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ABSTRACT Enhancing the short-term force precision of atomic

force microscopy (AFM) while maintaining excellent long-term force

suonenydNy
33104

stability would result in improved performance across multiple AFM

Extension

modalities, including single molecule force spectroscopy (SMFS). SMFS
is a powerful method to probe the nanometer-scale dynamics and
energetics of biomolecules (DNA, RNA, and proteins). The folding and
unfolding rates of such macromolecules are sensitive to sub-pN

changes in force. Recently, we demonstrated sub-pN stability over a
broad bandwidth (Af = 0.01—16 Hz) by removing the gold coating
from a 100 .zm long cantilever. However, this stability came at the cost of increased short-term force noise, decreased temporal response, and poor sensitivity.
Here, we avoided these compromises while retaining excellent force stability by modifying a short (L = 40 «m) cantilever with a focused ion beam. Our process
led to a ~10-fold reduction in both a cantilever's stiffness and its hydrodynamic drag near a surface. We also preserved the benefits of a highly reflective
cantilever while mitigating gold-coating induced long-term drift. As a result, we extended AFM's sub-pN bandwidth by a factor of ~50 to span five decades of
bandwidth (Af = 0.01—1000 Hz). Measurements of mechanically stretching individual proteins showed improved force precision coupled with state-of-the-art
force stability and no significant loss in temporal resolution compared to the stiffer, unmodified cantilever. Finally, these cantilevers were robust and were

reused for SFMS over multiple days. Hence, we expect these responsive, yet stable, cantilevers to broadly benefit diverse AFM-based studies.
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e-beam induced deposition

tomic force microscopy (AFM) is a
Apowerful tool in nanoscience that is

having an increasing impact in bio-
logy.? '° AFM offers subnanometer imag-
ing”"" "™ in conjunction with mechanical
probing of molecules'®'*~"7 and cells.'®"?
The primary measurement in AFM is force
(F), derived from measuring cantilever de-
flection. Like any measurement platform,
AFM would benefit from better precision
on short time scales while maintaining ex-
cellent stability over long periods. Better
short-term force precision improves all
AFM applications. Likewise, long-term
force stability benefits multiple AFM mo-
dalities, such as imaging®®?' and single
molecule force spectroscopy (SMFS)." In
SMFS, force stability is critical since the
equilibrium between folded and unfolded
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states of biomolecules (proteins, RNA,
and DNA) is sensitive to sub-pN changes
in F.1 5,22

The path toward improved short-term
force precision is well established:?* reduce
the hydrodynamic drag (5) of the cantilever.
This improvement is a consequence of
the fluctuation—dissipation theorem AF =
(4kBTAfﬁ)”2, where AF is the force preci-
sion, kgT is the thermal energy, and Afis the
bandwidth of the measurement. The pri-
mary way to reduce f is to decrease the
cantilever length (L), which has led to short-
er, albeit stiffer, cantilevers.?® Stiffer canti-
levers do not adversely affect force preci-
sion as long as the measured motion of the
cantilever is dominated by Brownian motion
(an assumption of the fluctuation—dissipation
theorem).
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In contrast, long-term stability is limited by instru-
mental rather than fundamental issues. Recently, we
achieved sub-pN force stability over a 100-s period
(Af = 0.01—16 Hz) in liquids by removing the gold
coating of a soft (k = 6 pN/nm) cantilever. Positional
precision at higher frequencies (~1 kHz) remained
unchanged despite a ~10-fold reduction in reflected
light?* The enhanced stability afforded by an un-
coated cantilever revealed low-frequency instrumental
drift in the optical lever arm. This drift was similar in
magnitude and spectral distribution on a state-of-the-
art commercial AFM (Cypher, Asylum Research) and a
custom-built ultrastable AFM.?> The drift added a fixed
amount of additional positional noise per unit band-
width, which in turn degraded the performance of
stiffer cantilevers more than softer ones (Figure 1). As a
result, cantilevers that are soft and long (Figure 1a)
outperformed short yet stiff ones (Figure 1b) on sur-
prisingly short time scales (~25 ms) when using two
popular cantilevers, the long BioLever [k = 6 pN/nm;
L = 100 um (Olympus)] and the BioLever Mini [k =
100 pN/nm; L = 40 um].>'

An additional goal in SMFS is detecting small, short-
lived folding intermediates.?®?” Such detection is en-
hanced by improved short-term force precision and
fast response of the cantilever to an abrupt changein F.
Unfortunately, the long BioLevers that provide the best
force stability suffer from relatively poor temporal
resolution due to their increased 3 and decreased k.
This reduced temporal resolution, coupled with de-
creased short-term force precision, hinders their appli-
cation in such SMFS studies.

Thus, at the moment, choosing the appropriate
cantilever for a particular application requires a com-
promise. This choice arises from the basic scaling
relation governing cantilever stiffness: k oc wT°/L3,
where w is the width of a rectangular cantilever, and
T is its thickness. Reductions in 3 arising from de-
creased L necessarily lead to increased k. As a result,
a user can have a stiff, low-force noise cantilever at the
cost of reduced long-term stability. Alternatively, one
can get state-of-the-art long-term force stability, but
with increased force noise per unit bandwidth and
reduced temporal resolution. For applications that
require high reflectivity, gold-coated cantilevers lead
to particularly poor long-term force stability.

