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ABSTRACT

Gold-thiol chemistry is widely used in nanotechnology but has not been exploited in optical-trapping experiments due to laser-induced ablation
of gold. We circumvented this problem by using an array of gold nanoposts (r = 50—250 nm, h ~ 20 nm) that allowed for quantitative
optical-trapping assays without direct irradiation of the gold. DNA was covalently attached to the gold via dithiol phosphoramidite (DTPA). By
using three DTPAs, the gold—DNA bond was not cleaved in the presence of excess thiolated compounds. This chemical robustness allowed
us to reduce nonspecific sticking by passivating the unreacted gold with methoxy-(polyethylene glycol)-thiol. We routinely achieved single
beads anchored to the nanoposts by single DNA molecules. We measured DNA’s elasticity and its overstretching transition, demonstrating
moderate- and high-force optical-trapping assays using gold-thiol chemistry. Force spectroscopy measurements were consistent with the
rupture of the strepavidin—biotin bond between the bead and the DNA. This implied that the DNA remained anchored to the surface due to
the strong gold—thiol bond. Consistent with this conclusion, we repeatedly reattached the trapped bead to the same individual DNA molecule.
Thus, surface conjugation of biomolecules onto an array of gold nanostructures by chemically and mechanically robust bonds provides a

unique way to carry out spatially controlled, repeatable measurements of single molecules.

Optical trapping’s broad force range (0.01—100’s pN)
coupled with its atomic-scale (0.1 nm) sensitivity enables a
multitude of studies,'~* including stretching DNA,* charac-
terizing molecular motors,? unfolding proteins,® and rupturing
protein—ligand bonds.” These assays require coupling bio-
molecules to surfaces through mechanically strong bonds.
Often the challenging part in such assays is maintaining
biological activity while minimizing nonspecific sticking.?
Ideally, one would like to pattern biomolecules on an
otherwise nonstick surface. Gold-thiol chemistry can provide
an important, complementary conjugation technique to the
commonly used, but mechanically weaker, ligand—receptor
couplings (e.g., streptavidin—biotin, digoxigenin—antidig-
oxigenin). Gold-thiol bonds are covalent and therefore
mechanically strong (~1.4 nN).® Gold is also easy to pattern
at the nanometer scale.” However, gold-thiol chemistry is
not used in optical-trapping applications due to laser-induced
ablation of the gold.
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Nanopatterning offers a means to optimize the spacing
between individual molecules. Usually, the surface distribution
of molecules in these assays is random and is controlled by
varying the concentration and duration of a binding step. Yet,
different single-molecule assays require different spacing be-
tween molecules. For example, consider an optical-trapping
assay using DNA (Figure 1a). If the DNA molecules are too
close together, then two beads (anchored by separate DNA
molecules) can fall into the same trap, or two DNA molecules
can bind to one bead. At low surface densities, bead-DNA
complexes are widely spaced and time-consuming to find.
In either limit, data collection is inefficient. Thus, controlled
spacing of single molecules can enhance the efficiency and
throughput of these assays.

This optimization needs to maintain biological activity,
which is hindered by the ubiquitous problem of nonspecific
sticking. Uncontrolled surface adsorption can lead to reduc-
tion (or loss) of activity. Further, such molecules can
sterically interfere with studies of nearby molecules. Non-
specific sticking is most effectively reduced by coating glass
coverslips with polyethylene-glycol (PEG).!° However, this
PEGylation is a multistep, labor intensive process. Moreover,
the resulting spatial distribution of molecules is still random
and can vary from day to day.
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Figure 1. (a) Schematic of an optical-trapping assay integrated with
an array of gold nanoposts (not to scale). The DNA was anchored
at one end via a gold-DTPA bond while the opposite end was
attached to an optically trapped streptavidin-coated bead via biotin.
The posts were on an 8 x 8 um? grid with a lateral offset of 4 um
between adjacent rows. (b) Chemical structure of DTPA linker
attached to gold surface, where adenine bases were placed between
the repeated DTPA moiety to provide flexibility and spacing for
higher binding efficiency. Hydrogens on carbon atoms are not
shown.

