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Yet, robust, population-scale quantification methods for yeast surface adhesion are lacking. We developed
a microfluidic assay to discriminate and separate genetically-related yeast strains based on adhesion
strength, and to quantify effects of ionic strength and substrate hydrophobicity on adhesion. This approach

will enable the rapid screening and fractionation of yeast based on adhesive properties for genetic protein
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1. Introduction

Yeast are single-celled eukaryotes that possess the ability to
adhere to a range of biotic and abiotic surfaces." Adhesion
contributes to pathogenicity in clinical yeast such as Can-
dida albicans and Candida glabrata,” but also imparts desir-
able qualities to industrial yeast such as Saccharomyces
cerevisiae.® Quantifying the properties of yeast adhesion, as
well as environmental factors that mediate interactions be-
tween cells and surfaces, is therefore crucial to understand-
ing a host of environmental, medical, and industrial pro-
cesses. Fungal adhesion is mediated by surface proteins
known as adhesins (Fig. 1a), which participate either in the
interaction with sugar molecules and proteins on the surface
of other yeasts and mammalian cells, or nonspecific binding
to abiotic surfaces."”

While yeast adhesin genes exhibit broad genetic diversity,
they also show significant structural similarities across re-
lated species, including both non-infectious and pathogenic
yeast.®® Adhesion of yeast cells to surfaces is an important
early step in biofilm formation, which provides an ecological
advantage to yeast through nutrient availability and protec-
tion from environmental hazards, such as fluid flow, changes
in pH, or the presence of toxic antifungal agents. For exam-
ple, surface attached C. albicans, adhered to an abiotic dental
prosthetic, were shown to be significantly more resistant to a
range of antifungals than the same cells grown
planktonically.’® Likewise, S. cerevisiae exhibit the ability to
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engineering, anti-fouling surfaces, and a host of other applications.

adhere to one another (flocculation), which is important for
protection from environmental stresses.'' Adhesion is also
an attribute for certain industrial purposes from beer and
wine production to chemical synthesis.'*"'* The availability of
vast molecular tools and the robustness of S. cerevisiae have
made budding yeast an ideal model system for studying the
mechanisms of fungal adhesion as well as for exploiting their
well-known genetics for bioengineering purposes. However,
as surface adhesion may either impede or promote various
applications, robust and rapid screening methods for adhe-
sion phenotypes are needed in order to improve our under-
standing of fungal adhesion.

Previous studies of yeast adhesion have primarily focused
on either multicellular cell-cell and cell-surface interactions
within biofilms or precision measurements of the adhesive
properties of single yeast cells and adhesin proteins.™* Fungal
biofilms encompass complex cellular structures composed of
extracellular matrix (ECM) containing polysaccharides and
proteins, including fungal adhesins that are shed from cell
surface, as well as yeast cells in various differentiation and
life stages.’>'® Standard approaches for studying yeast bio-
film adhesion include long term culturing of yeast on agar
plates or in liquid media using polystyrene plates, and analy-
sis of biofilm release from the surfaces upon the topical ap-
plication of a water stream.” Adhesion or agar invasion is
also approximated using colorimetric cell-staining dyes to
stain cells adhered to a surface.'® Biofilm investigations have
greatly contributed to our understanding of complex interac-
tions among cells within the biofilm as well as environmental
and biological signals regulating the formation of fungal
mats." However, unravelling the fundamental mechanisms
of surface attachment of single cells from a complex biofilm
community of cells embedded in ECM is challenging. Single-
cell studies have helped to illuminate the nanoscale
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Fig. 1 Microfluidic assay for quantifying differential surface adhesion strength of yeast cells. (a) Schematic of a surface-adhered yeast cell exposed
to hydrodynamic shear (left) and the components of the yeast cell wall including adhesin proteins, which participate in surface interactions (right).
(b) Schematic of the microfluidic chip (left). Each chip has four devices consisting of three rectangular cross section microchannels for simulta-
neous acquisition of adhesion dynamics for three replicates or strains. Surface adhered cells are imaged at four positions along the channels (not
drawn to scale) for sufficient statistics. (c) Example images of three S. cerevisiae strains in the absence of flow (left) and in the presence of flow

(right), demonstrating differential adhesion strength of the yeast strains.

mechanics of yeast adhesion, including the re-localization of
adhesin proteins in response to surface contact.’*>> Such
studies often rely on atomic force microscopy (AFM), which
enables accurate quantification of attachment forces but is
limited by extremely low throughput due to individual cell
measurements. Fungal adhesive traits are known to be sto-
chastic on an individual basis and can cause uncertainty in
precision measurements of adhesion strength when consider-
ing a broad population of cells.”**** Hence, a need exists for
assays which can provide population scale statistics on indi-
vidual cell adhesion properties.