We avoided these compromises by modifying a
short (L = 40 um) commercial cantilever using a
focused ion-beam (FIB) (Figure 1c). Micromachining
of cantilevers with a FIB has led to significant drops in
both k and 3.22?° However, these benefits have not yet
been exploited in biophysical and nanoscience re-
search applications using the traditional optical lever
arm detection available on commercial AFMs.

In this paper, we developed an efficient protocol for
enhancing the spatial-temporal measurement limits of
a widely used commercial cantilever (BioLever Mini)
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Figure 1. Micromachined cantilevers show improved per-
formance. SEM images of (a) an uncoated long BioLever (L =
100 u#m), (b) an uncoated BioLever Mini (L = 40 um), and (c) a
FIB-modified BioLever Mini that has a transparent glass
capping layer protecting an underlying gold patch at the
end of the cantilever. Each cantilever's measured spring
constant is indicated. (d) The averaged force power spectral
density (PSD) as a function of frequency of each cantilever in
liquid is shown when the cantilever was 50 nm over the
surface. The color of the curve is associated with the line
immediately below each cantilever's image in (a—c). (e)
Integrated force noise for each cantilever shown as a
function of frequency. The sub-pN regime is shaded orange.
The gold patch in panel () is false colored for visual clarity.

(Figure 2) and explored its application in precision
protein-unfolding experiments. Removing a large sec-
tion of the cantilever led to a 10-fold reduction in the
hydrodynamic drag, improving short-term force preci-
sion. We simultaneously achieved a 10-fold reduction
in stiffness by thinning the remaining beams, facilitat-
ing excellent long-term force stability. A transparent
capping layer patterned at the end of the cantilever
allowed us to retain a gold-coated cantilever's high
reflectivity while removing the gold from the rest of the
cantilever for improved force stability. As a result, we
extended the AFM's sub-pN bandwidth by a factor of
~50 to span a total of five decades of bandwidth (Af ~
0.01—1000 Hz). Our FIB-modified cantilevers could be
reused in SMFS assays over multiple days, increasing
their cost effectiveness. In protein-based SMFS assays,
we demonstrated improved short-term force precision
coupled with state-of-the-art force stability. Moreover,
these soft, but short, cantilevers suffered no significant
loss in temporal resolution when measuring abrupt
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Figure 2. A four-step protocol for micromachined canti-
levers. (a) A commercially available cantilever (Biolever Mini) is
selected for modification. (b) A glass-like capping layer is
deposited via e-beam-induced deposition. (c) A focused ion
beam (FIB) cuts out the central region of the cantilever. (d)
Using a defocused beam, the narrow cantilever supports are
thinned. (e) Two 40 s wet etches remove all of the unpro-
tected gold and chromium to improve low-frequency
performance.

transitions due to protein unfolding, as compared to
the stiffer unmodified cantilever. Overall, this combi-
nation of improved force precision without loss of
temporal resolution, force stability, or sensitivity opens
the door to many exciting AFM-based studies of short-
lived nanoscale events, including single-molecule
studies of protein folding over extended periods
(100 s), a duration 25-fold longer than previous equi-
librium AFM studies.'®

RESULTS AND DISCUSSION

Our goal was to improve the performance of AFM in
a broad range of biophysical and nanoscience applica-
tions while retaining a high-level of usability at an
affordable cost. Ease of use was achieved, in part, by
preserving a small gold-coated region on the back of
the cantilever while minimizing drift induced by the
gold coating. The long-term force stability, which was
limited by instrumental drift in the optical lever arm,
was achieved by lowering k. Short-term force preci-
sion was limited by the hydrodynamic drag, a conse-
quence of the fluctuation—dissipation theorem. Thus,
we sought to simultaneously reduce k and  while
preserving the high reflectivity in an efficient process.

Highly Reflective Micromachined Cantilevers. In prior
work, we showed that removing a cantilever's gold coat-
ing enabled sub-pN force precision over a broad band-
width, but also led to a 10-fold loss in reflectivity.?* The
decreased optical signal did not adversely affect posi-
tional precision on soft cantilevers (k = 6 pN/nm) at
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~1 kHz on a state-of-the-art commercial AFM, but did
decrease the usability of uncoated cantilevers. For ex-
ample, they showed more pronounced interference-
induced oscillations in the cantilever signal,?’ particu-
larly on gold-coated substrates commonly used in
single-molecule®*®' and nanoscience applications.3%33
Reduced reflectivity is also expected to adversely impact
performance when using stiffer cantilevers at higher
frequencies (>10 kHz) and on older instruments.

A cantilever is most sensitive to the adverse effects
of gold at the region of highest curvature, the junction
between the base of the cantilever and the chip on
which it is mounted. Previously, researchers have
created spatial patterning of gold near the end of a
cantilever by FIB milling off a cantilever's gold
coating.>* Similarly, we fully removed the gold and
underlying chromium layer using an FIB. These canti-
levers exhibited improved low-frequency performance.
However, we consistently observed better low-frequency
performance by using a wet chemical etch.

