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Abstract Inefficient sample preparation methods hinder the performance of high-throughput single-molecule
force spectroscopy (H-SMFS) for viscous damping among reactants and unstable linkage. Here, we
demonstrated a sample preparation method for H-SMFS systems to achieve a higher ratio of effective
target molecules per sample cell by gas-phase silanization and reactant hydrophobization. Digital
holographic centrifugal force microscopy (DH-CFM) was used to verify its performance. The experi-
mental result indicated that the DNA stretching success ratio was improved from 0.89% to 13.5%. This
enhanced efficiency preparation method has potential application for force-based DNA stretching
experiments and other modifying procedures.

Keywords Specific binding, Digital holographic centrifugal force microscopy, Sample preparation, High-throughput
single-molecule force spectroscopy

INTRODUCTION

High-throughput single-molecule force spectroscopy (H-
SMFS) systems are developed to shorten the SMFS
experiment period and enhance resolution within lim-
ited time via statistical algorithms (Neuman and Nagy
2008). All H-SMFS systems, such as magnetic tweezers
and acoustic tweezers, have the potential to manipulate
hundreds of molecules simultaneously (Johnson et al.
2017; Lu et al. 2017; Madariaga-Marcos et al. 2018).
Normal SMFS systems, such as optic tweezers (OT) and
atomic force microscopy (AFM), have the ability to
control specific individual molecules with higher
strength often more than 100 pN and even 300 pN
(Bennink et al. 1999). Thus, molecules can be prepro-
cessed if attached to the substrate. However, for H-SMFS
systems, especially for CFM, the maximal force is often
lower than 60 pN (Halvorsen and Wong 2010b) and it is
difficult to adjust the spatiality of tethered beads. So,

experiments with H-SMFS systems often rely on sample
quality, which indicates the ratio of beads that can be
stretched freely. However, there exist only a few specific
studies on sample preparation methods for H-SMFS.
According to former experiments, the ratios of well-
stretched molecules in a sample cell are often lower
than 3% (Hill et al. 2017), which directly impair the
throughput of H-SMFS systems.

The poor efficiency of these samples could mainly be
attributed to the following reasons: hydrophilicity and
non-specificity. Functioned beads are commonly used as
the measurement medium in SMFS. In order to tether
them on one end of the molecule with biotin, these
beads are routinely coated with streptavidin. Digoxi-
genin and its antibody are also used in protocols for the
same reason (Yokokawa et al. 2008). All these reactants
are hydrophilic. The staple component of coverslips and
beads in this experiment is silicon dioxide. Due to the
hydrophilicity, streptavidin-coated beads tend to be
attracted and even adhere to the anti-digoxigenin-
coated coverslips. Due to this, a large number of
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molecules cannot be stretched freely in the processes of
H-SMFS experiments. Additionally, the concentration of
anti-digoxigenin contributes to this adhesion problem
which will be further discussed later. To tether mole-
cules, anti-digoxigenin is often injected directly in the
sample cell and is bonded on the substrate non-
specifically due to which, the bonding strength is diffi-
cult to evaluate (Yang et al. 2016a).

To solve these problems, Halvorsen et al. (2011)
proposed the use of DNA self-assembly techniques to
form a force-activated single-molecule switch. However,
because of the complexity of nanoengineering, it is dif-
ficult to implement in a normal experimental environ-
ment. Silane coupling agents have the ability to form a
durable bond between organic and inorganic materials
(Di et al. 2016; Kango et al. 2013), which are widely
used in surface treatment to obtain specific functions
such as dielectric properties (Pan et al. 2017), super-
wetting surfaces (Shi et al. 2016), and natural fiber/
polymer composites (Xie et al. 2010). It is a mature
technique as a surface conditioning method (Lung and
Matinlinna 2012), and its performance can be enhanced
by gas-phase silanization (Fan and Lopinski 2010;
Steinbach et al. 2016). Bovine serum albumin (BSA) is
always added into the buffer to separate beads, but its
hydrophobicity is not sufficient to resist the adhesion
problem between beads and the substrate. Notably, not
all silane coupling agents fit the H-SMFS. Hydrophilic
reactants such as 7-Octen-1-yl (CH2=CH-terminal) and
3-(2-aminoethyl) aminopropyl (NH2-terminal)
trimethoxysilanes exacerbate the adhesion problem
(Kwak et al. 2003a, b; 2004).

