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Abstract

In vitro display technologies such as yeast display have been instrumental in developing the selection of
new antibodies, antibody fragments or nanobodies that bind to a specific target, with affinity towards
the target being the main factor that influences selection outcome. However, the roles of mechanical
forces are being increasingly recognized as a crucial factor in the regulation and activation of effector
cell function. It would thus be of interest to isolate binders behaving optimally under the influence of
mechanical forces. We developed a microfluidic assay allowing the selection of yeast displaying
nanobodies through antigen-specific immobilization on a surface under controlled hydrodynamic flow.
This approach enabled enrichment of model yeast mixtures using tunable antigen density and applied
force. This new force-based selection method opens the possibility of selecting binders by relying on
both their affinity and force resistance, with implications for the design of more efficient
immunotherapeutics.
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Introduction

Immune cells apply and sense for mechanical forces that aid in cellular motility and in probing their
proximal environment. Lymphocytes in particular have several modes of motility that makes use of
mechanical forces depending on the environment that they are traversing: an integrin-dependent
motility, an amoeboid-like adhesion-independent motility and the rolling, adhesion and transmigration
used in long distance travel through blood vessels (1-3). Activating receptors of lymphocytes have also
been shown to both apply and sense mechanical forces. T cell receptors (TCR) and their interaction with
the peptide major histocompatibility complexes (pMHC) have been studied intensively for the past
decades. In order to probe their environment, T cells generate piconewton (pN) forces to the pMHC
(4,5) which may be involved in peptide discrimination (1). Indeed, the discrimination capabilities of the
TCR is now admitted to be encoded in the life-time distribution of TCR-pMHC bonds, while equilibrium
affinity is not sufficient to explain the exquisite capacity of the T cell to find rare agonists in a sea of non-
agonists (6). The bond lifetime is modulated by the force applied to the bond, leading to catch bonds
exhibiting longer lifetime under force or slip bonds exhibiting the opposite behaviour. Those behaviour
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have been shown to play a central role in TCR-pMHC recognition (7-10). For Natural killer (NK) cells, the
interaction of activating receptor NKG2D with one of its ligands, MICA, has been shown to be
mechanosensitive (11) and is hypothesized to have catch-bond properties (12). Likewise, B cells
physically pull on their target antigens to differentiate between a high affinity and a low affinity antigen
(1,13,14), though the existence of a catch-bond BCR or antibody has yet to be clearly established (15).
To our knowledge, only nanobodies (Nbs), corresponding to the variable fragment of the Heavy-chain
only antibodies (VHH) from the Camelidae serum (16) have been shown to have catch bond properties,
as shown for a Nb binding to FcyRIll (CD16) (17). This result suggests that Nbs could be selected to
deliver biophysical cues leading to optimal immune cell activation and function.

Biophysical methodologies can be used to measure the force dependence of these ligand-receptor
interactions at the cellular or molecular level. Single interaction techniques include Biomembrane Force
Probe (BFP) (1), Optical Tweezers (1) and Atomic Force Microscopy (AFM) (18). Options with higher
throughput include magnetic tweezers (19), acoustic force spectroscopy (AFS) (20,21) or the laminar
flow chamber (LFC) (28). LFC uses microbeads coated with a specific receptor driven along the surface of
a small channel derivatized with a very diluted cognate ligand. The interaction is viewed through a
microscope focusing on the bond formation and rupture resulting in transient bead arrests under flow
(17,22-24). In conditions of single bond observation, a direct measure of bond lifetime under force can
be obtained. Similar microfluidic devices were used to immobilize target cells by coating the microfluidic
surface with a capture antibody and flowing cells that present the cognate antigen on their surface (25—
27).