To preserve reflectivity while also achieving excel-
lent long-term stability, we developed an e-beam
patterned capping layer to preserve a small, well-
defined section of gold on the back side of the
cantilever. This capping layer protected the cantilever's
gold coating during a subsequent wet etch that re-
moved both the gold and chromium from the rest of
the cantilever. Importantly, the capping layer was
made from tetraethyl orthosilicate (TEOS), a glass-like
substance that is optically transparent (see Methods).
As a result, the 30—40 nm thick TEOS layer did not
adversely affect optical-lever-arm detection. Fully
FIB-modified cantilevers, as shown in Figure 1c, re-
tained excellent sensitivity (~15—20 nm/V) when
using the Cypher's standard (not small) spot size
module in comparison to an uncoated BioLever Mini
(~130 nm/V) and showed a minimal (25%) loss in the
optical signal. If necessary, larger reflective regions can
be fabricated by extending the TEOS patch over the full
area of the end of the cantilever.

Reducing Cantilever Stiffness. We initially reduced k by
removing a larger rectangular area (20 x 14 um?) from
the base of a BioLever Mini. The starting width of the
cantilever was ~16 um, and our modification left two
1 um wide supporting beams (Figure 1c). These sup-
ports were positioned at the edge of cantilever to
retain torsional stiffness. Finite-element modeling
and the linear scaling of k with w suggested an 8-fold
reduction in w should lead to an 8-fold reduction in k.
Experimentally, we measured a ~6-fold reduction.
Additional reduction in k can be made by further
narrowing of the support beams; we have made beams
as narrow as 600 nm, but this was technically demand-
ing. Instead, we focused on reducing the thickness
of the cantilever, because k ~ T°. A defocused FIB
scanned along the long axis of the beam reduced
the thickness from ~170 to ~120 nm. This thinning
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resulted in a total reduction in k by a factor of ~10
[9.4 4+ 0.9 (N = 10)]. For the particular cantilever shown
in Figure 1¢, the unmodified k was initially 54 pN/nm
and reduced to 4.7 pN/nm, a 12-fold reduction. Further
thinning of the cantilever is possible, though it resulted
in a rapidly increasing fraction of cantilevers break-
ing during such thinning. Overall, this micromachin-
ing process generated the desired short, but soft,
cantilevers.

Characterizing the Performance of Micromachined Canti-
levers. The dominant noise sources in AFM-based bio-
physical measurements (i.e., Brownian motion, instru-
mental noise in the optical lever arm, and metallization-
induced drift of the cantilever) also affect a simpler
measurement: the zero force position (zo) of the canti-
lever. Our initial characterization of the FIB-modified
cantilevers focused on this simpler measurement. More-
over, we performed this characterization 50 nm over the
surface, since most AFM-based assays are done in close
proximity to a surface. This proximity increases a canti-
lever's hydrodynamic damping, a phenomenon called
squeezed-film damping in AFM* and conceptually
similar to Faxen's law in optical-trapping studies.
Increased damping near a surface degrades short-term
force precision.>

Characterizing cantilever motion as a function of
frequency (f) allows for easy identification of two
regimes: thermal- and instrumentation-limited perfor-
mance. The force power spectral density (PSD) was
calculated from a set of five 100 s records for each
cantilever (Figure 1d) (Methods). The thermally limited
regime is at higher f, where the PSD is flat as a function
of fand then starts to fall off at a characteristic roll-off
frequency analogous to the PSD of optically trapped
beads.>® The instrumentation-limited regime is seen at
lower f, where the PSD increases as f decreases. The
crossover between these two regimes differs for the
three cantilevers studied.

The two uncoated commercial cantilevers show
better performance in different regimes?* The
BioLever Mini outperformed the long BioLever in the
thermally limited regime (higher f) because of its lower
hydrodynamic drag relative to the long BioLever. On
the other hand, the long BioLever outperformed the
BioLever Mini in the instrumentation-limited regime
(lower f) because of its lower stiffness. As a result, the
optimum cantilever depends on duration of the ex-
periments, and the crossover between the two regimes
happens at surprisingly short times (~25 ms).%'

Our micromachined cantilever combines the ad-
vantages of the two different cantilevers and improves
upon them. By decreasing the stiffness of a BioLever
Mini, the modified cantilever has a low-frequency
performance equal to an uncoated long BioLever. This
translates into excellent long-term force stability. In the
thermally limited regime at higher f, the modified
cantilever has a lower PSD than the BioLever Mini
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and, hence, better short-term force precision. The
degree of improvement can be quantified by taking
the ratio of the flat sections of the PSD for the two
cantilevers. This analysis shows a 3.5-fold improve-
ment, despite the modified cantilever being 14-fold
less stiff.

The kinetics of folding and unfolding of molecules
are sensitive to the total applied force. Thus, a key
metric is the force stability over the full duration of the
experiment. Current state-of-the-art AFM experiments
measure the equilibrium folding and unfolding of a
protein over a few seconds.'® In contrast, equilibrium
assays with dual-beam optical-trapping experiments
may last tens to hundreds of seconds.>”*® To span both
current and future AFM experiments, we calculated the
integrated force noise over a 100-s period, similar to
our prior work.2* The benefits of micromachined can-
tilevers are immediately obvious (Figure 1e). Their
reduced k allows them to have the long-term force
stability equivalent to a long BioLever. Yet, their re-
duced S allows the integrated force noise remained at
sub-pN levels to 930 Hz, a significantly higher f than
the long BiolLever (16 Hz). Hence, the FIB-modified
cantilevers exhibited a ~50-fold increase in sub-
pN bandwidth to span five decades of bandwidth
(Af~ 0.01—1000 Hz).