Here, we demonstrate a sample preparation method
for H-SMFS systems that improves experimental effi-
ciency by modifying the substrate and utilizing the
specified linker and hydrophobic silane coupling agents.
To form a reliable monomer silane film on coverslips,
gas-phase silanization technique is used. The experi-
ment success ratio is verified by digital holographic

centrifugal force microscopy (DH-CFM), an improved
version of CFM proposed by Halvorsen and Wong
(2010a). After performing 200 experiments, the results
indicated that the experimental success ratio obtained
by the proposed method was approximately ten times
higher than that obtained by the method widely used in
H-SMFS, such as magnetic tweezers (Kreft et al. 2018;
Kriegel et al. 2017, 2018; Lipfert et al. 2010) and CFM
(Hoang et al. 2016; Yang et al. 2016b).

RESULTS

Several experiments were carried out to verify the
performance of this sample preparation method. In this
part, the effect of silanization was verified compared to
the normal method. We analyzed the result of variable
controlled samples with different concentrations of anti-
digoxigenin. Moreover, DH-CFM was introduced to
examine the comprehensive response of the sample
following this new enhanced efficiency method.

Reaction effect

Conglutination and specificity are major problems of the
sample preparation methods, which cause low experi-
mental throughput. To solve these problems, we func-
tionalized coverslips with hydrophobic silane (MPTES
and MTES). The results of the experiment are shown in
Fig. 1.

Beads are injected into two different sample cells
(one is silanized and the other is not), respectively,
without DNA molecules. As shown in Fig. 1A and B,
fewer beads adhered on the substrate after silanization
compared to those with the normal substrate. This
means that the monomolecular layer of silane prevents
the beads from being stuck to the coverslip surface.
However, for the adhesion problem, there are still some
reactants, in following steps, which could influence the

Fig. 1 Performance of gas-phase silanization. A Raw sample image without silanization. B Raw sample image after silanization. The
condition as well as reaction process of both A and B are totally the same except for silanization. C Statistical comparison of the result of
silanization
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property of the coverslips’ surface. Anti-digoxigenin, as
a typical substance, tends to attract beads and the
adhesion ability depends on its concentration. Figure 2
indicates that the proportion of adhered beads increases
with the concentration of anti-digoxigenin. Therefore,
we assume that there is a positive correlation between
the adhesion ratio and the concentration of anti-
digoxigenin. Anti-digoxigenin reacts with SMCC and
DNA. Thus, its concentration is relevant to the distri-
bution of the linked beads. To reduce the adhesion
proportion and cover all the SMCC bonded to the sub-
strate, a concentration of 3% was selected.

Mechanical analysis

To verify the effectiveness of this new method, digital
holographic centrifuge force microscopy (DH-CFM) was
introduced.

Mechanical property verification requires the sample
cell to be placed vertically in the DH-CFM. Every bead
will be influenced by the centrifugal force field as shown
in Fig. 3. The resultant force of the tethered bead can be
described as

F ¼ �Tm ¼ fc � fv
sinu

þ g� fb
cosu

ð1Þ

where u is the angle between the coverslip and the
nucleic acid, and fc, fv, fb, and g represent the centrifugal
force, viscous force, buoyancy, and gravity, respectively.
With dynamic centrifugal forces, the gravity and buoy-
ancy are immutable. The beads involved in this experi-
ment are made of silica coated by streptavidin (the
density of silica is 2.2 g/cm3 at room temperature) with
a mean diameter of 4.86 lm. The density of PBS in the
sample cell is 1.005 g/cm3. Thus, the gravity and
buoyancy are *2.5254 9 10-4 pN and
*1.1536 9 10-4 pN, respectively. Due to the stretching
mode of DH-CFM, viscous force would be within
*1 9 10-4 pN. However, the centrifugal force ranges
from 0 to 71.5 pN. Hence, the viscous force, gravity, and
buoyancy are small enough to be neglected.

Efficiency analysis

During the experiment, well-linked beads can be stret-
ched away from the substrate and then kept at a specific

20 μm

Fig. 2 Experimental data. A, B, C Typical raw images of sample cells in which the concentrations of anti-digoxigenin are 1%, 3%, and 5%,
respectively. D Counts of the beads adhered in sample cells with different concentrations of anti-digoxigenin
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distance. They can be discerned easily among stuck
beads through the intensity distribution of the beam.

