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ABSTRACT

Binding force between biomolecules has a crucial role in most biological processes. Receptor-ligand inter-
actions transmit physical forces and signals simultaneously. Previously, we employed a robotic micropip-
ette both in live cell and microbead adhesion studies to explore the adhesion force of biomolecules such
as cell surface receptors including specific integrins on immune cells. Here we apply standard computa-
tional fluid dynamics simulations to reveal the detailed physical background of the flow generated by the
micropipette when probing microbead adhesion on functionalized surfaces. Measuring the aspiration
pressure needed to pick up the biotinylated 10 um beads on avidin coated surfaces and converting it
to a hydrodynamic lifting force on the basis of simulations, we found an unbinding force of 12 + 2 nN,
when targeting the beads manually; robotic targeting resulted in 9 + 4 nN (mean + SD). We measured
and simulated the effect of the targeting offset, when the microbead was out of the axis (off-axis)of
the micropipette. According to the simulations, the higher offset resulted in a higher lifting force acting
on the bead. Considering this effect, we could readily correct the impact of the targeting offset to renor-
malize the experimental data. Horizontal force and torque also appeared in simulations in case of a tar-
geting offset. Surprisingly, simulations show that the lifting force acting on the bead reaches a maximum
at a flow rate of ~ 5 pl/s if the targeting offset is not very high (<5 pum). Further increasing the flow rate
decreases the lifting force. We attribute this effect to the spherical geometry of the bead. We predict that
higher flow rates cannot increase the hydrodynamic lifting force acting on the precisely targeted
microbead, setting a fundamental force limit (16 nN in our setup) for manipulating microbeads with a
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micropipette perpendicular to the supporting surface. In order to extend the force range, we propose the
offset targeting of microbeads.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The noncovalent bond between the small organic molecule bio-
tin (vitamin B7) and the 66 kDa protein avidin provides a well-
known biochemical immobilization technique as both biotin and
avidin can be easily conjugated to various molecules and surfaces
[1]. The interaction between biotin and streptavidin (or avidin)
are among the strongest protein-ligand interactions [2] with high
affinity and specificity. To functionalize a plastic or glass
microbead with a specific biomolecule like biotin and a planar sur-
face with the partner molecule (avidin) for the characterization of
the binding/adhesion force between them is a widespread method.
This experimental setup can provide valuable information on col-
loidal systems, as well. Examples include particle aggregation
and deposition [3], suspension rheology, and adhesion processes
[4,5]. Techniques to characterize the binding force between
microbeads and planar surfaces have emerged in the last decades.
Centrifuge based methods [6,7], optical tweezers [8], biomembrane
force probe (BFP) [2,9], and acoustic force spectroscopy (AFS) [10-
13] were successfully utilized to probe this interaction. Shear-flow-
induced detachment experiments combined with a theoretical
model (based on the balance of hydrodynamic forces and torque
exerted on microbeads) could determine the maximal adhesion
force of BSA-coated microbeads to be 27.6 + 8.5 nN [14].

However, the gold standard for such measurements is the
atomic force microscope (AFM) [2,15-17]. By varying the loading
rate (the speed of force exertion while pulling the microbead)
the energy landscape of noncovalent bonds can be mapped. Rico
et al. [18] determined the binding strength and unbinding path-
ways of the single avidin-biotin bond [19]. The dynamic force
spectrum of the biotin-streptavidin bond was reported by Lo
et al. [2]. Consistent with a BFP study by Evans [9], the dynamic
force spectrum exhibited a linear relationship between the unbind-
ing force and the logarithm of the loading rate. The colloid probe
technique investigates the interaction force between single colloid
particles and a substrate [20-22]. A spherical colloid is attached to
a tipless AFM cantilever and used in force spectroscopic measure-
ments [23,24]. Colloid based AFM can measure forces in the pN-nN
range [25]. The fluidic force microscopy (FluidFM) [26,27] is a spe-
cialized AFM with a microfluidic channel inside the tip and the
cantilever [25]. It provides an increased throughput for microbead
force spectroscopy as compared to conventional AFM [25,28]. Pre-
viously, we measured the detachment force curve of biotinylated
microbeads on an avidin coated surface with robotic fluidic force
microscopy (FluidFM BOT) [28].

