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Abstract

The assembly of a highly-parallel force spectroscopy tool requires careful placement of single-
molecule targets on the substrate and the deliberate manipulation of a multitude of force probes.
Since the probe must approach the target biomolecule for covalent attachment, while avoiding
irreversible adhesion to the substrate, the use of the polymer microsphere as force probes to create
the tethered bead array poses a problem. Therefore, the interactions between the force probe and
the surface must be repulsive at very short distances (< 5 nm) and attractive at long distances. To
achieve this balance, the chemistry of the substrate, force probe, and solution must be tailored to
control the probe-surface interactions. In addition to an appropriately designed chemistry, it is
necessary to control the surface density of the target molecule in order to ensure that only one
molecule is interrogated by a single force probe. We used gold-thiol chemistry to control both the
substrate’s surface chemistry and the spacing of the studied molecules, through a competitive
binding of the thiol-terminated DNA and an inert thiol forming a blocking layer. For our single
molecule array, we modeled the forces between the probe and the substrate using DLVO theory
and measured their magnitude and direction with colloidal probe microscopy. The practicality of
each system was tested using a probe binding assay to evaluate the proportion of the beads
remaining adhered to the surface after application of force. We have translated the results specific
for our system to general guiding principles for preparation of tethered bead arrays and
demonstrated the ability of this system to produce a high yield of active force spectroscopy probes
in a microwell substrate. This study outlines the characteristics of the chemistry needed to create
such a force spectroscopy array.

Keywords

DLVO theory; single molecule; force spectroscopy; non-specific binding; surface attachment;
DNA array

Introduction

In the push towards personalized medicine, low cost DNA sequencing is essential.1-2 To
lower the final cost of sequencing, we have proposed a sequencing strategy that uses force
spectroscopy to detect the conformational changes of DNA in the course of a stepwise
ligation. This approach to sequencing requires a controlled ligation of short DNA strands of
known composition to the DNA strand in question followed by mechanical stretching of

Supporting Information Available: Scheme for approach to fabrication of single-molecule-bead arrays; detailed experimental methods;
characterization of DNA surface density; probe and substrate roughness; representative result from the probe binding assay;
experimental details on setup of the dielectrophoretic tweezers and the intensity-time curves for all probes identified in a single field
of view.
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individual molecules to determine the success or failure of the ligation (as in sequencing by
synthesis).3 Since the detection step is non-optical (i.e. does not use fluorescent labels),
natural enzymes and DNA oligos can be used, thus, simplifying the process and ultimately
lowering the cost.2 The principle component of such sequencing device is an array (random
or organized) of single molecules to be sequenced.? The array is constructed by attaching
DNA strands to microscopic force probes (e.g. magnetic-fluorescent microspheres) and, at
the opposite termini, to the surface of a fluid cell, which is capable of exchanging reagents.
A force field (either magnetic or dielectrophoretic) is then applied to pull on the probe and
generate force versus extension curves for multiple DNA molecules in parallel.>-8 Wide
field microscopy enables simultaneous observation of multiple force probes.32 The
observation of the stretching behavior on such a large sampling scale can give insight into
sequence effects in DNA, polyelectrolyte stretching behavior,10 as well as DNA-protein
interactions.11

The interpretation of the recorded force-extension curves of the DNA, by determining the
proportion of hybridized DNA, gives a direct indication to the outcome of each ligation step.
This technique would have practical value only if thousands of the DNA strands can be
manipulated at once.12 Implementation of such a force-spectroscopy-on-a-chip device,
working on numerous single molecules simultaneously, presents several challenges. To
create a highly parallel, high throughput force spectroscopy method, our design must include
an array of probes that can withstand the shear force of multiple exchanges of reagent
solutions.23-17 The chosen conjugation procedure should result in a high yield of active
probes, i.e. much greater number of beads bound to a single DNA molecule than number of
beads with multiple tethers or bound non-specifically to the surface of the chip.> While
biomolecular conjugation (e.g. using biotin-avidin,1819 dig-antidig pairs,2° or both1) is the
most common approach used with magnetic (or optical) tweezers, we investigated use of
covalent chemistry to ensure robust attachment that can withstand the strong shear, allow the
system remain stable for days, and resist disintegration under high pulling forces. The study
of such forces and systems can lead to a better understanding of dispersion and adhesion of
particles, as well as bacterial adhesion to surfaces.2! Here, we report on tuning the surface
chemistry and reaction conditions for bead attachment to fabricate a high efficiency, high
density single-molecule-bead array suitable for use in experiments on single-molecule
manipulation with tethered beads.