In vitro display technologies have been versatile and powerful tools for the discovery of proteins that
bind specifically to a target. This started with phage display (28) which paved the way to other display
methods such as yeast display (29). In this case, the protein of interest is expressed on the yeast surface
fused genetically to an anchor protein. Whole antibodies or antibody fragments such as single chain
variable fragments (scFv) or Nbs can be expressed on the yeast surface. For instance, yeast display has
been used in the discovery of scFvs that bind to West Nile virus envelope protein (30), antibodies against
Botulinum neurotoxins (31), and Nbs that target human GPCRs (32) or SARS-CoV-2 receptor binding
domain (RBD) (33). Advantages of yeast display include compatibility with flow cytometry, ease of
manipulation and handling of yeast cells, eukaryotic post translational modifications and proper folding
of the expressed proteins (34). A direct comparison between yeast and phage display using the same
cDNA library of scFv showed that yeast display isolated more unique binders compared to its phage
display (35). However, when used for antibody or antibody fragment selection, yeast display, similar to
other in vitro display technologies, relies on antigen-antibody interaction in solution and is dictated by
affinity alone, with no consideration to force sensitivity of the interaction.

In the past few years, several studies combined microfluidics and mycology, such as the so called ‘Fungi-
on-a-chip’ platforms (36), one of which was used for adhesion-based cell separation (37). Here, we
present a novel assay that combines Nb yeast display and LFC to capture yeast cells under flow in an
antigen-specific manner. Two microfluidic devices were used, one to measure the antigen specific and
non-specific adhesion of Nb-expressing yeasts, and another for enrichment of model mixtures of Nb-
expressing yeasts analyzed by imaging and cytometry. The assay directly quantifies the adhesive
properties of two different Nb-expressing yeast strains by monitoring the number of cells captured
before and after flow. Force applied on cells was controlled through the shear rate to induce
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detachment of non-specifically adhering cells from the surface while maintaining antigen-specific
adhesion. Furthermore, we demonstrate how this device can be used for the enrichment of yeast
displaying a antigen specific Nb under controlled antigen density and applied force, which has
implications for the selection of Nbs with high affinity and resistance to force.

Methodology

Design of nanobody-expressing Yeast

The plasmid pYDS containing the pGAL1 for Nb expression, a-mating factor leader sequence, HA tag and
649 stalk sequence (32) was modified to contain either the Nef19 Nb (38) or CD16.21 Nb (17,39) gene
using HiFi DNA Assembly Cloning kit (E5520S, New England Biolabs Inc.). The plasmids were
transformed via LiAc/SS-carrier DNA/PEG method (40) into Saccharomyces cerevisiae (BJ5465).

Cytometry of yeast

For cytometry, 2 x 10° induced yeast cells were pipetted into wells of a V-bottom 96 well cytometry
plate. The plate was centrifuged at 3500 x g, 4 °C for 1 min and the pellets resuspend with 100 pl PBS 1x
with 0.2 % BSA; this was repeated 3 times. The pellets were resuspended in 100 pl mixture of Nef-ATTO
647N or CD16a-ATTO 647N (10 nM) with anti-Hemagglutinin-PE (aHA-PE, 0.375 pg/mL, Clone GGS8-
1F3.3.1, 130-120-717, Miltenyi Biotec) in PBS 1x with 0.2 % BSA and incubated at 4 °C on a platform
shaker for 1 h. After, the plate was washed 3x and fixed using PBS 1x containing 0.2 % BSA and 1 %
Paraformaldehyde (PFA) diluted from 16 % PFA (043368.9M, Thermo Scientific). This was incubated at 4
°C for 15 min on a platform shaker. After 3 washes using PBS 1x. MACS Quant (Miltenyi Biotec)
cytometer was used to perform flow cytometry experiments. Cytometry channel settings used were as
follows: Forward Scatter (FSC): 300 V, Side Scatter (SSC): 420 V, B1 (CFSE): 260 V, B2 (PE): 290V, V1
(Alexa Fluor 405): 240 V all on hlog. R1 (ATTO 647N) settings were measured at two different values, 440
and 580 V, to adjust to signal differences on the monoclonal yeasts. Compensation settings were as
follows: V1 at VioBlue 1, B1 at FITC 1, B2 at VioBlue 0.01, B2 at PE 1, R1 at APC 1. Trigger setting was at
FSC: 1 and Events: 30,000. Analysis of flow cytometry data was done using FlowLogic 8.6 (Inivai
Technologies Pty Ltd) and apparent affinity was estimated using Prism v5.03 using the non-linear
regression function log(agonist) vs response — variable slope (four parameters).

