Lines. 
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Figure 3.7 Capture Efficiency of Spiked Blood Samples. Breast, prostate, and lung cancer cell 

lines were spiked into healthy human blood at 100 cells/mL and processed twice with the 

Centrifuge Chip.  The ‘waste’ of the first run was introduced through the device as the second 

run.  To ensure vortex trapping, a total of 100 20 µm beads was introduced into each sample as a 

control.  

 

3.5 CTC Isolation from Clinical Patient Blood Samples 

To further validate the Centrifuge Chip, we obtained clinical patient blood samples from the 

Department of Radiation Oncology and the Department of Hematolgy and Oncology of the 

Geffen School of Medicine at UCLA. Up to 10 mL of blood was harvested from nine Stage IV 

clinical patients diagnosed with various cancers and processed with the Centrifuge Chip system.  

After blood processing, isolated cells were stained with anti-Cytokeratin PE, anti-CD45 FITC, 

and DAPI.  The captured cells were imaged and analyzed with fluorescence microscopy. 

Putative CTCs were captured in 4 of the 9 patient samples (44%) (Figure 3.8).  Two of the four 

positive patient samples were diagnosed with prostate cancer, demonstrating that future studies 
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should target prostate cancer patients. In patient 1, putative CTCs were stained positive for anti-

PSA (Figure 3.9).  A clumped cell was captured with the Centrifuge Chip in patient #6 diagnosed 

with thyroid cancer.   

 

 

Figure 3.8 Isolation of CTCs from Stage IV Clinical Patient Blood Samples. Putative CTCs were 

collected and analyzed in 4 of 9 patient samples (44%).  Two positive samples were from 

patients diagnosed with Prostate, one from Neck of Bladder patient, and one from Thyroid 

patient.  
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Figure 3.9 Gallery of Putative Circulating Tumor Cells from Patient Blood Samples.  CTCs were 

harvested from a Stage IV patient diagnosed with prosate cancer. CTCs are labeled with PSA 

(red) and DAPI (blue) and negative for CD45 (green).  

 

3.6 Conclusions 

The Centrifuge Chip has potential to be a revolutionary tool for translational research and 

diagnostics. It has advantages in 1) processing large volumes beyond the standard 7.5 mL of 

blood to be able to harvest larger quantities of CTCs, 2) screening one sample in 30 min 

compared to gold standard of 4-6 hrs, 3) and providing CTCs freely available in solution in a 

concentrated volume for molecular analysis.   
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Chapter 4 

Sample Preparation of Pleural and Peritoneal 

Effusions for Diagnostic Cytopathology 

 

4.1 Introduction 

Pleural and peritoneal effusions – fluid that builds up surrounding the lung and abdominal 

cavities, respectively - can harbor malignant cells which are important to identify for the 

diagnosis of cancer. This fluid is drained via needle injection in the clinic during a procedure 

called thoracentesis with over 1.5 million cases per year [1].  Once collected, the fluid is 

routinely processed to form cell smears and cell blocks for cytopathological analysis [2].  

Disseminated cancer cells originating from the lung, breast, ovaries, gastrointestinal tract can be 

identified in malignant effusions. However, sensitivity of cytologic examinations can have 

failures in 40% of effusions [3].  This can be a result of scant cellularity of malignant cells or too 

much handling of technicians.  Additionally, these samples often originate from patients with 

previous cancer history and may be the only source of tumor cells following relapse in which the 

original tumor mass was removed. Harvesting large quantities of tumor cells in high purity could 

improve cytology-based diagnoses.  Applications of harvested malignant cells include probing 

cellular properties like cell deformability [4][5], identifying specific genetic mutations [6], 
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evaluation of effusion microenvironments [7], and identifying cell metastases  such as adhesion, 

migration, and proliferation [8]. Previous studies have indicated that only a subset of pleural 

effusions is suitable for mutational analysis because of contaminating cells.  Pleural fluids are 

almost always bloody, with a large population of leukocytes and/or erythrocytes [9].  These large 

populations of leukocytes contain wild type DNA that interferes with the detection of the genetic 

lesions of interest [10].   