Comparison with Highly Reflective Cantilevers. For appli-
cations and instruments that require high reflectivity,
it is useful to compare our FIB-modified cantilevers
with two traditional gold-coated cantilevers (the long
BioLever and the BioLever Mini). A useful metric to
characterize performance over varying averaging
times is the Allan variance® (see Methods). The Allan
variance at a given averaging time represents the
averaged force noise over that time interval. More
broadly, a plot of the Allan variance is another metric
to characterize the crossover between thermally lim-
ited and instrumentation-limited performance.”® We
computed the Allan variance for isolated cantilevers
held 50-nm over the surface (Figure 3). The Allan
variance initially increases, suggesting worse perfor-
mance at longer times. However, this is an artifact due
to correlated motion of the cantilever at short time
scales;?" this portion of the curve is de-emphasized by
plotting it in gray. Over longer averaging times, the
force noise drops with a slope consistent with aver-
aging Brownian motion. At sufficiently long times, the
Allan variance for all three cantilevers deviates from
this slope. At this point, instrumental noise starts to
contribute and eventually dominates the average force
noise on the longest time scales

Comparison of the Allan variance for the three
highly reflective cantilevers immediately shows the
benefit of the micromachined cantilevers. Over all time
scales investigated (0.00005—50 s), the modified can-
tilever outperforms both commercial cantilevers. This
performance improvement is particularly pronounced
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Figure 3. Comparing the performance of three different
gold-coated cantilevers. Allan variance, a measure of preci-
sion over a given averaging time, was calculated from a
100 s trace measured 50 nm over a surface for a gold-coated
BioLever (BL) Mini (k = 79 pN/nm, gold), a gold coated long
BioLever (k = 5.0 pN/nm, purple), and a FIB-modified BL Mini
(k=5.1 pN/nm, It. green). The gray dashed line is a reference
with a slope consistent with averaging Brownian motion.
The micromachined cantilever significantly outperformed
both commercial cantilevers, particularly on time scales
longer than 0.1 s. On these time scales, the detrimental
effects of gold on force stability are particularly pro-
nounced. We note that at the very shortest times when
the motion of the cantilever is correlated, the Allan variance
yields misleading results on force precision, and this region
of the trace is de-emphasized using a dotted gray line.

on longer time scales (0.1—50 s) because of the detri-
mental effect of gold on force stability.>* Note that
performance of a gold-coated BioLever Mini deviates
from thermally limited performance at unexpectedly
short time scales (~1 ms). Hence, in applications
requiring high reflectivity, our modified BioLever Mini
shows superior performance on both short and long
time scales.

Reduced Hydrodynamic Damping. For many biophysi-
cists familiar with low Reynolds number hydrody-
namics, a substantial reduction in f arising from a
change in the shape, but not the longest length, of
an object is not obvious.*' On the other hand, experts
in cantilever dynamics may be familiar with prior
success in reducing 8 by FIB modification of a canti-
lever's shape.?®?° To quantify S, our first metric is based
on a classic result for an overdamped oscillator:*'
P =k x 7, where 7 is the characteristic relaxation time.
Our experimental definition of 7 is when the autocor-
relation dropped to 37% (e™") of its starting value. We
measured the autocorrelation for each cantilever near
and far from the surface (Figure 4). The resulting
autocorrelations were not a simple monotonic func-
tion but show a slight shoulder and, for some canti-
levers, ringing. The shoulder is consistent with the first
harmonic of the cantilever. The ringing, or slightly
negative values at longer delay times, is consistent
with Q > 1. We note that the increased /3 near a surface
suppressed such ringing for both the long BioLever
and the modified BioLever Mini. Suppression of ringing
is advantageous in most SMFS applications, since a
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Figure 4. Temporal response of cantilevers in liquid near
(50 nm) and far (~50 um) from the surface. The autocorrela-
tion of thermal motion as a function of time is plotted for
cantilevers near (colored) and far (black) from the surface for
an uncoated long BioLever (top panel), an uncoated Bio-
lever Mini (middle panel), and a modified BioLever Mini
(bottom panel). A characteristic time for each cantilever is
determined by the e " point in the autocorrelation. A nega-
tive autocorrelation indicates the cantilever was slightly
underdampled (Q > 1). The data show all three cantilevers
with a longer correlation time and reduced Q near surfaces,
consistent with increased hydrodynamic drag due to the
proximity of a surface. However, the modified BioLever Mini
shows less increase (85%) in its characteristic response
times in comparison to the other two cantilevers (250%
and 300% for the long Biolever and BioLever Mini, respec-
tively). The characteristic response times far and near from
the surface are 105 and 370 us for the long BioLever, 8 and
31 us for the BioLever Mini and 20 and 37 us for the modified
BioLever Mini. The stiffness for the three cantilevers are 6.4,
69, and 5.3 pN/nm for the long BioLever, the BioLever Mini,
and the modified BioLever Mini, respectively.

sinusoidal variation of F complicates interpretation of a
thermally activated process, such as protein unfolding.

We first analyzed the change in 8 when the canti-
lever is far from a surface on the basis of the ratio
of 3 between an unmodified BioLever Mini and FIB-
modified cantilever. This analysis yields a 6-fold reduc-
tion in B, a significant change considering the length of
cantilever was not altered. We caution that this is a
qualitative rather than a quantitative result. The calcu-
lation of [ assumes overdamped motion, a valid
assumption for the modified, but not the unmodified,
BioLever Mini when far from the surface. Nonetheless,
this result suggests a substantial reduction in j3 for the
modified cantilevers.