The computer-controlled robotic micropipette [29-34] is a
straightforward tool to quantify the adhesion of live cells or func-
tionalized microparticles. It can measure the adhesion strength of
individual cells or microbeads with a relatively high throughput
(hundreds of cells/beads in 30 min).

A glass micropipette is positioned above the bead recognized by
computer vision and selected for measurement. Then an aspiration
pressure is applied in the micropipette generating an inward fluid
flow for a prescribed duration of typically 20-100 ms. By repeating
the process with a stepwise increasing aspiration pressure and
observing when the targeted bead is picked up, the unbinding
pressure is determined for each bead. However, to precisely calcu-
late the hydrodynamic lifting force acting on the bead, numerical
simulations of the flow inside the micropipette and in the vicinity
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of the microbead are needed. For live cells, we completed similar
computational fluid dynamics (CFD) simulations earlier [30,35].
However, both the morphology and biomechanics of live cells
can be very complex, thus in the current study we used plastic
microbeads as a simple model system. We constructed CFD simu-
lations to calculate the precise hydrodynamic forces acting on
microbeads. Using a robotic micropipette we measured the detach-
ment of biotinylated polystyrene microbeads (d = 10 pm) from an
avidin coated glass surface [28]. Our goal was to calculate the
hydrodynamic lifting force acting on the targeted bead to precisely
determine the unbinding (adhesion) force. In case of live cells such
a calculation is challenging due to the variability in cell morphol-
ogy and the complex viscoelastic behavior of the cytoskeleton.
We investigated the effect of the bead targeting offset on the
hydrodynamic lifting force, and calculated the horizontal force
and torque acting on beads.

2. Materials and methods
2.1. Numerical simulations

Computational fluid dynamics (CFD) simulation was employed
to calculate the lifting force and torque acting on a microbead in
different flow conditions and micropipette positions. Numerical
simulations were carried out with the ANSYS software package
using the ANSYS CFX solver. The solver utilizes a coupled finite vol-
ume method to solve the underlying governing equations. These
are the continuity, the Navier-Stokes and additional turbulence
model equations. In the current study we used a similar workflow
to that of our previous work [30]. The simulated fluid was water at
the reference temperature of 25 °C. The material properties of den-
sity and dynamic viscosity were set to 997 kg/m> and 0.89 mPa*s,
respectively. The flow was assumed to be laminar and no turbu-
lence modeling was applied as the Reynolds number calculated
with a reference length of the pipette tip diameter never reached
more than 500.

The simulated geometry and its dimensions are depicted in
Fig. 2. Due to meshing purposes, the microbead was floating
0.1 pm above from the bottom of the Petri dish, which is consid-
ered to be a good approximation of the bead sitting on the surface
and has no additional effect on the emerging flow field. The tip of
the pipette was positioned 10 um above the bottom of the Petri
dish according to the experimental protocol. To calculate the effect
of the targeting error of the micropipette, the bead was offset by 5,
10 and 15 pm from the axis of the micropipette. Unstructured
meshes consisting of tetrahedral and prismatic elements were cre-
ated for all four scenarios. The mesh has to cover multiple scales of
geometric dimensions from the size of the whole domain down to
the size of the close vicinity of the bead itself. Thus, for the mesh to
be applicable, especially at the tip of the pipette, a cascade of res-
olution criteria was set up growing outward from the microbead.
Each mesh consisted of ~ 22 million numerical cells. Mesh inde-
pendence study carried out to investigate the accuracy of simula-
tions shows that this high-resolution mesh produced accurate
results (Suppl. Table 2).