There are several possible approaches to harvest cancer cells from pleural effusions. The 

gold standard is a technology called laser capture microdissection (LCM), a technique used to 

isolate pure population from cytology slides, live cells culture and heterogeneous tissue sections 

[11–15]. However, the technique requires drying out of cells during capture, can lead to cell 

damage, and may not be capable of extracting large quantities of cells for analysis.  Flow 

cytometry and fluorescence activated cell sorting (FACS) are also common methods for cell 

separation and sorting.  While FACS offers throughputs of 30 mL/hr, the sorted cells are not 

suitable for further analysis as a result of the initial fixing and staining for the sorting process.  

Notably, these methods neglect many patients, are slow, manually intensive, and cannot be 

performed on the whole large volume samples of pleural fluid.  Ideally, sample preparation of 

pleural effusions should be performed in an automated, repeatable fashion to enable clinicians 

and cytopathologists to perform molecular assays on the purified cancer cells with the highest 

possible sensitivity and specificity, a combination of operate in the macroscale like a standard 

centrifuge or flow cytometer with the capability of microscale dissection like the LCM.  Rapid 

sampling of fluids requires mL/min processing rates and separation using a label-free marker 

such as cell size [16].   
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We have previously demonstrated a miniaturized microfluidic system that recapitulates the 

high-throughput operations of enrichment and concentration of a standard laboratory centrifuge 

[17].  Here, we use the “Centrifuge Chip” for the isolation of larger cancer cells and mesothelial 

cells at high purity from complex biological fluids such as pleural effusions and peritoneal fluids 

as a preparation step for analysis by traditional cytology (Figure 4.1A).  By processing a large 

volume of fluid and selectively enriching larger cells over a background of red and white blood 

cells we replace the traditional centrifugation step in the clinical lab while also potentially 

enabling more sensitive analysis of pure preparations originating from a larger volume.  Briefly, 

the approach employs unique inertial fluid physics to selectively collect larger cells in laminar 

fluid microvortices at high rates without clog-prone filters (See Chapter 2 and 3) (Figure 

4.1B,C).  Smaller leukocytes and erythrocytes are not stably trapped in vortices and are 

significantly reduced in the collected concentrated sample (Figure 4.1D). We have also 

implemented fluid plumbing automation to process samples and release isolated cells back into a 

small volume, under the control of a software program (Figure 1C, Figure 4.2). The Centrifuge 

Chip processes effusions at a flow rate of 6 mL/min from up to 50 mL liquid volume and 

concentrates larger cells (mesothelial and epithelial).  Purified cells are released and made 

readily available in a collection vial or micro-titer plate for cytology analysis and identifying 

gene mutations.   
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Figure 4.1 Principles of Centrifuge Chip. (A) A photograph of the Centrifuge Chip device.  Only 

a single inlet and outlet is required. (B) A schematic of the massively parallel microfluidic device 

that selectivelv traps cells in individuals microscale vortices.  (C) A photograph of the device 

connected to an automated fluidic instrument to deliver patient pleural samples and saline wash 

through the Centrifuge Chip into the waste bottle or collection vial. Trapped epithelial cells are 

made readily available 1) into a collection tube for further cytology slide comparisons with the 

original and/or 2) a well-plate for immunolabeling, imaging and analysis.  (D) Snapshot high-

speed microscopic image of trapping of single and clumped cells while smaller red and white 

blood cells are washed out.   