In developing procedures to create a surface with properties suitable for magnetic
tweezers3:6:22-25 or dielectrophoretic (DEP) tweezers, %26 one must (i) control the surface
density of DNA oligomers, (ii) enable robust attachment of oligos to both the surface of the
solid support and the force probe (i.e. microscopic bead); and (iii) ensure that bead
attachment occurs only via a terminal group of the DNA, whereas the surrounding area
resists non-specific adhesion of the bead. To implement these features, we have developed a
series of chemical modifications to the probe, DNA, and substrate (Figure 1 and Figure S1,
Supporting Information). To attach the DNA oligomers as well as add an organic blocking
layer, we have chosen to use self-assembled monolayers (SAMs) of thiols on gold due to
easy, reproducible chemistry and flexibility in the choice of the w-functional group.

The most critical aspect of assembling the fluid cell for magnetic or DEP tweezers is
designing appropriate surface and solution chemistry that allows the bead to bind to the
DNA, but not the substrate. 27-22 Typical force-distance profile of a probe approaching a
surface can be described by an extended Derjaguin and Landau, Verwey and Overbeek
(DLVO) theory that treats overall interaction of a particle and a surface as the sum of the
electrostatic, van der Waals, and steric forces.39-33 The combination of the repulsive forces
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(steric and electrostatic), which decay exponentially with separation, and attractive forces
(van der Waals), which decreases as an inverse square function of separation, creates a
distinct set of force distance profiles (Figure 1). These forces compete with each other and
either push the probe away from the surface or pull the probe into contact with the surface.
If the van der Waals force is too strong then the force will be attractive at all distances,
however, if the repulsive electrostatic force dominates, then the probe will repel from the
surface at all separations. By tuning the magnitude of the component forces in the total
interaction, the probe-surface separation where the forces become repulsive can be
optimized so that the probe is allowed to approach the surface and bind covalently to the
DNA molecule without nonspecifically binding to the surface.

To determine the conditions for such a discerning binding, we tuned the magnitude and
range of both the attractive and repulsive interactions between the probe and the surface by
changing the pH or ionic strength of the solution, introducing surfactant, as well as by
varying the makeup, functionality, and the thickness of the blocking layer. In this paper, we
outline a strategy to optimize the binding efficiency of microscopic probes to immobilized
DNA. This strategy is a result of modeling of forces in this system, direct measurements of
bead-surface forces with atomic force microscopy, and, ultimately, empirical optimization to
create a selective binding scheme with probes that bind to the DNA and do not interact with
the substrate.

Experimental methods

Expanded details for procedures outlined below are given in section S2 of the supporting
information.

Substrate preparation

Gold coated glass slides were reacted with a 10 mM solution of thiol blocking molecule
[mercaptopropionic acid (MPA), mercaptohexanoic acid (MHA), mercaptoundecanoic acid
(MUA), mercaptohexadecanoic acid (MHDA), or mercaptoundecyl tetraethylene glycol
(MutEG)] prepared either in a pH 7.4 phosphate buffer with 1 M sodium chloride or in
ethanol, depending on the solubility of the molecule.

End modification of DNA

The procedure to end modify genomic DNA is described elsewhere.2? We created a 142-mer
strand of end modified DNA by starting with a 30-mer strand of DNA complement to the 30
bases in the middle of the desired sequence. We purchased 71-mers of the DNA each with
half the desired sequence, one strand having an amine group on the 5" end and the other
strand having a thiol group on the 3" end. The two ends were hybridized with the 30-mer
and subsequently ligated together to form the full 142-mer with the proper functionality at
the 3" and 5 termini.

