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Abstract Atomic force microscopy (AFM)-based dynamic
force spectroscopy of single molecular interactions
involves characterizing unbinding/unfolding force distribu-
tions over a range of pulling speeds. Owing to their size
and stiffness, AFM cantilevers are adversely affected by
hydrodynamic forces, especially at pulling speeds >10 pm/s,
when the viscous drag becomes comparable to the unbind-
ing/unfolding forces. To circumvent these adverse effects,
we have fabricated polymer-based membranes capable of
actuating commercial AFM cantilevers at speeds >100 pm/s
with minimal viscous drag effects. We have used FLU-
ENT®, a computational fluid dynamics (CFD) software, to
simulate high-speed pulling and fast actuation of AFM can-
tilevers and membranes in different experimental configura-
tions. The simulation results support the experimental
findings on a variety of commercial AFM cantilevers and
predict significant reduction in drag forces when membrane
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actuators are used. Unbinding force experiments involving
human antibodies using these membranes demonstrate that
it is possible to achieve bond loading rates >10° pN/s, an
order of magnitude greater than that reported with commercial
AFM cantilevers and systems.

Keywords Hydrodynamic drag - Membrane actuation -
Parylene - Cantilever - Unbinding force - Loading rate

Introduction

How proteins function in their microscopic milieu is deter-
mined primarily by their structure, but numerous examples
of physiological processes exist wherein protein functions
are regulated additionally by external factors like mechani-
cal force. A striking example is the force-dependent kinet-
ics of selectin-ligand interactions that mediate the tethering
and rolling of leukocytes on vascular endothelia during
inflammation or injury (McEver 1991, 2002). Dynamic
force spectroscopic studies to characterize unbinding forces
or unfolding features of biological macromolecules at the
single molecular level using ultrasensitive force probe tools
like atomic force microscopy (AFM), biomembrane
force probe (BFP) and optical tweezers have been well-
documented (Marshall et al. 2003; Sarangapani et al. 2004;
Franz etal. 2007; Evans et al. 2004; Chen et al. 2008;
Wang et al. 1998). AFM experimental protocols typically
involve functionalizing one or both apposing surfaces with
molecules of interest, bringing them in contact and pulling
them apart to study the forced-dissociation kinetics or
domain unfolding patterns. Such studies help to gain
insight into the energy landscapes of the interactions tested
(Evans and Ritchie 1997; Evans et al. 2001). In order to
map the complete energy landscape, the unbinding/unfolding
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force distributions over a wide range of loading rates are
required.

In AFM experiments, high loading rates can be achieved
by using stiffer probes or by increasing the probe retraction
speed with a given cantilever, but each approach has its
limitation. If one uses commercial small cantilevers, which
are usually stiffer, the force resolution has to be compro-
mised, and sophisticated detection systems are required.
When using commercial cantilevers especially at pulling
speeds >10 pm/s, the hydrodynamic forces acting on the
cantilever often compare in magnitude with the unbinding/
unfolding forces being measured (Janovjak etal. 2005).
Recently, force-clamp spectroscopy measurements have
been carried out using the giant muscle protein titin to study
the transition state during the protein unfolding process
(Dougan et al. 2008). These experiments were conducted in
buffer containing glycerol, which is known to enhance pro-
tein stability. However, glycerol would make the buffer
more viscous and increase drag even at low cantilever pull-
ing speeds. An improved AFM system employing small
cantilevers has been reported for imaging and force spec-
troscopic studies, and retraction speeds as high as 95 pm/s
could be reached (Viani et al. 1999a, b). This approach uses
specially microfabricated cantilevers with smaller size and
lower spring constants (Walters et al. 1996; Viani et al.
1999a, b). Smaller cantilevers are also attractive for various
other applications demanding fast operation (Yang et al.
2005; Yamashita et al. 2007; Nakagawa et al. 2009; Katan
and Oosterkamp 2008), but these AFM cantilevers and sys-
tems are not commercially available yet.

