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Abstract

Microfluidics has emerged as an essential approach in the development of novel technological platforms to detect and isolate
rare circulating tumor cells (CTCs) in the blood of cancer patients. Micro-scaled fluidic systems offer means to precisely control
fluid flow. This enables cell separation when combined with techniques for manipulating cells across fluid streams. Various
microfluidic methods have been developed, either using passively generated forces or an applied force field methodology to
move cells across streamlines. Acoustophoresis uses ultrasonic standing waves to separate cells and particles in microfluidic
channels. An acoustic standing wave field generates acoustic forces that acts on cells and particles based on their individual
acoustic properties and forms the basis for the cell separation technology explored in this thesis.

In this dissertation, a novel approach for live CTC isolation has been developed. Micron-sized elastomeric particles with
negative acoustic contrast were used for negative selection acoustophoresis. The surface of the elastomeric particles was
functionalized to bind WBCs through the CD45 antigen, which enabled their transportation to pressure antinodes and facilitated
an enrichment of cancer cells at the pressure node. Live cell negative selection acoustophoresis was demonstrated as a proof-
of-concept study in paper 1 and was further extended to carry out processing of whole blood by a two-step acoustophoresis
method in paper 2.

The sample throughput is an important parameter for microfluidic processing of clinical samples, especially for rare cell
applications where a larger volume might be required for the detection of target cells. In paper 3, a fluid inertia phenomenon
that may compromise cell separation performance at higher flow velocities was discovered. The inertial effects in an
acoustofluidic device at increased sample throughputs and its consequences on particle separations were therefore investigated.
Through numerical modelling and experimental validation, the main reason for the impaired acoustophoresis separation, at
elevated flow rates, was attributed to the formation of a curved fluid boundary between the sample and sheath flow, both at the
inlet of the separation channel as well as at the outlet flow splitter.

Finally, paper 4 outlines the benchmarking of CTC-acoustophoresis to the FDA cleared CELLSEARCH system in a
comparative clinical study. Higher numbers of CTCs were detected after acoustophoretic processing of the patient samples as
compared to the CELLSEARCH system. Further studies are currently being conducted to establish the full performance
characteristics of CTC-acoustophoresis in the laboratory setting.

To conclude, the presented dissertation extends the use of acoustophoresis towards the clinical application of CTC enrichment
of live and fixed cells. The aim of establishing an efficient technology that can target the full heterogeneity of the rare tumor
cells is essential for the development of novel CTC biomarker assays for metastatic cancer. This dissertation builds towards the
goal of an unbiased CTC isolation approach.
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Abstract

Microfluidics has emerged as an essential approach in the development of novel
technological platforms to detect and isolate rare circulating tumor cells (CTCs) in
the blood of cancer patients. Micro-scaled fluidic systems offer means to precisely
control fluid flow. This enables cell separation when combined with techniques for
manipulating cells across fluid streams. Various microfluidic methods have been
developed, either using passively generated forces or an applied force field
methodology to move cells across streamlines. Acoustophoresis uses ultrasonic
standing waves to separate cells and particles in microfluidic channels. An acoustic
standing wave field generates acoustic forces that acts on cells and particles based
on their individual acoustic properties and forms the basis for the cell separation
technology explored in this thesis.

In this dissertation, a novel approach for live CTC isolation has been developed.
Micron-sized elastomeric particles with negative acoustic contrast were used for
negative selection acoustophoresis. The surface of the elastomeric particles was
functionalized to bind WBCs through the CD45 antigen, which enabled their
transportation to pressure antinodes and facilitated an enrichment of cancer cells at
the pressure node. Live cell negative selection acoustophoresis was demonstrated as
a proof-of-concept study in paper 1 and was further extended to carry out processing
of whole blood by a two-step acoustophoresis method in paper 2.

The sample throughput is an important parameter for microfluidic processing of
clinical samples, especially for rare cell applications where a larger volume might
be required for the detection of target cells. In paper 3, a fluid inertia phenomenon
that may compromise cell separation performance at higher flow velocities was
discovered. The inertial effects in an acoustofluidic device at increased sample
throughputs and its consequences on particle separations were therefore
investigated. Through numerical modelling and experimental validation, the main
reason for the impaired acoustophoresis separation, at elevated flow rates, was
attributed to the formation of a curved fluid boundary between the sample and
sheath flow, both at the inlet of the separation channel as well as at the outlet flow
splitter.
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Finally, paper 4 outlines the benchmarking of CTC-acoustophoresis to the FDA
cleared CELLSEARCH system in a comparative clinical study. Higher numbers of
CTCs were detected after acoustophoretic processing of the patient samples as
compared to the CELLSEARCH system. Further studies are currently being
conducted to establish the full performance characteristics of CTC-acoustophoresis
in the laboratory setting.

To conclude, the presented dissertation extends the use of acoustophoresis towards
the clinical application of CTC enrichment of live and fixed cells. The aim of
establishing an efficient technology that can target the full heterogeneity of the rare
tumor cells is essential for the development of novel CTC biomarker assays for
metastatic cancer. This dissertation builds towards the goal of an unbiased CTC
isolation approach.
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Prostate cancer

The two most common cancers in men and women are prostate cancer (PCa) and
breast cancer, respectively. In Sweden, PCa was the most commonly diagnosed
cancer in 2019 and the most common cancer-related cause of death in men with
10,984 new cases and 2,220 deaths [1]. PCa was considered a rather rare type of
cancer until at least the middle of the 20™ century, with the major reason simply
being the formerly shorter lifespan among men. Often, prostate tumors grow slowly
and have a long clinical course with a low risk of causing problems or death (i.e.,
indolent disease). Autopsy studies have shown that a majority of men over seventy
years of age have slow-growing local PCa [2, 3]. Although, for some patients the
disease progresses much more rapidly through the various clinical states, eventually
causing metastatic disease and death. Therefore, there is an urgent need for better
tools to early on identify individuals at higher risk to develop aggressive PCa and
improve the patient management throughout the various disease stages.

Untreated disease

A few decades ago, PCa was diagnosed first at an advanced stage of the disease,
often as metastasized cancer and consequently the patients had a poor prognosis [4].
In the 1990s, a new diagnostic test was introduced, the prostate-specific antigen
(PSA) test, which has the capacity to detect even early-stage PCa including the
indolent disease. Hence, the PSA test has dramatically increased the incidence of
PCa, and it is now possible to identify the disease even before any symptoms occur.
As PCa most commonly develops in the outer part of the prostate, the peripheral
zone (Figure 1), symptoms (for example related to the bladder) can be a late
occurring event [5]. PSA is a proteolytic enzyme (i.e., protease) that is produced by
the epithelial cells of the prostate, and it can also be detected at low levels in the
blood of healthy men due to normal minimal leakage. In PCa, the levels of PSA in
the blood increases as a result of damaged barriers between tissue and blood vessels
and it can therefore be used as a diagnostic marker for the disease [6]. The PSA-
threshold value to recommend further examination is age dependent and increases
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with age. After an elevated PSA test, the diagnostic path continues with digital rectal
examination, and a transrectal ultrasound guided biopsy to access tumor material
for a prognostic risk classification.

Bladder

Ejaculatory
duct

Transitional zone
BPH
20% of cancers

Anterior zone

Central zone
5% of cancers

Peripheral zone
75% of cancers

Figure 1. The anatomical zones of the prostate, including the largest peripheral zone, the transitional zone, and the
central zone. Reprinted from reference [7] with permission from Springer Nature.

Untreated PCa patients are stratified into four different risk classes (high risk,
intermediate risk, low risk, and very low risk) based on the assessed diagnostic
factors [8, 9]. The strongest prognostic component is the histological grading of
tissue biopsies using the Gleason grading system [10]. It was developed by Donald
F. Gleason in 1966 after he identified five different growth patterns of prostate cells
in histological sections based on the extent of abnormality (Figure 2). Higher
Gleason grades are strongly associated with poor prognosis and PCa aggressiveness
[11, 12]. The risk classification also weighs the clinical tumor stage based on the
extent of the localized PCa (and any spread to regional lymph nodes or distant sites)
and the measured concentration of PSA in blood.
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Figure 2. The original Gleason grades 1-5 (top to bottom) from 1966. Reprinted from reference [7] with permission
from Springer Nature.

The optimal treatment for the patient is selected based on the risk stratification as
described above, but also on age, general health, and personal preference. For low-
and very low-risk groups, the recommendation is often active surveillance, where
the patient is monitored for changes over time through repeated blood draws and
biopsies. Such approach lowers the possibility of overtreatment and thereby
avoiding unnecessary side effects [13]. In the case of disease progression or for
intermediate- or high-risk tumors, local treatment with radiotherapy in combination
with hormonal treatment or radical prostatectomy are offered. Radical
prostatectomy is the surgical removal of the prostate tumor together with the
prostate gland and the surrounding tissue.

Disease progression

Following active treatment of the primary prostate tumor, the patient is monitored
for any rise in PSA value. In approximately 30% of the patients, the disease relapses,
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and the patient progress to biochemical recurrent (BCR) disease with rising PSA
levels (Figure 3) [14].

i1

=)o
=3

Cure Cure

(@)

000 it = & = ¢
T

Diagnosis plus radical
prostatectomy or

Biochemical recurrence
radiotherapy (PSA detection)

(160,000/year in USA)

Metastatic Death
disease (27,000/year in USA)

Figure 3. Prostate cancer progression from localized disease to disease recurrence (rising levels of prostate-specific
antigen [PSA]), and finally castration resistant metastatic disease. Adapted from [15] with permission from Springer
Nature.

Once the patient has been diagnosed with BCR, the most common therapy is
androgen deprivation therapy (ADT) in which the secretion of testosterone and
dihydrotestosterone hormone is inhibited. Testosterone and dihydrotestosterone are
so-called androgens and are the substrates for the essential androgen receptor (AR)
(Figure 4). The androgen hormone receptor drives the normal prostatic development
and growth but is also central in the progression and maintenance of PCa. Therefore,
AR is a main target for PCa treatments [ 16-18]. AR is highly expressed in most PCa
cells, but can be absent in some cases, especially for patients with rare
neuroendocrine or small-cell PCa [19, 20].
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Figure 4. The androgen receptor (AR) pathway. The binding of androgens to the AR initiates nuclear translocation and
gene transcription of AR targeted genes. Reprinted from reference [21] with permission from Millennium Medical
Publishing.

AR is a transcription cofactor that can bind to specific locations in the DNA and
initiate or downregulate the transcription of targeted genes, such as the expression
of PSA and TMPRSS2 or the suppression of prostate-specific membrane antigen
(PSMA). Activation of the AR occurs when androgens bind to the ligand binding
domain (LBD), which introduces a conformational change required for AR dimers
and the following translocation into the nucleus (Figure 4). Several variants of the
AR have been found resulting from alternative splicing of the transcript pre-mRNA
(Figure 5). The truncated variant AR-V7 has gained the most attention due to its
nuclear localization and active transcriptional function despite absence of LBD
domain and bound substrate [22] and its expression has been shown to increase with
advancing PCa stages [23-25]. Additionally, AR-V7 has been associated with
resistance to AR targeted treatments and has potential prognostic implications [26-
34]. However, further prospective studies are needed to establish its clinical
significance.
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Figure 5. The structure of full-length androgen receptor (AR-FL) gene transcript and translated protein and the truncated
variant AR-V7. Reprinted from reference [35].

Approximately 40% of men with BCR will eventually fail ADT and progress to
castration resistant metastatic prostate cancer (mCRPC) and eventually succumb to
the disease (Figure 3) [14]. The treatment options for mCRPC patients include
various antiandrogens, such as AR signaling inhibitors (ARSI), radioactive isotopes,
and chemotherapeutic agents.

Biomarkers

Biomarkers are biological characteristics that can be objectively measured and
evaluated to assess normal biological processes, pathological processes, or
responses to specific treatments [36]. They can be molecular, histological,
radiographical, or physiological, and classified based on their clinical utility. The
most frequently used biomarkers from a drug development perspective can be
divided into four main categories: diagnostic, prognostic, predictive and treatment-
response [37], in which the first three categories are pre-treatment biomarkers
(baseline) and the last is a post-treatment marker (Figure 6).
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Figure 6. Biomarker classification with predefined context of use (COU).

Diagnostic biomarkers identify presence and potentially origin of malignancy.
Prognostic markers evaluate risk for disease recurrence or progression, independent
of subsequently selected therapies. The last category of pre-treatment biomarkers,
predictive biomarkers, assess the possibility for a favorable response to one or more
specific treatments. The challenge with targeted therapies, such as ARSI, is
identifying the patients most likely to respond and thus minimize unnecessary side
effects in others who will have insufficient therapeutic responses. Here, predictive
biomarkers would significantly improve patient management. Additionally, such
assessment would be beneficial in the development of new targeted therapies by
choosing clinical trial participants accordingly.

Post-treatment biomarkers (treatment response biomarkers) can be classified further
into pharmacodynamic and efficacy-response (surrogate endpoint) biomarkers.
They dynamically evaluate if a favorable biological response has occurred after a
given treatment and can in that way offer an expedited answer to a therapy’s
efficacy. Thereby, they also inform if a therapy needs to be altered. Efficacy-
response biomarkers predict a specific clinical endpoint, such as overall survival
(OS), and can therefore be used as intermediate surrogate measures. Such
biomarkers can significantly reduce time and cost of clinical trials by revealing the
success or failure of a candidate drug at an early stage. The classification of
biomarkers into the various categories and subgroups are not definite and there are
frequent overlaps between the different groups.

In oncology, biomarkers have a central role in the clinical practice and have
contributed to an increased survival and an improved overall morbidity [38].
Although, there are still important limitations and there is an urgent need for further
development of clinically relevant biomarkers, both for untreated and metastatic

21



disease. A critical problem is that most biomarkers are tissue-specific rather than
disease-specific and therefore changes are not necessarily representative for a true
clinical benefit. As described in the first section, one of the main problems in patient
management of PCa is the occasional inability to distinguish between indolent and
aggressive disease upon diagnosis. Hence, there is a need for complementary
biomarkers to early on be able to identify patients at higher risk to develop
aggressive PCa and thereby also avoid unnecessary overtreatments.