 

4.2 Experimental Methods 

4.2.1 Microfluidic device fabrication and setup 

Devices were fabricated using standard photolithography and polydimethylsiloxane replica 

molding techniques. The devices were designed in AutoCAD (Autodesk) and printed on a 

transparency photomask at 20,000 dots per inch (CAD/Art Service, Inc.).  The mold was 

photolithographically defined using this mask in the UCLA Nanoelectronics Research Facility.  
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Negative photoresist, KMPR 1050 (MicroChem), was spun at 2400 rpm for 30 s on a 10-cm 

silicon wafer. The wafer was soft-baked at 100C for 15 min, exposed under near UV for 30 s, 

post-baked at 100C for 4 min, and developed in SU-8 Developer (MicroChem). The height of the 

resulting feature was measured to be 50 µm using a profilometer.  Polydimethylsiloxane (PDMS) 

(Sylgard 184 Dow Corning Corp.) was poured onto the photoresist master at a 10:1 ratio of base 

to crosslinker, degassed in a vacuum chamber, and cured at 65oC overnight.  The devices were 

then cut from the mold, ports were punched with a punch kit (Technical Innovations), and the 

devices were bonded to glass slides using oxygen plasma for 30 s (Harrick Plasma).  After 

plasma treatment and placement onto the glass substrate, the devices were maintained at 65oC in 

an oven for 15 min to increase bonding. 

The Centrifuge Chip device contains 16 parallel channels with 4 chambers in each 

channel for a total for 128 cell trapping reservoirs.  The device is connected to a custom-made 

pressure system that delivers effusion samples or saline wash from pressurized glass bottles 

through the Centrifuge Chip. The Labview-controlled system contains a pair of air regulators, air 

valves and liquid valves that brings compressed air into the bottles and drives fluid through the 

microchip device.  Effusion samples are placed into the pressurized glass bottle and introduced 

through the device at a flow rate of ~6 mL/min.  Once the vortex traps were filled with cells, 

PBS was introduced into the device to wash out untrapped blood cells in the main flow and the 

vortex traps. Cells trapped in the fluid vortex were removed by reducing the input air pressure 

and subsequently released in a collection tube. We implement a ‘trap-and-release’ program that 

can continuously introduce sample through the Centrifuge Chip, wash, and release the captured 

cells into a microtiter plate or collection vial.   
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4.2.2 Cell Trapping Mechanism 

The mechanism of operation is based on size-dependent inertial lift which leads to selective entry 

and stable orbits for larger cells within vortices created in an expansion reservoir (Figure 3B) 

(See Chapter 2 and 3).  Smaller cells do not experience sufficient lift force and therefore either 

do not enter the vortex, or do not have enough restoring lift force to remain stable within the 

vortices in the presence of de-stabilizing disturbances from other orbiting particles.  In our 

previous work we identified reservoir geometries and flow conditions to selectively collect cells 

and particles above ~15 µm. We made several device modifications including 1) the integration 

with a custom-made pressure system that operates using a simple ‘plug-and-play’ option in 

which an operator does not need to be present at all times, 2) the shortening of the device 

channel length to reduce fluidic resistance, and 3) the increase of the number of parallel channels 

to 16 to process samples at a flow rate of 6 mL/min with one patient sample taking <10 minutes 

to operate.  These changes make a complete automated system that can potentially revolutionize 

sample preparation of bloody pleural effusions with high purity.   

 

4.2.3 Sample Collection and Preparation 

The material studied comprised of 112 samples from 110 patients (95 pleural and 17 peritoneal) 

obtained from Ronald Reagan UCLA Medical Center, Santa Monica UCLA Medical Center, and 

Northridge Hospital Medical Center.   From all specimens, up to 50 mL of sample were 

processed with the Centrifuge Chip.  Effusions were passed through a 40 µm cell strainer before 

introducing through the centrifuge chip system. 
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4.2.4 Cell Smear Preparation and Imaging 

Each sample submitted for cytologic evaluation was made into cell smear using traditional 

cytological methods.  Briefly, fresh samples are aliquoted into 50 mL conical tubes and 

centrifuged down with a standard benchtop centrifuge.  After centrifugation, the supernatant is 

aspirated, the cells resuspended in a buffer solution and placed into a cytocentrifuge to make a 

cell smear.  The cell slides are air dried or fixed and stained with Papanicolou (Pap), May-

Grunwald-Giemsa (MGG). In parallel, harvested cells after processing with the Centrifuge Chip 

were collected in a vial and returned to the cytology laboratory to prepare a cell smear.   