Probe Preparation

Microspheres were prepared by emulsification of polymer solutions that contained ~10 nm
diameter magnetite nanoparticles (20 mass %) and organic fluorescent dye.3 For DEP
tweezers, the probes were fabricated without magnetite.

Probe mounting

The magnetite-doped fluorescent probes were attached to a tipless triangular silicon nitride
cantilever (Nanoworld PNP-TR-TL, approximate spring constant of 30 pN/nm) using
Asylum Research MFP-3D atomic force microscope (AFM) mounted on an inverted optical
microscope.34 To do so, the suspension of probes in water was first dried on a clean glass
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microscope slide alongside microdroplets of epoxy. The cantilever was lowered onto a
microdroplet by manually adjusting the micropositioner, then lifted and lowered onto a
colloidal probe. The probe was lifted off the substrate and the epoxy cured leaving a
cantilever with a spherical probe.

AFM measurements

Force spectroscopy was conducted using an open fluid cell setup of the Asylum Research
MFP-3D Bio AFM. Buffer solutions were pipetted directly onto the sample.

Probe binding assays

The probe binding assays were performed in samples comprising a 4 mm thick
polydimethylsiloxane mask with 4 mm diameter wells on top of a gold substrate. In each
well the desired blocking layer was deposited. The probes were allowed to settle on the
substrate in solution for 15 min and a fluorescent image of the probes was taken. A
permanent magnet was placed on top of the wells, producing an approximate force of 200
pN to detach the probes from the surface, and a fluorescent image was taken after five
minutes. The amount of probes before and after the applied magnet was counted.

Mapping of fluorescent labeled DNA

A short DNA oligo modified with a fluorescent dye at the 3"-end and a thiol at the 5"-end
was used as a test molecule to determine DNA surface binding. The DNA was added to a
gold substrate with MUtEG in both (i) a competitive fashion followed by a second addition
of MUtEG and (ii) a two-step fashion where the DNA was added alone followed by a
subsequent addition of MutEG. Fluorescent images of the individual DNA molecules were
taken and quantified.

Force spectroscopy demonstration

To conduct the force spectroscopy experiments, we fabricated a microwell array as
described elsewhere.35:36 A glass substrate was coated with a thick gold layer, followed by
a layer of 4 um deep, 7 wm diameter wells, with the gold on their floors etched away and
finally topped with a thin gold layer. DNA was added to the surface in a 1 HM solution with
10 mM phosphate buffer (pH 8) with 100 mM NacCl followed by a surface modification with
MUtEG (chosen as the best blocker from the probe binding assays) followed by the
conjugation of the probes. The two step binding process was chosen to maximize the probe-
DNA binding efficiency. The probes were reacted to the amine groups at the free end of the
DNA. The whole chip was integrated into a fluid cell and an AC electric field was applied to
conduct stretching of single DNA oligomers with the DEP tweezers.

Results and discussion

Control of DNA surface density

To conduct DEP tweezers it is important to bind the probe to the surface using only one
DNA molecule. We have determined (see summary given in the section S3 of the Sl) that it
is best to use a competitive binding process (where the DNA and MUtEG are reacted at the
same time) when it is important to space the DNA and a two-step binding process when it is
important to ensure a high yield of the reaction with the probes.

Theoretical modeling of force-distance profiles

To gain insight into the behavior of the forces between a surface and a probe, we used
extended DLVO theory to model how various parameters affect the magnitude and character
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of respective interactions.30:31.34.37-42 Thjs theory states that the total force acting upon the
system is the sum to the electrostatic (£, steric (Fg), and van der Waals (F,14) forces,

Ftotaleel+Fsl+F\,dW 1)

The total force is now easily broken down into the three components that can all be
independently manipulated. In practice, one can adjust system variables (e.g. solution or
surface composition) to obtain the desired force-distance profile (Figure 1).