Maintaining biological activity often requires a reducing
agent [e.g., | mM dithiothreitol (DTT)]. While mechanically
strong, single gold—thiol bonds are not stable in the presence
of such high levels of thiolated compounds. Multiple
gold—thiol bonds lead to more chemically robust attach-
ment.'"!? Specifically, DNA anchored by three repetitions
of dithiol phosphoramidite (DTPA, Glen Research) is not
displaced by millimolar concentrations of hexanethiol.!?
DTPA-labeled oligonucleotides are commercially available
and can be used as primers for polymerase chain reaction.
Thus, DTPA provides a robust and accessible means to
anchor DNA to gold.!*

Gold-thiol conjugation is used in single-molecule atomic
force microscopy (AFM)" and, more recently, magnetic-
tweezers studies.'® In this letter, we report the successful
integration of optical traps with gold-supported bioconjuga-
tion at site specific locations. Specifically, we developed a
set of experimental procedures for quantitative optical-
trapping assays that avoided the direct irradiation of an array
of gold nanoposts (rpese = 50—250 nm, /iy &~ 20 nm). With
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multivalent attachment [3 DTPAs (Figure 1b)], the DNA
remained bound in the presence of 10 mM thiolated
compounds (DTT and S-mercaptoethanol). This chemical
robustness allowed us to significantly lower nonspecific
sticking by coupling methoxy-(polyethylene glycol)-thiol
(mPEG-SH) to the unreacted gold. We attached the opposite
end of the DNA to streptavidin-coated beads using a 5’-biotin
label. With this assay, we measured DNA’s elasticity, its
overstretching transition, and the biotin—streptavidin bond’s
rupture force. By holding the detached bead near the
nanopost with minimal laser power (~250 uW), we reat-
tached the bead to the surface-anchored DNA. The mean
change in anchor location before and after reattachment was
~5 nm, indicating that the same individual DNA molecule
was repeatedly measured (see below).

By using a spatially defined array of nanoposts, we
targeted the DNA to specific locations that were visible in
an optical microscope using standard (Kohler) illumination.
We optimized the distribution of posts by considering (i)
the DNA contour length [L = 2081 nm (6230 base pairs)]
and bead radius (r,qg = 345 nm); (ii) the 70% increase in
DNA extension during the force-induced overstretching of
the DNA at 65 pN;*!7 and (iii) the geometric area needed to
determine the DNA’s anchor point via elasticity measure-
ments along the coordinate axes. Our optimized geometry
has posts on a 8 x 8 um? grid with a 4 um offset between
adjacent rows (Figure la; Supporting Information, Figure
S1). We fabricated this array of nanoposts on KOH-cleaned
glass coverslips using physical vapor deposition of gold
through silicon-nitride-membrane shadow masks (Figure
2a).'8 Deposition at a base pressure of <8 x 1077 Torr (0.1
mPa) led to good coupling of the DNA to the gold. To
prevent clogging of the shadow mask, we cleaned the masks
after each use by alternating soaking in aqua regia (3:1
volume ratio of HNO3/HCl) (Hazard) and a nitric-acid based
chromium etchant (TFN, Transene, Inc.) (Hazard). We
reused individual shadow masks multiple times (N > 50).
Use of shadow masks avoided exposing the unreacted gold
to the chemical solution normally used to remove a polymeric
mask.