In recent years, several new therapeutic agents have been approved for patients with
mCRPC after successfully demonstrating an increased OS. However, The United
States Food and Drug Administration (FDA) has so far not approved any biomarkers
in PCa to support clinicians in selecting the therapy best suited for the individual
patient. Further, the traditional measures of treatment response in PCa (PSA and
radiographic response) have shown to be of limited use in metastatic disease [39-
41]. A post-treatment decline of PSA in mCRPC has shown weak association with
OS and is therefore not considered to be a true indicator of a favorable treatment
response [42]. Thus, new pre-treatment and post-treatment biomarkers showing
clinical benefit in mCRPC patients are urgently needed and would significantly
improve both patient management and the success of clinical trials.
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The metastatic seed

How can a localized tumor lead to widespread lethal cancer? What are the pathways
to secondary tumors and metastatic disease? The details of the metastatic process
are to a large extent still unknown, but the escape of malignant cells from the
primary site into the bloodstream (Figure 7) is considered an important link to the
development of metastasis [43-45]. Tumor cells that are shed into the circulation are
called circulating tumor cells (CTCs) and can be of both primary and secondary
tumor origin. Only a small subset of these cells can survive the shear stress in the
circulatory system, the lack of cell-to-cell adhesion, and escape the immune systems
defense to manifest tumor initiation capacities at a distant site [15, 46].

Primary tumor

Bloodstream

Intravasation

MET ’
‘ activation

Extravasation

. Epithelial-ike CTC
‘ EMT-associated CTC

Metastasis in
distant organs

Figure 7. The shedding of circulating tumor cells (CTCs) from the localized tumor into the bloodstream and the
manifestation of a secondary tumor at a distant organ. Reprinted from reference [47] with permission from Dove Medical
Press.

CTCs have emerged as an important biomarker for the management of metastatic
cancer, as the enumeration of CTCs in blood samples from metastatic patients
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showed that higher amounts were associated with poor prognosis and low OS in
several epithelial cancers [46-48]. CTCs are extremely rare, and the scarcity creates
a technical hurdle for their study, as they circulate in the blood together with
approximately five billion red blood cells (RBCs) and five to ten million white blood
cells (WBCs) per milliliter. Hence, analysis of CTCs requires successful separation
from the vast amount of blood cells. Over the last two decades, numerous
technological innovations have been introduced for the detection, isolation, and
characterization of CTCs.

In this thesis, I will present a novel methodology of sequential acoustophoresis for
CTC isolation (paper 1 and 2), subsequently, I will outline the benchmarking of
CTC-acoustophoresis technology with the current state-of-the-art in CTC isolation
(paper 4) and discuss considerations to be made when scaling up throughput in
acoustophoresis (paper 3).

In the following chapters, I will describe the available methods for cell separation
targeting CTCs, using both macroscale and microscale approaches, and the potential
of CTC:s as versatile biomarkers of cancer.

Tumor heterogeneity and liquid biopsies

Malignant tumors consist of cancerous cells which have an abnormal cell growth,
cell division, and ability to avoid cell death (apoptosis) due to alterations and
instability of their genetic material. Such changes can be DNA mutations in
protective tumor-suppressor genes, driving oncogenic mutations, chromosomal and
epigenetic changes, that all causes defect cells [48, 49]. Additionally, during the
growth of malignant tumors the microenvironment surrounding the cells changes
due to a lack of oxygen (hypoxia), space constraints as the tumor grows, and
inflammatory and immune responses, which creates an ongoing regional selection
pressure for advantageous genotypes and phenotypes [50, 51]. This variation is
known as tumor heterogeneity (Figure 8) and can be found between cancer patients
with the same type of cancer, i.e., intertumor heterogeneity, and within a single
tumor tissue, i.e., intratumor heterogeneity [48].
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Figure 8. Tumor heterogeneity between patients (inter) and within a tumor tissue (intra). Subclones can be off different
genotypes and phenotypes. Reprinted from reference [48] with permission from Springer Nature.

The large tumor heterogeneity can impose a sampling bias to diagnostic biopsies,
which causes a major problem for clinicians to guide patient management and select
patient-specific treatments, and it highlights a need for alternative procedures [52].
Further, a tissue biopsy is invasive, painful, imposes risks, and is therefore not
suitable for frequent sampling. Correspondingly, CTCs demonstrate heterogeneity
as they are shed from different parts of both primary and secondary sites and they
have been shown to represent different subclones present in a cancer patient [53,
54]. As a blood sample on the other hand is fast, cheap, minimally invasive and can
be repeated on a regular basis throughout the patient care, it may serve as a so-called
“liquid biopsy” for tumor material. The isolation and profiling of CTCs from a blood
sample could likely give a better real-time snap-shot of the current disease status
than a tissue biopsy and help in patient stratification [55].

CTC genotypes and phenotypes

A fundamental issue to isolate and analyze a certain cell type is to distinguish what
defines that specific group. First, there is no single definition of CTCs and various
assays uses different strategies and targets [56], but there are commonly employed
cell characteristics which will be explained below.

Carcinoma is the most common type of cancer, where the disease starts in the
epithelial cells of the skin or the tissue lining the internal organs. Therefore, CTCs
are most often targeted by the expression of different epithelial markers, such as
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epithelial cell adhesion molecule (EpCAM), E-cadherin, and different types of
cytokeratin (CK). Although, such classification neglects potential CTCs that have
undergone a phenotypic transformation from epithelial tumor cells to fibroblastic-
type tumor cells in a so-called epithelial-to-mesenchymal transition (EMT) [57, 58].
This transition has shown to increase cellular motility by activation of the
cytoskeleton and reduction of intercellular junctions, and enable tumor invasion of
the basement membrane and then intravasation into the bloodstream (Figure 9) [59].
For most carcinomas, an EMT transition is thus considered a pre-requisite for tumor
infiltration and metastasis formation by allowing a more migratory phenotype and
through the expression of mesenchymal genes. Although, most CTCs express both
epithelial and mesenchymal markers (e.g., vimentin and E-cadherin) through a
highly dynamic process, where the reversed transition, i.e., mesenchymal to
epithelial transition (MET), is suggested to be required for the colonization of CTCs
at a secondary site [60, 61].
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Figure 9. Changes of the phenotype and genotype through epithelial to mesenchymal transition (EMT) of tumor cells
facilitates cell motility and invasion of the basement membrane. Reprinted from [62] with permission from Elsevier Inc.

Importantly, CTC phenotype and number are affected by cancer treatment. Studies
have found that patients who responded to given chemotherapy had significantly
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fewer CTCs and were of a more epithelial-like phenotype, whereas treatment
resistant patients had more mesenchymal featured CTCs [63-65]. One of the studies
identified a chemoresistant subpopulation of CTCs with both partial EMT and
cancer stem cell (CSC) traits. Detection of CTCs with such phenotype could
independently predict an unfavorable outcome in metastatic breast cancer patients
[65]. CSCs are tumor cells with increased self-renewal and proliferation (stemness)
capabilities that have shown resistance to radiation and chemotherapy [66]. Further
knowledge regarding the molecular characteristics of CTCs and how the EMT status
impact malignant potential and treatment response is needed and could help in
patient stratification and risk assessments [67].

An additional class of CTCs that has gained increased attention over the last decade
is CTC clusters, which is a rare group of two or more CTCs that are kept together
by intercellular adhesion (Figure 10). They are not a result of cellular aggregation
within the blood vessels, but instead derived from small detachments of the primary
tumor [68]. They have been shown to be exceedingly rare and only represent a few
percent of the total CTCs, but with a considerably higher metastatic potential than
single CTCs, and its abundance have also been associated with unfavorable
outcomes for cancer patients [68, 69]. Hence, it has been suggested that the shedding
of CTC clusters represent one of the most important events in the metastatic process,
although the details of their formation, survival advantages and metastatic potential
are still largely unknown [70]. Existing CTC enrichment methods are mostly aimed
for isolation of single CTCs, but novel technologies targeting CTC cluster are being
developed [71-73].

Clustered
migration

Figure 10. Shedding of CTC clusters and single CTCs of various subtypes. Reprinted from reference [74] with
permission from Elsevier.
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A last group of distant tumor cells is disseminated tumor cells (DTCs), which are
CK positive cells found in the bone marrow of cancer patients. The bone marrow is
a major site of metastatic lesion for both breast and PCa and the detection of DTCs
at the time of diagnosis have been associated with an increased risk of tumor
recurrence [75-77]. Studies have suggested that the bone marrow may act as a
reservoir organ for viable but dormant DTCs that could contribute to further
spreading to other sites of the bone marrow, as well as to other tissues [56].

Consequently, the CTC identification strategies vary and can comprise of different
cellular markers and analyses. An important consideration in the sample preparation
process for CTC isolation is if the CTCs are to be analyzed as live cells with intact
tumor-initiating potential or if fixed cells are suitable. Fixed cells are treated with a
chemical agent (e.g., paraformaldehyde, ethanol, methanol) to permanently preserve
the cell in a life like state. The chemical agent (i.e., fixative) cross-links the majority
of the cellular proteins and peptides to form an intracellular meshwork and thereby
makes the cells resistant to degradation or deformation. The preservation of cells
has some technical advantages as it allows a longer sample processing window and
thereby facilitate transportation of samples between hospitals and clinical labs. The
cells are more tolerant to preanalytical challenges, such as transport conditions,
temperature variations efc. Fixed cells also allow for direct staining and analysis of
intracellular markers, such as hormonal receptors and different intracellular
cytokeratins. However, critical advantages of live CTC isolation are the possibilities
for unaltered transcriptional and functional studies and in vitro culturing of patient-
derived malignant cells to aid in the development of personalized cancer care and
the detailed understanding of CTC properties and functions. Most of the CTC
isolation technologies are designed for fixed cells and not for intact viable CTCs.
Hence, there is an unmet clinical need for live CTC capture for downstream analysis
and in vitro expansion to enable drug testing and predict therapy responses in
metastatic cancer.

Following CTC isolation, the cells can be analyzed either as pooled cells or by
single-cell analysis. Single-cell profiling is still at an early stage with technical
issues that need to be addressed, but it is a promising approach as it may discover
the true CTC heterogeneity, which could be hidden by bulk background cells, i.e.,
contaminating WBCs [78].
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Live cell analysis — In vitro culturing and biophysical
profiling

Currently, available in vitro models of PCa are limited and do not reflect the large
heterogeneity of the disease. There are approximately 1,000 different cancer cell
lines in public sources, but as PCa cells have shown to be very difficult to expand
in culture, only seven of them are of PCa origin. Recent advancements in cell
culturing have identified successful growth conditions for newly derived patient
PCa cells and established novel PCa cell lines [79, 80]. The majority of the cell lines
were derived from metastatic tissue, but one had CTC origin, the MSK-PCa5 cell
line. The expanded cells were responsive to drug testing in vitro and in vivo, and
they could recapitulate the molecular and phenotypic diversity of the patient’s
tumors [80]. An in vitro expansion of isolated tumor cells could facilitate
personalized medical advancements and help to identify essential cellular traits for
the initiation of metastatic lesions [80]. These studies have opened a new path for
future CTC research.

Live cells can also be assessed for their biophysical phenotypes. Cellular properties
like elasticity, deformability, adhesion, motility, and allocation of membrane
receptors can be measured, which can reveal changes that have been induced by
disease status or microenvironmental or external factors, such as cancer therapies
[78]. An essential prerequisite to establish patient-derived CTC cell lines or to
perform functional assays is to isolate intact viable cells. Therefore, in addition to
not using any fixative treatment prior to isolation, the selected CTC isolation method
needs to be gentle and have a short sample processing time to avoid cell alterations
and death.

Fixed cell analysis — Imaging technologies

Preservation of tissue biopsies and blood samples with chemical fixatives allows for
identification of specific proteins and genes by immunochemistry and cytogenetic
techniques. Immunohistochemistry (IHC) uses antibodies for detection of proteins
in thin tissue sections with intact cellular and tissue structure. Immunocytochemistry
(ICC) studies the individual cells, in which antibodies can localize and quantitate
cytoplasmatic and nuclear proteins. Visualization can be done by direct labeling of
the antibody with a fluorescent marker or a reactive enzyme (direct detection), or
through a labeled secondary antibody targeting the specific primary antibody
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(indirect detection) (Figure 11). By using indirect detection, the signals can be
amplified, which is useful for low abundance target proteins. A disadvantage is the
more cumbersome procedure with a risk of increased background noise.
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Primary antlbody

Figure 11. Direct (left) and indirect (right) fluorescent detection of a cellular antigen. Signal amplification can be obtained
through multiple secondary antibodies binding to a primary antibody.

Fluorescent in situ hybridization (FISH) studies genetic variations and abnormalities
by hybridizing fluorescently labeled DNA fragments (probes) onto a glass slide
containing appropriately prepared cells or tissue sections. Genetic amplifications,
deletions, and rearrangements can then be identified in individual cells by
microscopy analysis. Several specific abnormalities are examined in oncology for
the purpose of diagnosis or selection of targeted therapy [81]. For example, in PCa
the most common alterations are relative gain of the oncogene MYC, amplification
of the AR gene (Figure 12), loss of the tumor suppressor gene PTEN, and
translocation followed by gene fusion of TMPRSS2 with the oncogene ERG [82-
84].

Figure 12. Fluorescent in situ hybridization (FISH) staining of patient-derived CTCs showing AR (orange) amplification
in some cells (A-C) and high copy gain for MYC (green) in all (A-D). Reprinted from reference [82] with permission from
American Association for Cancer Research.
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Various cellular epitopes can be targeted simultaneously by using a mixture of
antibodies, in which each type is labeled with a different fluorophore. Thereby, a
cell can be characterized by the presence or absence of several essential markers to
confirm the cells’ identity. Additionally, multiple immunolabeling with several
fluorophores can investigate the co-localization of proteins, such as diverse
hormone receptors [85]. A crucial step for successful staining is to validate the
combination of antibodies and markers by confirming their accuracy, separately and
together, and check for unspecific binding and cross-reactivity. Further, the
fluorochromes need to be carefully selected as they often have broad emission bands
which can contribute to spectral overlap and impaired measurements of the
individual emission spectra. Thus, the detection system often limits the number of
possible epitopes during multicolor imaging.