No-slip wall boundary condition was imposed on the bottom of
the Petri dish, the microbead surface and on the wall of the glass
micropipette. Although, it is known that the no-slip boundary con-
dition is not perfect in microfluidic simulations [36-42], the so-
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Fig. 1. Adhesion force measurement of functionalized microbeads attached to a planar surface using a micropipette. Masking non-specific interactions by the protein-
repelling PLL-g-PEG coating is a simple and effective method. We used biotin-decorated PLL-g-PEG to achieve an adhesion generated by specific biotin-avidin binding. Beads

were functionalized by biotin to attach to the remaining vacant binding sites on avidin.
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Fig. 2. Geometry of CFD simulations. A microbead (d = 10 um) is floating 0.1 pum from above the bottom of the Petri dish. The tip of the micropipette is positioned h = 10 ym
from the surface. To calculate the effect of misplacement of the micropipette on the lifting force, horizontal force and torque, the bead was offset in the middle of the
micropipette (top right) and 5 pm; 10 pm (below right) and 15 pm distance from the center position of the micropipette.

called “slipping depth” is on the scale of water molecules being
orders of magnitude lower than the dimensions of our microfluidic
setup. Hence, we restricted ourselves to use the no-slip boundary
condition. The outflow rate was prescribed on the upper opening
of the micropipette called outlet. In the experiments, the aspiration
pressure was set in the syringe connected to the micropipette with
a long flexible PTFE tube. Therefore, the pressure in the micropip-
ette was not an easily accessible experimental parameter. Thus, we
measured the calibration curve between the flow rate and the aspi-
ration pressure and used the flow rate as an input parameter for

293

the CFD simulations. Flow rate was set to a value ranging from 1
to 10 pl/s at 1 pl/s increments. Each solution of the simulation
was monitored by the numerical residuals and two physical quan-
tities: the lifting force acting on the bead and the emerging pres-
sure measured at the outlet. Simulation was stopped when the
physical quantities reached a constant value and the residuals
became lower than the criteria of 10~°. Subsequently, the results
were exported for post-processing in the open source software,
ParaView to calculate the lifting force, the horizontal force, and
the torque acting on the microbead.
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2.2. Flow measurements in the micropipette

The glass micropipette connected to a syringe with a PTFE tube
(I.D. 0.5 mm, length ~ 3 m) and a normally closed fluidic valve was
filled with deionized water. Tubes and the valve were all filled with
water, the syringe was filled with air [30]. We measured the
weight of a 35 mm plastic Petri dish (hydrophobic, Greiner) with
its lid on containing 3 ml deionized water on a laboratory scale.
We positioned the tip of the I.D. 70 um glass micropipette to a
height of 10 um above the surface of the Petri dish. To generate
decreased pressure inside the syringe, the fluidic valve was kept
closed, and the volume of the syringe was increased from an initial
value of 40 ml to a higher value. After that, the fluidic valve was
opened for a duration of 20 s to minimize transient effects. During
this time, water entered the syringe, however the volume differ-
ence caused, did not exceed 1% in any of the measurements. The
time that the Petri dish spent with its lid off was measured with
a stopwatch. To calculate the flow rate at a given aspiration pres-
sure after opening the valve, the weight of the Petri dish was mea-
sured again. The mass difference between the two measurements
(Am) is due to the water flow caused by the suction in the micro-
pipette and the evaporation of the water during the measurement.
The latter was corrected for by determining the evaporation rate
from the Petri dish (with lid off) to be 0.035 mg/s. Evaporation with
the lid on was measured to be quasi zero in five minutes. By mul-
tiplying the evaporation rate with the lid-off time, we could deter-
mine the mass lost due to the evaporation. All flow measurements
were repeated three times.