 

4.2.5 Blot Analysis of Harvest Cells 

RNA was extracted from lysed HeLa, A549, and white blood cells using PureLink RNA Mini 

Kit (Ambion, Invitrogen). First-strand synthesis was performed using the SuperScript III First-

Strand Synthesis System (Invitrogen), and PCR was performed with Taq DNA Polymerase 

(Invitrogen) in a 100 uL reaction mixture with the following conditions: 1X kit-supplied PCR 

buffer, 0.2 mM deoxyribonucleotide triphosphate, 1.5 mM MgCl2, 0.5 µM of each primer, 10 uL 

of cDNA sample, and 2.5 U of Taq DNA polymerase. The MasterCycler gradient (Eppendorf) 

thermal cycler was programmed as follows: 94°C for 45 s, 55°C for 30 s, and 72°C for 45 s for 

35 cycles. Electrophoresis was performed on PCR products using a 1.5% agarose gel with 1x 

SYBR Safe DNA Gel Stain (Invitrogen) and a UV light table. 

 

4.2.6 Fluorescent Staining for Purity Measurements 

For each specimen, 300 uL of the original effusion was transferred into one well of a 96-well 

microtiter plate. To compare the processed sample versus the original sample, up to 10 mL 
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effusion volume was processed with the Centrifuge Chip and isolated cells were released in a 

volume of 250 microliters in the microtiter plate. To determine the cell population, leukocyte, 

epithelial and nuclear stains were used.  After centrifuging the cells to the bottom of the well 

with a plate centrifuge, the supernatant was aspirated.  Cells were treated with 4% v/v 

formaldehyde for 15 min, permeabilized with 0.4% v/v Triton X-100 (Sigma-Aldrich) for 7 min, 

and incubated with CK-PE, DAPI, CD45-FITC (Invitrogen) in 2% w/v BSA. Between each step, 

cells were sedimented with the centrifuge and washed with PBS.  After staining, the cells were 

imaged using a Photometrics CoolSNAP HQ2 CCD camera mounted on a Nikon Eclipse Ti 

microscope. The whole well was automatically imaged in a few minutes (100X) using an ASI 

motorized stage operated with Nikon NIS-Elements AR 3.2 software.  Captured images were 

automatically obtained for four configurations:  brightfield, FITC, TRITC and DAPI filter sets.  

Collected images were automatically stitched together using the NIS-Elements Software.  Images 

were analyzed by enumerating the number of CK+ and CD45+ cells present in each well. Purity 

is defined as the ratio of selected target cancer cells captured to the total number of captured 

cells. 

 

4.3 Identification of Cell Size Distributions in Effusions 

To ensure the high enrichment capabilities of our device we recorded detailed information on the 

number of cells and associated size ranges present in pleural and peritoneal fluids (Figure 4.2). 

Possible cytolological diagnoses included: positive for malignancy, suspicious for malignancy, 

and negative for malignancy (Table 4.1).  Patient samples diagnosed with negative fluid results 

oftentimes were diagnosed with acute inflammation - associated with an increased neutrophil 

population, and chronic inflammation - associated with a larger fraction of lymphocytes and 
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histiocytes, reactive changes, and lymphocytosis – associated with the increase of lymphocytes.  

In positive cases, the tissue of origin was often known from patient history.  It is commonly 

known that malignant and mesothelial cells are large compared to the rest of the cell population 

[18].  

