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ABSTRACT

The mechanisms and causes of aging, the greatest risk factor of disease, are poorly
understood. This lack of knowledge—specifically in relation to the aging of single biological
cells—results from limitations in the methods traditionally used in cell aging studies, including
inefficiencies of manually culturing cells and constraints in analyzing cells with sufficient spatial
and temporal resolution. Microfluidic technologies solve these deficiencies that have prevented
researchers from fully understanding cell aging; therefore, to improve aging studies utilizing
yeast as a model organism, a high-throughput microfluidic system has been developed to
generate aged yeast for subsequent biochemical analyses.

The microfluidic system starts with a mixed-size yeast population and leverages size-
based differences of acoustic forces to remove smaller, younger daughter yeast and isolate a
substantial quantity of larger, aged mothers. Repeated separation of yeast by size during system
operation increases the yield of the aged mother population, and microfluidic agitation to break
up cell clumps improves size-based separation efficiency.

With this aged yeast generator, researchers can potentially produce a large population of
aged cells without the need for time-consuming, error-prone purification steps or genetic
modification. Experiments employing such a system may reveal new insights into aging at the
cellular and molecular levels. This improved understanding of aging can be applied when
treating age-related diseases, including sarcopenia, osteoporosis, macular degeneration,

neurodegeneration, and cancer.
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Selected images from the results in Fig. 44 to investigate how yeast size and y-
position varied with changes in acoustic power. In each image, all but one of the
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recirculation channel. In the recirculation channel, the yeast grow, bud, and age.
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COMSOL single-phase flow simulations showing that fluid does not readily flow

into the recirculation channel but instead exits through the outlet. The microfluidic
channel geometries and inlet flow rates are displayed in the top half of the figure.

The bottom half plots the velocity magnitude over the channel geometry. The color
scale and the relative heights of the channels portray the velocity magnitude, e.g.,

tall and red-colored channels correspond to large velocity magnitudes. ................... 129

COMSOL single-phase flow simulations showing that fluid does not readily flow
into the recirculation channel but instead exits through the outlet. Compared to the
simulation in Fig. 54, even when an inlet is added to the recirculation channel (top
right of geometry), the fluid still does not readily flow through the recirculation

COMSOL single-phase flow simulations showing that fluid does not readily flow
into the recirculation channel but instead exits through the outlet. The microfluidic
channel geometries, inlet flow rates, and velocity magnitudes are displayed in each
simulation result. A) Consistent with expectations, fluid flows through the
beginning of the recirculation channel as well as through the outlet. B) As soon as
the recirculation channel connects to the inlet, all fluid flows through the outlet
while none goes into the recirculation channel. C) Even after decreasing the outlet
width to 1 um and thus significantly increasing the fluidic resistance, fluid still
does not flow through the recirculation channel. D) By disconnecting the
recirculation channel so that it becomes another outlet while maintaining the very
small width at the outlet at top right, the fluid no longer flows through the small
outlet. From these simulations, we concluded two-dimensional on-chip
recirculation cannot be designed. .........ccevveiiiiiiiii i 133

Alternative recirculation strategy to repeat the size-based separation because on-
chip recirculation cannot be designed (see Figs. 54-56). Directions of flow are
indicated by red arrows, and blocked flows have red x’s. Mother and daughter
yeast enter the device at top left (step 1a), are separated by size, and flow through
different outlets (step 1b). Smaller yeast exit the device. All flows stop, and the
kept yeast are cultured so they can grow, bud, and age (step 2). The flows are
reversed, and the culturing yeast flow through the separation region where they are
again separated by size (step 3). The unwanted yeast exit the device while the
larger yeast are cultured again once the flows are blocked (step 4). After culturing,
the flows return to their original directions to repeat the separation (step 5). After
several repeated separations and times for culturing the cells, the final yeast
population should consist of a large number of aged yeast. .........cccceeveeriereercvennnenns 135

XV
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Yeast in a circular acoustic trap often exist in clumps of two or more cells. The
images were from experiments with an acoustic trap device (at top). Flow was

from right to left in the images (indicated by large red arrows). A standing acoustic
wave in the circular region trapped yeast from flowing toward the outlet. Flow
removed some yeast from the large cell cloud at the center of the trap, and most of
these yeast are in clumps of two or more cells (small red arrows). The acoustic
radiation was driven by a 100 mV sinusoidal Wave. ..........cccccveeveeiieieeniieeieeieeieens 178

Large acoustic radiation is insufficient for breaking up cell clumps that can worsen
size-based separation resolution in the aged yeast generator. The images at bottom
were from experiments with an acoustic trap device (top). Flow was from right to

left in the images (indicated by large red arrows). A standing acoustic wave in the
circular region trapped yeast from flowing toward the outlet. Even with relatively
large acoustic forces on the yeast, cell clumps consisting of >2 cells were not

broken up. The acoustic radiation was driven by a 300 mV sinusoidal wave. .......... 181

Proposed agitation mechanism to break up cell clumps that can worsen separation
resolution in the aged yeast generator. At top, the agitation is accomplished with a
PDMS and glass microfluidic device. The PDMS has periodic constriction

channels (bottom) that force cell clumps to break up in order for the cells to pass... 182

Finalized aged yeast generator that combines the three subsystems: size-based
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1. INTRODUCTION

In this work, we develop an unprecedented microfluidic large-scale aged yeast generator to
provide researchers large quantities of old yeast suitable for subsequent biochemical analyses.
Studies involving the aged yeast can supplement existing cell aging knowledge and thereby
produce a more holistic understanding of aging in general and improve treatments for age-related

disorders.

1.1. Molecular causes of aging are poorly understood

One reason limiting our understanding of aging, especially of the molecular causes of aging in
single biological cells, results from conventional cell aging studies still relying on limited,
cumbersome cell analysis techniques.! In other words, traditional methods of culturing and
studying cells have not allowed researchers to draw collective conclusions about aging, which is
currently the greatest risk factor for disease.?

To increase understanding of aging and thereby improve treatments for age-related
diseases, researchers often study the individual biological cells whose characteristics manifest in
the aging of larger organisms like humans. Of the model eukaryotic cells used in such studies,
budding yeast (Saccharomyces cerevisiae) is chosen most often by researchers. Although yeast
is a relatively simple organism, yeast aging studies have revealed significant ambiguity in the
molecular causes of cell aging. Figure 1 and several examples illustrate this uncertainty.
Fehrmann et al. discovered that (i) cells abruptly enter a post-replicative stage called senescence
and (ii) the loss of mitochondrial membrane potential is independent of age.® Both conclusions
contradict prior hypotheses that cells gradually enter senescence and the entry results from loss

of mitochondrial membrane potential. In general, researchers have not been able to explain the



relationships between environmental conditions, genetics, oxidative damage,? apoptosis* and
replicative life span (defined in § 1.5) of yeast cells. Similar studies have shown that
chronological life span of yeast may be related to oxidative stress, dysfunction and reactive
oxygen species, reduced autophagy, nuclear DNA damage, mutagenesis, replicative stress,
metabolic alterations, extrinsic stress, and other factors.? The diversity of and lack of agreement
about factors that influence yeast life span underscore the needs for more studies in this field and

improved instruments to perform analyses.

Genetics ,
e.g. Sir2, SirT1, Fob1, Apoptosis
~100 other genes

Mitochondrial . Oxidative
. Yeast Lifespan
Function Damage

A

A 4

Environment
e.g. dietary restriction,
which is connected to

genetics, TOR, Sch9, PKA

Figure 1. Researchers have found several factors that appear to influence yeast lifespan. Overall,
yeast aging studies have revealed ambiguity in the molecular causes of cell aging (see refs. 2,4),
and conflicting conclusions prevent a holistic understanding of aging.

1.2. Aging studies can improve how we treat age-related diseases

To harmonize the largely varied conclusions from past aging studies, in this work we develop a
biomedical research tool that can generate old yeast for aging studies. Large quantities of aged
yeast are needed in order to analyze molecular and biochemical factors related to cell aging.> We

discuss below how conventional and microfluidic methods currently cannot produce a sufficient
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quantity of cells. Without a high-throughput tool to generate aged yeast cells, our knowledge
about the molecular causes of aging is incomplete. The new knowledge gained from studies of
aged yeast cells can be used for treating age-related diseases, including sarcopenia, osteoporosis,

macular degeneration, neurodegeneration, and cancer.®

1.3. Single-cell studies gather data unobtainable by studying higher organisms

To improve treatments of age-related diseases, research needs a deeper understanding of the
microscale cells that combine to create the large-scale aging observed in whole organisms.
Understanding aging at the single-cell level is important for several reasons. First, characteristics
and functions of individual cells contribute to overall well-being of an organism. For example,
cancerous cells in the body are observed to follow different cell-regulation processes compared
to healthy cells. The cancerous cells can grow and divide even when not needed in the body, for
instance, and create benign or malignant tumors. Second, studying individual cells is required to
understand cell physiology of certain processes such as those that occur asynchronously or on
limited timescales.” Signaling pathways, for example, or responses to rapid environmental
stimuli cannot be studied when averaging the response across a large cell population. Third,
heterogeneity among individual cells in a population is masked when biological data is averaged
across the population.® Single-cell studies are needed to reveal these differences that can
significantly impact cellular decision-making.’ The responses of genetically identical cells to
different stimuli can vary greatly. For instance, Lippuner et al. reported how older yeast are less

sensitive (respond less) to pheromone compared to younger yeast. '



1.4. Yeast aging studies can reveal pathways that influence aging in humans

Single-cell studies of simple organisms, in addition to providing information that is not
obtainable when studying larger organisms, can help researchers uncover knowledge about the
cells of higher organisms. For instance, aging studies of unicellular eukaryotic organisms have
revealed several pathways that influence aging in more complex organisms, including mammals.
For this reason, simple organisms like yeast have emerged as ideal model systems for
understanding aging in humans and other multicellular species.® Researchers have published
>70,000 articles in which they used yeast as a model system. Benefits of studying yeast include
short replication time (~90 min); amenability to straightforward, inexpensive, high-throughput
experimental approaches; and similarities with mammalian cells.!' Additionally, yeast has a
well-characterized genome and its genetics can be manipulated relatively easily,? especially
compared to complex rodents and humans.'? Recently, researchers hypothesized that aging is
influenced to some degree by ancestral evolutionary origins, and so researchers are actively
trying to determine which characteristics of yeast aging have analogs in mammals and other
multicellular eukaryotes.? This promise makes yeast an even more attractive tool with which to
gain a better understanding of aging in more complex organisms.* Already, studying yeast has
identified several mammalian genes and signal pathways that impact aging (e.g. the sirtuin
pathway and the TOR signaling pathway).?> Finally, because yeast has emerged as a model
organism, much technology has been developed for studying it; new instruments are allowing
researchers to uncover aging causes that would likely have remained hidden if not for the novel

technologies.” !>’



1.5. Yeast aging models

For studying yeast aging, three models are commonly used: replicative life span, chronological
life span, and clonal senescence.*?® Replicative life span (RLS) is defined as the number of
daughters produced by a mother cell before senescence. More specifically, a mother yeast
divides 20-25 times (produces ~25 daughters) and then enters the post-replicative state
(senescence) followed by lysis.!! Figure 2 shows a schematic of RLS as well as a time-lapse
yeast culture. Throughout their lifespans, mothers accumulate damage and bud scars, illustrated
in the upper portion of Fig. 2 by circular rings that appear after each cell division. Notice the
differences in mother and daughter sizes in the time-lapse culture (Fig. 2 bottom), a
characteristic often exploited in yeast aging studies. The most common method of studying yeast
RLS, first used in 1959,”! involves manually separating daughter cells from mothers with a
standard tetrad dissection microscope and micromanipulator. We discuss this and alternative

methods of studying RLS in sections below.



Figure 2. At top, schematic illustration of yeast replicative lifespan (RLS), defined as the
number of daughter cells produced by a mother before cell death. Yeast age throughout their
RLS, illustrated by the bud scars (circular rings) that appear after each division. At bottom, time-
lapse of a single mother and two generations of its offspring.

Chronological lifespan (CLS) experiments examine how long a yeast cell survives after
exiting the cell cycle, that is, the length of time a yeast cell survives in stationary (non-
replicating) phase. Yeast exit the cell cycle and enter stationary phase after the post-diauxic state,
which occurs when cells deplete extracellular glucose, decrease growth, and metabolize using
mitochondrial respiration ~24 hr after a yeast culture begins.? Yeast cells that have stopped
dividing once they deplete their environment of nutrients and enter the post-diauxic phase can
survive a few days to several weeks. Environmental conditions including temperature, nutrients,
pH, acetic acid concentration and genotype can affect CLS.!! Three methods are commonly used

to study yeast CLS, all of which monitor cell survival but differ in growth conditions. In one
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method, cells are grown in 2% glucose through the post-diauxic phase and into stationary phase.
The second technique is similar to the first except cells are transferred to water during the post-
diauxic phase. In the third well-established method, cells are cultured on 2% glucose agar plates
containing all nutrients except tryptophan.?

Clonal senescence of yeast cells, which is similar to the Hayflick limit observed in
mammalian cell cultures, is indicated by the finite number of times a cell population can divide.
Clonal senescence, also known as clonogenic survival, is quantified by colony-forming units
(CFU). CFUs are calculated by scoring the ability of each yeast cell from a pre-determined
number of cells to divide/reproduce and form a mini-colony on day 3 of a culture, known as the
“100% survival point.”!! Other approaches to measure clonogenic survival are also used, such as
the FUN-1 assay that measures metabolic activity of a population.

Researchers hypothesize that RLS studies may reveal insight into aging of mitotic/stem
cells and cells with finite RLS, such as fibroblasts and lymphocytes, in multicellular eukaryotes
like humans, and that CLS studies can be used to understand aging of post-mitotic tissues, non-
dividing cells (e.g. neurons), and cells having long stationary phases.!! Researchers most

commonly study RLS and CLS in yeast cells, and these models complement each other.?

1.6. Yeast phenotypes relevant to replicative lifespan

With the microfluidic system in this work, we aim to produce a large number (>10°) of aged
yeast cells (>15 generations), thus the characteristics associated with replicative aging in yeast
deserve discussion here. In general, yeast phenotypes change throughout their replicative
lifespans. Researchers have observed bud scar accumulation, enlargement of cell size, decreasing
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cell cycle and fertility rates,?? and thickening of the cell wall'? as effects of replicative aging.

Yeast undergo asymmetric budding, so older mothers are generally larger than their daughters



when they exit mitosis. To isolate large quantities of aged mothers in this work we exploit these
size differences between mothers and daughters. Zhang et al. plotted yeast daughter size versus
mother size at 10, 20, and 40 hr time points,?® showing that at these measurement times the
mother is always larger in size than the daughter.

In addition to yeast mothers generally being larger than their daughters, other cell
properties distinguish mothers from daughters. For instance, a mother yeast keeps most of its cell
wall throughout its lifetime, whereas the daughter cell wall is newly synthesized.? In other
words, none of a mother’s cell wall is inherited by its daughter; the daughter is grown with an
entirely new cell wall. This characteristic underpins the successes of some of the methods that
have been used to separate mother and daughter yeast (e.g. MACS) as discussed in § 1.8. Just as
a mother’s cell wall is not passed to its progeny, neither are many other manifestations of
aging'®; however, recent experiments have discovered that some age characteristics like

morphology are inherited by yeast daughters.'®

1.7. Challenges of generating a large, highly-pure population of aged yeast cells

To isolate a large number of aged yeast, the microfluidic system in this work must overcome
several challenges. First, yeast grow exponentially in number. One cell divides to produce 2
cells, which divide into 4, then 8, 16, etc. Within hours, a single mother can be surrounded by
millions of its progeny. If not removed, daughter cells quickly overtake the majority of nutrients
and space in the environment around a mother cell. Both competition for nutrients and excreted
waste from daughters can impact the aging of the mother. Second, because the number of yeast
cells in a growing culture exponentially increases, a very small fraction of the total population
will be very old mothers. For instance, a cell that is 15 generations old is 1 out of 2'5 cells. Thus

very old cells (>15 generations) are extremely rare in a population. Third, the difference in size



between mother and daughter yeast can be very small at the beginning and end of the yeast
lifespan.?? In other words, researchers have observed that very young and very old mother yeast
produce daughters that are similar in size to the mother. This lack of difference can prove
problematic when relying on size-based separation to remove daughters from mothers. Fourth,
daughters remain attached to mothers close in time to when the next daughter starts budding (see
§ 2.2.11). Because a mother spends a majority of the time budding, somewhat rarely is the
mother not attached to one of its daughters. When relying on non-optical size-based separation to
differentiate between mothers and daughters, a mother still attached to its budding daughter may
be seen as a single object equal to the combined mother and daughter sizes. This error may

worsen the purity and resolution of many size-based separation techniques.

1.8. Micromanipulation and purification to study yeast lifespan
To study aged yeast cells, researchers typically utilize two methods: micromanipulation and
purification. Micromanipulation has been used for >50 years. More recently, researchers have
turned to high-throughput purification methods including selectively killing daughter cells and
employing microfluidics to remove daughters from mothers; however, these alternatives have
not replaced the manual dissection method as the “gold-standard life span assay? for reasons
discussed below.

Micromanipulation, first used in 1959,?! is the most common method of studying yeast
RLS. The technique leverages the fact that daughter yeast cells are smaller in size than their
mothers.? Experimenters manually separate daughter cells from mothers using a standard tetrad
dissection microscope with micromanipulator. Specific instructions for performing such a
micromanipulation experiment are discussed elsewhere (e.g. ref. 22). In general, a researcher

skilled at using a micromanipulator cultures ~40 virgin cells arrayed on an agar plate. Because of



significant variations among individual cells, 40 or more cells must be studied to obtain reliable
data. As each cell divides, the researcher identifies the daughter and carefully removes it with a
glass pipette tip attached to the micromanipulator. Removal of the daughter is important so that
the mother is not obstructed visually and to prevent the mother’s offspring, which increase in
number exponentially, from stealing nutrients and influencing the mother’s normal life span. If
each cell produces ~25 daughters, then ~1,000 cells must be removed in a single experiment,
which takes 10-14 days.>'? Although ~40 cells can be analyzed, larger quantities of cells
(thousands to millions) simply cannot be studied in a single aging experiment because of
limitations in manually keeping track of all mother cells.