Using different software packages, finite-element
method simulations have been performed before with the
intention of predicting the dynamic response of cantilevers
in liquid (Basak etal. 2006, 2007; Zhang and Turner
2007). In this work, we report drag forces on several com-
monly used AFM cantilevers computed using FLUENT®
(ANSYS® Inc.), the results of which compared well with
those from actual experiments. In order to circumvent the
hydrodynamic effects often encountered in biological
high-speed pulling experiments using commercial AFM
cantilevers and systems, we have fabricated membrane-
based actuators capable of actuation at very high speeds,
with minimal drag effects. Actuating these membranes and
using the cantilever as the force sensor allowed us to
achieve bond loading rates between human antibodies, an
order of magnitude (~10° pN/s) greater than that reported
with commercial AFM cantilevers and systems. Fabrica-
tion of parallel arrays of these membranes and the ease of
individual actuation would make it possible to conduct
experiments with commercial AFM cantilever arrays. This
could greatly accelerate the data production rate, minimiz-
ing both time and resources input in single molecular
research.
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Materials and methods
Fabrication of parylene membranes

Polymer membranes used as surface actuators were micro-
fabricated using a Si-based process similar to the fabrica-
tion of silicon nitride/oxide membranes previously
described (Torun et al. 2007a, b). The membrane structure
consists of a stack of parylene (a biocompatible polymer)
and aluminium. An embedded aluminium layer on the
membrane serves as the top electrode for the integrated
electrostatic actuator. The parylene layer completely seals
and electrically isolates the actuator when used in fluid and
also serves as an ideal surface for anchoring biomolecules,
while gold serves as the bottom electrode in the microstruc-
tures (Fig. 1a).

Proteins, antibodies and AFM system

Human IgG and anti-human IgG were from Sigma—Aldrich
(St. Louis, MO). We used two AFM systems for running
experiments, with comparable results. One was built in-
house based on a design provided by Vincent Moy (Univer-
sity of Miami, Miami, FL), while the other was a DI 3100
system from Veeco Inc. (Santa Barbara, CA). Both systems
employed a laser beam-bounce technique to monitor canti-
lever deflection (Fig. 1a). AFM cantilevers were from
Veeco Inc. (model nos. MLCT and OBL, Olympus Bio-
Levers) and calibrated during each experiment using
thermal fluctuation analysis (Hutter and Bechhoefer 1993).

Functionalization of AFM cantilevers and membranes
in antibody experiments

Membranes were incubated with 10-20 pl of anti-human
IgG (10 pg/ml) for 15-20 min at room temperature, and
excess antibody was washed off with DPBS (Sigma-
Aldrich) containing 1% BSA. AFM cantilevers were
incubated with 10 pl of human IgG (10 pg/ml) for 15-20 min
at room temperature (Fig. 1b). These concentrations were
found to give the right molecular densities to keep binding
infrequent and ensure single molecular interactions in the
majority of the events tested, in accordance to Poisson
statistics (Zhu et al. 2002).

In some experiments, cantilevers were actuated by the
piezotranslator (PZT) to bring the tips in contact with the
membranes and retract them at different speeds. In other
experiments, the membranes were electrostatically actuated
to drive them into and out of contact with a stationary canti-
lever. In either case, binding was signified by the visible
bending of the cantilever during the retraction phase, when
the tip was linked to the membrane by a molecular bond
(cf. Fig. 5b). The membrane actuators were reusable: they
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Fig. 1 a AFM experimental setup: The experimental unit consists of
an (electrostatic) actuation-capable membrane underneath a commercial
AFM setup, with the cantilever deflection being monitored continually
by conventional laser beam-bounce technique. b Functionalization of
AFM tip and membrane: In the biomolecular pulling experiments, the
cantilever tips were incubated with human IgG, and the membranes
were incubated with anti-human IgG (see Materials and methods);

could be stripped off any biological entities by soaking
them in organic solvents after an experiment rendering
them ready for a new experiment. All experiments were
performed in DPBS buffer containing 1% BSA.

Experimental measurement of drag force

Following contact with the apposing surface (membrane or
petri dish), the cantilevers were retracted a set distance
(1 pm) from the surface using the PZT and held stationary
for some time. Subsequently, they were retracted at differ-
ent speeds (5, 10, 20 and 40 pum/s), and the cantilever
deflection (measure of the drag force) was continually mon-
itored (Fig. 1c). Tens of such individual measurements
were recorded at each velocity measure. The experiments
were repeated using cantilevers of different shapes and
sizes.

