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Introduction

n early encounter with rare cells was done by pathologist Thomas Ashworth, in 1869,

when he noticed some unusual cells in the blood of a deceased cancer patient. The
cells he had found did not look like normal blood cells but where instead similar to the
cells found in the numerous cancer tumors in the patient’s body. Ashworth speculated that
these cells were derived from the tumors and would explain the amount of tumors found
in the patient!. Since then cancer cells found in blood, known as circulating tumor cells,
have been proven to be derived from the cancer tumors but science has not yet come to an
agreement of whether all of these cells or just a few of them have the potential to form new
secondary tumors. Nevertheless, they are recognized for their diagnostic and prognostic
value, as are many other rare cell populations.

The advent of the Lab-on-a-Chip and Micro Total Analysis System (uTAS) concept
in the early 1990s, where the aim is to shrink an entire laboratory with all its functions
onto a microchip (Figure 1.1), eventually presented new tools for the rare cell research area.
This thesis” contribution to this research area is a few operation units that can be further
integrated together with other sample preparation or analysis units to be parts of a true

pTAS.
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Figure 1.1: Example of a lab on a chip device used for in situ click chemistry reactions.
Reprinted from Nano Today, 4(6) Lin, W.-Y., Wang, Y., Wang, S., and Tseng, H.-R. Inte-
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Rare cells - definition and
Importance

R:tare cells are cells that are low in abundance compared to another much larger popula-
ion of background cells. Throughout this thesis a rare cell will also be defined as a cell
with an abundance of less than 1000 cells/mL.

2.1 Types of rare cells

Rare cell populations are sought after for different reasons such as disease monitoring, di-
agnosis, or the development of personalized medicine, where the study of rare cells could
provide opportunities to more specifically target treatments. Many interesting rare cells
are derived from blood. These cells include circulating tumor cells, fetal cells in maternal
blood, endothelial progenitor cells or circulating endothelial cells, stem cells, bacteria, or
cells infected by parasites, bacteria or viruses. Each cell type has its own characteristics and
separation challenges.
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Circulating tumor cells

Circulating tumor cells (CTCs) are cancer cells shed from cancer tumors into the blood
stream. Travelling with the blood stream, they can reach other tissues and potentially form
secondary tumors, metastases. The cancer cells are mostly found in quantities of only
1-10 CTCs/mL in a background of about some billion erythrocytes, some 100 million
thrombocytes, and some million leukocytes (Figure 2.1). These cancer cells are of interest
to clinicians for their value as prognostic and diagnostic markers. If studied over a period
of time they can also give insights into the evolution of the cancer tumor during the disease
progression and indicate the response to treatment. They may also provide information
that can lead to better drugs for a more targeted and personalized treatment®*. CTCs
have been detected in the blood from patients harbouring all major cancer types that have
reached advanced metastatic stages but are very rarely detected in healthy subjects® . The
quantities of CTCs found in the blood have been shown to be an independent predictor of
disease progression in many types of cancers?.

Figure 2.1: H1975 cells identified among WBCs by being positive for CK18 and nega-
tive for CD45. Cell nuclei are visualized by counterstaining with DAPI. Reprinted from:
Ran, R, Li, L., Wang, M., Wang, S., Zheng, Z., & Lin, P. P. (2013). Determination of
EGFR mutations in single cells microdissected from enriched lung tumor cells in periph-
eral blood. Analytical and Bioanalytical Chemistry, 405(23), 7377-827. Reprinted with

kind permission from Springer Science and Business Media.

Most attempts to isolate CTCs have been made on samples derived from carcinoma
patients. This is due to the common nature of these cancers and because they express
specific biomarkers that can be used to facilitate their isolation and detection. No other
cancer forms have so far provided any specific biomarker for detection, although vimentin
expressed at the cell surface have recently been reported as a biomarker for sarcoma®. CTCs
originating from carcinomas are commonly isolated and detected using epithelial cell spe-
cific markers, such as epithelial cell adhesion molecule (EpCAM) in combination with cy-
tokeratins. The use of epithelial cell markers may, however, lead to that subpopulations of
cancer cells low in expression of EpCAM or cytokeratins remain undetected. For epithelial
cell cancers to shed circulating tumor cells the cancer cells have to undergo an epithelial-
mesenchymal transition. This is considered a crucial event where the cancer cells adopt a
more mesenchymal-like migratory phenotype, which allows them to migrate from the orig-
inal tumor into the blood stream. This transition might lead to the loss of epithelial cell
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markers, which thereby disables the detection of these cells by methods relying on epithelial
cell markers’.

Fetal cells in maternal blood

During a pregnancy, cells from the fetus enter into the maternal bloodstream. A range of
cell types such as fetal lymphocytes, granulocytes, trophoblasts, and nucleated red blood
cells (NnRBCs) have been found'?. From these, the fetal nucleated red blood cells have been
attracting most interest so far. Although rare and found in numbers as low as 1-2 cells/mL,
these cells are among the most abundant of the fetal cells found in the maternal circulations.
Another advantage is their relatively short lifespan, which makes them unlikely to persist
between pregnancies, like other cell types may do''.

By isolating fetal cells from maternal blood fetal genetic or chromosomal disorders such
as sickle cell anaemia or trisomy 13, 18, and 21 can be identified, without the use of
amniocentesis or chorionic villus sampling (CVS), in a less invasive way'®. Sampling from
the uterus can sometimes lead to miscarriage, infections or needle injury of the foetus. Even
though rare, the risk of miscarriage after amniocentesis is about 1% and after CVS about
2%!"2. Needless to say, this is a risk that all parents would like to avoid as far as possible.

The isolation of fetal cells from the maternal circulation is complicated by the fact
that there are no specific cell markers that are common to all the fetal cells found in the
maternal circulation. Specific surface markers have, however, recently been proposed for
the fetal nucleated red blood cells'® and the trophoblasts'4. Furthermore, the trophoblasts

have also been successfully expanded iz vitro after isolation!’.

Bacteria

Bacteria may be found in matrixes such as blood, water, or food. When bacteria are found
in the blood stream there is a risk of developing bacteraemia or sepsis, especially critical to
immunodeficient patients, elderly, or infants. Once sepsis have been developed the time it
takes to identify the pathogen and administrate the right antibiotics is of great importance
as the mortality rises with every hour that the patient goes untreated. The overall mortality
(in North America) is as high as 30% and increasing to 50% if the patient develops the
more severe syndrome, septic shock.

The rarity of the bacteria makes the identification of them time consuming as it is
commonly relying on blood culture and expansion of the bacteria before any analysis can
be performed'’. The identification process commonly takes one day but may take as much
as four days if the bacteria are slow growing. Adding to this time the samples often has
to be sent to a central microbiology laboratory for the identification. During this time a
broad spectrum of antibiotics is usually administered to the patient in hopes of clearing
the bacteria. Earlier identification would not only increase the overall survival rate but
also decrease the unnecessary use of antibiotics that contributes to the development of
antibiotics resistant bacteria.
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Circulating endothelial cells and endothelial progenitor cells

Circulating endothelial cells (CECs) and endothelial progenitor cells (EPCs) can be found
in blood, and their number has been shown to increase or decrease with disease progres-
sion!®. CECs are associated with vascular injury while the EPCs are more associated with
revascularization and endothelial regeneration!”.

Cardiovascular disease is the leading cause of death in the developed world and is pro-
jected to take over after infectious disease as the number one cause of death worldwide.
49% of all deaths in Europe and 30% of all deaths before the age of 65 years are caused by
cardiovascular disease, making it a major contributor to the health care costs. A common
denominator between many cardiovascular disease conditions is the loss of appropriate en-
dothelial physiology from damage or injury, which leads to dysfunction. Although several
risk factors for cardiovascular disease have been identified, such as obesity, insulin resis-
tance and diabetes, smoking, hypertension, poor diet, and increasing age, up to half of
the patients suffering from cardiovascular disease do not possess any of these traditional
risk factors. Hence, it is of interest to identify other risk factors or biomarkers to asses for
example vascular injury and to prevent cardiovascular disease to occur.

CECs enumeration in peripheral blood can be used to assess endothelial damage or
other dysfunction. These cells are mature cells, as opposed to the EPCs, that have detached
from the intimal monolayer in response to injury. Elevated numbers of CECs have been
seen in some cardiovascular diseases. CECs have been shown to be positive for CD146,
however, this marker may also be found on trophoblasts, mesenchymal stem cells, peri-
odontal tissue, and some malignant tissues, making the use of additional markers necessary
for positive identification!’.

EPCs have also been found in elevated levels in the blood of patients suffering from car-
diovascular diseases but also in patients undergoing various angiogenic therapies to revas-
cularize or heal injured vessels*®. Vascularization is also a key step in the growth of a cancer
tumor as well as for invasion and metastasis. New vessel formation involves the recruitment
of EPCs from the bone marrow which results in elevated levels of EPCs in times of signif-
icant tumor growth making these cells interesting for cancer monitoring as well*!. EPCs
have been reported to specifically express the multiple markers CD31, vascular endothe-
lial cadherin, von Willebrand factor, and vascular endothelial growth factor 2. There is,
however, no consensus in their biomarker expression profile!s.

Stem cells

Stem cells have the potential to differentiate into mature tissue cells and are used for cell
therapies, for tissue engineering applications, or for drug discovery. Embryonic stem cells
are the most potent stem cells that can differentiate into all three different embryonic layers.
There are, however, some ethical considerations about the use of these cells. In regards to
this, adult stem cells are more attractive even though they are not as pluripotent. Among
the different stem cells hematopoietic and mesenchymal stem cells are the most studied.
Hematopoietic stem cells have been used for many years in therapeutic procedures of the
blood system in several malignant and autoimmune disorders®>. Mesenchymal stem cells
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are of interest as they are capable of differentiating into connective tissue lineages, such
as bone, cartilage, and adipose tissue, as well as smooth muscles, and are used for tissue
engineering of musculoskeletal tissues®.

Stem cells are commonly separated by depletion of other blood cells which may increase
the risk of contaminated populations. CD34 has been used as a marker for the isolation
of hematopoietic stem cells, and CD271 has been used for mesenchymal stem cell isola-
tion; however, the use of this marker may not produce a homogenous cell population and

additional isolation steps based on other markers may be needed*.

Infected cells

Cells can be infected by viruses, bacteria, or parasites, such as HIV-infected T-cells, or
malaria parasites infecting red blood cells (RBCs) (Figure 2.2), which may cause cell dys-
function and cell death and result in serious health complications. Early diagnosis is vital
for effective treatment and disease control.

10 um

Figure 2.2: Microscopy image of P berghei-infected blood extracted from infected mouse
stained with Giemsa. Reprinted by permission from Macmillan Publishers Led: Nature
Medicine, Peng, W. K., Kong, T. E, Ng, C. S., Chen, L., Huang, Y., Bhagat, A. A. S.,
Nguyen, N.-T., Preiser, 2. R., & Han, J. (2014). Micromagnetic resonance relaxometry for
rapid label-free malaria diagnosis. Nature Medicine, 20(9), 1069-73%., Copyright 2014,

The infected cells usually do not present any known biomarker that are different from
what uninfected cells from the same population express. The infection, however, can in-
duce changes in other cell properties, such as mechanical or biochemical properties®. For
example, the deformability or change in paramagnetic properties of malaria-infected cells

has been utilized as separation markers?’.
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2.2 Needs and advantages for rare cell isolation

A general blood sample to be analysed would be around 5 mL. In one mL of this sample,
composed of around 5 billion RBCs, 300 million platelets, and 5-10 million WBCs, 1-
1000 rare cells can be found. Since it is not feasible to draw several decilitres of blood from
a patient some needs and requirements must be fulfilled in order to successfully isolate the
rare cells.

First of all, since the cells are low in numbers and the sample volume to be processed is
limited, the recovery of them must be high. The recovery from a real sample can of course
not be measured as it can never be known if all target cells are collected and detected.
Recovery data is, therefore, generated with spiked cells. A high recovery will minimize
the volume of sample that needs to be processed in order to collect a sufficient number of
cells to enable analysis, and, thus, also the processing time of the sample. A high recovery
will also ensure that the cells can be correctly enumerated when this is needed. It is not
possible to specify a general recovery level needed, but the needed level is dependent on
the subsequent analysis and will in turn determine how informative this analysis can be.
A high recovery will also ensure that the collected cells are representative of the whole cell
population and that the isolation method is not biased in any way.

It is worth noting that it can be misleading to compare recovery data between different
experiments. Imagine a simple system composed of a piece of tubing connected to two
syringes, pumping sample from one syringe to the other. The recovery of target cells should
be 100% in the collecting syringe. A high recovery can, thus, be obtained without actively
manipulating the sample at all. While some methods will produce 0% recovery when only
pumping the samples through the system without actively manipulating them, other meth-
ods will in the same way recover some percentage of sample (with the same composition
as the input sample) although without sorting it. This will obviously increase the chances
for the latter method to generate higher recovery levels also when actively manipulating the
samples. This will, however, be at the expense of the purity. To circumvent this, the term
focusability, valid for acoustophoresis, was coined in paper II.

The second requirement is that the cells must be isolated with a high purity. If the purity
is low it does not matter how high the recovery is, the isolated cells will not be further usable
with a high background of other cells. If the purity is compromised subsequent analysis
might also be. Comparing purity data directly between experiments is often misleading,
as the purity also will depend on the composition of the sample to be processed z.e. the
initial rarity of the target cells, as illustrated in Figure 2.3. The figure shows the purity of
the target cell as a function of the initial cell concentration in RBC-depleted blood with a
background of 5 million WBCs where the blue square indicates a purity that is acceptable
for further enumeration and analysis of the rare cells. As with the recovery the acceptable
purity depends on the subsequent analysis method and will also determine how informative
the analysis results can be. It can be noted that the rarer the target cells the harder it is
to obtain a high purity. The purity of a highly spiked sample will therefore often read
higher than of a sample collected from a patient where the initial rare cell concentration
is much lower. It can also be seen that removal of background cells is more critical to the
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clinical relevance than a 10-20% drop in recovery as long as the chosen method is not
biased. Consider e.g. that for CTCs, which are commonly found in quantities of only
1-10 cells/mL blood, the removal of WBCs have to be 99.9% or more to obtain a clinically
relevant sample after the separation.

The third need is for a high throughput. As the cells are low in number per volume unit
a relatively large sample may need to be processed in order to isolate a sufficient number
of cells for further analysis. If the isolating system should have any clinical relevance it will
need to be able to perform the isolation in a reasonable time frame. Preferably samples of
around 5 mL of undiluted blood will have to be processed within an hour to ensure clinical
relevance and high viability of the collected cells.

Furthermore, although not an actual need, it is an advantage if the processed sample
gets concentrated in the process. Several methods used to isolate rare cells simultaneously
dilute the sample through the use of sheath fluids. This imposes that the sample has to be
subsequently concentrated in order to be able to analyse it, which is not always practically
possible when handling samples with very low cell numbers.

Cell separation purity as a function of initial cell concentration
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Figure 2.3: Purity of collected target rare cells as a function of initial cell concentration in
blood where the RBCs have been previously depleted. The blue square indicates the area
in which the purity of the collected rare cells is clinically relevant and acceptable for further
enumeration and analysis. The WBC initial concentration was set to 5 000 000 / mL and
the overall target cell recovery was set to 90%.
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Conventional methods for
cell processing

In many biomedical laboratories cell processing is performed using conventional methods
that can be more or less laboursome, and cost intensive. The most commonly used
methods include flow cytometry, magnetic separation, centrifugation, filtration, and cell
culture.

3.1 Fluorescence activated cell sorting

Fluorescence activated cell sorting (FACS) sorts cells based on phenotypical differences in
the form of different expression of specific biomarkers. In addition the method also displays
the number of cells that express a certain marker and the level of expression for each cell.
The method relies on fluorescent labelling of the specific markers.

In a commercial FACS the sample is commonly hydrodynamically focused before enter-
ing the fluorescence interrogation point where a laser is used to excite the fluorochromes,
although the Actune™ system relies on acoustic-assisted hydrodynamic focusing, When
the cells enter the interrogation point the emitted light of the fluorochromes is then col-
lected through a photomultiplier or detector and the information from both scatter and di-
rect light is subsequently processed. Based on this information the cells are then distributed
into droplets that are given different electrical charge dependent on their fluorescent pro-
file. The formed drop should optimally contain a single cell. The drops are then sorted
by deflecting them left or right by charged electrodes depending on the drops electrical
charge. Finally, the drops can be collected in different sample tubes?®. (Figure 3.1) Sorting
rates up to input rates of 70 000 cells /sec have been performed, although few instruments
can do this in reality with a maintained high purity?®. The sorting rate is dependent on
the characteristics of the cell to be sorted and the desired results in terms of purity versus
recovery.

11
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Figure 3.1: Schematic illustration of a FACS.

Bianchi et 2/*° showed that they could detect male DNA, in the form of the Y chro-
mosomal sequence, in 75% of the cases where fetal RBCs where isolated from maternal
blood using antibodies against the transferrin receptor. Although technically not true rare
cells anymore, Swennenhius et 2% sorted circulating tumor cells from originally 7.5 mL
of whole blood spiked with 500, 50, or 5 SKBR-3 cells, that had been pre-enriched using
CellSearch. Although significantly enriched compared to the original sample only about
65% of the cells could be identified and 50% could be sorted.

Fluorescence activated cell sorting is widely used for many cell sorting applications and
an advantage of the method is that cells can be sorted based on more than one marker at the
same time. The sorting process might, however, expose the cells to high shear forces from
the hydrodynamic focusing and the droplet generation, which may affect the cell viability.
The relatively long processing times might also impair the viability and function of the
cells. Also, as the sorting method is dependent on fluorescent signals the target population
of interest must have a known specific marker different from the population of background
cells. Recoveries tend to fall dramatically as small subpopulations (< 0.5% of total) are
sorted. The recovery can be increased using certain strategies but at the cost of the purity.
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The sorting performance will also depend on how different the expression of the target
subpopulation is compared to the background population.

3.2 Immunomagnetic cell processing

Among the conventional macro scale methods immunomagnetic isolation has been most
frequently used. As for FACS, the magnetic cell processing methods are also dependent on
cell expression of specific markers, but instead of a fluorescent marker the cells are labelled
with a magnetic bead.

Magnetic activated cell sorting

Magnetic activated cell sorting (MACS) uses magnetic forces to separate cells. After la-
belling the cells with antibody-coated magnetic beads or introducing magnetic nanoparti-
cles into the cells, a magnetic field is applied to the whole sample. The labelled cells are
then retained in the field while the unlabelled cells can pass through the field without be-
ing captured. After washing the captured cells to get rid of unspecifically bound cells, the
magnetic field is removed and the captured cells can be eluated (Figure 3.2). Using MACS,
cells can be isolated both through positive and negative selection (depletion). During pos-
itive selection the target cells are magnetically labelled and captured in the field while the
background sample is not. During negative selection the background cells are instead mag-
netically labelled and captured while the target cells are not**3%. Which strategy to be used
is dependent on the sample composition as well as the existence of cell specific markers for
the different cells. The different isolation strategies can also be used in sequence.

The MACS system has been used for the isolation of rare cells, for example CTCs,*-7
or nRBCs from blood?®. CTCs have been isolated from white blood cells, both through
positive (EpCAM-based) and negative (CD45-based) selection, where cytokeratine positive
(CK+) cells could be found in some samples®”. The use of only EpCAM as a marker may
be problematic, as discussed above, why the used of both EpCAM-based and ErbB2-based
positive selection has been suggested to be better”. After negative (CD45-based) selection
Bluemke ez 2/3* identified one CK+ and one CK- cancer cell population, identifiable as
it was blue-stained by hemalaun. nRBCs have also been isolated from leukocytes through
negative selection by depleting the leukocytes through the use of magnetic beads with anti-
CD45- and anti-CD32-conjugated antibodies. This isolation process resulted in significant
contamination of maternal cells in the fetal cell fraction preventing accurate analysis of the
fetal cells®®.

Advantages of the MACS system is the relatively fast sorting time and the ability to
process crude and highly concentrated samples. As it is reliant on biomarker expression the
method is also gives a high specificity. In order to sort on more than one specific marker
the process, however, have to be performed in sequence, which prolongs the sorting time.
As the sorting is dependent on the availability of cell specific markers the method cannot
be used for all sorting experiments. From the examples, where both positive and negative
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Figure 3.2: Schematic illustration of positive selection using MACS.

selection in combination with different biomarkers has been use, it is evident that not one

of the methods is finding all of the rare cells of target.

CellSearch

A more specific example that relies on magnetic forces to isolate cells is the CellSearch sys-
tem. This semi-automated system has been specifically designed for isolating and detecting
circulating tumor cells and is the only system that has been approved by the FDA to do
s0°%%, Circulating tumor cells are separated from blood by anti-EpCAM antibody-coated
magnetic beads and subsequently identified with the use of fluorescently labeled antibodies
against cytokeratins and nuclear stains, while contaminating white blood cells are stained
for CD45 expression.” To be able to identify and enumerate the cells they are magnetically
aligned in a single focal depth where they can easily be observed.

The system has reliably been used to identify CTCs from all major carcinomas®>4
but as the system relies on isolation of the CTCs through targeting the EpCAM it cannot
be used to detect CTCs from other forms of cancers. Nevertheless, it is a useful tool as
carcinomas make up about 80% of all diagnosed cancer forms. Another worry is, however,
that the system will fail to detect all CTCs originating from carcinomas as well, as the
epithelial-mesenchymal transition may lead to the loss of epithelial cell markers’.

The recovery of cancer cells from patient samples can obviously not be determined as
the true number of cancer cells per mL blood is unknown. To study the recovery of CTCs
Swennenhius et 2/.?! spiked 7.5 mL blood sample with 500, 50, or 5 SKBR-3 cells before
performing CellSearch isolation. The experiments showed a recovery of approximately
75%.

The CellSearch system has also been used to isolate circulating endothelial cells. Ilie
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et al*' showed elevated levels of CECs in blood drawn from patients suffering from non-
small cell lung cancer, compared to patients suffering from small cell lung cancer, chronic
obstructive pulmonary disease, and healthy individuals, through the use of anti-CD146
coated magnetic beads.

3.3 Centrifugation

If left alone, all particles having a higher density than their suspending medium will even-
tually settle on the bottom of their container or within their density equilibrium, with the
help of gravity alone, where larger or denser particles will settle faster. This process can be
sped up considerably using a centrifuge.

Differential centrifugation

Differential centrifugation separates cells and particles based on their density and size.
Larger and denser particles will travel through the suspending medium faster and, thus,
settle at the bottom of a centrifuge tube in a shorter time. The method can for example be
used to separate different subcellular organelles from each other®?, or wash or concentrate
settled cells through discarding the supernatant and resuspending them in smaller liquid
volumes. To separate cells and particles using a centrifuge the cut-off size is changed by
changing the centrifugation speed and time.

Although the method is very easy to apply, each sample can only be separated into
two fractions at the same time. To differentiate the sample further, the sample has to be
centrifuged again. The smaller particles to be separated, the longer and faster the centrifuga-
tion has to be done in order to get them to settle on the centrifuge tube bottom. Handling
smaller liquid volumes or low cell numbers through centrifugation also has its drawbacks*?.
For example when using centrifugation to concentrate low cell numbers, small resuspension
volumes may be needed that are not practically possible to handle in ordinary centrifuga-
tion systems. The centrifugation of low cell numbers also increases the risk of substantial
sample losses, if the sample forms a pellet too small to be seen or fails to form a pellet ac all.

Density gradient centrifugation

Cells can also be separated solely based on their density, using density gradient centrifuga-
tion. To separate cells using this method the cell suspension of interest is carefully layered
on top of a solution having a density gradient. Centrifuging the sample then allows the
different components to reach their equilibrium positions from where they gently can be
recovered after the centrifugation is terminated*® 44 (Figure 3.3).

Nucleated cells from blood, including rare cells such as CTCs, endothelial cells, or
nRBCs, can be isolated using gradient centrifugation. Along with these cells, tough, some
leukocytes are also isolated so further isolation will be needed. Frequent loss of rare cells is

also a problem as they migrate into the plasma fraction®,
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Figure 3.3: Schematic illustration of the gradient centrifugation process.

A form of density gradient centrifugation that can be used for rare cell isolation of
CTCs is the Rosettesep™ technique. While still using a density gradient for the isolation
the sample is also treated with an antibody cocktail that will crosslink unwanted cells, for
example CD45+ cells, to red blood cells and form rosettes. These crosslinked cell complexes
will then be denser than the single rare cells and will then be pelleted together with the free
RBCs.

Using a density gradient, compared to differential centrifugation, more than two frac-
tions can be separated at the time. A disadvantage, however, is that a new density gradient
has to be prepared for each new separation application and the densities of the different cell
populations have to be known*,

Centrifugation methods do not require any other instrumentation than a centrifuge and
relatively large samples can be processed at a time. The purity and recovery of both methods
are largely dependent on the post-centrifugation collection of the sample but also the size
and density difference, and concentration of the different components to be separated.
Centrifugation may also have an effect on the viability®® or function?” of the processed
cells that in the end can bias readouts.

3.4 Culture

Cells can be concentrated through culture, where the cells simply are allowed to proliferate
and expand. This is a technique often used for bacteria. The method is very effective,
but time consuming and dependent on the growth rate and initial concentration of the
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cells of interest. In theory this method can be used to amplify a single viable organism to
detectable levels. When many microorganisms are present at the same time rare organisms
might be outgrown by more abundant species. By using a selective enrichment medium
that promotes the growth of one type of organism while suppressing the growth of others,
rarer microorganisms can also be isolated.

3.5 Filtration

Filtration methods can be used both to separated and concentrate cells. The sample is
simply run through a filter with a certain cut-off size, letting everything smaller than this
size run through and collecting everything that is larger. The target cells can either be
collected on the filter or in the filtrated fraction. Filtration is for example used for leukocyte
depletion from whole blood before blood transfusion®,

As many CTGCs are larger than white and red blood cells they have been isolated using
polycarbonate membrane filters, which allows for further analysis and characterization of
the cells. However, CTCs may not always be larger than the blood cells, which may lead to
unwanted cell losses®>. Xu ez al. fabricated a filter in parylene-C with an optimal slot size of
6 pm where they could filter 1 mL blood in less than 5 minutes (Figure 3.4). When spiking
a blood sample with 10 PC3 cells per mL they could achieve a capture efficiency of 90%, a
cell viability of 90%, and a 200-fold enrichment of the cancer cells relative to the peripheral
blood mononuclear cells (PBMCs). After pre-processing a 7.5 mL blood sample through
density gradient centrifugation, to pre-concentrate the sample and eliminate RBCs, an
1500-fold enrichment could be achieved, although at the expense of a reduction in the
capture efficiency to ~70%%°. Although filters can be effective they are prone to be clogged.
Finding the right cut-off size may also be difficult due to the variations in deformability
between different cell types. After sorting the captured cells can also sometimes be hard to
retrieve.
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Figure 3.4: Cancer cells captured on the microfilter and imaged under bright-field (left)
and fluorescence (center) of the same field; yellow arrows, live captured cancer cells; red
arrows, dead cancer cells; black arrows, PBMCs. Right, scanning electron microscopy of
captured cancer cell. Reprinted by permission from the American Association for Can-
cer Research: Xu et al. A cancer detection platform which measures telomerase activity
from live circulating tumor cells captured on a microfilter, 2010 Aug 15, Cancer Research,

70(16), 6420-6426% .
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4

Microfluidic methods for
rare cell sample preparation

Microﬂuidic methods have been extensively used for cell separation, where the scaling
effects present in microsystems offers possibilities not present in macroscale systems.
As opposed to the conventional methods the microfluidic methods also often rely on more
non-traditional biomarkers and intrinsic cell properties®®. The microfluidic methods can be
further divided into passive and active cell processing methods, where active methods rely
on externally applied force fields while passive methods do not. Furthermore, the methods
can also be divided into continuous flow or batch methods.

4.1 Passive microfluidic methods

The simplest microfluidic devices that have been used for rare cell processing are the passive
microfluidic devices that are not reliant on any externally applied force fields. The methods
are more or less complex and include filters, microstructures, biomimetic, deterministic
lateral displacement, affinity chromatography, and inerta.
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4. Microfluidic methods for rare cell sample preparation

Filters

A commonly employed separation criterion in microfluidic cell separation devices is size.
Perhaps the simplest devices that discriminate based on size are the filters (Figure 4.1).
In addition some filters also use deformability as an exclusion criterion. Four types of
microfilters have been reported, weir, pillar, cross-flow and membranes, and the use of
filters has been reported for rare cell processing!!*>1>2. When used to isolate WBCs from
RBC:s the cross-flow filter was found superior in terms of capture efficiency as well as whole
blood handling capacity, before clogging the filter.”®. The result is somewhat intuitive as the
cross flow filter, as opposed to the other filter types which uses obstructed flows, is arranged
perpendicular to the primary channel flow, which allows larger particles to continue in
the direction of the primary flow without clogging the filter, although the problem is not
entirely eliminated.

a Weir-type b Pillar-type c Cross-flow
Flow 8 8 ?/‘ 8 _r—r/ °
o 7, @ g SR
oo e Flow CV \@/8@8\9& i D D E?I;ﬁ] &j:‘t -
R,>R,>R, —_— .

Figure 4.1: Microfluidic filter designs. a) Weir-type filter. b) Pillar filter. ¢) Cross-flow
filter. Reprinted from: Gossett, D. R., Weaver, W. M., Mach, A. J., Hur, S. C., Tse, H. T.
K., Lee, W., Amini, H., & Di Carlo, D. (2010). Label-free cell separation and sorting in
microfluidic systems. Analytical and Bioanalytical Chemistry, 397(8), 3249-67°°.
Reprinted with kind permission from Springer Science and Business Media.

