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Characterization of the binding of functionalized microparticles to surfaces with a specific chemistry
sheds light on molecular scale interactions. Polymer or protein adsorption are often monitored by colloid
particle deposition. Force measurements on microbeads by atomic force microscopy (AFM) or optical
tweezers are standard methods in molecular biophysics, but typically have low throughput. Washing
and centrifuge assays with (bio)chemically decorated microbeads provide better statistics, but only qual-
itative results without a calibrated binding force or energy value. In the present work we demonstrate
that a computer controlled micropipette (CCMP) is a straightforward and high-throughput alternative
to quantify the surface adhesion of functionalized microparticles. However, being an indirect force mea-
surement technique, its in-depth comparison with a direct force measurement is a prerequisite of appli-
cations requiring calibrated adhesion force values. To this end, we attached polystyrene microbeads to a
solid support by the avidin-biotin linkage. We measured the adhesion strength of the microbeads with
both a specialized robotic fluid force microscope (FluidFM BOT) and CCMP. Furthermore, the
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bead-support contact zone was directly characterized on an optical waveguide biosensor to determine
the density of avidin molecules. Distribution of the detachment force recorded on �50 individual beads
by FluidFM BOT was compared to the adhesion distribution obtained from CCMP measurements on hun-
dreds of individual beads. We found that both methods provide unimodal histograms. We conclude that
FluidFM BOT can directly measure the detachment force curve of 50 microbeads in 150 min. CCMP can
provide calibrated binding/adhesion force values of 120 microbeads in an hour.

� 2019 Published by Elsevier Inc.
1. Introduction

The adhesion of microparticles to specific surfaces is a general
problem in surface and colloid sciences with a relevance in a wide
range of fields. A number of industrial process such as printing [1],
steel polishing [2] and polymer surface coating involves an interac-
tion between micrometer sized particles and flat surfaces. In paper
making the adhesion between cellulose and silica microparticles is
of interest for controlling the production process and understand-
ing flocculation [3]. Measuring the adhesion force generated by
certain surface-adsorbed polymers is important for applications
such as the stabilization of suspensions, biomedical implants and
industrial coatings [4]. Colloid particle deposition is a general
method to characterize surface interaction between adsorbed pro-
tein layers through the observation of particle attachment to a sur-
face [5]. Humidity [6], surface roughness [7], the presence of
specific solutes in an aqueous environment [8] as well as several
other parameters can influence microparticle adhesion processes,
which calls for simple and effective techniques for their measure-
ment. Despite its importance a high throughput and sensitive
method to characterize microbead adhesion with an extensive
force range is still missing.

The adhesion of living cells (that can be regarded as a special
type of microparticles) has been of great interest in biological
sciences due to its importance in key processes such as tissue for-
mation and development. Cell adhesion itself is a substantially
complex active biological process involving signalization pathways
[9], numerous adhesion proteins [10] and further structures such
as glycocalix [11] elements. Traditional methods for measuring cell
adhesion rely on population averaging, however modern advances
in cellular biology point to the fact that exploring population inho-
mogeneity is crucial for understanding in vivo tissue function and
creating novel therapeutic and diagnostic methods [12].

One of the early techniques for the measurement of microparti-
cle adhesion (including cells) is the shear stress generating wash-
ing assay, where a laminar fluid flow parallel to the surface is
applied to the adhered particles and the fraction of the microparti-
cle population remaining attached to the surface is measured.
While these methods are relatively easy to execute, they lack the
possibility of calibrated force measurements. Similarly, centrifuge
based methods have been developed to detach a fraction of the
particles, depending on the adhesion strength between them and
the surface [13,14]. Although this method can characterize the
overall effect of surface coatings in some cases [15,16], its wide-
spread application is hindered by certain drawbacks, most impor-
tantly the limited force range and inaccurate force characterization
[17,18]. Furthermore, both shear flow and centrifuge-based meth-
ods measure the population average of the adhesion force of parti-
cles without the capability to target individual beads or cells.