By comparing the electrostatic, van der Waals, and steric forces we can begin to build a
profile and qualitatively determine the effects of changing the parameters. The forces can be
written as

2repE kR

— 2 2
= Tarp( g (ZErEsexp(okat (V¥ ) exp(-212)). @
_~HypwR ~HyR
vdW 622 6(Z+[)2 ) (3)
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We define all the parameters involved as the separation between the probe and substrate (2),
probe radius (), the surface potential of both the substrate and the probe (¥sand ¥7), and
the inverse Debye length of the medium (x), epis the permittivity of free space and e, is the
relative permittivity of the medium, Hyppp, is the Hamaker constant between the organic
blocking layer and the probe across water, Hspp, is the Hamaker constant between the probe
and the gold metal substrate across the blocking layer and water, y is the grafting density of
the polymer chains protruding from the surface (in 2/77), and Ry s the radius of gyration of
the polymer.

This set of equations makes it clear that all three types of forces have identical dependence
on R, thus differences in the probe size we will only be manifested as a change in the
magnitude of the forces acting on the probe and not the character of the force-distance
profile. 4344 Therefore, small probes will be easier to remove from the surface and less
likely to adhere permanently. On the other hand, the magnetic (or DEP)*® force acting on a
super-paramagnetic (or dielectric) particle scales as /5, thus resulting in a substantial loss in
magnitude of the pulling force for small /7, making a reduction of the radius of the particles
impractical.

In our modeling we are able to ignore the effects of gravity, since the force of gravity of
polymer probes of this size is under 1 pN, which is well below the magnitude of the
electrostatic and van der Waals forces. Additionally from these equations it becomes clear
that the behavior of the probe substrate interactions become hard to predict at distances
shorter than 5 nm due to the steric interactions. The radius of gyration of the solvated
polymers that may hang off the probe are on the order of 1-2 nm making this steric
interaction very short range.34:40.4647 |t js also very difficult to characterize the grafting
density of these molecules on the probe making the magnitude of these forces unknown.
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Furthermore, this analysis does not take into account the roughness of the substrate and the
probes, which can cause deviations in the forces at short ranges (see Figure S3). For these
reasons, we choose to study the probe-substrate interaction forces only at distances greater
than 5 nm.

In our system, the thickness of the blocking layer, the Debye length (by way of the solution
ionic strength), the probe and substrate potentials,39:3148 and the Hamaker constants#3-59
can be targeted to change the system properties the easiest. The theoretical responses of
tuning these parameters can be seen in Figure 2. Each of the systems is relatively easy to
tune. The ionic strength can be changed by altering the concentration of sodium chloride, the
blocking layer thickness is tuned by changing the number of carbons in the chain of the thiol
blocking moiety, the surface potential are a function of the pH or the nature of the surface
functional groups, and the Hamaker constants depend on the materials used. Of the four
properties, the Hamaker constant is the most difficult to change since significant alterations
in its value would require drastic changes in the substrate and/or probe, thus requiring a
different scheme for surface chemistry.

Using this model, we can predict the trends that will emerge by varying experimental
parameters for the system (Figure 2).89.61 Each individual parameter changes both the
magnitude of the force-distance curve and its shape. The repulsive electrostatic forces acting
on the probe will grow with the increase in the surface charge (e.g. the zeta potential), while
the attractive van der Waals forces will remain constant. Therefore, the probe can be
detached from the surface using weaker pulling forces (Figure 2a). In addition, the increased
potential pushes the stable position of the probe (zero force) further away from the surface.
Of all the system parameters at our disposal, the tuning of the ionic strength is by far the
most dramatic. With a low ionic strength, the probes are unable to approach the surface,
whereas a high ionic strength will completely screen the electrostatic forces giving the
system minimum repulsion (Figure 2b). If we alter the substrate component of the Hamaker
constant, we can decrease or increase the depth of the attractive well without changing the
distance of the force minimum (maximum adhesive force) from the surface (Figure 2c). The
blocking layer thickness has a similar effect, however, the task of tuning the layer thickness
is much easier than changing the substrate material (Figure 2d).