Even so, Mohamed ef 4" used a pillar filter to separate nRBCs from WBCs despite
the fact that the populations are overlapping in size, where the nRBCs are 9 pm to 12 pm
in diameter while WBCs range from 7 pm to 14 pm (Coulter counter data). To success-
fully separate the two populations they took advantage of the fact that nRBCs are both
asymmetric and deformable as opposed to WBCs that cannot deform as much. Because of
this the nRBCs could pass through the channels smallest dimension that was 2.5 pm wide
and 5 pm deep while the WBCs were retained. The device was operated at a flow rate of
0.35 mL/h. Zheng et al>* developed a three-dimensional microfilter of membrane type for
the isolation of spiked CTCs from 10 times diluted whole blood. The three-dimensional
design ensured that the trapped cells were kept viable in order to allow further functional
studies of the captured cells. They showed a capture efficiency of 86.5 + 5.3% but the
sample volume throughput of the device was limited to about 1 mL of whole blood in
order to not clog the device.

The simple design of filters and their relative flexibility of use is a clear advantage and
usually the filtration process can be done within minutes. Furthermore, the method does
not rely on biomarkers, making them interesting in hopes of finding subpopulations or
populations with no known biomarkers. A drawback is, however, that they are prone to
clog after handling a large enough number of cells. Cell populations also tend to have a
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4.1 Passive microfluidic methods

heterogeneous size distribution making the decision of choosing the filter cut-off size diffi-
cult. Different cell populations also are more or less deformable and, thus, able to squeeze
through smaller filter pores than their diameter indicates. As rare cells are by definition
found in small numbers and in a large population of background cells, a relatively large
sample volume will have to be processed to isolate enough cells for analysis purposes. In
light of this, filters may not always be a suitable choice for the processing of these samples.

Microstructures

Microstructure protrusions planar and lateral to the flow such as grooves, chevrons, herring-
bones, or microwells have been explored for cell separation purposes based on size, density,
or deformability™.

Tan et al. used microwells to isolate spiked cancer cells from diluted blood with a
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capture efficiency o 0% e device used a pre-filter to ensure that no cell clumps
entered the microwell area (Figure 4.2). Furthermore, the cells could also be recovered and
were shown to be viable after the isolation.
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Figure 4.2: Microdevice based on microstructures for cancer cell isolation and enumera-
tion. a) Captured cancer cells. b) Simulations showing the velocity profile when isolating
and retreiving cells, and the shear stress acting on a spherical cell model when the cells are
arrested in the microstructure. Reprinted from: Tan, S. J., Yobas, L., Lee, G. Y. H., Ong,
C.N., & Lim, C. T. (2009). Microdevice for the isolation and enumeration of cancer cells
from blood. Biomedical Microdevices, 11(4), 883-92%4. Reprinted with kind permission
from Springer Science and Business Media.

Most microstructure chips have been used in combination with other techniques such
as immunoaffinity capture and are readily integrated with these. The use of microstructures
can, however, make the fabrication process of the device more complicated. Dependent on
the microstructure the device may also be more or less prone to clog.
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Biomimetic

Biomimetic devices utilize the intrinsic properties of blood and the microvasculature to
achieve the desired separation. Their exact separation mechanisms have not been described
but, nevertheless, the biomimetic effects have been observed and replicated in microfluidic
systems. Biomimetic phenomena that have been used to separate cells include plasma skim-
ming, leukocyte margination, and the Zweifach-Fung effect, also known as the bifurcation
law?0.

Hou et 4> used a device inspired by the phenomenon of leukocyte margination
to separate malaria-infected RBCs from blood (Figure 4.3). The leukocyte margination
phenomenon occurs in smaller blood vessels where RBCs, which are smaller in size and
more deformable than WBCs, tend to migrate to the axial centre of the vessel while the
WBCs tend to end up in the plasma rich layer along the vessel walls.

Malaria-infected cells are less deformable than uninfected RBCs and will, thus, migrate
to the channel walls instead of the centre as the uninfected RBCs. By using this biomimetic
technique 80% of the malaria-infected RBCs were collected in the side outlets. As the same
phenomenon also displaces the WBCs to the channel walls 80% of these were, however,
simultaneously collected in the side outlets indicating a need for an additional separation
step. The separation process was performed at a flow rate of 5 pL/min, which may be
considered low, but as opposed to many other separation techniques it could be performed
on whole blood. It could, in fact, only be performed on blood with a hematocrit of more
than 40%.
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Figure 4.3: Biomimetic microchannel design and separation principle. a) Schematic il-
lustration of the device design. b) Cross-sectional and top view before and after the sep-
aration. The initially randomly distributed cells are separated where the normal RBCs
are distributed in the channel center while the infected RBCs are distributed in along the
channel side walls. Reproduced from Ref.”® with permission from The Royal Society of
Chemistry.
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Deterministic lateral displacement

Using deterministic lateral displacement (DLD) cell can be separated based on size, and
sometimes shape and deformability, trough utilizing micropost arrays arranged in rows,
where each row has a lateral offset from the previous®®. Particles below a critical size will
follow the streamlines through the device between the array gaps without experiencing
any lateral displacement. Larger particles, however, will move laterally as they cross into
neighbouring streamlines®’.

Huang er al>® relied on DLD to separate nRBCs from whole blood. nRBCs and
WBCs were first separated from the maternal adult RBCs in the device where 99.99%
of the maternal RBCs could be depleted at a flow rate of 0.35 mL/h. The sample was
then treated to render the nRBCs paramagnetic after which the sample was run through
a magnetic column to separate the WBCs from the nRBCs. The final contamination of
WBCs was found to be 0.01-0.1%. Cells were then visually detected and nRBCs could be
identified in 58/58 samples.

Using a combination of DLD, inertia, and magnetophoresis in an integrated device,
termed "‘CTC-iChip", Ozkumur et al.>® showed that they could sort CTCs from whole
blood at a sorting rate of 107 cells/s and 8 mL/h. The device first used DLD to sort the
RBCs from the WBCs and CTCs, the WBCs and CTCs were then focused using inertia,
after which they were separated using magnetophoresis (Figure 4.4). An advantage of the
device was that it could be used to separate the CTCs both through positive selection, where
the CTCs are affinity-bound to the magnetic particles relying on specific surface markers
of these cells, or through negative selection where the WBCs are instead depleted by the
magnetophoresis. In the positive selection mode it was possible to detect CTCs in 90%
of the clinical samples analysed, while the CellSearch system only detected CTCs in 57%
of the samples. Although more cells could be found using the CTC-iChip it cannot be
excluded that a subpopulation of cancer cells that are similar in size to the RBCs are lost
together with the depleting of these cells. The size of the CTCs will likely vary for different
types of cancers and the detection efficiency of this system will then vary more than the one
of the CellSearch system that does not discriminate on cell size.

DLD has been shown to have a very good size resolution,*® and DLD devices are capa-
ble of processing whole blood even if it is most times diluted®’. As the separation is based
on the position of the microposts in the array, a new device has to be fabricated for each
new separation type considered. A solution to this problem has, however, been proposed by
Beech er al. through a tuneable DLD device where the size between the microposts could
be changed through stretching the device®. Cell separation using DLD is mostly done
with relatively low flow rates, making the processing slow when there is a need to separate
several mL of sample®. In light of this, Loutherback er 4/,°! presented a device that was
capable of separating spiked cancer cells from dilute blood at a flow rate of 10 mL/min
without compromising the viability of the cells. With the device they showed an ~85%
recovery. The purity was, however, only 16.7% (with an input value of 4.9% cancer cells).
The high variability in operating flow rates is mostly dependent on the fabrication mode.
DLD microchannels fabricated in PDMS cannot be made as deep as channels fabricated
using silicon. Using silicon the fabrication process is, however, much more complicated and
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special equipment is needed as deep reactive ion etching (DRIE) has to be performed, also
making these devices more expensive to produce. Another restricting factor using PDMS-
based devices are that the microposts can deform, or the bonding between the PDMS and
glass lid can be destroyed if the pressure in the device is too high. A high pressure will make
the PDMS microposts deform into an hourglass shape leading to different critical particle
separation sizes along the channel depth.

Whole blood
Magnetic beads (CD45, CD66b)

Module 1:

CTC-iChip1
(deterministic lateral : | T RBCs
displacement) B ) PLTs

Free beads

Module 2:
CTC-iChip2

(inertial focusing and
magnetophoresis)

Figure 4.4: The CTC-iChip is first using a DLD device to remove the RBCs and platelets
from the nucleated cells, inertial focusing is then used to prefocus the cells before the mag-
netophoresis where bead-labeled WBCs are separated from unlabeled CTCs. Reprinted by
permission from Macmillan Publishers Ltd: Nature Protocols, Karabacak, N. M., Spuhler,
P S., Fachin, E, Lim, E. J., Pai, V., Ozkumur, E., Martel, ]. M., Kojic, N., Smith, K., Chen,
P, Yang, J., Hwang, H., Morgan, B., Trautwein, J., Barber, T. A., Stott, S. L., Maheswaran,
S., Kapur, R., Haber, D. A., & Toner, M. (2014). Microfluidic, marker-free isolation of
circulating tumor cells from blood samples. Nature Protocols, 9(3), 694-710%2,
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Affinity chromatography

The possibility to isolate rare cells using affinity isolation trough the interaction between
solid surfaces and cells has been extensively explored®*-%®. The large surface to volume ratio
of microfluidic channels has been proven especially useful for this as it increases the possi-
bility of cell-surface interactions, which leads to better isolation efficiencies. The method
can be used both in a positive and negative selection mode, where either the target cells
or the background cells are captured on the surface. Despite the larger surface to volume
ratio in microchannels the cell-surface interactions often has to be further facilitated. For
example, a nanoscale hydrodynamic lubrication layer exists close to the surface, in laminar
flows, which can hinder the cell access to the antibody-coated surface.*

Adams er al.% showed that they could process 1 mL of blood in less than 40 minutes
in a PMMA device using immobilized anti-EpCAM antibodies covering the surface of the
microdevice. Furthermore, CTCs spiked in whole blood could be captured with an efhi-
ciency of more than 97%, subsequently released and counted on-device. Nagrath et a/.”°
used anti-EpCAM antibody coated microposts to further increase the cell-surface interac-
tion. Using the chip they could successfully identify CTCs in whole blood of patients with
metastatic lung, prostate, pancreatic, breast, and colon cancer in 115 of 116 samples and a
50% purity. Stott et a.”! used a combination of a herringbone chip and immunoaffinity
capture to isolate CTCs from blood (Figure 4.5). The herringbone was used to generate
microvortices in order to increase the interaction between the cells and the antibody cov-
ered chip surface. The capture could then be visually analysed, trough on-chip staining,
and CTCs were detected in 14 of 15 samples from patients with metastatic prostate cancer
where a median of 63 CTCs/mL and mean of 386 + 238 CTCs/mL were found.

Compared to several other isolation techniques, affinity isolation requires fewer or no
sample preparation steps as the labelling occurs on the surface of the device instead of
beforehand on the cells. This advantage results in a shorter isolation time and makes the
overall procedure simpler. Fewer sample preparation steps further minimises the risks of cell
loss during processing. It can be complicated to find an optimum processing flow rate where
a balance between the separation efficiency and the purity must be taken into account. It is
in reality hard to find settings where both of these requirements are optimal. At a lower flow
rate the interaction between the cells and the surface is higher and this will, thus, result in
a higher recovery of target cells. At the same time this also gives the background cells more
time to unspecifically bind to the surface while the low flow velocity is not sufficient to
wash them away. At a higher flow rate the purity will, thus, be higher as the unspecifically
bound background cells can be washed away more efficiently. This will, however, also result
in a lower recovery when the target cells do not get enough time to specifically bind to the
surface. For rare cell isolation, finding the rare cells can to some extent be considered more
important, whereas the recovery is more important than the purity and thus a lower flow
rate is favoured?®%°. As affinity chromatography-based methods rely on the availability
of specific biomarkers on the cells they have the same inherent shortcomings as e.g. the
CellSearch method where subpopulations negative for the biomarker expression may be
lost.
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Figure 4.5: A) The herringbone chip consists of a microfluidic device with an array of
channels with a single inlet and outlet. Inset illustrates the uniform blood flow through the
device. B) A micrograph of the grooved surface illustrates the asymmetry and periodicity
of the herringbone grooves. C) Illustration of the cell-surface interactions in the herring-
bone chip and D) a traditional flat-walled microfluidic device. E) Flow visualization using
two paired streams of the same viscosity demonstrated the chaotic microvortices generated
by the herringbone grooves, and the lack of mixing in F) the traditional flat-walled de-
vice. Reprinted from: Stott, S. L., Hsu, C.-H., Tsukrov, D. L., Yu, M., Miyamoto, D. T,
Waltman, B. A., Rothenberg, S. M., Shah, A. M., Smas, M. E., Korir, G. K., Floyd, E P,
Gilman, A. ], Lord, J. B., Winokur, D., Springer, S., Irimia, D., Nagrath, S., Sequist, L. V,
Lee, R. J., Isselbacher, K. J., Maheswaran, S., Haber, D. A., & Toner, M. (2010). Isolation
of circulating tumor cells using a microvortex-generating herringbone-chip. Proceedings of

the National Academy of Sciences of the United States of America, 107(43), 18392-7"".
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Inertia

In flow rates where the Reynolds number is in the range of 1-100 inertial effects become
significant. Inertia can be used to separate particles based on size, shape, and deforma-
bility’>7> and is dependent on the balance between the two inertial lift forces; the shear
gradient lift force and the wall effect lift force. By changing the channel dimensions the
number of equilibrium focusing positions can be manipulated®.

Inertial systems with many different geometries have been applied to rare cell separa-
tion.”>”’8 Mach and Di Carlo” used a gradually expanding channel to separate blood from
bacteria. They showed that after running the sample two times through their device 80%
of the bacteria could be cleared from the sample. The processing, however, demanded a di-
lution of the blood to 0.5% hematocrit, making the processing time extensive. To solve this
problem they also presented a massively parallel system that could process 240 mL/h with
a throughput of 400 million cells/min. It was proposed that the device could be used for
neonatal sepsis and that the processing time could be further shortened by stacking several
devices in parallel. In order to reuse this blood it, however, have to be reconcentrated and
have the rest of the bacteria removed as well. In another attempt to separated blood from
bacteria Wu et a/.3° used inertia in combination with a sheath flow and showed a recovery
of 62% and a purity of 99.87% of the bacteria when processing 57400 cells/s with a flow
rate of 18 pL/min. Hur, Mach and Di Carlo®' proposed a parallel system for isolation of
CTCs from blood through trapping them in microscale vortices (Figure 4.6). The proposed
system could process 7.5 million cells/s of diluted whole blood (1% hematocrit) and with
a capture efficiency as high as 43% depending on the initial cell concentration. Although
processing dilute blood the system was capable of concentrating rare cells from 1 mL blood
into 860nl of processed sample.

In curved channels an additional inertial effect can be observed. As the fluid is driven
around a curve the fluid is set in motion perpendicular to the primary fluid flow, resulting
in two counter-rotating vortices, termed Dean flow, which may also influence the particle
focusing position”?.

Khoo et al®? used three stacked spiral microchannels to separate CTCs from RBC-
lysed, two times concentrated blood. In the devices, through the use of sheath flow, the
larger CTCs were focused on the inner side of the spiral while the smaller white and red
blood cells remained un-focused and just completed one Dean cycle in the device to end up
on the outer side of the spiral (Figure 4.7). A 7.5 mL blood sample could be processed in 5
min, and when benchmarked against the CellSearch system significantly more CTCs were
found using the spiral system. In a similar approach Warkiani ez 2/%° used a slanted spiral
microchannel which effectively eliminated the need for the sheath flow. The device could
process a 7.5 mL blood sample in 8 min. While using two times diluted RBC-lysed blood
85% of spiked cancer cells could be recovered with a contamination of only 500 WBCs
per mL. CTCs could also be isolated from 10/10 patient samples from patients suffering
from advanced stages of metastatic breast and lung cancer.
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Figure 4.6: Device design and working principle. a) Larger cells are trapped in the reservoir
while smaller cells freely pass through due to difference in the lift force that cells encounter.
b) The device consists of eight parallel high aspect ratio straight channels (50x70 pm) with
ten cell trapping reservoirs (400x400x70 pm) in each channel. c) Parallel trapping of 10
pm fluorescent particles in microscale vortices. d) A particle with a diameter a experiences
wall effect lifc Frw and shear-gradient lift force Frg, in straight channels, resulting in
a dynamic lateral equilibrium position X¢q and uniform particle velocity U. Here, Xeq
is defined as the distance between the center of particles and the channel walls. At the
reservoir, larger particles experiencing larger F', 5 are pushed towards the vortex center and
trapped, whereas smaller particles are flushed out of the region. Reprinted with permission
from Hur, S. C., Mach, A. J., & Di Carlo, D. (2011). High-throughput size-based rare cell
enrichment using microscale vortices. Biomicrofluidics, 5(2), 2220674, Copyright 2011,
ATP Publishing LLC.

Advantages of inertial systems are that they are not reliant on any external field to
process samples. This makes the laboratory setup less complicated. This, however, also
means that a new device has to be fabricated for each new application as the inertial forces
are dependent on the channel inner dimensions. Compared to most other microfluidic
devices, inertial devices are able to process samples under relatively high flow rates. There
is, however, a limitation in particle concentration before steric interaction between particles
hinders the focusing. This critical concentration is dependent on the particle diameter”?.
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Figure 4.7: Illustration of the device (left), photograph of the device (middle) and cross-
section of the device near the inlet and outlet, respectively. CTCs focus near the inner wall

while WBCs and platelets go through one Dean cycle and migrates back towards the outer
wall®2,

4.2  Active microfluidic methods

Active microfluidic methods rely on external fields to separate and handle cells and par-
ticles. This makes the laboratory setups more complicated but the active forces can be
manipulated more easily, which eliminates the need to make a new device for every new
application as is the case for several of the passive methods.

Field-flow-fractionation

Field flow fractionation (FFF) comprises several batch-based techniques that relies on an
external field perpendicular to the primary channel flow for separation and can, thus, not
always be classified as an active method depending on which external force field that is used.
The external field can e.g. be electrically, thermally, gravitationally, or centrifugally induced
and the particles are separated, based on small differences in biophysical properties such as
size, shape, density, rigidity, or subcellular structures. Particles can be separated using FFF
because the external field moves them into different laminar flow regimes and, thus, their
retention time in the channel will differ®*.

The techniques generally generate high recovery rates; however, as they usually are
operated in batch mode the throughput is currently low. Although FFF systems are capable
of making a relatively fine discrimination between particles the batch mode operation makes
them rather inconvenient to use for cell separation as only about 10° cells can be processed
in one batch. In order to avoid these shortcomings of FFF operated in batch mode Shim
et al® developed a DEP-FFF system that could be run continuously. Using this system
they could isolate spiked CTCs from peripheral blood mononuclear cells (PBMCs) with a
recovery of 75%, and isolation of cancer cells from patient samples was also shown. The
method was capable of processing a 10 mL patient sample in less than one hour. As for all
systems relying on DEP to separate cells a specific conducting buffer is needed, introducing
sample preparation steps where rare cells might be lost. Dean flow fractionation has also
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been used to separate CTCs from blood in a two-stage system.®¢ The device was able to
process samples with at 20% hematocrit and CTCs were identified in samples collected
from 20/20 metastatic lung cancer patients. The device had a processing speed of 3mL/h.

Magnetophoresis and magnetic trapping

Magnetophoresis usually uses affinity-coated magnetic particles to sort or concentrate cells
based on surface markers, but intracellular nanoparticlesg7 or marker-free sorting of RBCs,88
through their intrinsic paramagnetic properties, have also been shown. The combination
of magnetics and microfluidics has meant that magnetic selection can be made in contin-
uous flow, even though magnetic trapping in microfluidic devices also has been employed
to isolate CTCs® or concentrate E. coli’®. The separation process is dependent on a non-
uniform magnetic field directed perpendicular to the primary fluid flow. By deflecting
magnetic particles in this field the magnetic particles can be separated from each other and
from non-magnetic particles. The sorting is further dependent on the magnetic suscepti-
bility and size of the particles’’.

Xia et al.”* showed that they could separate E. coli from two times diluted RBCs with
a recovery of 78% of the bacteria with less than 1% contamination of RBCs (Figure 4.8).
The device was operated at a flow rate of 25 pL/h, and 10000 processed cells/s. This very
low processing flow rate can be said not to be relevant for clinical applications. The same
group, however, later reported on a device for cleansing whole blood from the fungi C.

albicans, which was able to remove 80% of the contaminating fungi at a flow rate of 20
mL/h%.

Plouffe er al®* reported on a device that could separate spiked MCF-7 cells (50
cells/mL) from whole blood with a recovery of over 85-95% and a purity of 80-55%. The
group also showed that the device could be used to simultaneously separate hematopoietic
stem cells and endothelial progenitor cells from whole blood using anti-CD133-antibody-
functionalized magnetic beads. For this experiment they showed a recovery of 96% as
compared to measurements on the original samples performed by flow cytometry. The
experiments could be performed at a flow rate of 14 mL/h.

Compared to previously described macroscale systems such as MACS, microfluidic sys-
tems relying on magnetic forces to sort cells have the advantage to be able to process samples
continuously. More than one cell type can also be isolated at the same time.” As target cells
are selected through specific markers the selectivity for magnetophoresis is relatively high,
and the method is not as dependent on specific microstructures or channel dimensions or
particle-particle interactions. The marker-specific selection, however, means that specific
markers of the target cells have to be known to process them. This may for example cause a
loss of subpopulations not harbouring the specific marker or making the isolation of an un-
known bacterial species from blood complicated. Another challenge for the magnetic-based
systems is the fact that the magnetic force field is increasing exponentially when approach-
ing the magnet. This leads to the risk of having particles get stuck to the device wall if the
flow rates are not adjusted properly.
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Figure 4.8: Schematic depiction of the magnetophoresis device that contains a microfab-
ricated layer of soft magnetic NiFe material adjacent to a microfluidic channel with two
inlets and outlets. The inset shows how magnetic beads flowing in the upper source paths
are pulled across the laminar streamline boundary into the lower collection path when
subjected to a magnetic field gradient produced by the microfabricated NiFe layer located
along the lower side of the channel. Reprinted from: Xia, N., Hunt, T. R, Mayers, B. T.,
Alsberg, E., Whitesides, G. M., Westervelt, R. M., & Ingber, D. E. (2006). Combined
microfluidic-micromagnetic separation of living cells in continuous flow. Biomedical Mi-
crodevices, 8(4), 299-308”. Reprinted with kind permission from Springer Science and
Business Media.

Acoustophoresis and acoustic trapping

Acoustophoresis uses ultrasound to process rare cells in either continuous flow, through the
use of bulk acoustic waves (BAW) or standing surface acoustic waves (SSAW), or in batch
mode trough acoustic trapping. The methods all rely on the formation of standing acoustic
waves to manipulate the cells based on their size, density, or compressibility.

Bulk acoustic waves have been used to manipulate rare cells in the papers included
in this thesis, which will be further discussed below. In addition to this Augustsson ez
al®® separated spiked CTCs from WBCs. With the introduction of two-dimensional pre-
alignment the device was used to recover 85.4% of the cancer cells with a contamination of
0.7% of WBCs and a flow rate of 70 pL/min. In an attempt to take the sample preparation
further Iranmanesh ef 2.%” presented an integrated system that simultaneously separated
spiked CTCs from RBCs, trapped and concentrated the recovered cancer cells and allowed
for on chip fluorescence image analysis of the trapped cells (Figure 4.9). 85.5% of the
cancer cells could be recovered with a purity of 100%, and the cells were concentrated 130
times in the trap. The sample processing flow rate was, however, only 4.5 pL/min making
rare cell processing time consuming,
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Figure 4.9: Microscopic view of the acoustophoresis chip. a) Separation of A549 lung
cancer cell line from RBCs. b) Trapping and concentration of the separated cancer cells.
Reprinted from Ref.”” with permission from The Royal Society of Chemistry.

BAW has also been used to concentrate cells. Hawkes and Coakley”® used acoustophoresis-
enhanced sedimentation, where yeast cells were focused into aggregates which eventually
made them sediment when heavy enough, to concentrate S. cerevisiae 5-fold with a re-
covery of 98.5% of the cells. The experiments were run at a flow rate of 4.8 mL/min.
Jakobsson et a/.”? used a recirculating acoustophoresis device and showed that RBCs could
be concentrated 1166 + 110 times with a 98.7% recovery, and DU145 cells and MCE-7
cells could be concentrated 817 + 125 times with a recovery of 90.2%, and 519 + 115.7
times with a recovery of 81.7%, respectively.

Standing surface acoustic waves have also been used for rare cell processing. Ai, Sanders
and Marrone'®® used SSAW to separate E. coli spiked with pre-isolated PBMCs. In the
target outlet 95.65% bacteria and 3.92% WBCs could be found, while 7.24% of the cells
collected in the waste outlet were found to be bacteria and 91.48% were WBCs. The
sample was processed with a flow rate of 0.5 pL/min. Li ez 2/.'% used a tilted-angle SSAW
device to separate spiked CTCs from WBCs at a sample processing flow rate of 20 pL/min
(Figure 4.10). While removing 99% of the WBCs 60-80% of the cancer cells could be
recovered. The device was also used to isolate CTCs from three patients with metastatic
breast cancer.

Standing acoustic waves can also be used to trap cells and particles in order e.g. concen-
trate of wash them. Using seed particles Hammarstrdm, Laurell, and Nilsson showed that
they could trap bacteria with a capture efficiency of 95%%.

Acoustophoresis is a label-free method which is advantageous when isolating rare cells
with no known specific markers. Devices depending on BAW can also be operated at
relatively high flow rates compared to other microfluidic methods, although SSAW devices
have not shown the same throughput. SSAW devices, however, can be fabricated in softer
materials such as PDMS, while BAW devices generally rely on more rigid materials in order
to efficiently form the standing waves. The reliant on an external force field to process the
cells also makes the instrumental set-up more complicated, but in turn enables one device
to be used for many different applications as the applied force can be externally adjusted.
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Figure 4.10: SSAW device for cancer cell separation. a) Illustration of the device. b)
Schematic of the working mechanism behind the tilted-angle SSAW-based device. The
direction of the pressure nodes and pressure antinodes were established at an angle of incli-
nation (6) to the fluid flow direction inside a microfluidic channel. Larger CTCs experience
a larger acoustic radiation force (F¢) than WBCs (Fw). Fyc and Fy,, are the drag force
experienced by CTCs and WBCs, respectively. c) A photograph of the device. Reprinted
from: Li, P, Mao, Z., Peng, Z., Zhou, L., Chen, Y., Huang, P-H., Truica, C. L., Drabick,
J. J., El-Deiry, W. S., Dao, M., Suresh, S., & Huang, T. J. (2015). Acoustic separation
of circulating tumor cells. Proceedings of the National Academy of Sciences of the United
States of America, 112(16), 4970-4975°". Copyright 2015 National Academy of Sciences,
USA.

Dielectrophoresis

Dielectrophoresis (DEP) is a label-free method that has been widely used in microfluidics,
including rare cell applications'®. Using DEP, cells are processed based on size and vari-
ations in the dielectric properties of different cell populations. The non-uniform electric
DEDP force field induces a force on the particles due to an induced or permanent dipole.
DEP systems harbour many factors that can be manipulated that contribute to the re-
sultant DEP force field. Among these factors are driving current, AC or DC, electrode
geometry, and frequency. Particles either feel a force directed towards the field maximum,
denoted positive DEP (pDEP), or away from the field maximum, denoted negative DEP
(nDEP)104,

Braschler ez @/.'® used a continuous flow pDEP device to separated B. bovis (cattle
pathogen) infected RBCs from uninfected RBCs. It was shown that the infection changed
the dielectric response of the cells and the infected cells could be enriched seven times to
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a purity of 50%. Becker er al.'® proposed a DEP device that selectively trapped human
breast cancer cells (cell line MDA213) over RBCs and T-cells using the device as an affinity
column. The device could sort 103 cells/s.

Mancada-Herndndez and Lapizco-Encinas'”’ used an insulator-based DEP device, where
the compression of the electrical field lines between the insulator posts was utilized, to trap

107

both S. cerevisiae and E. coli in order to concentrate them (Figure 4.11). When lowering
the applied voltage first the bacteria and then the yeast cells could be selectively released.
The yeast cells were concentrated 23.41-fold and the bacteria were concentrated 88.1-fold
as measured in the trap.
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Figure 4.11: a) Schematic representation of the DEP device top view showing channel di-
mensions and insulating structures geometry. b) Schematic representation of microchannel
side view showing reservoirs and electrodes. Reprinted from: Moncada-HernA;ndez, H., &
Lapizco-Encinas, B. H. (2010). Simultaneous concentration and separation of microorgan-
isms: insulator-based dielectrophoretic approach. Analytical and Bioanalytical Chemistry,
396(5), 1805-16'", Reprinted with kind permission from Springer Science and Business
Media.

An advantage of DEP is that it is conducted in a label-free manner, which can be useful
especially when isolating rare cells with no known specific markers. Compared to other
label-free methods, DEP devices also process small cells and particles, such as bacteria, with
more ease. Disadvantages of DEP systems are the reliance of a specific buffer to be able to
process cells. Most DEP devices are also applied at relatively low flow rates, in the order of
1-10 pL/min, making them less applicable for rare cell separation or concentration.
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4.3 Summary and conclusion of microfluidic methods

Both passive and active microfluidic methods, described above, have been used to process
rare cells. Generally, passive methods, not reliant on an external force field to process cells,
will enable a less complicated instrumental set-up. This on the other hand means that the
processing results are reliant on internal forces generated in the devices, which means that
a new device has to be fabricated for each new application. Most active methods can also
be used to process higher cell concentrations than passive methods as their performance
is not as dependent on cell-cell interactions. Methods operated in batch mode, compared
to continuous flow, can more easily be used to concentrate samples and generate higher
concentration factors. The batch operation mode, however, puts constrains on the amounts
of cells or sample volume that can be processed in one run. Label-free techniques have the
advantage to not be reliant on specific markers, which is especially useful when dealing
with rare cells with no known specific markers. Label-dependent techniques on the other
hand can offer a higher specificity when used to separate or process specific cell types. One
method might not be superior to the others for all applications. Rather the pros and cons
for each method should be reviewed before applying it in order to find the most suitable
one.
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Acoustofluidics

Ascoustoﬂuidics is the combination of acoustics and microfluidics, wherein the study of
ound and its interaction with particles or cells is combined with the study of fluid be-
haviour in micrometer channels. This section will focus on describing the theory developed
for acoustofluidic devices utilizing bulk acoustic waves as is used in papers I-V included in
this chesis.