To further maintain the reactivity of the gold, we incubated
the DTPA-labeled DNA immediately after deposition. The
number of DNA molecules per nanopost depended on the
DNA concentration, incubation time, and post size. Using
flow cells formed from patterned coverslips, we optimized
the assay to achieve beads anchored by single DNA
molecules (at the expense of fractional occupancy). Our
protocol consisted of sequentially adding the DNA, passi-
vating the gold with methoxy-(polyethylene glycol)-thiol
(mPEG-SH, MW = 5 kD, Nektar), passivating the glass with
bovine serum albumin (BSA), and finally attaching the
streptavidin beads to the DNA (Figure 2b—e; Supporting
Information). Under conditions that promoted anchoring by
single molecules, visual inspection showed a 10% fractional
occupancy (~25 tethers per 221 posts). At higher DNA
concentration, a fractional occupancy of 50% was achieved,
though with 50% of the beads anchored by multiple DNAs.
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Figure 2. Steps for making gold nanoposts and attaching bead-
DNA complexes to them (not to scale). (a) Gold was deposited
onto a glass coverslip through a Si;N, membrane shadow mask
(purple). (b) DNA (red), end-labeled with DTPA (black dot),
was incubated with freshly deposited gold. (c) The unreacted
gold was passivated with mPEG-SH (green). (d) The cover glass
was passivated with bovine serum albumin (BSA) (olive). (e)
Streptavidin-coated beads were attached to biotinylated end of
the DNA.

Control experiments demonstrated that mPEG-SH-coated
surfaces exhibited excellent nonstick properties for single-
molecule experiments. We tested this using coverslips coated
with a thin, continuous layer of gold and passivated with
mPEG-SH. Such coverslips showed dramatically reduced
nonspecific sticking of protein-coated beads (~10 stuck beads
per 1 x 1 mm?) even without added blocking agents (BSA
and Tween-20, a nonionic detergent used to reduce sticking).
For comparison, this is 20-fold better than glass coverslips
coated with BSA and using a solution containing both BSA
(3 mg/mL) and Tween-20 (0.4%).

Our optical-trapping microscope used two lasers, one
at high power (400 mW at focus) and a second at much
lower power (250 uW). The first laser beam formed the
optical trap. The second, weaker beam measured bead
position using back-focal-plane detection.!” Except for
calibration of detector sensitivity, we left the trap station-
ary and colinear with the detection laser. We moved the
sample in three dimensions (3D) via a closed-loop, piezo-
electric (PZT) stage. Details of the trap were similar to
prior reports.?*”2? Calibrations followed the standard pro-
tocols® and yielded a trap stiffness of 1 pN/nm using 400
mW and a 345-nm radius bead.

2980

The first step in a single-molecule optical-trapping experi-
ment is to verify that a single molecule is being studied and
to establish the proper trapping geometry. For DNA, single-
molecule anchoring is demonstrated by measuring DNA’s
elasticity?* and fitting the resulting data to a wormlike chain
model (WLC).? If the fit returns a persistence length, p, (a
measure of polymer stiffness) of ~50 nm,? then a single
DNA molecule is being studied. To measure DNA’s elastic-
ity, the location of the DNA’s attachment to the cover glass,
often called its tether point, must be aligned to the trap in
3D. The tether point’s vertical position is found by monitor-
ing the change in forward-scattered light as a trapped bead
is brought into contact with the surface by raising the stage.”’
Next, an elasticity-centering procedure symmetrically stretches
the DNA along positive and negative directions on the x-
and y-axes. For each axis, this routine returns three values,
p, L, and A, where L is the DNA contour length and A is
the offset of the tether point relative to the optical-trapping
axis. A first iteration of this procedure roughly locates the
anchor point of the DNA, and a second iteration refines this
location and quantitatively measures p and L.