Simulations

Details about the FLUENT® simulations have been pro-
vided in the supplemental material section (cf. Fig. S1).
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¢ Drag force measurement: In the force-time scan curve (to be read
from left to right), the cantilever is initially held stationary, close to the
membrane surface (~1 pm) and subsequently pulled at a set velocity.
The deflection of the cantilever (measure of the drag force) is moni-
tored continually. Many such individual pull events were analyzed and
data presented as mean == SEM. The small arrow next to the cantilever
indicates the direction of cantilever motion

Results
Drag force on AFM cantilevers during PZT retraction

We used FLUENT® to simulate the hydrodynamic effects
on AFM cantilevers during their high speed pulling. Figure
S1b—-d shows the computational domain for the case of a
large triangular cantilever (cantilever C) in proximity
(1 um) to the apposing surface, generated using GAMBIT.
Simulations were run for different cantilever shapes and
sizes at multiple retraction speeds, and the forces reported
by FLUENT® were recorded. To compare with experi-
ments, cantilevers were initially held close (1 um) to the
apposing surface and retracted at the same speed as in the
simulations, and the drag forces at each speed were mea-
sured (cf. Fig. 1c). Drag forces from our home-built AFM
(AFM no. 1) and the commercial AFM system (AFM no. 2)
had bell-shaped distributions for different cantilever shapes
(data not shown) and sizes (Fig. 2a—b). The peak values
were close to the mean and moved rightward toward higher
forces with increasing cantilever speed regardless of the
cantilever shapes (data not shown) and sizes (Fig. 2a-b).
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Fig. 2 Drag forces on cantile-
vers during PZT retraction.
(a—b) Histograms of
experimental drag force acting
on cantilevers C and D for
different cantilever pulling
speeds. Each data set has
~50-60 measurements.
Numbers atop each histogram
group represents the number of
measurements in that group. The
rightward shift of the peak upon
increasing pulling speed is
clearly evident. (c—e) Drag force '’ 20
vs. cantilever velocity data for ¢
triangular and rectangular
(Bio-Lever B) cantilevers from
experiments (blue filled squares
and circles) and FLUENT®
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Furthermore, reasonable agreements were found between
experimentally measured and numerically computed drag
forces, both of which increased linearly with cantilever
speed for both triangular (Fig.2c—d) and rectangular
(Fig. 2e) cantilevers. The differences between experimental
and computed values could be due to several reasons, such
as variations in the cantilever thickness within the same
batch of cantilevers (please refer to Supplemental Material
for some results pertaining to this point) or differences in
assumptions of buffer viscosity (in the simulations, we
specified water as the buffer medium, while in reality,
DPBS with 1% BSA could be slightly more viscous than
water) as well as changes in buffer viscosity during the
course of an experiment due to evaporation of buffer fluid,
etc.

Drag force on AFM cantilevers during membrane actuation

To address the adverse hydrodynamic effects on AFM can-
tilevers at high pulling speeds, we employed actuation-
capable membranes in lieu of moving the cantilever.
Such polymer-based membranes are capable of actuation
speeds >100 pwm/s. From Fig. 2c—e, it follows from extrapo-
lation that retracting cantilevers at such speeds would gen-
erate many tens to a few hundred pN of drag force on the
cantilever, thereby rendering unbinding/unfolding force
measurements erroneous if not corrected.

We first performed simulations to determine the drag
forces acting on AFM cantilevers when the membranes
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were actuated in close proximity while keeping the cantile-
vers stationary. The 3D geometry for the case of a 300-um
diameter membrane at 1 um distance from triangular
cantilever C is shown in Fig. 3a—c (we also performed
simulations using cantilever D). Though they look similar,
the major difference between Figs. S1b—d and 3a—c is the
additional presence of a circular membrane structure under-
neath the AFM cantilever. Simulations revealed that
actuating the membranes would generate much lower drag
on the cantilever than if the cantilevers were to be retracted
themselves, with the drag forces again scaling linearly with
velocity (Fig. 3d, thin dashed and thin solid lines). For
example, retracting cantilever C at 50 um/s would generate
a drag force of ~100 pN (cf. Fig.2c), while actuating a
300-um diameter membrane at the same speed would
generate only ~2 pN on cantilever C adjacent to it (Fig. 3d,
thin dashed line).