In recent years acoustic force spectroscopy (AFS), a method
using acoustic waves to manipulate surface attached single cells
and beads has been developed and applied in several studies
[19,20]. In these experiments, acoustic waves were applied in a
measurement chamber to lift up beads from a surface. This way
one can stretch single DNA or other polymer strands in a precisely
controlled manner as well as probe the adhesion force between liv-
ing cells. While this method can achieve high throughput by mea-
suring a large number of beads at the same time, the available
force range is limited to under 15 nN [21]. Moreover, the perquisite
for AFS calibration is a homogenous shape distribution which hin-
ders the measurement of spread out, irregularly shaped cells [22].

Colloid force spectroscopy is a well-established method to
quantify microbead adhesion [4]. It applies atomic force micro-
scopy (AFM) to record the force-distance curves of the interaction
of the beads and a planar surface. The measured particle is immo-
bilized on the tip of the AFM cantilever by application of an adhe-
sive coating. Similar techniques, such as the surface force
apparatus [23,24] and AFM tip functionalization [25–27] have been
successfully used to explore the structure of noncovalent molecu-
lar bonds. Using high speed force spectroscopy Rico et al. [28] were
able to map the loading rate-dependent unbinding pathways of the
streptavidin-biotin bond emphasizing the highly complex energy
landscape that a single binding pocket can exhibit.

In spite of the impressive advances of force spectroscopy, the
throughput of most methods is insufficient for collecting data from
a large population of particles or cells. Typically, the throughput of
these techniques is limited to 5–10 measurements per day, being a
strong limitation of in-depth characterization. The limiting factor is
the time-consuming functionalization of the AFM tip as well as the
limited range of movement of the probe making it impossible to
cover sample areas of several square centimeters. Furthermore,
most techniques focus on the measurement of single molecular
bonds and cannot be readily adapted for the probing of micropar-
ticle adhesion with several hundreds or thousands of adhesive
molecules.

A significant development to overcome these challenges has
been the introduction of fluidic force microscopy (FluidFM) [29].
This novel technology is based on AFM cantilevers with an incorpo-
rated microfluidic channel ending in an aperture at the tip. The
other end of the fluid filled channel is connected to a pressure con-
troller unit. By applying a negative pressure to the channel, the
cantilever tip can grab the microparticle eliminating the need for
time consuming immobilization procedures. Using FluidFM, the
exchange of the colloid or microparticles becomes trivial as a pos-
itive pressure in the channel removes the particle from the aper-
ture, after which the next bead can be readily attached [30]. It
increases the throughput of measurements by an order of magni-
tude. Helfricht et al. [31] demonstrated that the interaction of
beads as small as 500 nm can be evaluated by FluidFM opening
the possibility for measurements in the colloid particle size range.
FluidFM is also applicable for live cell adhesion measurements,
however, the throughput remains limited by unspecific binding
of cells to the cantilever and the resulting clogging. An important
development was the introduction of the FluidFM BOT technology,
where the fluid force measurements and manipulations can be per-
formed on mm-cm scale areas in a completely automatized man-
ner [32], further increasing the throughput of this powerful
technology

In the present work we introduce a novel method for the mea-
surement of the binding/adhesion force of microbeads, based on a
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computer controlled micropipette (CCMP), potentially offering
even larger throughput and upper force limit in an automatized
manner. In our setup, a glass microcapillary is automatically posi-
tioned above the beads recognized by computer vision. The micro-
pipette probes their adhesion to the surface by the application of a
negative pressure. This negative pressure between the inside of the
micropipette and the environment results in an upwards flow that
exerts a hydrodynamic lifting force on the bead. In order to attain
an accurate calibration of the hydrodynamic force acting on the
particle, we devised a model system based on 10 lm biotinylated
polystyrene beads attached to a polymer-functionalized glass sur-
face through an avidin crosslinker. The noncovalent bond between
the small organic molecule biotin (vitamin A) and the 66 kDa pro-
tein avidin is the strongest known non-covalent bond found in bio-
logical systems. It has been extensively studied and became a
standard biochemical immobilization technique due to the possi-
bility of covalently binding biotin to a number of different mole-
cules and surfaces. We successfully applied the data acquired by
optical waveguide lightmode spectroscopy (OWLS) to measure
the avidin density on the functionalized surface. We used FluidFM
BOT to directly measure the adhesion force of 47 individual beads.
Detachment of hundreds of microparticles was measured by CCMP
and the adhesion spectrum was compared to the one measured by
FluidFM. The peaks of the histograms were correlated with each
other to interpret the negative pressure measured by the micropip-
ette. Such calibration of the CCMP enables the applications of this
method in the field of molecular biophysics for high-throughput
nanonewton scale microparticle binding/adhesion force assays.
FluidFM BOT proved to be a high-throughput direct force measure-
ment apparatus for characterizing functionalized microbead bind-
ing thus calibrating indirect force measurements.
2. Materials and methods