Punctate anchoring of DNA to gold was integrated with
modified optical-trapping procedures to avoid direct laser
irradiation of the gold (Figure 3). With both trap and
detection lasers off, we visually centered a nanopost contain-
ing a tethered bead under the stationary trap (Figure 3a).
Next, we laterally moved the nanopost ~1 um along the
x-axis and turned on both lasers, which led to rapid trapping
of the tethered bead (Figure 3b). At this position, we scanned
the stage vertically until the trapped bead was in contact with
the glass surface and moved the surface 300 nm below the
contact point (not shown). We then measured the elasticity
of the DNA along both the negative and positive y directions
(Figure 3c—d) and fitted the resulting data to the WLC model
to determine p, L, and A (Figure 4a). We used p and L to
select for beads anchored by single DNA molecules. Both
lasers were turned off, and we corrected for the y-lateral
offset (A) by a stage movement (Figure 3e). The process
was then repeated along the x-axis (Figure 3f—j). We
repeated steps a—j two more times to determine the anchor
point more accurately. Convergence in anchor point location
was excellent; A for the third iteration was a mere 1.7 £
3.7 and 0.1 £ 2.2 nm (mean =+ std. dev.; N = 28) in the x-
and y-axes, respectively.

Quantitative interpretation of these elasticity curves re-
quired a modification to the standard method for determining
DNA elasticity in a surface-coupled assay.?* Our elasticity
curves were taken at a substantial lateral offset (~1 um) to
the direction of stretching to avoid ablation of the gold. We
recorded bead displacement, and hence force, along the axis
of stage motion. The 3D force-extension curve was calculated
from this 1D projection by an extension of earlier work?
using both a lateral and a vertical offset (see Supporting
Information; Figures S2, S3). With this correction, we
reproduced the expected persistence length (p = 44.6 nm
for this length DNA)?! [e.g., Figure 4a, p = 49 nm; see also
Figure 5b inset, <p > = 42.1 £ 0.3 nm (mean =+ std. err.; N
= 196)]. Summarizing, we performed a quantitative optical-
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Figure 3. Procedure for measuring DNA anchored to a gold nanopost with an optical trap (not to scale). The trap and the colinear detection
lasers were stationary during the experiment (intersection of the dotted lines), while the sample was moved in 3D via a PZT stage. The
on/off states of trap and detection lasers are indicated by shading. A 2D elasticity-centering routine (a—j) determined the anchor point of
the DNA along the y- and x-axes sequentially, similar to prior work®’ but with a substantial (~1 um) lateral offset. Steps a—j were repeated
two more times to localize the anchor point with nanometer-scale precision. By moving the stage at constant velocity (k), high forces were
exerted on the DNA that ultimately resulted in the rupture of the biotin-streptavidin bond anchoring the DNA to the bead (1). To reattach
the bead to the same individual DNA molecule, the disconnected bead was trapped by a weak detection beam, positioned near the post, and
then slowly moved back and forth (m) until the bead rebound to the DNA and the stage motion pulled the bead out of the weak trap (n).
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Figure 4. Force-extension records of DNA molecules at moderate
and high forces. (a) Elasticity measurement of the 2081 nm (6230
base pairs) long DNA tether (circle) stretched up to 10 pN in
the positive and negative directions. Using a fitting routine that
takes into account the substantial lateral offset (~1 um) relative
to the DNA length (Supporting Information), we fit the data to
the WLC model® (line) to determine three values, p, L, and A,
where p is the persistence length, L is the contour length, and A is
the location of the anchor point. For the trace shown, the fitted
values were 48.9 (£1.6) nm, 2093 (£2) nm, and 0.2 (£0.5) nm,
respectively. Data between —1200 and 1200 nm were not used in
the fitting process, and the determined p was insensitive to this
exclusion.?! (b) Force-extension record for DNA when moving the
stage at a uniform velocity (250 nm/s) (circles). The plateau at ~65
pN corresponds to the overstretching transition of the DNA. The
cusp at 90 pN corresponds to the rupture of the biotin—streptavidin
bond. The force-extension record below 50 pN is well fit by a WLC
model that includes enthalpic stretching of the DNA backbone
(line).?!

trapping experiment at moderate forces (<10 pN) while using
a gold—thiol bond to anchor a biological molecule.