Here, we present a microfluidic assay (Fig. 1) for measur-
ing surface adhesion properties of yeast strains, comprising
customized microchannels and image analysis. The assay
enables the direct quantification of the adhesive properties
of three different yeast strains or replicates simultaneously
by monitoring the adhesion state of thousands of cells per
channel. Our approach is based on the application of pre-
cisely controlled hydrodynamic shear (Fig. 1a), which is pro-
portional to the drag force on the cells (see ESIf) and sys-
tematically induces detachment from the surface (Fig. 1c).
We demonstrate the efficacy of our assay by quantitatively
comparing the differential adhesion of nine common S.
cerevisiae laboratory strains and mutants lacking FLO family
genes, which contribute to fungal adhesion. We show the
distinct effects of ionic strength of the buffer solution and
surface hydrophobicity on adhesion of the investigated yeast
strains. Furthermore, we demonstrate how strain character-
istics obtained from our assay can be applied for the sepa-
ration and enrichment of cells with different adhesive prop-
erties - a feature of great potential for bioengineering
applications.

3482 | Lab Chip, 2019, 19, 3481-3489

2. Materials and methods
2.1 Growth and preparation of yeast suspensions

The Saccharomyces cerevisiae strains used in this work were:
¥1278b, $1278b flosA, £1278b flo11A, W303-1A, SK1, SK1
flo8A, and EBY100 (see Table S17).>*> For cell detachment as-
says, all strains were grown overnight in liquid YPD (yeast ex-
tract (1% w/v), peptone (2% w/v), dextrose (2% w/v)) medium
at 30 °C with shaking, diluted into fresh media on the follow-
ing day to ODgg = 0.2, and grown for 3 more hours or until
ODgoo = 1.0-1.5. A 1 mL volume of cell culture equivalent to
ODgoo = 3.0 was then washed twice with sterile water, once
with 10 mM citric acid phosphate buffer pH 6.0 containing
150 mM, 75 mM, or 10 mM NaCl and resuspended in 3 mL
of the same buffer at final concentration around 3 x 10 cells
per mL. In yeast strain sorting experiments, cells were grown
and washed as described above, resuspended in 10 mM citric
acid phosphate buffer supplemented with 150 mM NacCl and
mixed in desired proportions based on ODgg, readings.

2.2 Device fabrication

Microfluidic devices used in the cell detachment assay
consisted of three parallel rectangular channels (400 um wide,
50 um deep, and 2 cm long) for multiplexing measurements,
with four devices per chip (Fig. 1b). The devices used in yeast
strain sorting experiments had two parallel channels with di-
mensions of 400 pm in width, 70 um in height and 5.5 cm in
length, and were equipped with two inlet and two outlet open-
ings (Fig. 5a). All devices were fabricated using standard soft-
lithography techniques.*® Briefly, a mold was prepared by spin
coating photoresist (SU-82050, MicroChem Corp.) on a silicon
wafer and patterning the devices through photolithography.

This journal is © The Royal Society of Chemistry 2019
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The microchannels were then cast in polydimethylsiloxane
(PDMS, Dow Corning Corp.) and the devices were plasma-
bonded to a standard glass microscope slide using hand-held
plasma generator (BD-20AC Laboratory Corona Treater, ETP)
for experiments shown on Fig. 1 through 4 or using a plasma
cleaner (PE-25, Plasma Etch) for experiments shown on Fig. 5.
For modified surface hydrophobicity, microchannels were
bonded to a flat PDMS sheet”” (see Fig. S47).