With these cell sizes in mind, we modified the original centrifuge chip to target larger cell 

populations greater than 15 µm [17]. We expect large mesothelial cells to be present, although it 

would not have a huge effect on trapping of malignant cells. To characterize the Centrifuge Chip, 

cells larger than 15 µm (size cutoff for device) were counted over the total number of cells and 

averaged over the number of samples (Table 4.2).  Of the patients diagnosed with Positive for 

Malignancy, 19% of cells are larger than 15 µm. Moreover, patients diagnosed with Negative 

and Negative with Chronic Inflammation have 15.4% and 10.57% of cells larger than 15 µm, 

respectively [5]. These large percentages are a result of activated leukocytes that gain cell size as 

well as the presence of mesothelial cells.  Thus, cell size is a potential biomarker for harvesting 

malignant cells from patients diagnosed with positive for malignancy.  
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Figure 4.2 Distribution of Cell Size Measurements from Pleural Fluids.  
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Table 4.1 Summary of 112 Pleural and Peritoneal Samples and Cytodiagnosis. 13/112 (11.6%) of 

samples were diagnosed positive for malignancy, 14/112 (12.5%) were diagnosed suspicious for 

malignancy, 85/112 (75.9%) were diagnosed negative for malignancy.  

 

Table 4.2 Analysis of Cell Size Measurements from Pleural Fluids. To characterize the 

Centrifuge Chip, cells larger than 15 µm (size cutoff for device) were counted over the total 

number of cells (Mean) and averaged over the number of samples.  Of the patients diagnosed 

with Positive for Malignancy, 19% of cells are larger than 15 µm. Interestingly, patients 



 

106 

 

diagnosed with Negative and Negative with Chronic Inflammation have 15.4% and 10.57% of 

cells larger than 15 µm.  

4.4 Achieving High Purity with Clinical Samples 

High purity samples provided by sample preparation can enable pathologists and clinicians an 

easily accessed source of cells for exploration.  Purity above 40% is needed for cells with genetic 

lesions to obtain accurate identification of these mutations by PCR [19], [20] or gene 

sequencing. To quantify purity, fresh and processed samples with the Centrifuge Chip (n=82) 

were placed in a well-plate, immunostained with Cytokeratin-PE (epithelial cell), CD-45-FITC 

(leukocyte), and DAPI (nucleus), imaged and analyzed. Purity is defined as the number of 

epithelial cells over the total number of cells. The Centrifuge Chip delivers a higher purity 

sample compared to a fresh and centrifuged specimen (Figure 4.3A-C). Reduction in background 

and concentration from a large sample volume to a small field of view can aid rapid scanning 

and diagnosis by the cytopathologist (Figure 4.3C).  

The Centrifuge Chip increased purity in all 82 cases (100%) (Figure 4.3D, Table S4.1). The 

malignant cases (n=11) were diagnosed positive from cytological examination for 

adenocarcinoma, carcinoma, and rhabdomyosarcoma.  Suspicious cases (n=6) are typically 

diagnosed when suspicious cells are present and require further testing for final diagnosis.  Most 

cases (n=65) were diagnosed negative for malignancy in addition to having acute or chronic 

inflammation, lymphocytosis, or reactive changes.  In agreement with our cell size 

measurements, we observed many cells captured for positive cases and less for negative cases 

with lymphocytosis, reactive changes, and acute inflammation. Additionally, the amount of 

purity (purity fold) increased from fresh to Centrifuge Chip processed specimens (Table 4.3). 
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Purity fold is defined as the purity of a processed sample over the initial fresh sample. As 

expected, we enriched more than 70 fold for samples diagnosed with positive for malignancy. 