2.3. Functionalized beads and surfaces

All chemicals used were analytical grade unless otherwise sta-
ted. 4-(2-hydroxyethyl)-1 piperazine ethanesulfonic acid (HEPES)
assay buffer from Merck (Germany) was dissolved in Milli-Q water
(with resistivity of 18 MQ cm) to 10 mM and set to pH 7.4. The
biotinylated synthetic  copolymer, poly(Llysine)-graft-poly
(ethylene glycol) (PLL-g-PEG), with the architecture of PLL(20)-g|
3.5]-PEG(2)/PEG(3.4)-biotin with 50% of sidechains biotinylated
was obtained in its powder form from SuSoS AG (Switzerland).
The molecular weight of the PLL backbone and the PEG chains were
20 kDa and 2 kDa respectively and the grafting density [(lysine-
mers)/(PEG side chains)] was 3.4. Avidin from egg white was pur-
chased from VWR (Hungary) and aliquots were stored at 20 °C
until use. 0.25 mg/ml avidin was dissolved in 10 mM HEPES buffer
at pH 7.4 and applied in the experiments. Polystyrene biotinylated
bead solution was purchased from Nanocs (USA) with an average
bead diameter of d = 10 um and a solid concentration of 1% and
stored at 4 °C until use. To coat the Petri dish, 0.5 mg/ml PLL-g-
PEG-biotin dissolved in 10 mM HEPES was pipetted and incubated
on a rocker for 30 min at room temperature. Afterwards, the sur-
face was washed three times with HEPES buffer and avidin solution
(0.25 mg/ml in 10 mM HEPES) was added to the dish and incubated
on a rocker for 30 min at room temperature. Subsequently, the dish
was washed three times with HEPES buffer again. Then the bead
solution (1 pl 1% bead stock solution in 1 ml HEPES) was pipetted
into the dish and incubated on the microscope stage for 30 min
before the adhesion measurement. Due to the protein-repellent
properties of the PLL-g-PEG surface, non-specific adsorption was
undetectable [28].

We estimated the surface density of biotin molecules on the
bottom of the Petri dish based on [43]. From the physical parame-
ters of the PLL-g-PEG grafted polymers, we acquired a surface
number density of v = 0.186 1/nm? for biotin. Approximating the
area of an avidin molecule by 5.6 nm x 5 nm [44] we estimate that
each avidin has 5 possible biotin binding partners in the polymer
layer. Furthermore, from previous measurements using label-free
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biosensors we determined that the number of avidin-biotin bonds
anchoring a bead to the surface is approximately 100 [28]. The
unbinding force of such an ensemble depends on the applied load-
ing rate, as well as the single-bond rupture force in a nonlinear way
discussed elsewhere [28,45].

2.4. Imaging and bead detection

The Petri dish was placed onto the sample holder insert (Cell-
Sorter) of the motorized inverted microscope (Zeiss Axio Observer
A1). Then the region of interest (ROI) of the sample was scanned by
a digital camera (Blackfly S) in bright field mode. The scanned
image was analyzed by the CellSorter software and the beads were
automatically detected using a built-in algorithm. To avoid picking
up more than one bead per measurement, we excluded beads from
the experiment when having neighbors in the close proximity
(70 um). The glass micropipette with an aperture of 70 pm
approached the bottom of the Petri dish to a distance of 10 + 1 pm.

2.5. Adhesion force measurement using manual targeting

To investigate the effect of the targeting offset, the beads were
manually positioned into the axis (center) of the micropipette or to
a horizontal offset of [0-20] um from the axis of the micropipette
using a 3D motorized micromanipulator (Marzhauser). In the
beginning of the experiment we touched the surface of the Petri
dish with the tip of the micropipette to calibrate its vertical posi-
tion, then the height of the micropipette tip was adjusted to
10 £ 1 um above the surface. The glass micropipette was connected
to a 50 ml syringe with an inner diameter 0.5 mm PTFE tube. We
controlled the flow with a high speed normally closed fluidic valve
between the micropipette and the syringe. The entire fluidic sys-
tem was filled with deionized water except the syringe. Aspiration
pressure in the syringe filled with air was adjusted and the fluidic
valve was opened for 100 ms [28,30]. If the bead was picked up, we
turned to the next bead. If the bead remained on the surface, we
increased the aspiration pressure. Aspiration pressure in the range
of [6.9-23] kPa was increased in steps as long as the targeted bead
was removed. Total number of beads probed by manual targeting
was n = 58 in two experiments.