5.1 Microfluidics

Microfluidics encompasses the science and technology of the behaviour of fluids, in mi-
crometer channels. Microfluidics has been applied to cell processing and bioanalysis e.g.
to carry out separation and detection with high resolution and sensitivity, where the small
sample and reagent consumption has proven to be an advantage which lowers costs and

shortens analysis times!%®

. With shrinking dimensions the surface to volume ratio increases
creating specific phenomena not normally encountered in macroscale systems. This section
will cover characteristic microfluidic phenomena that are relevant to the work presented in
papers I-V included in this thesis. The implications of these phenomena for acoustofluidic

applications will be covered in the sections below.
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Laminar flow

For most flows in microfluidic channels viscosity dominates over inertia, which leads to
the absence of turbulence, most often seen in macroscale flows, and the establishment of
laminar flow streams (Figure 5.1). The laminar flow behaviour can easily be realized and is
utilized to spatially and temporally control the flow of solutes as well as particles suspended
therein!®. This behaviour occurs when the Reynolds number (Re), which gives the ratio
of viscous to inertial forces, is small (Re << 2300).

_ pUH
7

where U is the average velocity of the fluid, H is the channel dimension, and p and p are

Re

the fluid density and dynamic viscosity, respectively’?. In laminar flows phenomen such as
diffusion also becomes increasingly important and is the only way in which mixing between
solutions occur.!’ A sufficiently large particle, to not be affected by diffusion, suspended
in the fluid will, thus, travel through the whole microchannel in the same laminar flow
stream that it was positioned in when it entered the channel.

Figure 5.1: Laminar flow. Reprinted with permission from Weibel, D. B., Kruithof, M.,
Potenta, S., Sia, S. K., Lee, A., & Whitesides, G. M. (2005). Torque-actuated valves
for microfluidics. Analytical Chemistry, 77(15), 4726-33""". Copyright 2005 American
Chemical Society.

Poiseuille flow

A Poiseuille flow has a parabolic flow profile, where the fluid velocity is highest in the chan-
nel center and then gradually decreases as it approaches zero at the channel walls (Figure
5.2). This flow profile exists because of the non-slip boundary condition at the walls stating
that the fluid velocity there will be zero. The effect of this will transfer, through the viscos-
ity, to the bulk fluid and, thus, creating the parabolic flow profile. For a particle suspended
in the fluid this means that it will have an increasingly longer retention time in the channel
the closer to the walls, or top or bottom of the channel it is positioned!®” .
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Figure 5.2: Flow velocity profile in a ~375 pm x 150 pm cross section microchannel. The
colours indicate the fluid velocity, where blue indicates the lowest and red the highest flow
velocities.

Stokes” drag

When a particle is dragged through a fluid, the particle experiences a viscous drag, a fric-
tional force known as Stokes’ drag (Fi,.q4) during laminar flow conditions. This occurs for
example when a particle is pushed through a fluid by an externally generated force. This
drag force is directed opposite to the external force and the velocity of the particle.

Frag = 6TpQU

where p is the dynamic viscosity, a is the particle radius, and w is the velocity of the
particle.

5.2 Acoustics

In the field of acoustofluidics, sound, in the form of ultrasound standing waves, is used
to move particles to specific positions in microfluidic channels. When a particle is sus-
pended in an ultrasound standing wave field, the induced force on the particle is a result of
both the primary and secondary radiation forces, as well as the Stokes’ drag force from the
acoustic streaming. The primary acoustic radiation force originates from scattering of the
standing wave on a particle and affects the particles position relative to the resonant cavity.
The secondary acoustic radiation force is due to interactions of the scattered waves from
two particles and affects the particles relative positions. This force is commonly orders of
magnitude smaller and is only significant on very short particle-particle distances, z.e. at
very high particle concentrations. In the papers I-V included in this thesis the particle con-
centration has deliberately been kept below 10°/mL to minimize the effect of the acoustic
and hydrodynamic interactions between particles and, thus, it will not be discussed further
herein. The fundamental theory on acoustic standing wave forces on particles has earlier
been described by King!!2, Yosioka and Kawasima''®, Gorkov'!4 and Nyborg!!®, among
others.
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Primary acoustic radiation force

The primary acoustic radiation force (Fj..q) is the force responsible for moving particles,
suspended in an acoustic standing wave field, to the node or anti-node of the standing wave
(Figure 5.3). When considering the case of a plane standing acoustic wave, an expression
for the axial primary acoustic radiation force on a spherical particle with a radius much
smaller than the wavelength can be derived.

Fraq = 47Ta3q)kyEac SlH(Zkyy)

Ko — Kp Pp — Po
3k, 2pp + po

o=

where @ is the acoustic contrast factor, a is the particle radius, k= 27/X is the wave
number, F, is the acoustic energy density, ¥ is the distance from the wall, %, is the isother-
mal compressibility of the particle, %, is the isothermal compressibility of the suspending
fluid, p,, is the particle density, and p, is the suspending fluid density!'°.

It should be noted that the magnitude of the primary acoustic radiation force is strongly
dependent on the particle volume such that larger particles will experience a larger force
than smaller particles and will thus be moved faster towards the node or anti-node in the
acoustic radiation force field.

When a particle is moved by the primary acoustic radiation force it is retarded by the
Stokes™ drag such that Fi.q = Farag. By balancing these forces the velocity, t;a4, of the
particle can be derived.

Urad = %alkyEaC sin(2ky,y)

The particle velocity is dependent on the square of the particle radius. The two times
velocity difference between 5 pm and 7 pm particles is the smallest difference that has been
shown to be separable so far e.g. in paper IIT and IV.

The sign of the acoustic contrast factor, @, based on the density and compressibility
of the particles in relation to the suspending medium, determines if the particle will move
towards the standing wave node or anti-node. This factor is typically positive for cells
suspended in physiological liquids such as plasma, phosphate buffered saline (PBS), or cell
culture medium, and negative for particles such as air bubbles or oil particles.

Most successful acoustophoresis separation experiments are dependent mostly on the
particle size differences, but the effect of the density and compressibility can also be seen
for example when Grenvall et 2/.''7 managed to separate monocytes from granulocytes even
though they are very similar in size.

Two-dimensional focusing

Early acoustophoresis particle separation experiments relied on focusing the particles in one

dimension!!® 119,
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Figure 5.3: Particles acoustically focused in the ultrasound standing wave node in a mi-
crochannel with commonly used dimensions operated at a frequency of 2 MHz.

The parabolic flow profile in the microchannels will, however, have an impact on the sepa-
ration efficiency when operated in this mode. This is due to the fact that particles suspended
in different parts of the channel will have different retention time in the device and, thus,
experience the acoustic standing wave field increasingly longer the nearer the walls or top
and bottom of the channel the particles are positioned. A smaller particle initially posi-
tioned closer to the wall and especially top and bottom of the channel may, thus, be able to
move to the same final position as a larger particle initially positioned closer to the channel
centre. As the retention time in the force field for the smaller particle will be longer it will
make up for the fact that this particle will experience a smaller acoustic radiation force and,
thus, move slower.

In order to improve the separation resolution the particles can be prealigned in two
dimensions, both horizontally and vertically, to ensure that they all are positioned in the
same fluid velocity regime and all have the same retention time in the microchannel before
sorting. Figure 5.4 shows confocal images where one-dimensional and two-dimensional
focusing is compared.

Two-dimensional prealignment has also been used for sorting purposes in papers I1I
and IV. In papers I and V, where acoustophoresis is used to concentrate cells and particles,
these were two-dimensionally focused in order to position them in the fastest moving fluid
regime when passing the outlet region. In the outlet region where the channel widens,
the channel width no longer matches the wavelength of the ultrasound. In this region
resonances occur in several directions, creating an unknown acoustic standing wave field
that may divert the particles from their original trajectories to end up in the waste outlet.
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Figure 5.4: Confocal images showing a cross-section of the microchannel as indicated by

the white lines. a) Particles focused (green) in one dimension vertically. The channel
bottom is viewed in red. b) Particles focused in two dimensions. The focused cluster
appears longer in the height direction because of the confocal depth of about 20 pm caused
by the thick cover glass of the device. This is illustrated by the elongated image of a
stationary particle in the lower left corner of the flow channel. Adapted from Ref.'* with
permission from The Royal Society of Chemistry.

If the particles move in the slower moving fluid regime past this region they will spend
enough time there to be diverted. If they are, however, two-dimensionally focused to be
positioned in the faster moving fluid regime they will pass this region faster and will not
become diverted from their original trajectories. The complexity of the acoustic standing
wave field in this region is shown in Figure 5.5 where the amplitude has been increased
to exaggerate this phenomenon. The one-dimensionally focused particles are divided into
several bands located at different channel depths. Particles closer to the top and bottom of
the channel are escaping to the sides and will eventually, with increased amplitude even get
trapped in local vortex-surrounded acoustic hot spots.

Figure 5.5: The effect of the undesired standing wave node pattern, in the oudet region,
on particles focused in one dimension. The acoustic field divides the focused particle-band
into several bands located at different channel depths, where the particles moving closer
to the bottom and top of the channel become diverted to the side outlets or temporarily
trapped in local hot spots surrounded by vortices.

In paper II two-dimensional focusing was shown to change the acoustic streaming

pattern to not counteract the focusing of submicrometer particles in the way that one-
dimensional-induced acoustic streaming does.
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Acoustic streaming

An acoustic standing wave in a microchannel will not only assert a primary radiation force
on particles suspended in the acoustic standing wave field, it will also induce the acoustic
streaming driven by the shear stress near rigid walls in the acoustic boundary layers of the
standing wave (Figure 5.6)'*'. This phenomenon was originally described by, and named
after, Lord Rayleigh to Rayleigh streaming'®?. Later, the theory has been extended by
Schlichting123 s NyborglM, Hamilton!?>, and Muller!2¢, among others.

The Rayleigh streaming seen in acoustofluidic devices is driven by the viscous dissipa-
tion of acoustic energy into the boundary layer of the fluid along the channel walls. The
dissipation in the boundary layer next to the wall is relatively large in comparison with
the bulk dissipation because of the steep velocity gradient that is formed perpendicular to
the channel wall because of the non-slip boundary condition dictating that the velocity by
the wall decreases to zero. The boundary layer d,, in the acoustofluidic devices presented
in this thesis is less than 1 pm thick, harbouring the steep velocity gradient. The viscous
dissipation results in a momentum flux close to the channel wall, which in turn results in
the formation of boundary layer vortices called Schlichting streaming. This boundary layer
streaming will in turn generate the large streaming vortices seen in the bulk of the fluid, the
Rayleigh streaming. The acoustic streaming is particularly pronounced when A >> h >
dy » where \ is the ultrasound wavelength and h is the microchannel height (perpendicular
to the direction of propagation of the standing wave)'?!.
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Figure 5.6: One-dimensionally induced acoustic streaming, The size of the viscous bound-
ary layer where the Schlichting streaming takes place is highly exaggerated.

Acoustic streaming induced by a single standing wave

In devices similar to the ones presented in this thesis, the motion in the acoustic force
field of particles (with properties similar to polystyrene) larger than the critical particles
diameter of ~2pm is dominated by the acoustic radiation force. The motion of smaller
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5. Acoustofluidics

particles is, however, dominated by the Stokes’ drag-induced acoustic streaming (Figure
5.7)127:128 At some positions in the microchannel the resulting motion of the Stokes’
drag-induced acoustic streaming counteracts the motion induced by the primary acoustic
radiation force. For larger particles this presents no problem as the primary acoustic ra-
diation force is larger which keeps the focused particles in the nodal plane of the acoustic
standing wave. For smaller particles, however, this disables focusing of the particles when
the acoustic streaming-induced drag force drags the particles away from the nodal plane
at the channel top and bottom. The transition from acoustic radiation force-induced to
acoustic streaming-induced drag force motion is easily understood when considering that
the primary acoustic radiation force scales with the cube of the particle radius while the
acoustic streaming-induced drag force scales with the radius. Thus, as the particle radius
decreases the primary radiation force decreases faster than the streaming-induced drag force.
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Figure 5.7: a) The starting position (dots) of 144 evenly distributed particles at t=0 s.
The trajectories (coloured lines) and positions (dots) that the particles have reached by
acoustophoresis a t=10 s for five different particle diameters: b) 0.5 pm ¢) 1 pm d) 2 pm
e) 3 pm, and f) 5 pm. The colours indicate the instantaneous particle velocity u ranging
from 0 pm/s (dark blue) to 44 pm/s (dark red). The lengths of the trajectories indicate the
distance covered by the particles in 10 s. Reproduced from Ref.'*® with permission from
The Royal Society of Chemistry.
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5.2 Acoustics

Acoustic streaming induced by two orthogonal standing waves

When actuating the microchannel in two dimensions by two orthogonal resonances the
generated acoustic streaming velocity field is fundamentally different compared to a single
standing wave actuation'?’. The two-dimensionally actuated streaming velocity field does
not counteract the primary radiation force in the same way as the classic Rayleigh streaming
does. In paper II it was discovered that the critical particle diameter, where the crossover
from radiation force-dominated to acoustic streaming-induced drag force-dominated par-
ticle motion takes place, could be reduced below 0.5 pm in diameter (for polystyrene-like
particles) when actuating the microchannel in two dimensions. Figure 5.8 shows a com-
parison between a one-dimensionally and two-dimensionally actuated nearly-square mi-
crochannel and the corresponding particles trajectories for 0.5 pm particles. Figure 5.8 a
shows that the submicrometer particles are caught in the characteristic quadrupolar struc-
ture of the streaming flow when actuated in only one dimension, while figure b and c show
the corresponding streaming velocity fields for two different phase shifts between the os-
cillations of the walls when actuating the channel in two dimensions. As the experimental
results in paper II shows that 0.5 pm particles can be focused it indicated that the used
device is dominated by a streaming velocity field similar to the one showed in figure 5.8 ¢
rather than 5.8 b. This streaming pattern has also been observed in parts of the microchan-
nel, although the phase shift between the oscillations of the walls presumably varies along
the channel length.

a)
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Figure 5.8: Acoustophoretic motion trajectories, as driven by the combination of primary
acoustic radiation force and streaming-induced drag, of 0.5 pm particles in a nearly-square
microchannel cross section. a) Shows the resulting trajectories of a one-dimensionally ac-
tuated channel, and b) and c) shows the trajectories for two different phase shifts between
the oscillation of the walls in a two-dimensionally actuated channel. Adapted from Ref,'”
with permission from The Royal Society of Chemistry.
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Microfabrication

he acoustophoresis devices utilized in papers I-V included in this thesis were fabri-

cated through wet etching of silicon. Silicon is a rigid material that has an acoustic
impedance significantly different from that of water or water-based biofluids. This, to-
gether with the straight channel walls produced by anisotropic wet etching along crystal
planes, allows for an effective generation of acoustic standing waves. In addition to silicon,
glass has been used to fabricate acoustofluidic devices'*®. An advantage of fabricating de-
vices from wet-etched glass instead of wet-etched silicon, in addition to reduced fabrication
costs, is that the device design is not bound by following crystal planes and can be fabri-
cated in any design desirable where the width is at least two times the depth of the channel.
The slightly rounded side walls of the glass channel can, however, cause some unwanted
acoustic resonances not seen in wet-etched silicon devices. To decrease the fabrication costs
and facilitate the fabrication process further plastics or polymers such as PDMS is often
used in microfluidic devices. Even though a few attempts have been made to use these also

for acoustofluidic devices,'3!

these softer materials have an acoustic impedance closer to
water which makes it harder to establish the standing wave as the reflection of the sound
in the channel is less efficient. Even though a reflector in another material can be used, the
softer material also severely dampens the actuation.

In papers I and III-V (100)-oriented silicon was used, and in paper II (110)-oriented
silicon was used to produce a square channel. The microfabrication process for a (100)-

oriented silicon wafer is explained in Figure 6.1.

Oxidization

In order to protect the silicon wafer and etch the desired pattern the wafer is first oxidized to
produce a thin protective masking layer of silicon dioxide on the surface of the wafer. The
silicon dioxide layer is formed by thermal oxidation for 6-8 h, where the wafer is exposed to
oxygen or water vapour in a high temperature furnace (~1100°C). This results in an oxide
layer that is approximately 1 pm thick.
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6. Microfabrication

Mask

To produce the desired channel first a mask is needed. The channel is first drawn in a
CAD program, and then transferred to a positive photoresist and chromium-covered glass
slide, by using a UV-laser only exposing the channel structure. The mask is then developed
where the UV-exposed photoresist is stripped from the glass slide uncovering the chromium
underneath. The chromium is then etched away to finally expose the glass.

Photoresist patterning

When the wafer is oxidized and the mask is fabricated the mask pattern can be transferred
to the wafer. First the wafer is coated with a layer of positive photoresist. The resist-covered
wafer is baked in an oven to solidify the photoresist making it non-sticky after which it is
exposed to UV-light through the mask, exposing only the desired area of the wafer. The
wafer can then be developed uncovering the silicon dioxide in the UV-light exposed areas.
Finally the wafer is baked again in an oven to crosslink the polymer to make it resistant to
the oxide etchant, after which it is no longer photo sensitive.

Oxide etching

The bare silicon dioxide can then be etched away, using hydrofluoric acid (HF) exposing
the silicon underneath. The rest of the photoresist can also be removed exposing the silicon
dioxide that protects the covered areas of the wafer from being etched in the next step.

Silicon etching

The exposed silicon is etched, using potassium hydroxide (KOH) heated to 80°C. Etching
channels aligned with the <100> direction in a (100)-oriented silicon wafer will always
produce a channel geometry wider than deep as the wafer will be etched with the same
rate in both lateral and vertical directions, while etching channels aligned with the <111>
direction in a (110)-oriented silicon wafer will only etch the wafer in the vertical direction
making square or deeper than wide channel geometries possible.

Bonding

Before bonding the silicon to the glass lid the single channels are diced out from the wafer.
Holes are then drilled through the single silicon channels to produce the inlets and outlets
of the chips. Before bonding the silicon dioxide also have to be striped, by once again
exposing the chips to HE The chips can then be anodically bonded to borosilicate glass lids
to seal the channels. After cleaning the silicon chip and glass lid thoroughly, the bonding is
performed by placing the silicon-covered glass on a hot plate heated to 450°C, placing one
electrode on the glass-covered silicon and having the hot plate work as the other electrode.
When applying a voltage of 1000 V an electrostatic bond will be created between the silicon
and the glass plate permanently bonding them together.
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Figure 6.1: The microfabrication process of a (100)-oriented silicon wafer to produce an

acoustofluidic device.
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Technical advancements

he foundation of this thesis is comprised of the five included papers. This section
intends to introduce each paper and the aim and motivation for the work. The overall
aim has been to develop microfluidic devices that are useful for rare cell handling. The
methods can be used as stand-alone devices, but also as integrated parts of a more complex
system including other sample preparation or analysis units, towards a true pTAS (as partly
shown in papers III-V and illustrated in Figure 7.1).

Units

Concentrate

Align

Separate

Trap

Analyze

Paper

Unit combinations

Concentrate
Align

Align Separate

Align Separate
(Concentrate)—(Trap)— Analyze

Figure 7.1: Operation units used or combined in the different papers included in this

thesis.
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7. Technical advancements

Paper I - Two-hundredfold volume concentration of dilute cell and particle
suspensions using chip integrated multistage acoustophoresis

Rare cells, after isolation, are often dilute since they originate from large volumes of sam-
ple. When handling dilute cell suspensions containing few cells, or small sample volumes
produced by microfluidic processing, ordinary concentration techniques such as centrifu-
gation might not be practically usable. To these ends, in the first paper, acoustophoresis
was used to concentrate cells and particles in order to facilitate subsequent analysis. In
the paper it was shown that sequential concentration steps and two-dimensional focusing
was crucial to achieving the highest concentration factors. The sequential concentration
steps were used to multiply a modest concentration factor achieved in each step to a high
overall concentration factor. The two-dimensional focusing allowed the particles to all be
positioned in the flow regime with the highest flow rate which reduced the time spent in
the acoustically chaotic trifurcation regions to a minimum, preventing them from being
deflected from their established flow trajectories (Figure 7.2). Using these findings dilute
cancer cell suspensions could be concentrated 195.7 £ 36.2-fold with a recovery of 97.2
3.3 %. The chip was further envisioned to be an integrable unit of a larger Lab-on-a-Chip
system.

Figure 7.2: a) Particles focused in one dimension in the last outlet region. The yellow arrow
indicates escape of particles to the side outlet. b) Particles focused in two dimensions in the
last outlet region. c) and d) Schematic cross-section of the micro-channel showing particles
focused in one and two dimension and their position within the flow velocity profile. Red
represents the fastest and blue the slowest moving fluid regime. The dashed lines indicate
the ultrasound standing waves. Reproduced from Ref.'*® with permission from The Royal

Society of Chemistry.
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Paper II - Focusing of sub-micrometer particles and bacteria enabled by
two-dimensional acoustophoresis

Acoustophoresis devices that focus particles in one dimension and are operated at a fre-
quency of around 2 MHz handles larger cells efficiently. They can, however, not be
efficiently used to handle particles and rare cells smaller than about 2 pm in diameter,
practically meaning that most bacteria cannot be acoustophoretically processed. While
the acoustophoresis-induced motion of larger particles is dominated by the acoustic radia-
tion force, the motion of smaller particles is instead dominated by the acoustic streaming-
induced drag force. Larger particles can, thus, be focused while smaller particles instead
are trapped in the streaming vortices inherent with the acoustic field. It was found that
while simultaneously exciting two orthogonal resonances an acoustic streaming velocity
field was formed that did no longer counteract the primary radiation force which allowed
submicrometer particles to be focused. Further it was showed that the critical particles di-
ameter, where the crossover from radiation force-dominated to acoustic streaming-induced
drag force-dominated particle motion, was decreased below 0.5 pm (for polystyrene-like
particles), a four-fold size reduction (Figure 7.3). The device was also used to focus E. coli
with a focusability of 0.95 £ 0.35. Simulations and experiment showed that the streaming
velocity field was dominated by a large centred flow roll instead of the four characteristic
Rayleigh vortices seen when actuating the channel in one dimension. It was envisioned that
the results would open the field of acoustophoresis to new applications in microbiology for
biomedical, environmental, or food purposes.
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Figure 7.3: Comparative illustration of bioparticles sizes in relation to the acoustophoresis
focusing limits for one-dimensional and two-dimensional focusing.
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7. Technical advancements

Paper III - A single inlet two-stage acoustophoresis chip enabling tumor
cell enrichment from white blood cells

In the third paper the focus was again turned to the handling of larger rare cells presenting a
device that enabled a simplified fluidic setup for cancer cell separation from WBCs (Figure
7.4). This was achieved by removing the centre fluid inlet when performing the separation.
The simplified fluidic setup has three obvious advantages. It will facilitate the control of
the flow in the device making it easier to keep it stabile, which in turn will generate better
recoveries and less contamination of target cells. It will also easier lend itself to integration
with other operation units keeping the fluidic connections to a minimum. Furthermore,
the need to match the acoustic impedances of fluids when using multiple inlet streams
is eliminated. When removing the centre fluid stream the prealignment becomes crucial
for the separation ability. Without the centre stream, which hydrodynamically laminates
the particles to the channel walls, particles that were not peraligned would be randomly
distributed in the whole channel not allowing them to be separated. It was also shown
that it was important to control the ratio of the flow through the centre outlet compared
to the side outlets, to generate the highest separation efficiency. Using this device, spiked
cancer cells could be separated from WBCs with at recovery of 86.5 £ 6.7% of the cancer
cells with 1.1 4 0.2% contamination of WBCs. In addition to the mentioned advantages
this device also made it possible to concentrate the recovered cells about 2,5-fold instead
of diluting them as devices relying on hydrodynamic pre-positioning often do, important
especially for rare cell processing.

A  Prealignment Separation

’ a
L. S s

Figure 7.4: Illustration of the chip and particle trajectories from (A) the top and (B) the
side. Cells and particles are infused at (1) and are acoustically prealigned in two dimensions
to two positions along the width (y-axis) of the chip and are at the same time levitated
to mid-height (z-axis) of the channel (purple lines). The prealigned cells then enter the
wider separation channel at (a-a), where the larger, denser, or less compressible cells are
focused faster towards the center of the channel (red line). Thus, these cells or particles
are separated from smaller, less dense, or more compressible cells (blue line) and the two
different fractions can be collected in the two outlets (2) and (3). Adapted from Ref.'*
with permission from The Royal Society of Chemistry.
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Paper IV - Acoustofluidic, label-free separation and simultaneous concen-
tration of rare tumor cells from white blood cells

After demonstrating that acoustophoresis can be used to either concentrate or separate cells
an obvious next step was to integrate the two operation units. Many cell separators dilute
the target cells in the process, something that is a clear disadvantage when processing rare
cells. As the rare cells are, after isolation, often dilute the subsequent analysis of the sep-
arated cells will be facilitated by concentrating the cells. Ordinary concentration methods
such as centrifugation might not be practically useful to handle these microfluidically gen-
erated samples with small volumes and low cell numbers. The integration of a separation
and a concentration unit will therefore provide a useful tool for the processing of rare cells
in microfluidic systems. In Paper IV such an integrated device to simultaneously separate
and concentrate spiked cancer cells from WBCs was used (Figure 7.5). It was found that
MCE-7 cells could be separated from WBCs with a recovery of 91.8 4= 1.0% and a contam-
ination of 0.6 + 0.1% WBCs with a simultaneous 23.8 £ 1.3-fold concentration of the
cancer cells, and DU145 cells could be recovered with an efficiency of 84.1 £ 2.1% with
0.2 + 0.04% contamination of WBCs while concentrating the cancer cells 9.6 + 0.4-fold.
Integrated with an analysis unit this device has the potential to contribute to the clinical
monitoring of cancer patients as well as the development of personalized medicine with
targeted therapies specific to an individual patient’s tumor biology.

y Pre-alignment Separation Concentration

Figure 7.5: Illustration of the chip from the top showing particle trajectories and inset
photographs, showing the separation of 5 and 7 pm polystyrene particles. Particles were
infused through inlet (a) and prealigned in two dimensions, horizontally and vertically (y-
and z-directions). A cell-free liquid was infused through inlet (b) where the cells of interest
were isolated in the separation channel. Waste cells were discarded through oudlet (1) as the
target cells were refocused in the concentration channel. Concentrated cells were then col-
lected through outlet (3), and cell-free liquid was discarded through outlet (2). Reprinted
with permission from Antfolk, M., Magnusson, C., Augustsson, P, Lilja, H., & Laurell, T.
(2015). Acoustofluidic, label-free separation and simultaneous concentration of rare tumor
cells from white blood cells. Analytical Chemistry, 87(18), 9322-8'%%. Copyright 2015
American Chemical Society
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Paper V - Highly efficient single cell arraying by integrating acoustophoretic
cell pre-concentration and dielectrophoretic cell trapping

Finally, in paper V it was shown that the acoustophoresis device can be integrated with
an analysis device, composed of an electroactive microwell array (EMA) based on dielec-
trophoresis trapping, enabling simultaneous concentration, trapping and subsequent anal-
ysis of target cells (Figure 7.6). In this work, the method, presented in paper I was used, to
concentrate cells by focusing them in two dimensions. Most importantly, as a consequence
of the cell concentration step, the device also translates a flow of a higher flow rate into a
lower one. This was especially beneficial for the EMA trapping chip that was reliant on a
low flow rate to efficiently trap cells. The low flow rate meant that the processing of samples
would be very time consuming and in principle non applicable to clinical samples. When
integrating the two devices a higher sample input flow rate could be used. The integrated
system could process samples with a ~10-fold higher flow rate as compared to the EMA
trapping chip alone while still recovering over 90% of the cells. This proof-of-concept work
can be further extended by additional functions, such as cell sorting, by integration with the
device presented in paper IV, or extended analysis after cell trapping, as has been previously
performed in a similar EMA trap.

A Sectional view
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Acoustofluidic device

Figure 7.6: Integration of the acoustofluidic chip and the EMA chip. (A) Schematic image
of integration. The target cells introduced from the inlet of the acoustofluidic chip are
focused at the center of the channel using ultrasound standing waves. The central stream
of the chip with the focused cells flows into the EMA chip. The cells are trapped into the
microwell array using DEP in the EMA chip. (B) Photo of the integrated device. The outlet
of the acoustofluidic device is directly interfaced to the inlet of the EMA chip. Scale bar is
4mm. Reproduced from Ref."** with permission from The Royal Society of Chemistry.
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Concluding remarks

his thesis has presented new acoustophoresis-based methods for rare cell processing. It

has been shown that acoustophoresis can be used to concentrate or separate cancer cells
from white blood cells, either in stand-alone devices or integrated on the same device. This
thesis also showed the possibility to alter the acoustic streaming velocity field as to allow
focusing of submicrometer particles. Finally, it was shown that an acoustophoresis device
can be integrated with other functionalities.

As opposed to many other microfluidic techniques for cell handling, acoustophoresis is
already used in a commercial flow cytometer instrument, the Atcune™. To some extent
this proves the usefulness of the technique. Nevertheless, there is a lot of research still to
be done before the technology will reach its full potential. For example the possibility to
integrate many sequential unit operations, as shown in this thesis, may be further explored.