Growth and preparation of yeast

The transformed yeast cells were grown as described in previous literature (32). Tryptophan drop-out
media (-Trp) was used for cell culturing. Solid -Trp plates (3.8g Tryptophan drop-out media supplement,
6.7 g Yeast Nitrogen Base, 20 mL Penicillin-Streptomycin, 2 % v/v glucose, pH 6) were prepared with 1 L
to 12 grams agar ratio. Liquid -Trp with glucose medium had the same compositions as solid -Trp
medium except agar. Liquid -Trp with galactose medium also had the same composition as the previous
liquid medium except for switching 2 % v/v glucose to 2 % v/v galactose.

For cell culturing, yeast cells were first grown on solid -Trp plates. To prepare cell suspension, a single
colony of yeast growing on a designated -Trp plate was scraped up with a sterile inoculating loop and
suspended in 10 mL liquid -Trp with glucose medium. Suspended yeast cells were incubated in an
Erlenmeyer flask at 30 °C with shaking at 220 rpm for 24 h. The suspension was centrifuged at 3500 x g
for 1 min at room temperature. The pellet was resuspended in 10 mL -Trp with galactose medium and



incubated in a new Erlenmeyer flask at 25 °C with shaking at 220 rpm for another 24 h to induce Nb
expression on yeast surface. Cells were then prepared at an ODesoonm = 1 (1.5 — 3.0 x 107 cells/mL) in -Trp
with glucose medium.

Fabrication of Microfluidic Device

The 1 entry — 1 exit design was based on the design of the commercial p-Slide VI 0.4 (80601, Ibidi) while
the 2 entries — 2 exits design was a modified version from another publication (37) both shown in Fig 2A
& Fig 3A, respectively. Both devices were prepared as a three-layer sandwich. The thick top layer of
Polydimethylsiloxane (PDMS) was prepared using SYLGARDTM 184 Silicone Elastomer kit at a 10:1 ratio
(10 Liquid PDMS to 1 curing agent) and mixed thoroughly. Bubbles were removed by centrifugation at
1500 rpm for 2 min. After, the liquid was poured on a large 150 x 15 mm circular petri dish to reach a
height of 6 mm and de-gassed during 30 min to remove bubbles. The petri dish was transferred to a 65
°C oven to be cured for at least 3 h. The middle part was prepared by cutting a commercial 250 um thin
PDMS sheet (Sterne Silicone Performance) using a Graphtec Craft Robo Pro. The channel design and
dimensions were transferred into the software of Graphtec, and the cutting was performed
automatically after aligning the cutter. The lowermost portion, a standard 75 x 25 mm microscope glass
slide (1.2 — 1.5 mm, Fisher 1239-3118), was washed with MilliQ water followed by 5 % Decon 90, MilliQ,
96 % Ethanol, MilliQ and Isopropanol and dried using nitrogen, followed by surface treatment using
oxygen plasma (Harrick Plasma) at high setting for 10 min. The sides to be fused were placed in the
chamber facing up. Simultaneous to the 10-min plasma treatment, the previously cut 250 um thin PDMS
was cleaned using MilliQ, Ethanol 96 %, MilliQ and 5 % Decon 90 and dried using nitrogen. Once dried
and the microscope slide plasma treatment was finished, the clean 250 um PDMS was also placed in the
chamber alongside the microscope slide to be treated with oxygen plasma for only 2 min at low settings.
Once finished, the thin PDMS layer and the glass slide were removed. The treated surfaces of each layer
were apposed firmly afterwards and were placed on a hot plate at 95 °C for 10 min glass side bottom.
The thick 6 mm PDMS layer was cut to a 75 x 25 mm dimension using a scalpel and the previously
designed channel entry points were punched appropriately using a 4 mm diameter puncher. This thick
PDMS was also cleaned and dried like that of the thin PDMS layer except for the portion of the 5 %
Decon 90 where the punched PDMS was placed in a beaker and sonicated for 10 min. The thick PDMS
and the glass-thin PDMS were once again treated with plasma oxygen at low settings for 2 min with the
PDMS layers facing up. The treated surfaces were apposed firmly and again placed on the 95 °C hot
plate for 10 min. The channels were placed in the 65°C oven for at least 3 h prior to use.