2.6. Automated adhesion force measurement using automated
(adaptive) targeting

To achieve precise bead targeting we used an algorithm called
adaptive targeting [46] to correct the coordinates of the bead right
before probing it with the micropipette. Aspiration pressure in the
range of [6.9-22] kPa was generated in the syringe using a syringe
pump. After positioning the micropipette above a bead, the valve
was opened for 100 ms to apply an aspiration pressure in the
micropipette. After each cycle of the measurement the ROI was
scanned again, and the aspiration pressure was increased to the
next level. Subsequently, each redetected bead was probed again
by the micropipette. CellSorter software determined the coordi-
nates of the beads by computer vision and saved them before
and after each cycle. Bead coordinates before and after each cycle
were compared to determine automatically which beads were
picked up. Total number of beads probed by the micropipette with
adaptive targeting was n = 164 in two separate experiments.

2.7. Statistical analysis

All adhesion data shown in the figures were analyzed by the
two-sample unpaired (one-tailed) t-test for comparing samples
with 95% confidence.
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3. Results
3.1. Numerical simulations

To calculate the hydrodynamic lifting force as a function of the
experimental aspiration pressure and analyze the effect of the tar-
geting offset on it, we ran 3D CFD simulations. We also calculated
the horizontal force and torque acting on the beads in an offset
position. We constructed a simple realistic geometry to model
the glass micropipette and the polystyrene microbead (Fig. 2).
Computations were run at 10 um pipette height corresponding to
the experimental conditions. To calculate the effect of the targeting
offset of the micropipette, the bead was horizontally shifted by 5,
10 and 15 pm from the axis of the micropipette.

Result of the CFD simulations is summarized in Fig. 3. Pressure
of the fluid and the wall shear stress on the surface of the bead are
shown in two different color codes. Fluid velocity field is repre-
sented by the light arrows. Targeting offset results in a clear asym-
metry of the pressure, wall shear stress and the flow velocity fields
in the vicinity of the bead. A so-called ‘recirculation zone’ resides
under the equator of the bead at every flow rate in the simulation.
The reattachment line of this recirculation zone is the stagnation
curve of the flow on the bead, where the Wall Shear Stress (WSS)
is zero. The stagnation line can be visualized by plotting the WSS
vector field marked with black arrows on the bead in Fig. 3. When
the bead was in the center (axis) of the micropipette, the stagna-
tion curve was at a certain latitude of the spherical bead. While
in case of a low flow rate of 2 pl/s, this latitude was under the
equator of the bead, it was above the equator in case of flow rates
higher than 7 pl/s (Fig. 4).

We calculated the lifting force, horizontal force, and torque act-
ing on the bead as a function of the flow rate in the range of [1;10]

Wall Shear Stresspead [Pa] 25
|
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ul/s at 1 pl/s increments. Simulated results of the hydrodynamic
lifting force (F.) versus the flow rate (Q) were fitted by cubic poly-
nomial functions. We calculated the three coefficients of this func-
tion and summarized them in Table 1. When the bead was in the
axis of the micropipette or at 5 pm offset from it, the curves of
the lifting force as a function of the flow rate had a very similar
course (Fig. 5A). Surprisingly, in these cases, the hydrodynamic lift-
ing force showed a decrease above 5 pl /s as a function of the flow
rate. Even in case of 10 pm offset, the curve of the lifting force
reached its maximum at 7 ul /s.

3.2. Bead adhesion force measurement with manual bead targeting

Using the micropipette setup, we measured the aspiration pres-
sure needed to remove the surface attached microbeads by target-
ing them manually on the microscope. Our goal was to
experimentally determine the effect of the targeting offset on the
hydrodynamic lifting force (Fig. 5). The bead was positioned into
the center (axis) of the micropipette or to a 5, 10, 15 or 20 um hor-
izontal offset from that (Figs. 1-2). The higher targeting offset
resulted in lower aspiration pressure required to detach the beads
from the surface. We classified the experiments into 4 groups
based on the targeting offset (TO) as follows: TO < 5 um, 5 pm
<=TO < 10 pm, 10 pm <= TO < 15 pum, 15 um <=TO < 20 pm
(Fig. 6). Bead detachment results were plotted as a function of
the experimental aspiration pressure in the case of TO < 5 pm
and fitted by a Gaussian curve (Fig. 6C).