There are different types of technology platforms for the gene and protein
visualization. In addition to two-dimensional brightfield and immunofluorescence
(IF) microscopy, confocal microscopy offers a three-dimensional view of cells by
digital image processing using so-called z-stacks (Figure 13). Multiple layered
images are taken and combined in a composite image with a thicker plane of focus.
For precise localization of proteins within a cell, confocal microscopy can be
advantageous. Although, the image acquisition is slower compared to standard IF
and for an increased image resolution with more details further layers are required.

Figure 13. Confocal (left) and immunofluorescent (right) microscopy images of a larger cytokeratin (green) positive cell
and smaller CD45 (red) positive WBCs. Nuclear DAPI (blue) staining in all cells. Confocal imaging offers enhanced
image resolution at the expense of time.
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Automated high-throughput detection systems are suitable for analysis of larger
number of cells, such as liquid biopsies containing millions of blood cells. A
standard technology for sensitive, high-throughput analysis of single cells in
heterogenous samples is flow cytometry. Flow cytometry detects and measures
physical and chemical characteristics of cells in a sample fluid, such as cell size,
DNA content, cell count, and presence of specific proteins using fluorochrome-
labeled antibodies. The sample is injected into a sheath flow in the instrument and
through hydrodynamic focusing directed into a narrow stream before a laser
interrogation point, where the forward and side scattered light from a single cell and
multiple fluorescent emission spectra can be assessed (Figure 14). When the cell
passes through the laser beam at the interrogation point, information regarding
presence or absence of targeted proteins is obtained from fluorescence pulse-
analysis and thus, no details regarding localization or distribution of the proteins are
given [86].
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Figure 14. Setup of a typical flow cytometer. Detection of forward (FSC) and side (SSC) scattered light and fluorescent
emission spectra by FSC/SSC detectors and photon multiplier tubes (PMTs). Reprinted from [87].

An advanced development of flow cytometry is image flow cytometry (IFC), which
integrates the features of flow cytometry with IF microscopy and data processing
algorithms [86, 88, 89]. In IFC the multiplexed fluorescent information is acquired
through cellular images and can thereby demonstrate cell morphology and
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subcellular distribution of proteins (Figure 15). A key drawback for IFC compared
to non-imaging flow cytometry is the lower throughput of approximately one order
of magnitude. In addition, IFC has problems to generate high-resolution images,
which relates to cell motion blur at high velocities. Although, a high-throughput
multiparametric imaging flow cytometer that enables blur-free fluorescent detection
of cells was recently described [89].

111

Figure 15. Representative images of cells detected with the ImageStream system from a metastatic prostate cancer
patient blood sample after acoustophoretic cell separation (from manuscript 4). The five rows are different cells, and the
columns are brightfield images (BF) and the different fluorescent markers (panCK, green; EpCAM, orange; DAPI,
purple; CD45, red). The last row shows a CTC cluster consisting of two WBCs and one CTC.

An alternate method to obtain high-resolution images of a multitude of single cells
is through automated cell imaging platforms with IHC- or ICC-stained glass slides,
which automates image collection and uses algorithms to identify the target cells
and record their positions [90]. The method can identify target proteins or genetic
aberrations through IF and FISH staining. Nevertheless, even automated platforms
will be lengthy and inefficient with a massive number of cells and therefore, it is
desired to first distinguish the target cells through an enrichment process.

Single-cell analysis — Molecular profiling

Molecular profiling of a group of pooled cells will result in an average value and
could miss specific characteristics that is only present in a single cell or a small
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subset of the cells. Consequently, as CTCs are a highly heterogenous population,
single-cell analysis is desired and have gained increasing attention in the last decade
[54, 91]. The approach poses several technical challenges in cell separation from a
complex blood sample, individual sorting of the CTCs, confirming tumor origin,
and finally perform analysis on a very limited sample material. A single cell only
contains picogram (pg) amounts of DNA and RNA, and therefore an amplification
of the genetic material through targeted amplification or whole genome
amplification (WGA) combined with exceptionally sensitive analytical methods are
required for analysis. The analyses can provide important knowledge about tumor
biology, such as how CTCs survive in the bloodstream, transform, migrate, and
extravasate at distant tissues, as well as information regarding patient-specific
mutation status of primary tumor and developed metastasis.

There are two types of molecular analyses targeting different kind of information,
gene expression analysis and mutational analysis. Gene expression analysis
investigate the current RNA content of a cell and thereby studies the currently active
genes. Mutational analysis explores somatic mutations of the cell’s DNA, such as
copy number changes, nucleotide base substitution, insertions and deletions of
bases, and structural rearrangements. As earlier described, cancer cells have an
altered and instable genome, which may acquire additional mutations during the
progression of the disease due to the ongoing selection pressure for advantageous
genotypes and phenotypes [48].

Gene expression analysis

After lysing isolated live cells and extracting the RNA content, it is necessary to
perform complementary DNA (¢cDNA) synthesis as RNA is more fragile than DNA
and easily gets degraded [92]. Once the cDNA has been synthesized through reverse
transcription, it needs to be amplified before quantitative real-time polymerase chain
reaction (QRT-PCR), microfluidic qRT-PCR, or RNA sequencing can be performed.
The qRT-PCR analysis of upregulated or downregulation genes and pathways can
target a single gene of interest or be multiplexed with several genes. Numerous
studies have explored the expression of genes associated to EMT, metastasis, and
driving disease specific hormone receptors, and they demonstrate a vast
heterogeneity of CTCs, even among the cells retrieved from the same blood sample
[54, 91, 93, 94]. One study showed that CTCs reflected the gene expression patterns
in metastatic tissue biopsies for a selection of genes and another study demonstrated
CTCs with expression patterns found in both the primary tumor and in the metastasis
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[93, 94]. The studies support the use of CTCs as an alternative to tissue biopsies, as
mutations of both primary and metastatic sites might be detected.

The major problem with single-cell molecular profiling is the technical noise
resulting from the miniscule input of starting material [95]. For a gene with low
copy transcript, it is even more problematic. To solve these issues, so-called RNA
spike-in transcripts of known sequence and quantity have been developed for
calibration purposes, as well as new quantitative statistical software programs [96].
Further, another technical hurdle is the preservation of RNA, both the RNA quality
and the current transcriptional status, without introducing alterations during the
CTC isolation process. As gene expression can be influenced by cellular and
environmental stimuli [78], the selected technology for isolating CTCs should be
gentle and fast to avoid changing the transcriptional profile.

Mutational analysis

The DNA molecule is less prone to hydrolysis and degradation compared with RNA
due to the absence of a hydroxyl group in the sugar phosphate backbone of the DNA
nucleotide. Therefore, DNA can be long-termed stored without degradation, which
facilitates analysis [97, 98]. To elucidate genomic changes in single tumor cells, the
extracted DNA first need to be amplified using WGA before array comparative
genomic hybridization (aCGH) or next-generation sequencing (NGS) can be
performed [99-101]. aCGH allows for genome wide screening for copy number
variations (CNV) of genes, i.e., net gains and losses of genetic material (Figure 16).
The genome of interest and a reference genome (nonmalignant) are different labeled
with fluorescent markers before competitively hybridized to an array with spotted
DNA fragments. The resulting fluorescent signal intensity is measured, where
genetic gains and losses are shown by the absence or surplus of the sample
fluorophore. These structural variations of the DNA includes normally occurring
variations between healthy individuals (which may be associated to increased
disease risks) but also gene amplifications and deletions commonly acquired in
tumor cells [102]. Such CNVs are frequently detected in regions containing
oncogenes (amplifications) and tumor suppressor genes (deletions) [103].
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Figure 16. Copy number variations (CNVs) studied by array comparative genomic hybridization (aCGH). Reprinted
from reference [104].

NGS can determine the exact order of nucleotides in the entire genome or in selected
areas and reveal absolute copy numbers and single nucleotide polymorphism
(SNPs) in a single cell [99]. SNPs are mutations of single nucleotides at specific
locations in the DNA, which could result in a change of the amino acid sequence of
a protein if it is located within a coding region (exon). Millions of SNPs have been
detected within the human genome, most are likely harmless but some have been
correlated with disease, such as cancer and diabetes [102]. NGS has ultra-high
throughput due to massively parallel sequencing of millions of DNA fragments at
the same time and it covers each base several times for correct assessment of any
DNA alterations [105].

Mutational analysis has confirmed the intrapatient heterogeneity of CTCs and found
that mutations in tumor-related genes in the primary and metastatic tissue samples
also can be identified in the corresponding CTCs [99, 101, 106]. Some mutations
were found only at subclonal levels in the tumor tissues, which highlights the
constant regional selection pressure for advantageous genotypes and phenotypes.
Additional unique mutations were also detected in the CTCs, which could be
influencing the tumor evolution and metastasis [101].
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Cell separation approaches

The process of separating CTCs from a peripheral blood sample is a challenging
task due to the complexity of blood and the scarcity of the tumor cells. Blood
contains a mixture of cell types at vastly different concentrations, blood clot
assisting platelets and blood plasma carrying various biomolecules (proteins,
antibodies, ions etc.) (Figure 17). The most abundant cell type in the blood stream
is oxygen transporting red blood cells (RBCs) with an approximate concentration
of 10° cells/mL whole blood. The white blood cells (WBCs), also called leucocytes,
have an approximate concentration of 5 X 10° cells/mL whole blood. WBCs are an
essential part of the immune system and can be further categorized as granulocytes
(neutrophils, basophils, eosinophils), monocytes/macrophages and lymphocytes (B-
cells, T-cells, and NK cells). CTCs have an extremely low concentration in patient
blood samples, a cancer patient might have one CTC in a background of millions of
blood cells [107] and their detection is often referred to the common phrase “finding
the needle in the haystack”. Not only are the CTCs rare, but an additional difficulty
to their isolation is the large heterogeneity described earlier. To meet the challenge,
several technologies have been developed for cell separations and CTC isolation,
all with different advantages and drawbacks.
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Figure 17. Centrifugation separates a whole blood sample into well-defined component parts of plasma, buffy coat
(WBCs and platelets) and RBCs.
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Performance terminology

To evaluate the performance of a cell separation assay various measures are
determined. In the following section, the commonly referred terms are described.

During testing of CTC isolation technologies, the term recovery is used to describe
how many of the reference cells that were retrieved in an assay. It should not be
mixed up with separation efficiency, which report on how well different cell types
separate in an assay. Such a measure is often greater than the recovery of the assay
as it only analyses the cells that were retrieved in the output sample, and thereby
neglects the cells that were lost throughout the process. The purity is a measure of
the cellular uniformity of the output sample, i.e., the proportion of desired cells in
relation to the cellular contamination by unwanted cell types. Purity is consequently
heavily influenced by the cell composition of the starting sample. The enrichment
factor is an assessment to determine the extent of removal of unwanted cells from
the original sample. The efficiency of a cell separation assay is described by the
volumetric throughput, which quantifies the rate of sample processing as volume
per time unit. The measure can be ambiguous as it does not reveal sample dilution
factors, which will have an obvious impact on the actual sample processing time.
An alternative measure is the processed cell number per time unit.
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Figure 18. Sensitivity and specificity of immunofluorescent staining of CTCs and WBCs. High sensitivity might result in
false positives (nonspecific), whereas high specificity might result in false negatives (nonsensitive). Reprinted from
reference [15] with permission from Springer Nature.
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The analytical measures sensitivity and specificity are assessed during the validation
process of a technology. The sensitivity demonstrates to what extent the assay
identifies true positive cases of the disease, malignant cells efc., whereas the
specificity shows how many of the true negative cases that get classified as negative.
There is often a trade-off between the two performance measurements, a focus on
high sensitivity may result in increased false positives, which lowers the assay’s
specificity (Figure 18).

Macroscale techniques and current “gold-standard” for
CTC isolation

Traditional cell separation techniques are based on physical properties of the cells,
such as cell size, density, and cell contents. These techniques can be classified as
macroscale methods, where a large number of cells can be separated as a bulk.
However, the purity of the separated cell fractions is often quite limited, and a
substantial number of cells may be lost during the process. The most common
conventional methods for cell separation include centrifugation and filtration, which
also can be used as preparatory steps for further cell enrichment.

Centrifugation is a simple and effortless separation method based on the cell
density. It is extensively used in clinical laboratories as it can separate a very large
number of cells in a fast and inexpensive matter. However, in addition to the
problem of low purity, the method also suffers from cell loss, i.e., poor recovery.
Therefore, the suitability of centrifugation as the separation method depends on the
targeted blood component. To obtain cell-free blood plasma for measurements of
clinical chemistry analytes, centrifugation is an excellent choice (Figure 17).
Alternatively, a density gradient medium, such as Ficoll-Paque, can be used to
separate cells into different layers during the centrifugation process (Figure 19). An
intermediate layer will form on top of the density medium and below the blood
plasma containing the mononuclear cells (monocytes, lymphocytes, CTCs etc.),
whereas the heavier granulocytes will pellet to the bottom of the centrifugal tube
along with the RBCs. An additional centrifugation technique is rosetting, where a
density medium is combined with a tetrameric antibody complex that binds to the
unwanted cells and the surface protein glycophorin A on the RBCs. During the
centrifugation step the bound cells will pellet together with the RBCs in a negative
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selection process resulting in increased sample purity. Nevertheless, loss of cell
viability has been suggested to be the result of cytotoxicity of density mediums
[108].
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Figure 19. Density medium (Ficoll-Paque) centrifugation of diluted whole blood (left) into well-defined layers (right)
containing different cellular and liquid portions of the blood.

Filtration separates cells based on cell size and/or deformability using different kind
of filters with micron-sized pores. However, the method has problems with cell loss,
often due to clogging of the pores [109, 110]. The method can also be used as a pre-
separation step to remove cell aggregates and contaminating particles prior further
enrichment of the target cell type.

Additional macroscale methods are magnetic-activated cell sorting (MACS),
fluorescence-activated cell sorting (FACS) and the CELLSEARCH system
technology, which uses monoclonal antibodies to assist in the capture of specific
cell types. These techniques can achieve a higher cell purity compared to label-free
bulk approaches, but they are laborious and lengthy. Monoclonal antibodies are
specific to a single epitope on an antigen and have low nonspecific cross-reactivity
leading to an increased sample purity. They can be commercially acquired for a
massive range of targets, and they can also be conjugated with different molecules,
such as a reporter protein, a fluorophore, or a magnetic bead. The labeling of cells
with fluorophores or magnetic beads can have a negative impact of the cell function
and viability, which is another important drawback of the antibody-based techniques
[111].