2.3 Experimental setup

PDMS-on-glass channels were filled with 1 M NaOH, incu-
bated for 20 minutes, and rinsed with 8 mL of water to pro-
duce a uniform hydrophilic surface.”®*® Non-toxic polyethyl-
ene tubing was linked to the channels, which were connected
to a syringe pump (Harvard Apparatus Inc.) with glass syrin-
ges (Hamilton™ Gastight™ Syringes) containing buffer and
to syringes containing yeast cell suspensions through a three-
way valve. The microchannels were first wetted by flowing
buffer through the system at a flow rate of 100 uL min .
Next, 200 pL of yeast cell suspension was injected into the
channels, and the cells were allowed to settle for 30 minutes,
whereby attachment occurs spontaneously. For the cell de-
tachment assay, the flow rate was exponentially increased in
14 steps from 1-1000 ul min~", corresponding to shear rates
110-108 550 s~* (see ESIf) with each shear rate being held for
4 minutes in duration.

Yeast strain sorting experiments were performed as fol-
lows. NaOH-treated and washed microchannels were flushed
with buffer, and the yeast cells were introduced through the
cell suspension inlets as indicated on Fig. 5(a). The buffer
outlet was kept closed during that procedure to avoid prema-
ture introduction of yeast cells into the collection tubing.
Cells were allowed to settle for 30 minutes prior to flow initi-
ation. First, a shear rate of 15080 s™* was applied for 4 mi-
nutes and the flow-through was collected into a sterile 50 mL
tube prefilled with 10 mL of buffer. The outlet tubing was
then removed from the first collection tube, the outside sur-
face of the tubing was cleaned with 70% ethanol, and the
tubing was then inserted into a new 50 mL collection tube
prefilled with 10 mL buffer. Cells remaining on the channel
surface at that point were collected by applying shear rate of
286650 s ' for 1 minute. Fractionation shear rates were in-
formed by the relative detachment rates of each yeast strain
(Fig. 5b). Cells were captured on the membrane of a sterile
0.2 um polyether sulfone syringe filter (GE Healthcare
Whatman™ Puradisc™ 25 mm filter) and collected by flush-
ing the filter with 1 mL of sterile water to remove cells from
the membrane. Eluate of the first fraction was diluted ten-
fold and 150 pl of resulting dilution was plated in triplicate
on YPD agar plates. The eluate of the second fraction was
plated directly on the YPD plates in triplicate by 150 ul for ex-
periments shown on Fig. 5(c) or 1 mL of eluate was divided
between 6 plates in experiments shown in Fig. 5(d) to plate
all collected cells.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

2.4 Image acquisition and analysis

For each applied shear rate, single images were captured at
four different positions prior to flow initiation and three mi-
nutes after each increase in flow rate. Four positions were
used to monitor a statistically significant number of cells in
the microchannels, which provides greater accuracy in the
evaluation of phenotypic diversity within cell population and
increased statistical power of the collected data. The maxi-
mum Reynolds number in our assays was Re = 80, which sug-
gests that the entrance length was L = 0.06 D;, Re = 1.9 mm
for the highest shear rate examined, where Dy, is taken as the
channel width. Therefore, the first position of imaging was
chosen at a distance larger than 5 mm to eliminate any en-
trance effects. The three-minute timepoint was selected based
on experiments showing that cell detachment reaches steady
state within approximately 2.5 minutes following a step
change in shear rate (Fig. S1 and ESIf). The syringe pump
and image acquisition were automated (Nikon Elements) and
imaging was performed on an inverted microscope (Nikon Ti-
E, Nikon Instruments Inc.) using phase contrast (10x, 0.3 NA
objective) and a sSCMOS camera (Zyla 5.5, Andor Technology).
Images of surface attached yeast cells were analysed using
custom particle identification algorithms (MATLAB,
MathWorks Inc.) incorporating background subtraction,
intensity thresholding, and centroid detection.*® Yeast cell
detachment events were determined by comparing the num-
ber of cells on the microchannel surface following a step
change in the shear rate at all four imaged positions. Moni-
toring cell detachment at multiple positions allows us to eval-
uate the uniformity of the results produced along the micro-
channels (see Fig. S2t). The number of cells on the surface at
all four positions were then combined for appropriate repre-
sentation of the examined cell populations and used to calcu-
late fractions of cells on the channel surface. We thus report
the fraction of cells remaining on the surface at a given shear
rate as f(S) = N(S)/Niotal, Where N(S) is the total number of at-
tached cells at a given shear rate S, and N, was typically in
the range of 2-8 x 10> cells.