The theoretical force-distance profiles indicate that in order to bind a microscopic force
probe to the ssDNA strand with ~7;=12 nm (200 base long) the ionic strength must be greater
than 100 mM to allow the probe to approach the surface.53:62 The remaining parameters
control mainly the magnitude of the force minimum (maximum adhesive force). Since our
magnetic/DEP tweezers setup is capable of applying forces of up to 20-40 pN,39 it is
important that the maximum adhesion force is below that value under most experimental
conditions. Convenient surface chemistry dictated our choice of gold as a substrate for
magnetic/DEP tweezers and effectively fixed the value of the Hamaker constant. Therefore,
we must use a system with a thick blocking layer as well as a mid-range surface potential (~
-40 mV) to allow the probe to approach the DNA without adhering to the surface. Using
this theoretical description, we systematically tested multiple conditions to determine a
range of the above parameters where the specific binding of the probes is optimal, thus
creating a general scheme for our dielectrophoretic/magnetic tweezers platform.

Tailoring the forces on the probes as they approach the surface

To verify the predictions of the theory and to obtain a complete quantitative description of
the binding of the probes to the surface, we used two independent experimental approaches:
(i) force spectroscopy with a probe mounted to an AFM cantilever and (ii) wide-area multi-
probe binding assays. We conducted these experiments under various conditions (altering
ionic strength, pH, and blocking layer thickness) and measured the force-distance profiles as
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well as the probability of binding to the surface. The purpose of conducting both sets of
experiments is to directly measure the forces at long range (>5 nm) with high accuracy using
AFM and to quantify the practical effects of the short range forces using the adhesion
assays. The wide-area binding assays consist of two steps. First, the probes settle by gravity
on the surface and an image of their spatial distribution and population is recorded. A
magnet is then applied and a second image is taken to determine the fraction of probes
remaining on the surface after application of force (Figure S4).

Figure 3 shows a summary of all the results analyzing the effects of altering surface and
solution chemistry on the binding of probes to a substrate. The effects on the pH are
summarized in Figure 3a—c. It is obvious from all the force curves that as the pH increases
the system becomes increasingly repulsive. The fits of these force curves to equation for
electrostatic force (equation 2 and 3) results in the trend for surface potential that mimics
that of the zeta potential measurements of the probes. The probe binding assays corroborate
the results that the probes become repulsive only at high pH (pH>5). Variations in the ionic
strength of the solution achieve a similar effect. The force-distance curves and their fits
(Figure 3d, e) show that the system becomes highly repulsive with a decreasing ionic
strength. The binding assays (Figure 3f) show that to prevent significant binding the probes
need to be placed into solutions of an ionic strength less than 100 mM. By altering the
surface chemistry we can alter the binding properties of the system (Figure 3g—i). The force
curves show MUtEG to be less repulsive than MHA coated surfaces, with the surface
potentials fits giving 25 mV for MutEG and 35 mV for MHA SAMs. At low ionic strength,
however, neither configuration has many probes remaining. From this set of data we can
determine that to bring the probe within 12 nm of the surface without it adhering would
require a pH greater than 6, and ionic strength of around 100 mM, and a surface potential
above 25 mV.

To understand effect of the attractive van der Waals interactions, we repeated the analysis of
the approach curves from AFM force spectroscopy, as well as the probe binding assays
(Figure 4). The solution had a pH of 3 to neutralize the acid groups on the probe and the
surface, thus nearly eliminating all long-ranged repulsion in the system.>* This analysis has
given three pieces of information. By taking the force curves on a system with and without a
blocking layer (MHA), we were able to measure Hamaker constants of approximately 15 zJ
for each set (Figure 4a and b), in close agreement with the theoretical calculations. The
probe binding experiments conducted in a solution with a pH 3 and 100 mM ionic strength
yielded close to 100 % binding for all blocking layers from zero to eleven-carbon chains
(Figure 4c). It is not until the MHDA (a sixteen-carbon chain) is used as a blocking layer
that a reduction from the almost complete adhesion is observed (consistent with our
theoretical modeling). This consideration argues that, in the case of SAMs on Au surface
chemistry, to produce a chip for use in massively parallel force spectroscopy, it is very
important to have a long blocking layer to reduce the non-specific binding.