Antigen Functionalization on Chamber Surface

Biotinylated BSA in PBS 1x (100 pg/mL, aliquoted from 10 mg stock, A8549-10MG, Sigma-Aldrich) was
adsorbed directly on the channel surface and incubated for 1 h at room temperature on a tilting shaker.
After 3 washes with PBS 1x, streptavidin in PBS 1x (10 pg/mL, 434302, Invitrogen) was incubated on the
biotinylated BSA for 1 h. After 3 washes with PBS 1x, the chamber was incubated with Nef-biotin or
CD16a-biotin in PBS 1x with 0.2 % BSA for 1 h. For the optimization experiment, a serial dilution was
done with concentrations from 135 nM to 0.56 nM with 1/3 dilution factor per condition. For
enrichment experiments, a constant concentration of 45 nM was used. The antigen incubation step was
followed by 3 washes of PBS 1x followed by a passivation step with PBS 1x containing 2 % BSA to block



the uncoated channel surface and incubated for 1 h. After 3 washes with PBS 1x, the channel was ready
to be used in the LFC experiment.

Microscope Settings

Microscopy was done using an inverted microscope (Axio Observer D1, Zeiss), controlled with Micro
Manager 1.4.23 software and equipped with a 10x NA objective (Olympus A10PL 10x 0.25) with a 1.6x
additional magnification. For fluorescence images, the light source used was PE-300 ultra (CoolLED)
applying 100 % blue light (460 nm). For transmission images, halogen lamp at voltage 6 V was used.
Fluorescence was recovered using Zeiss Filter set 16 (488016-9901-000, BP 485/20, FT 510, LP 515).
Images were taken using Andor iXonEM + camera. Exposure times used were 10 or 500 ms for
transmission microscopy images or fluorescence images, respectively). Electronic gain for fluorescence
was set at 100. Pixel sizes of images corresponded to 0.787 um per pixel. 8 images per condition
(denoted after Preflow or Postflow) were taken at a 1000 um distance lengthwise from the previous
field of view. For experiments that included fluorescence images, the set of light microscopy images
were taken first followed by going back to the initial field of view and manually switching to
fluorescence imaging to take the same exact field of views.