As shown in Fig. 4A, beads can be separated into
three groups according to their state: (a) well stretched,
(b) sub-stretched, and (c) stuck on the substrate. Sub-
stretched beads are tethered by two or more molecules
simultaneously and so, their extension level is lower, as
seen in group b. Furthermore, for the reasons men-
tioned in the method part, some beads still tend to be
stuck on the substrate. However, this problem has been
obviously improved as shown in Fig. 4B. The ratios of
freely stretched beads in the above experiments are
15.7% and 1.7% (including sub-stretched beads),
respectively.

The common method here is cited from the methods
often used in magnetic tweezers (Kreft et al. 2018;
Kriegel et al. 2017, 2018; Lipfert et al. 2010) and is also
mentioned in the CFM system (Hoang et al. 2016; Yang
et al. 2016b). The result following this common method
has been shown in Fig. 4B. In this contrast group, anti-
digoxigenin is directly injected into the sample cell
cleaned using an ultrasonic cleaner in ultrapure water
and in 75% ethanol, respectively. Then, the DNA mole-
cules and streptavidin-coated beads are added. PBS with
BSA and Tween-20 are used as the solvents in the
sample cell. The process of reactant addition is the same
as the proposed method mentioned before. To obtain
more experimental data, twenty samples can be pre-
pared simultaneously as an experimental group and ten
groups are implemented using each method. Thus, two
hundred H-SMFS experiments for each type of protocol
were implemented. Using the same algorithm as in
Fig. 4A and B, every experiment success ratio has been

determined, as shown in Fig. 4C. The average experi-
ment success ratio with the two types of methods is
13.5% (by proposed method) and 0.89% (by common
method), which indicates that the efficiency has been
improved by more than ten times.

Stretching experiment

Using DNA molecules with a length of 11.92 kbp
(*3.58 lm) as the stretched material, DH-CFM can
obtain an extension curve with dynamic centrifugal
forces, as shown in Fig. 4D.

Force–extension curves of ten beads have been
obtained. The length of the DNA molecules tends to be
extended from *3.7 to *5 lm in the centrifuge force
field. Because of the limitation of the CFM’s stretching
ability (the highest rotary speed is 3500 �/s), the
highest centrifugal force is 71.5 pN. As per the results of
the stretching experiment shown in Fig. 4D, the average
extension curve accords with the data provided by
Smith et al. (1996) and fits the worm-like chain with the
persistent length of 50 nm (Abels et al. 2005; Kirby
2010).

The DNA extension curves are obtained via the
method of radius vector projection which detects
changes in the diffraction rings of the microparticles at
different distances from substrate. As shown in Fig. 4A,
the rings of particles, which have been stretched suc-
cessfully, are different compared to others. However,
DNA overstretching transition does not occur at
*65 pN and just shows a similar tendency over 70 pN.
This may due to the measurement deficiency in the
present version of the DH-CFM system. Thus, additional

Fig. 3 State space of particles. Because of the scale difference between nucleic acids and the link joint, the beads are linked with two or
more molecules simultaneously. Four different kinds force will work on the tethered beads, but they are small enough to be neglected
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discussion is needed, but it is enough to verify the
performance of the proposed sample preparation
method.

DISCUSSION

The proposed method provides a specific ligation and a
hydrophobic substrate that maintains the throughput of
the H-SMFS system. In this manner, the experiment
success ratio is improved from 0.85% to 13.5%. This
method also enhances the predictability including the
resolution of SMFS systems, and the strength of every
chemical bond involved in the sample cell can be eval-
uated because of the specific linkage. As shown in Fig. 5,
the layered structure permits the reactant to perform
separately, which means that reactants on the upper-
layer would not influence the sub-layer. There is a step
of removing extra reactants between layers. It is worth
noting that we have compared the performance of gas-
phase silanization with liquid-phase silanization such as
sigmacote. Gas-phase silanization is much more

stable and reliable than liquid-phase silanization
because the silane coupling agent distributes more
evenly in vacuum. Due to the classic way of DNA linking
and the normal silane coupling agent, all reactants
involved in this method are available commercially.
Thus, the experiment condition can be provided by most
SMFS laboratories. Moreover, the function of the pro-
posed method would not be influenced by the shape or
size of the sample cell, and could be applied in various
SMFS systems.