To test these results, we engaged cantilever C with a
300-pm diameter membrane immersed in DPBS buffer. We
turned on both the PZT actuator (cantilever) and the elec-
trostatic actuator (membrane), and recorded the displace-
ment of the cantilever from the AFM side. Figure 4a shows
the recorded photodiode signal (y-axis; converted to force)
together with the trajectories of the cantilever and the
membrane during one such run. The PZT covered a peak-
to-peak displacement of 1.3 pum at ~20 um/s, while the
membrane was actuated at a similar speed with a 70-nm
peak-to-peak displacement. The recorded force curve
clearly shows that the cantilever and membrane made the
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Fig. 4 a Force (fop) and displacement (boftom) trajectories of PZT
and membrane actuators. A visible hydrodynamic drag (as signified by
a kink in the force-time trace; see inset) manifests during PZT
actuation, while membrane actuation at comparable speed does not

first contact at ~0.03 s (point a), and the resultant displace-
ment of the cantilever (from point a to point b) is due to the
superposition of both PZT and membrane actuators when
the structures were in contact. Point b refers to the instant
when the cantilever and membrane get out of contact. At
point ¢ (~0.14 s), the PZT reverses its direction. The inset
corresponding to time duration marked with dashed lines
shows an amplified portion of the force curve clearly fea-
turing the effect of cantilever drag that manifests as a visi-
ble jump in the force curve when the PZT reverses
direction. However, whenever the membrane moving at a
similar speed reverses its direction, the resultant drag force
on the cantilever is not resolvable (<5.84 pN rms noise
level, based on our calculations), which clearly corrobo-
rated our computational results. The portion of the trace in
the inset has been filtered and amplified further in Fig. 4b to
further illustrate this point. The force trace shows no mea-
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impact the adjacent cantilever in any discernible manner. b Amplified
portion of trace from inset in panel (a) (see text for details). The time
instants when the membrane reverses its direction are labeled by small
arrows for clarity

surable hydrodynamic drag force when the membrane
actuator reverses its direction.

In the simulations pertaining to Fig. 3, the tip of the
cantilever was exactly positioned over the center of the
underlying membrane, but achieving this experimentally is
challenging. To assist us with cantilever positioning, the
membrane actuators were fabricated with a small metal
area under the dielectric layer located at the center. During
the experiments, we could clearly see this metal layer and
engage the cantilever accordingly, giving us confidence
about the measurements.

According to the small deflection theory of thin plates,
the deflection of the membranes can be expressed by a Bessel
function with a maximum deflection at the center and zero
at the periphery (Leissa 1993). The membrane actuators
used in the present work were moved ~100 nm at the cen-
ter though these actuators have a much higher range

@ Springer



1224

Eur Biophys J (2010) 39:1219-1227

(~1 pm). Moving localized areas of the membrane by such
small distances would push only a very small volume of
liquid out in its immediate milieu and create a small flow
field. On the contrary, when an AFM cantilever moves with
its base, it would create more complicated flow-like condi-
tions, generating a strong resistance to its motion that
would manifest as a large drag. This theory is supported by
velocity profile and pressure contour analyses of cantilever
and membrane during their respective actuation (see Sup-
plemental Material; Figs. S2 and S3). Taken together, the
results from Figs. 2, 3 and 4 suggested that membrane actu-
ation would serve as a much better alternative to cantilever
retraction, especially in biological fast pulling experiments.

Binding specificity in antibody pulling experiments

To confirm specificity of the interactions, BSA-coated can-
tilevers, when tested against anti-human IgG-incubated
membranes, showed ~5% adhesion (Fig. 5a). Coating the
cantilevers with human IgG greatly increased the adhesion
probability to ~35%, while blocking the membranes with
excess human IgG in solution resulted in a dramatic drop of
adhesion probability between the same membrane-tip pair
at par with nonspecific levels (Fig. 5a). The majority of the
adhesions between human IgG-coated cantilevers and anti-
human IgG-incubated membranes exhibited a single peak
or rupture, with a progressively smaller number of events
with multiple peaks, in accordance with Poisson statistics
(data not shown). This suggested that majority of the adhe-
sion events tested involved single molecular interactions
(Zhu et al. 2002).