We next demonstrated integration of gold—thiol bonds in
assays that required higher forces (>100 pN) and therefore
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higher laser powers (400 mW). Numerous single-molecule
assays require high forces, including bacteriophage portal
proteins (55 pN),?® overstretching DNA (65 pN),*!7 and
rupture of ligand—receptor bonds (<200 pN depending on
loading rate).?

In the overstretching transition, DNA undergoes a remark-
able structural transition at ~65 pN in which its extension
increases to 1.7 times its contour length over a small force
range (AF = 5 pN).*'7 To measure this transition, we
laterally offset the anchor point from the trap center by ~1
um and then turned on the trap to a high power. After the
bead was captured (not shown), we moved the stage at a
constant velocity (250 nm/s) in the same direction as the
offset until the tether failed (Figure 3k,l; Figure 4b). The
plateau at ~65 pN corresponds to the overstretching transi-
tion. We interpret the cusp at 90 pN as a failure in the linkage
between the bead and the surface followed by the bead
returning to the center of the trap (F = 0 pN).

The characteristic shape and force of the overstretch
transition provided a complementary way to distinguish
single tethers from multiple tethers. First, below 50 pN, the
force-versus-extension data were well modeled by a WLC
model of a single DNA molecule that incorporated an
enthalpic stretch modulus®! (1200 pN/nm) (Figure 4b, black
line). Second, multiply tethered beads, identified by low p,
also showed multiple cusps along with abnormal overstretch-
ing and rupture curves. For example, in tethers that we
interpreted as multiple tethers (p < 25 nm), we found more
than one cusp in the overstretching experiment (Supporting
Information, Figure S4). And, finally, the characteristic force
(Foverstreten) Of the transition was 64.9 £ 0.5 pN (mean =+ std.
err; N = 58), in agreement with prior reports.*!” Thus, this
qualitative and quantitative agreement with prior overstretch-
ing results demonstrates high-force optical-trapping while
using DNA anchored to gold.

We hypothesized that the rupture in the DNA tether was
due to the failure of the streptavidin—biotin bond, since the
covalent gold—thiol bond anchoring the DNA to the surface
should be significantly stronger. If true, then the DNA
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Figure 5. (a) Distribution of the difference between tether points (Ax, Ay) before and after a rupture of the bead-DNA linkage and subsequent
rebinding via fishing [4.7 4= 12.3 and —3.7 & 8.6 nm (mean = std. dev.; N = 28), for x and y respectively]. (b) Histogram of biotin—streptavidin
rupture forces obtained at a stage velocity of 250 nm/s (N = 196). The most probable rupture force [53.3 4+ 0.9 pN (N = 153)] deduced
by fitting the peak (gray shading) to a Gaussian (black). Inset: histogram of p for the molecules studied in panel b.

remained attached to the surface at the location previously
determined via the DNA elasticity-centering routines. We
attempted to reattach the trapped bead to the DNA in a
“fishing” process similar to the in situ construction of bead-
DNA-bead complexes used in combined micropipette optical-
trapping assays.>?

To confine the bead near the prior anchor point without
significantly heating the gold, we held the bead slightly offset
(~20—50 nm) from the edge of the gold nanoposts using
the weak detection laser (250 uW). We intermittently moved
the sample ~1 um laterally to probe for reattachment (Figure
3m). When the bead reattached (~2 min), the bead pulled
out of the weak trap formed by the detection laser (Figure
3n). After successful reattachment, we repeated the 2D
elasticity-centering protocol previously discussed to deter-
mine the anchor point (Figure 3a—j).

The anchor point locations before and after rebinding were
essentially identical, indicating that the same individual DNA
molecule was remeasured. If the bead had attached to a
different DNA molecule randomly distributed over the gold
nanopost, we would expect a lateral offset in both x and y
comparable to the radius of the nanopost (7pe = 50—250
nm). In contrast to this large offset, we measured a lateral
offset of 4.7 £+ 12.3 and —3.7 &+ 8.6 nm (mean = std. dev.)
in x and y, respectively, for 28 rebindings using 14 different
molecules (Figure 5a). This precise localization shows
reattachment of the bead to the same individual DNA
molecule. Additionally, we observed that beads initially
anchored by multiple DNAs rebound to multiple DNAs
whereas beads anchored by single DNAs rebound to single
DNAs. These results suggest that beads anchored by single
DNA molecules result from a nanopost containing only a
single DNA.