Although micromanipulation to study RLS in yeast is most accurate especially when
precise ages in number of cell divisions are needed, this conventional method has several
disadvantages. Any contamination may ruin the RLS study, so researchers must practice extreme
caution when handling the cultures so extensively.?? They must also work diligently not to dry-
out the cultures during removal of daughters.!> Only a limited number of cells (~40) can be
studied and they are isolated on an agar plate, so the aged mothers cannot be used in subsequent
immunofluorescence or biochemical experiments.?? This approach to study RLS is low-
throughput, labor intensive, and time-consuming.’ Micromanipulation may damage cells and
invalidate experimental data. Because most of the experiments are not carried out continuously,
yeast must spend time in cold storage to prevent a surplus of daughters around each mother. '
Some studies claim incubation at low temperatures does not significantly impact RLS; however,
growth rate varies (e.g. mother cells bud on average once every ~2 hr at 30°C, once every 12 hr
at 10°C, and stop dividing at 4°C),?*> and growth rate may impact RLS.? Thus low temperatures
may indeed influence RLS. Natural variations in growth rate (those not induced by temperature

or other environmental conditions) also complicate the experiment because researchers must
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then conform to the varying replication schedule of cells. For example, yeast at the very
beginning of their life spans divide once every 70-90 min at 30°C, while aged mothers
sometimes may not divide for several hours—an occurrence resembling replicative senescence—
and then continue proliferation. This phenomenon complicates determining whether a mother
has finished dividing.”> Much experience is required for the manual micromanipulation RLS
experiments, not only for operating the equipment but also recognizing subtle aspects of the
yeast lifespans. For instance, differentiating between mothers and daughters is difficult during
the first few cell divisions before the mother has grown very large. Finally, aged mothers are
especially fragile and should not be dissected too often because over-dissection may shorten
lifespan.'?

One of the most significant disadvantages of the micromanipulation technique relative to
this work is the inability to generate a large quantity (>10°) of aged yeast (>15 generations) for
subsequent biochemical analyses. To overcome this limitation, large-scale purification methods
like centrifugal elutriation and magnetic-activated cell sorting have been developed. Studies
using these high-throughput isolation techniques have revealed important factors associated with
cell aging, including nucleolar fragmentation, movement of the Sir complex from telomeres to
nucleolus, and accumulation of rDNA circles.?

Centrifugal elutriation is one high-throughput purification strategy. Similar to the
micromanipulation method, centrifugal elutriation also utilizes differences in yeast mother and
daughter sizes to retain larger cells and remove (elute) daughters.?* Centrifugal elutriation
successfully and efficiently produces a highly pure population of synchronized virgin yeast
cells?>~® but has experimentally shown to produce old yeast with low purity.?* Woldringh ef al.,
after running a centrifugal elutriator for 26 hr, generated a cell population consisting of 71%

cells that were 10 or more generations old, 12% that were 1-9 generations old, and 17% virgin
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cells having no bud scars. In an attempt to produce 29-generation yeast, Woldringh et al. found
that the resulting elutriated population consisted of 25% virgin cells with only 50% being 15+
generations old. In addition to requiring repeated run-times with expensive equipment to
generate old yeast with relatively poor purity, centrifugal elutriation is very “elaborate”, sensitive
to changes in flow rate, and suffers from risk of contamination.?* The process is also not
amenable to high-throughput operation and may harm cells.”’” A similar technique, sucrose
gradient centrifugation, also produces only a modestly pure population of aged yeast (~90%)
after repeated purification. Rather than generating aged yeast, centrifugal elutriation and its
variants are far more useful at producing a population of synchronized virgin yeast. The
microfluidic system developed in this work aims to improve on the drawbacks of centrifugation,
including producing low purity in the resulting old yeast population, relying on expensive
equipment, and risking contamination and harm to cells.

One of the most successful methods for obtaining a large, pure population of aged yeast
requires tagging the mother cell wall with a label that is not passed to daughters. The cell
membranes of daughter yeast are newly synthesized, so no parts of the previously synthesized
mother cell membrane are passed to any of its daughters. Using this property, researchers have
successfully isolated labeled mother cells after any desired number of cell divisions. One such
labeling system described by Smeal et al. produced a large number of aged mother cells by
selectively coating mothers with biotin.?® The biotin remained attached to the mother’s cell wall
even after cell division because the daughter cell wall is newly synthesized. Isolation of biotin-
labeled mother yeast for subsequent analysis is accomplished using either fluorochrome-
conjugated avidin and fluorescence-activated cell sorting (FACS) or streptavidin-coated
paramagnetic iron beads and magnetic-activated cell sorting (MACS). The technique employing

FACS can produce an aged yeast population that is >99% pure; however, expensive instruments
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are needed to accomplish this isolation, and the population of aged cells is relatively small (104
cells). A single run of magnetic sorting method separates a much larger quantity of cells (10%)
that are 7-12 generations old. Unfortunately with these techniques, several manipulation and
sample processing steps are needed, especially to obtain a very pure population and one in which
cells are older than 12 generations. In addition to the repeated sorting steps, increased risks of
contamination that can ruin the experiment decrease the attractiveness of these cell sorting
methods.”? Although FACS and MACS are considered high-throughput techniques, they may
damage cells and are not label-free.?’

The above-mentioned techniques, centrifugal elutriation and FACS/MACS, suffer from
several disadvantages. Exponential proliferation of daughter yeast limits the replicative age of
cells that can be obtained from a single purification run. Purifying a yeast culture once produces
cells that are only 7-12 generations old. Repeating the purification steps can, however, produce
cells older than 7-12 generations, but the additional sample processing and greater risk of
adverse effects including contamination reduce the usefulness of these techniques.?® Other
drawbacks are low yield, contamination by daughter cells, and manual, time-consuming
experimental steps (e.g. several sample washes).

Other large-scale purification schemes rely on genetically modifying a yeast population
to aid in isolation of aged mothers. In one genetic manipulation approach that arrests
proliferation of daughters, thereby helping to isolate aged mothers,?® the RLS of mothers was
significantly decreased.?’ This major drawback precludes the use of this technique for our target
application.

Another large-scale purification approach termed the Mother Enrichment Program
(MEP) genetically modifies daughter yeast by removing essential genes and stopping cell

division.?® Therefore, in a yeast population experiencing MEP, genetically modified daughters
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do not divide, and so a mother’s offspring do not limit the mother’s nutrients or impact normal
aging. In other words, lifespan of mothers is not changed, but replicative ability of daughters is
turned off. With the MEP, researchers can reliably study genetic and environmental factors that
affect RLS of old yeast. The MEP can also produce a sufficient quantity of yeast at any point in
their replicative lifespans for subsequent biochemical analyses. MEP has several drawbacks,
however, because it relies on genetic selection. A researcher must genetically modify a strain of
interest. Mutations of modified strains and yeast that escape genetic modification both decrease
the effectiveness of MEP and introduce contamination into the aged-mother population. In
numbers, MEP selectively kills all but ~8% of daughters.'? Additionally, daughters in MEP
cultures can remain metabolically active in M-phase and grow for ~24 hr before lysis.?
Metabolically active daughters can impact normal environmental and growth conditions of
mothers. The negative effects of active daughters are likely emphasized when the mothers are
older than ~20 generations because the replication rate of the mother slows and the mother
experiences more effects of old age. These drawbacks limit the use of MEP for generating a
large number of aged cells.

In summary, biochemical analyses of factors that influence yeast aging are limited by an
inability to isolate large numbers (>10°) of old yeast (>15 generations) using any of the current
purification techniques. Micromanipulation, which requires costly equipment and skilled
professionals, cannot yield a sufficient quantity of cells. The large-scale techniques developed to
replace micromanipulation suffer from several drawbacks, including not being able to produce
yeast older than 7-12 generations in a single run due to nutrient depletion and needing to purify a
culture in several steps such that risks become significantly concerning. For instance, purifying a
culture repeatedly can result in contamination and low yield/viability of aged cells.?’ Even for

techniques like the Mother Enrichment Program (MEP), which overcomes drawbacks like
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extensive sample processing, the resulting isolation of aged mothers is only modestly pure (~8%
of daughters are not killed by the MEP). The drawbacks associated with conventional
micromanipulation and large-scale purification techniques have sparked the developments of

further-improved systems utilizing microfluidics.

1.9. Microfluidics to study yeast aging

To overcome the limitations of micromanipulation and large-scale purification for studying yeast
aging, researchers turned to microfluidics. Before being applied to yeast aging, microfluidics
were introduced for studying single cells due to—among other reasons—two disadvantages of
traditional cell culture techniques. First, during cell culture, the exponential increase in the
number of cells quickly makes individual cell tracking challenging, if not impossible.
Researchers cannot acquire high-resolution time-lapse images throughout an experiment, and
progeny of mothers compete for nutrients and excrete waste in the mothers’ environments, both
of which impact the growth and lifespans of mothers. Second, researchers cannot reliably and
efficiently study individual cell responses to different outside stimuli when the cells are in dense
cultures. Instead, researchers must average their findings over the entire cell population, which
may hide important findings and limit the variety of data that can be collected. Microfluidics
promises to solve these problems.

Microfluidics is the science and technology of manipulating small quantities of liquids
and gases using devices with small dimensions.*® Microfluidic devices dedicated to culturing
cells*!*® have already provided significant advantages over conventional cell culture techniques,
including increased automation, lower risks of contamination, higher-throughput, decreased use

of reagents, and greater reliability and repeatability. To leverage these advantages of
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microfluidics for studying yeast aging, researchers have developed numerous microfluidic

systems®%13-19:23.39-5 that can be classified generally as shown in Table 1.

Table 1. Microfluidic systems applied to study yeast aging

Method to Method to Example Image Mean Lifespan Disadvantages References
Immobilize Mother | Remove Daughters P g (# divisions) g
27 (Polymenis) - Labor intensive
Cultured on agar Micromanipulation Y g - Cells cannot be used in 3,21
31 (Fehrmann)
subsequent tests
. Fluid flow removes - Nutrient competition
Mlcro-'chamber fills cells near chamber 25.3 (SCD/Fehrmann) - Daughters are not 3,16, 17,
with yeast . 48, 50
entrance removed selectively
- Operational problems
. - Throughput depends on
0,
Hydr(:iynz;r(rincally Fluid flow Zzlﬁcf,)::;vcv:;jef device geometry 9,13,42,49
PP & - Design depends on cell-
type
- Operational problems
. 25 (SCD/Lee), - Throughput depends on
Meilan;c;lly Fluid flow 27 (YPD/Denoth, median), device geometry 23;13 9; ; 4,
PP 23.6 (YPD/Zhang) - Design depends on cell- ’
type
. - Requires a label
Attached with label Fluid flow 18 (YPD/Xie) - Yeast exhibit much shorter 19, 45
to channel wall .
lifespan
Confined to single - Nutrient competition 14, 15, 41,
o None Not measurable - Daughters are not
imaging plane removed selectivel 43,46, 47
y

Studies employing the novel microfluidic systems have revealed new knowledge in the
field of cell aging. As examples, Lee ef al.'® observed age-related changes in cell phenotypes,
and Xie et al.'® found a molecular marker that is a “good predictor” for the lifespan of cells.
With further development, these microfluidic systems may enable high-throughput studies,’ but
as of recently, the systems still have not replaced the conventional micromanipulation method or
the purification methods for several reasons. For the microfluidic systems having a relatively

large culture chamber (Table 1, row 3), yeast are allowed to divide to confluence which leads to
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competition for nutrients among cells. These systems also cannot selectively remove daughter
yeast nor isolate a large quantity of aged mothers. The same disadvantages also limit the
usefulness of those systems that confine yeast to a single imaging plane but do nothing to
remove cell progeny (Table 1, bottom row). The systems employing a mechanical or
hydrodynamic trap (Table 1, rows 4 and 5) theoretically remove daughter cells efficiently, but
this ideal mother-daughter dissection is not often observed in practice. The traps may retain >1
cell. For these systems, throughput depends solely on device geometry. In other words, the
number of trapping sites determines the maximum number of cells that can be studied in a given
experiment; to study 1,000 cells, >1,000 trapping sites are required because not all of the sites
will successfully trap a single cell throughout its lifetime. Image acquisition of such experiments
also limits the maximum number of cells that can be studied. For instance, to study 1,000 cells
with 20 min time resolution may not be possible using some microscopy setups. Furthermore,
the traps must be designed for specific cell types and strains, which means a single device or
design is typically useful only for a particular cell. For example, wild-type yeast (75-80 fL. mean
volume) would require different traps compared to strains sfpl (47 fL) and clu3 (150 fL). The
fabrication techniques to produce microfluidic device features on the scale of single cells (<10
um) are also more expensive than the conventional and more widely available processes used in
the microfluidics field. The microfluidic systems that immobilize cells by attaching a labeled
yeast to the channel wall (Table 1, row 6) require extra process steps and reagents, and the label
may influence normal yeast aging. Finally, differences in experimental results of the microfluidic
devices show they must have some bias. The fifth column of Table 1 lists mean lifespan in
number of cell divisions for yeast used in the different microfluidic systems (rows 3-7) or in a
standard micromanipulation experiment (row 2). In the column, lifespan is reported along with

medium type and reference in parenthesis. YPD refers to yeast extract peptone dextrose medium,
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and SCD for synthetic complete dextrose. As shown by reported mean lifespans, the microfluidic
systems in general measure shorter lifespans compared to the micromanipulation technique. For
example, mean replicative lifespan results obtained by Lee ef al. (25 cell divisions), Xie et al.
(18 cell divisions), and conventional micromanipulation (27 cell divisions) all differ.> The most
significant disadvantage of these microfluidic systems—relative to this work—is the inability to
generate large numbers of old yeast for biochemical tests. The mother-enrichment program
(MEP), in which daughter cells are genetically altered so that they cannot reproduce, is a better
method for these types of experiments®; however, even MEP suffers from drawbacks including

failing to kill ~8% of daughter yeast which can impact aging of mothers.

1.10. Research needs an improved method of producing aged yeast

In summary, the conventional micromanipulation technique, although the “gold standard life
span assay”? for >50 years, cannot generate a large number (>10°) of aged yeast (>15
generations) and suffers from other disadvantages (see § 1.8). Purification techniques, including
labeling the mothers for subsequent separation and genetically modifying daughters so that they
cannot replicate, still do not provide researchers with an efficient and straightforward method of
isolating a large number of aged yeast. Finally, the microfluidic systems aimed at studying yeast
aging also have not solved the problem of generating a sufficient quantity of aged cells for large-
scale screening analyses.

Because researchers do not have a method to produce large quantities of aged yeast for
subsequent analyses,” high-throughput biochemical experiments of age-associated phenotypes
have not yet been possible. These analyses of aged yeast are required to answer unsolved
questions about cell aging. For example, the microfluidic systems have allowed—for the first

time—tracking of a single yeast throughout its RLS and have found significant heterogeneity in
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yeast aging especially at the end of a yeast’s life.!%!8192341 This ambiguity at the end of a cell’s
lifespan and other poorly understood factors of cell aging underscore the need for a high-

throughput microfluidic aged yeast generator.

1.11. High-throughput microfluidic aged yeast generator
In this work, we aim to provide researchers with a new tool for producing a highly pure
population of >10° yeast that are >15 generations old. Ideally, approximately 24 hr after loading
a sample yeast population into the microfluidic system, a researcher should be able to extract a
large, pure population of aged yeast that can then undergo biochemical analyses. No further
sample processing would be required, and the processing should be label-free. The automated
system should produce aged yeast with higher purity (>90%) than the most successful
purification techniques (elutriation, MACS/FACS, MEP) and should produce a quantity larger
than what is possible using the current yeast aging microfluidic devices (>1000 cells) and with
fewer limitations (e.g. needing to design the device geometry for a particular cell type or strain).
To accomplish these goals, our aged yeast generator consists of three subsystems: size-
based separation of mother yeast from daughters, continuous or repeated separation to age the
mothers, and agitation to break up cell clumps that would otherwise worsen separation purity.
Figure 3 depicts these three subsystems of our aged yeast generator. Yeast enter the device at top
left and flow through the separation region after which smaller daughters exit the device and
mothers flow through a recirculation channel. The yeast of interest grow and bud, then pass
through the agitation subsystem that breaks up cell clumps, and flow toward the separation
region. This cycle repeats until a final aged yeast population suitable for subsequent analyses is

produced. In § 2, we discuss the development of each subsystem.
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2. Continuous/repeated
separation to age the mothers

Figure 3. The aged yeast generator consists of three subsystems: size-based separation,
continuous or repeated separation, and an agitation mechanism. Mother and daughter yeast enter
the device at top left and are separated by size (subsystem 1). Daughters exit the device while
mothers are kept to undergo repeated separation (subsystem 2). The mothers grow and bud, pass
through the agitation region (subsystem 3) that breaks up cell clumps, and continue growing
until they enter the separation region where the daughters are again removed and mothers remain
in the device. After several hours of repeated separation, a large number of aged yeast can be
generated from a mixed population of cells.
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2. EXPERIMENTAL METHODS AND RESULTS

2.1. Size-based separation

2.1.1. General approach to separate yeast by size

The first subsystem of the aged yeast generator involves the size-based separation of larger
mother yeast from smaller daughters. Figure 4 illustrates this separation. A heterogeneous
population of mother and daughter yeast, i.e. cells of all sizes, is loaded into a microfluidic
device through one inlet that combines with YPD loaded into another inlet (upper left in Fig. 4).
At the intersection of the inlets, laminar flow between adjacent fluid streams focuses the yeast to
the center of the microfluidic channel. This focusing helps ensure that all cells enter the
separation region at approximately the same location, thereby improving size-based separation
resolution. As yeast flow through the separation region, they are deflected toward the channel
center by forces that vary by cell size; larger cells experience larger separation forces and thus
deflect more than smaller cells. By the end of the separation region, cells should be spread out by
size (inset above separation region in Fig. 4), and two outlets then finalize the separation. For our
system, the smaller daughter yeast are removed from the device and the larger mothers are kept
for additional separations (see § 2.2). This continuous flow-through separation is more amenable
to high-throughput handling of large numbers of cells compared to traps which immobilize
wanted cells while removing unwanted cells by fluid flow. In this section, we discuss our choice

of using acoustic separation as the technique for removing daughter yeast from mothers.
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Figure 4. General approach to separate yeast by size. Mother and daughter yeast enter the device
at top left and are flow-focused into the separation region by buffers on both sides. In the
separation region, larger cells are deflected toward the channel center more than smaller cells
(inset at top). At the outlet, smaller cells flow into the upper right outlet while larger cells flow
into a separate outlet.

2.1.2. Yeast culture and device preparation for calibrating separation size cut-off

Before choosing a particular size-based separation technique, we first quantified the required
separation resolution for mother and daughter yeast. Yeast cell sizes were measured for (i) our
own experiments with wild-type cells and (ii) yeast images available from published
sources.”'®!° For the in-house cultures, we fabricated Polydimethylsiloxane (PDMS) devices for
holding cells/medium using a Professional Laser Series (PLS) 6.120D Laser Engraving and
Cutting System (Universal Laser Systems, Inc.). A 10:1 resin to curing-agent PDMS mixture
was degassed, poured into a petri dish, and cured in an 80°C oven overnight (>8 hr) to create a
thin slab of PDMS (~4 mm thick). The PDMS slab was engraved using the laser micromachine
so that the resulting pattern had an inlet, main chamber, and outlet. Inlet/outlet holes were

punched, the PDMS was cleaned using DI water and IPA, and the slab was bonded to a glass
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slide using oxygen plasma treatment (Harrick Plasma). Plastic tubing (Tygon, 0.01-inch i.d.) was
manually inserted into the inlets/outlets.