Through a close collaboration with the Technical University of Denmark, DTU, much
light has been shed on the fundamentals and the physics behind the area of acoustofluidics.
Several newly published papers have for instance addressed acoustic streaming, but there isa
lot of more ground to cover. Advances in theoretical understanding as well as measurements
of the acoustic properties of cells, will also lead to a more fundamental understanding where
it will be possible to fully determine the motion of cells in acoustic fields.

As the technical understanding advances, new application areas should also be sought
for. By closer interactions between engineers, physicians, and biologists, new projects can,
no doubt, be born.

Furthermore, as the research field of microfluidics is maturing more, many research
groups are striving towards building true pTAS devices where several different microfluidic
methods are combined. Acoustophoresis has been used to perform many different opera-
tions such as cell sorting and separation, concentration, washing and trapping where their
usefulness would increase even further by integrating them with other sample preparation,
or detection and analysis units. There is always more to discover that could ever be envi-
sioned.
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9

Popularvetenskaplig
sammanfattning

Under min doktorandtid har jag forskat kring en metod kallad akustofores, dir ultraljud
anvinds tillsammans med mikrofluidik, det vill siga vitskefléden i mikroskopiska
kanaler. Allt f5r att bidra till att besvara olika medicinska frigestillningar. Det slutliga
malet dr att konstruera en medicinskteknisk apparat som kan anvindas inom sjukvirden,
som hjilp for att diagnostisera eller Svervaka olika sjukdomstillstdnd.

Mer specifikt har jag fokuserat pd att koncentrera eller sorterar ut det som kallas sillsynta
celler frin blodprov. Sillsynta celler finns bara i sm3 mingder i en mycket stérre population
av andra celler. Antalet sillsynta celler ir oftast firre dn 1000 per milliliter i ett blodprov
medan det t.ex. samtidigt finns ca 5 miljarder réda blodceller. Att leta efter dessa celler kan
dirfor liknas vid att leta efter en nil i en hostack.

Ett exempel pd sillsynta celler ir cirkulerande tumérceller, vilket dr celler som ger
sig ivig frin en cancercumdr, via blodomloppet, tll en ny vivnad och dir bildar metas-
taser (sekundira tumdrer). Det ir nir cancercellerna befinner sig i blodomloppet som de
benimns cirkulerande tumérceller. Om det dr mojligt act leta upp och bestimma antalet
celler, s gir det att 8vervaka hur aggressiv cancern 4r och om det ir troligt att metastaser
kommer att bildas. Genom att hitta cirkulerande tumérceller i ett blodprov &terfinns en bit
av tumdren, som det dr majligt att anvinda for att t.ex. testa mediciner, utan att behdva ta
mer invasiva biopsier. I avhandlingen visar jag att det ir mdjligt att anviinda akustofores till
att sortera ut och koncentrera cancerceller frin blodprov.

Ett annat exempel pd sillsynta celler som kan finnas i blodet dr bakterier. Om bakeerier
lyckas ta sig in i blomloppet si kan det leda till blodférgiftning eller sepsis, vilket 4r ett
sjukdomstillstind som snabbt utvecklas negativt om inte ritt behandling ges i form av
antibiotika. Eftersom det finns manga varierande typer av antibiotika som verkar mot olika
bakeerier, sd dr det viktigt att patienten behandlas med ldmpligast variant. Vid misstinkea
fall av sepsis s& finns det inte tid att avvakta med behandling innan bakteriearten som
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9. Populirvetenskaplig sammanfattning

infekterat patienten hunnit faststillas, s behandlande likare 4r tvingad att ge en cockrtail
av olika antibiotika och hoppas att nigon av dessa verkar. Samtidigt tas ett blodprov frin
patienten som skickas p4 odling och analys, men dir det kan drdja allt frén en till fyra dagar
innan besked kan limnas om vilken bakterie som orsakat infektionen. Allt ir beroende av
tillricklig snabb bakeerietillvixt s8 att mingden gér det majlige att bestimma vilken typ av
bakterie det dr friga om, och om den ir resistent mot ndgon antibiotika. Om snabbare
sortering och koncentrering kan ske av bakterier s& att renheten och antalet ir illricklig
for analys, sd kan fler patienter botas samtidigt som det dr m&jligt att forebygga onddig
antibiotikaanvindande.

Samtidigt som mina kollegor i laboratoriet arbetar med att forstka sortera ut bakeerier
frin blod, s har jag arbetat med en metod f6r ate forsska koncentrera dem. Vid tidigare
f5rsok har akustofores inte kunna anvindas for s smi celler som bakterier, dd dessa ir
mycket mindre 4n minskliga celler. I avhandlingen har jag visat en metod som gor att det
nu ocks3 dr majligt.

For atc kunna processa dessa prover med sillsynta celler si flédar jag dem genom
mikroskopiska kanaler, som ir ungefir en tredjedels millimeter breda. Vid flsden av vit-
skor igenom mikrokanaler, s uppstir fenomen som vanligtvis inte uppstér vid vitskefldden
igenom stdrre kanaler. Ett av dessa benimns laminira fldden, och yttrar sig i att vitskan
inte blandas utan flédar genom kanalen pd samma sitt som den anbringades. Anta att det
finns en kanal med tre inlopp och att rdd vitska tillférs genom det mittersta inloppet och
bl4 vitska genom sidoinloppen. De kommer d att fortsitea fldda parallellt som tre separata
strdmmar genom mikrokanalen (se Figur 9.1b). Om samma tillvigagingssite tillimpats 1
en storre kanal s skulle vitskorna blanda sig och anta en lila firg (se Figur 9.1a). Om jag
istillet for olikfirgade vitskor tillfér blod i sidoinloppen och en ren vitska, utan celler, i
andra inloppet s3 dr det majlig att kontrollera var i kanalen blodet kommer att vara lokalis-
erat. 1 kombination med det anvinder jag ocksd ultraljud i form av stdende vigor, dir
ljudet studsar fram och tillbaka mellan kanalviggarna. Ultraljudet gor att jag kan flycea
celler i sidled i kanalen in i den cellfria vitskan, pd ett sdtt som de annars inte skulle réra
sig pd grund av det laminira flddet. Storre celler paverkas mer av ultraljud och flyttar sig
snabbare i sidled (se Figur 9.1¢c). Det kan utnyttjas for att t.ex. sortera ut cancerceller frin
blodet eftersom dessa vanligen ir stérre dn blodceller. Nir olika celler har separerats till
differentierade positioner i kanalen s kan de pumpas ut i olika utlopp, samlas upp, riknas
eller analyseras vidare.
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Figure 9.1: a) Turbulent fléde i en makrokanal. b) Laminirt fldde i en mikrokanal lik
de som anvints i avhandlingen. c) Akustofores. De stérre grona cellerna flyceas snabbare
i sidled av ultraljudet och kan dirfér separeras frin de mindre réda cellerna. De svarta
konvexa linjerna visar ultraljudet. Pilarna visar riktningen pé flédet.
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Concentrating cells is a frequently performed step in cell biological assays and medical diagnostics.
The commonly used centrifuge exhibits limitations when dealing with rare cell events and small
sample volumes. Here, we present an acoustophoresis microfluidic chip utilising ultrasound to
concentrate particles and cells into a smaller volume. The method is label-free, continuous and
independent of suspending fluid, allowing for low cost and minimal preparation of the samples.
Sequential concentration regions and two-dimensional acoustic standing wave focusing of cells and
particles were found critical to accomplish concentration factors beyond one hundred times.
Microparticles (5 um in diameter) used to characterize the system were concentrated up to 194.2 +
9.6 times with a recovery of 97.1 + 4.8%. Red blood cells and prostate cancer cells were concentrated
145.0 4+ 5.0 times and 195.7 + 36.2 times, respectively, with recoveries of 97.2 + 3.3% and 97.9 +
18.1%. The data demonstrate that acoustophoresis is an effective technique for continuous flow-based
concentration of cells and particles, offering a much needed intermediate step between sorting and

detection of rare cell samples in lab-on-a-chip systems.

Introduction

Concentrating rare cells or dilute cell samples is a critical step in
bioanalysis and cell biology. Low concentration microorganisms
or rare cells associated with various diseases, such as bacteria in
bacteraemia’ or circulating tumour cells® often require concen-
tration before detection and identification. This crucial step can
mean the difference between a positive or negative diagnostic
readout. Assessment of water and food quality® can also pose
challenges in terms of sample concentration, where contaminat-
ing cells often are low in numbers.

Centrifugation is the most widely used method for concentrat-
ing samples. However, this technique suffers from drawbacks,
especially in combination with low cell numbers or small liquid
volumes.* Concentration of low cell numbers will require small
re-suspension volumes that are not practically possible to handle
in ordinary centrifugation systems. Furthermore, centrifugation
of low cell numbers will increase the risk of substantial sample
losses if the sample forms a pellet that is too small to be seen or if
no pellet forms at all. Centrifugation may also have an effect on
cell viability® and function,® which in the end can bias readouts.
When combined with lab-on-a-chip applications, where small
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volumes often are the end product, the centrifuge may not be a
suitable option.

Microfluidic-based and lab-on-a-chip concentrating systems
provide potential solutions to the problems inherent in the use of
centrifugation. Microfluidic systems make it possible to handle
samples in a continuous mode, without restricting sample
volumes, as large volumes may have to be processed in order
to collect a sufficient number of cells from highly dilute samples.
As opposed to most macroscale systems, they also offer the
possibility of handling samples in a closed environment. This
allows for concentration of rare cells for transplantation or cell
culture, without exposing them to the same contamination risks
as e.g. ordinary centrifugation or FACS based cell processing
would.

Possibilities for concentration in microfluidic systems have
previously been studied. Reported methods include the use of
gravity,* hydrodynamic forces,”® electrical forces,” ' magnetic
forces'® and acoustophoresis-enhanced sedimentation.'® The
results obtained using these methods are summarised in
Table 1. It can be seen that there is a lack of systems yielding
high concentration factors while maintaining a high recovery and
throughput.

This paper presents a high-throughput acoustophoresis
microfluidic chip, capable of achieving concentration factors
for cells and particles of up to two hundred times with minimal
losses. The chip utilises ultrasound standing wave forces to focus
cells and particles, in two dimensions, in a confined liquid
volume in the micro-channel centre. Cells and particles are
focused by the primary acoustic radiation force in two

4610 | Lab Chip, 2012, 12, 4610-4616
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Table 1 Summary of primary results obtained on concentration in microfluidic systems

Initial Recovery/
concentration Sample inflow  Concentration  Efficiency
Method Particle/cell  (mL™") rate (L min~") factor (%) Comment Reference
Gravity LNCaP 5%10° Max 8 9.7 98.9 + 0.2 4
Microvortices MCF-7 250 4400 20 20 7
Hydrodynamic 1-3 pm 1.8%107, 0.5 63-80 67-90 8
polymer 4.7%10°
bead and 6.8*10°,
resspectively
Electrostatic trapping Salmonella 10° CFU 100 14.2 85.2 9
Zone electrophoresis E. herbicola NA 4.98 NA NA Needs specific buffer 10
Isoelectric focusing
Dielectrophoretic trapping HeLa 5%10° 0 NA 76 Needs specific buffer 11
Ton concentration polarization RBC E. coli  200-500 times Max 5 19 and 20, 100 Needs specific buffer 12
dilute of respectively
whole blood
Dielectrophoretic trapping E. coli 6*10° NA 88.1 and 23.14, NA Needs specific buffer 13
S. Cerevisiae 6%10° respectively
(in the trap)
Free flow electrophoresis E. coli 5%10* CFU 15 53.57 87.06 Needs specific buffer 14
Immunomagnetic trapping E. coli 1*¥10° 200¢ NA 82 Needs antibody-labeled 15
magnetic beads
Acoustophoresis-enchanced S. cerevisiae  7.2¥10° 4800 5 98.5 16

sedimentation

“ The input flow rate is not given, but rather the total flow rate of sample solution and capture solution.

dimensions, according to their intrinsic properties size, density
and compressibility.!”? Acoustophoresis is a label-free method,
allowing for low cost and minimal sample preparation. In
addition, the ultrasound has previously been shown to be gentle
to cells.”*2° The continuous flow mode makes it possible to
achieve concentration factors of several orders of magnitude of
dilute samples, and the method can be used independently of
suspending fluid. Furthermore, the continuous flow processing
makes it suitable for integration with downstream unit opera-
tions, providing a much needed intermediate step, e.g. between
sorting and detection of rare cell samples in microfluidic chips.

Material and methods
Microfabrication

The silicon chip was fabricated using photolithography and
anisotropic wet etching in KOH (40 g/100 mL H,0, 80 °C). Holes
for inlets and outlets were drilled in the silicon using a diamond
drill. The chip was sealed by anodic bonding of a glass lid. For
more detail on the chip fabrication see.’

Device design

The chip was composed of one inlet and one or two trifurcation
outlet regions connected by a straight channel allowing cells and
particles to become acoustically focused between each outlet
region (Fig. 1). The focusing channel was 375 um wide and
160 um deep and the channel lengths between each outlet region
were 30 and 5 mm, respectively. The channel width and height
corresponded to half a wavelength of ultrasound at 1.99 MHz
and 4.68 MHz. The chip was actuated using piezoceramic
transducers (PZ26, Ferroperm piezoceramics, Kvistgaard,
Denmark) resonant at 2 MHz and 5 MHz. The 2 MHz piezo
was attached by cyanoacrylate glue (Loctite Super glue, Henkel
Norden AB, Stockholm, Sweden) to the glass lid covering the

entire length and a third of the width of the chip. The 5 MHz
piezo was attached to the silicon back of the chip covering the
space between the inlet and the first outlet region. In order to
keep settings identical in the experiments with one and two
trifurcated outlet regions, the same chip was used for both
configurations. In the one outlet region configuration the unused
outlets on the chip were sealed (Fig. 1a).

Fig. 1 Chip configurations. a) The one outlet region system. The
unused, sealed outlets are indicated by a black cross. b) The two outlet
regions system. The green lines illustrate particles focusing in the channel.
In the two outlet regions system the particles will have to re-focus after
the first outlet region. The insert drawings illustrate the maximum
allowed width of the critical centre fraction of the input flow (blue) that
must contain the focused particles for these to all be collected in the
centre outlet. Insert numbers indicate the minimum allowed width of this
fraction when doing 100 times concentration in both systems. The total
channel width, 375 pm is also indicated.

This journal is © The Royal Society of Chemistry 2012
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Instrumental setup

The two transducers were actuated using power amplifiers (width
actuation: Amplifier Research 75A250A, Souderton, PA, USA;
depth actuation: an in-house built circuit board with a power
amplifier: LT1012, Linear Technology Corp., Milpitas, CA,
USA). Two function generators (Agilent 33120A, Agilent
technologies Inc. Santa Clara, CA, USA) were used. The applied
voltage was monitored using an oscilloscope (TDS 210,
Tektronix, UK Ltd., Bracknell, UK). Microscopy pictures and
videos were generated using a Dino-Lite digital microscope
(AM413T5 Dino-Lite Pro, AnMo Electronics Corporation,
Hsinchu, Taiwan).

Experimental setup

The flow rates in the chip were controlled by connecting all the
inlets and outlets to glass syringes (Hamilton Bonaduz AG,
Bonaduz, Switzerland) mounted on syringe pumps (Nemesys,
Cetoni GmbH, Korbussen, Germany). The inflow rate was,
unless otherwise stated, set to 100 uL min~! and the centre
output flow rates were varied between 1-20 pL min~! to achieve
different concentration factors. An overview of the combined
flow rate settings along with the results can be found in
Supplementary Table 1-3. Samples were collected using a
2-position 3-port valve (MV201-C360, LabSmith, Livermore,
CA, USA) connected in series with the last centre outlet. The
sample collection system is illustrated in more detail in
Supplementary Fig. 2. The collected 10 pL sample volumes were
subsequently diluted to an appropriate volume, and counted in a
Biirker chamber (Marienfeld, Lauda-Koningshofen, Germany).
To minimise possible measurement errors from sedimentation in
the syringes, concentration factors were obtained by comparing
samples collected with the ultrasound either on or off. The
recovery values were obtained as the ratio between measured
particle concentration and theoretical concentration at 100%
recovery.
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Microparticles

For characterizing the system, polystyrene particles (5 um in
diameter) (Fluka/Sigma-Aldrich, Buchs, Switzerland) were
suspended in MilliQ H,O and 0.002% Triton-X100 to a particle
concentration of 0.02 wt% or 0.005 wt%. Particle and cell
concentrations were deliberately kept relatively high, in terms of
rare cells, to facilitate enumeration in the analytical step.

Confocal microscopy

Confocal microscopy was used to depict the distribution of
microparticles when performing one- and two-dimensional
focusing. Yellow fluorescent particles (4.1 um in diameter)
(Kisker GmbH, Steinfurt, Germany), suspended in MilliQ H,O
to a concentration of 1*10° mL™", were used to obtain confocal
images with an Olympus microscope (BX51WI, Olympus
Corporation, Tokyo, Japan) and the Fluoview 300 software
was subsequently used to reconstruct cross section images.

Red blood cells

Red blood cells were used as a model cell to further characterize
the system. Blood samples were obtained from healthy volun-
teers at Lund University Hospital (Lund, Sweden). Whole blood
was diluted 5000 times in PBS prior to concentration experi-
ments.

Prostate cancer cells

The human prostate cancer cell line, DU145, was used as a
model of circulating tumour cells. The cells were obtained from
the American Type Tissue Collection and cultured according to
their recommendations. Briefly, RPMI-1640 medium (Sigma-
Aldrich, St Louis, MO, USA) was supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St Louis, MO, USA), 55 IU mL™!
penicillin and 55 pg mL™! streptomycin (Sigma-Aldrich, St
Louis, MO, USA). Cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO,. 1*10° cells mL ™" were used to

b)
i Concentration of 5 pm beads
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\ -=1D focus
100 -e-2D focus
& - -Theoretical
=
é 80
g
260
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840
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© 20 _
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Fig. 2 Concentration of 5 pm diameter polystyrene particles for different sample output flow rates. a) Concentration using one trifurcation outlet
region. b) Concentration using two trifurcation outlet regions. The error bars show the standard deviation, n = 3 (3 control and 3 concentrated
samples). The input flow rate was maintained constant at 100 uL min~'. The dashed line indicates the theoretical concentration factor at 100%

recovery.
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obtain the “ultrasound off”” control samples. In the experiments
assessing 100 and 200 times concentration, the cell input
suspensions were diluted to 1¥10° cells mL~! and 2.5%10* cells
mL™!, respectively.

Results and discussion

In this paper we report on an acoustophoresis chip for several
orders of magnitude concentration of cells and particles. The
chip operates in a half wave length resonance mode and utilises
ultrasonic standing wave forces, in two dimensions, to focus
particles and cells in the acoustic pressure node located in the
micro-channel centre.

Chip characterization

One-dimensional focusing. First, the concentration capacity
using one trifurcation outlet region (Fig. l1a) was investigated, a
design extensively used for acoustophoresis.?’ This set-up could
concentrate 4.6 + 1.1 and 9.0 + 2.0 times with a recovery of
92 + 22% and 90 + 20%, respectively. However, when trying to
achieve higher concentration factors, the recovery decreased
rapidly. The highest concentration factor for this configuration,
44 + 8.3 times with a recovery of 66 + 12.4%, was obtained
when trying to achieve a concentrate factor of 67 times. This
corresponded to a sample output flow rate of 1.5 uL min~ ' using
a sample input flow rate of 100 uL min~'. When trying to
concentrate 100 times, i.e. lowering the sample output flow rate
to 1 pL min~', a concentration factor of only 17.2 + 3.4 was
obtained, resulting in the corresponding recovery of 17.2 + 3.4%
(Fig. 2a).

There are two causes of the moderate performance of this set-
up. The first is explained by the accuracy of the flow system.
When trying to achieve high concentration factors, only a minute
fraction of the total flow, containing all the particles, should be
extracted via the centre outlet (e.g. 1% of the total flow for 100
times concentration). Given the Poiseuille flow profile, the width
of this critical centre fraction that account for 1% of the total
flow, is significantly smaller than 1% of the channel width, i.e.
calculated to be 2.8 pm, when accounting for both the horizontal
and the vertical contribution to the flow profile (Fig. 1.).

For the particles to enter the centre outlet they have to be
focused within the critical centre fraction of the flow. The 5 pm
diameter particles used are larger than the 2.8 pm critical centre
fraction width, and consequently, a full recovery of particles
under this condition was difficult to achieve. Not only would
particles situated side by side in the channel be lost, but minor
fluctuations in the flow moving the particle only about half a
radius, 1.4 pm, to either side, would also contribute to reduced
recovery. Likewise, when the critical centre fraction width was
5.7 um wide, corresponding to 2% of the total flow, minor flow
fluctuations would also have a large impact on the recovery. This
partly explains the significantly reduced recovery seen for sample
output flow rates between 1 and 2 pL min~', corresponding to 1
and 2% of the total flow using a total flow rate of 100 pL min ™"
(Fig. 2a).

The second cause of the moderate performance, when trying
to generate higher concentration factors, is found in a combina-
tion of the ultrasonic standing wave conditions and the flow

system. In the outlet region, where the channel widens and the
width no longer matches a single node ultrasound standing wave,
an undefined acoustic field of undesired higher modes, not
located in the channel centre, is present. As most of the particles
pass in the rapid flow regime, there will not be sufficient time for
the particles to be deflected from their original trajectory.
However, particles positioned close to the top and bottom of the
channel, where the flow velocity approaches zero, will spend
much longer time in this undefined acoustic field and may thus
be deflected from their original trajectory (Fig. 3a). Since the
width of the critical centre fraction that exits through the centre
outlet is narrow, a lateral displacement of a few micrometers will
mean the difference between particles entering the centre outlet
or escaping to the waste side outlets. Increasing the acoustic
amplitude of the one-dimensional horizontal acoustic focus will
not narrow the focused band further to allow the slow-moving
particles to enter the centre outlet. In fact, this will counteract the
purpose and rather increase the forces in the undefined acoustic
field in the outlet region, causing even more particles to escape to
the side outlets. The influence of the undesired standing wave
node patterns in the outlet region is demonstrated in Fig. 4 and
supplementary video 1, where the actuation amplitude was
increased to emphasize the outlet region artefact. The undefined
acoustic field separates the focused particles in several bands
located at different channel depths. Particles closer to the top
and bottom of the channel tend to escape to the sides and will
eventually, with increased amplitude, also get temporarily
trapped in local vortex-surrounded hot spots.

Two-dimensional focusing. The lateral particle migration
caused by the undefined acoustic field in the outlet region can
be prevented by applying a second vertical standing wave,
orthogonal to the first one, resonating in the main focusing
channel as well as the outlet regions. This will focus the particles
in two dimensions. The two-dimensional focusing will position
the particles in the faster moving flow regime in the channel
centre (Fig. 3d), decreasing their retention time in the undefined
acoustic field at the outlet region, and hence their lateral
migration (Fig. 3b) (A comparison between one-dimensional and
two-dimensional focusing can be seen in Fig. 3 and supplemen-
tary video 2.). With two-dimensional focusing, higher concen-
tration factors could be achieved, and a concentration factor of
69 + 8.4 times with the corresponding recovery of 103 + 12.1%
was obtained (Fig. 2a). However, it was still not possible to
achieve a concentration factor of 100 times, as the critical centre
fraction was too narrow to contain all the particles within the
required 2.8 pm wide zone. The recovery values were obtained as
the ratio between measured particle concentration and theore-
tical concentration at 100% recovery. Hence, a combination of a
measurement inaccuracy and the fact that the concentration
factors are dependent on an exact flow rate may yield mean
recovery values above 100%.

Multiple outlet regions. In the single outlet region set-up, it is
clear that the width of the critical centre fraction is the limiting
factor for achieving high concentration factors. Collecting the
sample from a wider centre fraction would, on the other hand,
mean a lower concentration factor. A solution to this dilemma is
to realise a system utilising sequential outlet regions, allowing a

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 a) Particles focused in one dimension in the last outlet region. The yellow arrow indicates escape of particles to the side outlet. b) Particles
focused in two dimensions in the last outlet region. No escape of particles occurs. ¢) Schematic cross-section of the micro-channel showing particles
focused in one dimension and their position within the Poiseuille flow profile. Red represents the fastest and blue the slowest moving fluid regime. The
dashed lines indicate the ultrasound standing wave. d) Cross-section of the micro-channel showing particles focused in two dimensions and their

position within the Poiseuille flow profile.

lower split flow rate ratio in each step. Although, each step only
generates moderate concentration factors, in the end they will
multiply to higher concentration factors. Importantly, the wider
fluid fraction collected in the centre outlet allows for larger
particle deviations from the original central flow trajectory, and
hence a lower loss of cells or particles is ensured. For this reason
a set-up with two sequential outlet regions was further studied.

Using the set-up with two sequential outlet regions substan-
tially increased the obtainable concentration factors as predicted.
The performances of both the one-dimensional and two-
dimensional focusing systems displayed significant improve-
ments. Using one-dimensional focusing and two outlet regions, a

Fig. 4 The effect of the undesired standing wave node pattern, in the
last outlet region, on particles focused in one dimension. The acoustic
field separates the focused particle-band into several bands located at
different channel depths, where the particles moving closer to the bottom
and top of the channel become diverted to the side outlets or temporarily
trapped in local hot spots surrounded by vortices.

concentration factor of 67.4 + 6.2 was obtained with a recovery
of 100.6 + 9.3% (Fig. 2b). The attempts of doing 100 times
sample concentration resulted in a concentration factor of 52.7
+ 4.3 and a recovery of 52.7 + 4.3%.

By using two-dimensional focusing in the multiple-outlet set-
up, however, a sample concentration of 99.4 + 5.5 times was
accomplished with the corresponding recovery of 99.4 + 5.5%.
Based on these findings, the two-dimensional focusing system
using two outlet regions was further investigated, and concen-
tration factors up to 194.2 + 9.6 times with a recovery of 97.1 +
4.8% were obtained (Table 2).

Confocal microscopy

To demonstrate the effect of the two-dimensional acoustic
focusing, confocal microscopy was used. The difference in one-
and two-dimensional focusing can clearly be seen in Fig. 5. The
magnification was limited to x20 in order to allow imaging of the
entire channel cross section. This resulted in a confocal depth of

Table 2 Concentration of RBCs, DU145 and 5 pm diameter particles.
Sample output flow rate was maintained constant at 1 pL min~ . Errors
indicate the standard deviation for n = 3 (3 control and 3 concentrated
samples)

Sample

inflow rate Concentration

(uL min~ ") factor Recovery (%)
Red blood cells 100 100.7 + 5.3 100.7 + 5.3

150 1458 £ 5 972 £33

200 181.1 + 22.8 90.7 + 11.4
DU145 100 989 + 3.1 98.9 + 3.1

200 195.7 £ 36.2 97.9 £+ 18.1
S um beads 200 1942 + 9.6 97.1 + 48
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Fig. 5 Confocal images showing a cross-section of the micro-channel as
indicated by the white square. a). Particles focused (green) in one
dimension vertically. The channel bottom is viewed in red. b). Particles
focused in two dimensions. The focused cluster appears longer in the
height direction because of the confocal depth. This is illustrated by
the elongated image of a stationary particle in the lower left corner of the
flow channel. The confocal depth was about 20 pm.

about 20 pum, hence causing features in the images to appear
longer, mostly in the vertical direction of the channel.”®
Consequently, the two-dimensionally focused particle cluster
appeared more elongated than round (Fig. 5b and further
illustrated in supplementary Fig. 1).

Red blood cell concentration

Highly diluted human red blood cells (RBCs) were used as a
model system to study the abilities to concentrate live cells. A
concentration factor of 145.8 + 5.0 times with a recovery of 97.2
+ 3.3% (Table 2) was achieved when increasing the sample input
flow rate to 150 uL min~ ', maintaining the sample output flow
rate constant at 1 pL min~!. Attempts to reach a concentration
factor of 200 times by increasing the input flow rate to 200 pL
min~!, and maintaining the sample output flow rate of 1 pL
min !, resulted in a reduced cell recovery of 90.7 + 11.4% and a
corresponding concentration factor of 181.1 + 22.8. The reason
for the increased loss of cells was visually confirmed to be
attributed to an insufficient primary radiation force in the height
direction of the channel. The reduced retention time in the
channel caused by the increased total flow rate did thereby not
allow all cells to focus vertically into the central acoustic pressure
node, and thus some of the cells escaped to the side outlets in the
region of the undefined acoustic field.

Prostate cancer cell concentration

The cell concentrator chip is intended for rare cell concentration,
e.g. circulating tumour cells, as a step prior to on-chip analysis or
cell culture. A prostate cancer cell line, DU145, was used as a
model of circulating tumour cells. A maximum concentration
factor of 195.7 + 36.2 times with a recovery of 97.9 + 18.1%
was obtained (Table 2). The relatively large variations in these

experiments were due to variations in the reference samples.
Although relatively high concentration factors have been
achieved with minute losses, the outlined cell concentrating
strategy holds promise for further improvements.

Increasing the input flow rate and maintaining the sample output
flow rate constant yields higher concentration factors. The current
flow system is, however, limited by a difficulty in balancing a flow in
the central outlet that is smaller than 0.5% of the total flow rate.
Nevertheless, it can be anticipated that a fully integrated microfluidic
solution will display improved performance, by a reduction in flow
imbalance disturbances, which the current set-up with chip tubing
connections to sample loops and syringe pumps may induce.

When using a 2 MHz transducer particles smaller than about
2 um in diameter (density like polystyrene or cells) focus very slowly.
Efficient focusing at smaller particle size is counteracted by acoustic
streaming.”” Smaller particles can, however, be focused by using e.g.
a higher actuation frequency. Using the proposed chip design
together with at higher frequency smaller cells or particles could be
concentrated as well. A higher frequency will require a narrower
channel width to satisfy the half wave length standing wave criteria
and hence a decreased channel cross section. This in turn yields a
shortened retention time in the acoustic focusing zone when
operating at unchanged flow rates. We currently don’t know if
unchanged flow rates could be used in combination with a channel
that is designed for a higher frequency and yet obtain efficient
concentration factors for smaller species such as bacteria.