We found that the beads detached from the surface at an aver-
age aspiration pressure of 0.146 + 0.01 atm, when the targeting off-
set was<5 pum (Fig. 6B). The result was very similar in case of 5 pm
<=TO < 10 pym. We observed a significantly lower aspiration pres-

Pressure [Pa]

B ] e i
\eo
%

Pressure [Pa]
I

)
°

0
-

Fig. 3. Result of the CFD simulations. Comparison of the simulated flow generated by micropipette suction at flow rates of 2 and 10 pl/s. Th bead was in the axis of the
micropipette or at 5 or 10 um offset from that. Distance between the tip of the micropipette and the bottom of the Petri dish was 10 um. Pressure of the fluid and the wall
shear stress on the surface of the bead are shown in two different color codes. Fluid velocity field is represented by the light arrows. Wall Shear Stress (WSS) vector field is
marked with black arrows on the bead surface. Targeting offset results in a clear asymmetry of the pressure, wall shear stress and the flow velocity fields in the vicinity of the

bead.
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Equator

Equator

(2N

Fig. 4. Recirculation zone beside the microbead. When the bead was in the axis of
the micropipette, the stagnation curve was at a certain latitude of the spherical
bead. While in case of a flow rate higher than 7 pl/s this latitude was above the
equator of the bead (upper drawing), in case of a lower flow rates, this latitude was
under the equator (lower drawing).

sure needed to detach the beads when the targeting offset was
higher than 10 um.

We converted the experimental aspiration pressure in the syr-
inge to a hydrodynamic lifting force in two steps based on an
experimental calibration line (Suppl. Fig. 1) and on computer sim-
ulations of the flow in the micropipette (Fig. 5A, Table 1). This cal-
culation resulted in a plot (Fig. 6D) showing the same lifting force
needed to detach the beads for all 3 groups with a targeting off-
set<15 pum. However, experimental results measured at higher
than 15 pm targeting offset show deviation from the other three
groups.

10 beads in the range of 0-5 um targeting offset and 1 bead in
the range of 5-10 pm targeting offset did not detach from the sur-
face even under the highest aspiration pressure (23 kPa) we
applied. These beads are not shown in Fig. 6.

3.3. Adhesion force measurement using automated (adaptive)
targeting

To achieve proper robotic bead targeting, we used the adaptive
targeting [46] algorithm of the CellSorter software. After complet-

Table 1
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Fig. 5. On the basis of the simulations, the lifting force (top), horizontal force
(middle) and torque (bottom) acting on the bead was determined as a function of
the flow rate in the range of [1;10] ul/s at 1 ul/s increments. Simulated results of the
hydrodynamic lifting force (Fy), horizontal force, and torque versus the flow rate (Q)
were fitted by cubic polynomial functions. This was the simplest model properly
fitting the simulated data. (A, B, C) coefficients of the F, = A*Q® + B*Q? + C*Q were
calculated in case of the four different positions of the bead and summarized in
Table 1.

ing the initial scan of the entire sample (all beads to be probed), the
algorithm captures a new image before targeting the next bead
with the micropipette, locates the bead in the image and corrects
its horizontal coordinates. This method eliminates most of the
inaccuracy of the XY motorized stage and corrects any displace-
ment of the bead that happened after the initial scan. We found
that the beads detached from the surface at an average aspiration
pressure of 0.105 + 0.033 atm based on the fitted Gaussian distri-
bution (Fig. 7). 44 out of the 164 beads remained on the surface
even after applying the highest aspiration pressure (22 kPa) we

Hydrodynamic lifting force (F.) as a function of the flow rate (Q) fitted by a cubic polynomial function. Table shows the (A, B, C) coefficients of the cubic polynomial function of
F, = A*Q® + B*Q? + C*Q in case of the four different bead positions. We used these coefficients to convert the experimental flow rate values to an estimated lifting force.