Unbinding force studies by membrane actuation

The exponential augmentation of bond dissociation due to
applied force results in an increase in bond strength with
loading rate (Evans and Ritchie 1997; Evans et al. 2001;
Zhang et al. 2004, Wojcikiewicz et al. 2006). To map the
energy landscape of the molecular interaction in question
via dynamic force spectroscopy, it is imperative that the
rupture forces are measured over a very wide range of bond
loading rates. Initially, we recorded force spectroscopy data
for human IgG interactions with a counter antibody (anti-
human IgG) employing cantilevers (C and D) over a range
of retraction speeds till hydrodynamic effects set in. The
cantilevers were used both for actuation and force sensing.
In trying to reach 10° pN/s loading rate, we had to retract
the cantilevers at speeds >10 pm/s, encountering few tens
of pN drag force in the process.

To sidestep the hydrodynamics issue, we actuated the
membranes at speeds between 10 and 100 um/s by applying
voltages <50 V while the stationary cantilever was used
only for force sensing. Figure 5b shows a force-time trace
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of the signal from the AFM cantilever when a 300-pum
diameter membrane was actuated at a speed of ~100 pm/s
in its proximity. The minimal hydrodynamic drag on the
AFM cantilever is strongly demonstrated by the cantilever
snapping back to its mean resting position (horizontal black
line) immediately after bond rupture, while the membrane
was moving at ~100 pm/s. Loading rate was obtained
directly from the slope of the linear portion of the force-
time scan curve (Fig. 5b).

Many such unbinding force measurements involving
both cantilever and membrane actuation were pooled from
multiple experiments involving different tip-membrane
pairs to ensure statistical robustness. Histograms of the
unbinding forces had a characteristic bell distribution, with
the peak shifting rightward toward increasing forces with
increasing loading rate (Fig. 5c). With membrane actuation,
we measured bond-loading rates from 10* pN/s to as high
as 10° pN/s, an order of magnitude higher than that possible
with cantilever pulling (Fig. 5c—d). Data from membrane
actuation experiments compared well with those from can-
tilever pulling experiments (see overlapping data points
from AFM and membrane actuation at~10* pN/s in
Fig. 5d). Furthermore, a plot of the peak value of the
unbinding force distributions vs. loading rate was linear
(semi-log axes plot) with a solitary segment (Fig. 5d), sug-
gesting that these interactions had a single energy barrier
under the conditions tested (Evans and Ritchie 1997; Evans
etal. 2001; Zhang et al. 2004; Wojcikiewicz et al. 2006).
Furthermore, the unbinding forces measured in our experi-
ments are in the range of rupture forces reported for other
antigen-antibody pairs (Dammer et al. 1996; Idiris et al.
2005; Marshall et al. 2005). We believe that our membrane-
based experimental protocol can be applied to characterize
the dynamic force spectroscopic properties of other molec-
ular systems as well.

Discussion

We have systematically characterized the hydrodynamic
effects because of respective cantilever and membrane
actuations based on simulations and experiments. In our
simulations, we positioned the cantilever 1 pm from the
adjacent surface. This is because while modeling
the cantilever in GAMBIT, we faced a problem to mesh the
geometry when the cantilever was brought very close to the
surface (<1 pm). Though analytical models predict infinite
drag forces when the separation of a moving structure and
an adjacent solid boundary vanishes, Janovjak et al.
(Janovjak et al. 2005) have shown that the drag force
increases ~1.5-fold when the cantilever tip-surface separa-
tion decreases from 2.5 um to 0. Based on these results we
do not expect a significant (i.e., orders of magnitude)
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Fig. 5 a Binding specificity in antibody experiments. Initially, the
membranes were coated with anti-human IgG and tested against non-
functionalized AFM cantilever tips (white open bar: absence of
function). In the next step, the cantilevers were functionalized with
human IgG (patterned bar: gain of function). Finally, the cantilever
tips were incubated with excess anti-human IgG and tested again
(hatched bar: loss of function). b A typical force-time trace obtained
with membrane actuation (to be read from left to right). In the left
ascending portion of the trace, the membrane moves upward (depicted
by the small arrow next to it), causing the cantilever to bend upward
(compression). In the subsequent descending portion, the membrane
reverses its direction of motion, but the cantilever is still bent upward.
Further downward motion of the membrane beyond the zero mean
force position (horizontal black line) causes the cantilever to bend

increase in the drag force when the cantilever is close to the
adjacent surface. Also, in our simulations, we had the canti-
lever untethered to the adjacent surface. This is also justi-
fied since the origin of the drag force in the simulations is
not due to the actual bending of the cantilever (wall zones
are infinitely rigid in the computations), but rather a reac-
tion to the flow because of its rigid translational motion
including the base.