The variability of performance between devices is experienced
to be low. However, no particular study in this respect has been
performed. The only foreseen variability is minute variations in
the optimal actuation frequency caused by small variations in
channel width and height between fabrication batches and
different particles suspension fluids.

Conclusions

This paper explores the use of acoustophoresis to concentrate
dilute cell samples and particles. It is shown that two-
dimensional acoustic standing wave focusing outperforms one-
dimensional focusing and that the strategy of implementing
several acoustic focusing regions and sequentially remove excess
fluid opens the route to concentration factors in continuous flow
mode beyond 100 times. Under high-throughput conditions up
to 200 times of volume concentration with a minute loss of cells
and particles was accomplished. On-going work will aim at
further improved concentration factors and offer means to
concentrate rare cell and small volume samples where regular
centrifugation does not provide a satisfactory solution. The cell
concentrator is currently developed to become an integral part of
chip integrated cell separation and analysis units.
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Focusing of sub-micrometer particles and bacteria
enabled by two-dimensional acoustophoresist

M. Antfolk,*@ P. B. Muller,” P. Augustsson,® H. Bruus® and T. Laurell*®

Handling of sub-micrometer bioparticles such as bacteria are becoming increasingly important in the
biomedical field and in environmental and food analysis. As a result, there is an increased need for less
labor-intensive and time-consuming handling methods. Here, an acoustophoresis-based microfluidic
chip that uses ultrasound to focus sub-micrometer particles and bacteria, is presented. The ability to
focus sub-micrometer bioparticles in a standing one-dimensional acoustic wave is generally limited by
the acoustic-streaming-induced drag force, which becomes increasingly significant the smaller the parti-
cles are. By using two-dimensional acoustic focusing, i.e. focusing of the sub-micrometer particles both
horizontally and vertically in the cross section of a microchannel, the acoustic streaming velocity field
can be altered to allow focusing. Here, the focusability of E. coli and polystyrene particles as small as
0.5 pm in diameter in microchannels of square or rectangular cross sections, is demonstrated. Numerical
analysis was used to determine generic transverse particle trajectories in the channels, which revealed
spiral-shaped trajectories of the sub-micrometer particles towards the center of the microchannel;
this was also confirmed by experimental observations. The ability to focus and enrich bacteria and other
sub-micrometer bioparticles using acoustophoresis opens the research field to new microbiological

www.rsc.org/loc applications.

Introduction

The ability to control and process sub-micrometer bio-
particles, e.g. bacteria and subcellular organelles, is becoming
increasingly important in biomedicine and in environmental
and food analysis."” Methods such as blood culture of
bacteria’ and subcellular fractionation® are, however, labor-
intensive, complicated, and time-consuming, and new tech-
nologies are being sought to redress these shortcomings.
Microfluidics offers a means of automated handling and
analysis of sub-micrometer bioparticles with the associ-
ated advantage of a continuous mode of sample handling.
Thus, considerations such as initial sample volume or batch
volume are no longer relevant. Previously used methods for
handling of sub-micrometer particles included filters,*®
dielectrophoresis,®® inertia in combination with hydrody-
namic forces,” magnetophoresis,’”"" deterministic lateral
displacement,'” and surface acoustic waves (SAW)."> These
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methods have been mainly used for handling of bacteria and
particles of around 1 pm in diameter. Recently, SAW were
used to separate 0.5 pm polystyrene particles from 0.3 pm
particles,"* Stoneley waves were used to focus 0.5 um polysty-
rene particles at flow rates of 200 nL min ","*> and acoustic
trapping has been used to successfully trap 0.1 um particles
using seeding particles.’® Although acoustic seed trapping
gives good recovery of sub-micrometer particles and bacteria,
the system operates in batch mode, which is limited by the
capacity of the acoustic trap. In spite of these developments,
one common need is the ability to process sub-micrometer
particles in continuous-flow mode together with the possibility
of handling rare species in crude samples with high recovery
rates without previous sample preparation.

In this regard, the use of acoustophoresis in microfluidic
systems has attracted much attention in recent years as a
continuous-flow and non-contact mode method of separating
or enriching microparticles or cells while offering a reason-
able degree of throughput. The method involves the use of
ultrasound standing waves to focus cells or particles in the
nodal (or anti-nodal) plane of the standing wave according to
their intrinsic properties: size, density, and compressibility."”
Furthermore, this label-free and gentle’®'® method—which
operates independently of the biochemical and electrical
properties of the suspension medium—has been extensively
explored to separate, wash, or concentrate various biological

Lab Chip, 2014, 14, 2791-2799 | 2791
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samples including blood,**** raw milk,>* circulating tumor
cells,**® and yeast.”’

For bulk acoustic waves (BAW) microchannel acousto-
phoresis is usually carried out in the 1-10 MHz frequency
range and particles are focused along a single dimension. For
larger particles, the acoustically induced particle motion is
dominated by the primary acoustic radiation force, whereas
the motion of smaller particles is instead dominated by the
acoustic streaming-induced drag force of the suspending
liquid.”®?° Attempts have been made to address the need for
bacterial or other sub-micrometer particle manipulation and
enrichment in acoustic standing-wave systems. Bacteria have
been processed with some success in batch mode using ultra-
sound to agglomerate them,”™*’ and a quarter-wavelength
acoustic device was used to concentrate 1 pm particles in
continuous flow.*> However, no systems have yet emerged
that enable continuous flow-based focusing of bacteria or
other sub-micrometer particles at recovery rates above 90%,
relevant when handling highly dilute suspensions.

This paper presents continuous flow-based sub-micrometer
particle focusing using two-dimensional BAW-acoustophoresis.
The use of two-dimensional focusing has previously only been
explored for particles larger than 5 pm in diameter.>*2¢3373°
In contrast to the case with one-dimensional standing acous-
tic waves, the simultaneous excitation of two orthogonal reso-
nances generates an acoustic streaming velocity field that
does not counteract the primary radiation force. A numerical
model that predicts a streaming field with essentially a single
large vortex centered in the cross section of the channel, in
agreement with experimental data, is also presented.

Theory

Particles in a standing-wave acoustophoresis system are pri-
marily affected by two forces: the acoustic radiation force
from scattering of the acoustic wave on the particles, and the
drag force from the acoustic streaming velocity field of the
fluid generated by viscous stresses in the acoustic boundary
layers. The interplay between these two forces and the
regimes in which they each dominate the particle motion in
acoustophoresis systems have been studied extensively by
Barnkob et al.** Through theoretical derivation and experi-
mental verification, these authors have described how the
motion of large particles is dominated by the acoustic radia-
tion force while the motion of small particles is dominated
by the drag force from the acoustic streaming.

To theoretically determine the critical particle diameter
2a., where the crossover from radiation force-dominated
particle motion to acoustic streaming-induced drag force-
dominated particle motion occurs, the magnitudes of the two
forces are equated, resulting in the following equation valid
for single-particle motion in a half-wavelength resonance:*

ELz1.6 pm, (1)
n@f

2a, =

©
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where s is a factor related to the channel geometry, v is the
kinematic viscosity of the medium, @ is the acoustic contrast
factor, and f is the frequency of the acoustic field. The
numerical value is calculated for a polystyrene particle in
water and a frequency of = 3.19 MHz. The geometrical value
used is s = 0.47 for a particle near the top or bottom walls,
and includes thermal effects.”® The critical particle size is
independent of the applied peak-to-peak voltage Uy, driving
the piezo-ceramic ultrasound transducer, because both the
radiation force and the streaming depend linearly on the
energy density of the standing acoustic wave. In contrast, it
can be seen in eqn (1) that the critical particle size does
depend on the material parameters v of the fluid and @ of
the fluid and particles, and on the actuation frequency f.
Increasing the frequency to achieve radiation force-
dominated motion of smaller particles is a relatively straight-
forward solution, but such an increase often necessitates
reduced channel dimensions, which drastically reduces the
throughput of the device. In this paper we propose another
solution, namely to change the whole acoustic resonance
such that the acoustic radiation force and the acoustic
streaming-induced drag work together in focusing the
particles.

The acoustic streaming and acoustophoretic particle
motion in a microchannel cross section have been studied
numerically by Muller et al.?® The method is valid for long,
straight microchannels of constant rectangular cross section
and employs a pertubation approach to the pressure, temper-
ature and velocity fields. Briefly, the numerical scheme is as
follows. The first-order acoustic fields are solved in the fre-
quency domain for an oscillating velocity boundary condition
on the walls of the rectangular channel domain. From the
first-order fields, the acoustic radiation force is calculated
from the expression given by Settnes and Bruus,*® while the
steady acoustic streaming velocity field is calculated numeri-
cally by solving the time-averaged second-order Navier-Stokes
equation and continuity equation.>” This method only con-
siders actuation at a single frequency, but can readily be
extended to consider actuation with two frequencies by
superposition of the second-order streaming flows. For this
superposition to be valid the separation of the two frequen-
cies should be much larger than the width of the resonances,
which is typically on the order of 10 kHz, such that the first-
order fields of the two resonances do not couple in the time-
averaged second-order source terms for the streaming veloc-
ity field.”® However, if the two resonance frequencies are
closely spaced, resulting in overlapping resonance curves, the
two resonances can be excited simultaneously at a single fre-
quency. In this case, the first-order fields of the two reso-
nances couple in the time-averaged second-order source
terms, and consequently the streaming velocity field cannot
be calculated by superposition of second-order streaming
flows. This case of close-lying overlapping resonances is the
subject of the numerical analysis in the following section,
where we show that the relative phases of the wall oscilations
control the structure of the streaming flow, and that specific

This journal is © The Royal Society of Chemistry 2014
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values can lead to structures qualitatively different from the
standard quadrupolar Rayleigh streaming flow observed for
the half-wavelength resonance.’”

Numerical analysis

The following numerical analysis is a generic investigation
of the acoustophoretic motion of 0.5 pm-diameter particles
in a nearly-square channel cross section. It is not intended to
be a direct numerical simulation of the actual experiments
presented in this paper; nevertheless, it predicts the existence
of two fundamentally different acoustic streaming patterns
relevant for the interpretation of the experiments. The numeri-
cal analysis employs the method presented by Muller et al.>®
and to avoid spurious effects of perfect square symmetry
and to imitate the uncertainty in microchannel fabrication,
the cross-sectional dimensions of the microchannel in the
model was chosen to be 230.5 um wide and 229.5 pm
high. The parameters used in the model correspond to the
biologically relevant temperature of 37 °C. The first-order
velocity boundary condition applied to the walls was up. = 1,
cos(wt)e, on the left and right walls and up,. = u, cos(wt + ¢e;
on the top and bottom walls, where u, is the amplitude,
o = 2nf is the angular frequency of the transducer, ¢ is a
constant phase shift, and e, and e, are the unit vectors in
the transverse horizontal and vertical directions, respectively.
Because both the acoustic streaming-induced drag force and
the acoustic radiation force depend non-linearly on the
oscillating velocity boundary conditions, the consequences of
changing the phase shift ¢ between the two wall pairs cannot
easily be deduced analytically.

To characterize the resonances of the nearly-square chan-
nel, the average acoustic energy density,*® denoted E,., was
calculated numerically for a range of frequencies, shown in
Fig. 1. This was done for several different actuations of the
nearly-square channel. In each panel an inset shows a sketch
of the channel geometry and which walls are actuated and by
which phase factor cos(wt + ¢). In Fig. 1(a) the nearly-square
channel was actuated in phase on the left/right walls to
obtain the usual horizontal half-wavelength resonance, show-
ing up as a Lorentzian peak centered around the resonance
frequency f; = 3.3032 MHz. In Fig. 1(b) the nearly-square
channel was actuated in phase on the top/bottom walls
resulting in a peak at the slightly higher resonance frequency
f> =3.3176 MHz corresponding to the vertical half-wavelength
resonance. f5 is slightly higher than f; because the height of
the nearly-square channel is slightly smaller than the width.
In Fig. 1(c) the nearly-square channel was actuated in phase on
all four walls (¢ = 0). Due to the finite width of the two reso-
nance peaks, this actuation simultaneously excites both
the horizontal and the vertical half-wavelength resonances,
resulting in a resonance curve with two peaks and a plateau
in between, in contrast to the previous single-peak resonance
curves. As a guide to the eye, the single-peak resonance
curves from Fig. 1(a-b) are included in Fig. 1(c) in grey. The
frequency mid-way between the two resonance peaks is

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Resonance curves, obtained by plotting the average acoustic
energy density E,. vs. the frequency f = w/2x of the wall actuations.
(a) A nearly-square channel, 230.5 um by 229.5 pm cross section, with
the left/right walls vibrating in phase. (b) The nearly-square channel
with the top/bottom walls vibrating in phase. (c) The nearly-square
channel with all walls vibrating in phase. The resonance curves from
(a) and (b) are shown in grey. (d) Same as (c) except that the top/bottom
wall pair vibrate with a phase shift of ¢ = /2 relative to the left/right
wall pair. f; and f, are the two resonance frequencies corresponding
to the horizontal and vertical half-wavelength resonance, respectively.
fm indicates the middle frequency between the two resonance peaks.
All walls have the same oscillation amplitude ug.

fm=(f1 *+f2)/2 = 3.3104 MHz. At this particular frequency, the
amplitudes of the horizontal and the vertical resonances are
the same, however much reduced relative to the two reso-
nance maxima. In Fig. 1(d) the nearly-square channel was
actuated on all four walls, but the phase of the actuation on
the top/bottom wall pair was shifted relative to the left/right
wall pair by ¢ = n/2. The resulting resonance curve is the
same; however, as we will see below, the second-order steady
acoustic streaming velocity field changes significantly by
introducing this phase shift.

We now study the acoustophoretic motion of 0.5 um-
diameter particles in the nearly-square channel cross section,
shown in Fig. 2, for each of the four actuations shown in
Fig. 1. This particle motion results from the acoustic radia-
tion force and the streaming-induced drag force, both
second-order acoustic effects.”® Given the small particle
diameter, the acoustophoretic motion is dominated by the
drag force from the acoustic streaming.?® Fig. 2 contains four
rows (a-d) corresponding to the four cases in Fig. 1. The
actuation frequency was f; in (a), f; in (b), and f;, in (c-d).
For each case, column 1 shows the first-order acoustic
pressure, column 2 shows the acoustic radiation force
together with streamlines of the steady streaming velocity
field, and column 3 shows the acoustophoretic trajectories
of 0.5 pm-diameter particles.

For the two cases (a-b) the weak radiation force acts to
focus the particles towards a center line, but as the particle
motion is dominated by the streaming-induced drag force,
they follow the quadrupolar streaming flow of the 1D half-
wavelength resonance. For the two cases (c-d) both the hori-
zontal and the vertical half-wavelength resonances are exited
simultaneously at the single frequency f;,, and the streaming
flow is qualitatively different from the usual quadrupolar struc-
ture. For ¢ = 0 (c), the streaming flow consists of two larger
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Fig. 2 Acoustophoretic motion of 0.5 um-diameter particles in the
nearly-square microchannel cross section. The rows (a-d) corresponds
to the four cases shown in Fig. 1. The actuation frequency was f; in (a),
f> in (b), and f,, in (c-d). For each case, column 1 is a snapshot in time
of the amplitude of the oscillating first-order acoustic pressure (color
plot where red is positive, green is zero, and blue is negative). Column
2 is the acoustic radiation force (color plot and arrows where red is
positive and blue is zero) together with streamlines (black contour lines)
of the steady streaming velocity field. Column 3 is the acoustophoretic
trajectories (colors indicate the speed where red is positive and blue is
zero) of 0.5 um-diameter particles released from a regular grid in the
channel cross section. To best illustrate the qualitative results, the
color scale is set by the maximum value in each plot individually. For
the color plots 1(a-c) the magenta arrow indicates that the pressure
has an almost static nodal line (green) while the amplitude oscillates.
For the color plot 1(d) the magenta arrows indicate that the nodal line
(green) of the pressure field rotates in time.

flow rolls at the top and bottom walls along with two smaller
flow rolls at the side walls. The small particles follow this
streaming flow and are not focused in the center. For ¢ = n/2
(d), the streaming flow consists of one large flow roll in the
center of the channel and two smaller flow rolls at the top
and bottom walls. The combined effect of the weak radiation
force towards the centre and the strong streaming-induced
drag force acts to focus the particles at the centre of the
channel cross section following a spiralling motion. This
allows for focusing of sub-micrometer particles, which is not
possible in the standard one-dimensional half-wavelength
resonance (a-b). By numerically tuning the phase shift ¢ a
solution was obtained where the large centred flow roll cov-
ered the whole channel cross section without any smaller
bulk flow rolls, allowing all particles to be focused at the cen-
tre. Changing the phase shift ¢ by © results in a counter-
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rotating streaming flow. The acoustic radiation force in
Fig. 2(c-d) is similar to that reported for acoustic focusing of
large particles in cylindrical channels.> It should be stressed
that the steady streaming is a boundary driven second-order
flow, it is not driven by the rotation of the first-order pressure
in Fig. 2(d) first column.

This numerical analysis is a generic study not aimed at
direct simulation of the following experiments. Experimen-
tally it is very difficult to control, even to measure, the vibra-
tion of the channel walls. Moreover, the wall oscillation
presumably varies along the length of the channel, by anal-
ogy with what has already been verified experimentally for
the acoustic field of the half-wavelength resonance.’’ How-
ever, the numerical results indicate the existence of a stream-
ing flow that enables focusing of sub-micrometer particles,
which is impossible with the well-known quadrupolar
Rayleigh streaming. This new streaming flow strongly
depends on the relative phase of the vibrations of the walls,
i.e. the boundary conditions for the first-order acoustic field.
Moreover, the spatial variation of the actuation, which has
not been investigated, will presumably also influence the
streaming flow and thus the focusability. This calls for a
more in-depth numerical study of the dependency of the
acoustic streaming on the actuation boundary condition
which will be included in future work, as for the present
work the main empbhasis is on the experimental results.

Materials and experimental methods
Design and fabrication of the device

The chips were fabricated from <110> oriented silicon using
photolithography and anisotropic wet etching in KOH (400 g L™
H,0, 80 °C). Inlets and outlets were drilled through the silicon
using a diamond drill (Tools Sverige AB, Lund, Sweden) and
the chips were sealed by anodic bonding to a glass lid. The
two chips had one trifurcation inlet and outlet split each, of
which only a single inlet was used and the unused one was
sealed (Fig. 3). The square-cross-section channel had a width

Fig. 3 Photograph of the chip design. The main focusing channel is
35 mm long and 230 pm wide, while its height is either 230 um (square
channel) or 150 um (flat rectangular channel). After the trifurcation, the
side channels are connected to one outlet. The inlet marked with a blue
cross is not used.
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and height of 230 um and was operated at 3.19 MHz. The
rectangular-cross-section channel had a width of 230 um and
a height of 150 um, and was operated at 3.24 MHz and 5.09 MHz,
respectively. The piezo-ceramic ultrasound transducers (PZ26;
Ferroperm piezoceramics, Kvistgaard, Denmark) actuating
the chips were glued to the chips with cyanoacrylate glue
(Loctite Super Glue, Henkel Norden AB, Stockholm, Sweden).
The 3 MHz ultrasound transducer was glued to the silicon and
the 5 MHz transducer was glued to the glass lid, both at the
middle of the chip. To control the temperature, a Peltier ele-
ment (Farnell, London, UK) was glued underneath the 3 MHz
ultrasound transducer and a Pt100 or Pt1000 resistance temper-
ature detector (Farnell, London, UK) was glued to the glass lid.

Instrument set-up

The transducers were actuated using a dual-channel function
generator (AFG 3022B; Tektronix UK Ltd., Bracknell, UK), the
signals were amplified using in-house built power amplifiers
based on an LT1012 power amplifier (Linear Technology Corp.,
Milpitas, CA, USA) and the applied voltage was monitored
using an oscilloscope (TDS 2120; Tektronix). The temperature
was controlled using a Peltier-controller (TC2812; Cooltronic
GmbH, Beinwil am See, Switzerland) and the temperature
was set to 37 °C throughout all experiments. Fluorescent
microscopy images were obtained using a Hamamatsu camera
(Hamamatsu Photonics KK, Hamamatsu, Japan) installed on
an Olympus microscope (BX51WI; Olympus Corporation,
Tokyo, Japan).

Experimental set-up

The flow rates were controlled using syringe pumps
(neMESYS; Cetoni GmbH, Korbussen, Germany) mounted with
glass syringes (Hamilton Bonaduz AG, Bonaduz, Switzerland)
connected to the inlet and the outlet of the side channels.
The center outlet was kept open and sample was collected
from a short piece of tubing directly into an Eppendorf
tube. While the inlet and outlet flow rates were varied, the
outlet flow rates were kept at a split ratio of 40:60 at the
center outlet and the outlet connected to the side channels.
To minimize errors caused by sedimentation in the syringes
and tubing, which would vary with the flow rate, sample col-
lection with the ultrasound either on or off (for each flow
rate) was compared. Particles and bacteria were quantified
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using a Coulter counter (Multiziser III; Beckman Coulter,
Brea, CA, USA). Flow rates and voltage settings are given in
Table 1.

Microparticles

Polystyrene microparticles of various sizes were used to
characterize the system: 7.11 pum, 4.99 pm, and 3.17 pm
diameter particles were obtained from Sigma-Aldrich (Buchs,
Switzerland), and 0.992 pm and 0.591 pm particles and 0.49 pm
and 0.24 um fluorescent particles were obtained from Kisker
(Kisker Biotech GmbH & Co. KG, Steinfurt, Germany). Fluo-
rescent particles 0.78 um in diameter were obtained from
Bangs Laboratories (Bangs Laboratories, Fishers, IN, USA).
Particle concentrations were kept below 10° mL™, to mini-
mize the effect of acoustic and hydrodynamic interaction
forces between particles.

Bacteria

For biological evaluation of the system, Escherichia coli
(E. coli) DH5-o. (containing a plasmid that carries the
ampicillin-resistance gene), a kind gift from Asa Janfalk
Carlsson, was used. E. coli was cultured in liquid LB medium
or LB plates containing 10 g L™" tryptone (T1332; Saveen &
Werner, Limhamn, Sweden), 5 g L™ yeast extract (Hy-Yeast 412;
Sigma-Aldrich), 10 g L NaCl (Sigma-Aldrich) and 100 mg L™*
ampicillin (A9518-5G; Sigma-Aldrich) or agar (bacteriology-
grade, A0949; Saveen & Werner).

Experimental results and discussion

In what follows, a system is presented that reduces the lower
particle size focusing limit for acoustophoresis to the sub-
micrometer range, thus enabling applications in research
fields such as microbiology. The experiments were carried
out on two variants of an acoustophoresis microfluidic chip,
which had a straight square or rectangular channel with a single
inlet for particle suspensions and a trifurcation outlet split
(Fig. 3). Ideally, with the onset of continuous ultrasonic actu-
ation, particles are focused in the center of the channel and
exit through the central outlet—to an extent that depends on
the acoustic energy density, the flow rate of the suspension,
and the size and material properties of the particles relative
to the suspending liquid. In the experiments particles with
diameters ranging from 0.6 um to 7 um were used and for

Table 1 Nominal flow rates Q as set on the syringe pumps and voltage settings for the different experiments

Particle Rectangular chip 1D Rectangular chip 2D Square chip 2D
Voltage Flow rate Voltage Flow rate Voltage Flow rate
Diameter (um) Manufacturer Upp (V) Q (WL min™) Upp,2 (V) Q (WL min™) Upp (V) Q (WL min™)
7 Sigma-Aldrich 2.5 50, 70, 90, 110, 130 3.16 50, 70, 90, 110, 130
5 Sigma-Aldrich 3.52 50, 70, 90, 110, 130 4.26 50, 60, 70, 80 90
3 Sigma-Aldrich 5.72 70, 80, 90, 100, 150, 200 5.73 50, 60, 70, 80, 90
1 Kisker 10.4 10, 20, 30, 40, 50, 60 0-4 10 10.6 15, 25, 35, 45, 55
0.6 Kisker 11 3, 5, 10, 15, 20 0-4 3 10.6 5,10, 15, 20
0.5 Kisker 11 0.5,0.8,1.2,2 10.6 0.5,0.8,1.2,2

This journal is © The Royal Society of Chemistry 2014
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each particle size the flow rate was varied while keeping the
peak-to-peak voltage applied to the transducer constant.

In the experiments the relative focusability R of the
suspended particles, was measured. The relative focusability
is defined as the proportion of particles moved by the ultra-
sound to the center outlet, particles which would otherwise
end up in the side outlets if the ultrasound was not turned
on. A relative focusability of R = 1 therefore corresponds to a
recovery of 100% of the particles at the center outlet while
a relative focusability of R = 0 corresponds to a recovery of
Q./(Qc + Qs) = 40%, where Q. and Q; are the flow rates of the
center and side outlets, respectively. The 40% recovery corre-
sponds to the fraction of particles that would be obtained
at the center outlet when the ultrasound is turned off,
depending on the flow split ratio between the center and side
outlets.

The transverse focusing velocity u,,q due to the acoustic
radiation force is proportional to the square of the transducer
peak-to-peak voltage U, and the square of the particle radius
a, L.€. Upaq  Upy’a®.*® To be able to acquire data for different
particle sizes while still maintaining a reasonable flow rate in
the system, the applied voltage Uy, and therefore the acoustic
energy density, was set higher in experiments involving
smaller (weakly focusing) particles than in experiments with
larger (strongly focusing) particles. To compare the results,
the flow rates were normalized with respect to the transverse
focusing velocity u;,q. The 7 pm particle was used as a nor-
malization reference, as this was the largest particle used in
the experiments, and it shows an almost ideal radiation
force-dominated motion. The normalized flow rate Qporm in a
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One-dimensional focusing in a channel of rectangular
cross-section

The small size of many bioparticles such as bacteria inher-
ently makes them less suitable for acoustic standing wave
focusing in microfluidic systems without experiencing severe
losses, a problem that is prominent when handling highly
dilute species in situations where recoveries of more than
90% are needed.

Fig. 4(a) shows the results of one-dimensional focusing
in a rectangular channel (230 um x 150 um in cross section)
where relatively large polystyrene particles with diameters
of 7 um, 5 pm, and 3 um (red, purple, and green) could
all be focused, with a relative focusability of more than 0.9
(R =0.98 + 0.10, 0.93 + 0.003, and 0.98 + 0.006, respectively).
Throughout the paper, the stated uncertainty in the value of
R is the standard deviation of three repeated measurements.
The smaller polystyrene particles with diameters of 1 um and
0.6 pm (blue and turquoise) could not be focused under the
given conditions, and the focusability measured was only
R =0.52 £ 0.17 and R = 0.48 + 0.07, respectively. For these
particles, the relative focusability R will not approach unity
(i.e. improve) as the flow rate is decreased further because of
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Fig. 4 (a) One-dimensional focusing in the rectangular channel. The relative focusability R plotted against the normalized flow rate Qporm.
(b) Two-dimensional single-frequency focusing in the square channel. The relative focusability R plotted against Qnorm. All error bars are
standard deviations from three repeated measurements. The nominal flow rates for each data point are collected in Table 1.
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the acoustic streaming-induced drag force. This is reflected
in the saturation of R for the 1 um and 0.6 pm particles seen
for the data points obtained at the two lowest flow rates. The
smaller the particle diameter, the more influence the stream-
ing will have in comparison to the primary acoustic radiation
force. This is also reflected in the fact that the focusability
was generally lower for the 0.6 pm diameter particles than
for the 1 um diameter particles. Increasing the acoustic
energy or decreasing the flow rate through the channel will
not increase the focusability, since both the acoustic stream-
ing and the acoustic radiation force depend linearly on the
acoustic energy density.

For one-dimensional acoustophoretic focusing in this
system, the acoustic streaming-induced drag force limits the
focusability of particles less than 1.6 um in diameter. This is
caused by the streaming, counteracting the radiation force
in the top and bottom regions of the channel, whereby the
particles are pushed outwards from the center of the channel
instead of inwards.”® This can be avoided by using two-
dimensional focusing, without compromising the channel size
or sample throughput, as presented in the following section.

Two-dimensional dual-frequency focusing in a channel
of rectangular cross-section

To enable focusing of the particles in the vertical direction
as well, a second piezo-ceramic ultrasound transducer was
added to the rectangular channel with a half-wavelength
matched to the height of the channel. This resulted in a sig-
nificantly improved focusability of the 1 pm and 0.6 pm
particles of R = 0.87 + 0.10 and R = 0.92 + 0.34, respectively
(Fig. 5). The voltage Uy, applied to the second transducer
was varied at an interval from 0 V to 4 V, while maintaining
the settings for the flow rate and voltage of the first trans-
ducer in the corresponding one-dimensional focusing experi-
ment at the lowest flow rate, indicated by dashed rings in
Fig. 4(a). The relative focusability R increased steadily as the
voltage Uy, » approached the maximum achievable in the cur-
rent system configuration. The increase in the value of R for
the small particles demonstrates the benefit of introducing a
second orthogonal acoustic standing wave. Increasing the
voltage U, , above 4 V may result in higher focusability, but
it also caused the temperature of the system to rise above the
dynamic range of the temperature regulator. An improvement
in the focusability of the small particles was seen visually
when the flow rate was reduced further.