Wild-type yeast (CEN.PK) were prepared by first combining Yeast Extract Peptone
Dextrose medium (YPD) with a small streak of yeast colonies from a culture stock grown on an
agar plate (obtained from a Texas A&M University collaborator, Dr. Michael Polymenis). The
cells and media were incubated (Thermo Scientific MaxQ6000) at 30°C overnight (>12 hr) and
grown to stationary phase. The overnight culture was transferred to fresh YPD and grown for ~3
hr in the incubator immediately before the experiment. This allowed cells to resume exponential
growth, at which time they were placed in fresh, warmed YPD and loaded into the microfluidic
device for time-lapse imaging. To introduce yeast into the device, the yeast were placed in a
syringe (BD with Luer-Lok Tip) capped with a flat needle tip that was inserted into the plastic
tubing of the microfluidic inlet channels. Before loading cells, the microfluidic device was
primed by sterilizing it in UV light for ~15 min or by flowing ethanol, DI water, and warmed
culture medium.

The microfluidic device with yeast was placed on the stage of an upright microscope
(Nikon Eclipse LV100) with camera (Hamamatsu ORCA-Flash4.0 V2 C11440-22CU) and
supporting software (NIS-Elements Br Microscope Imaging Software). Time-lapse images were

captured every 1 min overnight (7-8 hr).

2.1.3. Yeast size distribution for time-lapse experiment

Figure 5 shows sequences of images taken at selected time points during the yeast culture. The
times are measured from the beginning of the time-lapse experiment, that is, 0 min corresponds
to the beginning of the time-lapse. The images show how the exponential increase in number of

yeast leads to the offspring of the original cells quickly filling all spaces around the mothers.
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Figure 5. Time-lapse culture of wild-type yeast in yeast extract peptone dextrose (YPD)
showing the exponential proliferation of yeast and daughters quickly overcrowding the mothers.
The times at lower left in the images are measured from the beginning of the time-lapse
experiment.

Figure 6 magnifies 2 mothers in the sequence and highlights how offspring can
overcrowd the mothers, compete for nutrients, and excrete waste, all of which influence the
normal aging of mothers. The temperature of the experiment was relatively low (~23°C), which

explains the slow cell growth rate.
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Figure 6. Magnified view of two mother yeast in the time-lapse culture. The offspring of the
mothers compete for nutrients and excrete waste, both of which can influence the normal aging
of the mothers.
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As a first step in quantifying yeast sizes, we processed images from the time-lapse using
MATLAB (MathWorks). Because individual cells were not easy differentiate using image
thresholding and similar image processing techniques, we fitted circles to the yeast in images by
using a built-in MATLAB function from the Image Processing Toolbox. We further discuss the
circle-fit procedure for a similar yeast size measurement in § 2.1.24. Figure 7 shows how the
yeast sizes trend over time. As the yeast proliferate exponentially, the number of cells with
diameters in the 2-3 um range greatly increased because more and more daughters were born.

To confirm the sizes obtained by fitting yeast to circles, we measured the size
distribution of a wild-type yeast population using a Beckman Coulter Z2 Particle Count and Size
Analyzer with Z2 AccuComp Software. Before a sample’s size distribution was measured, the
sample (~20-50 uL) was mildly sonicated to break up cell clumps and then diluted in 10 mL of
bufter (Isoton II Diluent). The analyzer needs only 5,000 — 10,000 cells for a single measurement
but can accommodate up to ~400,000. The software automatically generates measurements
including mean birth size, and the size data for debris smaller and larger than yeast was removed
before calculating these results. The yeast size data, given in volume, was converted to diameter

by assuming yeast are approximately spherical.
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Figure 7. Size distributions of the yeast from the time-lapse experiment in Fig. 5. Yeast cells
were fit to circles, and the circle diameters are plotted here. Although the size distribution
evolves over time in a way that is consistent with exponential proliferation of cells, the diameters
measured through image processing are smaller than the actual yeast sizes.
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Figure 8 plots the size distribution for ~400,000 wild-type yeast. The overall mean
diameter was 4.61 pm, and the mean birth diameter (calculated as in ref. 52) is 3.45 um. For
reference, the upper 10% of cells sorted by size all have diameters >5.68 um. Because the
number of yeast increased exponentially as shown in the inset table at right in Fig. 8, for the
population shown in the size distribution, a very small percentage of cells (0.005%) is >15

generations old.
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Figure 8. Cell Coulter Counter measurement of wild-type yeast diameters. The mean birth size
of 3.45 um was calculated by the Coulter Counter, and 10% of the cells had diameters >5.68 pm.
The inset table at right lists the number of yeast at each generation starting with a single cell,
illustrating that a very small percentage of the cells in this measurement (0.005%) is >15
generations old.

2.1.4. Image-processing and Coulter Counter produced different size measurements
The size data obtained by processing images in MATLAB (Fig. 7) is similar but varies in some

ways from the histogram produced by the Beckman Coulter Counter (Fig. 8). The overall trend
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in the evolution of yeast sizes throughout the time-lapse experiment agreed with expectations: as
time passed, the proportion of smaller cells grew and the overall mean diameter of the population
decreased. This behavior resulted from the exponential increase in cell numbers and indicates a
healthy culture. The values of diameters extracted from MATLAB, however, are smaller than
those obtained from the commercial particle size counter, which agree very well with
expectations for a healthy wild-type, haploid yeast culture; therefore, our image processing
technique must have some error. The discrepancies are likely due to (i) imaging cells out of
focus and (ii) fitting circles to oval-shaped yeast. Imaging the cells out of focus blurs the cell
boundaries, which must be clear and well-defined for MATLAB to detect the boundary
accurately. Fitting a circle to a non-circular shape obviously produces differences between the
observed and actual cell sizes. Another cause of this size data discrepancy results from how we
converted yeast size data reported by the commercial counter. The Beckman Coulter Counter
measured yeast cell volume, and we converted volume to diameter for our analyses by
approximating the yeast cells as spheres. As shown in Figs. 5 and 6, yeast are not perfectly
spherical, and this approximation may have produced differences between data obtained in
MATLAB and in the cell counter. For all future analyses that involved calculating cell size in
MATLAB, we relied on difference measurements rather than absolute values. For instance, we
calculated percent size difference between mothers and daughters when determining the required

resolution of our separation method using image-processing.

2.1.5. Yeast mothers and daughters differ in size by ~20%
To quantify the size differences between mother and daughter yeast, we used multiple MATLAB
image-processing approaches on (i) in-house yeast cultures and (ii) experimental images

published by other researchers. First, we developed a MATLAB tool that allows users to trace
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the yeast size manually and then calculates two-dimensional percent difference using the areas of
the traced regions. This software was useful for obtaining more precise size measurements that
were not skewed due to poor image quality or little contrast between cells and their surrounding
environments. Using images from the in-house stationary yeast culture, we measured the size
differences at select time points (Fig. 9): shortly before the mother outlined in blue started to bud
again after the daughter outlined in red had finished budding (left of Fig. 9), and at the end of the
time-lapse experiment when cell sizes were the largest available (right of Fig. 9). This analysis
showed that the mother yeast is at least 20% larger in area than the 2 generations of daughters

that budded at the selected time points.

2D Size Difference (%) 2D Size Difference (%)
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Figure 9. Mother and daughter yeast in the time-lapse experiment differ in two-dimensional size
by >20% at the selected time points.
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4. Find circles
Figure 10. Procedure for calculating volume percent difference among yeast in the time-lapse
experiment. A region-of-interest (step 1) was cropped (step 2) and black/white thresholded (step
3). Circles were fit to the yeast in the region-of-interest (step 4), and the volume percent different
and bud time were calculated (step 5) and displayed on the original image. Size difference is
color coded and measured relative to the cell with 0% difference. For example, the yeast
identified with a black asterisk at bottom right has 55.3% volume difference compared to the
yeast with red asterisk.

Using all time-lapse images of this particular yeast cluster, we computed the cell volume
percent differences using the following procedure illustrated in Fig. 10. First, specific regions-of-
interest were chosen and cropped from the overall image. The cropped image was gray-
thresholded so that the cells could be fit to a circle using a built-in MATLAB function from the
Image Processing Toolbox. Several input parameters of the function can be adjusted depending
on the image (e.g. size of circles to fit, edge threshold, circle metric, etc.). After cells were fit to
circles, we computed and displayed volume percent difference, which is measured relative to the

cell showing 0% difference. Volume difference was calculated here because several of the size-
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based separation strategies including acoustic and dielectrophoresis manipulate particles using
forces that depend on particle volume.

Example images from this procedure are displayed in Fig. 11. The percent difference
text in the images is matched to the cells by color. For example, at bottom right in Fig. 11, the
cell with a black star plotted on top has ~220% volume difference compared to the cell identified
by a red star. To gauge the division time, we manually searched through all time-lapse images
captured in 1 min intervals to determine when the bud was first noticeable. We then programmed
the bud’s birth timer to start counting upward starting at that image and continuing to the end of
the sequence. After processing the time-lapse series in this way, we found that volume percent
differences between these mother and daughter yeast were >15%. At the time when the
youngest-generation cells start budding, the oldest daughter (the first bud in the time-lapse) is

20-40% smaller in volume compared to the original mother.
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Figure 11. Volume percent difference and bud times were calculated for the yeast in each frame
of the time-lapse culture following the procedure in Fig. 10. Volume percent differences are
color coded and calculated relative to the cell identified with 0%. For example, at top right, the
smaller cell with black asterisk has 84.5% volume difference compared to the cell with red
asterisk. Up until the original mother starts budding a second time, its volume differs from its
first bud by >20%.

These size analyses provide an estimate of how fine the size-based resolution must be
for the separation method we select for our aged yeast generator. We found similar size
differences for other mother-daughter yeast groups in this and other stationary, in-house time-
lapse cultures. In general, yeast mothers are 20-40% larger in size compared to their daughters at
the point in time when the daughter has finished budding. To verify this estimate, we processed

yeast time-lapse images from cultures performed by other researchers who employed novel
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microfluidic systems. Xie et al. utilized a device in which mother yeast are tagged with a label
and attached to the fluidic channel bottom."” The device in Crane ef al. hydrodynamically
trapped mothers using two angled pillars,” and the system in Lee et al. physically trapped
mothers with PDMS micropads.* In all 3 systems, fluid flow carried away daughters throughout
the mother’s lifespan, and the groups captured time-lapse images throughout the process. An
important characteristic of the experimental results of these selected publications is that the
daughter yeast are dissected from the mother after they have finished budding. By analyzing the
images immediately before the daughter is removed from the field-of-view, we can best estimate
the mother-daughter size difference that is most relevant for our system. That is, we can
approximate the required resolution for our system by studying size differences at the moment in
time when the daughters completely separate from their mothers. Figure 12 shows the mother-
daughter size differences for wild-type yeast at 4 instances immediately prior to the daughter
leaving the field-of view. The daughters in this culture were typically 45-55% smaller in area
than their mothers. In similar analyses, we calculated area differences of 15-30% for the yeast
with S288C genetic background in Crane ef al. (Fig. 13). Finally, by analyzing the time-lapse of
the S288C genetic background yeast in Lee e al.,, we found daughter volume differed from
mother volume by 30-50% at the beginning of the mother lifespan (during the first few cell
divisions) and by 60-80% during the middle of the mother’s lifespan. Daughter sizes were
comparable to the mother size during the last few cell divisions before the mother died. These
size differences obtained from analyzing experimental data from published journal articles are

similar to our findings for the in-house stationary cultures.

36



2D Size Difference (%) 2D Size Difference (%)

100 100
80 80
60 60
40} | 40
20t 20
0 0

( I 0.0% I 49.0% | { I 0.0% I 58.5% [ 48.2% |

2D Size Difference (%) 2D Size Difference (%)
100 100
80 80
60 60
40} | 40
20} 11120
0 0

| I0.0% N 47.6% | ( I0.0% I 58.5% |

Figure 12. In an experiment from ref. 19, a mother yeast was immobilized to a microfluidic
channel wall while fluid flow removed its daughters. Yeast sizes were analyzed in four frames
from a time-lapse video captured during the experiment. Each frame shows the cells immediately
before a daughter was removed from the field-of-view. At these instances when the
mother/daughter yeast exited the cell cycle and the daughter was removed, the daughter sizes
were 45-55% smaller than the mother size.
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Figure 13. In an experiment from ref. 9, a mother yeast was trapped by V-shaped PDMS pillars
in a microfluidic channel wall while fluid flow removed its daughters. Yeast sizes were analyzed
in four frames from a time-lapse video captured during the experiment. Each frame shows the
cells immediately before a daughter was removed from the field-of-view. At these instances
when the mother/daughter yeast exited the cell cycle and the daughter was removed, the
daughter sizes were 15-30% smaller than the mother size.
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In summary, the mother-daughter yeast size differences range typically ~20% for cells
cultured in-house and in experiments performed by other researchers. This size difference
suggests daughters can indeed be removed from mothers by leveraging the fact that mothers are
larger than daughters at most points during the mothers’ lifespans. By quantifying the size
difference here we also define the required resolution of the size-based separation strategy
chosen for our aged yeast generator, i.c., we must select a separation method that can separate
sub-10 um particles that differ in size by ~20%. For yeast with diameters in the 2-7 um range,
this percent difference translates to 0.5-1.5 um resolution (the separation method must be able to
separate yeast with diameters that differ by 0.5-1.5 pm). In addition to quantifying the separation
resolution, these analyses motivate the need to remove daughter cells with a certain repetition
frequency. The aged yeast generator must periodically remove daughters with relatively high
frequency so that daughters are not given enough time to grow larger than the size-threshold
such that they stay with the mothers instead of being removed from the device with small cells.

We further discuss the need for repeated separation in § 2.2.

2.1.6. Available size-based separation strategies

For the aged yeast generator to produce old mothers, it must remove daughters having ~20% size
differences compared to mothers, which translates to 0.5-1.5 um resolution for yeast with 2-7
um diameters. Particle separation methods reported in the literature fall into 2 categories: active
and passive. Figure 14 shows the categorization of separation strategies most commonly used in
the field of micro-electro-mechanical systems (MEMS). Excellent reviews of these and other

separation and sorting techniques can be found elsewhere. >’

39



Size-based Separation Techniques
Active Passive
Limited flow controls Acoustic Deterministic lateral ggfitzrt‘g';?écrg_s;m;
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Figure 14. Common particle sorting techniques capable of separation by size. Methods fall
under two broader categories: active and passive. Key disadvantages of each technique are added
in red.

In the figure, key disadvantages of each technique are added in red text. We can
immediately dismiss some of the strategies as candidates for the aged yeast generator in this
work. Starting with the active methods, magnetic sorting can differentiate particles having
magnetic properties (e.g. paramagnetic), so this technique cannot be applied to un-labeled yeast.
Optical sorting can be relatively low-throughput because typical systems can process only 1
particle at a time. Optical setups can also be expensive and challenging to build especially for
lasers and detectors sensing at the microscale. Acoustic and dielectrophoresis (DEP) methods are
discussed in greater detail below because we decided to investigate these techniques in this
work. For the passive techniques, inertial fractionation requires high flow rates (>10 pL/min)
and thus needs special fabrication processes and materials to support such flow rates. Inertial
microfluidics are also relatively new compared to many of the other methods, so inertial

fractionation is somewhat less developed. Deterministic lateral displacement (DLD) has great
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size-based separation resolution (sub-1 pum) but requires more expensive fabrication processes
and materials to create microstructures on the same size-scale as biological cells (<10 pm). DLD
also risks clogging due to cell clumps which is also a significant disadvantage for many of the
filtration techniques. Finally, pinched-flow fractionation and hydrodynamic filtration do not have
separation resolution suitable for separating mother-daughter yeast (e.g. see refs. 58, 59, 60, 61).

Of the available size-based separation methods in Fig. 14, dielectrophoresis (DEP) and
acoustic showed great promise for separating mother-daughter yeast in our aged yeast generator.
Microfluidic devices involving DEP can be fabricated in PDMS thereby leveraging the
flexibility and cost-effectiveness of PDMS microfluidics. Because of this amenability to using
PDMS, more flow controls including microvalves that increase functionality can be added to
DEP systems. DEP is a well-developed technology with much literature to support its
development. High flow rates cannot be used with DEP, however, because the DEP force can be
relatively weak. Low flow rates can lead to low throughput which might hinder our ability to
generate large numbers of aged yeast. Also, the choice of medium used in DEP microfluidics
greatly influences how much electromagnetic heating is generated by the DEP electrodes (see
§ 2.1.12). Even moderate heat levels can be harmful to biological cells, so the particular medium
used and/or the passivation applied over the DEP electrodes must accommodate for potential
heat generation. Because the medium and electrode passivation choices influence the electric-
field magnitude in a fluidic microchannel near the DEP electrodes, these choices also impact the
resulting size-based separation resolution.