2.1. Functionalized beads and surfaces

All chemicals used were analytical grade unless otherwise sta-
ted. 4-(2-hydroxyethyl)–1-piperazine ethanesulfonic acid (HEPES),
from Merck (Germany) was applied as assay buffer, dissolved in
Milli-Q water (with resistivity of 18 MX cm) to 10 mM and set to
pH 7.4. Avidin from egg white was purchased 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. The biotinylated synthetic copolymer, poly(L-
lysine)-graft-poly(ethylene glycol) (PLL-g-PEG), with the architec-
ture of PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-biotin with 50% of side-
chains 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 graft-
ing density [(lysine-mers)/(PEG side chains)] was 3.4. Polystyrene
biotinylated bead solution with a solid concentration of 1% and
an average bead diameter of d = 10 mmwas purchased from Nanocs
(USA), and stored at 4 �C until use.
2.2. Fluidic force microscopy (FluidFM)

Fluidic force microscopy (FluidFM) was performed using a stan-
dalone system FluidFM BOT commercialized by Cytosurge AG
(Switzerland). Before the adhesion measurements, the FluidFM
BOT Micropipette probe was placed into the device for calibration.
Probes with an aperture diameter of 2 mm and a nominal spring
constant of 0.2 N/m were filled up with 2 ml of HEPES buffer. A
probe was mounted onto the head of the FluidFM and the laser
was positioned at the end of the cantilever manually. Afterwards,
the mirror reflecting the laser light to the CCD sensor was
automatically adjusted to achieve optimal light distribution
between the sensor parts. The spring constant was measured using
the thermal vibration spectrum of the cantilever (Sader method
[33]). Next, the probe was approached to the sample and the
inverse optical lever sensitivity was measured by approaching
the cantilever to the surface three times and fitting the
deflection-displacement curve with a first order polynomial. The
average of the three fitted slopes was accepted as the valid sensi-
tivity (in m/V units). The adhesion force curves were calculated
by multiplying the differential signal of the CCD sensor (mV) with
the sensitivity then with the spring constant to change the distance
values to force. The experiments presented here were done in col-
loid spectroscopy mode. A bead was detached from the surface
using the probe, then it was fixed to its aperture by a negative pres-
sure of - 700 mbar. The probe with the bead attached was then
placed in contact with the surface for a certain amount of time
(pause time), then retracted from the surface with a given speed
(retraction speed). The process of the measurement is illustrated
in Fig. 2(a). The following parameters were used for the measure-
ments: pause time: 1 min, retraction speed: 1 mm/s, retraction dis-
tance 5 mm. For using 10 mmbeads, the 2 mm aperture probe proved
to be the most efficient.