To study the effects of the surfactant (in this case Tween 20) on the system, we chose
biological conditions close in value to the optimal conditions determined earlier: a MUuteG
surface and a solution with pH=7.4 and an ionic strength of 174 mM. To test the effects of
the surfactant, we added Tween 20 up to 0.1 % v/v to these high ionic strength solutions and
conducted force spectroscopy. The approach curves were essentially identical for all
concentrations of Tween 20 (Figure S5a), including solutions containing no surfactant. The
differences of the system with and without surfactant were found in the retraction curves,
where we observed an average adhesion of 63+11 pN and 130450 pN for curves recorded
with and without surfactant. The presence of Tween 20 reduces the adhesion force of a
polymer microsphere from a value well in excess of the maximum force attained with our
electromagnet (F~ 40 pN) to one that is comparable to the force used to pull on these probes.
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Using the same surfactant conditions we were able to see a decrease in the adhesion of
probes to the surface in the binding assays. Increase in the concentration of Tween 20 show
a dramatic drop (from 100 to 5-15 %) in the number of probes left on the surface after a
magnet is applied and should greatly increase the number of active probes in our system (up
to 95 % of the total population). These data indicate that to maximize the number of active
probes in a bead-based platform (necessary for accurate and simultaneous force
spectroscopy on a high number of molecules), it is highly advantageous to include non-ionic
surfactant when one needs to work with solutions of high ionic strength (~100 mM).

Conducting highly parallel force spectroscopy

With the parameters governing bead-surface interactions fully quantified, we designed a
procedure for binding force probes to single biomolecules in a force spectroscopy device3:29
with a reasonably high yield. Here, our strategy was to use DEP tweezers in a microwell
format to conduct force spectroscopy on multiple DNA. The principles of this technique are
described in details elsewhere.® For an optimized device, one has to confine the probes to
the microwell as well as center them. Overall, this setup requires a three-step approach: (i)
introduction and positioning of the probes in the microwells, (ii) reaction of the probes with
the DNA molecules, and (iii) the actual process of conducting a force spectroscopy
experiment. Each of these steps requires slightly different solution conditions to achieve
those goals.

To attach the DNA to the surface and probe we determined the optimal conditions for
immobilization of thiol-modified DNA (an exact procedure is described in the SI). The basic
procedure includes blocking the surface with MUtEG, reacting the probes under an ionic
strength of 24 mM, and releasing the probes with a DEP force and low ionic strength
conditions. We achieved the desired mode of binding of the beads to the DNA, as can be
seen in Figure 5. We performed the force spectroscopy experiments on the DEP chips with
and without DNA present. As expected, with no force present, we see the probes close to the
surface in both samples (Figure 5a and c). When a DEP force is applied to the chip, regions
with DNA show the force probes moving away from the surface without being pulled
beyond the range of the evanescent field penetration (Figure 5b). The regions without DNA
show the probes moving very far from the surface indicating that they are not tethered by
DNA and, thus, become unobservable (Figure 5d).