Acoustic separation is gentle, label-free, and efficient. As discussed in detail in § 2.1.20,
acoustic forces can separate particles by size, density, and compressibility; therefore, when
applied to separating mother-daughter yeast, acoustic may be the only method capable of

separating mother-daughter yeast when they have similar sizes (e.g. during the last few divisions
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before the mother dies) by utilizing differences in density or compressibility (e.g. mother yeast
have more chitin deposits from bud scaring than do their daughters, which may create
compressibility and/or density differences). Because acoustic separation devices must be
fabricated out of certain materials that can accommodate acoustic waves, a limited variety of
materials can be used for acoustic devices. Glass and silicon are typical acoustic device
materials, and both require more complex and expensive fabrication techniques compared to
polymers like PDMS. These rigid materials also limit the use of flow controls. Acoustic forces
are not affected by pH, salt concentration, and other medium properties, so the separation
performance of acoustic devices does not depend on medium choice. In other words, reagents
and cell types (e.g. different strains of yeast) can change without drastically altering the
separation performance. Also, acoustic forces acting perpendicular to the flow of biological cells
impose minimal stress on the cells; therefore, acoustophoresis is useful in experiments involving
delicate cells such as aged yeast.'*

Although the disadvantages of the separation techniques guided our decision to
investigate acoustophoresis and DEP for our yeast application, one of the greatest discriminators
was how well the reported resolutions for the various techniques matched our goal of separating
2-7 um diameter yeast with 0.5-1.5 pm resolution. Table 2 shows a small portion of the size-
based separation publications we consulted for our decision. Each journal paper shown in the
table was selected primarily because its separation was performed on a sample having size
similar to that of yeast. In general, the purity/efficiency column should not be compared among
the different publications because the value was often calculated in a way that is specific to the
publication; not all references calculated purity/efficiency in the same way. Taken together with
the sample sizes, however, the purity/efficiency indicates how successful the particular method

was at separating the different-sized samples.
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Table 2. Demonstrated performances of the size-based separation strategies

Method Sample Purity/Efficiency| Reference
Acoustic PS beads (2, 5, 8, 10 um), RBCs, platelets, 62-94% 62
leukocytes
Acoustic PS beads (0.71, 3.0, 3.2,3.4,4.2,4.5, 5.0 um) Not reported 63
. PS beads (0.5, 1.0, 2.0, 3.1, 5.0 um), o
Acoustic yeast (6-8 pm) from MS?2 bacteriophage (30 nm) 80-90% 64
. . |[RBCs and platelets (5-6 um), lymphocytes (7-8 pm),
Dielectrophoresis sranulocytes (8-9 wm), monocytes (9-10 wm) Not reported 65
. . |PS beads (1, 5 um), o
Dielectrophoresis yeast cells separated from 3 um particles =90% 66
Dielectrophoresis |Latex spheres (1, 2 pm) 100% 67
Deter.mmlstlc lateral [PS beads (0.4, 0.6, 0.7, 0.8, 0.9, 1.03 um), bacterial Not reported 68
displacement  [chromosomes
Centrifugal
clutriation PS beads (1, 3, 5 pm) Not reported 69
. PS beads (3, 5, 20 um), <6 pm perfluorocarbon o
Gravity liquid droplets from droplet emulsions 99.97% 70
Inertial PS beads (1.0, 2.1, 3.2 pm) 87-93% 71
Inertial PS beads (1, 5 pm) >99% 72
Laminar flow  |PS beads (0.5, 0.86 pm) 100% 73
Magnetic Super-paramagnegc (1.6 um), 92% 74
non-magnetic particles (2 pm)
Mechanical filters |Human metastatic cells in whole blood 90% 75
Optical Silica spheres (2.3, 3.0, 5.17, 6.84 um) 100% 76

2.1.7. Dielectrophoresis and acoustophoresis chosen as candidates for aged yeast generator

Of the separation strategies in the table, most might be capable of separating mother-daughter

yeast. In particular, both acoustic and DEP have proven successful at separating particles having

sizes similar to yeast. Few researchers are able to quantify the best separation resolution capable

with their system because of the difficulties associated with measuring down to the smallest size

difference. Although the reported systems do not provide resolution estimates against which we

could compare our value of 20% size difference or 0.5-1.5 pm resolution, the successes of the

reported systems considering the sample of interest indicate that DEP and acoustophoresis are
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good candidates for our application. Additionally, the disadvantages associated with DEP and
acoustic techniques are easier to overcome compared to other methods. For example, being
confined to lower flow rates in DEP or fewer fabrication materials in acoustophoresis can be
accommodated much more easily than the higher costs in optical or DLD. Finally, DEP devices
are relatively easy to fabricate and test with yeast, and acoustic systems have few operational
parameters (microfluidic flow rates and applied voltage driving a piezoelectric transducer) that
must be defined for separating yeast. These advantages simplify the tasks of investigating DEP
and acoustic separation for the aged yeast generator.

We now discuss the theory, device design, and experimental results for our experiments
evaluating DEP for separating mother-daughter yeast. After showing why DEP will not work for

our application, we present results with acoustic separation of yeast.

2.1.8. Theory for size-based separation in dielectrophoresis (DEP)
Particles or cells suspended in a liquid medium within a microchannel near a spatially varying

electric field experience a dielectrophoretic force given by”’

3
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where V., is the particle/cell volume, &, is relative permittivity of medium in which particle is
suspended, Re[foy(m)] is the real part of the Clausius-Mossotti (CM) factor, E,,s is the root-
mean-square of the electric field, &* is the complex permittivity of the cell (;) or medium (ep,),

i =+ —1, o is electric conductivity, and ® is the electric field angular frequency. The two most
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important equation variables relevant to this work are Re[foy(®)] and V.. The real part of the
CM factor determines the direction of the DEP force on the suspended cell. Figure 15A models 2
electrodes (thin rectangles at the top of the larger block) connected to a liquid medium (the larger
block). The horizontal and vertical rainbow-colored cut-planes in the model represent the electric
field magnitude resulting from a potential applied to one of the electrodes while the other is
grounded. Red and blue colors in the planes respectively signify high and low electric-field

magnitudes.

3
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Figure 15. Dielectrophoresis (DEP) forces on a particle suspended in a fluid medium can attract
(positive DEP) or repel (negative DEP) the particle depending on the sign of the Clausius-
Mossotti (CM) factor (fcp). A) A pair of electrodes are modeled along with the electric-field
magnitude of a vertical and horizontal plane. B) The vertical cut-plane from (A) shown with
particles that are attracted toward regions of higher electric-field when the CM factor is positive
(black arrows) and repelled toward lower electric-field magnitudes when the CM factor is
negative (blue arrows). C) The horizontal cut-plane from (A). The magnitude of the DEP force
depends on particle volume; larger particles experience greater DEP forces compared to smaller
particles.
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Figure 15B and C show the vertical and horizontal cut-planes of the 3D model from A
along with particles or cells and 2 sets of arrows per cell denoting the directions of positive and
negative DEP forces. Positive DEP (pDEP) results whenever Re[foy(0)]>0, and cells are forced
to regions of high electric-field as indicated by the black arrows in the figures. When
Re[fep(®)]<0, cells are forced toward regions of low electric-field (negative DEP, nDEP)
shown with the blue arrows. The DEP force direction relative to the electrodes is important when
considering how DEP is used to separate mother-daughter yeast. Also depicted with the arrows
originating from the cells in the images are the relative magnitudes of the DEP forces for each
cell. Larger arrows are drawn from the larger cells because the DEP force is theoretically greater
for larger cells (FpgpV..). This dependence of Fpgp on V, promises the ability to separate larger

mother yeast from smaller daughters.

2.1.9. DEP is typically applied to separate live and dead yeast

Although a yeast population can theoretically be separated into different groups of varying sizes
using DEP, researchers have conventionally applied DEP to separate live and dead yeast. Live
and dead yeast have significantly different conductivities, and so the sign of the CM factor—
which determines the direction of the DEP force—is different for live and dead cells as long as
the electric-field frequency and medium conductivity are chosen appropriately. Li et al. plotted
Re[fopm(®)] across frequency for live and dead yeast.”™ Up to ~200 kHz, both live and dead yeast
have fc<0 in a NaCl medium with conductivity 140 puS/cm. For frequencies above 200 kHz,
fom>0 for live yeast while fo<O for dead yeast. Thus in this example if the electric-field
frequency is >200 kHz and live/dead yeast are suspended in a medium with conductivity 140

uS/cm, the live yeast will be attracted toward regions of high electric-field while dead yeast are
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repelled from high electric-fields. Several researchers have leveraged this difference in DEP

force direction to separate live and dead yeast.”’8!

2.1.10. Electrode design simulations motivate choosing planar over 3D electrodes

Because most published DEP work involving yeast aimed at separating cells by viability (live or
dead) rather than by size, we first investigated the performances of planar and three-dimensional
(3D) electrodes for generating the electric-field that manipulates yeast. We aimed to quantify the
electric-field differences between planar and 3D electrodes and choose the best option for size-

based separation of yeast. Figure 16 shows geometries for these options.

Planar Electrodes

3D Electrodes
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Figure 16. Models of planar and three-dimensional (3D) electrodes with integrated
microfluidics. The performances of these electrode variations were simulated in COMSOL to
determine the better option if dielectrophoresis (DEP) were used in the size-based separation
subsystem.
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The planar electrodes in the top half of Fig. 16 are fabricated as a thin film on a substrate
and are then sandwiched between the substrate and a polymer containing a fluidic microchannel
(running between the inlet/outlet holes in the blue-colored polymer). In the bottom half of Fig.
16, the 3D electrodes are also sandwiched between the substrate and polymer but differ from the
planar electrodes in important ways. The 3D electrodes are much thicker than the planar
electrodes, and the 3D electrodes do not enter the fluidic channel. These differences result from
fabrication and operational differences between planar and 3D electrodes that motivated this
investigation to quantify the electric-field differences between the electrode options. The planar
electrodes can be fabricated on a glass substrate using conventional metal deposition and
photolithography. Because of their thin height, the planar electrodes can be positioned such that
they intersect with the fluidic microchannel. In this way, cells flowing through the microchannel
must pass directly over the electrodes. Because the electrodes are exposed to the fluid medium
within the microchannel, passivation is often added directly over the electrodes to prevent
unwanted bubbles and heat that may be generated by the electrodes. Although the passivation
prevents bubble and heat generation, it can complicate the integration of the electrodes with the
polymer microchannel; the passivation must be chosen such that it can provide a leak-proof bond
with the polymer. For example, if the polymer is PDMS, silicon dioxide (SiO») passivation is a
better option than silicon nitride (Si3N4) because PDMS bonds more readily to SiO; than to
Si3Ns; however, the SiO; passivation may affect the electric-field in different ways than the
Si3Ns would. On the other hand, the 3D electrodes can be fabricated such that they do not lie
within the fluidic channel at all, thereby mitigating the need to add a separate passivation layer
that increases processing costs. This ability to place electrodes outside the fluidic channel results
from using thick electrodes that have a significant fringing electric-field that can pass through

the fluidic channel, much higher compared to the fringing electric-field generated at the ends of
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planar electrodes. Additionally, the 3D electrodes can be made out of liquid metal instead of
deposited or electroplated thin-films. Using liquid metal simplifies the electrode fabrication and
integration with the polymer microchannel because the liquid metal channels can be patterned in
the polymer at the same time as the fluidic channels; therefore the electrode fabrication consists
of only loading channels with liquid metal. For instance, the master mold for PDMS
microfluidics can include the liquid metal channels along with the fluidic channels. Integrating
the PDMS with a glass slide would also be straightforward, so the 3D electrodes do not have the
same bonding concerns as do the passivated planar electrodes. The 3D electrodes are not without
passivation, though, because a polymer layer must exist between the liquid metal and fluidic
microchannel to separate the liquid metal from the fluid medium. This passivation also limits the
electric-field generated by the 3D electrodes similar to the planar passivation that limits the
planar electric-field. Because of the simpler and cheaper fabrication of the 3D electrodes, we
considered this option for our DEP application and decided to quantify the electric-field
differences between planar and 3D electrodes in order to choose which option is better for our
application.

In order to choose either planar or 3D electrodes for our DEP experiments, we evaluated
the options based on two criteria: (i) at an applied direct-current (DC) voltage of 10 V, which
electrode variation generates the greatest electric-field magnitude, and (ii) which configuration
would work best for high-throughput separation of yeast by size. For the second criterion, we
considered the design and number of electrodes relative to the fluidic microchannel that carries
yeast. For instance, we could design the electrodes in the same way as the models in Fig. 16, for
which the yeast would experience a single electric-field peak between the electrodes. An
alternative design would be an interdigitated electrode (IDE) array (see Fig. 19) that generates

several electric-field peaks for manipulating cells flowing near the IDE array.
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For the first criterion, we simulated planar and 3D electrodes in COMSOL Multiphysics.
Figure 17 shows the models which were designed with the same material parameters and
dimensions that would be used if we were actually fabricating the electrodes. Starting at the
topmost z-coordinate of the planar electrode model, a pair of 200nm-thick copper (Cu)
electrodes are separated by 300 um. Each electrode is 100 um wide, and the electrode lengths
are not very relevant for the simulation. Immediately below the Cu electrodes is a 100 nm
passivation layer of Si3N4, which is sandwiched between the electrodes and PDMS or a fluid
channel modeled to simulate phosphate buffered saline (PBS). The fluid channel has 50 pm
depth and runs perpendicular to the electrode length. PDMS surrounds the fluidic channel on all
sides except that which interfaces with the electrode passivation.

The 3D electrode COMSOL model consists of a fluid medium containing PBS
(rectangular prism at bottom of model). The fluid medium extends 250 um from the PDMS
interface that separates the liquid metal from the medium. Liquid metal fills the u-shaped
channels of the model. The liquid metal channels were designed similar to the electrodes of a
microfluidic device that was being used by a collaborator for an unrelated application. The
shortest distance between the liquid metal and the fluid medium is 20 um, and PDMS fills all of
this space. This dimension was chosen because it abides by the approximate minimum feature
size that can be patterned in PDMS using an SU-8 master mold fabricated using a film mask,
which is a common process used to create PDMS microfluidics. The entire model thickness (i.e.
the depth of the model into the page) is 50 um. The material parameters of the models are
provided in Tables 3 and 4. The density and heat capacity of the fluid medium depend on

temperature, and their values are calculated automatically in COMSOL.
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Figure 17. COMSOL models of the planar and 3D electrode variations from Fig. 16. The models were designed with the materials and
dimensions that would be used if we were actually fabricating the electrodes and microfluidics.
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Table 3. Material parameters of planar electrode model

Material Parameter Electrode Passivation |Fluid Medium PDMS
Density [kg/m?] 8700 3000 rho(T) 0.97
Heat Capacity [J/(kg*K)] 385 0.7 Cp(T) 1460
Relative Permittivity 1 7 80 2.3
Electrical Conductivity [S/m] 5.998e7 10e-10 0.5 2.5¢-14

Table 4. Material parameters of 3D electrode model
Material Parameter Electrode (Fluid Medium PDMS
Density [kg/m’] 8700 rho(T) 0.97
Heat Capacity [J/(kg*K)] 385 Cp(T) 1460
Relative Permittivity 1 80 2.3
Electrical Conductivity [S/m] 5.998e7 0.5 2.5¢-14

After simulating the COMSOL models with 10 V applied to one of the electrodes while
the other is grounded, we plotted the electric-field magnitude that a particle would experience
while traveling through the fluid medium. Because the DEP force depends on the root-mean-
square of the electric-field, the electrode option that creates a higher electric-field magnitude will
manipulate cells with larger DEP force. Figure 18 shows the electric-field norms for the planar

and 3D electrodes at cut-planes in the centers of the fluid medium channels (left half of Fig. 18).
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Figure 18. Simulation results for the planar and 3D electrode models. At left, a cut-plane through the models shows the electric-field
magnitudes that a particle traveling through the microfluidic channel would experience as it passed near the electrodes. At right, the
electric-field norms are plotted for three lines parallel to the cut-planes at left and at three distances from the passivation/fluid interface (1,
21, 41 pm). The planar electrodes produced ~3x greater electric-field magnitude compared to the 3D electrodes.

Electric field norm (V/m)
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The plots at right of Fig. 18 show the electric-field norms for 3 lines along the lengths of
the cut-planes (3 lines for each of the cut-planes). The 3 lines are at distances of 1, 21, and 41
um from the interfaces of the fluid medium channels and passivations (SisNs for planar
electrodes and PDMS for 3D eclectrodes). Thus the plots show the electric-field a cell would
experience as it travels through a fluidic channel at 3 distances from the electrodes. The electric-
field norm plots have similar y-scales, showing that planar electrodes generate ~3x higher
electric-field magnitude than 3D electrodes if both are designed as if we were actually
fabricating the electrode devices. Considering our first criterion above, planar electrodes would
produce higher DEP forces for separating yeast by size compared to 3D electrodes. This
difference in electric-field magnitudes for planar and 3D electrodes results from the passivation
thickness and material that separates the electrodes from the fluid medium. The electrode
material does not significantly influence the simulation because electric-field predictions in
COMSOL depend on assigning potentials (e.g. 10 V and ground) to specific geometry interfaces
such as the interfaces between the electrodes and passivations; the electrode material (Cu or
liquid metal) does not change the electric-field as it propagates away from the electrode-

passivation interface and into the fluid medium.

2.1.11. Planar, interdigitated electrode array designed for the yeast DEP device

Although using planar electrodes may require adding electrode passivation that complicates
bonding the microfluidic channels to the electrode array, our criterion to select a configuration
that allows high-throughput separation of yeast with suitable resolution further supported the use
of planar electrodes. Han et al. utilized DEP from an angled interdigitated electrode (IDE) array
to separate red blood cells, T cells, B cells, granulocytes, and monocytes by size.®> These blood

components (5-10 um diameter) have sizes similar to yeast cells (2-7 um diameter), and Han et
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al. successes at separating blood cells by size makes their DEP design promising for our yeast
application. Han ef al. accomplished this separation by choosing the DEP frequency and medium
conductivity that pushed blood cells away from the IDE array patterned on the channel bottom
(negative DEP, nDEP) until the cells were confined at the channel top. Once the cells were
restrained from moving any further from the electrodes, the horizontal component of the DEP
force continuously nudged cells perpendicular to their flow directions. Larger cells were
deflected laterally more than smaller cells because FpppxV.. We discuss this principle of
operation in § 2.1.17. The IDE array described in Han et al. spread completely across the
microfluidic channel width and several mm down the channel length. By designing the
electrodes in this way, cells flowing over the array experience DEP forces for more time
compared to having only a single pair of electrodes. By increasing the DEP manipulation time,
the cells are continuously nudged or deflected, which can produce finer size-based resolution
using lower electric-field magnitudes.

Figure 19 shows the design for our DEP device, modeled after the design in Han et al.”’
The angled IDE array is deposited and patterned on a glass slide. Microfluidic channels are
patterned in PDMS, which is then bonded to the electrode substrate. Microfluidic inlets and
outlets are designed (i) to equalize fluidic resistances at the outlets, (ii) to allow flexibility in
focusing cells toward one of the channel walls as they enter the separation region, and (iii) to
provide symmetry so that cells could enter the separation region from either end of the channel

which is helpful for repeating the separation by simply reversing the flow (discussed in § 2.2).
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__________________________ a

Figure 19. Dielectrophoresis (DEP) device design used in this work for investigating the
separation of yeast by size. At top, an interdigitated electrode (IDE) array was patterned on a
glass slide and integrated with PDMS microfluidics. The IDE array was angled relative to the
flow direction in the microchannel (bottom right) to increase the perpendicular deflection of
yeast as they traveled along the microchannel length.

The electrodes in the IDE array were designed similar to those used in Han et al. The
electrode width and spacing are equal so that the electric-field pattern generated by the array also
varies equally across the channel width. The electrode angle relative to the flow vector of cells
traveling parallel to the channel length was chosen as small as possible because Han et al. found
that the lateral displacement of particles is proportional to cos(8) where 0 is the angle between

the flow and electrode length.
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2.1.12. Electric-field and Joule heating simulations for the DEP device
Before fabricating our DEP device design, we simulated the electric-field and electromagnetic
Joule heating in COMSOL to verify that the DEP force and temperature within the microchannel

would prove favorable for separating yeast. Figure 20 shows the geometry defined in COMSOL.

100nm {Cu, SizN,4, SiO,}
100nmCu — &= =—_ __ _ _

4 » be

T 7a0um fud medum™
(0 = 0.5 x 10e{0,-1,-2,-3,-4} S/m)
Figure 20. COMSOL model of the dielectrophoresis (DEP) device from Fig. 19. A small cross-
section of the device without glass slide (top left) was simulated with three different electrode
passivations (mid-right) and several fluid medium conductivities (bottom), which influenced the
Joule heating from the electrodes in the fluid medium.