Two-dimensional single-frequency focusing in a channel
of square cross-section

A more straightforward way to generate two-dimensional
focusing in an acoustophoresis microchannel is by using a
square cross-section geometry. In this way, the same trans-
ducer operated at a single frequency can excite both the ver-
tical and horizontal component of the standing waves. Even
though the strict square symmetry is broken slightly, e.g. due
to fabrication inaccuracies, the two resonances can still be

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Two-dimensional dual-frequency focusing in the rectangular
channel. The relative focusability R plotted against the voltage Uy, 2 on
the second (5 MHz) piezo transducer focusing the particles vertically
in the rectangular channel. The voltage Up, on the first (2 MHz)
transducer and the flow rate were kept constant at the same value as
used to focus the particles giving the data points surrounded by the
dashed red rings in Fig. 4 for the 1 pm (10 uL min™*) and 0.6 um-particles
(3 uL min™), respectively.

excited simultaneously due to their finite width of approxi-
mately 10 kHz.*®

In the square channel (230 pm x 230 pm in cross section),
which supports a two-dimensional resonance, again the large
particles with diameters of 7 pm, 5 pm, and 3 um reached
high focusability of R = 1.01 + 0.02, 0.94 + 0.04, and 1.07 + 0.004,
respectively (Fig. 4(b)). The smaller particles with diame-
ters of 1 um and 0.6 pm also reached high focusability
(R = 0.95 + 0.08 and 1.04 + 0.10, respectively), thus demon-
strating improved focusability compared to the one-dimensional
focusing experiment. This is evident from the fact that the
normalized focusability data for all the different particles
now collapsed onto a single line (Fig. 4(b)) as compared to
the one-dimensional focusability data (Fig. 4(a)).

The square channel cross section offers a simpler system
configuration with only one frequency. In contrast, the rect-
angular channel required the use of two different piezo-
ceramic transducers and therefore of two electronic driving
systems (signal generators and power amplifiers), adding
both cost and complexity to the system. Also, two transducers
complicate the design of the temperature controller and are
more likely to cause overheating, leading to a shift in fre-
quency of the acoustic resonance and therefore poor focusing
performance.

To investigate the performance of the three systems for
particles less than 0.6 um in diameter, fluorescence
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microscopy was employed as these particles were too small to
be quantified in the Multisizer 3 Coulter Counter used in
this study. Visually, it could be observed that 0.5 um dia-
meter fluorescent polystyrene particles could be focused in
both the square (Fig. 6, Table 2) at 2 pL min* and the rectan-
gular cross-section channels at 0.5 pL min ' when using
two-dimensional focusing (data not shown). When using
one-dimensional focusing in the rectangular cross-section
channel, the particles could not be completely focused, which
is consistent with our previous results. The focusability of
0.24 pum fluorescent particles was also investigated, but these
particles could only be seen to stream and they could not be
focused in any channel (data not shown), placing the new
critical particle diameter somewhere between 0.24 pm and
0.5 pm.

Bacteria focusing

A suspension of E. coli was also investigated to evaluate the
biological relevance of the systems. The bacteria showed a rel-
ative focusability R = 0.95 + 0.35 in the square channel with
two-dimensional focusing, whereas it was only R = 0.40 + 0.13
in the rectangular channel using one-dimensional focusing
(Table 3).

In these experiments, we deliberately kept the concentra-
tion of particles and bacteria below 10° mL™ to avoid the com-
plication of particle-particle interaction due to hydrodynamic

Fig. 6 Fluorescent image of 0.5 um particles (red) focusing in the
square-cross-section channel at a flow rate of 2 L min™* and at the
same voltage as used for the 0.6 um particles in the square-cross-
section channel focusing experiments. The broken gray lines show the
edges of the channel.

Table 2 Highest relative focusability achieved for 0.5 um and 0.6 um
diameter polystyrene particles

Focusing method  Particle  Relative focusability =~ Flow rate Q
1D rectangle 0.6 um 0.48 + 0.07 3 uL min*
2D rectangle 0.6 um  0.92 +0.34 3 uL min~*
2D square 0.6 um 1.04 + 0.1 5 uL min "
2D square 0.5 um 1° 2 uL min*
SAW! ¢ 05um  0.79" 1.8 pL min™*
SAW™® 0.5um  1° 0.2 uL min*

“ No recovery data obtained. Visual focus of particles shown.
b Recovery, no focusability data available. © Device uses a combination
of dielectrophoretic and acoustic forces.
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Table 3 Highest relative focusability achievable for E. coli and 1 um
and 0.6 um diameter polystyrene particles

Particle 1D rectangular 2D rectangular 2D square
E. coli 0.40 £ 0.13 0.95 £ 0.35
1 pum 0.52 £ 0.17 0.87 £ 0.1 0.95 + 0.08
0.6 um 0.48 + 0.07 0.92 +0.34 1.04 £ 0.1

coupling of the particles.”’ Also, in future microbiological
applications, the need for bacterial enrichment is most evi-
dent in samples with very low concentrations of bacteria. In
contrast, previously reported focusing of E. coli based on a
one-dimensional standing wave used a high sample concen-
tration of 10'° mL™", which caused the bacteria to agglomer-
ate and effectively act as larger particles.*

Comparison of the experimental and numerical streaming flow

The experimental data demonstrate that sub-micrometer
particles as small as 0.5 pm can be focused using two-
dimensional acoustic focusing, which indicates that these
systems are dominated by a streaming velocity field similar
to that in Fig. 2(d) rather than Fig. 2(c). Importantly, the
centred streaming roll derived in Fig. 2(d) has also been
observed visually in some parts of the channel (video S1 of
ESIt), while other parts appear to be “quieter” (ie. not
showing much streaming activity). This is consistent with the
assumption that the vibration of the walls most likely
changes along the channel. At different positions along the
channel, the streaming rolls observed did not all move in the
same direction: both clockwise and counter-clockwise stream-
ing rolls were seen. Analogous streaming patterns have also
been observed in acoustic resonance cavities with almost
square geometry.**

Based on the experimental data and the numerical simula-
tion, we hypothesise that the centred streaming roll in com-
bination with two-dimensional focusing is the predominant
effect along the full length of the channel, which enables
focusing of sub-micrometer particles in the experimental
square channel system presented in this paper.

Conclusions

This paper reports the successful use of acoustophoresis
to focus sub-micrometer cells and particles. The use of two-
dimensional actuation of a square channel was found to
enable two-dimensional focusing of E. coli and polystyrene
particles as small as 0.5 um in diameter with recovery above
90%, something that could not be achieved using one-
dimensional focusing. This sets the experimental limiting
particle diameter for continuous-flow half-wavelength resona-
tors operated at about 3 MHz to somewhere between 0.25 pm
and 0.5 pm for particles and bacteria with acoustic properties
similar to those of polystyrene suspended in water. The
focusing of sub-micrometer particles is enabled by a stream-
ing velocity field consisting of a large centered flow roll
that does not counteract the weak two-dimensional focusing,

This journal is © The Royal Society of Chemistry 2014
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in contrast to the standard quadrupolar flow roll structure
generated by a one-dimensional half-wavelength resonance.

The ability to manipulate bacteria and other sub-

micrometer particles in a half-wavelength ultrasound stand-
ing wave field opens up the acoustophoresis research field
to new applications in microbiology. Future research will
concentrate on using the new method to generate systems
capable of reducing diagnosis and detection times in the bio-
medical field, and in environmental and food applications.
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A single inlet two-stage acoustophoresis chip
enabling tumor cell enrichment from white blood
cellst

Maria Antfolk,*® Christian Antfolk,® Hans Lilja,**® Thomas Laurell®
and Per Augustsson*®®

Metastatic disease is responsible for most cancer deaths, and hematogenous spread through circulating
tumor cells (CTC) is a prerequisite for tumor dissemination. CTCs may undergo epithelial-mesenchymal
transition where many epithelial cell characteristics are lost. Therefore, CTC isolation systems relying on
epithelial cell markers are at risk of losing important subpopulations of cells. Here, a simple
acoustophoresis-based cell separation instrument is presented. Cells are uniquely separated while
maintained in their initial suspending medium, thus eliminating the need for a secondary cell-free medium
to hydrodynamically pre-position them before the separation. When characterizing the system using poly-
styrene particles, 99.6 + 0.2% of 7 pm diameter particles were collected through one outlet while 98.8 +
0.5% of 5 um particles were recovered through a second outlet. Prostate cancer cells (DU145) spiked into
blood were enriched from white blood cells at a sample flow rate of 100 uL min™ providing 86.5 + 6.7%
recovery of the cancer cells with 1.1 + 0.2% contamination of white blood cells. By increasing the acoustic
intensity a recovery of 94.8 + 2.8% of cancer cells was achieved with 2.2 + 0.6% contamination of white
blood cells. The single inlet approach makes this instrument insensitive to acoustic impedance mismatch; a
phenomenon reported to importantly affect accuracy in multi-laminar flow stream acoustophoresis. It also
offers a possibility of concentrating the recovered cells in the chip, as opposed to systems relying on
hydrodynamic pre-positioning which commonly dilute the target cells.

critical to monitor the cancer's propensity to metastasize;
CTC enumeration in blood is prognostic for survival.* Several
techniques to enumerate and detect CTCs, including the FDA-

The incidence rate of cancer in the world is increasing, largely
due to an aging population and changes in lifestyle factors.
Early diagnosis can improve outcomes, but metastatic spread
of the cancer to secondary tissues still contributes the major-
ity of cancer deaths.” Metastases are formed when cells are
disseminated from the primary tumor into the blood circula-
tion (where they are referred to as circulating tumor cells
[CTC]), until they reach remote organs and tissues where they
may establish secondary tumors.”> To improve survival, it is
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approved system CellSearch®, are based on the use of
immunolabels for specific epithelial cell markers such as
EpCAM, or cytokeratins.” However, epithelial cell markers are
frequently lost in the epithelial-mesenchymal transition,
which the cells undergo to escape the primary epithelial
tumor and become CTCs.”” Therefore, the effectiveness of
using only epithelial cell markers to isolate a purified CTC
population prior to the enumeration process is questionable
since subpopulations of CTCs may remain undetected.
Microfluidic technology offers a large number of cell sepa-
ration principles, all relying on the deterministic behavior of
laminar flow.* " Since the dimensions of microchannels
match the length scales of cells, microfluidics has the poten-
tial to contribute to cell separation by the ability to accurately
control the position of the cells within the channels.'” Micro-
fluidic systems also offer potential for lower sample and
reagent consumption.”® To date, many microfluidic separa-
tors process cells by moving them from one laminar flow
stream into a second with cell-free medium, as originally
presented by Giddings.'* This can be beneficial, for example
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when processing crude samples that need to be washed.>™*
Multiple laminar flow streams are also used in cell separation
to hydrodynamically pre-position the cells in the channel to
increase resolution'®?® or as part of the separation mecha-
nism itself.”"*> However, in many applications the inclusion
of several laminar flow streams complicates the fluidic sys-
tem of the chip, involving extra inlets, outlets and pumps,
and an increased need for flow control. Furthermore, hydro-
dynamic pre-positioning of cells leads to high flow velocities
in the separation channel, which is often a major limiting
factor in terms of throughput and detector accuracy. Assum-
ing that the separation channel is run at its limiting flow
velocity, the sample volume throughput can be increased by
replacing the hydrodynamic pre-positioning with an external
field acting directly on the cells.

Acoustophoresis has been shown to be a robust, accurate
and high-throughput method for performing unit operations
on cells in suspension.>® Furthermore, it is a gentle cell han-
dling method that does not compromise cell viability or func-
tion, and allows for culturing and phenotypic characteriza-
tion of the extracted cells.>*** In acoustophoresis-based cell
separation, the sample is commonly laminated to the chan-
nel sides by a central stream of cell-free medium and the
cells are then acoustically pushed into this cell-free medium.
Cells are separated based on their acoustophoretic mobility,
resulting in a cell-specific lateral displacement while flowing
through the channel.*~**

However, the wuse of multiple inlet streams in
acoustophoresis becomes complicated by the need to match
the acoustic impedances of the fluids. The fluid with the
highest acoustic impedance must be located where the acous-
tic standing wave pressure node is positioned. If not, the liq-
uids themselves may relocate while flowing through the
channel.*” This relocation hampers the separation capabili-
ties of the device, thus the acoustic impedance of the cell-
free central laminar flow stream must be matched relative to
the sample to be processed.

An optimal microfluidic system for isolation of CTCs
should offer unbiased, label-free separation, simplicity in the
fluidic setup and no need for matching the acoustic proper-
ties of liquids. Furthermore, it should perform high-
throughput separation that can process clinically relevant
sample volumes typically within an hour, yielding high recov-
ery and purity of the collected sample. To meet this need, an
acoustophoresis-based cell or particle sorter is now presented
that is capable of separating cancer cells from white blood
cells from a single inlet laminar flow stream. The separation
is enabled through acoustic pre-alignment of the cells or par-
ticles in two dimensions®*** into well-defined positions and
flow velocities before separation.

Separating or concentrating cells or particles using two-
dimensional acoustic pre-alignment has previously been
shown to be superior to separating without acoustic pre-
alignment.>’>3® Here, instead of using a separate cell-free
laminar flow stream for hydrodynamic pre-positioning of
cells, ultrasound is used to acoustically pre-align the cells
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prior to separation while they remain in their initial
suspending medium. This simplifies the fluidic setup, and
also paves the way for an increased sample throughput since
the sample input flow rate equals the total system flow rate
during separation. This study demonstrates how both cancer
cells and particles can be separated in this system.

Materials and methods
Device design

The chip was fabricated in <100> silicon using standard
photolithography and anisotropic wet etching in KOH (0.4 g
mL™" H,0, 80 °C). Holes for the inlet and outlets were drilled
in the silicon using a diamond drill (Tools Sverige AB, Lund,
Sweden) before sealing the chip by anodic bonding to a boro-
silicate lid. The microfluidic chip has a single inlet for cell
suspension and two outlets for the separated cells (Fig. 1A).

A Prealignment

Separation

Center outlet faction

Fig. 1 Illustration of the chip and particle trajectories from (A) the top
and (B) the side. Cells or particles are infused at (1) and are acoustically
pre-aligned in two dimensions to two positions along the width
(y-axis) of the chip and are at the same time levitated to mid-height
(z-axis) of the channel (purple lines). The pre-aligned cells then enter
the wider separation channel at (a-a), where the larger, denser, or less
compressible cells are focused faster towards the center of the chan-
nel (red line). Thus, these cells or particles are separated from smaller,
less dense, or more compressible cells (blue line) and the two different
fractions can be collected in the two outlets (2) and (3). (C) The cross
sections at (a-a) and (b-b) in A, where the grey arrows indicate the
necessary sideways shift of a cell to exit through the central outlet and
the green arrows indicate the cell-cell distance at (b-b). The dashed
black lines indicate the center outlet flow stream, which can be tuned
by adjusting the relative flow rates in the center outlet (2) with respect
to the flow rate in (3).
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The first part of the chip is a 23 mm long cell pre-alignment
channel, etched to a width of 310 um and a depth of 150 um.
The second part of the chip, the cell separation channel, is
22 mm long and etched to a width of 375 pm and a height of
150 pum. At the end of the channel, the flow is split in a trifur-
cation outlet where the central branch exits through the cen-
tral outlet while the two side branches are recombined to a
single side outlet. A photograph of the chip has been
included as ESIf S1.

Underneath the pre-alignment and separation channels,
piezoceramic transducers (PZ26, Ferroperm Piezoceramics,
Kvistgaard, Denmark) were bonded to the back of the chip by
cyanoacrylate glue (Loctite Super glue, Henkel Norden AB,
Stockholm, Sweden). The pre-alignment channel was actu-
ated at a frequency of 4.530 MHz and the separation channel
was actuated at 2.001 MHz. To drive the ultrasound actua-
tion, a dual-channel function generator (AFG 3022B,
Tektronix UK Ltd., Bracknell, UK) was used and the signals
were amplified using an in-house built power amplifier based
on an LT1012 power amplifier (Linear Technology Corp., Mil-
pitas, CA, USA) and a commercial amplifier (AG Series Ampli-
fier, T&C Power Conversion Inc., Rochester, NY, USA). The
applied voltage amplitudes over the piezoceramic transducers
were monitored using an oscilloscope (TDS 2120, Tektronix
UK Ltd.).

A constant temperature of 37 °C was maintained through-
out all experiments through a feedback control loop using a
Peltier-controller (TC2812, Cooltronic GmbH, Beinwil am See,
Switzerland). A Peltier element (Farnell, London, UK) was
glued underneath the 2 MHz actuator and a Pt1000 resis-
tance temperature detector (Farnell) was glued to the chip
surface.

Driving the flow

The flows in the inlet and outlets were controlled by glass
syringes (Hamilton Bonaduz AG, Bonaduz, Switzerland)
mounted on syringe pumps (Nemesys, GmbH,
Korbussen, Germany). The inlet flow rate was set to 100 pL
min~', while the center outlet flow rate was set to 25 uL
min " or 10 uL min " and the side outlet flow rate was corre-
spondingly set to 75 L min* or 90 pL min ", throughout the
whole experiment. Samples were collected using two 2-posi-
tion, 6-port valves connected in series with the center and
side outlets. 100 pL of sample was collected in the loops of
the valves.

Cetoni

Microparticles

The system was characterized using polystyrene particles of
diameters 7 (7.11) um and 5 (4.99) um (Sigma-Aldrich, Buchs,
Switzerland). The particles were suspended in PBS, with
0.002% Triton-X100 (Sigma-Aldrich, Switzerland) added to
avoid aggregation, at a particle concentration on the order of
10° mL™"
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Prostate cancer cells

Prostate cancer cell line DU145 was obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA) and
grown according to their recommendations. Briefly, RPMI-
1640 medium (Sigma-Aldrich, Switzerland) was supplemented
with 10% fetal bovine serum (Sigma-Aldrich, Switzerland), 55
IU mL™" penicillin and 55 pg mL™" streptomycin (Sigma-
Aldrich, Switzerland). The cells were cultured at 37 °C in a
humid atmosphere containing 5% CO,. Before the experi-
ments, 5 x 10° cells were detached using trypsin/EDTA,
washed and resuspended in 80 puL FACS buffer (PBS
supplemented with 1% BSA and 2 mM EDTA [pH 7.4]) to
which was added 20 pL of direct conjugated EpCAM-PE anti-
body (BD Bioscience, San Jose, CA, USA) and incubated on
ice for 25 minutes. The cells were then fixated using 2% PFA
and incubated on ice for 10 minutes. Finally, the cells were
resuspended in 50 pL FACS buffer and stored on ice until
spiked in the white blood cell sample prior to experiments.
The final concentration of the cancer cells was 5 x 10* cells
per mL.

Blood samples

Blood was obtained, with informed consent, from healthy vol-
unteers at the Lund University Hospital (Lund, Sweden) using
vacutainer tubes (BD Bioscience) containing EDTA as an anti-
coagulant. Aliquots of 200 pL whole blood were incubated
with 20 pL of direct conjugated CD45-APC (BD Bioscience)
antibody for 25 minutes at room temperature. The red blood
cells were then lysed using 2 mL BD FACS lysis buffer (BD
Bioscience), diluted 1:10 in MilliQ H,O, and incubated for
15 minutes at room temperature. The lysis was followed by
fixation by incubating the cells in 2% PFA for 10 minutes on
ice. Finally, the sample was resuspended in FACS buffer and
stored on ice. The samples were diluted 10 times in FACS
buffer and spiked with the cancer cells just prior to the
acoustophoresis experiments.

Sample analysis

The samples collected from the center and side outlets dur-
ing each run through the acoustophoresis chip were stored
on ice until analysis with FACS Canto or FACS Canto II (BD
Bioscience). White blood cells were characterized as CD45-
positive and EpCAM-negative, and the cancer cells were char-
acterized as CD45-negative and EpCAM-positive. To calculate
the separation efficiency, the number of cells collected in the
central outlet was compared to the total number of collected
cells from the central and the side outlets during each run.

Flow and separation simulations

Matlab2014a (MathWorks, Natick, MA, USA) was used to cal-
culate the flow profile and particle trajectories as they were
subjected to an acoustic field.

This journal is © The Royal Society of Chemistry 2015
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Results and discussion

In this paper an acoustophoresis system is presented that is
able to separate 5 versus 7 pm particles or cancer cells from
white blood cells from a single inlet laminar flow stream.
Our main objective was to investigate how the reduced com-
plexity of the acoustofluidic set-up affected the separation
performance compared to previously described systems for
acoustic separation, which use multiple inlet hydrodynamic
pre-positioning.

Operating principle

The chip utilizes an acoustic pre-alignment channel of width
w = 300 um to position the cells or particles to be separated
to two points in the plane transverse to the flow. The acoustic
field of the pre-alignment channel has two pressure minima
located at distances 1/4w away from each side-wall (Fig. 1A)
and which are elevated to mid-height above the channel floor
(Fig. 1B). The pre-alignment of the cells is vital for the opera-
tion of this system, as only a modest acoustic separation
result can be achieved if the cells are randomly distributed in
the transverse cross-section upon entering the separation
channel. This initial acoustic pre-alignment of the sample
eliminates the need for the otherwise essential central inlet
cell-free liquid used to hydrodynamically pre-position the
cells towards the channel walls prior to the separation step.
We have provided a schematic functional comparison
between this single-inlet acoustophoresis system and systems
using hydrodynamic pre-positioning in the ESIT S2.

After acoustic pre-alignment the sample enters the separa-
tion channel where particles are focused towards the channel
center in an acoustic field having a single centrally located
pressure node. Particles or cells that are large, have high den-
sity or are of low compressibility move faster in the acoustic
field than particles that are small, light and compressible. By
correct matching of the flow rate and the acoustic amplitude,
the particles of high mobility can be collected in the central
outlet of the separation channel (outlet 2 in Fig. 1A & B)
while slow-moving particles are collected in the combined
side outlet (outlet 3 in Fig. 1A & B).

The acoustic pre-alignment of particles in two dimensions
assures that all particles experience identical initial flow con-
ditions, which leads to deterministic separation that is
undistorted by the flow velocity distribution in the channel.
That is, a particle's sideways deflection in the acoustic field
will truly reflect its acoustofluidic mobility, which depends
on particle, size morphology, density and compressibility as
well as the viscosity, density and compressibility of the
suspending liquid.

Without acoustic pre-alignment, the retention time of a
particle in the acoustic field depends strongly on its position
in the width and height of the channel, due to the flow veloc-
ity profile in the channel (see ESI} S3). For instance, in a sys-
tem without acoustic pre-alignment, a particle of low acoustic
mobility that flows slowly near the bottom of the channel
experiences the acoustic field for a longer time than a
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particle of high acoustic mobility flowing in a high flow rate
region. Since the sideways deflection is then a function of
both the acoustic mobility of the cell and the retention time
in the field, the two different particles could end up in the
same outlet.””

Numerical separation optimization

To find the optimal separation conditions, particle trajecto-
ries were computed taking into account both the flow velocity
distribution in the microchannel and the acoustic radiation
force acting transversely to the flow. Such trajectories were
first described by Mandralis and Feke®” for a parallel-plate
channel geometry. A comprehensive theoretical framework
governing the motion of a particle in an acoustic field inside
a channel with the dimensions used in this work can be
found in Barnkob et al.,*® for a no-flow condition.

The microchannel flow is governed by the Hagen-
Poiseuille equation, for which there exists no exact analytical
solution for a rectangular geometry, so the positions of the
particles were computed numerically in short time-steps. The
fundamental assumptions were that the velocity of a particle
in the direction of the channel is always the same as the flow
velocity at that point, and that the particle velocity orthogonal
to the flow is only governed by the acoustic radiation force. A
code example for execution in MATLAB® is shown in the sup-
plementary files exampletrajectory.m, poiseuille.m, and
acoustopath.m.

Fig. 2A shows the trajectories of a 5 and a 7 um particle
for identical starting positions after acoustic pre-alignment.
For a given outlet flow rate configuration, the optimal separa-
tion can be assumed to occur when the two particles are
located on opposite sides and at an equal distance from the
virtual interface between the central and the side outlet flow

A Trajectories for 5— and 7—um particles

3z d
= w2 — —% =
2
= wid
1)
SIJ. 0 n s
BN .

0 Position along length (L) L

B Optimal separation of 5— and 7—um particles

0 . . . . ,
0 10 20 30 40 50

Relative flow rate in central outlet (%)

Separation (pum)
[\
(=]

Fig. 2 (A) Simulated trajectories of 5 um (blue) and 7 um (red)
polystyrene microparticles starting from an initial position of ideal
acoustic pre-alignment in width and height. Arrows indicate the point
of maximal separation (d), the dashed black line indicates the channel
center, and the green line indicates the interface between the side and
central outlet flow streams. (B) Plot showing the maximum achievable
particle-particle distance versus the relative center outlet flow rate
when separating pre-aligned 5 and 7 um particles.
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streams. For each point along the length of the channel in
Fig. 2A, the mean transverse position of each of the two parti-
cles was calculated. The central outlet volume flow rate, cor-
responding to these mean positions, was then derived by
integrating the flow velocity profile from each position to the
center of the channel.

Fig. 2B shows the result of a simulation of the separation
distance of 5 pm and 7 um particles at the end of the separa-
tion channel versus the relative central outlet volume flow
rate. The longest particle-particle distance after separation
will be reached when the center outlet flow rate is set to
24.2% of the total flow. The particle-particle distance after
separation is in this case 26.3 um. The reason that the sepa-
ration optimum does not correspond to the longest sideways
deflection is explained by considering the acoustophoretic
velocity with which the particles travel towards the channel
center. The acoustic radiation force on a particle varies sinu-
soidally over the width w of the channel and produces maxi-
mum velocity for a particle at the symmetrically equivalent
positions 1/4w and 3/4w.>® After passing this position (1/4w
or 3/4w), the velocity gradually decreases until it reaches zero
at the channel center. As the larger particle reaches the
central region of the channel, its velocity will at some point
become lower than that of a smaller trailing particle, thus
reducing the inter-particle distance. Hence, a maximum
inter—particle distance can be found with respect to exposure
time in the acoustophoresis zone.

Characterization

5 and 7 pm polystyrene particles were used because they
have been observed to move at rates similar to those of white
blood cells and cancer cells, respectively, when influenced by
an acoustic field.>” Therefore, to determine the system sepa-
ration characteristics, we used equal number concentrations
of the two sizes of particles. The outlet flows were configured
according to the optimal settings from the simulations with-
drawing 25% of the total flow from the central outlet. The
separation efficiency of 5 and 7 um polystyrene particles was
investigated by gradually increasing the applied voltage to
the transducer.

Increasing the sound intensity leads to a higher acoustic
migration velocity, which has been shown to increase linearly
with the square of the applied transducer voltage.*®*° Since
the acoustic migration velocity is also proportional to the
square of the particle diameter*>*° the 7 um particles can be
expected to move towards the channel center with approxi-
mately twice the velocity as that of the 5 pm particles.

Fig. 3A shows the separation efficiency as the proportion
of particles collected in the center outlet (outlet 2 in Fig. 1)
compared to the total number of collected particles of that
type in the center and side outlets combined (outlets 2 and 3,
respectively, in Fig. 1). The larger 7 um particles have a lower
transition voltage, above which they exit through the central
outlet, than do the 5 pum particles. At voltage amplitudes
(peak to peak) between about 240 V> and 275 V2, the vast
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Fig. 3 (A) Separation efficiency of 5 um versus 7 pm polystyrene
particles when extracting 25% of the total flow in the center outlet.
The total sample flow rate was 100 uL min* and the particles were
collected through the center outlet with a flow rate of 25 uL min2. (B)
Separation efficiency of 5 pm and 7 um polystyrene particles when
taking out 10% of the total fluid flow in the center outlet. The total
sample flow rate was 100 uL min* and the particles were collected
through the center outlet with a flow rate of 10 uL min. The error
bars represents the standard deviation for n = 3.

majority of the 7 um particles could be collected in the center
outlet while the majority of the 5 um particles were collected
through the side outlet. At 262 V?, 99.6 + 0.2% of the 7 pm
particles were collected through the center outlet while 98.8 +
0.5% of the 5 pm particles were collected through the side
outlet. The initial purity of 50% for each particle size leads to
enrichment factors of 107, reflecting this system's determinis-
tic separation capability. In acoustophoresis, this high
enrichment factor in combination with the 2 pm particle size
difference has previously only been achieved using a combi-
nation of multiple-inlet hydrodynamic pre-positioning and
acoustic pre-alignment.>”

According to the simulations, a lower central outlet flow
rate, i.e., a larger sideways shift for the particles, should not
further improve the separation efficiency since the particle-
particle distance after separation will not be greater. To inves-
tigate this, the separation experiments of 5 um and 7 pm
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particles were repeated. The center outlet flow rate was now
set to 10 uL min " and the side outlet flow rate was set to 90
uL min~', and thus a total sample flow rate of 100 uL min"
was maintained.

Fig. 3B shows the proportion of particles recovered in the
center outlet for the narrow central outlet stream. The transi-
tion voltage of the 7 um particles is now higher and the best
separation was achieved for voltage amplitudes ranging from
380 V> to 420 V2. At 380 V?, 95.2 + 5.7% of the 7 um particles
are collected in the center outlet while 98 + 0.7% of the 5 um
particles exit through the side outlet. The higher transition
voltage can be explained by the longer sideways shift that the
particles have to make to exit the central outlet when only
10% instead of 25% of the total flow rate is extracted through
the center outlet. As anticipated, the longer separation dis-
tance did not further improve the separation efficiency.

A system dependent on both hydrodynamic pre-
positioning and acoustic pre-alignment has the apparent
advantage that the cell-free liquid places the pre-positioned
cells closer to the channel walls, which theoretically increases
the resolution. However, the experimental separation effi-
ciency presented in this paper is comparable to that reported
by Augustsson et al,”” using combined acoustic pre-
alignment and hydrodynamic pre-positioning. This suggests
that the shorter sideways shift is compensated for by the
more stable flow system, something that is more easily
attainable with fewer inlets and outlets.