To conduct the force spectroscopy using a positive DEP force, we applied 5 kHz electric
field across the electrodes separated by a 100 wm gasket and modulated its amplitude
between 0 and 10 V. This AC potential causes the probes to pull away from the substrate at
a small force and we are able to track the movement and intensity of the individual probes
using a custom bead tracking program. This program tracked 57 probes (out of total 85
occupied locations) labeled from 0 to 56 in Figure 5e and generated potential versus probe
intensity curves for each bead (a representative curve is shown in Figure 5f and all the
curves are compiled in the section S4 of supporting information). The majority of the non-
indexed positions contain multiple probes, which appear to be bound and conducting some
form of force spectroscopy, but not suitable for interpretation. Of the indexed force probes,
we can extract usable force curves from 53 (or 93 %) of the single probes (see Figure S6).
These 53 probes conducting force spectroscopy in one field of view is an order of magnitude
improvement over the <5 active probes we have observed in our early experiments prior to
optimization of surface and solution chemistry.2 We must note that some of the force curves
do not comply with the shape expected for single molecule stretching. This aberration is
most likely a result of multiple DNA molecules binding to a single probe and is the subject
of ongoing experimentation to improve control of the spacing between DNA molecules on
the surface of the substrate to avoid multiple tethering.
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Since the stretching of single stranded DNA is well known, we can use these force curves
both to calibrate forces acting on each probe and to determine if the force spectra are
reasonable. To analyze the data, we averaged the normalized intensity-versus-applied-
potential curves from one of the probes (Figure 5f) and fitted the result (Figure 5g) to the
equation used in our previous work on magnetic tweezers:325

Nl S $V2by, k, T S V2
1(V)=Ipexp|——= | coth e 1+
V) oexp( y; [co ( T ] SszbssH K. ©)

This equation is a statement of the force-extension relationship for the extensible freely
jointed chain model,83-66 assuming exponentially decaying evanescent wave excitation and
scaling of the DEP force with applied voltage as F=S¢\/Z. The terms in the fitting equation
include the total number of bases in the DNA strand (A=142), the contour length of a single
base (/;=0.58 nm), the Kuhn length of the ssSDNA (64=1.4 nm,) and the segment elasticity
of the ssDNA (K905 pN,). The curve was fitted for the initial intensity of the probe, /g,
the force sensitivity factor, Sx and the penetration depth of the evanescent field, & Upon
fitting the equation to our data (Figure 5g), we determine that these parameters are equal to
0.953, 0.56 pN/V2, and 137 nm, respectively. The initial intensity is close to 1 since the
curves were initially normalized to maximum intensity observed for a given probe. The
penetration depth was found to be 137 nm, which is in the center of the typical range of
values we get for our system.3 To determine the plausibility of the value obtained for the
sensitivity factor, we determined a maximum force applied to the system by multiplying S
by the maximum voltage squared. The estimate yields a maximum force of 56 pN, which is
also a typical value for this setup.® This analysis shows that one can conduct force
spectroscopy in a parallel manner using finely tuned system to assemble high density
tethered bead arrays.

Conclusions

We have successfully designed a force spectroscopy platform capable of performing parallel
force spectroscopy on almost 80 % of probes bound to ssDNA. We used a general method
for spacing thiol-modified DNA by means of a competitive binding with a thiol forming a
blocking layer. The creation and tuning of a system for highly parallel force spectroscopy
requires a non-trivial balance of many factors involved with the surface and solution
chemistry of the system.

We were able to establish the guidelines for tuning the solution and surface chemistry of the
flow cell by modeling the forces acting on the probes using DLVO theory, as well as AFM
measurements and bead binding experiments. We have determined that the optimal
conditions for specific binding include a long blocking layer (approximately 2 nm in
thickness), a solution ionic strength in the range of 10-100 mM, and a surface potential of
the surface and probe approaching 35 mV. The use of a non-ionic surfactant at low
concentration (0.01-0.1 %) is critical to prevent adhesion of probes after they contact the
surface. In our experiments, we used either addition of NaCl or change in the concentration
of the phosphate buffer to control the ionic strength. In some biological systems divalent
cations (such as Ca?* and Mg?*) are important to certain biological structures or
processes.®7:68 For example, the melting point of dsSDNA.Is raised in the presence of those
divalent ions® and Mg2*is required for the function of the DNA polymerase. Since one
expects the effects of these divalent cations on ionic strength and the adhesion of the probes
to the surface to be more pronounced than for monovalent cations, adjustments to the ionic
strengths of the solutions should be made to optimize the experimental conditions.
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By stretching ssDNA using DEP tweezers assembled with this method, we demonstrated
that the proposed bead array can be used for force spectroscopy measurements in a highly
parallel manner. The probes were allowed to approach the surface and bind weakly to it,
hence to react with the immobilized single molecules and become specifically bound. Using
deionized water, we were able to release the probes from intimate surface contact followed
their attachment to DNA. By applying a DEP force to the beads in the microwells, we
observed that almost all of the attached probes were active in force spectroscopy — we
successfully demonstrated the ability to measure and fit the force spectra of individual DNA
molecules. With further improvement to the yield in assembling active bead-biomolecule
pairs in an organized bead array, this highly parallel technique can be used to conduct force
spectroscopy on a variety of complex biological systems.
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Figure 1.