The more relevant result is 3 when the cantilever is
50 nm over a surface. For the unmodified long BioLever
and BioLever Mini, analysis of the autocorrelation time
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Figure 5. Improved single molecule force spectroscopy with FIB-modified cantilevers. (a) Cartoon of assay where eight
domains of a polyprotein are mechanically stretched by an AFM. (b) Force—extension records of mechanically unfolding a
polyprotein of NuG2 at 400 nm/s with the long BioLever (red), the BioLever Mini (dark green), and the micromachined BioLever
Mini (It. green). High-bandwidth data (50 kHz, gray) and smoothed data (1 kHz, colored) are shown. A worm-like-chain (WLC)
model (black line) well describes the stretching of the protein in one state (see also Figure S2a, Sl). (c) Plot of residual force
fluctuations after fitting a 20 nm section of the 1 kHz data to a WLC model. The standard deviations of these fluctuations are
4.1, 2.6, and 1.2 pN, using the same color scheme as in (b). Traces displaced vertically for clarity.

shows a 250 and 300% increase in 7 and, therefore, (3,
respectively. In contrast, the increase in 7 for the FIB-
modified cantilever was only 85%. Hence, the large
central cutout of the cantilever not only reduced g far
from the surface, it also significantly reduced the effect
of increased S near surfaces due to the squeezed film
damping, similar to prior results.*® To compare § for a
modified and a standard BioLever Mini at 50 nm over
the surface, we computed the ratio of § for the two
cantilevers. This analysis shows a 12-fold reduction in §
for the individual cantilever shown in Figure 4. This
ratio is computed from records of the same individual
cantilever before and after modification. The resulting
average reduction in 8 for multiple cantilevers was
10+ 1 (N=5).We note that both cantilevers showed an
absence of significant ringing in their autocorrelation
function close to a surface (Figure 4). Hence, we expect
that this ratio in S to be a quantitative result.

For completeness, we also measured § using a
generalization of Stokes drag: F = 5 x v.*! To do so,
we started with the cantilever touching the surface and
moved it to 100 nm above the surface at increasing v
while measuring cantilever deflection. A plot of F—v for
all three types of cantilevers studied showed a linear
relationship (Figure S1, Suppporting Information (SI)).
The slope of this line yields an independent estimate of
p. The ratio of the slopes for the FIB-modified and a
standard BioLever Mini is ~5. However, we note that
this is not our preferred quantitative determination of
S because of the dependence of § with height over the
surface and the short measurement time [1.6 ms
(= 100 nm/60 um/s)]. Summarizing two different ana-
lyses show a significant reduction in 5 near a surface,
the relevant regime for most AFM-based assays. Future
work can build upon our analysis for a more detailed
examination of 3 near a surface.

Improved Single Molecule Force Spectroscopy. To demon-
strate the benefit of micromachined cantilevers for
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real-world applications, we performed a common
AFM-based single-molecule assay, mechanical unfold-
ing of an individual protein (Figure 5a). The studied
protein consisted of 8 identical repeats of NuG2, a
computationally derived fast-folding variant of the
protein G B1 domain (GB1).** As is typical for these
studies, the cantilever was retracted at a constant v
(400 nm/s) while measuring the resulting F. We re-
corded the data at 50 kHz and analyzed records that
showed eight ruptures. The resulting traces showed
the classic sawtooth pattern for all three cantilever
types studied (Figure 5b).

Visual inspection of Figure 5b shows a dramatic
improvement in the quality of the data by using a FIB-
modified cantilever over either of the two commercial
cantilevers, particularly when looking at the records
smoothed to 1 kHz. We illustrate this improvement by
analyzing the fluctuations in F. To do so, we fit a short
(20 nm) section of the smoothed force—extension
record to a worm-like chain (WLC) model and plotted
the residual fluctuations in F (Figure 5c). The RMS
fluctuations around mean position were 1.2 pN for
the FIB-modified BioLever while the unmodified Bio-
Lever mini and long BioLever showed 2.6 and 4.1 pN,
respectively. This reduction in force fluctuations for
the modified BioLever Mini in a biophysical assay
confirms a significantly reduced 5. More generally,
these force—extension curves were well fit by a WLC
model (Figure S2a, SI) and illustrate the types of
improvements afforded by micromachined cantilevers
in a common AFM-based assay that requires short-
term force precision.

A 10-fold reduction in 3 improves SMFS in another
manner; it decreases the hydrodynamic force applied
to the cantilever when collecting force—extension data
by retracting the cantilever through a fluid. If unac-
counted for, this force corrupts the classic sawtooth
force—extension curve (Figure 5b), even at velocities as
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Figure 6. Micromachined cantilever shows improved performance while stretching a protein. (a) Schematic of the
experiment showing a protein stretched at constant extension. (b) Force-versus-time records for three different cantilevers
stretching a protein to F ~ 50 pN while the stage position was held fixed. High-bandwidth data (50 kHz, gray) and smoothed
data (1 kHz, colored) are shown. Traces displaced for clarity. The standard deviation for the 1 kHz data was 5.2, 3.2,and 1.0 pN,
for the long Biolever (red), BioLever Mini (dark green), and the FIB-modified BioLever Mini (/t. green), respectively. The
stiffnesses for the three cantilevers were 4.4, 74, and 5.9 pN/nm in the same order. (c) Schematic showing the abrupt unfolding
of a protein observed while holding the cantilever at constant height over the surface. (d) Averaged force-versus-time records
show the step response function of the different cantilevers. The characteristic times for the three cantilevers were 450 (+40),
53 (+16), and 76 (£18) us for a long BioLever (red), a BioLever Mini (dark green), and a modified BioLever Mini (It. green),
respectively. Note, the smoother appearance of the long BioLever record relative to the two other cantilevers is an artificial
result arising from plotting data at 50 kHz where the individual points are not statistically independent (see also Figure 3).