2.3. Computer controlled micropipette (CCMP)

The adhesion of beads was analyzed with an imaging-based
CCMP (CellSorter, Hungary). 35 mm glass bottom Petri dishes
(Greiner, Hungary) were used in all experiments. To coat the dish
surface, 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 tem-
perature. Afterwards, the dishes were washed two times with
HEPES buffer and an avidin solution (0.25 mg/ml in 10 mM HEPES)
was added to the dishes and incubated on a rocker for 30 min at
room temperature. Subsequently, the dishes were washed two
times with HEPES buffer again. Then the bead solution (2 ml 1%
bead stock solution in 1 ml HEPES) was pipetted into the dishes.
Part of the Petri dish was scanned by a motorized microscope
(Zeiss Axio Observer Z1) equipped with a digital camera and saved
as a region of interest (ROI). The scanned image was analyzed by
the CellSorter software and the beads were automatically detected
using a built-in algorithm [34,35]. The fastest possible path of the
micropipette above the beads was also determined by the software
in order to minimize measurement time. Afterwards, each bead
was visited and probed by the micropipette through the applica-
tion of a pre-set negative pressure. The glass micropipette with
an aperture of 70 lm approached the bottom of the Petri dish to
a distance of 10 ± 1 lm (Fig. 3(a)). To apply the negative pressure
in the micropipette, a high-speed fluid valve connected to a syringe
was opened for a pre-defined time (valve opening time) above each
bead. The exact amount of this time can generally be adapted to
the applications, in the present paper it is separately state for every
measurement. After each cycle of the measurement the original
area selected within the Petri dish was scanned again and the neg-
ative pressure value was manually adjusted to the next level. Sub-
sequently each detected bead was probed again by the
micropipette. This process was continued in six cycles. CellSorter
software determined the coordinates of the beads by computer
vision and saved them before and after each cycle. The bead coor-
dinates before and after the cycles were compared to determine
the ratio of the beads remaining on the surface.

2.4. Optical waveguide lightmode spectroscopy (OWLS)

Optical waveguide lightmode spectroscopy (OWLS) is a label-
free surface-sensitive method using an evanescent electric field
generated during total internal reflection of a laser light. First, an
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optical waveguide sensor chipwith and incorporated coupling grat-
ing is mounted onto the device (type OW2400, Microvacuum Ltd.,
Hungary). The illuminating laser beam is coupled into the chip
and the OWLS instrument (BIOS210, Microvacuum Ltd., Hungary)
records the effective refractive indices of the zeroth-order TE
(transverse electric) and TM (transverse magnetic) polarized
waveguide modes through the measurement of the coupling angle.
The resolution of the acquisition is �13 s. Upon biomolecule
adsorption onto the surface of the sensor, the effective refractive
indices shift to higher values, allowing monitoring of the in situ
kinetics of adsorption processes. Prior to every experiment the
waveguide sensor chips underwent a standard cleaning routine e.-
g. immersed into chromic acid (Merck, Germany) for 3 min, fol-
lowed by rinsing with Milli-Q water, KOH and Milli-Q again. The
chips were then placed into an ultrasonic bath for at least 30 min
and the bathing Milli-Q water was changed in every 5 min. The
cleanedwaveguideswere incubated in HEPES buffer overnight [36].

In the present study, we use this sensitive technique to reveal
the subsequent adsorption kinetics of PLL-g-PEG-biotin, avidin
and polystyrene biotinylated beads. First, the baseline was
recorded with HEPES buffer (50 min), then PLL-g-PEG-biotin solu-
tion was injected and let to absorb for �30 min, followed by wash-
ing with HEPES buffer for 40 min. Then the avidin solution was
injected and let to absorb for 80 min and was again washed with
HEPES buffer for 35 min. After that, the bead solution was injected
and let to absorb for 70 min, followed by a washing step again with
HEPES buffer for 40 min. During the washing steps, the buffer was
pumped through the measurement cuvette with a speed of 1 ml/s
using a peristaltic pump.
Fig. 1. (a) Illustration of the polystyrene bead (d = 10 mm) attached to the support. The r
chains) covalently grafted with biotin (blue circles) is adsorbed to the surface. The avidin
refractive index change calculated from the TE mode (NTE) as a function of time duri
monitoring the assembly of the surface. The components are added to the measurement c
TE (transverse electric) signal. (d) Characteristic image showing the adhered beads on the
references to colour in this figure legend, the reader is referred to the web version of th
3. Results and discussions

3.1. Characterization of surface deposition of functionalized beads
in situ by optical waveguide lightmode spectroscopy

In order to validate the adhesion force spectrum measured by
CCMP, we used a reproducible, robust and widely applicable model
system: 10 mm diameter biotinylated polystyrene beads adhered to
an avidin-functionalized surface. The molecular structure of the
system can be seen in Fig. 1(a). To gain quantitative information
about the adhesion process of the microbeads, it was monitored
in situ by optical waveguide lightmode spectroscopy (OWLS). This
evanescent field based technique monitors the refractive index (RI)
in the direct vicinity of the sensor chip [37–39] (Fig. 1(b)) and the
surface adsorbed mass density can be also calculated in a straight-
forward manner. The surface density of the absorbed layers during
the measurement can be seen in Fig. 1(c). The avidin layer is
adsorbed in a surface mass density of 70 ng/cm2. Fig. 1(d) shows
a microscopy image of the sensor area after the beads have been
introduced on the surface.