Bead targeting A [nN/(ul/s)*] B [nN/(ul/s)?] C [nN/(ul/s)] R?
center 0.0422 -1.1315 7.9198 0.9913
5 um offset 0.0428 —1.1586 8.5273 0.9946
10 um offset 0.0391 —1.1403 10.333 0.9997
15 pum offset 0.0232 —0.8701 13.346 1

296



R. Ungai-Saldnki, B. Csippa, Tamds Gerecsei et al.

Journal of Colloid and Interface Science 602 (2021) 291-299

A E 025 C 03

= °

~ [ ] L — ]

g 02 e 5 0.25

- L LR J L ] L ] L ] E

2 . gl = 02 _

£ 015 @ e oo . . <

= . ° oo . 0 5

s 0 . * eme . . T 015

L o1 f ot

E L ] L N L L ] 1

= ® oo . Cg 0.1

£ 005 f -

< 0.05

0 1 1 1 ]
0 5 10 15 20 0
. 0 0.05 0.1 0.15 0.2 0.25
Targeting offset (um) Aspiration pressure (atm)

B —~ 018 [ — D

E 0.16

& " s

e 0.14 Z. *

2 o012 E 2

s 8

£

s o :5: 15

E 0.08 %0

b= = 10

e 0.06 ‘E

o, 0.04 - 5

w»n

< 0.02

0 )
° 0 5 10 15 20 o 5 10 15 20
Targeting offset (um) Targeting offset (um)

Fig. 6. Experimental microbead detachment data gained with manual bead targeting. A) Aspiration pressure needed to detach the beads as a function of the targeting offset.
10 beads in the range of 0-5 pm targeting offset and 1 bead in the range of 5-10 pum targeting offset did not detach from the surface even under the highest aspiration
pressure we used. These beads are not shown in the plots. B) Results were divided into 4 groups based on the targeting offset. C) Distribution of bead detachments as a
function of the aspiration pressure when the accuracy of the targeting was better than 5 pm. We fitted a Gaussian curve to the data. The peak of the Gaussian curve was at
0.146 + 0.01 atm with a distribution standard deviation of 0.04 + 0.011 atm. RMS of the residuals is 0.0602. D) Experimental aspiration pressure was converted to a
hydrodynamic lifting force in two steps based on the calibration line (Suppl. Fig. 1) and on computer simulations of the flow in the micropipette (Fig. 5A, Table 1). * indicates

significant difference between the groups (p < 0.05).

used. The average targeting offset was 1.7 £ 0.1 um with automated
targeting.

3.4. Adhesion force of microbeads

We calculated the adhesion force distribution of the beads using
the experimental results and simulations (Fig. 8). We compared the
result of manual and automated bead targeting. We acquired the
distribution of bead adhesion force by first converting the aspira-
tion pressure to flow rate based on the calibration line (Suppl.
Fig. 1), and then calculating the hydrodynamic lifting force accord-
ing to simulations (Fig. 5A, Table 1). Distributions were fitted with
Gaussian curves. Mean and standard deviation of the fitted Gaus-
sian distributions are shown in Table 2.

Fitting the Gaussian curve to the experimental bead detach-
ment distribution first (as shown in Fig. 6C and Fig. 7), and then
converting the mean and standard deviation of the Gaussian distri-
bution applying the calibration line (Suppl. Fig 1.) results in similar
values but higher standard errors (Suppl. Table 1).

4. Discussion

We applied standard computational fluid dynamics simulations
to reveal the detailed physical background of the flow generated by
the micropipette when probing microbead adhesion on a function-
alized planar surface. Measuring the aspiration pressure needed to
pick up biotinylated 10 pm size beads on avidin coated surfaces
and converting the experimental aspiration pressure to a hydrody-
namic lifting force on the basis of simulations, we found an
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unbinding force of 12 + 2 nN, when targeting the beads manually.
Robotic adaptive targeting resulted in 9 + 4 nN (mean + SD).

We measured and simulated the effect of the targeting offset,
when the microbead was out of the axis of the micropipette.
According to the simulations, the higher offset resulted in a higher
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force according to simulations (Fig. 5A, Table 1).

Table 2
We calculated and compared the resulting adhesion force measured by manual and
automated targeting in case of precise targeting, i.e., targeting offset<5 um.