3. Results and discussion

3.1 Establishing microscale adhesion profiles of S. cerevisiae
strains

We selected common laboratory yeast strains with known
qualitative differences in adhesive properties, caused by a
point mutation in the FLO8 gene.*" While qualitative differ-
ences of investigated yeast strains are readily observable
(Fig. 1c), our microfluidic assay enables the precise quantita-
tive comparison of various strains. To provide a comprehen-
sive comparison of yeast surface adhesion strength across the
different strains assayed, we calculated the detachment shear
rates for all measured strains in several ways. First, by linearly
interpolating the measured fraction of surface attached cells
to f(S) = 0.5 to determine the median detachment shear rate
Sm (Fig. S3 and Table S17). The median detachment shear rate
is a robust metric that enables the determination of the
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adhesive strength over a broad range of cell adhesion pheno-
types. However, the median detachment shear rate is difficult
to measure for some weakly adhering cells exhibiting small
Sm < 100 s7*, for example W303 (Fig. 2a). We found that the
sigmoidal characteristics of the detachment curves are well fit
by a Hill equation f(S) =1 /(1 + (S/Sm)"), where S,, is the me-
dian detachment shear rate, and n is the slope of the linear
decay in log-log scale. Nonlinear regressions show excellent
agreement (R> > 0.99) with the measured detachment curves
(see Table S1t) and enable the extrapolation of S, to small
shear rates. Calculation of the mean value of the attachment
survival probability from the measured f(S) (Table S17}) as well
as exponential fits (analysis not shown) showed qualitative
agreement with the observed trends for S, (see ESIf). Thus,
from our microfluidic cell detachment assay, we report results
in terms of the measured median detachment shear rate be-
low and provide fitted detachment shear rates in Table S1.}

We first measured the detachment from glass surface of
wildtype and flo8 mutant diploid strains X1278b and W303,
respectively (Fig. 2a). The fraction f of £1278b cells remaining
on the substrate decreased slowly in a sigmoidal fashion with
increasing shear rate S, while W303 cells lacking a functional
FLOS8 gene were rapidly detached from the glass surface. For
W303 cells, a fraction f = 50% remained attached to the sur-
face at a shear rate S, ~ 100 s™*. For comparison, the median
detachment shear rate of W303 was over two orders of magni-
tude lower than for strain £1278b, which required a shear rate
of Sy, ~ 27000 s~* to achieve f ~ 50% detachment (Fig. 2a).

The FLO8 gene encodes a transcription factor responsible
for activating the expression of yeast surface adhesins such
as FLO1, FLO10 and FLO11, and a glucoamylase gene
STA1.*>** Flo1p adhesin has been shown to specifically bind
to mannose molecules on the surface of neighbouring yeast
cells and participates in flocculation.” In addition to floccula-
tion, the surface adhesin Flo11p also mediates agar invasion
and adhesion to polystyrene.***® To determine whether
ploidy affects adhesion, we measured the detachment shear
rate of haploid £1278b (1n) and W303 (1n) cells in compari-
son to their diploid counterparts (Fig. 2a). The surface de-
tachment profiles of 21278b (1n) and W303 (1n) strains were
nearly identical to those of the diploid cells, suggesting that
adhesion to an abiotic surface like glass is mediated by yeast
cell wall components independent of ploidy.