3.2. Detachment of beads using fluidic force microscopy – direct
adhesion force measurements

To get an accurate characterization of the adhesion force distri-
bution of the surface attached microbeads, fluidic force microscopy
was used. Beads were picked up using �700 mbar negative pres-
sure in the microfluidic channel of the cantilever. We needed to
slightly jog the bead with the cantilever to pick it up by the
ed area shows the evanescent electric field of the OWLS. The PLL-g-PEG layer (blue
crosslinker (purple boxes) attaches the biotinylated bead to the surface. (b) Effective
ng the buildup of the molecular layers. (c) The result of the OWLS measurement
uvette followed by subsequent washing cycles. The mass scale is calculated from the
surface of the OWLS chip. The coverage of beads is 9.37%. (For interpretation of the
is article.)
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negative pressure. A pickup was accepted only if the bead was vis-
ibly positioned below the middle of the aperture, otherwise the
bead was removed and another one was picked up (Fig. 2(b)).
Adhesion curves such as the ones in Fig. 2(c) were recorded by
approaching the cantilever holding the bead to the surface, letting
the bead adhere to the planar surface for 1 min, then retracting the
cantilever with a speed of 1 mm/s.

The adhesion force values were extracted from the curves using
the EDNA software provided by Cytosurge. The adhesion force of a
bead is defined as the largest pulling force measured during the
detachment event, which is the minimum of the adhesion curves.
Typical adhesion curves are shown in Fig. 2(c). Curves showing
the time-displacement data are demonstrated in Fig. S1. The his-
togram of the distribution of adhesion force values for N = 47 beads
is shown in Fig. 2(d). The average adhesion force with the standard
error of the mean is 36.65 ± 1.83 nN. The distribution is relatively
compact with few outlier values. There is however an upper limit
to the measureable detachment force determined by the contact
force between the cantilever and the bead, which depends on the
area of the aperture. In the experiments presented here this max-
imal force is 460 nN which stays far above the adhesion spectrum
of the beads.

Dörig et al. [30] conducted experiments using a similar,
PLL-g-PEG-biotin based system with 2 and 50 mm sized latex
beads, finding an adhesion force distribution with a mode of
11 ± 1 nN. This value corresponds well to the value presented
here, taking into consideration the different aspects of the
experimental protocols including differences in critical parame-
ters such as loading rate, bead size, contact area and avidin
coverage.
Fig. 2. (a) Schematics of the workflow of FluidFM colloid force spectroscopy. The cantilev
adhere for a pre-set amount of time (second image). In the experiments presented here,
and the adhesion causes a bending (third image). When the bonds are broken, the cantile
as seen on the screen of the FluidFM BOT. Three beads are visible on the image, while
microscope image of the tip, with the 2 mm aperture in the middle. (c) Typical force dist
N = 47 beads from FluidFM colloid force spectroscopy. The mode of the adhesion force d
3.3. Detachment of beads using computer controlled micropipette –
indirect adhesion force measurements

The adhesion force of the surface attached beads was also mea-
sured by CCMP. The size of the population probed in a run was cho-
sen to be approximately 150. Since the duration of the
measurement scales linearly with population size, there is a prac-
tical limit to the number of microparticles that can be measured.
Taking into consideration the whole duration of an experiment,
the throughput of the technique is approximately 2 particles per
minute, which gives a sample size of N = 120 in an hour.