The streptavidin—biotin bond has a characteristic rupture
force (Frupure) that depends on the loading rate (0F/dt). Single-
molecule force-spectroscopy should yield this characteristic
Frupure- By using a moderate loading rate (~100 pN/s), we
biased Frypwre to @ lower value amenable to optical trapping.
Since we used DNA, our experiment had three distinct
loading rates (100, 1, and 200 pN/s) around 65 pN (Figure
4b). Notwithstanding this complication, the most probable
Frupure, based on a Gaussian fit to the peak shown in Figure
5b, was 53.3 £ 0.9 pN, which is in agreement with prior
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results (Frypure & 57 pN at 100 pN/s),*” but with a broader
distribution. A fraction of the tethers (22%) survived over
100 pN. While the origin of these high Fyyyure is unknown,
rupture events of >100 pN were not due to multiple tethers.
These tethers had both the correct p and Foyersercn (Supporting
Information, Figure S5). Overall, these force spectroscopy
results demonstrate that the streptavidin—biotin bond was
the weak link in our assay and emphasize the strength of
the gold—thiol bond relative to the strongest noncovalent
biological interactions.

Looking forward, we foresee several enhancements to the
techniques developed here. (i) Smaller posts (<50 nm)
provide a means for a higher fraction of posts to be labeled
with single molecules, since steric/electrostatic repulsion due
to the binding of the first DNA molecule should reduce the
probability of a second one binding. (ii) Rebinding to (or
“fishing” for) surface-anchored DNA could be significantly
accelerated by stretching the DNA laterally with either an
electric field*® or a fluid flow,** causing the end of the DNA
to overlap the trapped bead and thereby promote binding.*?
(iii) Enzymes that bind to or move along DNA can be
coupled to beads® and positioned near the DNA, allowing
for rapid in situ assembly of a single-DNA, single-protein
assay (polymerases,*® helicases,*” etc.,). Finally, (iv) Multi-
thiolated mPEG could be used to create excellent nonstick
surfaces compatible with DTT.

A multitude of important single-molecule experiments use
DNA longer than 1 um.?*?%3%3% Nonetheless, the most
stringent limitation in the current generation of this assay is
the requirement for a moderately long tether between the
surface-anchor point and the optical trap that eliminates the
laser-induced ablation of the gold. This modest (1 4m) spatial
separation arises from the tightly focused (wy = 427 nm)®
trap. Smaller posts and lower laser powers may help alleviate
this geometric constraint.

In conclusion, we successfully integrated gold-thiol chem-
istry into single-molecule optical-trapping experiments at
both moderate and high forces. More generally, we expect
that anchoring DNA by the mechanically and chemically
robust DTPA bond will be useful in other single-molecule
assays ranging from AFM to fluorescence studies. The
chemical robustness enables specific anchoring of biomol-
ecules to gold concurrent with the reduction of nonspecific
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sticking to gold by mPEG-SH. The mechanical strength
assures that the DNA remains bound to the same surface
location, so the same individual molecule can be repeatedly
probed by either an optical trap or an AFM. Indeed, the site-
specific anchoring via patterned nanostructures (e.g., DNA
molecule on nanopost at row 12, column 9) enables measur-
ing the same individual molecule across different force
measurement platforms (optical trap and AFM), a goal in
the development of picoNewton-scale force standards based
on intrinsic molecular properties. Thus, we expect this
chemistry, complementary to existing digoxigenin and biotin
conjugation but mechanically much stronger, to be broadly
useful in single-molecule biophysics, picoscale force stan-
dards, and potentially the controlled assembly of DNA-based
nanostructures.
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