Interestingly, samples with chronic inflammation had 108.3 fold increase as a result of large 

leukocyte populations in initial samples with <1% purity. Moreover, some suspicious (3/6) and 

malignant cases (5/11) demonstrated purity greater than 40% (the threshold for accurate 

molecular analysis), suggesting it is possible for detecting specific gene mutations such as EGFR 

or KRAS.  While some purity measurements do not exceed the 40%, higher purities can be 

achieved by increasing the critical size cutoff range of the Centrifuge Chip to eliminate leukocyte 

capture.  High purity samples provided by a simple rapid preparation step described here would 

enable pathologists and clinicians to explore and better proscribe targeted drug therapies with an 

easily accessed source of cells compared to solid tumor biopsies.  
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Figure 4.3 Purity Analysis of Patient Pleural and Peritoneal Samples. (A-C) Qualitative 

comparison of fresh sample, centrifuged sample and sample processed with Centrifuge Chip. 

Immunofluorescent images of Cytokeratin (red – epithelial cells), CD45 (green - leukocytes), 

DAPI (blue - nuclear). High purity after Centrifuge Chip processing leads to enhanced sensitivity 

for mutation or expression analysis.  Insets show well-plate color: yellow (fresh specimen), red 

(indicating bloody) and colorless (after processing with device. Arrows indicate CK+/DAPI+ 

epithelial cells. (D)   Purity increases upon processing with the Centrifuge Chip. Purity is defined 

as the presence of CK+/DAPI+ (epithelial cells) over the total number of cells. All samples 

(n=82) demonstrate higher purity after processing with Centrifuge Chip. Solid lines indicate 
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average of purity for respective diagnosis. Dashed line indicates 40% purity, a threshold 

previously proposed for accurate molecular analysis. 

 

 

Table 4.3 Results of Cytologic and Purity Analysis of Pleural and Peritoneal Fluids.  Purity fold 

is defined as the amount of purity increased from a fresh specimen to a sample processed with 

Centrifuge Chip.  

 

4.5 Removal of Bloody Background from Cytology Slides 

Cytopathologists analyze pleural samples to determine the cause (presence or absence of cancer) 

by examining stained cell smears on a glass slide. However, there exist a few limitations with the 

traditional cytological methods.  First, bloody samples have blood cell components 

(leukocytes/erythrocytes) that create a background, making it difficult to locate potentially 

malignant epithelial cells of interest over a large field of view necessary for diagnostic accuracy.  

Oftentimes, red blood cell lysis buffer is added to the sample before making a cytology slide as a 

method to remove erythrocytes.  Another method requires manually smearing a bloody sample 

on multiple slides as to produce a thin single layer of cells for microscopy analysis.  

Additionally, some samples contain scant cellularity or rare cell populations like malignant cells 
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and require analyzing large specimen volumes.  Consequently, multiple cell smears have to be 

made and analyzed for this process.  Combined, these specimens require technician-intensive 

sample preparation involving multiple centrifugation steps followed by manual microscopic 

scanning of cytology slides by the cytopathologist.  We address these issues with the Centrifuge 

Chip where we concentrate the larger cell populations (mesothelial and epithelial) from a large 

sample volume of up to 50 mL to a smaller volume of 300 µL, the maximum volume used for 

cytocentrifugation.  The device has no volume limitations unlike the standard centrifuge, where 

it is limited by the volume placed in the largest 50 mL conical centrifuge tube.  To characterize 

the device, harvested cells after processing with the Centrifuge Chip were collected in a vial and 

returned to the cytology laboratory to create cell smear.  This was made in parallel with cell 

smears produced with traditional cytological methods.  In all samples, malignant and mesothelial 

cells are found amongst a cellular background of red and white blood cells in standard slides 

while little background is observed in the Centrifuge Chip slide (Figure 4.4A-F).  As expected 

from our cell measurements above, we collected mesothelial and malignant cells in samples 

diagnosed with positive for malignancy (Figure 4.4A-C).  Malignant cells are characterized by 

large nuclei and high nuclear-cytoplasmic ratio. Malignant cells are often seen as cell aggregates 

or clumps in effusions [21] and these cell populations were also harvested using the Centrifuge 

Chip.  The ability to isolate single and clumped cells without tampering cellular viability makes 

it a comparable tool compared to gold standard LCM techniques.  In patients diagnosed with 

negative for malignancy, mesothelial cells were harvested.   The Centrifuge Chip may aid 

pathologists in rapid visualization of rarer malignant cells for clinical diagnosis.  
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Figure 4.4 Reduced Background Cytology Slides When Prepared Using the Centrifuge Chip. 