After the position of the particles is determined by computer
vision, the glass micropipette with an inner diameter of 70 mm is
moved over the beads one after the other and a negative pressure
is applied above each bead for a certain amount of time (valve
opening time, T). The principle of the measurement is illustrated
in Fig. 3(a). The micropipette tip is kept at a distance of 10 mm from
the surface during the measurement. The initial height setting is
done by approaching the pipette to the sample surface in 1 mm
steps and observing the mechanical vibrations of the tip visible
in the microscope [40]. Vibrations stop when the micropipette
tip touches the surface. In order to keep the distance between
the surface of the dish and the micropipette throughout the mea-
surement, a mathematical plane is fitted to the region of interest
by the control software on the basis of optical focusing onto the
four corners of the ROI. When the micropipette is traveling through
the sample, its height is corrected using this plane, compensating
any oblique positioning of the dish in the sample holder. This cor-
rection method provides an overall accuracy of �2 mm in height,
set by the depth of field of the objective lens. Once the entire pop-
er with the bead attached is approached to the surface (first image), then it is let to
pause time was set to 1 min. Afterwards, the cantilever is lifted up from the surface,
ver is fully retracted (fourth image). (b) Optical microscopy image of the experiment
one bead is shown attached to the cantilever. The inlet shows a scanning electron
ance curves measured by FluidFM. (d) The adhesion force distribution measured on
istribution with the standard error is 37.5 ± 1.8 nN.
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ulation of beads has been visited, the negative pressure value in the
pressure controller is increased and the pipette probes the remain-
ing beads again. The number of such cycles is determined by the
operator and can be adapted to the desired resolution of the adhe-
sion force spectrum. If the negative pressure is increased in small
steps, the force resolution of the method improves, however the
measurement time will be longer due to the larger number of
probing events. This tradeoff between the parameters has to be
taken into consideration when planning experiments.

The valve opening time (T), which determines for how long the
negative pressure and thus the flow and the hydrodynamic lifting
force is applied to the bead is an important parameter. Detachment
statistics of four separate measurements with different valve open-
ing times are shown in Fig. 3(c). As the negative pressure is
increased in every subsequent cycle, the number of remaining
beads decreases accordingly. By taking the difference between
the beads remaining in cycle N and N-1, a distribution can be mea-
sured. Such an adhesion distribution is shown in Fig. 3(b) with a
mean of 6732.8 Pa as measured on a population of N = 253 beads.
In this case, the valve opening time was set to 100 ms to match the
timescale of the FluidFM bead detachment (shown in the inset of
Fig. 3(b)). This is necessary in order to compare the histograms
measured by the two methods.

The rate of the detachment of beads shows a dependence on the
valve opening time, namely the longer the samenegative pressure is
applied, themore likely a bead detaches from the surface. This is fur-
ther demonstrated in Fig. 3(d) where the detachment of beads is
shown as a function of the valve opening time. The lines correspond
to different values of negative pressure that is applied on the beads,
Fig. 3. Drawing of the micropipette tip with the bead underneath in a side view. The nega
bead. The micropipette is kept at a constant distance of 10 mm from the surface. (b) Det
time of 100 ms measured on N = 450 beads. The mode of the distribution is 4761 Pa. T
process in the FluidFM. The inlet shows a typical force-time curve as measured by the F
ratio of beads remaining on the surface is shown as a function of the applied negativ
measurements on separately prepared surfaces each on a sample of 150 beads. (d) Same
different applied negative pressure values given in atm. The error bars show the standard
a sample of 150 beads.
essentiallymeasuring the bond lifetime under constant force condi-
tions. Consequently, themeasurement principle of the CCMP exper-
iments can be applied in two ways: it is possible to increase the
pulling force in cycles with a constant valve opening time and to
acquire an adhesion distribution from the data. Secondly, it is also
possible to apply a consistent force on the beads and increase the
valve opening time in the next cycle to determine the lifetime distri-
bution of the multiple bond system under constant force. While the
two measurement modes extract similar information, one or the
other can be advantageous for certain applications.

The biochemical system used in the experiments provides the
possibility to change the surface density of the biotin molecules,
thus to modify the adhesion force of the beads. This can be
achieved by mixing the PLL-g-PEG-biotin with PLL-g-PEG before
the first surface treatment step. This way the surface density of
the biotin is diluted leading to reduced adhesion. To demonstrate
the ability of the CCMP to discriminate between different surface
concentrations of the ligand as well as to examine unspecific
binding, further experiments were performed. Four dilutions of
PLL-g-PEG-biotin with PLL-g-PEG were prepared in the following
ratios: 1:0 (pure PLL-g-PEG-biotin), 1:4, 1:16 and 0:1
(pure PLL-g-PEG). Subsequently, the glass surfaces were function-
alized with each mixture and bead detachment experiments were
executed using the same protocol. The results are presented in
Fig. 4 for each surface, averaging three repeat experiments. Pure
PLL-g-PEG does not induce adhesion as 98% of the beads detach
after the first round of probing using the minimum picking force.