3.2 Quantification of yeast strain-specific differences in
adhesion

If the observed differences in adhesion strength between
>1278b and W303 strains were indeed due to the mutation of
FLOS8 gene in W303, then deletion of FLOS in a strongly adhe-
sive strain, such as X1278b, should reduce its adhesive prop-
erties. To test this hypothesis, we measured the adhesive
strength of X1278b flo8A cells using our microfluidic assay.
The detachment shear rate in this strain (S, < 100 s
Fig. 2b) was reduced by over two orders of magnitude relative
to the parental strain. As expected, X1278b flo8A cells
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Fig. 2 Differential adhesion strength in S. cerevisiae strains is due to
variations in genetic background. (a and b) Starting from no shear, the
fraction of surface attached cells remaining on the microchannel
surface (glass) is measured as a function of the applied shear rate. Data
points show detected cells on the surface, error bars are standard
error of the mean (SEM, n = 3), and curves are fits of the Hill equation
to the data (fitted slopes shown in Table S1}). (a) Strains £1278b and
W303 (diploid, 2n) show strongly differential adhesion. However,
haploid (1n) strains of the same genetic background show comparable
detachment rates to their diploid counterparts. (b) Strong adhesion of
strain £1278b is not affected by the deletion of a single surface protein
Flo1lp in £1278b flo11A but is diminished by the deletion of FLO8 gene
in £1278b flo8A mutant. (c) Characteristic adhesive strength for each
strain is quantified by the median detachment shear rate S, for the
cell population, which varies over two orders of magnitude. Error bars
are SEM (n = 3).
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performed similarly to FLOS8 deficient strain W303 in our ad-
hesion assay and were released from surface at lower applied
shear rates compared to wild-type £1278b cells. To evaluate if
the strong adhesion of X1278b is mediated by Flos-
dependent adhesin Flo11p, we measured the detachment rate
of ¥1278b flo11A cells and observed virtually no difference in
the detachment profile compared to wild-type £1278b strain
(Fig. 2b and c). This indicates that adhesion of £1278b cells
to a glass surface is not mediated by Flo11p under tested con-
ditions. To confirm the importance of the FLOS gene, we
tested a second strongly adherent strain, SK1,%” and its FLO8
deletion carrying mutant SK1 flo8A (Fig. 2c). The flo8 dele-
tion reduced the attachment strength of SK1 from §,, =
10000 s™* to <1000 s™'. While the attachment strength de-
creased about ten-fold, interestingly, the effect was not as
drastic for the SK1 strain as compared to X1278b. These re-
sults suggest that Flo8 driven expression of yeast surface
adhesins is not the sole mechanism of yeast adhesion to abi-
otic surfaces, and related S. cerevisiae strains may differ sig-
nificantly in cell wall surface properties.

3.3 Electrostatic effects on yeast adhesion

Cell surface properties, such as hydrophobicity and surface
charge, have been shown to vary significantly among indus-
trial and laboratory yeast strains.*® Non-specific cell adhesion
to a surface depends upon the balance of van der Waals at-
tractive forces and attractive or repulsive electrostatic interac-
tions, which are influenced by the ionic strength of the cul-
ture medium through charge screening.***° To determine
the effect of ionic strength on yeast adhesion, we measured
the median detachment shear rate of £1278b cells on a glass
surface at NaCl concentration of 75 mM, and 10 mM, in addi-
tion to the concentration of 150 mM (Fig. 3). At low ionic
strength, the median detachment shear rate of X1278b cells
decreased significantly from S, ~ 27000 s™* at [NaCl] = 150

-

2
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£~ o 1278b
gL 404 ¢
£ $1278b flo8A
8 & 103 ° ° e W303
S E
g g 102 ° ° U
T <
s ]
104
10mM  75mM 150 mM
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Fig. 3 lonic strength affects yeast adhesion to surfaces. Median
detachment shear rates S,,, of 1278b, ¥1278b flo8A and W303 strains
at three different sodium chloride concentrations ([NaCl] = 10, 75, and
150 mM). £1278b shows a strong NaCl-concentration dependent in-
crease of the median detachment shear rate, while £1278b flo84 and
W303 strains display no salt concentration dependence in adhesion to
glass. Error bars are SEM (n = 3), and the asterisks (***) indicate signifi-
cant difference based on a two-way ANOVA test, p < 0.0005.
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mM to S, ~ 1000 s™* at [NaCl] = 10 mM. This effect was not
observed for W303 and X1278b flo8A, which lack a functional
FLO8 gene. Moreover, to confirm that differences in adher-
ence seen at different NaCl concentrations are not due to
osmosis-driven changes in yeast cell volume, we measured
cell size in 10 mM, 75 mM, and 150 mM NacCl over the course
of 2 hours and observed no significant deviation from normal
size variation (Fig. S51). The cell surface of yeast is heavily
modified with sugars and negatively charged' at pH 6.0.
Thus, this result is consistent with the theory that at low
ionic strength, cell adhesion may be inhibited by electrostatic
repulsion between the negatively-charged cell surface and the
negatively-charged glass.