Fresh patient samples are prepared with traditional cytological techniques using Papanicolaou 

(Pap) and May-Grunwald–Giemsa (MGG) stains.  Cells collected from samples processed with 

Centrifuge Chip are also made into cytology slides. In all samples, malignant and mesothelial 

cells are found amongst a cellular background of immune cells in standard slides while little 
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background is observed in the Centrifuge Chip slide.  In patients diagnosed with ‘positive for 

malignancy’, single and clumped malignant cells (red arrows) are retrieved after the Centrifuge 

Chip. In patients diagnosed with ‘negative for malignancy’, single mesothelial cells (green 

arrows) found amongst a background of red and white blood cells in standard slides compared to 

Centrifuge Chip slide with no cellular background. Images obtained at 200x magnification.  

 

4.6 Detecting KRAS Gene Mutation in Spiked Bloody Samples 

Increasing the purity of the sample enables molecular diagnostics for targeted cancer therapies.  

This can be achieved by removing a large population of leukocytes that contain interfering wild-

type DNA, which aid with the detection of genetic lesions that contribute to sensitivity or 

resistance to specific chemotherapies. Previously, a threshold of 40% purity was reported for 

high accuracy [12].  We evaluated the performance of the Centrifuge Chip by extract molecular 

information from enriched cancer cells to determine the potential improvement provided by high 

purity capture for PCR.  A549 lung cancer cells were evaluated for known activating mutation in 

KRAS, which can provide resistance to targeted therapies [11] (Figure 4.5). Specifically, we 

looked at the 34 G>A substitution in KRAS as identified by the Sanger Cosmic database [22]. 

We used primers with terminal base pair substitutions (amplification refractory mutation system, 

ARMS) [23]. Primers encode the mutation (KRAS*:  5'-ACTTGTGGTAGTTGGAGCTA-3' 

(KRAS 34G>A)) and wild-type gene (KRAS:  5'-ACTTGTGGTAGTTGGAGCTG-3' (KRAS 

wild-type)).  As controls we assayed blood without spiked cells and pure cell lines, respectively 

(Figure 5). Additionally, we evaluated the presence of H2B, a histone housekeeping gene 

responsible for chromatin structure. We also demonstrated successful amplification and agarose 

gel electrophoresis readout of genes from as few as 5 cells. 
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Figure 4.5 Identifying KRAS Mutations in Spiked Samples. Agarose gel electrophoresis of 

amplification refractory mutation system (ARMS) products reveals a 34 G>A mutation in A549 

cells. Bands appear in A549 lung cancer cells for primers encoding the mutation (KRAS*:  5'-

ACTTGTGGTAGTTGGAGCTA-3' (KRAS 34G>A)), whereas no bands for the wild-type gene 

(KRAS:  5'-ACTTGTGGTAGTTGGAGCTG-3' (KRAS wild-type)) are present in the negative 

control containing only lysed blood. 

 

4.7 Conclusions 

We developed a device called the Centrifuge Chip, containing the macroscale power of a 

standard centrifuge of assessing large liquid volumes and the precise manipulation of microscale 

technologies. We use the Centrifuge Chip for the selective harvesting of malignant and 

mesothelial cells from pleural and peritoneal effusions in a high purity, label-free and rapid 

fashion using size as a biomarker.  The device prepares a fresh effusion specimen in 10 min 

compared to the gold standard of laser capture microdissection, which requires trained 

technicians and >1.5 hrs of micromanipulation.  The Centrifuge Chip system makes cells freely 
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available in solution enabling cytopathologists, clinicians, and researches access to purified 

cellular material required for preparing background-less cytology slides, detecting gene 

mutations, mesothelial and malignant cell culturing or even gene sequencing.  
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4.9 Supporting Information 