Enrichment of tumor cells spiked into white blood cells

The system was further evaluated for its ability to enrich
tumor cells from white blood cells to assess whether this sys-
tem may be useful to isolate CTCs from patient samples. In
this in vitro model prostate cancer cells (cell line, DU145)
were spiked at final concentrations of 5 x 10* mL™" into white
blood cell fractions from red blood cell-lysed whole blood.
Although the levels of CTCs anticipated in patient samples,
as measured by epithelial cell maker-affinity based capture,
are commonly two to three magnitudes lower (1-1000 cells
per mL) the higher cell concentrations used herein enables
the use of conventional flow cytometry to determine tumor
cell recovery and purity. Also, from a mechanistic perspec-
tumor cell recovery as reported herein is not
compromised by 10-100 fold lower concentrations of cancer
cells. The total sample flow rate was set to 100 uL min*
and the center outlet flow rate was set to 25 uL min ' as
determined from simulations and experiments using parti-
cles. To save sample and reagents, the level of white blood
cells in the samples was one tenth of that of whole blood;
however, it has previously been shown that there was no
difference in the performance of the acoustophoretic separa-
tion using a ten-fold dilution of white blood cells as com-
pared with undiluted samples.*’

Fig. 4 shows the results from the cell separation experi-
ment. The transition voltage for cancer cells to exit through
the center outlet is lower than for the white blood cells,

tive,
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Fig. 4 Separation efficiency of prostate cancer cell line, DU145, and
white blood cells (WBC) when extracting 25% of the total flow in the
center outlet. The total sample flow rate was 100 uL min™* and the
cells were collected through the center outlet with a flow rate of 25
uL min™%. The error bars represents the standard deviation for n = 3.

which are smaller. The two cell populations displayed par-
tially overlapping acoustophoretic mobility and could thus
not be perfectly separated by this system. Even so, by
proper adjustment of the transducer voltage, high recovery of
cancer cells could be accomplished while discriminating
them from the white blood cells. At 240 V2, 86.5 + 6.7% of
the cancer cells were collected in the center outlet with a
contamination of only 1.1 + 0.2% white blood cells. At 280
V?, there was two-fold higher white blood cell contamina-
tion (2.2 + 0.6%), but 94.8 + 2.8% of the cancer cells could
be recovered in the center outlet. These separation levels
are comparable to previous results using acoustophoresis
together with hydrodynamic pre-positioning.>” The current
system, however, provides a simpler microfluidic setup as
well as faster sample processing flow rate of 6 mL h™", even
though the flow rate has not been fully optimized. The sim-
pler fluidic setup, not involving a second liquid flow, leads
to a concentration of the cells instead of a dilution as will
most often happen when hydrodynamic pre-positioning is
used. When separating rare cells such as circulating tumor
cells the sample will most likely need to be concentrated
before analysis. The possibility to concentrate the sample
directly on the chip instead of diluting it is thus a further
advantage.

The acoustophoretic velocity of a cell scales with the size
to the power of two.*" The leukocyte size distribution, as pre-
viously measured by impedance cytometry (Coulter counter),
range from 7-14 um while the cancer cells range from 15-25
um (data not shown), and are thus not overlapping in size.
Given the strong size dependence and the distinct size differ-
ence of the populations, the separation is likely predomi-
nantly based on size.

The experiments and simulations presented here indicate
that this method in its current manifestation holds promise,
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in terms of throughput and accuracy, for further development
toward isolation of CTC from patient blood samples. Given
the relative rareness of CTCs in patient blood, a 100- to 1000-
fold reduction of white blood cells will not allow for direct
label-free enumeration of CTCs but the method can be an
important unit in a sequence of isolation steps. Further refine-
ments to increase the purity of the isolated cells relative to the
white blood cells would be of value to expand its applicability.
Based on the findings, two measures may be taken to fur-
ther improve the accuracy and throughput to shorten the
sample-to-answer time and to make the separation truly
deterministic. First, the acoustic pre-alignment channel can
be elongated at the expense of the separation channel. In the
separation channel, the cells of higher acoustic migration
rate must be deflected sideways only a short distance while
in the pre-alignment channel all cells must be transferred
from their initial random positions in the channel cross-
section to the two pre-alignment locations. Second, the sepa-
ration channel can be widened to improve the separation per-
formance. By doing this, the sideways displacement of the
cells increases, leading to a longer absolute distance between
separated cells at the outlet. Simulations show that increasing
the width of the separation channel to 750 um, and actuating
at the corresponding frequency of 1 MHz, leads to a doubled
distance between the separated particles at the outlet (see
ESI{ S4). This increased distance is anticipated to improve
overall separation performance and reduce the sensitivity to
phenomena such as flow fluctuations or long-term drift.

Conclusions

This paper presents a simple microfluidic cell sorter for con-
tinuous-flow, unbiased, label-free separation of cancer cells
from white blood cells based on acoustophoresis. Even
though the lateral displacement of a particle in the acoustic
field is less than 50 pum, the platform can separate cells and
particles with high precision. The single inlet approach leads
to simple and robust flow conditions for acoustic pre-
alignment and separation of cells.

An advantage of this system is that separation is carried
out directly in the particles’ suspending medium and thus does
not require matching of the acoustic properties of the sample
relative to a system using multiple laminar flow streams.

This system also paves the way for increased sample
throughput, currently enabling clinical sample processing up
to 6 mL h™', since the sample inflow rate equals the total flow
rate of the system. This is in contrast to devices relying on
hydrodynamic pre-positioning of cells where the volume flow
of cell-free medium adds to the net flow velocity of the particles
in the separation channel, limiting the sample throughput.
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ABSTRACT: Enrichment of rare cells from peripheral blood
has emerged as a means to enable noninvasive diagnostics and
development of personalized drugs, commonly associated with
a prerequisite to concentrate the enriched rare cell population
prior to molecular analysis or culture. However, common
concentration by centrifugation has important limitations
when processing low cell numbers. Here, we report on an
integrated acoustophoresis-based rare cell enrichment system
combined with integrated concentration. Polystyrene 7 pm

#w

©°0 °® 000 =)
°°°°c°oo°° ©oe

microparticles could be separated from S ym particles with a recovery of 99.3 £ 0.3% at a contamination of 0.1 + 0.03%, with an
overall 25.7 + 1.7-fold concentration of the recovered 7 yum particles. At a flow rate of 100 #L/min, breast cancer cells (MCF7)
spiked into red blood cell-lysed human blood were separated with an efficiency of 91.8 & 1.0% with a contamination of 0.6 +
0.1% from white blood cells with a 23.8 + 1.3-fold concentration of cancer cells. The recovery of prostate cancer cells (DU14S)
spiked into whole blood was 84.1 + 2.1% with 0.2 + 0.04% contamination of white blood cells with a 9.6 + 0.4-fold
concentration of cancer cells. This simultaneous on-chip separation and concentration shows feasibility of future acoustofluidic
systems for rapid label-free enrichment and molecular characterization of circulating tumor cells using peripheral venous blood in

clinical practice.

Microﬂuidics has been extensively used for cell separation
and processing.’ Separation of rare cells, such as
separation of nucleated fetal cells from maternal blood or
circulating tumor cells (CTCs) from the blood of cancer
patients, is an area of emerging interest.” CTCs are very rare
cells that have been shed from a cancer tumor, mostly found in
quantities of only 1-10 CTC/mL in blood, but higher
quantities have been reported. They can travel to secondary
tissues, but only few of them may have the potential to form
metastases. CTCs are of interest as prognostic and diagnostic
markers. However, they also reflect the evolution of the tumor
during disease progression, and they are used as an indicator of
response to treatment. Hence, CTC containing blood samples
provide a noninvasive means for studying the primary tumor as
well as for studying metastasis biology: they can thereby
provide information that helps to target and personalize
treatment.> CTCs can be detected in blood from patients
harboring all major cancer types at advanced metastatic stages
but are very rarely or never detected in healthy subjects.* In

v ACS Publications © 2015 American Chemical Society
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many types of cancer, the quantity of CTCs found in the blood
has been shown to be an independent predictor of disease
progression.3

Most investigations attempting to isolate and enumerate
CTCs have focused on carcinoma patients, due to the common
nature of these cancers and because they express markers that
can enable their detection. So far, other cancer forms have not
provided any universal markers for detection although vimentin
expressed at the cell surface has recently been reported as a
marker for sarcoma.” Although some CTCs stemming from
carcinomas can be detected using epithelial cell specific
markers, such as EpCAM in combination with cytokeratins,
the use of these markers may allow subpopulations expressing
low EpCAM or cytokeratins to remain undetected. For
epithelial cancers, the epithelial-mesenchymal transition is
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considered to be the crucial event in the shedding of circulating
tumor cells from the primary site of the tumor. In this
transition, the cells adopt a more mesenchymal-like migratory
phenotype, which might include loss of epithelial cell markers
and thereby disabling detection by clinical routine assays.®

Microfluidics has been extensively used as a means of
isolating CTCs.”' These systems provide low sample and
reagent consumption, which reduces sample processing costs.
The microchannel length scale matches the cells’ length scale,
providing the opportunity to more accurately control cell
position within the channels and thereby better facilitate cell
separation.'’ However, most microfluidic isolation systems rely
upon epithelial cell markers such as EpCAM or more specific
markers that target a specific phenotype. Techniques used
include microvortex-generating herringbone chip using
EpCAM antibodies,'> nanostructured silicon with bound
EpCAM antibodies and chaotic micromixers," isolation using
EpCAM-antibody-bound magnetic beads,'* and prostate
specific membrane antigen antibody-covered microposts."
Others have used negative selection in combination with
inertial focusing and magnetophoresis to deplete nucleated
white blood cells from samples using specific antibodies.'® Due
to imperfect binding chemistry caused by under-expression of
target cell surface molecules, both positive and negative
selection schemes can lead to either the loss of tumor cells
or contamination of unwanted subpopulations. Efficient, label-
free methods would eliminate these problems, potentially to a
lower cost per sample.

Label-free methods for CTC isolation include Dean flow in
combination with a slanted microchannel,'” microvortices,'®
optically induced-dielectrophoresis,"® acoustophoresis,”>*' and
flow fractionation.”” Although these techniques show promise
in isolating all tumor cells in blood without cell-type specific
markers, further analysis of the collected samples still poses
challenges, as the exceedingly rare cells are collected in a highly
dilute sample aliquot. In an attempt to solve this problem,
Mach et al."® used fluid vortices to trap cells passively. Despite a
relatively low capture efficiency of 20% of cancer cells, the
system had the advantage of being able to simultaneously
concentrate the cells 20-fold. Still, there is a need for a label-free
system that can simultaneously separate and concentrate target
cells with both high efficiency and concentration factors.

In an attempt to address this problem, this paper presents a
label-free, gentle’*™** cell handling method based on acousto-
phoresis** >’ using ultrasound to simultaneously prealign,
separate, and concentrate cancer cells from nucleated white
blood cells. The method isolates cells primarily by size but also
by density and compressibility*” and is applicable to all cancer
forms, with different properties than white blood cells, that
undergo vascular invasion. This new method integrates in a
single unit the functionality of two previously reported devices
for microfluidic chig-based tumor cell separation” and tumor
cell concentration’' offering simultaneous separation and
concentration of rare target cells from a mixed population.
The system demonstrates well the flexibility offered in
acoustofluidic systems to combine multiple unit operations
and highlights that subunit matching is feasible for flow rates
ranging up to 2 orders of magnitude within one device.

B MATERIALS AND METHODS

Device Design and Chip Fabrication. A chip was
fabricated in (100) oriented silicon using photolithography
and anisotropic wet etching in KOH (0.4 g/mL H,0, 80 °C).

9323

Subsequently, holes for the inlets and outlets were drilled using
a diamond drill (Tools Sverige AB, Lund, Sweden), and the
chip was sealed by anodic bonding of a glass lid.

The chip was supplied with two inlets, a sample inlet and a
subsequent sheath buffer inlet, and three outlets. The sample
inlet channel comprised an acoustic prealignment zone of width
and height dimensions ~310 gm by 150 um, followed by a
separation zone after the sheath buffer inlet of dimensions 375
pum by 150 pm. This continued into a concentration zone of
dimensions 375 pm by 150 pum. The prealignment zone, the
separation zone, and the concentration zone were 20, 25, and
10 mm long, respectively. The prealignment zone was actuated
using an ultrasound frequency of 4.91 MHz and a voltage of 10
V. The separation and concentration zone was actuated using a
frequency of 1.99 MHz and varying voltage. Actuation was
accomplished using piezoceramic transducers (PZ26, Ferro-
perm piezoceramics, Kvistgaard, Denmark). Chip temperature
was controlled using a Peltier element (Farnell, London, UK)
and a Pt1000 temperature sensor (Farnell, London, UK).

Instrument Setup. To drive the actuation, a dual-channel
function generator (AFG 3022B; Tektronix UK Ltd., Bracknell,
UK) was used and signals were amplified using two power
amplifiers built in-house and based on an LT1012 power
amplifier (Linear Technology Corp., Milpitas, CA, USA). The
applied voltages were monitored using an oscilloscope (TDS
2120, Tektronix), and temperature was controlled using a
Peltier-controller (TC2812; Cooltronic GmbH, Beinwil am
See, Switzerland). Flow rates were controlled using a pressure
system built in-house and in which a sample could be infused
and collected in 5 mL FACS tubes.”> The temperature of the
system was set to 37 °C throughout the experiment.

Microparticles. The system was characterized using
polystyrene particles 7 ym (Sigma-Aldrich, Buchs, Switzerland)
and S um (Sigma-Aldrich) in diameter. The particles were
suspended in PBS with 0.002% Triton-X100 added to avoid
aggregation, at a particle concentration on the order of 10°
/mL.

Cell Culture and Blood Samples. Prostate cancer cell line
DU14S and breast cancer cell line MCF7 were used for the
experiments. The cell lines were acquired from ATCC and
cultured according to their guidelines. Blood was collected from
healthy donors, with informed consent, at Skdne University
Hospital in Lund, Sweden.

Cell Preparations. Cultured cancer cells were harvested
with trypsin/EDTA and stained with EpCAM-PE (BD
Biosciences) for 25 min in room temperature. Cells were
fixed with 1% ice cold PFA, then washed, and suspended in
FACS buffer (1x PBS, 1% FBS, 2 mM EDTA). The cells were
stored on ice until acoustophoresis processing.

Daily fresh blood from healthy donors, obtained in
vacutainer tubes containing EDTA as anticoagulant, was used
for the separation experiments. Red blood cells were lysed with
BD FACS lysing solution (BD Biosciences) for 15 min in room
temperature. White blood cells (WBCs) were stained with
CD45-APC (BD Biosciences) for 25 min in room temperature
and fixed with 1% PFA. Cells were washed, suspended in FACS
buffer, and stored on ice until acoustophoresis processing.

Separation and Volume Concentration Experiments.
The separation efficiency was determined by prealigning the
cells or particles at a fixed voltage of 10 V throughout the
experimental series. The voltage in the separation zone varied
between 0 and 12 V to obtain different cells or particles in the
center and side outlets, respectively.

DOI: 10.1021/acs.analchem.5b02023
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In the volume concentration experiments, a fixed voltage
where separation was considered optimal was chosen for the
separation zone and the flow rates in the outlets were varied to
obtain different concentration factors (Table 1). The final

Table 1. Flow Rates Used in the Different Concentration
Experiments”

inlet (a) inlet (b) outlet (1) outlet (2) outlet (3)
concentration (uL/min) (uL/min) (uL/min) (uL/min) (uL/min)
S-fold 100 120 200 0 20
10-fold 100 120 200 10 10
20-fold 100 120 200 15 N
50-fold 100 120 200 18 2

“The outlets are numbered according to Figure 1.

concentration of the cells and particles were obtained by
measuring the sample input and output volumes and take into
account the recovery. The relative particle composition
between the outlets was then investigated using a FACS
(FACS Canto II, BD Bioscience).

B RESULTS AND DISCUSSION

An integrated separation and concentration device for label-free
rare cell separation was developed. To characterize the
platform, mixed populations of either microbeads of different
sizes or cells from blood and culture were processed and
subsequently analyzed off chip.

Chip Design and Operating Principle. The device used
ultrasound standing waves to prealign, separate, and concen-
trate cells and particles (Figure 1). The sample was infused
through inlet (a) and prealigned both horizontally and
vertically (y- and z-directions Figure 1) into two acoustic
nodes. The nodes were located at one-quarter of the channel
width away from each sidewall and at one-half the channel
height between the bottom of the channel and the glass lid.
Two-dimensional prealignment ensured that all of the particles
were located in the same flow velocity regime within the
parabolic flow profile: this made separation more efficient than
the one-dimensional hydrodynamic prealignment commonly
used in acoustophoresis.””>>** Thus, all of the particles had the
same retention time in the separation zone, which limited any

decrease in separation efficiency caused by particles moving
with different velocities.

After prealigment, the particles entered the separation
channel. By infusing a cell-free liquid through inlet (b), the
prealigned particles were hydrodynamically laminated close to
the sidewalls. A single node standing wave deflected particles
toward the channel center so that at the end of the channel the
sideways location reflects the acoustic contrast and size of the
particle. To avoid medium switching, in which the sample-
containing liquid and the cell-free liquid change place, the cell-
free liquid must have equal or higher acoustic impedance than
the sample-containing liquid.*®* In the experiments reported
herein, to avoid this, the suspending liquid for the particles was
the same as the cell-free central sheath liquid.

At the end of the separation channel, particles of small
acoustic sideways displacement were discarded through outlet
(1) (Figure 1, blue trajectories). The target particles proceeded
into the concentration channel, where they were refocused to
the channel center by a single node standing wave before
entering the concentration zone (Figure 1, red trajectories). At
the end of this channel, the liquid at each side is branched off
through outlet (2) which leads to an increased particle
concentration in the central outlet (3) flow stream. (The
Supporting Information contains SI movies 1—3 of § and 7 ym
particles separating and concentrating.)

The particles were focused toward the center of the
concentration channel by the acoustic field generated by the
2 MHz transducer that also controls the separation unit. The
two-dimensional focusing in the concentration zone of the chip
ensures that the particles are positioned in the highest velocity
region of the parabolic flow profile. This ensured they would
move as fast as possible through the second trifurcation in the
concentration zone thus avoiding deflection by the uncon-
trolled nonsymmetrical local acoustic field that is commonly
interfering with cells flowing at low velocities.'

Since the separation and concentration parts of the device are
operated using the same piezoceramic transducer, the acoustic
amplitude and flow rates in the different modules must be
chosen with care. As reported previously,” target particles can
be lost in the trifurcation outlet region (3) due to an
uncontrolled acoustic field that deflects the particles to the
side outlets (2). Further, high acoustic amplitude in

y Pre-alignment

Separation

Concentration

Figure 1. Illustration of the chip from the top showing particle trajectories and inset photographs, showing the separation of 5 and 7 m polystyrene
particles. Particles were infused through inlet (a) and prealigned in two dimensions, horizontally and vertically (y- and z-directions). A cell-free liquid
was infused through inlet (b) where the cells of interest were isolated in the separation channel. Waste cells were discarded through outlet (1) as the
target cells were refocused in the concentration channel. Concentrated cells were then collected through outlet (3), and cell-free liquid was discarded

through outlet (2).
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combination with low flow velocity can lead to trapping of
particles on the walls of the concentration zone. On the other
hand, too low acoustic amplitude will require a low flow rate in
the separation zone to fulfill the separation condition and limits
throughput of the device. To accommodate for this, the
separation zone was designed to be two times longer than the
concentration zone, taking into account both the 10-fold
difference in flow velocity and the demand for larger sideways
shift in the concentration zone to fully focus the cells or
particles. Hence, using a single transducer for multiple
operations comes at the cost of a more elaborate flow and
actuation optimization.

Separation and Volume Concentration Efficiency of 5
and 7 pm Polystyrene Particles. The integrated system was
further evaluated by its ability to separate and concentrate
polystyrene particles of S and 7 ym diameters. The particle
concentrations used were higher than what one would expect to
find in rare-cell samples as the particles were used to
characterize the system. First, the separation efficiency was
determined by comparing the amount of particles collected
from outlets (2) and (3) versus those collected from outlet (1).
The efficiency of the device’s separation zone is illustrated in
Figure 2. To determine the optimal separation settings, the

Separation efficiency of polystyrene particles
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Figure 2. Separation efficiency of the device using S and 7 ym
particles. The sample inflow rate was 100 yL/min, and outflow rate in
the center outlet (3) was 20 uL/min. The error bars represent the
standard deviation for n = 3.

applied voltage was gradually increased to find the transition
voltage where the particles enter outlets (2) or (3) instead of
outlet (1). An increased voltage will lead to a higher acoustic
migration velocity toward the channel center. Because the
acoustic migration velocity is proportional to the square of the
particle diameter, the 7 ym particles will migrate approximately
twice as fast as the S ym particles.””** Between applied voltages
of 6.25 to 6.75 V, the majority of the faster moving 7 pm
particles could be collected through the center outlets (2) or
(3) while the majority of the S yum particles were collected

through the side outlet (1). At an applied voltage of 6.5 V, 99.8
+ 0.04% of the 7 um particles entered the center outlets (2) or
(3) while 99.7 + 0.1% of the 5 um particles entered the side
outlet (1).

The volume concentration ability of the device was
investigated by maintaining the voltage setting that provided
optimal separation and varying flow rates through outlets (2)
and (3) (Table 2). The flow rate of the particles moving from
the separation to the concentration parts of the device was kept
at 20 pL/min to ensure that the separation conditions were
constant. This resulted in a S-fold concentration compared to
the sample inflow rate of 100 xL/min and corresponds to the
6.5 V-data point in Figure 2 as well as the first row in Table 1.
The resulting concentration factor was 5.6 + 0.04. This differed
slightly from the anticipated concentration, likely because the
measured flow rates differed slightly from the actual flow rates,
seen as the input sample was processed faster than anticipated
according to the set flow rate. Setting the flow rates for outlet
(2) and (3) to 10 uL/min each, a 2-fold concentration would
be expected after the separation step multiplying up to an
attempted 10-fold concentration after the concentration step.
At these settings, 98.3 + 0.6% of 7 um particles were recovered
and were concentrated 11.5 + 0.4-fold. Efforts to further
increase the output concentration using flow rates for outlets
(2) and (3) set at 15 and S uL/min, respectively, would
correspond to a tentative 20-fold concentration. While
collecting 99.3 + 0.3% of the 7 um particles through outlet
(3), they were simultaneously concentrated 25.7 + 1.7-fold.

Attempting to concentrate the particles 50-fold, the flow
rates for outlets (2) and (3) were set to 18 and 2 uL/min,
respectively. Almost 20% of the target 7 ym particles were lost
through outlet (2), and this resulted in a recovery of only 80.1
+ 7.4% of the 7 pm particles while concentrating them 57.5 +
6.4-fold. The particle loss was due to the limitations in the
pressure-regulated flow system and the performance of the flow
rate sensors and not due to insufficient acoustic performance.
As all of the pressure system flow rates are controlled in a loop,
a small fluctuation in the higher flows led to major relative
fluctuations of the flow rate of the center outlet (3), which in
turn caused particles to spill over to outlet (2) instead. Hence,
using a system with improved ability to control a larger range of
flow rates at high precision would enable higher concentration
factors. E.g. a previously described, the syringe pump-based
system for cell concentration allowed higher differences
between the system flow rates because each syringe was
precisely and separately controlled.”>*!

Separation and Volume Concentration of Cancer
Cells and White Blood Cells. The presented device aims
to simultaneously separate and concentrate rare cells such as
circulating tumor cells from an abundance of nucleated white
blood cells. To investigate this potential, DU145 prostate

Table 2. Volume Concentration Ability for 7 um Polystyrene Particles Attempting to Concentrate the Particles 5-, 10-, 20-, and

50-Fold”
attempted 7 pm loss outlet 7 pm loss outlet 7 pum collected outlet S gm contamination outlet 7 pym
separation experiment concentration (1) (%) (2) (%) (3) (%) 3) (%) concentration
7 pm/S pm polystyrene S-fold 0.2 + 0.04 0 99.8 + 0.04 03 + 0.1 5.6 £ 0.04
particles 10-fold 1.7 £ 0.6 0 983 + 0.6 0.1 + 0.06 11.5 + 04
20-fold 0.7 £03 0 993 +0.3 0.1 £ 0.03 257 + 1.7
50-fold 17 £ 02 182 £ 74 80.1 = 7.4 0.1 + 0.02 57.5 £ 64
“The standard deviations were derived for n = 3.
9325 DOI: 10.1021/acs.analchem.5b02023
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cancer and MCF7 breast cancer cell lines were used, separately,
spiked into red blood cell-lysed white blood cells, to serve as
model systems. To save reagents and sample, the white blood
cells were diluted 10-fold as compared to whole blood. It has
previously been shown that, compared to using an undiluted
sample, this dilution factor does not cause any measurable
difference in performing the acoustophoretic separation.”® To
facilitate enumeration of the cancer cells using conventional
flow cytometry, the cancer cells were spiked at a concentration
of 2.5 X 10° cells/mL. The levels of cancer cells anticipated in
patient samples are commonly low (1—10 cells/mL). However,
acoustophoretic tumor cell recovery is not compromised by
lower concentrations of cancer cells. As was done with the
polystyrene particles, the separation efficiency for isolating the
cancer cells from the white blood cells was obtained by
gradually increasing the voltage to find the cells respective side-
to-center outlet transition voltages.

The separation efficiencies attained for the two cell-line
preparations are shown in Figure 3. The transition voltage of

Separation efficiency of DU145 from WBC
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Figure 3. Separation efficiency of cancer cells and white blood cells.
The sample inflow rate was 100 xL/min, and the outflow rate in the
center outlet (3) was 20 uL/min. The error bars represent the
standard deviation for n = 3.

the cancer cells to exit through the center outlet (3) is lower
than for most white blood cells. The two cell populations
display somewhat overlapping acoustic mobility and did not
separate completely. Nevertheless, a large proportion of the
cancer cells was collected while largely avoiding white blood
cell contamination. At 6.5V, 80.8 + 9.5% of the DU14S5 cancer
cells could be collected with 0.1 + 0.025% contamination of
white blood cells. At 7V, 88 + 3.7% of the DU145 cancer cells
were recovered with 0.4 + 0.3% contamination of white blood
cells. A similar recovery rate was obtained for MCF7 cancer
cells: at 7 V, 88.6 + 5.5% of the cancer cells were recovered
with 0.7 & 0.4% contamination from the white blood cells.

The acoustic velocity moving the cells toward the micro-
channel center scales with the cell size to the power of two, the
density, and the compressibility. The size distribution of the
leukocytes measures from 7 to 14 ym and the cancer cells from
15 to 25 pum (Coulter counter data not shown). Given the size
differences between the two populations and the size
dependence of the acoustic velocity, the separation is likely
predominantly based on size, although the overlap of the
separated populations indicates that the density or compressi-
bility also affects the separation efficiency.

The performance of the cell volume concentration step was
obtained as previously described for the particles. Data for the
cancer cell separation from WBCs is presented in Table 3. The
voltage of the transducer regulating the separation and
concentration was set at 7 V for the separation of both cancer
cell types, which possibly corresponds to acceptable levels of
white blood cell contamination while yielding high cancer cell
recoveries. Assuming 100% tumor cell recovery, the anticipated
discriminatory capability at this voltage and flow rate would
result in an approximate S-fold concentration. At this voltage
and with these flow rates, the recovered MCF7 cancer cells
were concentrated 4.7 + 0.6-fold and the DUI45 were
concentrated 5.0 + 0.4-fold. Attempting to obtain 10-fold
concentration of the targeted cancer cells, using similar settings
as were used during the polystyrene trials, 90.8 + 3.1% MCF7
cancer cells were collected and concentrated 10.2 + 0.2-fold
with 0.3 + 0.01% contamination of white blood cells. At the
same settings, 84.1 + 2.1% of DUI4S cancer cells were
recovered and concentrated 9.6 + 0.4-fold at 0.2 + 0.04%
contamination of white blood cells. Using settings designed to
achieve a 20-fold concentration, a 23.8 + 1.3-fold concentration
of MCF7 cancer cells was obtained while recovering 91.8 +
1.0% of the cancer cells at 0.6 & 0.1% contamination of white
blood cells. Likewise, a 20.8 + 1.8-fold concentration of DU145
cells was obtained while recovering 76.8 + 2.5% of the cancer
cells at 0.3 + 0.3% contamination of white blood cells. Similar

Table 3. Volume Concentration Ability for Cancer Cells (CC) Attempting to Concentrate the Cells S-, 10-, 20-, and 50-Fold”

separation approx attempted ~ CC loss outlet 1 ~ CC loss outlet 2 CC collected outlet 3 WBC contamination CC concentration
experiment conc (%) (% 9 outlet 3 (%) outlet (3)
MCF7/WBC S-fold 114 £ 5.5 0 88.6 + 5.5 0.7 £ 0.4 4.7 £ 0.6
10-fold 92 + 3.1 0 90.8 + 3.1 0.3 £ 0.01 102 +£ 0.2
20-fold 7.6 £ 1.5 0.6 + 0.6 91.8 + 1.0 0.6 + 0.1 238 +£ 1.3
50-fold 169 + 3.5 161 + 2.1 67.0 + 34 0.2 + 0.02 444 + 4.6
DU145/WBC S-fold 12+ 3.7 0 88.0 + 3.7 04 + 0.3 S50+ 04
10-fold 159 £ 2.1 0 84.1 + 2.1 0.2 + 0.04 9.6 + 0.4
20-fold 19.8 + 3.8 33+13 76.8 £ 2.5 03 +£03 208 £ 1.8
50-fold 21.1 £ 8.0 14.7 £ 10.5 642 + 179 02 +0.1 268 + 9.7

“The standard deviations are derived for n = 3.
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to the trials using polystyrene particles, a few target cells were
lost through outlet (2). As that which occurred with the
particles, when attempting to obtain S0-fold concentration of
cancer cells, losses of cancer cells increased through outlet (2).
Hence, 444 + 4.6-fold concentration was obtained while
recovering 67 =+ 3.4% of the MCF7 at 02 + 0.02%
contamination of white blood cells. While recovering 64.2 +
17.9% of the DUI14S cancer cells, the cancer cells were
concentrated 26.8 & 9.7-fold at only 0.2 + 0.1% contamination
of white blood cells. Losses in tumor cell recovery while
attempting to obtain higher concentrations of tumor cells were
again due to the insufficient flow control possibilities of the
pressure system used.