MACS uses antibodies conjugated with magnetic beads to capture cells. The bound
cells can be separated from the remaining cells by applying a magnetic field with a
permanent magnet (Figure 20). The bound cells will be retained within the magnetic
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field whereas the others will flow through, and after a washing step the targeted cells
can be eluted. The method has a larger throughput compared to FACS due to its
bulk processing properties, but commonly with a much lower purity [112].
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Figure 20. Working principle of magnetic-activated cell sorting (MACS) using specific antibodies conjugated to magnetic
beads for positive selection of targeted cells. Reprinted from [113].

FACS is a cell sorting technology based on flow cytometry (as described in section
Fixed cell analysis — Imaging technologies) where each cell is analyzed, classified,
and sorted based on a given criteria (Figure 21). Briefly, the cells are
hydrodynamically focused prior an optical interrogation point, where a laser beam
generates forward and side scattered light and fluorescence from the illuminated
cells that gets detected by photomultiplier tubes (PMTs). The cells are then
classified based on the detected signals and finally diverted into separate outlets
after being individually encapsulated into electrically charged droplets that passes
through two deflection plates (i.e., an electromagnet). As mentioned, FACS offers
high purity, but the cell throughput is not sufficient for rare cell sorting. Another
significant disadvantage compared to other conventional cell separation and sorting
techniques is the high instrumental cost.
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Figure 21. Fluorescence-activated cell sorting (FACS) sorting of charged droplets containing fluorescently labeled cells
after an upstream cell analysis and classification. Reprinted with from reference [87].

CELLSEARCH (Menarini Silicon Biosystems, Bologna, Italy) is still today the only
technology that has received a clearance by the FDA for enumeration of CTCs as a
prognostic biomarker predictive of OS in advanced cancer [114-117]. Therefore, it
is considered the “gold-standard” within the field and all other CTC technologies
are, so far, only used for research purposes.

Like MACS, CELLSEARCH employs an immunomagnetic capture of the target
cells, here by anti-EpCAM-coated magnetic nanoparticles. The magnetically
recovered cells are stained with a fluorescent antibody cocktail targeting three
different types (8, 9 and 18) of cytokeratin (panCK), WBC marker CD45 and
nuclear stain 4°, 6-diamidino-2-phenylindole (DAPI) and are thereafter imaged with
the built-in CellTracker (Figure 22). The CELLSEARCH definition has become the
general description of a CTC as a CK-positive, CD45-negative cell of round or oval
shape of at least 4 x 4 pm?, and with an intact nucleus (DAPI-positive) [118, 119].
Additionally, as the cells have been captured with anti-EpCAM-targeted antibodies,
they are also classified as EpCAM-positive, even though the cells are not
fluorescently stained for the marker. The CellTracker imaging platform has the
capacity to image four fluorophores, so there is an option to use an additional marker
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of interest, such as HER2 for metastatic breast cancer [120] or AR for PCa (Figure
22).

DAPI

CD45

Composite

CK AR

Figure 22. Immunofluorescence images of CTCs (rows) from castration resistant prostate cancer patients enriched with
the CELLSEARCH platform and imaged with the CellTracker showing nuclear DAPI and AR staining, and cytoplasmatic
CK staining (columns). Both frames also include one DAPI and CD45 positive WBC. Adapted from reference [121] with
permission from American Association for Cancer Research.

The advantages of the CELLSEARCH technology are several. It is user friendly,
has a fast performance with an ability to process up to eight blood samples in
parallel, holds an integrated capacity for in-device staining, imaging, and
enumeration, and a possibility to retrieve the captured cells from the sample
cartridges. The major disadvantage of the CELLSEARCH method is the antibody-
dependent positive selection of EpCAM-positive cells, which limits the detection to
only epithelial-like CTCs and it disregards other subtypes, including mesenchymal-
like CTCs [122]. This drawback remains for all antibody-based technologies with a
positive selection approach. Additionally, several studies have reported a low
recovery by the method with a difficulty to detect cells with lower expression levels
of EpCAM [118, 123-126]. The studies showed recoveries of control cancer cell
lines between 42% to 90% and of clinical samples between 20% to 77.5%. The
inability to detect mesenchymal-like CTCs that has undergone EMT and CTCs with
reduced EpCAM expression highlights the need for new technologies with a
capacity to detect the full range of CTCs from various cancer types.

Increased insight of the cellular diversity and its role in clinical management of
cancer patients has motivated for better cell manipulation strategies. Conventional
cell separation techniques have, as discussed, many limitations in their performance
and are only based on a few sorting principles.
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Microfluidics

Microfluidics is a collective term for technologies that control the flow of a fluid
and operate within the micrometer scale. The small size scale opens up for
separation principles not possible in the macroscale world due to diverse physical
effects. Microfluidic cell separations are governed by a phenomenon called laminar
flow where the fluid flows in parallel layers with minimal mixing only due to
diffusion (Figure 23). This results in predictable fluid trajectories, making cell
separation possible when combined with techniques for precise positioning of cells
in the fluid stream. The flow velocity varies over the cross-section of the channel
with a maximum along the centerline. Laminar flow and the flow velocity profile
will be further discussed in the following subsections. Additional advantages for
microfluidic separation technologies include low fabrication cost due to
microfabrication methods, device portability, and reduced sample, reagent, and
solvent consumption.
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Figure 23. Laminar flow with infinitesimal parallel fluid layers inside a channel. The flow velocity profile has a parabolic
nature with the maximum flow velocity in the channel center.

Microfluidic cell separation methods can, just like the conventional techniques, be
categorized as label-free or antibody-dependent. The specificity of monoclonal
antibodies contributes to high purity of the separated sample fractions and can be
used both to capture a target cell type or to remove unwanted cells, through so-called
positive or negative selection. Although, most microfluidic cell separation methods
are label-free and can be further sub-categorized as active or passive depending on
the exploited separation force. The active methods use an applied force field to attain
cell separation, such as a magnetic-, electric-, or acoustic force field. The passive
techniques are designed to achieve cell separation based on diverse internal
microstructures, such as an obstacle matrix for size separations, or hydrodynamic
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drag and wall and shear lift forces. However, cell separation techniques exclusively
targeting CTCs commonly combine different approaches and uses both antibody-
dependent and label-free methods [127-132].

In the next subsections the basic physics of microfluidics will be described, followed
by a chapter describing acoustophoresis and its applications and developments
within this thesis. A summary over additional microfluidic methods targeting CTCs
will follow in the chapter Alternative microfluidic technologies for CTC isolation.

Laminar flow and Reynolds number

The phenomenon of laminar fluid flow can be observed in a channel when the
inertial forces acting on the flow are negligible with respect to the viscous forces.
As aresult, the fluid flows in layers as the viscous forces between the layers prevent
turbulence from occurring. The absence of turbulence is essential for microfluidic
lab-on-a-chip devices and allows for precise alignment and control of different inlet
and outlet flows. The Reynolds number (Re, Eq. 1) can be used as an indicator if
the flow remains in the laminar regime or have a turbulent flow profile. The
Reynolds number for the channel is given by:

Re = pDh;]Max (1)

where p is the density of the fluid, Dy, is the hydraulic diameter of the channel, Uy,
is the maximum velocity of the fluid and 7 is the viscosity of the fluid [133].
Laminar flow typically occurs for a flow system if the Re number is smaller than
2000 [134].

Parabolic flow

The flow velocity profile has a parabolic nature, due to the friction (shear forces)
between each fluid level (Figure 23). The no-slip boundary condition gives that
there is no relative movement between the wall and the fluid layer in direct contact
with the wall, hence there is a zero-flow velocity at the wall. The adjacent fluid layer
will have a small movement as the friction there is finite and fluid velocity will
increase as layer moves further away from the wall. The maximum flow velocity
will thus be in the center of the channel and is called a Poiseuille flow. Thereby,
suspended particles or cells flowing in the channel will have different velocities
depending on their lateral position within the channel. An illustration of the flow
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velocity profile over the cross-section of a microfluidic channel is shown in the
subsection Inertial effects in microfluidics (Figure 27).

Stokes drag force

If a suspended particle is being manipulated by an applied external force, e.g., an
acoustic force, the particle will also experience a counteractive, opposite friction
force, called Stokes’ drag (Fp). The particle will accelerate to a velocity u, until the
forces are of equal magnitudes. If the flow is laminar, the particles are spherical and
homogeneous, and the Reynolds number <1, Stokes’ drag force (Eq. 2) can be
calculated using Stokes’ law and can be described as:

Fp = 6mnru )

where r is the radius of the particle, u is the lateral particle migration velocity, and
7 the viscosity of the fluid.

Inertial effects in microfluidics

Inertial effects were first observed in the 1960s by Segré and Silberberg who noticed
how particles moved across streamlines to form an ordered ring within a cylindrical
pipe (Figure 24) [135, 136]. They concluded that this “tubular pinch effect” was due
to a second-order effect (i.e., inertial), but it was not until the development of
microfluidics and the change to rectangular cross-sections that the real value of
inertial focusing was established.

In 2007, Di Carlo et al. discovered that dispersed particles that entered an alternating
curvature microfluidic channel would eventually both align and be longitudinally
ordered after migrating across streamlines to equilibrium positions (Figure 24) [137,
138]. These positions were found to be dependent on the relative particle size, flow
properties and the actual channel design. Since then, several different types of
microfluidic separation channels have been created to achieve separation between
different cells and particles [133].
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Figure 24. Inertial self-ordering of particles to equilibrium positions. A) Segré and Silberberg discovered how randomly
distributed particles focused to an ordered ring within a cylindrical pipe. Adapted from reference [139] with permission
from The Royal Society of Chemistry. B) Schematic picture of alignment and longitudinal ordering (upper) and
fluorescent image of particle alignment (lower). Reprinted from reference [138]. Copyright (2007) National Academy of
Sciences.

The ordered alignment of particles (i.e., inertial focusing) is a result of shear and
pressure forces arising in a flow of sufficient high Reynolds number so that the
inertial effects are in the same order of magnitude as the viscous effects. The
Reynold number equation for the channel (Rec) and the phenomenon of laminar
flow at low Reynolds number are described in the previous subsection Laminar flow
and Reynolds number. The inertial effects are also described by the Reynolds
number of the particle (Re,, Eq. 3), as only particles of sufficient size in relation to
the channel dimensions will be experiencing inertial focusing. Further, for curved
channels a third parameter is needed to explain the flow, the Dean number (De, Eq.
4). A perpendicular flow arises at the curve as the high velocity center fluid is being
moved to the outer channel wall, which then causes a dual recirculation flow, i.e.,
Dean flow [139] (Figure 25). The magnitude of such perpendicular flow is given by
the Dean number, and it depends on the geometry of the cross-section, the radius of
the curvature and the Reynolds number of the channel. The two additional
nondimensional parameters Re, and De are given by:

a 2 2
Rep = Rec (D_h) = pUpax@”/(MDp) 3)
Do\ 1/2
De = Re¢ (32) (4)

where a is the particle diameter, Unmax is the maximum velocity of the fluid, and R is
the radius of the channel curvature [133].
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Figure 25. Cross section of a curved microfluidic channel showing dual recirculating perpendicular flow, Dean vortex
flow. Reprinted from [140].

The three parameters (Rec, Rep, and De) influence the magnitude of the main forces
acting on cells and particles during inertial focusing (Figure 26): the wall interaction
lift force (Fwi, Eq. 5), the shear gradient force (Fsg, Eq. 6) and in the case of a curved
flow, the Dean flow drag force (Fp, Eq. 7) and are given by:

Fyr = CWIPUﬁraxaG/D}% )
Fse = CSGpUl\Z/Iaxa3/Dh (6)
Fp = 3nnalgg (7

where Cy; and Cg; are lift coefficients, which depend on the Reynolds number and
the particles position in the channel [133, 139]. Di Carlo et al. showed that the Fyw:
scaled differently near the channel centerline compared to near the channel wall
[141]. The Fwi equation given above is the lift near the channel wall.

Figure 26. The forces acting on particles and cells during inertial focusing, a) the wall interaction lift force (Fwi), b) the
shear gradient force (Fsg) and in the case of a curved flow, c) the Dean flow drag force (Fp). Reprinted from reference
[133] with permission from Annual Reviews.
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The wall interaction lift force (Fwi) will cause the particles to move away from the
wall and is due to an increased pressure on the particles at close proximity to the
wall. As the particles move perpendicularly away from the wall, the force on the
particles diminishes. The shear gradient force (Fsg) is due to the parabolic flow
profile and will cause the particles to instead move towards the wall. The final force
in curved microchannels, the Dean flow drag force (Fp), is resulting from the
secondary flow perpendicular to the main flow direction, as earlier described, and
is proportional to the secondary flow velocity (Usg).

For straight channels, the wall interaction lift force and the shear gradient force will
create four particle-size-dependent equilibrium positions within the channel cross-
section (Figure 27, left insert). Such equilibrium positions are the explanation to the
effect seen by Segré and Silberberg back in the 1960s. In the case of curved
channels, three out of the four positions (Fig. 27, right insert, light grey particles)
will be instable due to the drag force, moving particles to a single particle-size-
dependent equilibrium at the inner curvature of the channel [139].

Figure 27. Stable equilibrium positions within the channel cross section for straight (left) and curved (right) channels.
The light grey particles in the curved channel represent now instable positions due to the Dean flow (vectors). The
background represents the velocity profile from centered high flow velocity (red) to zero velocity (dark blue). Reprinted
from reference [133] with permission from Annual Reviews.