The model consists of the electrodes, fluidic channel, and PDMS (glass substrate is not
included). Only a small segment of the overall geometry was simulated for convenience. Starting
at the bottom-most z-coordinate of the model, 100 nm Cu electrodes are passivated by 100 nm of

either Cu (in which case the electrodes are not passivated), SizNy4, or SiO,. We discuss below
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how the passivation material reduced both the electric-field magnitude and Joule heating. Similar
to the previous electrode simulations, the electrode material (whether copper, gold, etc.) is not
relevant in the simulation (see § 2.1.10). Connected to the passivation layer is either the fluid
medium or PDMS depending on the x/y-coordinates of interest. The 30 um thick fluid medium
contacts only the center of the IDE array and runs parallel to the model length. The medium is
assigned 5 different conductivities to illustrate how lower medium conductivity limited the Joule
heating. The highest conductivity (0.5 S/m) corresponds to that of typical yeast medium (yeast
extract peptone dextrose, YPD). A relatively thick PDMS layer (~500 um) covers all other sides
of the fluid medium. The material parameters used in the COMSOL simulations are listed in
Tables 5 and 6. A 10 V potential was applied to one of the electrodes while the other was

grounded.

Table 5. Material parameters for interdigitated electrode array models

Material Parameter Electrode Passivation |Fluid Medium PDMS
Density [kg/m’] 8700 rho(T) 0.97
Heat Capacity [J/(kg*K)] 385 Cp(T) 1460
Thermal Conductivity [W/(m*K)] 400 k(T) 0.15
Relative Permittivity 1 80 23
[Electrical Conductivity [S/m] 5.998¢7 ( 0’_1?_'25’?3’_ 4 2.5e-14

Table 6. Passivation material parameters for interdigitated electrode array models

Material Parameter Cu Passivation | SisNy4 Passivation | SiO; Passivation
Density [kg/m’] 8700 2500 2200
Heat Capacity [J/(kg*K)] 385 500 1000
Thermal Conductivity [W/(m*K)] 400 30 1.4
Relative Permittivity 1 7 3.9
[Electrical Conductivity [S/m] 5.998¢7 10e-10 10e-10
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Electric Field Norm (V/m): 100nm Cu passivation, 0.5e0 S/m fluid, 10 sec
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0.5 1 1.5
Figure 21. Electric-field simulations of the interdigitated electrode (IDE) array with no
passivation and 10 V applied. A particle traveling through the microchannel at left of figure
would experience the spatially-varying electric-field pattern simulated at right.

The diagrams and simulations in Fig. 21 show the electric-field magnitude a particle
would experience as it travels through the microchannel over the IDE array. A particle would
flow through the device from one end of the channel to the other (along the channel at left in Fig.
21), and the particle would experience the spatially varying electric-field pattern simulated at

right in Fig. 21.
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Figure 22. Electric-field magnitude plots for various cut-planes along the microchannel over the
interdigitated electrode (IDE) array with no passivation and 10 V applied. The electric-field is
maximum at the edges of the electrodes and minimum at the electrode centers. As a particle
flows through the microchannel over the IDE array, the electric-field peaks and valleys shift
laterally to follow the angled electrodes.

The electric-field norms for various cut-planes of the COMSOL model are shown in Fig.
22. As a particle enters the region above the electrodes from one end of the channel, it sees
several electric-field peaks that align with the spaces between the electrode fingers. The electric-
field is highest at the electrode edges and smallest at the centers of the electrode fingers. As the

particle flows down the channel length, these electric-field maxima and minima shift
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horizontally and trace the electrodes. Han et al. was able to deflect blood cells horizontally as
they traveled through the microchannel because as the cells experienced negative DEP and were
forced to the top of the microchannel at regions of low electric-field (at the minima of the
electric-field plots), the angled electrodes shifted the minima horizontally and the cells followed
the minima accordingly. The numerical electric-field norm plots each show four lines taken from
the corresponding cut-planes at distances of 1, 6, 16, and 26 um from the channel bottom that
interfaces with the electrode passivation. Consistent with expectations, the electric-field peaks
decrease by ~50% as distance from electrodes increases from 1 pm to 26 um. The electric-field
norm is symmetric about the channel center parallel to its length, which is beneficial so that cells
would be deflected laterally perpendicular to the channel length in similar ways regardless from
which end of the channel they enter the separation region. In the simulations of Figs. 21 and 22,
the passivation was Cu, so the results present the case of effectively no passivation. The fluid
medium conductivity was defined as 0.5 S/m, comparable to typical yeast medium (YPD). In
summary, the simulations in Figs. 21 and 22 show that the electric-field generated by an angled
IDE array varies such the particles flowing parallel to the channel length would experience

perpendicular DEP forces in the same direction that the electrodes are angled.
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Figure 23. Joule heating simulations of the dielectrophoresis (DEP) device with no electrode
passivation and high fluid medium conductivity (0.5 S/m) at 0, 0.1, 1, and 10 s after 10 V was
applied. These high temperatures would be harmful to biological cells flowing in the
microchannel of the device.

After simulating the electric-field magnitude of the IDE array, we investigated Joule
heating in the fluid medium above the electrodes. Joule heating is the heat dissipation that results
from current flowing through a conductor and is especially important to consider here so that we
ensure a biocompatible environment for the yeast by limiting the heat to biologically-safe levels.
Figure 23 shows temperatures for various cut-planes of the model at 0, 0.1, 1, and 10 s after
applying 10 V to one electrode while the other is grounded. The model used to produce these
simulation results had 100 nm Cu passivation (equivalent to no passivation) and fluid medium
with 0.5 S/m conductivity. After only 0.1 s, the temperature within the microchannel increased
from 293 K to 400 K which would instantly kill any yeast in the fluid medium. After 1 s of

applied voltage, the temperature was over 1000 K. The 4670 K temperature after 10 s is
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somewhat misleading because the applied potential was direct-current (alternating-current would
be used in the actual DEP experiment) and the model does not include any way to dissipate heat.
If the simulation time were run to infinity, the temperature would also increase to infinity
because the model is essentially a box. The model could be increased in size to add volume in
which heat can be dissipated; however, for the purposes of showing what factors influence Joule
heating, we do not perform such simulations.

As discussed above, Fig. 23 shows how electrodes with no passivation generate
biologically harmful heat within a fluidic channel of relatively high conductivity (0.5 S/m).
Because of such heat, we must question the ability of the DEP device to maintain
biocompatibility for yeast. To limit the Joule heating, we investigated adjusting two model
parameters: decreasing the fluid medium conductivity and adding electrode passivation. In Fig.
24, we show the temperatures within the microchannel 1 s after 10 V is applied for fluid medium
conductivities of 0.5¢{-1,-2,-3,-4} S/m. The temperatures for all of the models at 0 s were 293 K.
All parameters for the models are the same except for the fluid medium conductivity. The
temperature in the microchannel with 6 = 0.5 x 10" S/m increased from 293 K to >360 K after 1
s, which is still too high for yeast biocompatibility. For the microchannel with ¢ = 0.5 x 10
S/m, the temperature was ~300 K. Thus by decreasing the fluid medium conductivity by 2 orders
of magnitude, we keep Joule heating within biologically-safe levels. Further decreasing the
conductivity reduces the Joule heating even more. For 6 = 0.5 x 107 S/m temperature was 294
K, and for 6 = 0.5 x 10* S/m temperature was 293 K indicating virtually no Joule heating in the
microchannel. To maintain yeast biocompatibility for our DEP device, if the electrodes are not
passivated, we would need to reduce fluid medium conductivity to between 0.5 x 10 S/m and

0.5x 107 S/m.
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Figure 24. Joule heating simulations of the dielectrophoresis (DEP) device with no electrode

passivation and fluid medium conductivities of 0.5e-1, 0.5¢-2, 0.5¢-3, and 0.5¢-4 S/m at 1 s after
10 V was applied. Reducing the fluid medium conductivity by 2-3 orders of magnitude
(compared to the model that produced the results in Fig. 23) limits the electromagnetic heating
and thus improves biocompatibility for cells in the DEP device.

Adjusting medium conductivity does not impact the electric-field magnitude in the
microchannel. Figure 25 shows the electric-field norms for the same models of Fig. 24; electric
field did not change as the conductivity decreased. In summary, reducing the conductivity of
fluid medium through a microchannel above an un-passivated IDE array reduced the Joule

heating to temperatures safe for biological cells but did not affect the electric-field magnitude.
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Figure 25. Electric-field magnitude plots for the same models used to produce the results in Fig.
24, showing that reducing fluid medium conductivity does not change the electric-field within

the microchannel.

Another method we investigated for reducing the Joule heating was adding passivation

between the electrodes and the fluid medium. Figure 26 shows the temperatures of various cut-

planes of 3 models 10 s after 10 V was applied. The models were the same except for changing

the material parameters (density, heat capacity, thermal conductivity, relative permittivity,

electrical conductivity) for the passivation. Silicon nitride (SisN4) and silicon dioxide (SiO)

were chosen for the simulations because these materials are readily available for deposition at

our process facility. Table 6 shows the passivation material parameters for each model.
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Figure 26. Joule heating simulations of the dielectrophoresis (DEP) device with three variations
of electrode passivation (none, silicon nitride, and silicon dioxide) and fluid medium
conductivity of 0.5 S/m at 10 s after 10 V was applied. The addition of electrode passivation
appears to limit heat generation that can potentially harm biologically cells flowing in the
microchannel. Additional simulations showed that passivation only decreases electric-field such
that Joule heating is negligible. Increasing electric-field (e.g. by increasing applied voltage)
results in Joule heating even with passivated electrodes.

The temperature of the model with Cu passivation increased from 293 K to >4600 K,
while the temperatures of the models with SisN4 and SiO» stay at 293 K. These simulations
appear to show that adding electrode passivation limits the Joule heating to biologically
acceptable temperatures; however, the passivation significantly reduced the electric-field
magnitude generated by the IDE array in the microchannel. Figure 27 shows the electric-field
norms for the models with Cu, SizN4, and SiO; passivation. The plots show several lines parallel
to the red cut-plane of the model diagram at top left. The lines are 1, 6, 16, and 26 um away from

the interface between the passivation and fluid medium. As shown in the plots, the electric-field
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of passivated electrodes was reduced by ~5 orders of magnitude compared to the case with no
passivation. Additionally, the passivation seemed also to reduce the number of electric-field
maxima and minima across the cut-plane. The loss of maxima/minima results from an inability
of the electric-field to penetrate through the passivation. The electric-ficld originates from
certain electrodes of the IDE array (half of the fingers of the IDE array) and must pass through
the passivation twice if it is to reach the grounded electrodes (the other half of the fingers) by
fringing through the fluid medium. In other simulations, we found that the loss of
maxima/minima is first noticed when the passivation conductivity decreased below ~10e-4 S/m.
By increasing the applied voltage from 10 V to 1000 V, the overall electric-field magnitude had
increased, but the loss of maxima/minima was still observed.

Although the passivation appeared to reduce Joule heating within the microchannel, it
significantly decreased the electric-field. Additional simulations showed that the passivation
actually did not limit Joule heating; it only reduced the electric-field such that Joule heating was
negligible. In summary, passivation cannot reduce Joule heating. Because it significantly reduces
electric-field magnitude, higher applied voltages must be used. Electrode passivation, therefore,
is useful primarily to limit bubble generation in liquids from the electrodes. To control Joule

heating, fluid medium conductivity must be reduced.
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Figure 27. Electric-field magnitude plots for the same models used to produce the results in Fig.
26. The plots correspond to the red cut-plane in the model at top left. Adding electrode
passivation decreases the electric-field magnitude by ~5 orders of magnitude.
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From our COMSOL simulations of electric-field and Joule heating for the proposed DEP
device, we found that the electric-field with no electrode passivation varies spatially such that it
can deflect particles perpendicular to the channel length as the particles flow through the
channel. An un-passivated electrode, however, generates heat in the microchannel that may be
harmful to yeast. Additionally, an un-passivated electrode may create unwanted bubbles
whenever the electric-field frequency is too low or applied voltage is too high. Reducing the
fluid medium conductivity decreases Joule heating to biologically safe temperatures and does not
affect the electric-field magnitude. Adding electrode passivation also controls Joule heating but

significantly limits the electric-field. From these analyses, we concluded our best option would
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be an IDE array with no passivation and a microchannel carrying fluid with relatively low

conductivity (1 x 103 -1 x 102 S/m).

2.1.13. Low conductivity medium reduces Joule heating but worsens separation resolution

Although using low conductivity medium for our DEP device would reduce unwanted Joule
heating that can harm yeast, low conductivity medium can also lead to positive DEP (pDEP)
forces manipulating cells toward the electrodes rather than away. Han ef al. used negative DEP
(nDEP) forces to separate blood cells by size because the resolution for size-based separation is
best when cells are repulsed from the electrodes, restrained by the channel top, and continuously
deflected by the lateral component of the nDEP force. Consider the cross-section of our DEP

device in Fig. 28.
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Figure 28. Dielectrophoresis (DEP) forces can attract particles to the electrodes (positive DEP,
black arrows radiating from the particles) or repel them toward the channel top (negative DEP,
blue arrows). The diagram at bottom is the cross-section of the DEP device at top left.

Positive DEP forces (represented by black arrows originating from the cells in the
diagrams) attract cells toward the IDE array on the channel bottom while nDEP forces (blue
arrows) repel cells toward the channel top. For ideal size-based separation using DEP from these
angled electrodes, yeast flowing through the microchannel should be repelled away from the

electrode array until they are confined by the channel top (Fig. 29).
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Figure 29. For the best size-based separation resolution of yeast flowing over the interdigitated
(IDE) array of the dielectrophoresis (DEP) device, negative DEP (blue arrows radiating from the
yeast) should force cells away from the electrodes. Once cells are confined at the channel top,
the lateral component of the DEP force should deflect the yeast perpendicular to their flow
directions. Larger cells should deflect laterally more than smaller cells because they experience
larger DEP forces at equivalent distances away from the electrodes.

Once all cells are restrained by the channel top to stay at approximately the same
distance away from the electrodes, the cells can move only laterally due to the horizontal
component of the DEP force. Because FpgpXV,, larger cells experience larger DEP forces and
thus are deflected perpendicular to the channel length more than smaller cells because of their
larger lateral DEP force component (illustrated in Fig. 29 by the difference in lengths of the blue
arrows radiating from the cells away from the electrode array). Because the IDE array electric-
field varies horizontally as shown in Fig. 22, yeast cells would deflect laterally as they flow
down the channel length because they are forced toward the regions of lower electric-field
magnitude (i.e. the minima in the electric-field norm plots of Fig. 22). This behavior that results
from nDEP has better size-based resolution compared to the results of pPDEP because the former
eliminates the dependence of DEP force on distance away from electrodes. If we were using
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pDEP forces, cells closer to the channel bottom would experience greater forces than cells
further away from the electrodes. This z-dependence only worsens the ability to separate yeast
by size because the DEP device as designed does not ensure consistency in z-position among
cells of different sizes. For example, a very small cell may be closer to the electrode array than a
larger cell (or vice versa), and the small cell would experience a larger positive DEP force
simply because it is much closer than the larger cell (and vice versa). Additionally, as discussed
in § 2.1.16, in experiments with yeast cells undergoing attractive forces toward the electrodes,
we observed smaller cells becoming more easily influenced by pDEP to flow such that they
traced the edge of an electrode where electric-field magnitude is largest. In these experiments,
larger cells were visually deflected toward the electrodes but still flowed toward the
microchannel outlet instead of precisely tracing the electrode edge (see § 2.1.16).

To separate yeast by size using nDEP in our device, we can adjust the electric-field
frequency or the fluid medium conductivity. From the equations describing DEP force, Fpgp>0
when fcp>0 and pDEP results, and Fpgp<O when f-\<0 for nDEP. The sign of f\; depends on
the electrical properties of the fluid medium and the particles suspended in the medium as well
as on the frequency at which the electric-field varies. We discussed in § 2.1.8 how live and dead
yeast experience different DEP force directions because of their different electrical properties.
For our device to separate live yeast by size, we can adjust the medium conductivity and the
electric-field frequency to achieve the desired DEP force direction. Khoshmanesh et al. plotted
Re[fcm] vs frequency for live and dead yeast and for relatively high and low medium
conductivities (see Fig. 4 of ref. 77). The figure shows that live yeast in low conductivity
medium (0.01 mS/cm) have f-,>0 and thus experience pDEP across all frequencies of interest.
By increasing the medium conductivity to 1.4 mS/cm, live yeast have f-<0 and experience

nDEP for frequencies up to ~1 MHz. For frequencies >1 MHz, f-\,>0 and the yeast experience
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pDEP. For the best size-based separation resolution, we prefer to utilize nDEP similar to how
Han et al. separated blood cells by size in medium with sigma = 1.7 mS/cm at 100 kHz electric-
field frequency. Negative DEP cannot be achieved when yeast are in low conductivity medium
regardless of the electric-field frequency, so low conductivity media will worsen the ability to
separate yeast by size. Instead, we need relatively high conductivity media (sigma ~ 1 mS/cm)
and low to moderate electric-field frequencies (100 Hz — 500 kHz). Unfortunately, using high
conductivity medium promotes Joule heating that can harm yeast. If high conductivity medium
must be used, we can add electrode passivation at the cost of reduced electric-field magnitude,
but limiting the electric-field may weaken the DEP forces such that they do not affect the yeast

at all.

2.1.14. High and low conductivity media selected for yeast DEP testing

Considering that we can adjust medium conductivity and electric-field frequency to produce
nDEP forces to manipulate yeast in our device, we first measured the conductivities of various
media to determine the corresponding electric-field frequency ranges. Using a handheld
conductivity meter (Mettler Toledo, Education Series EL3), we measured the conductivities of
selected media >10 times for each solution. The averages are shown in Table 7 along with

conductivities for media used in selected DEP publications.5>7778
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Table 7. Conductivities of media considered in this and other DEP applications

Medium Conductivity (mS/cm)
DI water + meglsgo;;)-/ Trypan blue 0.01, 1.4
NacCl (ref. 78) 0.14
Inositol (ref. 65) 1.7
Yeast Peptone Dextrose (YPD) 2.68 -7.75

Synthetic Defined (SD) 9.52

Yeast Nitrogen Base (YNB) 1.685

Low Conductivity Medium 0.0645
Phosphate Buffered Saline (PBS) 16.65

We selected yeast extract peptone dextrose (YPD) because it is rich medium commonly
used for culturing yeast. Yeast, however, can survive in a range of media richnesses, although
their growth rate varies depending on the medium composition. In addition to YPD, yeast can be
cultured in minimal or synthetic defined (SD) medium, and so we measured the conductivity of
SD to determine what electric-field frequencies can be applied to achieve nDEP forces on yeast
in SD. This particular medium consists of yeast nitrogen base (YNB), nitrogen typically in the
form of ammonium sulfate, and carbon in the form of glucose. In order to grow and divide, yeast
require at least YNB and sources of nitrogen and carbon, which can be added to YNB in varying
concentrations. Thus by measuring the conductivity of YNB, we limit one end of the
conductivity range that is relevant for our application. For example, starting with YNB which
has o = 1.685 mS/cm, we can add carbon and nitrogen sources to ensure yeast growth and adjust
conductivity to a value closer to that of YPD (6 ~ 5 mS/cm), SD (¢ = 9.52 mS/cm), or
potentially higher. The low conductivity medium consists of inositol, calcium acetate,
magnesium acetate, and 1-histidine prepared as described in Steenbakkers et al.®* Phosphate
buffered saline (PBS) at 1X concentration was included in the table because it represents an

estimated maximum conductivity of ~20 mS/cm for the range of conductivities we could
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potentially use in our DEP experiments. With the medium conductivities relevant to this
application ranging between 1.685 mS/cm (for YNB) and 8 mS/cm (for YPD), the ideal electric-
field frequency range is <1 MHz to ensure that f-,;<0 and yeast experience nDEP. Ideally, we
should use frequencies <100 kHz so that the magnitude of fry (and thus Fpgp) is largest;
however, electric-field frequency cannot be too low (not < ~100 Hz) because the risk for bubble
generation is higher for un-passivated electrodes driven at low frequencies. Considering the
small conductivity range between YNB (1.685 mS/cm) and YPD (8 mS/cm), we did not believe
the DEP behavior on yeast in YPD would be significantly different than in minimal medium
consisting of YNB and nitrogen/carbon sources. For this reason, we tested only YPD and low

conductivity medium in our experiments described below.