The current data on separation of cancer cells from white
blood cells confirms previously reported data.”® However, the
previous device diluted the sample during the separation
process instead of concentrating it, and while aiming to isolate
rare cells, diluting the purified sample is a clear disadvantage.
Subsequent analysis becomes difficult because rare cells may be
lost and their analysis distorted by concentration through
conventional centrifugation. To use centrifugation to concen-
trate the small sample volumes collected, the centrifuged cells
would need to be resuspended in even smaller volumes that are
not practically possible to handle. Concentration of low cell
numbers also increases the risk of sample loss if the formed
pellet is to small to be seen or if a pellet does not form at all. A
system offering simultaneous separation and concentration also
offers the further advantage of integration with analysis
modules, where the cancer cells could be detected directly on
chip.

In contrast to the previously described system,* the device
developed here reliably concentrates target cells up to about 20-
fold, facilitating subsequent analysis or further culture while
maintaining acceptable recoveries. Fundamentally important,
the current system can process a sample at a rate of 6 mL/h,
making it suitable for handling clinical samples. Furthermore, as
seen in Figure 3, the current device makes it possible to further
suppress the white blood cell contamination although this is
accomplished at the expense of target cell recovery.

To further improve the throughput and concentration ability
of the presented device, two measures can be taken. First,
increasing the length of the prealignment zone may increase the
throughput. The prealignment zone limits the current device
because the particles must be focused from every possible
random location in the channel cross section to the two
prealignment nodal points. Furthermore, the acoustic radiation
force has a sinusoidal distribution such that the force is zero on
the walls and at the pressure nodes. In the separation zone, on
the other hand, particles are already prealigned to a region of
maximal acoustic radiation force and do not have to be moved
all the way to the single nodal point to be successfully
separated. Second, improving the flow stability of the flow
system can increase the concentration performance of the
device. Recently published findings suggest that excluding the
central inlet for cell-free medium (Figure 1, inlet (b)) from the
design reduces flow fluctuations, has minimal negative effect on
the separation performance, and prevents dilution of the cell
sample.”’ This will also eliminate the need for acoustic
impedance matching of the sample and the cell-free liquids.*”

Bl CONCLUSIONS

The device presented in this paper enables label-free
simultaneous separation and volume concentration, facilitating
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subsequent analysis or cell culture. The on-chip concentration
of the target sample is especially suitable for rare cell samples
that are not always suitable for concentration by common
centrifugation. Cells and particles can be concentrated up to 20-
fold while maintaining a high separation efficiency at sample
flow rates that can process a 6 mL clinical sample in 1 h. Future
work will aim to further increase the concentration factors and
to integrate the present device with an analysis unit. Also, by
extending the prealignment zone, it is anticipated that the
throughput could be increased. The presented device has the
potential to contribute to the development of targeted therapies
specific to an individual patient’s tumor biology.
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Highly efficient single cell arraying by integrating
acoustophoretic cell pre-concentration and
dielectrophoretic cell trapping+t

Soo Hyeon Kim, 12 Maria Antfolk,t Marina Kobayashi,?® Shohei Kaneda,?®
Thomas Laurell**® and Teruo Fujii*®®
To array rare cells at the single-cell level, the volumetric throughput may become a bottleneck in the cell
trapping and the subsequent single-cell analysis, since the target cells per definition commonly exist in a
large sample volume after purification from the original sample. Here, we present a novel approach for
high throughput single cell arraying by integrating two original microfluidic devices: an acoustofluidic chip
and an electroactive microwell array. The velocity of the cells is geared down in the acoustofluidic chip
while maintaining a high volume flow rate at the inlet of the microsystem, and the cells are subsequently
trapped one by one into the microwell array using dielectrophoresis. The integrated system exhibited a 10
times improved sample throughput compared to trapping with the electroactive microwell array chip
alone, while maintaining a highly efficient cell recovery above 90%. The results indicate that the serial inte-
gration of the acoustophoretic pre-concentration with the dielectrophoretic cell trapping drastically
improves the performance of the electroactive microwell array for highly efficient single cell analysis. This
simple and effective system for high throughput single cell arraying with further possible integration of
additional functions, including cell sorting and downstream analysis after cell trapping, has potential for

www.rsc.org/loc

Introduction

Analysis of rare cells, e.g. circulating tumor cells (CTCs) and
circulating fetal cells, holds promise for the diagnosis and
prognosis of many cancers, and non-invasive prenatal diagno-
sis. For instance, counting the number of CTCs in peripheral
blood makes it possible to monitor the therapeutic effect of a
treatment and to give prognosis without tissue biopsies."
Microfluidic devices are suitable for sorting and analyzing
rare cells and enable processing of complex cellular fluids.
Several groups have been developing microfluidic devices for
continuous flow-based rare cell isolation using the physical
properties,”®  biochemical properties”® or dielectric
properties® ™ of rare cells. Although previous methods using
microfluidic devices successfully demonstrated separation of
rare cells, the separated cells have to be collected and arrayed
for downstream analysis. The rare cells should preferably be
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development to a highly integrated and automated platform for single-cell analysis of rare cells.

analyzed at the single-cell level for the improvement of the
understanding of cellular heterogeneity, and for clinical appli-
cations. For instance, characterization of individual CTCs
would help to profile a disseminated tumor at the molecular
level, and to further guide diagnostic and therapeutic strate-
gies since CTCs may be shed from different locations within
tumors, and even from metastases."?

A microfluidic approach has been employed to array sin-
gle cells using additional forces, i.e. hydrodynamic force,"*'*
gravity’® or dielectrophoresis.'® Recently, highly improved
single-cell arraying efficiency was realized by optimizing flow
profiling."”” However, there are some practical problems of
the method - trapped cells can be easily deformed due to a
hydrodynamic pressure and microfluidic channels can be
easily clogged since the dimension of the channel is compa-
rable with that of the target cells. In order to overcome the
drawbacks of the method, we have developed a microfluidic
device containing an electroactive microwell array (EMA) for
trapping single cells using dielectrophoresis (DEP) followed
by on-chip single-cell analysis.'"® Although we successfully
demonstrated the feasibility of the EMA device for on-chip
single-cell analysis,"®'? the main drawbacks of the EMA chip
for single cell analysis laid in the difficulty to analyze large
sample volumes in a short time period, since the optimal
inlet flow rate of the EMA chip was 2 uL min". Higher flow
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velocities in the EMA device prevent efficient trapping of the
target cells, yielding a lower cell recovery.

A practical problem on the rare cell analysis is that the
isolated target cells are usually suspended in a large sample
volume as shown in Table S1 in the ESL{ For instance, col-
lected rare cells, sorted by Dean flow fractionation, were
suspended in a 3 times larger volume of buffer.? In this case,
if 10 cells exist in 1 mL of blood sample, 10 cells would be
suspended in 3 mL of buffer after isolation. Although centri-
fugation is widely used to concentrate a sample, centrifuga-
tion of a sample with a low cell number will increase the risk
of critical sample losses since a pellet of sample is too small
to be seen or even no pellet forms at all with such a low num-
ber of cells,”® and may induce a possible damage to cell via-
bility”* as well as cell function® because of the strong centrif-
ugal forces acting on a cell. Moreover, during the sample
transfer process from the tube to the device for downstream
analysis, the small number of cells could be nonspecifically
bound on a surface of a centrifugal tube or a pipet tip.

An effective strategy to overcome this would be to decrease
the volume flow rate in the device while maintaining a high
flow rate at the inlet of the microsystem. Microfluidic devices
have previously been demonstrated to decrease the sample
volume using gravity,”> hydrodynamic forces,*** electrical
forces,”* > magnetic forces®® and acoustophoresis.’!
Although the methods efficiently decrease the volume of the
samples, there is a lack of continuous flow-based systems
yielding high concentration factors while maintaining a high
recovery and throughput.>® Recently, we have developed an
acoustofluidic chip to concentrate dilute cells into a smaller
volume with concentration factors of several orders of magni-
tude of dilute samples.>® The chip focuses the cells in a con-
fined liquid volume by utilizing acoustic standing waves
formed in the microchannel. The chip allows us to drastically
decrease the volume flow rate of the sample, prior to entering
the EMA device, by collecting the cells focused in the channel
center while discarding the cell-free liquid volume along the
channel sides.

Here, we present a novel approach for high throughput
arraying of single cells supplemented in a large sample vol-
ume by integrating two original microfluidic devices: 1) an
acoustofluidic chip for sample pre-concentration and 2) an
EMA chip for single-cell arraying. The integration was
achieved by directly bonding the sample outlet of the
acoustofluidic chip to the inlet of the EMA chip to deliver a
focused cell stream into the EMA chip. First, we improved
the inherent cell trapping efficiency of the EMA to accommo-
date trapping of single cells, where the cell trapping effi-
ciency of the older version was 10%."® The inherent cell trap-
ping efficiency of the EMA was improved up to 98 + 1.7% for
the inlet flow rate of 4 uL. min™" by modifying the geometry
of the microwell array, while moderate trapping efficiencies
of 64 + 5.3% and 23 + 3.8% were observed with the higher
flow rates of 10 and 20 uL min ", respectively, without pre-
concentration. Next, the feasibility of the integrated system
was demonstrated by arraying diluted DU145 cells, a human
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prostate cancer cell line, after acoustophoretic pre-concentra-
tion. The integrated system showed a good recovery of 96 +
0.8%, 96 * 3.7%, 88 + 6% and 65 + 13% for the high inlet
flow rates of 20, 40, 60 and 100 pL min™', respectively. We
successfully improved sample throughput by implementing
an acoustic pre-concentration step prior to entering the EMA
chip which allowed a 10-fold increase of the system through-
put without any impact on the cell recovery.

Design of the device
Acoustofluidic device

Acoustophoresis utilizes ultrasound standing waves to focus
cells and particles into the pressure node or anti-node by the
primary acoustic radiation force, F,q, approximated as

Frag = 41'cas¢kyEac sin(2k,y) (1)
K=K, Py Pe
== v, "o 2
’ 3k,  2p,*p, @)

where ¢ is the acoustic contrast factor, a is the particle
radius, k, = 2n// is the wavenumber, E, is the acoustic energy
density, y is the distance from the wall, x,, is the isothermal
compressibility of the particle, «, is the isothermal compress-
ibility of the suspending fluid, p, is the particle density, and
po is the suspending fluid density.”> From the equations, it
can be seen that particles are focused depending on their vol-
ume, density and compressibility, indicating that the F,.q is
strongly dependent on the particle size.*?

In the acoustofluidic chip, dilute cells are focused into the
microchannel centre in two dimensions. The wavelength of
the ultrasound is matched to the width and height of the
microchannel, forming both horizontal and vertical ultra-
sound standing waves operated at two different frequencies.
The two-dimensional focusing is crucial for the ability to
obtain high concentration factors. When focusing the cells in
two dimensions, they will all be collected in the fastest mov-
ing central fluid regime in the laminar flow profile. This
ensures a fast transit through the outlet region where the
microfluidic channel widens. In this location, the channel
width no longer corresponds to the frequency of the applied
ultrasound. Instead, other resonance modes and vigorous
acoustic  streaming zones can be found, yielding
unpredictable particle trajectories that divert slower moving
particles along the channel walls, from their original trajec-
tory. When two-dimensional focusing (levitation) is active,
these artifacts can be efficiently circumvented.?’

Electroactive microwell array

An electroactive microwell array utilizes dielectrophoresis
(DEP) to attract the cells to the bottom of the microwells. The
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time-averaged DEP force, Fpep, acting on a spherical cell of
radius a can be approximated as

Fppp = 216 Re[K2nf)]V|Ee|?, ©)
g —&

K(2nf)=—=<—=, 4

(2n) 1 2E (4)

where &, f and E. are the permittivity of the external medium,
the frequency of the applied ac field and the amplitude of the
electric field, respectively. Re[K(2nf)] is the real part of the
polarization factor called the Clausius-Mossotti (CM) factor,
where cog is the complex electrical permittivity of the cell and
e is the complex electrical permittivity of the external
medium. Since DEP allows stable and precise manipulation of
cells, DEP has been widely used for manipulation of cells.**

To attract the cells into the microwells using DEP, each
electroactive microwell has patterned electrodes at the bottom
of the microwell. The distance between the electrodes is 10
pum, which is smaller than the diameter of the target cells. A
thin insulation layer (4 um in thickness, made with a negative-
type photoresist) was coated on the electrodes to block the
electric fields except for the area where the microwells are pat-
terned. The diameter of the microwell is 22 um. A polydimeth-
ylsiloxane (PDMS) microfluidic channel is formed on the EMA
substrate for the efficient delivery of target cells.

Integration of the devices

Two original microfluidic devices, the acoustofluidic chip for
sample pre-concentraion and the EMA chip for single-cell
analysis, were integrated to improve the sample throughput
capability (Fig. 1A). For the integration, the sample outlet of
the acoustofluidic chip was directly connected with the inlet
of the EMA chip by plasma activation of the surfaces and
direct bonding of the PDMS-based EMA chip to the glass sur-
face of the acoustofluidic chip. The cells, introduced into the
inlet of the acoustofluidic chip, were focused in two-
dimensions in the centre of the channel. The main stream of
the acoustofluidic chip with the focused cells flowed into the

Sfanding wave

Electroactive microwell array

I I
Acoustofluidic device

Fig. 1 Integration of the acoustofluidic chip and the EMA chip. (A)
Schematic image of the integration. The target cells introduced from
the inlet of the acoustofluidic chip are focused at the center of the
channel using ultrasound standing waves. The central stream of the
chip with the focused cells flows into the EMA chip. The cells are
trapped into the microwell array using DEP in the EMA chip. (B) Photo
of the integrated device. The outlet of the acoustofluidic device is
directly connected with the inlet of the EMA chip. Scale bar is 4 mm.
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EMA chip and cell-free fractions of the flow stream in the
acoustofluidic chip were discarded into the waste outlet.
Since only a small fraction of the main stream with cells
flowed into the EMA chip (gearing down the flow rate), we
could operate the EMA chip at an optimal flow rate (Q,) with
respect to the DEP trapping efficiency even at a high inlet
flow rate (Q;), which allowed high throughput collection of
dilute cell suspensions. The cells flowing into the EMA chip
were trapped into the microwells in an array with the DEP
force at the single-cell level.

Materials and methods
Device fabrication

The EMA chip for single cell trapping was fabricated using
the conventional photolithography and etching process. The
shape of the electrodes were patterned on a indium tin oxide
(ITO) coated glass substrate (GEOMATEC Co., Japan) using a
positive-type photoresist (S1813, Shipley Far East Ltd., Japan),
followed by etching of ITO by a 0.2 M FeCl; + 6 M HCI solu-
tion for 30 min at room temperature. After that, the substrate
was cleaned and rinsed with acetone and isopropyl alcohol to
remove the photoresist layer remaining on the substrate. The
microwell array structure was fabricated with a negative-type
photoresist (SU-8 3005, MicroChem Corp., USA) on top of the
patterned ITO electrodes. The microfluidic channel for the
microwell array was fabricated using polydimethylsiloxane
(PDMS, Silopt 184, Dow Corning Toray, Co. Ltd., Japan)
through the standard replica molding process. The height
and width of the PDMS microchannel were 50 and 3600 pum,
respectively. The PDMS channel and microwell array sub-
strate were exposed to O, plasma using a reactive ion etching
machine (RIE-10NR, Samco Co., Japan) and bonded together.

The fluidic channel for acoustophoresis was fabricated on
a silicon substrate using photolithography and anisotropic
wet etching in KOH (40 g per 100 mL of H,O, 80 °C). A hole
for the sample outlet was drilled in the silicon and holes for
the inlet and waste outlets were drilled in the glass lid using
a diamond drill. The silicon chip was sealed by anodic bond-
ing of the glass lid. The focusing channel was 397 pm wide
and 147 pm deep. Since the channel width and height
corresponded to half a wavelength of ultrasound at 1.89 MHz
and 5.08 MHz, piezoceramic transducers (PZ26, Ferroperm
Piezoceramics, Kvistgaard, Denmark) resonant at 2 MHz and
5 MHz were attached by using cyanoacrylate glue (Loctite
Super glue, Henkel Norden AB, Stockholm, Sweden) to the
front and backside of the chip, respectively.

In order to assemble the microwell array chip with the
acoustofluidic chip, each of their surfaces for bonding was
activated in an O, plasma using the reactive ion etching
machine. Both were aligned and brought into contact, and
spontaneously bonded together without applying any external
pressure. Fig. 1B shows the combined device, where the out-
let of the acoustofluidic device is directly connected with the
inlet of the EMA chip.
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Experimental setup

The integrated device was placed on the x-y translational
stage located on an inverted microscope (IX 71, Olympus,
Japan). The cells were monitored with a digital CCD camera
(ORCA-R2, Hamamatsu Photonics, Japan) installed on the
microscope. The two transducers bonded on the
acoustofluidic chip were actuated using a two-channel func-
tion generator (WF1974; NF Corp., Japan). The electric poten-
tial for DEP trapping was applied to the ITO electrodes using
a function generator (WF1948; NF Corp., Japan). The flow
rates in the chip were controlled by connecting the inlets and
outlets to gastight glass syringes (Hamilton Company, USA)
mounted on a precisely controlled syringe pump (MFS-SP1,
Microfluidic System Works Inc., Japan).

Cells and reagents

The human prostate cancer cell line, DU145 (obtained from
the RIKEN Bio Resource Center, Japan), was used for the
demonstration. The DU145 cells were cultured in a humidi-
fied incubator (37 °C in an atmosphere of 5% CO,). The cul-
ture medium was RPMI 1640 (Invitrogen Corp., USA)
supplemented with fetal bovine serum (10%, Gemini Bio-
products, USA) and a penicillin-streptomycin solution (1%,
Sigma Chemical Co., USA). The cultured cells were stained
with a fluorescent probe (Calcein AM; Wako Pure Chemical
Industries Ltd., Japan) and harvested. To adjust the conduc-
tivity of the cell suspension medium, a low-conductivity
buffer (10 mM HEPES, 0.1 mM CacCl,, 59 mM p-glucose and
236 mM sucrose) was used, where BSA (Sigma Chemical Co.,
USA) was added to block nonspecific cell adhesion (2% wt/
vol). The final conductivity of the buffer was 22.4 mS m™.
Before injecting the cells into the device, the culture medium
was gently removed after centrifugation at 190g for 3
minutes, and the low-conductivity buffer was added to adjust
the conductivity of the cell suspension medium to induce
positive DEP.

Results and discussion
Single cell trapping with the electroactive microwell array

The electroactive microwells utilize an electrostatic force,
DEP, to actively attract single cells flowing over the microwell
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array. To investigate the DEP force acting on the cells, 2D
simulation of the electric fields was carried out by using a
commercially available code (Comsol Multiphysics,
COMSOL Group, USA). Fig. 2A shows the simulated E. con-
tours and V|E.|* vectors, where the magnitude of the DEP
force is proportional to V|E.|*> as shown in eqn (3). The
direction of V|E,|* is toward the inside of the microwell and
the magnitude of the V|E.|> decreases with increasing dis-
tance from the electrodes. To evaluate the DEP trapping
force, we considered the partial derivative of |E.|* with
respect to the y direction, which represents a magnitude of
the y directional DEP force, along the red dashed line in
Fig. 2A. The magnitude of the partial derivative rapidly
decreases with the distance from the electrodes as shown
in Fig. 2B. Hence, we fabricated thin (4 um) microwell
structures on the electrodes, which increased the magni-
tude of the DEP force acting on a cell flowing over the
microwell array compared to previously used thicker micro-
well structures.®

The improved EMA was evaluated by trapping DU145
cells. Diluted DU145 cells were introduced into the inte-
grated system and the cells were trapped with DEP by apply-
ing a 4 V,_, sinusoidal electric potential at 8 MHz to the
electrodes. The acoustophoresis was turned off and the
waste outlet was closed (Q,, = 0 uL min') to investigate the
inherent trapping efficiency of the EMA. Fig. 3A displays
time-lapse images of the DU145 cells during DEP trapping.
Cells flowing over the microwell array were attracted to the
bottom of the microwells with the positive DEP. When a cell
was already trapped into a microwell, a second could not be
trapped into the same microwell due to space restrictions.
The trapping efficiency (recovery), a percentage ratio of the
number of trapped cells to the number of cells flowing over
the microwell array, was 98 + 1.7% with a 4 pm microwell
array structure at the flow rate of 4 uL min™" (Fig. 3B). The
trapping efficiency of the present EMA was drastically
improved, compared to that of the older version of the chip
having a thicker microwell array (15 pum in thickness),'®
where the trapping efficiency was only 10%. This result indi-
cates that the thin microwells on the electrodes allow a
highly efficient DEP trapping since the cells are exposed to
a strong attractive DEP force when flowing over the micro-
well array.
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Fig. 2 Simulation of the electric fields for the evaluation of DEP. (A) Simulated E. contours and V|Ee|2 vectors, where the electric potential is
assigned at the boundaries of the electrodes. (B) Partial derivative of |E.|? with respect to the y direction along the red dashed line in (A).
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Fig. 3 Single-cell trapping with DEP. (A) Time-lapse image of micro-
well array during DEP trapping, where the white dotted circles indicate
the positions of microwells. The white arrow indicates a cell flowing
over the microwell array. Scale bar is 100 um. (B) Cell trapping effi-
ciency depending on the inlet flow rate without acoustophoretic
focusing of cells. The cell suspension, introduced into the inlet of the
integrated device, was directly delivered to the microwell array device
without focusing. A flow rate of 4 uL min™* corresponded to the aver-
age velocity of 370 um s™* in the EMA chip, where the height and width
of the PDMS microchannel were 50 pm and 3600 um, respectively.

Effect of flow rate on the single-cell trapping

The inlet flow rate of the chip determines the sample
throughput capability: one can analyze large sample volumes
within a shorter time at a higher inlet flow rate, a prerequi-
site for applications of rare cell analysis. The cell trapping
efficiency of the EMA is, however, affected by the fluid veloc-
ity (Stokes drag) when the cells pass over the microwells. To
investigate the cell trapping efficiency with respect to the
average velocity of the flow which delivers the target cells, we
fixed all experimental parameters except for the inlet flow
rate. The average velocity in the EMA chip was proportional
to the inlet flow rate since the cross-sectional area of the
channel was fixed and the waste outlets of the acoustofluidic
chip were closed. The trapping efficiencies were 98 + 1.7%,
64 + 5.3% and 23 + 3.8% for the inlet flow rates of 4, 10 and
20 uL min™" (Fig. 3B), respectively, where the flow rate of 4
uL min~" corresponded to the average velocity of 370 pm s
in the EMA chip. The data showed the expected decrease in
trapping efficiency with the increase in average velocity.
When the target cells flow over the EMA, the DEP force
attracting the cells is dependent on the exposure time of the
cells to the electric field gradient above the microwells. Since
the exposure time is shortened at higher flow rates, the trap-
ping efficiency drops rapidly with an elevated flow rate.

To enable a high sample throughput capability at an
unchanged cell trapping efficiency, one should increase the
inlet flow rate while maintaining a constant average velocity
in the microfluidic channel of the EMA chip. An increase of
the cross-sectional area by widening the microfluidic channel
of the EMA chip allows an increase of the inlet flow rate with-
out a change of the average velocity. However, it takes a lon-
ger time to observe the microwell array since the area of the
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microwell array becomes larger and this strategy does not
support a large scalability. An effective strategy is rather to
decrease the volume flow rate in the EMA chip without
decreasing the inlet flow rate by integrating a pre-
concentration sample preparation function, as proposed here
by acoustophoretic cell concentration, directly onto the EMA
chip to enable high throughput analysis.

Acoustophoretic cell focusing

The acoustophoretic cell concentration chip utilized ultra-
sonic standing wave forces, in two dimensions, to focus tar-
get cells in the acoustic pressure node located in the micro-
channel centre. For the demonstration of the cell focusing,
we introduced fluorescently labeled DU145 cells into the inlet
of the acoustofluidic chip (Q; = 20 uL min™, Q,, = 8 uL min*
and Q, = 4 uL min'). To form a half-wavelength resonance
mode in the acoustofluidc chip, we applied a 10 V,,_, sinusoi-
dal electric potential at 1.89 MHz to the piezoceramic trans-
ducer, resonant at 2 MHz, and 20 V,_, at 5.08 MHz to the
transducer, resonant at 5 MHz. As we activated the
acoustophoresis, all of the cells flowing in the acoustofluidic
channel were focused into the center of the channel (Fig. 4A).
The center fraction of the flow with the acoustophoretically
focused cells, which was directly connected to the EMA chip
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Fig. 4 Acoustophoretic cell focusing. (A) Fluorescence images of the
acoustofluidic chip. Acoustophoresis allowed cell focusing at the
centre of the channel. Scale bar is 300 um. (B) Bright field and
fluorescence images of the connected area. The cells focused by
acoustophoresis flows into the EMA chip.
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inlet, streamed into the EMA chip (Fig. 4B). The cell-free frac-
tion of the flow in the acoustophoresis channel was
discarded through the waste outlets.

The acoustofluidic chip allowed us to operate the EMA
chip at a constant outlet flow rate, Q,, without relying on the
inlet flow rate, Q;. Since the acoustofluidic chip focuses the
cells in a confined liquid volume, one can drastically
decrease the volume flow rate by extracting the confined vol-
ume with the focused cells and discard the cell-free liquid.
This feature improves the sample throughput capability while
maintaining the cell trapping efficiency of the EMA.

Single cell trapping using the integrated device

The feasibility of high sample throughput capability of the
integrated system was demonstrated by trapping diluted
DU145 cells with various inlet flow rates, Q;. The outlet flow
rate, Q,, was fixed at 4 puL min™' to operate the EMA chip
with a moderate flow rate for the efficient single cell trapping
and the waste flow rates, Q,, were determined by Q,, = (Q; -
Q,)/2. Fig. 5A shows a time-lapse image of the microwell
array in the integrated system during cell trapping, where Q;
was 20 pL min ', The focused cells, streamed from the
acoustofluidic chip into the EMA chip at a flow rate of 4 puL
min !, were trapped into the electroactive microwells by DEP,
applying an electric potential of 4 V,_, at 8 MHz to the
electrodes. The positions of the microwells were gradually
occupied by single DU145 cells. After trapping the cells for a
minute, we counted the number of trapped cells on the EMA,
where we also counted the number of introduced cells for
one minute by observing the fluidic channel. The cell recov-
ery ratio, a percentage ratio of the number of trapped cells to
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the number of introduced cells, of the integrated system was
96 + 0.8%, even at an inlet flow rate of 20 uL min* (Fig. 5B).
The cell trapping efficiency of the integrated system was
increased 4.2 times compared with the inherent trapping effi-
ciency of the EMA chip for the inlet flow rate of 20 uL min .
Moreover, the integrated system showed a reasonably high
trapping efficiency of 65 + 13% for an inlet flow rate as high
as 100 pL min ', where no cells were trapped into the EMA
chip without acoustophoretic cell focusing at the same flow
rate (data not shown). These results indicate that the integra-
tion of the acoustofluidic chip to the EMA chip allows us to
array singe cells with a significantly improved sample
throughput capability, approaching sample volumes of milli-
liters in the processing time of 10 minutes.

The integrated system shows good trapping efficiency at
high inlet flow rates (20, 40, and 60 pL min™") since the flow
rate at the EMA chip was maintained constant. The cell
recovery ratio was, however, gradually decreased with a fur-
ther increased flow rate (Fig. 5B). One main reason could be
caused by the difficulty in precise control of the flow in the
fluidic channel. The PDMS microfluidic channel of the EMA
chip and the tube connector, made of silicone, have large
elasticity compared with the silicon wafer or glass substrate.
The elastic deformation of the PDMS microfluidic channel,
or the tube connector at the higher flow rate could cause
change of the flow rate at the EMA chip or the imbalance of
the flow rate at the waste outlets, respectively. Moreover, the
acoustofluidic chip has inherent limitation on the cell con-
centration caused by the width of the critical centre fraction,
a minute fraction of the total flow which contains all the
cells. In the present setup, the critical centre fraction is
smaller than 4% of the width of the fluidic channel at the

Cell recovery ratio (%)

20 40 60 100
Q, (uL/min)

Fig. 5 DEP trapping after acoustophoretic concentration. (A) Fluorescence images of the microwell array during cell trapping. Scale bar is 200
um. (B) Cell trapping efficiency depending on Q; with acoustophoretic cell focusing. The outlet flow rate (Q,) was fixed at 4 L min™* and Q,, was

determined by Q,, = (Q; - Q,)/2.
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flow rate of 100 pL, min~". Since an acoustofluidic chip hav-
ing two sequential trifurcation outlet regions can solve this
limitation by splitting the critical centre fraction from the
main flow sequentially,”® one can further anticipate improve-
ment of the sample throughput capability by using such
sequential trifurcation outlets. Moreover, the width of the
critical centre fraction could be widened by increasing the
operation flow rate of the EMA chip.

Conclusions

In this paper, we have demonstrated the feasibility of the sys-
tem integration of two original microfluidic devices having
their unique functions. The integration of the acoustofluidic
chip for sample pre-concentration and the EMA chip for
single-cell analysis shows highly improved sample through-
put, more than 10 times, on arraying of single cells while
maintaining a highly efficient cell recovery ratio above 90%,
compared to operating only the EMA chip. The integrated
system is achieved simply by directly connecting an outlet of
the acoustofluidic chip to an inlet of the EMA chip. Further-
more, the system holds potential for automation of the sys-
tem for pre-concentration and trapping by controlling the
electric potentials to the system. This kind of system integra-
tion of several original microfluidic devices holds promise to
create a more advanced microfluidic system yet offering ease
of use, and widen the scope of the field of applications in
rare cell microfluidics. To further expand the feasibility of
the presented integrated system, we aim to integrate a cell
sorting function into the acoustofluidic chip to isolate target
rare cells from blood samples based on their physical proper-
ties using acoustophoresis to build a highly integrated and
automated platform for single-cell analysis of rare cells with
high throughput.
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