The understanding of the complex interplay between viscous and inertial forces is
fundamental in the design of microfluidic separation channels. In paper 3, we
studied the particle trajectories in a standard A/2 acoustophoresis separation channel
at increased flow rates and discovered an inertia induced phenomenon that may
compromise separation performance. We observed a cross-sectional movement of
the particle streams towards the center of the separation channel at sufficiently high
flow rates, which was independent of particle size and lead to a breakdown of
particle separations. We concluded that it was not due to the wall interaction lift
force, as such displacement was calculated to be in the order of 107 times the
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particle radius. Instead, the effect was discovered to be due to the formation of a
deformed fluid boundary between the sample flow and sheath flow, both at the inlet
of the separation channel as well as at the outlet flow splitter, at elevated flow rates.
The observed inertia induced phenomenon may be reduced by decreasing the degree
of curvatures in the microchip. A greater understanding of the inertial effects in
microfluidic systems can help to improve the designs of the separation devices.
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Acoustophoresis

Acoustophoresis is a microfluidic technique to manipulate and separate
microparticles or cell populations with acoustic waves. When using ultrasound
frequencies in the MHz range, the resulting sound waves have a wavelength ()
smaller than 1 mm, which makes the technique optimal for microfluidic
applications. By using a microfluidic chip with channel dimensions corresponding
to an integer multiple of A/2, a standing wave can be created within the
microchannel. The established ultrasonic standing wave field gives rise to acoustic
forces that will act on suspended particles and cells. The method is thereby
inherently label and contact free, and importantly, proven to be gentle on cells [142-
144], an essential prerequisite when aiming for live CTC isolation for in vitro
culturing and functional analysis.

Ultrasonic standing waves
Sound is pressure waves traveling through a medium, such as air, water or even a

solid. The alternating pressure will compress and expand the medium, i.e., the
constituent molecules of the medium, as the wave propagates (Figure 28).
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Figure 28. Propagation of transducer altered sound waves as alternating increased and decreased pressure.

51



If two sound waves with the same frequency and amplitude meet, either formed by
two different sound sources (transducers) facing each other or if the propagating
wave is reflected upon interaction with a second medium, the waves will experience
constructive interference and a standing wave will form. When a soundwave is
created inside a microfluidic channel, the wave will propagate through the buffer
fluid and get reflected by the channel walls, thereby it can give rise to a standing
wave of higher acoustic amplitude than the first, incident wave (Figure 29). By
matching the channel dimensions to an integer multiple of half the wavelength,
acoustic resonance is created with exact positioning of pressure node(s) (low
pressure) and antinodes (high pressure).

A
antinode

Figure 29. Cross section of a microfluidic channel with an acoustic standing wave field. A transducer generates a
pressure wave that gets reflected by the channel walls, which results in acoustic resonance at specific frequencies. The
channel dimensions give the number of pressure nodes (low pressure) and antinodes (high pressure).

The human ear can register sounds between approximately 20 Hz to 20 kHz. Sounds
with lower or higher frequencies cannot be translated into neuronal signals, and are
called infrasound and ultrasound, respectively. For high frequency ultrasonic
standing waves, the resulting wavelength is in the micrometer range, and thereby
perfectly suited for microfluidic applications.

Primary acoustic radiation force and acoustic contrast
factor

The main acoustic force affecting particles in an acoustofluidic channel is the
primary acoustic radiation force (ARF, Fr) (Eq.8). Inside a one-dimensional
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acoustic standing wave, the ARF can be described according to Yosioka and
Kawasima, and Gor’kov [145, 146] by:

Fr = 4mr3®k,E,. sin(2kyy) (8)

where r is the particle radius, @ is the acoustic contrast factor, ky= 27/ is the
wavenumber, E, is the acoustic energy density and y is the distance from the
microchannel wall. Here, the force acts in the direction of the pressure gradient of
the standing wave. The force is dependent on acoustophysical properties of
suspended particles and surrounding fluid medium, where the force scales with the
third power of the particle’s radius and therefore is a major determinant to the
acoustophoretic velocity.

The acoustic contrast factor (Eq.9) is determined by the particle and fluid density
and compressibility differences and is given by:

D = 5pp—2pm _kp (9)

2pptPm Km

where kn is the isothermal compressibility of the fluid, x, is the isothermal
compressibility of the particle, pm is the density of the fluid and p, is the density of
the particle. The equation gives a dimensionless number, which defines the direction
of particle movement in a fluid under the influence of the ARF. If the acoustic
contrast factor is positive, the particle will move towards the acoustic pressure node,
and if the contrast factor is negative, the particle will move towards the acoustic
pressure antinode (Figure 30). Cells exhibit positive contrast when suspended in
standard buffer solutions and cell culture media and can therefore be focused to
pressure nodes.
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Figure 30. The primary acoustic radiation force (ARF) moves particles from a random distribution (left image) over the
channel cross section to pressure node(s) or antinodes depending on the acoustic contrast factor of the particle (right
image). Particles with positive acoustic contrast (yellow) focus to the pressure node and particles with negative acoustic
contrast (purple) focus to the pressure antinodes.
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Elastomeric negative acoustic contrast particles

In contrast to cells, compressible and water insoluble elastomers (e.g.,
polydimethylsiloxane (PDMS) based elastomeric particles) are typically of negative
acoustic contrast [147, 148]. The differences between cells and elastomers in
density, compressibility and the resulting acoustic contrast factor can be used in
acoustophoresis to bind and separate proteins from a cell suspension [148] and to
capture and transport cells to pressure antinodes [ 149]. In paper 1 and 2, elastomeric
negative acoustic contrast particles were used for negative selection acoustophoresis
to isolate live tumor cells from WBCs (Figure 31) [150, 151].
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Figure 31. lllustration of negative selection acoustophoresis for the isolation of live tumor cells. Elastomeric negative
acoustic contrast particles of variable size (blue) move bound WBCs (white) to pressure antinodes while live tumor cells
(yellow) focus to the central pressure node.

To achieve a transportation of bound cells to pressure antinodes by negative acoustic
contrast particles, the resulting ARF acting on the contrast particles needs to be
greater than the ARF acting on the cells. Thus, the net acoustic contrast factor is
negative and therefore the complex will move towards the pressure antinode (Figure
32). This dependance was demonstrated by Shields et al. [149], where they showed
the required effective elastomeric particle size and the resulting magnitude of the
acoustic contrast factor needed to move a typical sized mammalian cell. In practice,
the net elastomeric particle bound to a displaced cell can also be a sum of smaller
particles. When producing elastomeric particles, it is desired to obtain particles with
low density, high compressibility, and a robust ability to bind to cells.
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Figure 32. The resulting acoustic contrast factor of a particle-cell complex decides its direction of movement when acted
upon by an acoustic standing wave field. The illustrated complex consists of two WBCs (white) bound to a larger
elastomeric particle (blue).

Elastomeric particles are cured polymers, made from viscous pre-polymers and a
cross-linking agent. The curing procedure is commonly performed with heat or high
pressure and causes an unreversible hardening of the pre-polymers due to covalent
cross-linking between the long polymer chains. This process gives rise to the
characteristic viscoelasticity (i.e., both viscosity and elasticity) of polymers, as the
long polymer chains can be reorganized in response to an applied stress and the
covalent bonds will bring the polymer back to its original structure once the stress
is relaxed.

In paper 1 and 2, PDMS-based elastomers were used as negative acoustic contrast
particles, where the compressibility of the particles can be altered based on the
amount of added cross-linking agent [152]. In our studies, a PDMS prepolymer to
cross-linking agent ratio of 10:2 was used. Modifications of the ratio could explore
its influence on the acoustic mobility of the particles in the acoustic field. Other
compressible, water insoluble elastomers exist (such as natural rubbers, butyl
rubbers and other silicones), all with the potential to be used as negative acoustic
contrast particles.

Surfactants and surface modification of elastomeric particles

Silicone-based PDMS is highly hydrophobic, which can cause elastomeric particles
to aggregate irreversibly [147]. Therefore, to avoid clogging and enable re-
suspension of cured particles, the emulsification of pre-polymer and cross-linking
mixtures can be performed in an aqueous solution containing a surfactant. There are
several options of buffer surfactant when creating silicone-in-water emulsions,
where the block copolymer Pluronic F108 surfactant previously has been shown to
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successfully stabilize elastomeric microparticles [147]. Pluronic F108 adsorb well
to both hydrophilic and hydrophobic surfaces [153], but through different
adsorption mechanisms [154]. Pluronic F108 contains three block copolymer units:
two hydrophilic units, separated by a shorter hydrophobic unit. Upon interaction
with hydrophobic surfaces, as in the emulsification process of elastomeric particles,
the hydrophobic block adsorbs onto the particle surface through hydrophobic
interactions, while extending the two hydrophilic block units into the aqueous buffer
[153, 154].

Further, due to terminal hydroxyl groups on the hydrophilic block units, Pluronic
F108 can also be end-functionalized through covalent-coupling chemistry with N,
N’-disuccinimidyl carbonate (DSC) (Figure 33).

0 0 o

0
N SN 0N /
rRloH C\ | oN —_— RLOJL /NO + N—OH (1)

+ N
i =0 0
\ )\
0o 0 0 o)
Hydroxyl N.N-disuccimimidyl carbonate (DSC) Succinimidyl Carbonate NHS
Compound
0]
0
o N o /f
2
RNH, + HL/U\ /NO —_— g /|J\ R + N—OH  (2)
0 (o] \I\\ ~0 NH
0] \O
Amine Containing Succinimidyl Carbonate Carbamate Linkage NHS

Compound

Figure 33. The chemical reaction of disuccinimidyl carbonate (DSC) activating a hydroxyl compound under nonaqueous
conditions to form a succinimidyl carbonate derivative, which can conjugate with an amine-containing compound (here,
biotin hydrazide) for a stable crosslinked product.

DSC is a strong electrophile and will under nonaqueous conditions react with the
hydroxyl group on Pluronic F108 and form a succinimidyl carbonate derivate as an
intermediate compound (Fig. 33, 1). Thereafter, the DSC activated hydroxylic
compound can conjugate with an amine-containing compound (e.g., biotin
hydrazide) to form a stable product (Fig. 33, 2). The second reaction is performed
in deionized water and the resulting conjugated surfactant solution can thereafter be
used in the emulsification of pre-polymer and cross-linking agent. In paper 1 and 2,
biotinylated Pluronic F108 surfactant was manufactured in-house to create surface-
activated elastomeric particles through the silicone-in-water emulsification process.
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The synthesized biotinylated elastomeric particles can be immuno-functionalized
with streptavidin-conjugated antibodies targeting an epitope of interest. The high
affinity of streptavidin for biotin (dissociation constant of approximately 1 x 1074
M), generates robust immuno-functionalized elastomeric particles as potential
carriers of target cells or molecules.

In this thesis, the produced elastomeric particles were functionalized with
streptavidin conjugated anti-CD45 antibodies (Figure 34). This enabled the binding
and transportation of positive contrast WBCs to pressure antinodes in the acoustic
field, while focusing tumor cells to the pressure node (Figure 31) [150, 151].

Figure 34. A biotinylated elastomeric particle (blue) can be functionalized with a streptavidin conjugated anti-CD45
antibody to enable binding to WBCs (white). The high affinity of streptavidin for biotin generates a robust particle for
transportation of bound target cells.

Acoustic energy density

The primary ARF is proportional to the acoustic energy density (Eac), which has the
unit of energy per unit volume at a point in space along the channel. The acoustic
energy in a system is a function of the acoustic pressure p, and the acoustic particle
velocity u [155].

If the time-average acoustic energy of a system is known, as well as the acoustic
contrast factor of a specific cell type, the acoustic compressibility or density of the
cell can be obtained by solving the ARF equation. This requires correct assessment
of the energy density of the microfluidic system, which can be done through particle
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image velocimetry (PIV) measurements. PIV is an optical method for measuring
displacement of a reference particle of known size, density, and compressibility. A
laser light is being pulsed and the spatial displacement of the particle divided by the
time between the laser pulses gives the velocity of the particle and thereby, the
acoustic energy density can be calculated. PIV measurements have been used to
determine the acoustic compressibility and density for different cell types [156,
157].

Secondary acoustic radiation force

In addition to the primary acoustic radiation force, the acoustic standing wave field
gives rise to secondary acoustic radiation forces (SRF, Fy.) between particles in
close proximity due to sound scattering (Eq. 10) [158, 159]. Groschl presented an
approximation to the SRF, which can be described by:

2 2
pp—pPm) (3cos?0-1 0?2 p(Kp—Km
e = 4ma® Lo tml BOZ0D oy %omlm) 2y (1)

The resulting SRF between particles of positive acoustic contrast close to a pressure
node inside a one-dimensional acoustic standing wave field depends on the particles
position within the field. If the particles are aligned in the direction of the incident
standing wave (0 = 0), the resulting force will be repulsive, and if the particles are
aligned perpendicular to the standing wave direction (6 = 90), the resulting force
will be attractive (Figure 35).

Figure 35. Secondary acoustic radiation force between particles in close proximity being attractive or repulsive
depending on the angle between the particles and the axis of the incident wave inside a one-dimensional acoustic
standing wave close to a pressure node. The magnitude of the force is a function of particle size, distance, and the
velocity and pressure field. Reprinted from reference [160] with permission from The Royal Society of Chemistry.
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An attractive interparticle force is thought to be the foundation for acoustofluidic
trapping applications, where submicron particles can be acoustically focused
(trapped) to larger so-called seed particles. Due to their small size, the submicron
particles cannot be focused to acoustic pressure nodes by the ARF. This will be
further explained in the following section, Acoustic streaming. In addition to a brief
summary in the subsection An alternative acoustofluidic device, further reading on
acoustic trapping and its vast applications can be found in a comprehensive tutorial
by Evander and Nilsson [161].

The occurrence of SRF can also lead to deteriorating effects in an acoustofluidic
cell or particle separation application. If the cell or particle concentration is too high,
the cells or particles can be stuck together and will thus be impossible to separate
successfully. Such clumping of elastomeric particles was observed at the pressure
antinodes in paper 1. Additionally, a cell or particle concentration that is too high
can also impair the separation performance due to hydrodynamically coupled carry
over between separation fractions. Consequently, acoustofluidic manipulation of
e.g., whole blood components require careful consideration of the sample
concentration. In paper 2, the dependency on sample cell concentration in relation
to the separation performance is further explored.