Though hydrodynamic forces increased with actuation
speed, membranes were much less impacted by hydrody-
namic effects compared to cantilevers with comparable
dimensions. Moving only the top face of the membrane that
is exposed to the fluid would push only a very small volume
of liquid out in its immediate milieu and create a small flow
field. On the contrary, when an AFM cantilever moves with
its base, it could create more complicated flow-like condi-
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downward (tension) due to a biomolecular bond linkage. Upon bond
rupture, the cantilever snaps back to its resting position immediately
without any visible hydrodynamic effects though the membrane is
moving at a very high speed. ¢ Unbinding force histograms for human
IgG vs. anti-human IgG interactions at multiple bond loading rates.
The rightward shift of the peak position with increasing bond loading
rate is clearly evident. The data set for the highest loading rate (blue
bars) were obtained with membrane actuation, while all other data sets
were obtained with cantilever retraction. The cantilever was used as the
force sensor in all the cases. Numbers atop each histogram group
represent the number of measurements in that group. d Strength
spectrum of human IgG vs. anti-human IgG interactions reveals a
linear trend for bond loading rates spanning ~4 orders of magnitude.
R? value for the linear fit to the data was 0.96

tions, generating a strong resistance to its motion that
would manifest as a large drag. This theory is supported by
velocity profiles and pressure contours on the AFM cantile-
ver or membrane actuator (obtained from FLUENT®).
These results have been presented in the Supplemental
Material section (cf. Figs. S2 and S3).

Fabricating the membrane actuators entails a detailed
protocol, and each membrane requires calibration before
use. Also, the addition of an actuator device adds to the
complexity of the experimental setup. However, one can
still use our membrane actuators with commercial AFM
cantilevers and systems while monitoring cantilever deflection
using the traditional AFM optical readout method, as in this
work. Another possible drawback with our membrane-based
actuator system is the energy that can be coupled to the
surrounding fluid from vibrating the membrane at high
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frequencies, which could potentially impact the kinetics of
the molecular system being studied. However, we note
that this would be of concern at frequencies wherein the
membrane size is comparable to acoustic wavelength
(e.g., >1 MHz for a 300-pm diameter membrane). The
experiments reported here were conducted at 1 kHz, and
this effect is not of significant concern here.

It is also possible to monitor the membrane actuator dis-
placement with high resolution using an integrated grating
based interferometer as described earlier (Torun et al.
2007a, b). With this capability, the membrane actuator can
provide information about molecular extensions and may
be used both as an actuator and force sensor.

Conclusions

We have fabricated membrane-based actuation structures
for high-speed pulling dynamic force spectroscopic experi-
ments that exhibit significantly reduced hydrodynamic
interference as compared to common AFM cantilevers that
are moved by piezoelectric actuators. We have developed a
detailed model to calculate the hydrodynamic drag on sev-
eral commonly used AFM cantilevers in different force
spectroscopy experiment configurations and compared the
results with experimental data. The comparisons showed
that the model captured essential features of the drag force,
and hence it could be extended to simulate hydrodynamic
drag in systems where a membrane actuator is used. The
results on membrane actuator driven experiments indeed
showed an order of magnitude lower drag forces, enabling
loading biomolecular bonds at rates >10° pN/s. Membrane
actuator-driven antibody pulling experiments further
showed the applicability of the approach for conducting
force spectroscopy on a variety of biomolecules. The low
drag forces on the membrane, coupled with a sensitive dis-
placement sensing scheme that has been demonstrated ear-
lier, suggest that these membrane-based systems can be
used as force sensors as well actuators for improved force
spectroscopy involving single biomolecules.
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