3.4 Effects of surface properties on yeast adhesion

The expression of FLO1 and FLO11 genes in yeast is known to
increase cell surface hydrophobicity in industrial S. cerevisiae
strains, which is in concordance with observed Flo11-
mediated adhesion to plastics.>®** The expression of both
FLO1 and FLO11 genes is controlled by the Flo8 transcription
factor, suggesting that FLO8 wild-type and mutant cells may
exhibit differential adhesion strength to hydrophobic versus
hydrophilic surfaces. In order to test the effect of substrate hy-
drophobicity on yeast adhesion, microfluidic devices were
bonded to a flat sheet of PDMS, which is known to be hydro-
phobic (contact angle . > 100° Fig. S41),>*** to compare
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Fig. 4 Surface hydrophobicity of glass and PDMS differentially affect
yeast adhesion. (a) The fractions of remaining surface attached yeast
strains £1278b and £1278b flo84A on glass and PDMS substrates over a
range of increasing shear rates. Sodium chloride buffer concentration
was fixed at [NaCl] = 150 mM. (b) Median detachment shear rates for
the strains shown in (a). Error bars are SEM (n = 3), and the asterisk (*)
indicates significant difference based on a Student's t-test, p = 0.06.
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Fig. 5 Microfluidic separation of yeast cells based on surface adhesive properties. (a) Schematic of experimental design and microchannels used
in yeast strain sorting experiments. (b) Separation was achieved using a shear rate S = 15080 s™%, and remaining fraction of cells was removed
using S = 286650 s % (c) Percent of $1278b colonies in two collected fractions from sorting experiments with initial W303 to 21278b
concentration ratio 3:2. Asterisks (***) indicate p-value of p = 0.0004 based on Student's t-test. Photos under each bar demonstrate representa-
tive plates used to count colonies - white colonies are £1278b, red colonies are W303. (d) Percent of £1278b colonies in two collected fractions
from cell suspension with initial W303 to £1278b ratio 14 :1. Asterisks (**) indicate p-value of p = 0.0077 based on Student's t-test.

with the hydrophilic glass substrate used above (contact angle
0. = 10°% Fig. 1-3 and S4t). The wild-type strain £1278b
showed no significant difference in the median detachment
shear rate between the glass and PDMS substrates (Fig. 4).
Surprisingly, the median detachment shear rate of X1278b
flo8A strain increased dramatically from S,,, = 80 s™* to ~ 3000
s, when assayed on a hydrophobic PDMS surface (Fig. 4 and
Table S11). These results suggest that in the absence of
electrostatic repulsive forces, even cells lacking major surface
adhesins retain affinity for a more hydrophobic surface.

3.5 Separation of yeast cells based on adhesive properties

Emergent yeast surface display techniques show great prom-
ise for the development of antibodies and small peptide ther-

3486 | Lab Chip, 2019, 19, 3481-3489

apeutics.”® Such approaches exploit sequential rounds of ex-
pression of protein libraries on yeast surfaces, selection of
cells to recognize soluble or solid-phase conjugated targets,
and collection and regrowth of selected clones.***> The
microfluidic yeast cell screening techniques demonstrated
here, have great potential for yeast display and bioengineering
applications to perform clone selection on surface-conjugated
targets. To demonstrate the potential of our assay to separate
yeast strains based on surface attachment strength, we
performed a series of sorting experiments to fractionate
strongly adherent yeast from weakly adherent cells.

Two yeast strains displaying differential median detach-
ment shear rates (W303 and ¥1278b, see Fig. 2a) were com-
bined to form an artificially mixed cell population, and then
fractionated using our microfluidic assay. The W303 strain

This journal is © The Royal Society of Chemistry 2019
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carries a mutation in ADE2, resulting in the accumulation of a
coloured intermediate. Consequently, W303 colonies grown
on agar plates in aerobic conditions gradually turn red
allowing them to be easily distinguished from white-coloured
>1278b colonies and to determine the efficacy of the yeast cell
separation. W303 and X1278b cells were combined in a 3:2
ratio, respectively, and allowed to attach to the channel sur-
face (Fig. 5a). A shear rate of 15080 s was applied for four
minutes to remove the bulk of the weakly attached W303
cells. Based on detachment profiles measured in our micro-
fluidic adhesion assay and confirmed in single shear rate ex-
periments (see ESIT and Fig. S6), up to 70% of strain £1278b
cells from the mixed population were expected to remain sur-
face attached up to this shear rate (Fig. 5b). The detached
fraction of cells was captured in a sterile collection tube. Sub-
sequently, the remaining fraction of surface attached cells -
comprising mostly £1278b - was then collected by applying a
shear rate of 286 650 s™*, which is well beyond the 1278b me-
dian detachment rate for 1 minute (Fig. 5a and b). Notably,
we have confirmed that such a high shear rate (286 650 s ™)
used to collect the second fraction has no deleterious effects
on yeast cells (Fig. S71). To evaluate strain composition of the
two collected fractions, both cell suspensions were concen-
trated and plated on YPD agar plates. As predicted based on
the measurements in our adhesion assay, 96% of cells in the
strongly-attached fraction were £1278b, while only 4% were
W303, showing that characteristics obtained above can be
used to sort cells based on adherence (Fig. 5¢). We speculate
that the presence of W303 cells in the strongly-adherent frac-
tion could be explained in two possible ways - first, W303 and
>1278b could be attaching to each other, causing the less ad-
herent W303 cells to withstand high shear rates relying on
>1278b strain's adherence to glass. Second, the adhesion as-
say is performed by gradually increasing shear rates over time
while strain separation was done by applying a single shear
rate and ultimately reducing the period of time over which
the cells were sheared. Although we did not observe cell de-
tachment after four minutes of constant shear in preliminary
experiments (Fig. S1t), it is possible that increasing shear rate
over longer periods of time may facilitate cell detachment.