2.1.15. DEP device fabrication and experimental protocol

After determining the ideal electric-field frequencies to use for the higher conductivity YPD and
low conductivity medium, we fabricated the DEP device using standard microelectronics and
microfluidics processing. As shown in Fig. 19, the device consists of 2 components: an IDE
array patterned on a glass slide and a PDMS microfluidic network. The electrodes and
microfluidics were designed in DWG Editor (SolidWorks), and the designs were converted into
a film mask by CAD/Art Services, Inc. To fabricate the IDE array, glass slides were first cleaned
with Piranha solution for ~10 min, then submerged in 95°C de-ionized (DI) water for ~3 min,
and finally rinsed with room temperature DI water. Titanium and gold films were deposited onto
the glass to thicknesses of 20 nm and 200 nm, respectively and in that order, using a Lesker PVD
75 Ebeam Evaporator. Next, Shipley 1818 was spin-coated onto the Ti/Au-covered glass at 500
rpm for 5 s followed by 3500 rpm for 30 s. The resist was soft-baked at 110°C for 5 min,

exposed at 85.25 mJ/cm? using a Karl Suss MA6 Mask Aligner, developed in MF319 for ~40 s,
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rinsed in DI water, hard-baked at 120°C for 10 min, rinsed with isopropyl alcohol (IPA), and
dried with nitrogen. The Au was etched by Gold Etchant for 30-40 s, and the Ti was etched by
HF acid for <10 s. The sample was immediately rinsed in DI water after each etch step was
finished. We did not deposit any passivation over the electrodes. Finally, the resist was removed
by rinsing with Acetone, IPA, and DI water. We thank Nebras Sobahi for assistance with
electrode fabrication.

The microfluidics layer was fabricated using soft lithography. After designing the
channel in DWG Editor and receiving a film mask from CAD/Art Services, Inc., the master mold
was fabricated by first cleaning silicon (Si) wafers in Piranha solution for ~10 min. SU-8 2050
(Microchem) was spin-coated onto the Si wafers at 500 rpm for 10 s followed by 3000 rpm for
60 s to produce resist with 50 pum thickness. To produce 30 pum thick resist, SU-8 2025
(Microchem) was spin-coated at 500 rpm for 10 s followed by 2400 rpm for 60 s. The resist was
soft-baked at 65°C for 10 min immediately followed by 95°C for 35 min. After soft-baking, the
wafer was exposed at 170 mJ/cm? using the mask aligner and then hard-baked at 65°C for 5 min
followed by 95°C for 10 min. The resist was developed in Thinner P for >2 min (until the
unexposed resist was completely removed), rinsed in IPA, and dried with nitrogen. The
completed SU-8 master molds were coated with tridecafluoro-1, 1, 2, 2-tetrahydrooctyl)-1-
trichlorosilane (TFS) by placing the molds and TFS in a desiccator for ~10 min.

After fabricating the SU-8 master mold, PDMS (Sylgard 184, Dow Corning) was
prepared by mixing pre-polymer and curing agent at a ratio of 10:1 and then degassing in a
desiccator for ~10 min. The mixture was poured onto the mold and degassed for another ~20 min
or until no air bubbles could be seen in the mixture. The degassed mold was cured in an 80°C
oven overnight (>8 hr). After curing, the PDMS was removed from the mold, excess PDMS was

cut from the structure, and inlet and outlet holes were punched using a syringe tip.
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To integrate the PDMS layer and IDE array, both components were treated with oxygen
plasma (Harrick Plasma) at 100 W in 100 mTorr for 1.5 min. Before placing the layers together,
a small amount of methanol was applied as lubricant so that the microfluidic channel could be
aligned appropriately with the IDE array. After aligning the layers and allowing some of the
methanol to evaporate for ~5 min, the device was placed at 65°C for ~4 hr to allow the rest of the
methanol to evaporate and the PDMS to bond irreversibly with the glass slide.

After bonding the IDE array with the PDMS microfluidics, plastic Tygon tubing was
inserted into the inlets/outlets and electrical wiring was soldered to the electrode pads. Before
loading cells, the microfluidic device was primed by flowing ethanol, DI water, and YPD.

Wild-type yeast were prepared as described in § 2.1.2. After the culture had resumed
exponential growth by transferring cells into fresh YPD and incubating ~3 hr before the DEP
experiment, the yeast were placed in either YPD or low conductivity medium and withdrawn
into a syringe (BD with Luer-Lok Tip) capped with a flat needle tip. We tested yeast in YPD,
which has relatively high conductivity, and in low conductivity medium because the DEP
behavior was expected to vary for the different media as discussed in § 2.2.13. The syringe was
then inserted into the plastic tubing of the microfluidic inlet channel. Several syringes were
loaded with YPD or low conductivity media and connected to the tubing of all remaining inlets
of the microfluidic device. These YPD or low conductivity medium buffers were used when the
cells were in YPD or low conductivity medium, respectively. All syringes were fastened to
syringe pumps (Chemyx Fusion 400 Touch Syringe Pump) which were programmed such that
the cumulative flow within the main microchannel crossing the IDE array ranged from 40 uL/hr
to 150 pL/hr. The flow rates used for introducing yeast into the device ranged from 5 pL/hr to 20
uL/hr, and the buffer inlets were programmed with much higher flow rates in order to focus the

yeast hydrodynamically against the microfluidic channel wall.
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The microfluidic device with either YPD or low conductivity media was placed on the
stage of an upright microscope (Nikon Eclipse LV100) with camera (Hamamatsu ORCA-
Flash4.0 V2 C11440-22CU) and supporting software (NIS-Elements Br Microscope Imaging
Software). The electrical wiring that was soldered to the electrode pads was clipped to alligator
connectors of a function generator (Tektronix AFG 3021B Single Channel Arbitrary/Function
Generator). The function generator was programmed with frequency within 100 Hz to 100 MHz
and peak-to-peak voltage V,, between 1 V and 20 V. The exact combination of frequency and
voltage are shown for selected experimental results in the following sections.

For continuous flow-through experiments as yeast flowed into the main channel, over
the IDE array, and into the outlets, the function generator output was either ON or OFF, and
videos were captured at various locations along the channel length. With the function generator
ON, at each location along the channel length the yeast would have experienced DEP forces for
varying amounts of time. If the function generator had just changed from ON to OFF (or vice
versa), videos were not taken for >30 s to allow yeast currently over the IDE array to exit the
device.

For stationary DEP experiments, all flow was stopped and the yeast were dispersed in
the medium above the IDE array. Videos were captured continuously several seconds before and
after the function generator was switched to ON so that the DEP manipulation could be observed
in real time.

After capturing videos for flow-through and stationary DEP experiments, the videos
were selectively combined and compressed using Windows Live Movie Maker (Windows 7).
Text indicating the experimental conditions including applied voltage and frequency was added

to the videos also using Windows Live Movie Maker.
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2.1.16. Experimental pDEP agreed with theoretical expectations

We investigated how DEP manipulates yeast in low conductivity medium (¢ = 0.0645 mS/cm)
and YPD (o = 5 mS/cm) over frequencies ranging from 100 Hz to 100 MHz. Depending on the
combination of frequency and medium conductivity, fry; was positive or negative (see § 2.1.9)
and DEP attracted yeast to or repelled yeast from the IDE array. Figure 30 shows typical yeast
behavior in the main channel above the IDE array when the fluid medium had low conductivity.
In the images, yeast flowed from right to left and enter the field-of-view as indicated by the red
arrows at the top of the main channel, which can be identified by the horizontal black lines near
the tops and bottoms of the images. The left image shows yeast as they enter the first part of the
IDE array, and the right shows yeast near the IDE array center. The electric-field frequency and
applied voltage are provided as titles for the images.

Because fc)>0 for yeast in low conductivity medium over all frequencies (see § 2.1.9),
yeast experienced positive DEP (pDEP) forces that attracted them to the IDE array as they
flowed through the microchannel. We observed this attraction in our device across all
frequencies of interest. More specifically, pDEP attracts yeast to regions of highest electric-field
magnitudes which occur at the edges of electrodes. The yeast circled in red in the images were
tracking the electrode edges in the direction indicated by the dotted red arrows, that is, the yeast

were exactly tracing the electrode edge even though medium was flowing from right to left.
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Figure 30. Yeast flowing over the interdigitated electrode (IDE) array of the dielectrophoresis (DEP) device in low conductivity medium
(~0.065 mS/cm) experienced positive DEP forces that attracted them to the electrode edges where electric-field was maximum. Yeast
enter the image fields-of-view from the right (large red arrows). Some cells were forced to track the electrode edge (red-dotted circles)
even though fluid moved from right to left. The locations of these results in the DEP device are shown below the images.
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We observed in testing that decreasing the electric-field frequency caused fewer yeast to
precisely trace the electrode edges, suggesting that the DEP force decreased in magnitude as
frequency was reduced. This decrease in DEP force likely resulted from a smaller f-y; magnitude
as frequency decreased. At 3.25 V;,, and 1 MHz, yeast were immediately attracted all the way to
the electrodes (i.e. attracted strongly enough that cells traced the electrode edge) rather than
flowing toward the outlet. On the other hand, at 6 V,, and 100 kHz, very few yeast were forced
to trace the electrodes immediately as they entered the IDE array. As these yeast traveled further
down the IDE array, the pDEP force attracted cells toward the channel bottom until some were
forced to trace the electrode edge. We observed smaller yeast become more easily trapped and
forced to trace the electrode edge compared to larger yeast and cell clumps. As mentioned in §
2.2.13, although low conductivity medium reduces Joule heating in the microchannel, size-based

separation resolution can be improved by using negative DEP (nDEP) forces.

2.1.17. Experimental nDEP did not manipulate yeast as expected

To manipulate yeast using nDEP forces, higher conductivity medium and low to moderate
electric-field frequencies should be used. In Fig. 31, we show DEP of yeast in YPD when the
channel height was 50 pm. We observed that as yeast entered the separation region from one
side of the channel, they were deflected by nDEP forces toward the same side from which they

originated.
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Figure 31. Yeast flowing over the interdigitated electrode (IDE) array of the dielectrophoresis (DEP) device in YPD medium (~5 mS/cm)
were expected to deflect perpendicular to the flow direction toward the opposite channel wall. The three images of each row show the inlet
(far right) and the outlet with DEP OFF (middle) and ON (far left). Yeast entered the image fields-of-view from the right (red arrows) and
flowed into the main microchannel from the right side (top of image). The bottom row of images shows several stacked, black/white
thresholded frames of a video captured under the experimental conditions shown in the black pane at left of each image. Cells were
expected to deflect toward the opposite channel wall (toward bottom of image), following the electrode angle; however, upon DEP
application, the cells deflected toward the right channel wall (top of image). The yeast in the black/white images at the device outlet were
all confined between the red-dotted lines and the channel wall (horizontal black line).
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Starting at far right of the top row in the figure, yeast entered the main channel through
an inlet at the top right of the image. The yeast were flow focused toward the top of the image
(toward the right in the channel from the point-of-view of the yeast flow direction) by a buffer
inlet (not shown in the image). The middle image of the top row shows the end of the IDE array
near the device outlet for the case when DEP was OFF. The far left image shows the outlet when
DEP was ON. The red arrows indicate the locations where yeast enter the image field-of-view.
Each image in the bottom row is the sum of several black/white thresholded images from videos
captured under the experimental conditions of the images in the top row. For example, the
black/white image below the yeast inlet is the stack of several frames of a video of yeast flowing
into the main channel. By thresholding and stacking the images, the yeast are more easily
noticeable (relatively high density of black dots near one side of the channel) and many more
yeast can be viewed simultaneously than what can be observed in a single image. The
black/white images of the outlets when DEP was OFF and ON have red-dotted horizontal lines
marking the furthest that yeast are located from the channel wall at the image top (i.e. that
farthest that yeast flow away from the wall from which they originated as they traveled over the
IDE array). As described in § 2.1.13 and in Han ef al.,*> we expected DEP to deflect yeast
toward the center of the microchannel, and larger cells would deflect more than smaller cells
because the DEP force is greater for cells with larger volume. As shown in the black/white inlet
image, however, yeast enter the separation region (i.e. the IDE array) focused closely against the
channel side at top of the image or near the right side of the channel relative to the yeast flow
direction. With DEP OFF, the yeast were spread out within the space between the channel wall
and red-dotted line. With DEP ON, the yeast were more closely confined to the channel wall;

thus cells deflected in the direction opposite to what we expected.
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To test the deflection of yeast as they enter the IDE array from the opposite side of the
main fluidic channel, we loaded yeast into the device as shown in Fig. 32. In this figure, laid out
similar to Fig. 31, yeast entering the IDE array from the left channel wall (bottom of image)
were deflected away from the channel center toward the channel wall from which the cells
originated. All yeast were confined between the left channel walls and red-dotted lines in the
images for DEP ON and OFF.

To sum up our experiments thus far, as yeast entered the IDE array from the left (or
right) side of the channel, DEP deflected them away from the channel center toward the left (or
right) side from which the cells originated. Decreasing frequency and/or increasing applied
voltage increased how much the yeast were deflected, but no combination of frequency and
voltage produced the expected behavior in which yeast deflect toward the opposite channel wall.

After observing DEP forces deflect yeast in the direction opposite to what was expected,
we fabricated a device with the microfluidic channel reduced from 50 um to 30 pum. By
decreasing the channel height for the case when yeast experience nDEP and are repelled away
from the IDE array and toward the top of the channel, we can constrain the cells closer to the
electrodes so that they experience greater DEP forces. As shown in Figs. 18 and 22, the electric-
field magnitude decreases as distance from electrodes increases; thus if we keep all cells closer
to the electrodes we potentially might improve the ability to separate them by size. Figure 33
shows the results for yeast traveling in the middle of the channel length, which are similar to
what was observed at the device outlet in Fig. 31: even though the channel height was reduced,
yeast entering the device from the right side of the main channel (top of image) experienced
nDEP forces toward the right wall from which they originated, i.e. in the direction opposite to

what we expected.
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Figure 32. Yeast flowing over the interdigitated electrode (IDE) array of the dielectrophoresis (DEP) device in YPD medium (~5 mS/cm)
were expected to deflect perpendicular to the flow direction toward the opposite channel wall. The three images of each row show the inlet
(far right) and the outlet with DEP OFF (middle) and ON (far left). Yeast entered the image fields-of-view from the right (red arrows) and
flowed into the main microchannel from the left side (bottom of image). The bottom row of images shows several stacked, black/white
thresholded frames of a video captured under the experimental conditions shown in the black pane at left of each image. Cells were
expected to deflect toward the opposite channel wall (toward top of image); however, upon DEP application, the cells deflected toward the
left channel wall (bottom of image). The yeast in the black/white images at the device outlet were all confined between the red-dotted lines

and the channel wall (horizontal black line).
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Figure 33. Yeast ﬂowmg over the interdigitated electrode (IDE) array of the dlelectrophore51s
(DEP) device in YPD medium (~5 mS/cm) were expected to deflect perpendicular to the flow
direction toward the opposite channel wall. Left image shows the case when DEP was ON and
the right when DEP was OFF. Yeast entered the image fields-of-view from the right (red arrows)
and flowed into the main microchannel from the right side (top of image). Experimental
conditions are shown in the black pane at left of each image. Cells were expected to deflect
toward the opposite channel wall (toward bottom of image); however, upon DEP application, the
cells deflected toward the right channel wall (top of image) even though the reduced channel
height restrained them closer to the electrodes so that the DEP force would be greater than in
Figs. 31 and 32. All yeast were confined between the red-dotted lines and the channel wall
(horizontal black line).

2.1.18. Explanations for why nDEP results were not consistent with expectations

To explain this unexpected behavior in which yeast were deflected away from the channel center
regardless of entering the separation region from the left or right, consider Fig. 34 which shows
stationary yeast in YPD being manipulated by nDEP to align with the electrode centers. The left
image of the figure shows the dispersed yeast positions before DEP is turned ON, and the right
image was taken ~12 s after applying 20 V,,, at 10 kHz. Because of the medium conductivity and
applied frequency, cells theoretically should experience nDEP that forces them to regions of
lowest electric-field magnitude. For the IDE array, the electric-field minima occur at the centers
of the electrodes (maxima occur at the electrode edges, see Fig. 22), and the right image of Fig.

34 shows yeast aligning with the electrode centers. Not shown in the figure but observed in
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testing, after aligning with the electrode centers, the cells were slowly moved by DEP forces
along the electrodes toward the outlet (toward the left in the image). Negative DEP thus forced
cells to the electrode centers and then toward the outlet by constraining cells to track the

electrode centers.

OFF

height ..

height 8

20Vpp m—

s S 10KHZ

Figure 34. Stationary yeast suspended over the interdigitated electrode (IDE) array of the
dielectrophoresis (DEP) device in YPD medium (~5 mS/cm) were repelled to the channel top in
the regions above the electrode centers where electric-field magnitude was lower. Left image
shows the case when DEP was OFF and the right ~12 s after DEP was applied at 20 V,, and 10
kHz. Regardless of the cell locations within the microchannel, DEP forced them to the nearest
electrode center. After aligning with the electrode centers, the yeast were slowly pushed along
the electrode center toward the device outlet (toward right of image).

To explain the unexpected deflection behavior, consider that once DEP was turned ON,
yeast were immediately attracted to the nearest electrode center regardless of their positions in
the microchannel. This initial movement of yeast to the nearest electrode center may have caused
the unexpected behavior in which yeast were deflected toward the initial channel wall (right of
left) regardless of which side of the channel the cells were on when they entered the IDE array.
For example, when yeast entered the separation region from the right side of the channel, they

may have been flowing fast enough that they moved through the electric-field peak near the first
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electrode they crossed of the IDE array. After moving through this peak, the yeast may have
experienced forces toward the right side of the channel where the nearest electric-field minimum
was located, in the direction opposite to what we expected in order to achieve size-based
separation. Using lower flow rates may possibly produce the desired behavior in which cells
deflect toward the opposite channel wall; however, we could not reduce the flow rates much
more than what were used in the experiments because the yeast started randomly sticking to the
channel walls. That is, the excessively low flow rates contributed to cells and cell clumps
becoming caught on the channel walls rather than constantly flowing toward the outlet.