low as a few um/s when using standard cantilevers.*>4*

Reduction in hydrodynamic force also facilitates SMFS
at very high pulling velocities (v = 0.5—5 mm/s), which
has recently opened the door for direct compari-
son between SMFS data and molecular dynamics
simulations.*?

Cantilevers with reduced 8 can improve imaging
applications as well, in particular nanoscale mapping of
the mechanical properties of materials.*® In such ex-
periments, an array of force—distance curves is mea-
sured at every x—y point, a so-called force—volume or
force—distance map. This process is usually very slow.
Recently, software and hardware enhancements have
led to rapid nanomechanical investigations of cells*’
and membrane proteins with molecular®® and sub-
molecular resolution.** Rapid force-volume imaging
is commercially available [e.g., PeakForce Tapping
(Bruker)]. The quality and the speed of such experi-
ments could be improved by using cantilevers that
have both reduced k and f.

Enhanced Sub-pN Precision and Stability in Surface-Anchored
Biophysical Assay. Equilibrium studies of macromolecu-
lar folding need excellent short-term force precision
coupled with long-term stability. To probe long-term
stability in a single-molecule assay, we first mechani-
cally unfolded a polyprotein of NuG2 to its full exten-
sion and then lowered the cantilever until F = 50 pN.
This F prevented refolding while allowing for the
acquisition of a 100 s trace recorded at a stationary

BULL ET AL.

stage position (Figure 6a). The resulting data showed
excellent force stability (Figure 6b) when the instru-
ment had been allowed to settle for 1—2 h after
cantilever mounting. Quantitatively, the FIB-modified
cantilever showed an excellent combination of force
precision and force stability with an integrated force
noise of 1.1 pN over five decades of bandwidth (Af =
0.01—1000 Hz). The same metric yielded 2.4 and 5.2 pN
for the BioLever Mini and the long BioLever, respec-
tively. We note that this level of performance relied
upon the stability of our commercial AFM; neither F nor
the tip—sample separation®® was actively stabilized.
Rather, a closed-loop piezo-electric stage was used to
maintain the stage position, as is typical in such assays.
Different instruments will yield different results. How-
ever, the critical point is that micromachined canti-
levers maintained essentially the same force stability
in a protein-based assay as for an isolated cantilever
(Figure 1e). As a result, our ~50-fold improvement in
bandwidth for sub-pN force precision is preserved in a
biophysical assay even when the cantilever is anchored
to a surface through the molecule under study.
These long records of protein extension also al-
lowed us to explore short-term force precision in an
assay analogous to equilibrium studies of protein
folding and unfolding.'® As discussed above, better
short-term force precision enables more robust detec-
tion of transiently populated states during SMFS stud-
ies of protein folding.?®*” A plot of the Allan variance

VOL.8 = NO.5 = 4984-4995 = 2014 ACSN\JA

J

WL

N

Na

WWwWW.acsnano.org

4990



b 100 ———rrr——

a 100 ——rrr————r
L\ At=1ms
L
_. 80F | |
P4 L @
e S
E K i 1 1 1
S 40r Extension
o L
< 20
| Obscured
transitions R
1 2 4 6 810 2 4
AL (aa)

|l At=10ms J
__ 80 .
=z L J
e
w 60
el
2
3 40
Q.
<
20
01 2 'A'é'é';o z 4
AL (aa)

Figure 7. Analyzing the limits for detection of short-lived events as a function of force and event duration (At).
(a, inset) Force—extension record for stretching a polyprotein consisting of three (orange) and four (blue) unfolded NuG2
domains. The two curves were considered distinguishable, and therefore color coded, when they were separated by twice the
standard deviation in the force noise in data smoothed over the specified event time. (a) Plot of applied force versus resolvable
change in contour length (AL) for a 1 ms event for the FIB-modified cantilever (green) and the uncoated long BioLever (red),
the two cantilevers with necessary force stability for long equilibrium experiments. (b) Same as in panel (a) but analyzed
assuming a 10 ms event. Note that the FIB-modified cantilever can resolve a smaller change in AL during a 1 ms event than the

long BioLever can in a 10 ms event.

for the isolated modified BioLever versus one pulling
on a protein at constant extension shows similar per-
formance (Figure S3, Sl). This analysis shows that im-
provements in short-term force precision afforded by
the micromachined cantilever in a biophysical assay
continued to nearly match that of an isolated cantilever.

Sensitive but Responsive in Protein-Unfolding Studies. Im-
proved protein folding and unfolding studies rely not
only on force precision, but also on cantilevers that
respond rapidly to an abrupt change in applied F. While
short-term force noise is governed by £, the mechan-
ical response time is given by v = /k in the over-
damped limit. Thus, in general, softer cantilevers are
less responsive at fixed f5.