Acoustic streaming

An acoustic standing wave field gives rise to a phenomenon of fluidic streaming in
the channel, called acoustic streaming. Due to shear stress at the viscous boundary
layer by the channel walls, counterclockwise streaming rolls i.e., streaming vortices,
appear in the cross-section of the acoustofluidic channel (Figure 36). The fluid
movement was observed already in 1884 by Lord Rayleigh and has thus been given
the name Rayleigh streaming [162]. Half a century later, in 1932, Hermann
Schlichting described how it was inner streaming vortices, within the viscous
boundary layer, that were the actual reason for the Rayleigh streaming rolls in the
bulk of the fluid [163].
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Figure 36. Acoustic streaming. Counterclockwise Rayleigh streaming (red streams) and Schlichting inner streaming
vortices (yellow streams) in the cross-section of the microchannel due to shear stresses at the viscous boundary layer.
Reprinted from reference [164] with permission from The Royal Society of Chemistry.

The phenomenon of acoustic streaming can be both detrimental and beneficial for
acoustofluidic separations. Suspended particles will experience Stokes drag forces
in the direction of the fluid vortices and acoustically focused particles might
therefore be relocated to the top or bottom of the channel where they can cause
aggregates [165]. Additionally, since the drag force scales with the radius of the
particle while the ARF is proportional to the particle volume, acoustic translocation
to pressure nodes is restricted to specific particle sizes. For half wavelength acoustic
systems resonant at 2 MHz, the required polystyrene particle radius is
approximately 1.5 um to overcome acoustic streaming and enable acoustic focusing
in water [164]. Thus, acoustic streaming can be overcome for blood cell
applications, whereas for example separation of different bacteria or extracellular
vesicles require efforts to suppress the streaming or use alternative trapping
approaches [165-167]. Such streaming suppressing strategies can be the use of two
dimensional (2D) acoustophoresis [166], or an acoustic impedance gradient
obtained through density modified buffers [167].

The acoustofluidic device

In the field of acoustofluidics, there are several types of devices. The focus of this
dissertation has been on bulk acoustic devices, using bulk acoustic waves (BAW).
The design process and additional applications are described below. Other
acoustofluidic devices are based on surface acoustic waves or on trapping
technology. A short description of the acoustic trapping method will follow.
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Bulk acoustic wave devices

In BAW devices of an acoustically hard material, the channel dimensions have been
designed to match an integer multiple of half the wavelength (A) at a selected
actuation frequency (f) (Eq. 11). For a one-dimensional wave this relation is
described by:

c

A= (11)

where c is the speed of sound in the wave propagation medium (i.e., 1488 m s!, the
speed of sound in water at room temperature for most acoustofluidic applications).
A resonant sound wave can thus be formed within the channel, most frequently in
one dimension (width or height of the channel), but also in two dimensions [142,
168, 169], depending on the channel geometry. The design process thereby locates
acoustic pressure node(s) and antinodes to defined positions in the cross-section
along the channel. If the channel dimensions are matched for 2D focusing,
suspended particles will be focused by the ARF to a single point in the cross-section,
whereas one dimensional focusing will result in a wall-to-wall line of particles
(Figure 37). Due to the non-uniform flow profile in the channel cross section (see
subsection Parabolic flow), suspended particles will have different velocities
depending on their distance from the wall. The one-dimension focused particles will
have different particle velocities and retention time within the acoustic field while
streaming through the channel, which can influence the final separation result. If
two (or more) different types of particles or cells are to be separated by the ARF,
their initial position when entering the separation channel will affect the retention
time in the channel and thereby the duration of the ARF influence. A 2D focusing
reduces such bias and improves the particle separation [ 142].

Figure 37. Standing wave formation within a bulk acoustic wave (BAW) device in one (left) and two dimensions (right).
One dimensional (1D) focusing has a wall-to-wall pressure minima across the height of the channel, whereas two
dimensional (2D) focusing generates a pressure node point in the cross-section of the channel. A 2D focusing reduces
inter particle velocity differences resulting from the flow velocity profile in the channel.
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Additional blood-based applications of BAW devices

In addition to separating CTCs from large numbers of WBCs [142, 150, 151, 170],
the BAW devices can be used for various applications of acoustophoretic cell and
particle manipulation. A short summary demonstrating the diversity of
acoustophoresis BAW technology for blood-based applications follows below.

Acoustophoresis has been used to separate mononuclear blood cells from diluted
whole blood by tuning the buffer conditions with density media and thereby alter
the cells relative acoustic mobility and enable separation [171]. Further, multiplexed
fractionation of WBC subpopulations has been demonstrated using an
acoustofluidic microchip with multiple outlets [172, 173]. Lymphocytes,
monocytes, and granulocytes were efficiently separated at high sample throughputs.
Furthermore, separation of lymphocyte subgroups from peripheral blood progenitor
cells have been done with magnetically labeled monoclonal antibodies, targeting
either CD4-positive or CDS8-positive lymphocytes [174, 175]. Binding of the
magnetic bead antibody complex altered the acoustofluidic mobility of the cells and
thereby enabled their isolation.

Acoustophoresis has also been used to develop alternative methods for sepsis
diagnosis [167, 176]. In one study, the submicron-sized bacteria were separated
from RBCs and WBCs by moving the blood cells from the sample flow into a sheath
flow in the acoustic field [176]. The bacteria could then be isolated as they were not
affected by the acoustic forces due to their limited size. Additionally, the acoustic
impedance of the sheath buffer was matched to the blood cells to avoid buffer
relocation and enable a high throughput. Similarly, another study used an acoustic
impedance gradient to suppress acoustic streaming and thereby enable separation of
bacteria from RBC-lysed blood [167].

Moreover, acoustophoresis have been used to concentrate dilute cell and particle
suspensions by different studies. A 2D-acoustic focusing with sequential
concentration regions were used to achieve up to 200-fold volumetric concentration
of particles or cells in small volume samples [168]. Another study showed over
1,000-fold enrichment of cells using a recirculating acoustophoresis design for
sequential processing of samples without reducing the cell viability [177].

An alternative acoustofluidic device

Acoustic trapping devices uses a small transducer attached to a glass capillary,
creating a narrow acoustic field in the channel. Due to the strong axial (in the
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capillary direction) acoustic gradient over the transducer, cells or particles flowing
through the capillary can be trapped in the local acoustic field against the flow
(Figure 38). If targeting cells or particles smaller than the critical radius
(approximately 1.5 um, see the previous section Acoustic streaming), larger seed
particles can be used [160]. The seed particles will be focused and retained at the
narrow field over the transducer due to the ARF and can thereafter trap the smaller
particles, likely through interparticle forces (SRF, see the earlier section Secondary
acoustic radiation force). Successful applications have been the enrichment of
bacteria from blood for rapid sepsis diagnosis [ 178] and the isolation of extracellular
vesicles from biological fluids [179].
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Figure 38. Acoustic trapping of particles (blue) at a narrow acoustic field in the glass capillary. Reprinted from reference
[160] with permission from The Royal Society of Chemistry.
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Fabrication process

To produce a strong resonant field within a BAW device, the propagating
soundwave needs to be well reflected at the channel wall. The reflection of the
soundwave will be larger with less energy loss if the difference in acoustic
impedance (Z, Eq. 12) between the two materials, i.e., the medium inside the
channel and the channel wall, is larger. A larger reflected amplitude coefficient (R,
Eq. 13) results in more of the acoustic energy being reflected back into the channel
and thereby generating a stronger resonant field. The acoustic impedance describes
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the resistance towards an acoustic flow and depends on the medium density (p) and
speed of sound within the medium (c).

Z = pc (12)
p
_Z1—Z,
T Z,4Z, (13)

The BAW devices are therefore often made of silicon or glass to reach a high
impedance mismatch between the device and medium and allow for a fabrication
process with high precision and reproducibility. Silicon devices have a larger
reflected amplitude coefficient (R) than glass when combined with commonly used
processing mediums (e.g., water, saline buffer, cell medium or complex bio-fluids).
Due to the crystalline structure of silicon, the devices have a rectangular cross-
section channel geometry with straight channel walls after an anisotropic etching
procedure. As glass is an amorphous solid without a periodic arrangement of its
molecules, an isotropic etching will be uniform in all directions and result in curved
walls. Despite the less efficient acoustic energy reflection and the disadvantageous
geometry of the glass chips, acoustophoretic applications have demonstrated largely
equal performance of the glass chip to its silicon counterpart [180]. Glass permits
for easy visual inspection of an experiment, but as silicon microchips are bonded
with a glass lid after the etching procedure, a top-view visualization is standard.

The acoustofluidic devices used in paper 1, 2 and 4 (Figure 39) were made in-house
by anisotropic wet etching in silicon. The microchip used in paper 3 was
manufactured by Micronit Microfluidics (Enschede, Netherlands), using deep
reactive ion etching, DRIE. The anisotropic wet etching procedure is summarized
and illustrated (Figure 40) below.
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Figure 39. The acoustofluidic silicon microchip used in paper 2 and 4. Two piezoceramic transducers are attached to
generate the acoustic standing wave fields. The flow is from left to right with fluid inlet- and outlet holes etched from the
backside of the chip.

Wafer oxidation

First, the silicon substrate (a thin circular disk known as a “wafer”) (1) is placed in
an oven and oxidized at 1000°C with a continuous supply of oxygen. The oxidation
creates a silicon dioxide (SiO») layer on the surface (2), which functions as a
protective barrier for the parts of the silicon to be left intact during the etching phase.
The final pattern in the silicon wafer is based on the selected mask design.

Mask design

A photolithographic mask is made, which defines the areas of the silicon wafer that
need to be etched to produce the desired channel design and dimensions (3). The
mask is first drawn in a computer software, before transferred to a mask substrate,
e.g., a glass slide with precise gaps in a chromium layer defined by the drawing. The
mask is then used to protect the areas which should be left intact upon UV-exposure
during the next step, photolithography.

Photolithography

The oxidized wafer is spin coated with a layer of photoresist (4) before it gets
exposed to UV-light through the chosen mask (5). The unprotected parts of the
photoresist become soluble and can be removed with a solvent during a development
step (6). The pattern of the mask is now transferred to the resist layer which exposes
parts of the SiO,-layer for silicon dioxide etching.

Silicon dioxide etching and removal of photoresist

The remaining pattern of photoresist preserves selected parts of the silicon dioxide
during the silicon dioxide etching. The wafer gets immersed in hydrofluoric acid
(HF) to remove the SiO-layer and expose the underlaying silicon substrate (7).
When the oxide etch is done and the mask pattern has been transferred to the SiO,,
the remaining photoresist is removed with a solvent (8).
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Silicon etching and removal of silicon dioxide

Once the silicon substrate is exposed according to the mask design, silicon etching
can be done (9). Here, the wafer is immersed in potassium hydroxide (KOH) at 80°C
to increase the etching rate. Once the etching has reached the desired channel
dimensions and depth, the reaction is terminated, and the residual SiO,-layer is
removed with HF (10).

Dicing and bonding

Generally, several microfluidic chips can be fabricated from one single silicon
wafer, depending on the specific chip design. Thus, the wafer is diced into individual
channels before finally bonding the microchannels with borosilicate glass lids by
heating the chip and the glass at 500°C with a hotplate and applying 1000 V between
them (11).

Backside

There are two approaches to create the inlets and outlets for the different fluids. In
the more refined method, the holes are etched from the backside of the chip through
a second round of wet etching procedure. A much faster approach to create the fluid
entries and exits is by straightforward drilling in the silicon. Though, drilling can be
problematic as the almost ready-to-use microchip may possibly break during this
procedure.

Transducer

Finally, a piezoceramic transducer is glued to the microchip to create acoustic waves
within the channel (11). A piezoceramic transducer is a crystalline material, such as
quartz or lead zirconate titanate (PZT), which obtains an electric field potential
when compressed by a mechanical stress. The deformation is reversible, so an
applied AC-voltage forces the transducer to vibrate, which will induce acoustic
pressure waves inside the bulk of the chip. A precise cutting of the transducer is
fundamental as the thickness specifies its resonance frequency.
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Figure 40. Schematic illustration of the fabrication process of an acoustofluidic microchip by anisotropic wet etching in
silicon. Each step is summarized in the main text.

Multiple wavelength designs

By increasing the actuation frequency to match an integer, greater than one, multiple
of half the wavelength to the channel width, the number of nodes and antinodes in
the channel increases. This reduces the distance between two adjacent nodes if the
channel width is constant. Alternatively, a multinode configuration can be obtained
by increasing the width of the separation channel while maintaining the original
frequency and thereby the distance between two immediate nodes.

Multinode acoustophoresis can be used for several different applications and
functions. The introduction of a multinode pre-alignment step dramatically
increased the separation performance of WBCs and cancer cells in a single node
acoustophoretic separation [142]. Such multinode alignment locates the cells to the
same position and flow vector in the channel cross-section prior entering the main
separation channel, and thereby minimizing the dispersion induced by the parabolic
flow profile [142, 172]. Through a multinode pre-alignment, all cells are separated
with the same retention time in the acoustic field.

The multinode configuration can also be used to position cells or particles at a
distance from the channel walls to avoid potential aggregation at Gor’kov potential
minima [181, 182], which can distort laminar streamlines and reduce separation
performance. To avoid this condition, Grenvall ef al. employed higher harmonics to
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separate negative acoustic contrast lipids from raw milk (Figure 41) [183, 184]. By
introducing the sample in a sheath flow through the center inlet (Fig. 41, A) and
actuating the chip in a 2A/2 mode, the cells were focused to the pressure nodes at
each side of the channel center and the lipid emulsion was focused at the pressure
antinode in the channel center (Fig. 41, B). Alternatively, operating a chip at 3A/2,
the cells were focused to the central pressure node and lipids were driven to the first
antinode at each side of the center line (Fig. 41, C). In both cases the lipid emulsion
never gets the possibility to aggregate at the sidewalls and thus continuous
separation could be maintained over time.

Figure 41. A multinode configuration moved lipids of negative acoustic contrast away from channel walls to avoid
aggregation and flow disturbances. A) The sample entered the acoustofluidic device through the center inlet and a
sheath buffer was introduced from the side inlet for both multinode configurations (B and C). B) At 2A/2 the lipids were
focused at the center antinode, while the cells were moved to the pressure nodes. C) For 3A\/2 the cells focused at the
center node, while the negative acoustic contrast lipids were driven to the antinodes at each side. Both devices (B and
C) used a 2 MHz transducer and had a channel width of 750 um and 1125 pm, respectively. Adapted from reference
[184]. Copyright © 2009, American Chemical Society.