The correlation coefficient between the ratio of PLL-g-PEG-biotin
and the mode detachment pressure is C = 0.9270 which
tive pressure induces an inwards fluid flow which in turn exerts a lifting force on the
achment pressure distribution measured by the micropipette with a valve opening
he valve opening time was chosen to match the timescale of the bead detachment
luidFM. (c) Detachment curves corresponding to different valve opening times. The
e pressure. The error bars show the standard error of the mean of 3 independent
data as presented on (c) but shown as a function of the valve opening time for the
deviation of 3 independent measurements on separately prepared surfaces each on



Fig. 4. Experiment showing the detachment of beads from surfaces with different
ligand concentrations. Ratios of PLL-g-PEG-biotin to PLL-g-PEG in the surface
treatment mixture is shown for each curve in the legend. There is a clear correlation
between the strength of adhesion and the concentration of biotin on the surface.
Error bars show the standard error of the mean of 3 independent measurements on
separately prepared surfaces, each on a sample of 120 beads.

Fig. 5. (a) Normalized adhesion force distributions of beads measured by the
FluidFM (N = 47, mode of the force distribution with standard error given is
37.5 ± 1.8 nN). (b) Normalized adhesion force distribution measured by CCMP with
a valve opening time of 100 ms. The negative pressure values were converted to
force by setting the mode of the spectrum to the mode of the FluidFM results.
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demonstrates that CCMP can determine the relative strength of
molecular adhesion in a reproducible manner.

3.4. Comparison of distributions

For the validation of the adhesion force spectrum measured by
the micropipette, a comparison of the data to the spectrum mea-
sured by FluidFM is needed. The results of two methods can only
be realistically compared when the time scale of the bead detach-
ment matches in both cases (Fig. 3(b)). In order to fulfill this con-
dition, we used a valve opening time of 100 ms with CCMP and a
loading rate of 200 nN/s in the FluidFM experiments. Since both
measured histograms appear to be unimodal, we estimated that
the modes of the distributions correspond to each other. Conse-
quently, dividing the two numbers gives us a conversion value
between the negative pressure measured by the micropipette
and the adhesion force of the beads: c ¼ 797 nN=atm. Fig. 5(b)
shows the adhesion force spectrum of the bead population con-
verted from the CCMP experiment (for comparison, the adhesion
spectrummeasured by the FluidFM is show in Fig. 5(a)). The differ-
ences mainly appear at the edges of the spectra which we attribu-
ted to the smaller sample size of the FluidFM measurement.
(Duration of data acquisition was about the same (�2h) with both
methods.)

According to our OWLS results, detachment of the beads is a
consequence of the breakage of a large number of bonds loaded
in a parallel way since the surface density of avidin is
70 ng=cm2. The typical rupture force of a single avidin–biotin bond
has been shown experimentally to be in the range of 160–200 pN
[26,27] and values as high as 800 pN were proposed theoretically
[41]. The exact value strongly depends on experimental conditions
and on the loading rate, when measured by AFM. The loading rate
has an impact on both the rupture force of a bond modeled with a
single potential wall and in case of the streptavidin-biotin binding
it also affects the pathway of the rupture through the multiple
intermediate states [28]. The consequence of this dependence on
the loading rate in case of a large set of parallel bonds is that the
rupture force of an ensemble (F�

m) is not quantized with the single
bond rupture force (F�

s ). Instead, there is a transcendental mathe-
matical relationship between F�

m and N, from which the following
inequality results [42]:

F�
m < N � F�

s 3ð Þ
Therefore, single bond rupture force values cannot be acquired

in this way, just as the overall detachment force cannot be deter-
mined by knowing the rupture force of a single bond.
To give an estimate of F�
s , the number of avidin-biotin bonds

participating in the adhesion of beads in our experiments was esti-
mated from the contact area of the beads and the surface density
measured by the OWLS method. In our case, using the formula of
JKR theory [43] as well as considering the gyration radius of the
PLL-g-PEG chains [44], we acquire a contact area of
A ¼ 1:5 � 10�14 m2 which amounts to 100 avidin molecules under
the beads. Therefore a limit value of F�

s ¼ 188� 375 pN is given,
depending on how many of the available binding pockets of the
avidin molecules is occupied by a biotin on average.