Representation of a force profile for a probe (microsphere) approaching a surface. To bind to
the DNA molecule, the probe must interact with the amine terminal group by passing into
the area represented by the blue-gray shaded box. If the probe comes in contact with the
surface, it will most likely adhere strongly, so it must not pass completely through the region
indicated by a shaded box. The graph shows three representative force-distance profiles as
the probe approaches the surface. The repulsive electrostatic force can be too strong and
prevent the probe from approaching the target molecule. Conversely, the van der Waals
attractive forces can be too strong and cause the probe to stick irreversibly to the surface. If
the forces become balanced, the probe will be attracted to the point where it may bind to the
DNA, but is repelled at a very close proximity to the surface.
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The effects of tuning the parameters of the system based on DLVO interactions between a
polymer bead (4.5 um diameter) and an organic layer (thiol monolayer) on gold in water.
The zero distance is set at the organic layer/water interface. The black curves in each graph
represent a standard set of conditions, where ionic strength = 100 mM, zeta potential = 35
mV, blocking layer thickness = 2 nm, the blocking layer-water-probe Hamaker constant = 2
zJ, and the substrate-water-probe Hamaker constant of 15 zJ. The effects of zeta potential
(a), ionic strength (b), substrate-water-probe Hamaker constant (c), and the blocking layer

thickness (d) were evaluated.
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The effects of changing the pH with a constant ionic strength of 1 mM on an MHA surface,
(a, b, c), the solutions ionic strength with a constant pH of 7 on an MHA surface, (d, e, f),
and the surface chemistry with constant pH of 7 and ionic strength of 1 mM (g, h, i) on the
electrostatic forces. The measured force profiles are shown as an AFM cantilever lowers a
probe towards a surface under various conditions (a, d, g). The pH (a), ionic strength (d),
and the surface chemistry (g) are labeled on each plot. From these force profiles,
electrostatic properties, such as Debye length and the surface potential of the probe and
substrate, are measured by fitting to DLVO theory (b, e, h). In b, the data is plotted with the
measured zeta potential of the probes only (blue crosses) and shown with the fit of the zeta
potential (blue dotted line) to expected pH titration curve. Finally the fraction of remaining
probes on the surface after a magnet is applied is shown for all the conditions measured (c, f,

i).
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AFM measurements of van der Waals interactions. (a) Representative force curves for the
bead approaching substrates with blocking layers of varying thicknesses. The Hamaker
constants for the probe attraction with the gold for each thickness (b) are calculated from the
data in (a). The results of the probe binding assays (c) show the levels of adhesion for the
different thicknesses in a series of carboxyl-terminated SAMs (formed by HS-(CH>),-
COOH, n=2, 5, 10, 15) at pH 3.
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Figure5.

Force spectroscopy of ssDNA conducted using DEP tweezers on a system optimized using
design principles based on results from this paper. Force probes tethered to DNA in wells
before (a) and after (b) they were exposed to a DEP force. Free force probes settled in wells
before (c) and after (d) the DEP force was applied. The brightness of the probes (a—d) varies
due to Gaussian profile of the illumination laser beam and variations in the bead sizes. (e) A
single frame from a movie of the probes, showing the indexing of the force probes for data
analysis. (f) A representative intensity vs. voltage plot for one probe. (g) Fits of the data
from the plot in part f.
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