In this dissertation, the 3A/2 multinode approach was employed in paper 2 to prevent
negative acoustic contrast particles from accumulating at the channel walls, and
thereby maintain a uniform flow profile without perturbations. A prerequisite to use
multinode acoustophoresis for sorting cells and particles of positive or negative
acoustic contrast is having the sample entrance through the center inlet, instead of
from the side inlet. As the nodes and antinodes functions as attraction points or
impassable walls, depending on the acoustic contrast factor of the cells or particles,
there can be no crossover to adjacent attracting nodes or antinodes, and the sample
entrance must therefore be through the center inlet of the chip.

68



Alternative microfluidic technologies
for CTC 1solation

Over the last two decades, several microfluidic CTC isolation technologies have
been developed with diverse strategies for cell separation and isolation. In the
following sections, an overview will be given for alternative microfluidic
technologies targeting CTCs, classified as either passive or active separations.
However, CTC targeting platforms frequently have a combined approach with two
or more separation strategies, often including the use of monoclonal antibodies.

Active methods

Magnetophoresis uses high specificity monoclonal antibodies coupled to magnetic
nanobeads to separate cell populations by positive or negative selection approaches
(Figure 42, A) [185]. As cells have low magnetic permeability (with the exception
of RBCs [186]), an applied magnetic field will act exclusively on cells that are
tagged with magnetic particles and with no interference from unlabeled cells or the
buffer medium [187]. The velocity of the cell-magnetic label complex and hence
their separation efficiency is determined by the interplay of magnetic body forces
and viscous forces in the solution. The magnetic particles can also be fluorescently
labeled to analyze separated cell fractions with FLOW cytometry.

Due to the vast repertoire of monoclonal antibodies and the availability of affordable
permanent magnets capable of generating high magnetic field gradients,
magnetophoresis has become a fast-growing field of cell separations including
isolation of CTCs [185, 188]. In contrast to macroscale MACS with bulk sample
processing, magnetophoresis allows for a continuous flow separation of cells and
can be combined with alternative microfluidic cell separation approaches (Figure
47).
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Figure 42. Active microfluidic technologies for CTC isolation that use a magnetic force field. A) Lateral magnetophoresis
uses monoclonal antibodies coupled to magnetic beads for the positive selection of CTCs (top image) or depletion of
WBCs (bottom image). B) Ephesia cell capture device with capturing zones (top image) where the sample is flown
through a dense array of self-arranged magnetic columns labeled with antibodies (bottom image). Reprinted from (A)
reference [185] and (B) reference [189] with permission from Royal Society of Chemistry.

An alternate microfluidic CTC isolation method based on an applied magnetic field
is the Ephesia cell capture technology (Figure 42, B) [189]. The method uses anti-
EpCAM coated magnetic beads that self-assemble into magnetic columns in the
CTC capture zones under the influence of the magnetic field. The columns are
precisely positioned in a periodic dense array perpendicular to the flow by magnetic
“anchors” in the bottom of the PDMS device. The captured cells can be easily
released for further analysis by simply switching off the magnetic field and rinsing
the device. Validation studies using various epithelial cell lines showed a high
sensitivity and specificity of the method, where the capture efficiency was correlated
to the EpCAM expression of the cells [189]. Additionally, a comparison to the
CELLSEARCH system using clinical samples showed that similar or higher
numbers of CTCs were obtained with the Ephesia technology for the majority of the
processed samples.

A drawback of the methods is the dependance of the expression of a predetermined
surface epitope on the target cells, as discussed earlier in the section Macroscale
techniques and current “gold-standard” for CTC isolation. The disadvantage is true
for all antibody-based enrichment methods with a positive selection approach,
macroscale techniques as well as microfluidic methods. Additionally, studies have
shown that the capture ability is dependent on the expression level of the selected
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surface epitope [118, 123-126, 189]. Due to the constant selection pressure for
advantageous genotypes and phenotypes, an epitope-agnostic enrichment approach
is preferable for targeting the heterogenous CTC population. However, an antibody-
based negative selection approach enriches the target cells in an unbiased matter.
Although, in order to minimize expensive reagent consumption, a pre-separation
step to reduce the number of contaminating cells is desired.

Dielectrophoresis (DEP) achieves a separation of cells using an applied electric
field gradient (Figure 43), analogous to magnetophoresis. The method separates
cells based on differences in dielectric properties, which are dependent on the
morphology and electric conductivity of the cell [190]. Cells typically have a
negatively charged surface and can therefore be moved in an electric field due to
Coulomb force (Fpep), which is dependent on the total charge and the surface charge
density of the cell. DEP is thereby a label-free and noncontact way to manipulate
cells. Due to the microscale dimensions of a DEP device, a high electric field
strength is generated, which allows for a relatively low-voltage separation of cells.

A disadvantage of the method is the need to use specific buffer mediums with low
conductivity to avoid detrimental heating effects. DEP-based methods have been
used for the isolation of CTCs and other rare cells in blood [191] and to trap pre-
enriched cells for downstream single-cell analysis [192-194]. Two of these
technologies targeting CTCs are ApoStream (ApoCell) and DEPArray (Menarini
Silicon Biosystems).
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Figure 43. Dielectrophoresis (DEP) technology. A) CTCs are captured in a well array by an electric field gradient as the
suspended cells experience different Coulomb forces depending on their dielectric properties. B) A sample is loaded
and trapped by positive DEP, followed by an exchange of reagents for cell analysis. Reprinted from reference [192].
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ApoStream operates in a continuous flow-based mode and captures CTCs as they
pass the electric field and get pulled down, whereas the WBCs flow by [190].
Although, the microfluidic device requires a pre-separation step to remove both the
RBCs and the large population of granulocytes prior DEP separation of the
mononuclear blood cell fraction and the CTCs [195, 196].

DEPArray is a microfluidic CTC sorter, using a low volume of pre-enriched input
sample (12 pL) to isolate individual CTCs in a so-called DEP cage [194]. The chip
integrates an array of microelectrodes to create up to 30.000 cages for CTC capture.
The DEPArray technology can be used downstream of basically any pre-separation
and enrichment method as a way to retrieve single cells (live and fixed) for further
analysis [197, 198].

Passive methods

Inertial focusing uses passively generated forces to separate cells within
microfluidic devices. An overview of the fundamental physics governing inertial
focusing and cell separations is given in the subsection Inertial effects in
microfluidics, above. As described, inertial focusing moves cells based on the cell
size, properties of the flow, and the microchannel design. Even though less
exploited, cell separations are also possible based upon other cell properties, such
as shape and deformability, and utilize how the cells are positioned at equilibrium
in relation to those parameters.

In inertial focusing the inertial forces move the cells to equilibrium positions within
the microfluidic channel. For a straight channel, the equilibrium positions are
determined balancing the shear gradient and the wall lift forces, and for various cell
sizes these are in close proximity due to the fast-declining wall lift force and thus
pure cell separations are hard to obtain. To achieve more efficient cell separations,
curved or spiral channel designs have shown to be advantageous. As earlier
described, in curved channels an additional force, the Dean flow drag force, is
balancing the wall lift and shear gradient lift forces and it creates an increased
separation distance between the different sized cells. The curved channels also have
an improved throughput due to a larger channel cross-section.

One such inertial focusing method is Dean flow fractionation (DFF), also called
spiral microfluidics, which uses two inlet streams (one for sheath buffer and one for
the sample) and a curved channel designed to complete one Dean flow cycle of the
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sample before collecting the separated fractions (Figure 44). Larger cells will focus
to an equilibrium position due to the lift forces and the Dean drag force, whereas
the smaller cells will be moved by the Dean flow in a full cycle back to the initial
position. DFF has been validated to separate WBCs and cancer cells differing
approximately 5 um in diameter and can separate cells with a relatively high

throughput with an ability to perform multiplexed separation by stacking individual
microchips together [199, 200].
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Figure 44. Inertial focusing separation of CTCs and WBCs by Dean flow fractionation (DFF), also called spiral
microfluidics. Top image illustrates the spiral channel with a rectangular cross-section, in which the blood sample enters
the inlet by the outer wall. At the outlet, the blood cells (RBCs and WBCs) have completed one full Dean flow cycle and
are therefore back by the outer wall, whereas the larger CTCs are focused near the inner wall due to the balancing lift
forces and the transversal Dean flow drag force. Bottom image shows a schematic overview of the two inlets for blood

and sheath buffer respectively, and the two outlets for the separated cell fractions. Adapted from reference [199] with
permission from Springer Nature.

Another type of inertial focusing is vortex trapping [201-203]. The technology is
based on microfluidic channels with serial expansions along the channel. At high
flow velocities, microfluidic vortices will develop in the expansions due to the
sudden disappearance of the wall lift force while the shear gradient is still retained
(Figure 45). As the shear gradient lift force is cell size dependent (diameter?), the
larger CTCs will migrate laterally across streamlines into the reservoir and get
trapped, whereas smaller blood cells will continue in the central flow. The captured
CTCs can be released from the vortices by simply reducing the flow velocity.
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Although, the inertial cell separation methods have demonstrated an efficient
sample throughput and an effective separation of tumor cells and smaller-sized
blood cells, they have an inherent difficulty to detect smaller or same-sized CTCs.
Studies have shown a large variability in CTC size, both between patients and within
a single patient sample [204, 205]. This signifies that separation approaches entirely
based on cell size might miss a considerable number of CTCs.

Figure 45. Vortex trapping technology. A) Schematic image of microfluidic vortices developing at expansions along the
microchip trapping the larger CTCs. B) and C) Photo of the Vortex HT microchip with a parallelized array of microfluidic
channels with serial expansions. Reprinted from reference [201] with permission from SAGE publications.

Deterministic lateral displacement (DLD) is a size and deformability-based
separation method, similar to the macroscale filtration methods (as described in the
section Macroscale techniques and current “gold-standard” for CTC isolation).
While macroscale filtration methods are straightforward and easy to use, they are
prone to clogging due to the high cell density in blood. Here, DLD uses an array of
pillars to separate cells in a laminar fluid flow [206]. If a cell encounters an obstacle
along its center-of-mass streamline, the cell will be shifted onto a new streamline
when it moves around the obstacle and the magnitude of such movement is size
dependent (Figure 46). By designing the DLD array to ensure a continuous size-
based diagonal movement of larger cells (Fig. 46, B), as smaller cells will follow
the fluid streamline downwards (Fig. 46, A), an efficient separation can be achieved.
DLD can also separate cells based on deformability due to shear stress at the fluid
flow closest to a pillar (the boundary) [207]. Such shear stress can compress and
deform nearby cells, which give them smaller effective size and center-of-mass
streamline and hence separation can be accomplished based on the cell stiffness.
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The mechanical deformability is particularly relevant for blood cells as it determines
their migratory capacity within the blood vessels.
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Figure 46. DLD array for size-based separations. A) lllustration of vertical pathways for three fluid streamlines (red,
yellow, and blue) passing through a DLD array. Smaller particles will follow its current streamline. B) Larger particles
will be moved to new streamlines at which its center of mass is located. Reprinted from reference [206] with permission
from American Association for the Advancement of Science.

Thus, DLD is an efficient method for size-based cell separations and has been used
as a pre-separation step to remove RBCs and debris from a whole blood sample,
prior further cell separation strategies, including inertial focusing followed by
magnetophoresis (Figure 47) [129, 132].
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Figure 47. Combinational approach of three microfluidic methods for the separation of CTCs from whole blood. First, a
DLD array ensures a diagonal movement of larger cells, while smaller-sized RBCs and platelets are removed. The
separated WBCs and CTCs are then aligned through inertial focusing, prior a magnetic separation of CTCs from WBCs
through positive selection magnetophoresis. Reprinted from reference [129] with permission from American Association
for the Advancement of Science.
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Mechanical microstructures, such as micropost geometries and surface ridges (e.g.,
herringbone structure), labeled with monoclonal antibodies have been used to
disrupt the streamlines in laminar flow to enable fluid mixing and facilitate
interactions between target CTCs and the antibody-coated surfaces (Figure 48) [130,
131]. Under laminar flow conditions the spontaneous variation in velocity is absent
and the molecule diffusion is minimal, which prevents mixing and critical cell-
surface contacts to capture the target cells. Mechanical distortions within the
channel induces secondary flow fields (i.e., fluidic microvortices), which moves
cells into different transversal positions and enhances fluid mixing [208].

The herringbone wall design (Fig. 48, A and B) is considered superior to micropost
structures (Fig. 48, C) to target CTCs due to an increased number of interactions
between the cells and coated surfaces, leading to an increased CTC capture
efficiency [131]. The herringbone wall design also allows for a higher blood volume
throughput. Using micropost geometries, the flow velocity is an essential parameter
for the capture efficiency as it influences the duration of the cell-surface interaction.
In comparison, the herringbone chip showed a two-fold increase in blood volume
throughput. However, the methods are surface epitope dependent by using
monoclonal antibodies for a positive selection of the target cells, which limits the
capacity to detect a phenotypic diverse population of CTCs.

Figure 48. Mechanical microstructures to disrupt laminar flow streamlines and enhance cell-surface interactions. A)
lllustration of the cell-surface interactions in a herringbone microfluidic chip (top) compared to a traditional microfluidic
chip with straight walls and laminar flow condition (bottom). B) Flow visualization using two streams (green and clear)
of same viscosity showing the fluid mixing in the chip with herringbone structures (top) and the laminar flow in traditional
microfluidic devices (bottom). C) Scanning electron microscopy image of a microfluidic chip with antibody-coated
micropost structures etched in silicon and a captured lung cancer cell. Color added for visualization. Reprinted from
references [131] (A and B) and [130] (C) with permission from National Academy of Sciences and Springer Nature.
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Outlining CTC biomarkers

Personalized cancer care is in urgent need of novel biomarkers to aid clinicians in
the decision process throughout the various clinical states of the disease. In addition
to its current use as a prognostic marker for overall survival, CTCs hold promise to
be used as a predictive biomarker and as an indicator of post-treatment response. In
other words, CTCs could help with a dynamic assessment of the real-time response
to a selected treatment and further, as a surrogate endpoint measure to substitute
lengthy clinical endpoints, such as OS. Most promising might be the use of CTCs
as pre-treatment predictive biomarkers to guide physicians in the selection of
targeted therapies based on the current profile of the cancer. Therefore, CTCs as a
biomarker, must be validated in the context of its intended clinical use.