To evaluate the robustness of this method, we tested our ap-
proach by reducing the number of £1278b cells in the sorting
experiment and changed the W303 to X1278b ratio to 14:1, re-
spectively. Only 5% of observed colonies from fraction 1 were
>1278b, while 57% of the second fraction were £1278b (Fig. 5d).
Taking into account the small concentration of £1278b cells in
the initial suspension, the observed ratio of £1278b in the sec-
ond fraction further emphasises the utility of the strain charac-
teristics obtained earlier for screening and selection processes.
Based on these observations, the selected fraction could be fur-
ther enriched through additional rounds of fractionation to iso-
late £1278b cells from the total population. Furthermore, we
have been able to successfully collect fractions of weakly adher-
ent W303 cells from a mixture of W303 and X1278b, albeit with
slightly lower efficiency after the first round of fractionation
(see ESIT and Fig. S8), using the present approach. Taken to-
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gether, we demonstrated that surface adhesion traits quantified
through our assay can be used to select the optimal shear rates
for cell separation based on adhesive properties.

Conclusions

In this work, we developed and validated the efficacy of a micro-
fluidic assay for quantifying yeast surface adhesion strength via
the precise control of hydrodynamic shear and image analysis.
The resolution of the step-wise increase of shear rate in this as-
say can be arbitrarily adjusted to capture a wide range of adhe-
sive strengths across a variety of yeast strains. We demonstrated
that our assay enables the detection of differences in adhesion
based on genetic background; the FLO8 gene deletion decreases
adhesive strength to a varying degree in X1278b and SK1
strains. This methodology was applied to determine effects of
environmental conditions and surface composition on yeast ad-
hesive strength. Furthermore, by capturing the cells detaching
at specific shear rates, we demonstrated the ability of our assay
to separate cells with differential surface adhesion strength
from a mixed cell population. Specifically, combining our assay
with an outgrowth phase or multi-stage microfluidic separation
would lead to separation of cells from mixtures of more than
two strains if differences in adherence exist. Such approaches
can be applied even when the detachment profiles of cells un-
der investigation are not known, as fractionation can be
performed based on adhesive properties prior to exact identifi-
cation of strains in the studied mixture of cells.

The median detachment shear rate S,, provides a concrete
metric for discerning adhesive strength of cells and can be cali-
brated for direct force measurements to complement tech-
niques such as AFM. Fungal adhesion is of great concern to
both medical and industrial communities, and thus, this ap-
proach will have utility in future applications for determining
genetic and environmental factors that contribute to surface ad-
hesion in many fungal species. For example, the quantification
of pathogenic yeast interactions with hydrophilic and hydropho-
bic surfaces will aid in testing of anti-fungal compounds and
the development of materials used in medical implants.*® Other
potential applications include quantitative evaluation of yeast
adhesion on a population level for fitness heterogeneity and bio-
film studies as well as establishing baseline detachment shear
rate of strains used for protein engineering. Display of protein
libraries on yeast surface has been widely adapted for antibody
and biologics development and screening. Most often, magnetic
beads are used as solid carriers of antigens, however, silicon
surfaces are amenable to functionalization and subsequent con-
jugation of peptides and nucleic acids. Our microfluidic assay
coupled with antigen-coated channels could be used to deter-
mine yeast background adhesion, counterselection, and selec-
tion of yeast clones with differential affinity to the target.
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