We used the abrupt opening of a protein to directly
measure the response function of the cantilever
(Figure 6c). Our protocol was similar to the protein-
pulling protocol used for Figure 5. In this revised assay,
we selected for a full-length construct, lowered the
extension until F ~ 10 pN and then kept the stage at a
constant position. After waiting 5 s, the extension was
rapidly increased until F =~ 70 pN. The resulting data
was then recorded at high bandwidth (50 kHz) for the
next 3 s. If the tether did not break, the force was
returned to 10 pN for 5 s and the process repeated. To
improve the signal-to-noise ratio, we averaged sev-
eral unfolding trajectories (N = 6). The resulting data
showed an approximately exponential drop in F due to
the abrupt unfolding of a protein (Figure 6d). The
characteristic times for a normal BioLever Mini and a
modified BioLever Mini were 53 (£16) and 76 (+18) us,
respectively. These times were significantly faster than
the 450 (£40) us measured for a long BioLever. Thus,
our soft cantilevers facilitate equilibrium studies be-
cause of their long-term force stability, while their
reduced S allows them to be responsive in detecting
short-lived events.

BULL ET AL.

Improved Detection of Short-Lived States. Short-term
force precision facilitates many nanoscience applica-
tions. For instance, better short-term force precision
enables more robust detection of transiently popu-
lated states during SMFS studies of protein folding.
Such transient states may last only 1 ms or less in
equilibrium studies.?” Transiently populated unfolding
intermediates are also observed while mechanically
unfolding proteins?®?” and RNA?? at a constant veloc-
ity. To analyze the limits in detecting the folding and
unfolding of proteins in an equilibrium assay, we
calculated the smallest protein-unfolding event that
could be resolved when using the two cantilevers that
show the necessary long-term force stability for such
an assay, the modified BioLever Mini and the uncoated
long BioLever. A change in L was considered detect-
able if two states, defined by WLC curves, were sepa-
rated by twice the standard deviation in the data in
a given time interval where the initial L was 53 nm
(Figure 7a, inset).

Detection of short-lived events depends on the
applied force and the duration of the event. We used
10 pN as a representative force, since equilibrium
folding between states for a variety of biomolecules
is seen at 5—12 pN.'>373830 Wwe initially used the
standard deviation of a cantilever's motion when
smoothed over a 1 ms period. This analysis showed
that our modified cantilever could detect a AL = 13
amino acids [aa (1 aa = 0.36 nm)] in 1 ms (Figure 7a). In
comparison, the same analysis yielded AL = 31 aa for
an uncoated long BioLever. Longer events allow for
more averaging of Brownian motion, and therefore a
smaller AL is resolvable. When a 10 ms event was
analyzed, the micromachined cantilever and the long
BioLever could detect a AL of 6 and 18 aa, respectively
(Figure 7b). We note this analysis is based solely on
short-term RMS noise and does not take into account
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the comparatively slow mechanical relaxation of the
long BioLever (0.45 ms), which makes a 1 ms event
even more challenging to resolve.

Dynamic experiments also show folding inter-
mediates®®?” and benefit from improved detection
of short-lived events. Unfolding forces of >50 pN at
pulling rates of 300—500 nm/s are common.?*?” In this
regime of ~2—3 ms/nm at F = 50 pN, our analysis
suggests that detecting even a single amino acid
change (AL = 1 aa) is possible with FIB-modified
cantilevers.

In summary, our modified cantilevers excel at resolv-
ing small changes in AL over short periods. Indeed,
they can resolve a smaller AL in 1 ms than an uncoated
long BiolLever can over 10 ms without sacrificing
the force stability of the uncoated cantilever. More-
over, these modified cantilevers respond more quickly
and have a high reflectivity. Overall, we expect these
cantilevers will aid both equilibrium and dynamic
studies of protein folding by AFM.

Cost, Usability, and Limitations. Our FIB-modified canti-
levers are not too costly for routine use. After an
extended research and development phase, our mar-
ginal cost for making these cantilevers in batches of 9is
~$30/ea at a typical academic rate for using an FIB
(575/h) operated by an undergraduate research assis-
tant ($12/h). This marginal cost is about two-thirds the
cost of a BioLever Mini or one-third of the cost of a
BioLever Fast. Thus, for a relatively modest increase in
cost per cantilever, one gets a dramatic improvement
in performance over a broad bandwidth.

Perhaps more important than the marginal cost is
that we reused FIB-modified cantilevers in SMFS appli-
cations over multiple days (Figure S2b, SI). Unlike
imaging applications, SMFS does not require a parti-
cularly sharp tip. After cleaning, the reused cantilever
showed no change in stiffness or loss in performance,
increasing the return on investment in fabricating them.

Like many soft cantilevers, these modified canti-
levers sometimes folded when immersed into liquid.
However, given sufficient time (~5 min), they typically
unfolded. If the cantilever remained folded, dewetting/
rewetting a few times typically induced unfolding. In
cases where rewetting was unsuccessful, the cantile-
vers were induced to unfold by briefly dipping them
in ethyl alcohol. In our experience, this behavior
is quite comparable to standard long Biolevers.