In tissue biopsies, the tumor heterogeneity can cause a sampling bias and important
subset of cells can be missed, cells that might resist treatment and evolve into a
dominant type of malignant cells at a later state of the disease [209, 210]. CTCs
have shown to be a representative tumor source for various subclones present in a
cancer patient [53, 54] and as a liquid biopsy is quick and minimally invasive, it can
be repeated throughout the patient care. Further, as cancer cells inherently have an
instable genome, new mutations toward advantageous genotypes and phenotypes
will likely be acquired during the natural history of the disease and from the
selective pressure of chosen treatment strategies. Consequently, the need to profile
the malignant cells during the progression of the disease will likely be as important
as profiling of diagnostic biopsies.

The multifaceted complexity of CTCs makes their isolation and profiling a
challenging task for the existing and emerging technologies. The technologies have
diverse approaches and as a result different subgroups of cells are targeted for
enrichment and analysis. The subsequent molecular characterization of the tumor
cells can focus on DNA, RNA, or proteins, as well as cell size, nuclear-cytoplasmic
ratio efc. Therefore, different technological approaches to CTC isolation and
profiling have different advantages and disadvantages (as for example time, cost,
complexness, and accuracy of the assays). However, to qualify as a translational
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technology, the biomarker assay needs to prove not only that the measurement is
robust, but also that it has clinical validity in a given context of use (COU).

Analytical and clinical validation

The FDA is the regulatory body that oversees the qualifications and approvals of
drug development tools and devices to measure specific biomarkers. To acquire an
FDA approval, the technology needs to demonstrate both the consistent and accurate
measure of the biomarker, and its clinical validity in thorough analytical and clinical
validation processes (Figure 49). During the analytical validation, the technical
quality is assessed, in which the assay needs to show reproducibility (intra-assay
and inter-assay) of the biomarker measurements and demonstrate its precision for
such measurements. The precision can be addressed by using internal controls,
reference standards, or positive and negative controls, depending on the biomarker
assay. Additionally, the diverse preanalytical conditions needs to be addressed,
including standardization of sample acquisition, processing, and storage conditions.
Various analytical concepts are used to describe the performance of the technology,
as discussed in the section Performance terminology.

Analytical Validation Clinical Validation Clinical Utility
Technical quality and Association of the biomarker Use of the biomarker
performance characteristics > measurement with a clinical > measurement results in an
of biomarker measurement in condition improved clinical outcome

a laboratory setting for the patient

Figure 49. Development steps of a biomarker assay, from the laboratory to clinical practice.

After rigorous analytical validation, a clinical validation is performed to evaluate if
the measured biomarker can be linked to specific points in the disease progression
and to clinical endpoints in a given COU, a requirement for an FDA clearance or
approval of the biomarker. Although, to prove a clinical utility, the biomarker assay
needs to provide clinicians with additional information to help in a medical decision
making and demonstrate that such decision results in an improvement of the clinical
outcome for patients [211, 212]. The clinical utility is usually demonstrated after a
longer period of clinical use of the biomarker assay.
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Concluding remarks

The presented thesis broadens the applications of acoustophoresis technology in the
field of CTC separation and isolation, including both fixed and live cell samples.
The approach using an acoustic standing wavefield for the enrichment of CTCs may
result in an efficient methodology to access clinically relevant information from a
non-invasive sample source to guide the management of metastatic cancer patients.

The work also made discoveries in fluid mechanics relevant to acoustophoresis and
possibly other microfluidic cell and particle separation technologies operating at
high flow velocities for a fast sample processing.
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Summary of included papers

In the following chapter, a brief presentation of the included papers will be given.
The four papers are described in a chronological order, whereof the first three
studies are published or submitted for publication and the last one is a draft
manuscript for an ongoing validation study.

Figure 50. lllustration of the working principle of negative selection acoustophoresis used in paper 1 and 2. Close-up
of the separation of tumor cells (orange) and WBCs (white) bound to elastomeric negative contrast particles (blue) at
the outlet junction.
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Paper 1 - Reducing WBC background in cancer cell
separation products by negative acoustic contrast
particle immuno-acoustophoresis

There is a strong interest in developing efficient cell separation technologies with
an epitope-agnostic approach for the isolation of heterogenous circulating tumor
cells (CTCs), aimed to validate novel biomarkers for effective treatment
management of cancer patients. Tumor cells display acoustic properties that enables
an acoustophoretic separation from white blood cells (WBCs). However, a subset
of WBCs has overlapping acoustic properties with tumor cells, especially when
doing live cell separation, which was the motivation behind this study.

Paper 1 presents a proof-of-principle study for negative selection acoustophoresis
using negative acoustic contrast elastomeric particles to deplete WBCs, while
enriching for live prostate and breast cancer cells from in vitro cultures (Figure 50
and 51). The elastomeric particles were functionalized with anti-CD45 antibodies
that bind specific to WBCs (Fig. 51, left), and which enabled the acoustic
transportation of WBCs to pressure antinodes along the channel walls, while tumor
cells focused to the pressure node in the center of the channel (Fig. 51, right). A
frequency modulation was used to prevent aggregation of negative complexes at the
pressure antinodes along the side walls and thus avoid flow disturbances.

The results showed a WBC depletion efficacy of >98% and cancer cell recoveries
of >85%. We envisioned that the technology should be used as an elegant part in
combination with an initial step of label-free acoustophoresis to further reduce the
WBC background in CTC separation products.

Figure 51. Immunofunctionalized negative acoustic contrast particles (blue) binding to WBCs (white) enabled negative
selection acoustophoresis with an enrichment of tumor cells (orange) from prostate and breast cancer cell lines in a
proof-of-concept study.
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Paper 2 - Two-step acoustophoresis separation of live
tumor cells from whole blood

In the second paper, the proof-of-concept study was extended to carry out
processing of red blood cell (RBC) lysed whole blood samples for the isolation of
viable cancer cells. A two-step acoustophoresis method was presented with an
acoustofluidic pre-separation step, followed by negative selection acoustophoresis
(Figure 52). The initial step enriched the cancer cells in a central outlet, although a
significant number of WBCs remained. The secondary purging step removed the
contaminating WBCs by using anti-CD45-functionalized negative acoustic contrast
particles, analogously to paper 1. A combination of frequency modulation and an
acoustic multinode resonance configuration were employed to avoid negative
acoustic contrast complexes from accumulating at the channel walls, and thereby
promote a uniform flow profile without disturbances.

A WBC depletion efficacy of >99.5% was achieved with the sequential processing
and up to 42% of the viable cancer cells were recovered. The dependency on the
sample cell concentration in relation to the separation performance was explored
and showed that a dilution of the RBC lysed whole blood was necessary to avoid
hydrodynamic interactions between cells. Finally, we demonstrated the
biocompatibility of the method through viability and proliferation studies of the
recovered cancer cells. The novel method provided an extensive removal of WBCs
combined with a gentle recovery of viable cancer cells, suitable for downstream
functional analyses and in vitro culture.

EPs.. ° o0 09 |
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cancer cells
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Figure 52. lllustration of two-step acoustophoresis. Step I: A pre-separation step enriched the cancer cells by single
node acoustophoretic separation from WBCs. Step Il: Contaminating WBCs were removed by negative acoustic
contrast particles (EPs) in a secondary multinode acoustophoretic step.
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Paper 3 - Inertia induced breakdown of acoustic sorting
efficiency at high flow rates

The sample throughput is an important parameter for microfluidic processing of
clinical samples, especially for rare cell applications where a larger volume might
be required for the detection of target cells. In paper 3, the effect of inertial forces
on acoustofluidic particle sorting at high sample throughputs was investigated
experimentally and theoretically.

We observed an inertia induced phenomenon that may compromise separation
performance at higher flow velocities. The effect illustrates the complex interplay
of viscous and inertial forces. At increased flow rates a lateral relocation of the
particle trajectories was seen and above specific flow settings the particles spilled
over into the adjacent outlet, independent of acoustic actuation (Figure 53, bottom).
The impact of the spillover effect on the separation of two different-sized particles
was subsequently studied. At specific flow settings the inertia induced effect caused
all particles, independent of size, to exit via the center outlet, leading to a breakdown
of the separation. The effect was discovered to be due to a distorted fluid boundary
between the sample and sheath flow at the inlet of the separation channel (Fig. 53,
top), as well as at the outlet flow splitter (middle), at elevated flow rates. Theoretical
calculations of critical flow settings for the particle separations were found to agree
with the experimental outcome, providing means of future in-silico chip design
optimization.

separation of flow from the inlet
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side in center in side in
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Figure 53. Inertia induced phenomenon caused spilling of particles (bottom) into the center outlet at increased flow
velocities due to the formation of curved fluid boundaries. The inlet curvature (top) shifted the particle trajectories toward
the channel center and the deformation of the outlet fluid boundary (middle) moved the outlet stagnation streamline
closer to the channel wall.
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Paper 4 - Outline for the benchmarking of CTC-
acoustophoresis to the current state-of-the-art technology

Paper 4 presents the framework for a comparative analytical validation of CTC-
acoustophoresis technology to the US Food and Drug Administration (FDA) cleared
CELLSEARCH CTC enumeration system.

Blood samples from metastatic prostate cancer patients were obtained and processed
with either acoustophoresis (Figure 54) or the CELLSEARCH system. The
separated fractions were immunofluorescently labeled and analyzed by image flow
cytometry. The preliminary results showed an increased detection of plausible CTCs
of an epithelial phenotype using CTC-acoustophoresis compared to the reference
modality. Heterogenous CTC clusters were also detected after CTC-
acoustophoresis, which were not reported by the CELLSEARCH system. The initial
results of the benchmarking study indicate an improved recovery of patient-derived
CTCs. Further, the epitope-agnostic approach of acoustophoresis enables the
isolation of heterogenous CTCs, including cells undergoing a genotypic and
phenotypic transition. Ongoing studies will conclude the performance
characteristics of the novel CTC assay in the laboratory setting.
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Figure 54. lllustration of the CTC-acoustophoresis chip. Overview (left) of the fundamental parts of the separation
device, including the sample inlet, 2D-alignment channel, sheath buffer inlet followed by the acoustic separation channel
and finally the outlet junction for the separated cell fractions. A close-up (right) of the outlet junction where CTCs (orange
particles) exit through the central outlet and the WBCs (white particles) pass by on the sides.
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Popular Science Summary

What if a doctor could know how a patient with metastatic cancer would respond to
the various treatments available? What if there was a way to access the patient’s
malignant cells without the need for an invasive and painful tissue biopsy? A
strategy that would allow access to clinically relevant information but is not causing
any increased risk for the patient, and is a feasible, low-cost option available to
standard of care. Such measures would act as informative biomarkers, aiding
physicians in the patient stratification through the various states of disease
progression.

One promising biomarker to address such unmet clinical needs is circulating tumor
cells (CTCs). CTCs are malignant cells that have shed from the primary tumor or
any metastatic site into the blood stream, where they can be found at an extremely
low concentration, approximately 1 to 10 CTCs per milliliter of whole blood. A
milliliter of blood contains billions of blood cells and cell fragments of various types
(red blood cells (RBCs), different white blood cells (WBCs) and platelets),
therefore, it is a tremendous technical challenge to identify and single-out the rare
tumor cells. Many isolation methods have been developed over the last decade, all
aiming for an efficient assay with high sensitivity and specificity for the target tumor
cells. Their approaches vary and are based on both macroscale methods, like cell
density-based centrifugation and cell size-based filters, and different types of
microscale technologies (i.e., microfluidics) using external forces or passive
methods.

In this thesis, a microfluidic technology called acoustophoresis have been explored
and optimized for the isolation of CTCs. Acoustophoresis uses ultrasound to
manipulate cells and particles in microfluidic channels, i.e., cylindrical, or square
channels with micrometer-scaled cross-sections and of centimeter-sized lengths.
The applied ultrasound give rise to acoustic forces acting transversely in the channel
on suspended cells and particles flowing through. The acoustic force is dependent
on the objects size, density, and compressibility, as well as the properties of the
suspension fluid. Thereby, the cells and particles can be separated based on their
individual acoustic properties.
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In paper 1 and 2, live cancer cells from a model system with a prostate cancer cell
line added into diluted WBCs were isolated with acoustophoresis. To enhance the
separation of cancer cells and blood cells, micrometer-sized elastomeric particles
were used to remove the contaminating WBCs. The rubber-like particles behave in
the opposite way to cells when impacted by an acoustic wave field. Instead of
moving to a pressure-minima, they move to a pressure maximum, here, that is to the
sidewalls of the channel. By modifying the particles surface and attaching
antibodies that binds specific to WBCs, the particles can act like transporters with
the blood cells as cargo. In paper 1, the method was demonstrated in a proof-of-
principle study. Paper 2 extended the concept to carry our processing of whole
blood. It was done by two-step acoustophoresis, with negative selection
acoustophoresis with the modified elastomeric particles as a second step. Future
studies contain the processing of patient samples with the objective to isolate and
grow patient-derived prostate cancer cells.

Paper 3 studied the cell separation performance of acoustophoresis at increased
sample throughputs. The throughput is an important consideration with rare cell
separations for clinical use, as a sufficiently large volume of blood needs to be
processed to find the target cells, and also be completed within a reasonable time
frame. A phenomenon was discovered at the higher sample throughputs
investigated, in which separations failed due to a fluid inertia effect. The gained
knowledge can assist in the development of novel acoustofluidic chip designs for
high throughput assays.

In paper 4, acoustophoresis was compared to the current state-of-the-art technology
for CTC isolation. Two blood samples were drawn from each prostate cancer patient
included in the study. The samples were chemically preserved and processed with
the two CTC isolation platforms. Image analysis showed that acoustophoresis was
able to detect more CTCs with the commonly described CTC characteristics
compared to the standard modality. Further, several cells with an alternative CTC
feature were also discovered, which would be missed with the current standard due
to its isolation approach. Future studies will continue the comparison of CTC-
acoustophoresis to the clinical standard technology, including prospective
validation of the technology.

The presented work extends the applications of cutting edge acoustophoresis
technology in the field of rare cell isolation. The novel approach for CTC isolation
may result in a non-invasive methodology to access clinically relevant information
to guide management of metastatic cancer patients.
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