In addition to the initial attraction of cells to the nearest electric-field minima leading to
the unexpected deflection behavior, the inlet and outlet designs may have contributed to the non-
ideal results. The inlet in our design does not have buffer channels on both sides of the cell inlet
like the design used in Han et al.% Our device flow focused cells completely against the channel
wall, whereas the device in Han et al. focused cells between two buffer inlets such that the cells
were not directly against the channel wall. This difference in inlet designs could have led to
yeast being deflected away from the channel center regardless from which side of the channel
the cells started. Additionally, the outlets of our device are positioned after the end of the IDE
array such that no electrodes are located in the outlet channels. When the IDE array ends, the
electric-field magnitude quickly goes to zero (see Fig. 22) in a spatial pattern parallel to the last
electrode length. Because nDEP forces yeast to regions of lowest electric-field, the electric-field
pattern at the end of the IDE array may have manipulated cells in such a way to produce the
unexpected deflection behavior that we observed. A potential improvement on the design is to
adjust the positions of outlets to overlap the IDE array so that the PDMS outlet walls prevent

cells from following the electric-field drop-off at the end of the IDE array.
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Our final explanation for why yeast were deflected toward the channel walls from which
they started is that fluidic leaks through the channel sides helped produce the unexpected results.
In our experiments, we observed that with DEP ON the yeast seemed to flow more quickly
toward the device outlet, i.e., DEP appeared to increase the flow rate. Additionally, we observed
many cells escape through the main channel sides and become trapped between the PDMS and
Au electrode. These cells can be seen outside of the channel boundaries in Figs. 33 and 34. The
increase in flow rate and evidence of cells flowing through the channel sides support the
hypothesis that fluid medium was pulled outside of the channel between the PDMS and
electrodes (which are not irreversibly bonded together) even when the flow rates were not
excessively high. In other words, we believe that DEP might have pulled cells and medium out
through the right and left channel walls, and this outflow through the channel walls could have
led to the unexpected deflection direction that we observed in our testing.

We had hypothesized that we could separate yeast by size in much the same way that
nDEP separated blood cells by size®; however, blood cells and yeast have somewhat different
CM factors across moderate to high frequencies, and differences in CM factor create dissimilar
DEP forces. Sano et al. plotted the CM factor for red blood cells suspended in relatively low
conductivity medium (0.01 S/m).## Compared to yeast in low conductivity medium (0.001
S/m) which have f;>0 across all frequencies, blood cells have f;<0 for frequencies up to ~15
kHz and fc,>0 when frequency is >15 kHz. Yeast must be suspended in high conductivity
medium (~0.1 S/m) to have f\;<0 for frequencies up to ~1 MHz. Thus because the CM factor of
yeast differs from that of blood cells, we should not have expected similar size-based separation

in our experiments.
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2.1.19. DEP showed poor separation of yeast by size and potential for harmful heat generation

In summary, the DEP device we designed and tested did not separate yeast by size as expected.
DEP heat generation, the production of nDEP versus pDEP, and size-based separation resolution
are largely determined by fluid medium conductivity and electric-field frequency. Using low
conductivity medium (¢ ~ 0.05 mS/cm) in DEP devices is recommended to reduce Joule heating
that can harm biological cells; however, for best size-based separation resolution of yeast
traveling over an IDE array, higher conductivity medium (¢ ~ 5 mS/cm) should be used along
with low to moderate frequencies. High conductivity medium results in large Joule heating and
thus requires adding electrode passivation to limit heat generation. Passivation, though, can
reduce electric-field magnitude such that the DEP force is less noticeable. In our experiments,
even when using high conductivity medium that likely allowed excess heat, we did not observe
promising size-based separation of yeast. Future designs of the yeast DEP device could (i)
include an extra buffer inlet (see § 2.1.18) to focus cells further from channel wall, (ii) let the
outlet channel walls overlap the IDE array, and (iii) reduce the electrode widths to limit fluid
leaks. These changes might improve separating yeast; however, because high conductivity
medium, which is needed to produce nDEP, can generate biologically-unsafe Joule heating, we
concluded DEP was not the best option for the size-based separation subsystem of our aged yeast

generator.

2.1.20. Theory for size-based acoustic separation

After selecting DEP and acoustic techniques as candidates for our aged yeast generator, we
began investigating both in parallel for this application. With DEP ruled out as a candidate, we
now discuss the background of acoustophoresis and our experimental progress in applying it to

yeast aging.
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Particles flowing through a microchannel in which standing acoustic waves have been

formed experience an acoustic force given by®®

_ (w*VeB, .
F,=- <T> O (B,p)sin(2kx)
5p.-2p,, B,
00 2o B

where p is the pressure amplitude of the standing waves, V. is the cell volume, p_ (B_) and p_,
(B,,) are the densities (compressibilities) of the cell and medium, respectively, k is wave number,
and A is wavelength. As the equation above shows, F,xV,, so larger cells experience larger
acoustic forces compared to smaller cells. In Fig. 35, as cells enter a microchannel at
approximately the same location, acoustic forces deflect cells toward the center of the
microchannel where an acoustic node has been formed. Acoustic nodes are regions of high
acoustic pressure, while antinodes are regions of low pressure. The locations and number of
nodes/antinodes are determined by the acoustic frequency relative to the channel width. For a
single node to form at the channel center and antinodes at the channel walls as shown in Fig. 35,
the acoustic wavelength must be 2x the channel width. Such standing waves are referred to as
first-order harmonics. Knowing the speed of sound in a given medium thus allows us to calculate
the required acoustic frequency to create standing waves in a channel with known width. Also,
for a channel of known width, higher-order harmonics with more nodes and anti-nodes than what
are shown in Fig. 35 can be generated by increasing the frequency by multiples of half the

wavelength.
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Figure 35. Particles flowing through a microchannel experience acoustic forces that deflect them
toward the channel center where an acoustic node from standing waves has formed. Particles
with larger volume experience larger acoustic forces and thus deflect more than smaller cells.

Acoustophoresis has been well-developed in the literature.?”626>87 For instance, Yang
and Soh developed a high-throughput system to separate live mammalian cells from a mixture
also containing apoptotic cells.?” Live mammalian cells have larger volume but similar density
and compressibility compared to dead cells, so the acoustic forces are stronger on live cells. We
aim to exploit this same size-dependence to separate larger mother yeast from smaller daughters.
As discussed in § 2.1.7, acoustic separation is gentle, efficient, and label-free, which make

acoustophoresis a promising approach for this application.

2.1.21. Design and operational parameters for acoustic deflection device

To investigate the size-based separation resolution of acoustic forces, we fabricated and tested
the microfluidic device in Fig. 36. Using this device in experiments, we found promising
separation of yeast by size (discussed below), after which we aimed to optimize the acoustic

power and outlet y-position cut-off at the device outlet (bottom Fig. 36).
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Figure 36. Microfluidic acoustic deflection device for testing the size-based separation of yeast.
Device is illustrated at top right and consists of a transducer, silicon with etched microfluidic
channels, and glass with inlets/outlets. Yeast enter the device through the center inlet and are
flow focused by size channels carrying yeast extract peptone dextrose (YPD) in inset at top left.
Flow focusing is achieved because laminar flow dominates at the microscale. At bottom left,
laminar flow between red dye and water allows the fluids to flow side by side without mixing.
Yeast are flow focused into the separation region (bottom of figure) where acoustic forces
separate the yeast by size. The separation is finalized when smaller cells flow into a waste outlet
and larger cells into a keep channel. Important operational and design parameters that must be
defined are the voltage applied to produce the acoustic waves and the y-cutoff separating cells
that are discarded from those that are kept.

The device consisted of a glass layer with drilled inlets/outlets, a silicon layer with
etched microfluidic channels, and a piezoelectric transducer (PZT) to generate the acoustic
standing waves. Cells and culture media enter the device as shown in the red inset at top left.
Mother and daughter yeast are flow focused by streams of culture medium (YPD) on both sides
of the cell inlet. Flow focusing is possible because of the dominance of laminar flow at the

microscale that allows liquids to flow side by side in a microchannel and mix only by diffusions.
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Examples of laminar flow are shown at bottom left of the figure. In these examples, water
flowed through the center channel of all three images at a flow rate of 0.25 pL/min, and red dye
entered the junction at three different flow rates (0.3, 0.5, 0.7 uL/min). As the red dye flow rate
increased, the center channel narrowed because laminar flow between the water and red dye
prevented convective mixing of the fluids. In the acoustic device, the yeast are flow focused by
programming the side inlet buffers appropriately. Flow focusing improves size-based separation
resolution because cells enter the separation region at approximately the same location and thus
deflect toward the channel center starting at the same initial y-position (defined perpendicular to
the channel wall). Because of flow focusing, the trajectories as cells flow through the acoustic
radiation would depend only on size and would not vary by start position. After yeast are flow
focused, they enter the main channel. As cells flow from left to right through the main channel
with acoustic radiation OFF, laminar flow keeps them at approximately the same y-position
through the entire channel length; diffusion is the only mechanism deflecting them toward the
channel center (downward in the diagram). If acoustic radiation is applied, cells experience a
force deflecting them to the channel center where an acoustic node is formed from standing
waves generated by the PZT. In this scenario, the frequency is chosen to create a single node at
the channel center.

Referring to the lower diagram in Fig. 36, we now consider the design and operational
parameters that must be defined. First, the acoustic frequency is determined by the channel
width. For channel width of 375 um (see Fig. 37 for device dimensions), the acoustic frequency
is ~2 MHz if the fluid in the microchannel is water. Second, the PZT is driven by an amplified
function generator, so in addition to defining the excitation frequency, the voltage applied to the
PZT must also be selected. As shown in the equation for acoustic force F,, the acoustic pressure

amplitude p directly determines F,, and p depends on the voltage driving the piezoelectric
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transducer. Thus the applied voltage largely impacts the distances that cells are deflected in the
acoustic region. Third, an ideal y-cutoff must be chosen for the distance between the channel
wall and intersection of the outlet channels. As shown at bottom in Fig. 36, after separating by
size, larger yeast flow into the outlet labeled “Keep Channel” while the smaller cells flow to the
“Waste Outlet.” The y-cutoff must be optimized for separating the yeast. If we set the main
channel length at ~17 mm (Fig. 37) and the width at 375 um, we should select the y-cutoff
somewhere between (i) the y-position at the intersection of the inlet and main channels and (ii)
the middle of the channel where acoustic nodes are formed. With the main channel length/width
and y-cutoff defined, all important device dimensions are set. The only remaining operational

parameters are the inlet flow rates, which were defined during testing as described in § 2.1.22.
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Figure 37. Dimensions of the microfluidic channels of the acoustic deflection device in Fig. 36.
All units are mm.

2.1.22. Acoustic device fabrication and experimental procedure
The acoustic device dimensions are provided in Fig. 37. We thank Dr. Sungman Kim and Dr.
Han Wang for providing these initial designs and fabricating test devices. The microfluidic

channel was etched in silicon using standard processing. First, aluminum was sputtered onto
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Piranha-cleaned silicon wafers using a Lesker PVD 75 Metal Sputter to achieve a thickness of
~500 nm. Shipley S1818 (Micro-Chem) was spin-coated onto the aluminum at 4000 rpm for 30 s
to obtain a ~1.5 pm layer of photoresist. The wafers were soft-baked at 110°C for 5 min. An
MAG6 mask aligner with film masks from CAD Art Services exposed the photoresist with UV
light at 168 mW/cm?. After developing with MF-319 for ~1 min and post-baking at 120°C for 10
min, the aluminum was etched using aluminum etchant for ~30 min. Resist was removed by
rinsing in acetone. After patterning the aluminum, the wafers were loaded into Oxford
PlasmaLab 100 ICP machine, and microfluidic channels were etched into Si using reactive-ion
etching (RIE) at -100°C, APC 10 mTorr, SF¢ at 70 sccm, O, at 4 sccm, FP (DC) 12W, ICP
900W, at a rate of ~3 um/min to achieve a final depth of ~50 um. The aluminum etch mask was
removed using aluminum etchant. Next, inlets/outlets were drilled into a glass slide using a drill
press, and the microfluidic channels in the silicon were sealed by anodically bonding the glass by
applying 700 V for 40 min at 400°C. A dicing saw was used to separate the individual devices of
a wafer. Plastic luer fittings were glued to the inlets/outlets using Quik-Set Epoxy (Loctite), and
0.01-in inner-diameter plastic tubing was subsequently epoxied into the plastic luer fittings. A
PZT transducer square (PZ26 transducer) was attached to the backside of the silicon layer using
wax (Crystalbond). Electrical wires were soldered onto both sides of the PZT.

After fabricating the acoustic device, it was sterilized by flowing ethanol, PBS, and YPD
through the device. Yeast were prepared and loaded into syringes as described in § 2.1.2. YPD
was also loaded into several syringes to be used as buffers. The syringes were attached to the
plastic tubing of the device, which was placed on the stage of an upright microscope (Nikon
Eclipse LV100) with camera (Hamamatsu ORCA-Flash4.0 V2 C11440-22CU) and supporting
software (NIS-Elements Br Microscope Imaging Software). After attaching all syringes to

syringe pumps (Chemyx Fusion 400 Touch Syringe Pump), yeast flowed into the device through
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the inlets at rates between 5 puL/hr and 20 pL/hr. The flow rates for side focusing channels were
set between 10 uL/hr and 40 pL/hr, and those for main channel between 50 uL/hr and 150 pL/hr.
Acoustic radiation was produced by programming a 1.73 MHz sinusoidal wave at voltages
between 20 mV and 80 mV on a function generator (Tektronix AFG 3021B Single Channel
Arbitrary/Function Generator). The signal from the function generator was passed through a
50dB RF Power Amplifier (E&I). Alligator connectors from the amplifier were attached to the
electrical wiring that was previously soldered to the PZT. While observing yeast under the
microscope at different locations along the channel length, voltage was increased until cells just
started deflecting toward the channel center. Voltage was increased until most cells were
deflected to the channel center. For several voltages between the lowest value that just deflected
cells and the highest that deflected most cells, videos were captured at the middle of the channel
length and at the outlet. Videos were not recorded until >30 s after the voltage was changed.
After the experiments, videos were processed in MATLAB (MathWorks) to determine
the relations between cell size and y-position (how much the cell had deflected toward the

channel center) for several applied voltages.

2.1.23. Promising size-based separation of yeast using acoustic deflection device

As mentioned above, our initial testing of the acoustic deflection device showed promising
separation of yeast by size. Figure 38 shows images of the device outlet. Each image
corresponds to a different applied voltage from 0 V (OFF) or 25 mV to 70 mV in 5 mV
increments. With the exception of the top left color image, all black/white images are the sum of
several frames of videos that have been black/white thresholded so that more yeast could be
viewed simultaneously than what can be observed in a single video frame. The dark black ovals

in the channel consistent in all images are debris and fabrication scars, while the yeast are the
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gray objects. Yeast enter the image field-of-view from the left indicated by the red arrow which
is aligned approximately to the average y-position of all visible yeast. As the voltage driving the
PZT was increased from OFF to 70 mV, the yeast were deflected more toward the channel
center. With the acoustic OFF, most yeast were near the channel wall at the top of the “OFF”
image. At >60 mV, most yeast have been deflected to the center of the channel where the
acoustic node has been formed. This behavior agrees very well with expectations. In addition to
cells being forced more to the channel center as acoustic amplitude increased, we observed
larger cells and cell clumps (groups of 2+ attached yeast) deflected more than smaller cells.
Although this size-based separation is promising, it foreshadows a problem we address in § 2.3:
because cell clumps are deflected approximately proportionate to combined cell volume, smaller
cells that should be removed from the device through the waste outlet may flow into the keep
channel because they are attached to other cells. Thus cell clumps may worsen size-based
separation resolution and motivate the need for adding an agitation mechanism to the system to

promote separation of cell clumps (see § 2.3).
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Figure 38. Experimental results of the acoustic deflection device show promising size-based
separation of yeast. Each image corresponds to a different applied voltage. Except for the top left
image, all black/white images are stacked, thresholded frames from videos captured under the
experimental conditions indicated in the black panes at left of images. The yeast are the gray
objects in the microchannels and flowed from left to right in the experiment. The red arrows
approximate the average y-position of all yeast in the field-of-view. Consistent with
expectations, as acoustic power was increased, more cells were deflected toward the channel
center where standing waves formed an acoustic node.
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Figure 38. (continued)

2.1.24. Yeast size analysis at acoustic device outlet using circle-fit algorithm
Our goal with this test deflection device was to determine the optimal applied voltage and y-

cutoff (see Fig. 36) for yeast separation; therefore, we processed the videos for each acoustic
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power in MATLAB to evaluate how final y-position for each cell varied with cell size. More
specifically, we cropped each frame of a video to isolate a single region-of-interest (ROI)

indicated by the red-dotted rectangle over the outlet image at bottom in Fig. 39.

Figure 39. In order to analyze the relation between cell size and y-position as acoustic power
varied, videos were captured at the device outlet (top of diagram) and a region-of-interest was
identified (bottom). The region-of-interest was processed in MATLAB as shown in Fig. 40. The
y-position in the analyses was defined as shown at bottom.

For each cropped ROI, we applied a built-in MATLAB function that fits objects in the
image to circles based on several user-defined parameters (see § 2.1.3 for more detail). We used
the function to calculate cell diameter and x/y-coordinates of its center, after which we plotted

the cell y-position versus cell size. Example images illustrating this process are shown in Fig. 40.
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Figure 40. Example images from the procedure to analyze the relation between cell size and y-
position as acoustic power varied. The regions-of-interest (ROIs) identified at the acoustic
deflection device outlet (Fig. 39) are shown at far left of each image. The voltage driving the
acoustophoresis is displayed next to the original ROI. Next in each image is the ROI with
colored asterisks plotted over the yeast in the images that have been fit to circles using a function
from the MATLAB Image Processing Toolbox. The yeast y-positions relative to the image
coordinates are plotted against the cell diameter at right of each image. A legend displays the
precise cell size. If >1 yeast was identified in the ROI, a linear regression relating y-position and

diameter was also plotted.
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Figure 40. (continued)

In each of these examples, the original ROI is plotted at left, the applied voltage is
indicated to the right of the original ROI, and then the original ROI is shown along with the
circle centers plotted on top with asterisks of varying colors. The far right plot of each image
shows y-position against diameter, and the legend indicates the circle size. If 2 or more circles
were identified in the image, a linear regression describing y-position vs cell size was plotted.
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The y-axis of this plot is reversed to correspond with the pixel at which the circle is located in
the actual image (pixel at row 1, column 1 is at top left in the image). After processing all videos
for the different applied voltages, we produced a single plot of yeast size vs y-position for all
data points. Figure 39 bottom indicates how y-position is defined relative to the ROI at the
device outlet, and Fig. 41 shows the results; therefore, according to this convention, yeast
experiencing more deflection toward the channel center have larger y-positions. Figure 41 top
shows data points for all applied voltages. Along with the individual data points which are color-
coded for a particular voltage, a linear regression is also plotted in the graph to discern how yeast
diameter varies with y-position for that voltage. The linear fit lines are also plotted in their own
plot without any data points (bottom Fig. 41).