Assay for Capture Optimization

For capture optimization experiments, pure populations of Nef19* or CD16.21* yeast cells were used in
the 1 entry-1 exit coated PDMS channels (Fig 2A). The device was connected using custom piping
(Polytetrafluoroethylene (PTFE) Tube, 0.8 mm inner diameter x 1.2 outer diameter, PTFE Tube Shop),
with a 3-way valve (Masterflex®, MFLX30600-25) to allow manual control between a 10 mL glass syringe
(549-0539, VWR) mounted on a syringe pump (Pump 11 Pico Plus Elite, Harvard Apparatus) or an entry
point for the yeast suspension. The exit pipe was directly placed over a beaker. Prior to beginning any
experiments, the channels were purged with —Trp media with 2 % v/v glucose and Penicillin-
Streptomycin to ensure that no bubbles were within the circuit. Induced yeast cells were prepared at a
density of 7.5 x 10° cells/mL and passed through a 27G 7/8-inch needle 10 times to dissociate yeast
clumps (41). The yeasts sample was transferred to a sterile 1 mL plastic syringe and inserted on the
appropriate 3-way valve entry port of the 1 entry- 1 exit channel. The valves were adjusted to ensure
that the direction of the yeast suspension was towards the channel. Once infused, a 5 min incubation
period was given to allow majority of the yeasts to sediment to the surface and allow for Nb-antigen
interaction. 1 min prior to the end of the incubation period, 8 bright field (BF) images were taken across
the length of the channel (1 mm distance between each picture taken) and represents ‘PreFlow’ images.
We calculated the shear rate (G) in /s applying the formula (42): G = 6Q/ Ih?, using the channel width /,
height h and flow Q.. Shear rates applied were varied between 168 and 926/s to apply a total volume of
6 mL per condition; the antigen incubation concentrations tested were 0.56, 1.67, 15, 45 and 135 nM.
After the wash flow, another 8 pictures were taken again across the length of the channel and
represents ‘PostFlow’ images.

Assay for Enrichment

The 2 entries — 2 exits channels (Fig 3A) were used and a mixture containing 1:1, 1:10 and 1:100 binders
to non-binders ratios of Nb-expressing yeasts were used. Each of the entry and exit was fitted with
custom piping connected to a 3-way valve to allow the proper control of shear rate and flow direction
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during the entire enrichment process. This set-up required two different 10 mL glass syringe connected
to the extreme ports (1st and 4th) and changed manually according to the needed direction of the flow.
A schematic in Fig 3B illustrates the sequence of flowing and washing steps performed. First, both ports
at the extreme ends (1st and 4th) were closed and the inner ports were opened (2nd and 3rd). The yeast
cells were infused on the 2nd port, exiting to the 3rd port and allowed to sediment for 5 min. Pictures
were taken as previously described in the optimization set-up, in bright field and in fluorescence (in the
case of labelled negative yeasts). The 3-way valves were re-adjusted in such a way that the 1st port was
closed, the 2nd port opened, the 3rd port closed and the 4th port opened. The 1st wash step was done
with the direction of flow from the 4th port towards the 2nd port for 5 min at a shear rate of 337/s/s.
The valves were again re-adjusted to have the 1st port opened, the 2nd port closed, the 3rd port
opened and the 4th port closed. The 2nd wash step was done with the direction of flow from the 1st
port towards the 3rd port, maintaining the shear rate and duration as wash 1. After the 2nd wash,
pictures were taken representing ‘PostFlow’ images, in bright field and in fluorescence if relevant. The
final adjustments of the ports were opening the extremes (1st and 4th) and closing the inner ports (2nd
and 3rd). The elution phase, applying a significantly higher shear rate at 4800/s was used with the
direction from 1st port to 4th port to detach the captured yeasts on the channel and recover them
directly into a sterile 5 mL syringe attached to the 3-way valve in the 4th port and transferred into a 15
mL falcon tube. A 100 ul aliquot was recovered for cell counting. The recovered yeasts were
concentrated into a 700 ul volume of —Trp with 2 % v/v glucose and Penicillin Streptomycin and
incubated at 30 °C shaking at 220 rpm for at least 2 days in a 96-deep well plate. The media was changed
into —Trp with 2 % v/v galactose and Penicillin Streptomycin and expanded to a volume of 5 mL in an
Erlenmeyer flask and incubated for 1 day to induce expression. The induced yeast underwent cytometry
to assess for enrichment.