Table S4.1: Complete Results of Cytologic and Purity Analysis of 112 Patient Pleural and 

Peritoneal Fluids. Pos = positive for malignancy, Sus = suspicious for malignancy, N = negative 

for malignancy, R = reactive changes, L = lymphocytosis, CI = chronic inflammation, and AI = 

acute inflammation. Purity is defined as the number of CK+/DAPI+ cells over the total number 

of cells.  

 

Patient Fluid Detail No. of CK+ Purity 

1 N R 

2 Sus 181 58.96 

3 N 21 95.45 

4 Sus 

5 Pos Gastric 1110 46.69 
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6 Sus 

7 N 

8 N R 900 28.52 

9 N 

10 N 0 0.00 

11 Pos Lung 23 31.94 

12 Pos Breast 4800 4.05 

13 N L 

14 N 

15 N 

16 Sus 31 5.86 

17 N L 13 31.71 

18 Pos Lung 

19 N 52 21.40 

20 N 33 5.95 

21 N 46 8.20 

22 N 

23 N CI 21 33.33 

24 N 75 41.90 

25 N CI 114 53.27 

26 N 

27 N CI 39 28.06 

28 Sus 

29 Pos Lung 194 49.49 

30 N 12 17.91 

31 N 12 27.91 

32 N 6 6.00 

33 N CI 4 20.00 

34 N CI 19 36.54 

35 N AI 2080 36.24 

36 N 64 14.61 

37 N AI 

38 N CI 131 14.46 

39 Pos Gastric 86 17.66 

40 N R 105 12.03 
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41 N L 0 0.00 

42 N 19 7.28 

43 N 22 9.21 

44 N R 3 9.38 

45 Sus 6 6.52 

46 N CI 81 7.33 

47 N AI 0 0.00 

48 N R 44 20.18 

49 N L 

50 Sus 

51 N L 17 2.26 

52 N 0 0.00 

53 N 1 0.81 

54 N 177 6.78 

55 N 

56 N 

57 N CI 32 15.09 

58 N AI 12 8.89 

59 N 17 1.90 

60 N CI 38 3.69 

61 N CI 0 0.00 

62 N CI 35 12.46 

63 N 12 24.49 

64 N L 5 1.53 

65 N 5 1.39 

66 N R 109 45.61 

67 Pos Esophagus 7 13.46 

68 N 3 3.85 

69 N 0 0.00 

70 N 

71 N 

72 N L 0 0.00 

73 N L 0 0.00 

74 Pos Gastric 

75 N 23 8.91 
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76 N 15 7.35 

77 N L 97 100.00 

78 N 98 4.06 

79 N 754 69.94 

80 N L 0 

81 Pos Breast 15 83.33 

82 N 129 60.00 

83 N 57 12.75 

84 N 253 18.32 

85 N L 0 0.00 

86 N AI 

87 N CI 0 0.00 

88 N 

89 N CI 53 22.36 

90 N R 1792 33.73 

91 Sus 107 59.89 

92 N R 1600 87.72 

93 N CI 256 20.51 

94 N 768 51.06 

95 Pos Lung 25 40.98 

96 N AI 576 46.15 

97 N CI 1440 37.82 

98 N L 171 20.25 

99 Sus 1024 45.71 

100 Pos Lung 53 76.81 

101 N L 0 0.00 

102 N L 0 0.00 

103 N 145 9.15 

104 N AI 101 51.79 

105 N R 5 3.03 

106 Pos Ovarian 19 28.79 

107 Sus 44 84.62 

108 N L 36 28.13 

109 N L 15 34.88 

110 Sus 
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111 Pos Gastric 

112 N 
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