4. Conclusions

In this study we applied a novel method, the computer con-
trolled micropipette (CCMP), for measuring the adhesion force his-
togram of several hundreds of functionalized microparticles. The
combined throughput and available force range of the technique
potentially opens up new possibilities in surface and colloid
sciences and related applications. The CCMPmethod directly deter-
mines the negative pressure difference that can detach an individ-
ual particle from the surface. In order to calibrate this pressure
difference value to a detachment force, a model-system was estab-
lished using 10 lm polystyrene beads immobilized on the surface
through the well-characterized biotin-avidin linkage. The in situ
build-up of the molecular surface layers and the subsequent
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adsorption of the beads was revealed by optical waveguide light-
mode spectroscopy (OWLS). The microparticle adhesion spectrum
was directly measured by colloid force spectroscopy using the
novel robotic fluidic force microscopy method (FluidFM BOT) then
compared to the spectrum deduced from micropipette experi-
ments. The adhesion force distribution was determined and the
mode was found to be F ¼ 37:5� 1:8 nN, similar to what has been
determined earlier using a comparable chemical system [30].

The two methodologies allowed us to determine the adhesion
force distribution of the attached beads, making a quantitative
comparison possible. We find that the two adhesion force his-
tograms can be reasonably correlated which opens the way
towards accurate detachment force measurements of any
microparticle system by the novel CCMP method. Two measure-
ment modes are proposed in further CCMP experiments: (i)
recording the detachment force using a consistent valve opening
time, and (ii) measuring the bond lifetime under constant applied
force. Either of these modes have a higher throughput than tradi-
tional colloid force microscopy methods or even FluidFM when
measuring the adhesion force on populations of microbeads.
Namely, a measurement speed of 2 beads per minute can be
reached routinely with the micropipette, including the prepara-
tion time of the setup. The maximal applicable lifting force
amounts to several micronewtons as it is only limited by the
highest value of pressure difference that can be applied without
destabilizing the sample. By varying the composition of the sur-
face treatment we demonstrated that the CCMP method is cap-
able of differentiating bead populations depending on their
adhesion strength, thus characterizing the effect of coatings on
microparticle attachment.

Themicropipette basedmethod has been used for characterizing
live cell adhesion earlier [40,45], however here we present the first
instance of a calibrated force adhesion spectrum measurement on
microparticles. The technique can be easily adapted for any particle
size by adjusting the inner diameter of themicropipette accordingly
down to around 1 lN in bead size. The material composition of the
beads does not influence the measurement; therefore, a wide vari-
ety of samples can be probed. It is important to highlight that the
force range is readily adaptable,with forces up to severalmicronew-
tons attainable. Further work is under way to develop and calibrate
an accurate single-cell level cell adhesion assay and to apply it on
biologically interesting cell populations. Based on the results, we
also envision the applicability of CCMP technology to measure the
adhesion of bacteria to functionalized surfaces in order to character-
ize bacteria repellent or adhesive coatings.

In the future, we expect that the introduced methodologies will
find widespread applications in the study of surface interactions
both for basic and applied research. Especially those areas can ben-
efit where large amount of adhesion data has to be obtained in a
reasonable time frame, in a straightforward and automatized man-
ner. For example, characterizing heterogeneity in adsorbing sur-
faces or in adsorbing colloidal objects, optimizing surface
adhesion, surface cleaning protocols of electronics materials such
as silicon wafers [46] and relevant coatings for industrial and basic
research applications. Furthermore, the different modes of mea-
surement can be later used to gain information on the energy land-
scape of molecular bonds.
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