METHODS

Focused lon Beam Modification of a Commercial Cantilever. We used
a dual-beam FIB (Nova NanolLab 600, FEI) that has both an
electron (e) beam and an ion (Ga’") beam. The e-beam
was used to write the glass-like structure, to compensate for
charging during FIB-milling,”' and to image the resulting
structure. The ion-beam was used to remove material from
the cantilever.

BULL ET AL.

For comparison, we have also FIB-modified short Bio-
Levers [L = 60 um; k = 30 pN/nm (unmodified values)].
Unfortunately, these cantilevers rarely unfolded, mak-
ing them a poor choice for routine use.

Our micromachined cantilevers showed long-term
stability equal to an uncoated long BioLever.>* How-
ever, this level of performance typically takes 1-2 h to
attain, unlike uncoated cantilevers, which attained
sub-pN stability just 30 min after mounting.>* We
empbhasize that this limitation will only affect long time
scale experiments. The improved short-term force
precision (Figure 5) is immediately accessible and
useful in a wide range of AFM-based assays. For
scientists familiar with standard gold-coated canti-
levers, the long-term drift of our modified cantilevers
is significantly less and stabilizes on a more rapid time
scale than traditional cantilevers.

CONCLUSIONS

We have developed an efficient way to fabricate soft,
but short, AFM cantilevers. Their 10-fold lower f5 leads
to better short-term force precision. Their 10-fold lower
k, coupled with the removal of all of the gold except
from the end of the cantilever, leads to excellent long-
term force stability. The protected gold patch enables
high reflectivity, without loss of such stability. Impor-
tantly, these FIB-modified cantilevers are neither too
complex to fabricate nor too costly for routine use in a
commercial AFM. Moreover, our work extends earlier
thermal noise characterization of FIB-modified canti-
levers?®2° by directly demonstrating enhanced perfor-
mance in a common single-molecule assay, the me-
chanical unfolding of a protein. We highlighted this
improvement in three different force spectroscopy
assays. First, we showed significantly improved short-
term force precision during a dynamic unfolding assay
(Figure 5). Second, we showed sub-pN performance
over five decades of bandwidth (Af ~ 0.01—1000 Hz)
while stretching a surface-anchored protein (Figure 6b).
Finally, we showed the temporal response of the canti-
lever to a protein unfolding remained excellent (~70 us)
despite the cantilever's reduced k (Figure 6d). Hence,
these FIB-modified cantilevers show enhanced perfor-
mance in multiple force spectroscopy assays. We expect
these enhancements can immediately improve a wide
range of other AFM-based studies in biophysics and
nanotechnology.

The protocol begins by loading the cantilevers into the FIB
using a custom-made metal mounting plate. This mounting
geometry held 9 cantilevers, which were affixed to the mount-
ing plate with graphite tape. The graphite tape helped minimize
the charging of the cantilever during FIB-modification; excess
charge on insulating samples leads to degraded performance
in scanning electron microscopy (SEM) and FIB applications.®’
We next loaded the sample into the FIB. It took ~20 min to
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achieve a vacuum of 10~ Torr (1.3 mPa), our typical base
pressure.

We used an e-beam induced deposition process>? to form
the capping layer (Figure 2b) that protected the gold during
subsequent chemical etches. The mask was transparent and
made from a precursor gas (TEOS, FEI). The gas was introduced
into the FIB vacuum chamber through a micromanipulator-
controlled needle as part of the manufacturer's gas injection
system (GIS). This system allowed us to position a needle close
(~400 um) to the sample, improving gas adsorption without
compromising the base pressure of the main FIB chamber. The
gas flow rate was controlled by the pressure of the precursor
gas, which was typically ~1 Torr (130 Pa). Gas adsorbed on the
surface forms a solid glass-like material when irradiated with an
e-beam of adequate energy (>1 eV). The precursor gas is more
effectively activated by secondary electrons (~10 eV) than high
energy electrons (10 keV), due to its larger cross section for low
energy electrons. Secondary electrons (<50 eV) are efficiently
produced by the e-beam as it scatters in the substrate (i.e., the
silicon nitride of the cantilever).> To do so, we used a tightly
focused (~150 nm diameter) 100-pA 5 keV e-beam. Raster
scanning this e-beam enabled us to generate the desired
8 x 12 um? pattern. The pattern itself was laid out using the
manufacturer's software and had a pixel size of the ~175 nm.
The dwell time per pixel during the writing process was 0.04 ms.
We repeated the pattern 5000 times for a total write time of 6 min.
We used the e-beam limited regime for deposition, in contrast to
an adsorption-limited one, to achieve better mask continuity and
improved deposition purity.>?

To remove the large, central region of the cantilever
(Figure 2¢), we first had to overcome a significant problem
associated with FIB modification of soft cantilevers: they vi-
brated and/or folded back upon themselves during the milling
process. The cause of these unwanted cantilever dynamics was
charging of the cantilever, a problem that was partially, but not
fully, alleviated by using graphite tape in the mounting process.
The traditional solution to this problem is to sputter extra gold
onto the cantilever,®’ an added step in handling of each
cantilever. We avoided this additional step with two modifica-
tions to the FIB-milling process. The first modification was to
apply a defocused e-beam (10 um diam; 1.5 nA) to the cantilever
concurrent with the FIB milling. The negative electrons helped
neutralize the positive charge build up from the Ga®* ions.>!
The second modification was to start the milling 