Yeast Cell Detection and Image Analysis

To process the captured images, FlJI (Imagel 1.53t) was used with a specific script that employed the
plugin Morpholibl) to perform Gray Scale Attribute Filtering (Operation = Top Hat, Area minimum=100,
connectivity=4), thresholding (1400), and particle detection using ‘Analyze Particles’ (size=4 — infinity
pixels, circularity=0.1-1.00), an example of this is shown in Suppl. Mat. Fig 1. Applying the conversion
factor of 0.787 um per pixel, detection threshold was set at a minimum of 3.15 um. The cell counts and
other parameters were such as the centroid of every detected cell and the XY coordinates within the
image were saved as csv files. The detected yeast cells were saved as regions of interest (ROIs). This
macro was compared to a manual annotation as ground truth. We applied a machine learning program,
TrackPy (43), for the Fluorescence imaging and matching using locate yeast function. Spot diameter was
set to 11 pixels and adjusted at the minimum integrated brightness of the spot (minmass) to minimize
detection of false positives as established on a sample of unstained yeast cells. For matching, we
performed a linking of the cells detected on the bright field (Morpholib) generated csv files) and
attributed them to the nearest fluorescent cell at a maximal distance of 50 pixels. The matched cells
were temporarily removed and the process was reiterated to match some of the left-over cells that are
still within the 50-pixel distance threshold. All the detections were reassembled and evaluated for the
fraction of yeast cells that have found a fluorescent match.



Results and Discussion

Yeasts express functional nanobodies on their surface

Yeasts transformed with a vector bearing the GAL1-10 promoter and encoding surface expression of HA-
tagged Nbs directed against HIV-1 Nef (Nb Nef19) or against human CD16 (Nb CD16.21) were expanded
and induced using the presence of galactose in the —Trp medium. These yeasts were incubated with
aHA-PE (0.375 ug/mL) to assess for the expression levels of the Nef19* and CD16.21* yeasts by flow
cytometry. The average expression levels were 34 to 41 % (Fig 1A and 1B). For comparison, other
publications that used the same plasmid reported expression levels of ~25 % (32) and up to 70 %(44).
We next studied the functionality of the expressed Nbs based on the binding schemes shown in Fig 1E.
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Figure 1. Nanobodies on the Yeast Surface (A) Cytometry scatter plot of Nef19* & CD16.21* yeasts. (B) A vertical box & whisker
plot corresponding to 3 independent cytometry measurements of the percentage of expressing yeasts using a-HA PE. Error bars
are the standard error of means (SEM) (s = 3) (*** indicates a Student’s test with p < 0.001). (C). An XY plot (fraction of binders
as function of antigen concentration in M). The values on the x-axis were taken from a cytometry histogram elaborated in the
Suppl. Mat Fig 2. This experiment was done 3 independent times. (D) 4 Quadrant gated scatter plots of the Nb-expressing yeast.



The Nb-expressing yeasts were incubated with 10 nM of either antigen. (E) A schematic of the yeast cell wall when incubated
with aHA-PE and their cognate antigen (Ag) with ATTO 647N.

To measure the apparent affinity of the Nef19* and CD16.21* on yeast surface, we performed a serial
dilution experiment with their cognate or irrelevant antigen labelled with ATTO 647N, while fixing the
concentration of a-HA PE. The measured apparent affinities were 5.4 x 101 M for Nef19* and 2.6 x 107
M for CD16.21* (Fig 1C). These findings were comparable to the previous publication result of 2 x10° M
for Nef19 (38) and 1.0 x 10® to 1 x10° M for CD16.21 (17,39). An example of 4 quadrant gating of these
yeasts in either their cognate or irrelevant antigen is shown in Fig 1D.