Standard deviation (nN)

1.91 £ 0.48
411 %19

Targeting method Lifting force (nN)

12.12 £ 0.5
8.82 +1.87

Manual
Automated

hydrodynamic lifting force acting on the bead. Considering this
effect, we could readily correct the impact of the targeting offset
to renormalize the experimental data.

Horizontal force and torque also appeared in simulations in case
of a targeting offset. Surprisingly, simulations show that the lifting
force acting on the bead reaches a maximum at a flow rate
of ~ 5 pl/s if the targeting offset is not very high (<5 pm). Further
increasing the flow rate decreases the lifting force. We attribute
this effect to the spherical geometry of the bead. A so called ‘sepa-
ration bubble’ appeared under the equator of the bead at every
flow rate in the simulation. When the bead was in the center (axis)
of the micropipette, the stagnation curve was at a certain latitude
of the spherical bead. While in case of a low flow rate of 2 pl/s this
latitude was under the equator of the bead, it was above the equa-
tor in case of flow rates higher than 7 pl/s. We think that this
observation can explain why the lifting force acting on the bead
becomes smaller at higher flow rates. In the experiments the flow
rate is gradually building up in the micropipette and thus it is
expected to lift the bead before this phenomenon occurs. However,
we predict that higher than 5 pl/s flow rates cannot increase the
hydrodynamic lifting force acting on the precisely targeted
microbead setting a fundamental force limit for manipulating
microbeads with a micropipette perpendicular to the planar sur-
face holding the beads. In our setup this force limit was 16 nN. This
limitation can be overcome by the offset targeting of microbeads.

Previously, we measured the adhesion force of the same system
of biotinylated microbeads on the avidin coated surface with a spe-
cialized atomic force microscope (AFM): FluidFM [28] with a result
of 37.5 £ 1.8 nN (mean + standard error of the mean). Considering
that the detachment force measured by AFM strongly depends on
the loading rate, and the aspiration pressure needed to pick up the
beads with the micropipette also depends on the duration of the
flow [28], we think that our new result of 12.12 * 0.5 nN
(mean + standard error of the mean) is in the reasonable range.
Detachment force of smaller (3 pm) avidin-coated beads on the
same PLL-g-PEG-biotin layer was measured to be 11 * 1 nN using
FluidFM [25].
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5. Conclusions

Our hypothesis was that by employing a pressure-controlled
micropipette along with fluid dynamics simulations it is possible
to measure the unbinding force of microbeads attached to a surface
by specific biochemical bonds. Crucial element of our concept was
that the spherical microbeads and the cylindrical micropipette
above a planar surface result is a simple 3D geometry allowing
repeatable experiments and straightforward simulations.

We determined an unbinding force of 12 + 2 nN, when manually
targeting the biotinylated 10 pm beads attached to the avidin
coated surface with a vertical micropipette; robotic targeting
resulted in 9 + 4 nN (mean + SD). Moreover, we showed that target-
ing offset, i.e., when the microbead is out of the center (axis) of the
micropipette, results in a higher lifting force acting on the targeted
bead. In this case horizontal force and torque also appeared in the
simulations.

Today, the gold standard of nanonewton scale force measure-
ments is the AFM [2,15,16,17]. A modified AFM, the fluidic force
microscope (FluidFM) provides higher throughput by reversibly
fixing the targeted bead on a hollow cantilever using vacuum, in
contrast to irreversible chemical attachment on a traditional AFM
cantilever [25,28]. Major advantage of our method - originally
developed for picking single live cells - is its non-contact nature.
The micropipette does not touch the microbead when probing
the adhesion force allowing even higher throughput than FluidFM
in a robotic setup. This non-contact nature minimizes the possible
contamination of both the micropipette and the targeted bead
especially useful for probing a large number of microbeads.

We expect that the micropipette-microbead based method
introduced here will be applied to measure the detachment force
of many more molecular interactions and will be widely employed
to characterize the binding forces between surfaces. It is suitable
for comparative studies, e.g., to investigate the effect of a specific
drug or protein/ligand modifications on surface-to-surface interac-
tions in a simple, automated, and high throughput manner.
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