The trend of yeast diameter versus y-position in these plots agrees with expectations.
With no acoustic radiation, yeast diameter is not correlated with a particular y-position as
indicated by the vertical line in the plot for the case when acoustic was OFF. As applied voltage
increased, the slopes of the linear regression lines decrease (relative to the way in which the axes
are defined) and approach 45° relative to the axes. As voltage was increased further, more and
more cells were deflected to the channel center and so the slopes of the linear regressions for
these higher voltages become more vertical, indicating less size-based differentiation by y-
position. Ideally, we would choose the voltage whose linear fit is close to 45° relative to the plots

because this behavior reflects the best size-based separation.
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Figure 41. Results of the procedure described in Figs. 39 and 40 to determine the relation
between yeast positions at the acoustic deflection device outlet and yeast size as acoustic power
varied. Top plot shows data points for all applied voltages along with linear regressions for each
voltage. Bottom plot shows only the linear regressions. The trend in size vs y-position as
acoustic power increased is consistent with expectations (see § 2.1.26).
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2.1.25. Fitting yeast to circles skews the analysis of size vs y-position

Although the plots of yeast diameter versus y-position in Fig. 41 show the expected trends, the
results are skewed because fitting individual cells to circles did not correctly find the size and y-
position for cell clumps. Consider the series of images in Fig. 42. Part A shows the original ROI,
and B displays the original ROI with circles fit to the cells. In B, we see that fitting circles to the
cells is useful when we want to identify cells that may be attached to each other as seen with the
lowest pair of cells in the images. Fitting cells to circles also improves calculating the true cell
size for the case when cells are at the edges of the field-of-view. Finally, using the circle-fit
procedure also allows us to find circles that are in the shadow at the top of the image. If we
black/white threshold the image as in C, we would not be able to find this cell in the shadow.

Also notice how fitting circles to cells in thresholded images can produce false cells as seen in D.

A B C
L]
q
=

Figure 42. Illustration of the error that occurred when yeast were fit to circles during the
investigation of y-position vs yeast size. A) Original image of region-of-interest (ROI). B)
Circles plotted over the yeast in the original ROI. The cells closest to the bottom of the image
were identified as 2 separate cells rather than a single object that had deflected toward the
channel center because of the acoustic forces. C) Black/white thresholded image of the ROI. D)
Using the circle-fit procedure on the thresholded image did not correctly identify the yeast in the
image.

Fitting cells to circles skews the results because cell clumps, consisting of various-sized

cells, were often deflected toward the channel center more than single cells. The circle-fit
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algorithm identifies the individual cells comprising the clump, and thus some cells especially the
smaller ones were calculated to have larger y-positions (measured from the top of the image)

than what they would have if they were not attached to other cells.

2.1.26. Yeast size analysis repeated using region-find procedure

A more accurate correlation between cell size and y-position can be determined if we compute
the total two-dimensional area of cells and cell clumps after black/white thresholding the images
like in Fig. 42C. We therefore repeated the acoustic outlet analysis by thresholding the ROI in
each video frame, finding the centroid and total area for relevant black objects in the thresholded
images, and reproducing the size versus y-position plots. Figure 43 shows examples of this
procedure laid out similar to the images representing the circle-fit analysis in Fig. 40. The size
and y-position data for all cells and cell clumps at all acoustic voltages is displayed at top in Fig.
44. The plots also include linear regressions for each applied voltage. Figure 44 bottom shows
only these linear regressions, and their trend as voltage increased is consistent with expectations.
For acoustic radiation OFF, the slope of the line is nearly vertical indicating no relation between
cell area and y-position. As voltage increased up to ~45 mV, the slopes of the linear-fit lines
decrease and approach a 45° angle relative to the plot axes. For voltages >45 mV, the slopes
become steeper because cells and cell clumps of all sizes are deflected more to the channel

center and the correlation between cell size and y-position diminishes.
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Figure 43. Example images from a new procedure to analyze the relation between cell size and
y-position as acoustic power varied. The regions-of-interest (ROIs) identified at the acoustic
deflection device outlet (Fig. 39) are shown at far left of each image. The voltage driving the
acoustophoresis is displayed next to the original ROI. Next in each image is the black/white
thresholded ROI with colored asterisks plotted over the objects that have been identified using an
image processing function in MATLAB. The yeast y-positions relative to the image coordinates
are plotted against the black region area at right of each image. A legend displays the precise
area. If >1 area was identified in the ROI, a linear regression relating y-position and area was
also plotted.
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Yeast Size vs Y-Position
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Figure 44. Results of the procedure described in Fig. 43 to determine the relation between yeast
positions at the acoustic deflection device outlet and yeast size as acoustic power varied. Top
plot shows data points for all applied voltages along with linear regressions for each voltage.

Bottom plot shows only the linear regressions. The trend in size vs y-position as acoustic power
increased is consistent with expectations (see § 2.1.26).
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To improve visibility of the data points for a particular applied voltage in the plot with
all data, we show in Fig. 45 all data points plotted in gray except for one voltage for the cases of
OFF and 30 mV to 70 mV in 10 mV increments. Because the data for each voltage does not
closely follow the linear regression, we did not attempt to use the lines for determining optimal
applied voltage. The linear regressions are provided in the images only to help visualize the y-
position versus size trends.

We repeated this analysis for videos captured at the middle of the channel length for
applied voltages from 20 mV to 60 mV. The top of Fig. 46 shows the area versus y-position for
all objects identified as relevant regions in the region-find algorithm described above. The trend
of the linear regression lines for the applied voltages is similar to what we observed at the outlet,
and thus the trend is repeatable. The linear regression slopes of the voltages at the midway point
of the device are not directly comparable to the corresponding voltages at the outlet of the device
because cells have experienced acoustic radiation for less time when they are at the channel
length center compared to at the outlet. Thus cells will not have deflected as much midway

through the device as they will have at the device outlet.
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Figure 45. Sclected images from the results in Fig. 44 to investigate how yeast size and y-
position varied with changes in acoustic power. In each image, all but one of the data sets is
plotted in gray. The data points do not closely follow the linear regressions, thus we did not
heavily rely on the linear regressions for drawing conclusions but used them for better

visualization of how yeast area trended with y-position.
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Figure 45. (continued)
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Figure 45. (continued)

114



Yeast Size vs Y-Position at Middle of Channel Length
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outlet (bottom half, repeated from Fig. 44).
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Figure 46. After repeating the procedure described in Fig. 43 on experimental videos of yeast flowing midway down the fluidic channel
length of the acoustic deflection device (top half), the results showed similar trends as what we found in videos of yeast at the device




2.1.27. Ideal applied voltage and outlet y-cutoff for acoustic deflection device

Because the slopes of the linear regressions are vertical in Figs. 44 and 46 at low applied
voltages, approach a 45° angle relative to the plot axes as voltage increased, and return to
vertical at high applied voltages, an optimal applied voltage must exist somewhere between the
minimum and maximum values. Additionally, an ideal y-cutoff can be chosen for dividing the
separated cells and cell clumps into those that are kept and those that are discarded (see Fig. 36).
To determine the optimal combination of voltage and y-cutoff, we first defined several size-
thresholds and y-cutoffs for each applied voltage. For example, Fig. 47 shows a 240 pixel size-
threshold and 150 pixel y-cutoff for the 40 mV data.

These size and y-position cutoffs divide the data points into 4 regions: (i) y > y-cutoff &
area > threshold, (ii) y > y-cutoff & area < threshold, (iii) y < y-cutoff & area > threshold, and
(iv) y < y-cutoff & area < threshold. With the data divided into quadrants, we calculated how
“pure” the separation was for all combinations of 2 adjacent regions. For instance, to calculate
the purity for area > threshold, we took the total number of data points with area > threshold and
y > y-cutoff divided by the total number of data points with area > threshold. In Fig 47, these
purities are displayed at the top of the plots along with how they were calculated according to the
colors of data points displayed in the plots. For instance, y > y-cutoff purity was calculated as (#
black points) / (# black points + # green points). For each voltage {0 mV, 20 mV to 70 mV in 5
mV increments}, we calculated these 4 purities for several y-cutoffs {120 pixels to 300 pixels in
increments of 15 pixels} and size-thresholds {125 pixels to 300 pixels in increments of 25
pixels}. We defined the size-thresholds in pixels because the 2D regions may not correlate well

with actual cell sizes due to poor image quality and other reasons (see § 2.1.4).
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Figure 47. To optimize the acoustic power and y-cutoff (see Fig. 36), all of the experimental
data from the acoustic deflection device was analyzed using four figures-of-merit for each data
set. An example plot is shown here, with the figures-of-merit listed near the top of the plot. The
data for each voltage was divided into quadrants by defining several y-cutoffs {120-300 pixels in
increments of 15 pixels} and size-thresholds {125-300 pixels in increments of 25 pixels}. The
figures-of-merit were calculated for all combinations of two adjacent quadrants in the plots (see
§ 2.1.27). In this way, we could identify the ideal applied voltage and y-cutoff for the acoustic
deflection device.

With all these combinations of voltages, y-cutoffs, and size-thresholds, we sorted the
results by size-threshold (in descending order) and then by each calculated purity (in descending
order) starting with y > y-cutoff, then area > threshold, area < threshold, and y < y-cutoff. The
resulting list of all parameters provided us with an optimal choice of y-cutoff and applied
voltage. Some of the list entries, especially those with 25 mV, were artificially high on the list
because the purities for 25 mV were close to the ideal value of 100% due to very few data points.
After ignoring these entries, we observed a pattern for the optimal applied voltage and y-cutoff

for all size-thresholds. Table 8 shows the best options for the size-cutoffs. As shown in the table,
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the optimal acoustic power is 35-40 mV and the ideal y-cutoff is 270-300 pixels relative to the
ROI that was cropped out of the original videos of the acoustic device outlet. The cell area
versus y-position plots for these optimal combinations are shown in Fig. 48. Figure 49 shows the

calculated optimal y-cutoff plotted on top of the original device outlet.

Table 8. Figures-of-merit for the ideal combinations of applied voltage and y-cutoff

Design & Operation Purities
Size Cutoff Applied Y-Cutoff | y<y-cutoff | y> y-cutoff area < area >
(pixels) |Voltage (mV) (pixel) (%) (%) threshold (%)[threshold (%)
300 40 300 98.8 36.8 98.4 43.8
300 25 120 92.4 31.7 72.3 68.4
275 40 300 97.9 47.4 98.6 37.5
275 30 270 99.1 40.0 99.5 25.0
250 40 300 96.7 63.2 99.0 333
250 30 270 96.8 60.0 99.7 12.5
225 40 300 94.8 73.7 99.3 26.9
225 35 270 97.9 66.7 97.9 66.7
200 40 300 90.6 89.5 99.7 20.0
200 30 225 94.5 88.9 99.5 40.7
175 40 300 83.1 89.5 99.7 12.1
175 30 240 88.2 87.5 99.5 21.9
150 35 240 85.4 93.8 98.7 54.1
150 40 270 81.1 93.7 99.1 37.0
125 35 255 65.2 100.0 100.0 24.6
125 25 150 40.4 100.0 100.0 20.5
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Figure 48. Experimental data plotted and scored against the figures-of-merit (see § 2.1.27) that
helped determine the optimal applied voltage and outlet y-cutoff for separating yeast by size
using acoustic deflection. The ideal acoustic power is 35-40 mV and the ideal y-cutoff is 270-
300 pixels (see Fig. 36).
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Figure 49. Optimal applied voltage and outlet y-cutoff for using the acoustic deflection device to
separate yeast by size. Values were determined using the procedure described in § 2.2.27.

2.1.28. Optimal acoustic device design for separating yeast by size
After calculating the ideal y-cutoff based on analysis of cell size versus y-position, we designed

the size-based separation subsystem of the aged yeast generator as shown in Fig. 50.
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Figure 50. Acoustic deflection device design with the optimal y-cutoff and an additional inlet
channel to enhance flexibility. The design is very similar to the acoustic test device (Figs. 36 and
37). The outlet was redesigned to implement the ideal y-cutoff from Fig. 49. An extra inlet
channel was added near the cell inlet to the main channel in order to create an adjustable y-
cutoff. Fluid entering the main channel through this extra inlet deflects all cells downward by the
same amount (bottom of figure). This adjustment effectively changes the y-cutoff at the device
outlet to allow for more flexibility.

Most of the device dimensions (Fig. 51) are similar to those of the test device so that the
performance we observed in testing will be similar to behavior of this new device. Two
significant differences are (i) the optimal y-cutoff is implemented at the main channel outlets and
(i1) an extra inlet channel is connected to the main channel near where cells enter the acoustic
separation region. This additional inlet allows us to adjust the y-cutoff at the outlet that
determines cells we keep and those we discard (see Fig. 36); thus the device has an adjustable

outlet that enhances flexibility. Instead of needing to re-design and fabricate a completely new
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device whenever the y-cutoff needs to be changed (e.g. if separating cells other than yeast), we
can simply increase the flow from this extra inlet. The inlet should not change the separation
behavior whenever it is not in use. Alternative methods to adjust the y-cutoff are to change the
flow rates and/or the acoustic power (by adjusting voltage applied to the PZT); however, these
options are not as straightforward as the extra inlet channel. Adjusting all flow rates significantly
affects the separation behavior because cells spend less or more time in the separation region,
and fine-tuning several flow rates can be challenging to produce a desired change in y-cutoff at
the device outlet. Changing the acoustic power is simpler for adjusting the y-cutoff compared to
changing flow rates; however, increasing acoustic power obviously costs more energy, and
adjusting power can decrease the maximum separation between the largest and smallest cells. In
Fig. 44 we observed that for very low and very high acoustic powers, yeast were at similar y-
positions at the device outlet (and the linear regressions for cell size versus y-position were
nearly vertical). To maintain the greatest degree of separation between small and large cells, we
desired to keep applied voltage in the 35-40 mV range. To adjust the y-cutoff while keeping this
maximum separation we added the extra inlet that linearly adjusts the y-positions of all cells.
Note that the y-cutoff can only be decreased with the extra inlet because all cells are deflected
downward; therefore, we designed the y-cutoff very close to the center of the channel where the
acoustic node is formed so that the y-cutoff of the device with no flow from the extra inlet would

be a sort of maximum.
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Figure 51. Dimensions of the microfluidic channels of the optimized acoustic deflection device
in Fig. 50. All units are mm.

2.1.29. Future testing of acoustic deflection device with optimized design

At the time of this writing, the new acoustic separation device had not been fabricated and tested.
After fabricating the device using the process described in § 2.1.22, testing will proceed as
follows. All cell preparation steps will be the same as those in § 2.1.2 except the syringe
containing cells will have plain YPD withdrawn into it both before and after the cells are loaded.
In other words, ~100 pL of YPD will be withdrawn into the syringe, ~100 pL of cells+YPD will
be withdrawn, and finally ~50 pL. of YPD will be loaded. This procedure creates a cell “plug”
surrounded by YPD on both sides so that when the syringe contents flow into the device, the
cells will follow and be followed by buffer. The purpose of introducing buffer both before and
after cells enter the device is to repeat the separation several times after reversing the flow in
between each separation. We discuss the reasoning and procedure in more detail in § 2.2. After
repeating the acoustic separation several times, the yeast populations flowing through the waste

outlet and keep channel will be processed using a Beckman Coulter Z2 Particle Count and Size
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Analyzer with Z2 AccuComp Software to determine yeast sizes of the keep channel and of the

waste channel and verify that the size-based separation is effective.

2.2. Continuous/repeated separation to age the yeast

2.2.1. Old yeast are very rare in a cell population

In this section we discuss the second subsystem of the aged yeast generator that recirculates the
yeast remaining in the device after size-based separation. The kept cells are the larger mothers
that are manipulated by this subsystem so that they periodically pass through the separation
subsystem. Repeated separation is required because very old yeast (>15 generations) are
extremely rare in a given population. Consider Fig. 52A which shows ~1,500 yeast in the four
fields-of-view.

Because yeast grow exponentially in number, ~50% of these 1,500 cells are virgin
daughters that have not yet budded any offspring. In Fig. 52B, ~50% of the cells are highlighted
with blue circles. Similarly, of the 1,500 yeast, ~25% are first generation mothers (yeast that
have completed exactly 1 division) represented in Fig. 52B and highlighted in green circles. Note
that the highlighted cells in Fig. 52B and C are not all virgin daughters or first generation
mothers; we created these figures to illustrate that old cells are very rare because yeast
population grows exponentially. Figure 52D shows that only 1 cell of the 1,500 is 10-11
generations old (has produced 9-10 daughters), which is still relatively young considering yeast
continue budding until they divide 20-30 times. Additionally, Vanoni et al. found that the
proportion of virgin daughters in a population is closer to 80%, 12% are first generation mothers,
6% have budded twice, 3% have budded three times, etc.,”® so the percentage of very old cells

may be even smaller than what was considered in Fig. 52.
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~1500 yeast cells

~50% daughters

Figure 52. Approximately 1,500 yeast are captured in each set of four images. Of the ~1,500
cells (A), 50% are virgin daughters (B), 25% have divided once (C), and only one cells is >10
generations old (D). Because of the very small number of very old yeast in a given population,
performing size-based separation once is not likely to have a very high yield of aged yeast.
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D 1 cell 10-11 generations old

Figure 52. (continued)

2.2.2. A single separation run is not likely to yield a large number of aged yeast
This number exercise motivates the need for a subsystem that continuously or repeatedly cycles

yeast through the separation region. Because of the very low percentage of old yeast in a given
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population, if we process several millions of yeast through the size-based separation region one
time and keep only the largest cells, we are not likely to obtain a large quantity of aged yeast.
Rather than starting with a large number of yeast and separating once to keep the largest cells,
we are better off still starting with a large number of yeast, potentially reducing the size-
threshold separating the yeast that are kept and discarded, and continuously perform the size-
based separation over several hours. Ideally, the same yeast are kept after each separation and
only the daughters are removed. The size separation threshold could be increased gradually as
the yeast that are kept grow in size and age. After several hours of repeated separation, the yeast
that have been kept are aged (>15 generations), and we have achieved a higher yield of aged

cells than what is possible with a single separation run.

2.2.3. Straightforward approach to recirculate the yeast

The promise of larger numbers of aged yeast using repeated separation motivated us to develop a
method of recirculating yeast through the separation subsystem. The simplest approach for
repeating the separation is to add an on-chip recirculation channel to the acoustic device design.
Figure 53 shows the recirculation channel. As mother and daughter yeast enter the device at top
left and are focused by side buffer channels into the separation region, they are separated such
that smaller daughters exit the device through the upper outlet and larger mothers enter the
recirculation channel through the lower outlet. As the mothers flow through the recirculation
channel, they grow, bud daughters, and age. After this aging, the yeast from the original
population along with new daughters flow through the inlet channels where they are again
focused to undergo repeated size-based separation. After several hours of this periodic
separation, the final yeast population ideally consists of a high yield of yeast which belonged to
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