Fluid-driven Yeasts specifically adhere to channel surface antigen

The Nb-expressing yeasts were driven along the surface of the 1 entry — 1 exit microfluidic channel
derivatized with either their cognate or irrelevant antigen. The design of the microfluidic device and the
application of flow and sequence of steps are shown in Fig 2A.The binding of the Nb-expressing yeast to
their cognate antigens in flow is schematized in Suppl. Mat. Fig 3. The applied shear rates and antigen
concentration on the channel surface were adjusted to maximize the ratio between specific and non-
specific yeast capture using pure populations of Nef19* or CD16.21* yeasts separately. The surface of the
channels were functionalized with various concentrations of target or irrelevant antigens, as performed
for single bond measurements in LFC (17,22). We directly measured the effects of these changes by
microscopy by counting the starting number of cells prior to flow and the remaining cells after the flow,
as shown on bright field images of Fig 2B & 2C. The capture percentage (% Arrested Cells) was
calculated by dividing the PostFlow count by PreFlow count and multiplied by a 100.
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Figure 2. Optimization Assay microfluidic chamber, visualizing and optimizing specific adhesion by varying antigen
concentration and Shear Rate. (A) 1 entry — 1 exit channel used for optimization based after the Ibidi u-Slide VI 0.4. The
direction of flow and indicated by the blue arrow and the sequence of steps are infusion of yeast cells, image acquisition prior
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CD16.21* yeast. The first and second column show a representative image PreFlow and PostFlow, respectively. (D) The columns
correspond to the monoclonal yeast driven along the surface of a channel at varying concentrations of antigen. The 15t row
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shows % Arrested on irrelevant antigen, the 2" row % Arrested on their cognate antigen and the last row shows the ratio
between the positive to negative (15t row to 2" row). (E) Data showing monoclonal yeast at varying shear rates in a similar
format as D.

We tested the Nef19* and CD16.21* yeasts on 6 different concentrations (0.56-135 nM) of their cognate
or irrelevant antigen. Conversion of antigen incubation concentration to surface density of antigen on
the chamber floor is further discussed in the Suppl. Mat. The general observed tendencies were a
higher specific capture fraction at higher antigen concentrations for both antigens (Fig. 2D). However,
the nonspecific capture also increased with increasing antigen concentration. The shear rates were
varied between 168 and 926/s. The lowest tested shear rate of 168/s generally led to a high nonspecific
capture that dropped to values around 1 % as soon as a shear rate of 337/s was used (Fig. 2E). The non-
specific capture was generally independent of shear rate, whereas the specific capture decreased
markedly with increasing shear rate.

To evaluate the optimal conditions leading the highest specific capture, we calculated the ratios of the
capture fraction on the cognate antigen to the capture fraction on the irrelevant antigen. For CD16.21*
yeast, the condition with the highest ratio of positive to negative capture fractions was at 45 nM
concentrations at a shear rate of 926/s, yielding a ratio of 124. For the Nef19* yeast, the condition with
the highest ratio was also at 45 nM but at a shear rate of 337/s with a ratio of 86. The antigen
concentration of 45 nM, equivalent to 180 molecules/um?, thus consistently provided the highest ratio.
Overall, the ratios were roughly independent of the shear rate above 168/s, being mostly set by the
non-specific capture. We decided to move forward with a shear rate of 337/s, minimizing the shear rate
applied while leading to less than 1 % nonspecific capture for both antigens.

The differences in adhesion of Nef19 or CD16.21 yeasts are visible on Fig. 2 for antigen concentrations of
45 nM and 135 nM. CD16.21 yeasts exhibit higher amount of % positive arrested cells, but also slightly
higher amount of negative arrested cells. Additionally, non-specific adhesion decreases faster at high
shear rate for CD16.21. Differences in positive adhesion is likely to stem from the molecular properties
of the antigen-nanobody bonds, as characterized previously for CD16.21 using the laminar flow chamber
(17), or by affinity measurements (39). In addition, as observed for the negative adhesion at high
antigen density, a slightly higher degree of non-specific interaction with Nef-coated surface was
measured.

We can estimate the number of bonds formed between the Nbs on the yeast and the antigen on the
chamber surface. First, considering the length of the stalk between the Nb and the yeast surface (L=100
nm) and the typical yeast radius (a = 5 um), the surface of contact between the cell and surface where
the ligand and receptor can form a bond is s = m.L.(2a-L) = 3 um?. The antigen density on the channel
surface based on our previous work (17) showed an incubation concentration of 7 nM corresponded to
a density 30 molecules/um?2. Here, an incubation concentration of 45 nM leads to an estimated antigen
density da; = 180 molecules/um?. The maximal number of antigens on the substrate which can form a
bond with a Nb on the surface of the yeast in contact with the substrate can then be estimated as:
Nagcontact = dag. S, ~ 500 molecules. A specific yeast display expression vector using Aga2p is known to
express around Naprorar = 10* — 10° molecules per yeast but can vary between individual cells (45). If we
assume similar expression levels, we could therefore estimate the number of Nbs in the contact surface
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Nppbcontact = S.NbTotar / 41107, yielding a maximum of 100 Nbs for Nustoras = 10% and a maximum of 1000 Nbs
for Nubotas = 10°. Thus, the maximal number of bonds N, being the minimum of Nagcontact and Nibcontact,
should be limited by the number of antigens (500) for yeast with high nanobody display, or by the
number of displayed nanobodies (100) for yeast with low nanobody display—We note that this high
number of bonds will favour avidity as the control parameter of selection. To prevent an avidity effect
during yeast arrest, the density of antigens on the surface can be highly diluted, so that statistically only
one antigen molecule is available at a time for each binding yeast. This is the limit commonly achieved
for single bond measurements with the laminar flow chamber (10,17,46). In this limit, the probability of
capture is only related to the apparent affinity Kd under flow which can be tuned by the velocity. The
total force applied to a yeast can be estimated at F = 2 nN using the following formula (22):

F = 13.95wpa?6/a/2L
where u = 0.001 Pa.s is the medium viscosity. For G = 337/s and if the force is equally shared between all
the Nmax bonds, the force per bond should vary between 4 pN (for highly covered yeast) and 20 pN (for
sparsely covered yeast).

Enrichment using model mixtures of Nb-expressing yeast

To evaluate the potential of our approach to enrich for specific binders, model selections on defined
mixes of binders and non-binders were performed using the optimized conditions in a new set up
equipped with 2 entries -2 exits, for better control of the elution step as shown in Fig 3A & 3B,
respectively. While design 1 (Fig. 2A) took advantage of 6 parallel simple channels to test variable
conditions of protein surface density for a monoclonal yeast population, design 2 (Fig. 3A) had only two
channels and was used on a model mixture of yeasts containing 2 different clones. In this case, each
channel displays 2 entries and 2 exits, which permits the elution phase (Fig. 3B). The protein surface
density and the shear rate during Flow 1 and Flow 2 on design 2 are chosen to correspond to one single
condition, selected using design 1 (45 nM of antigen incubation concentration and 337/s shear rate).
This is shown by using a model mixture of fluorescent and non-fluorescent yeast, allowing to
characterize simultaneously the binding of positive and negative yeast on the same surface.

1 2 3 4
Q0 OB _
(A) Enrichment (B) Infusion
2 entries - 2 exits € PreFlow
T2 34 00 00 images

Q ! ! , ® Valve Close Flow 1
‘ ;l____'z ; O VaIveOpenO® QR

1 1 Flow 2
_ lae— —»l P PostFlow
";_(2)25 I=19 - Tmeae on Q0 € images
- . Elution

Figure 3. Enrichment Assay microfluidic chamber dimensions & sequence of steps. (A) 2 entries — 2 exits channel used for
enrichment based from the design from Rienmets et al. 2019 (37). (B) The 4-step wash sequence used with corresponding
closed and opened valves and the direction of flow applied.
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We used 3 different model mix with ratio of binders to non-binders of 1:1, 1:10 and 1:100. The antigen
concentration on the channel surface was maintained at 45 nM for both CD16a-biotin and Nef-biotin.
These mixes were subjected to one round of LFC-based enrichment performed at a shear rate of 337/s
and elution was performed using a high shear rate of 4800/s . PreFlow and PostFlow cell counts were
recorded an