The work mentioned above is part of a DH-CFM
project, which is a developing system. Thus, the DNA
extension curves are inconsistent with the previous
study that there should be an overstretching transition
at *65 pN. This may be because of the measurement
lag. Fortunately, the result of the stretching experiment
is sufficient to verify the performance of the proposed
method. During the sample preparation method imple-
menting process, each reactant is ideally supposed to be
hydrophobic. However, some functional reactants such
as streptavidin and digoxigenin are not supposed to be
substituted. So, the adhesion phenomenon is difficult to

Fig. 4 Performance of the proposed method. A Raw sample image after treatment by the proposed method. B Comparison of the specific
performance between the proposed and common method; the common method here has been described in the manuscript.
C Experimental success ratio distribution in these two different methods. D Force–extension curves of 11.92 kbp DNA molecules tethered
to 4.86 lm silica beads
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be eliminated. We found that streptavidin-coated beads
had the same problem of adhesion in other experiments
as well. Although bovine serum albumin and Tween-20
are already added to the solvent of beads when they are
produced, it is not enough to separate the beads per-
fectly because of the hydrophilic nature of streptavidin.
Apart from the reactants, there may be other reasons for
the adhesion problem, such as electrostatic force.

MATERIALS AND METHODS

The structure of a simple cell for the DH-CFM in this
study was composed of two coverslips with diameters
of 10 and 24 mm (Marienfeld) as well as two pieces of
parafilm (Bemis). In this structure, the channel formed
between the two pieces of parafilm provided a reaction
zone for subsequent linkages. The complete structure of
the linkage is shown in Fig. 5. Epoxy resin was used to
seal the two ports of the channel after the linking pro-
cess. The volume of this sample cell was*10 lL and its
height *200 lm. The proposed method does not rely
on any specific structure and so, the sample cell is
changeable for different equipment.

The implementation can be divided into two main
steps: (1) surface modification and (2) molecular
ligation.

The main purpose of surface modification is to
enhance the hydrophobicity of coverslips to reduce the
ratio of adhered beads, as shown in Fig. 1. Silane is a
reagent commonly used for surface modification

because of its simple preparation process and reliable
performance. Before the modifying process, coverslips
are supposed to be cleaned with an ultrasonic-cleaner in
ultrapure water and with 75% ethanol, respectively.
Each cleaning step is supposed to last for more than
30 min to remove dust and organic impurities. To
hydroxylate the substrate, deeper cleaning and activa-
tion of coverslips is carried out via dipping in a piranha
solution (mixture of 70% sulfuric acid and 30%
hydrogen peroxide) for 15 min and exposing to plasma
cleaner for 5 min. In this manner, a new functional
group—hydroxyl—is generated on the surface of the
coverslips. Liquid silane can be easily vaporized in
vacuum, diffusing evenly to the entire space. This pro-
cess should best be sustained for more than 8 h. Then,
these coverslips should be washed thoroughly with
acetone to remove the extra silane and then rinsed with
ethanol to eliminate the extra acetone. Excessive ethanol
will be vaporized spontaneously. In some cases, before
the washing process, the monolayer can be solidified by
baking for 15 min at 90 �C.

A high-efficiency sample preparation method needs
to guarantee that every reactant is linked specifically so
that all the mechanical and physical properties of each
bonding joint can be evaluated. Anti-digoxigenin is the
most common intermediate reactant between the sub-
strate and DNA. It is also involved in this experiment but
in a different way. Anti-digoxigenin, as a kind of protein,
has an important group. amidogen. This enables it to
bond with 4-(N-maleimidomethyl)-cyclohexane-1-
carboxylate (SMCC, HEOWNS). As SMCC is insoluble in

solution

Fig. 5 Schematic diagram of complete linkage. The complete process of this treatment may last 2 days. The sample cell needs to be
rinsed with PBS or another solution after each step to remove the extra reactant
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water, dimethyl sulfoxide (DMSO) is introduced in this
method. SMCC needs to be first dissolved in DMSO at a
concentration of 3.6 mg/mL, and then mixed with anti-
digoxigenin at room temperature for 30 min or at 4 �C
for 60 min. Subsequently, it needs to be purified to
eliminate excessive SMCC. Purified protein should be
attenuated with phosphate-buffered saline (PBS)
(137 mmol/L NaCl, 10 mmol/L phosphate, 2.7 mmol/L
KCl, pH 7.4) and injected in sample cells. The specific
concentration will be discussed in the experimental
part. Purified protein will react with 3-mercaptopropyl-
triethoxysilane (MPTES, HEOWNS), which has been
bonded on the coverslip surface of coverslips. This
reaction should be sustained 30 min at 20 �C. The DNA
(10 lL of 0.2 ng/lL) and functionalized beads (10 lL in
density of 0.5 g/cm3) are routinely injected into the
sample cell, respectively. The beads involved in this
experiment are streptavidin-coated silica microparticles
(Bangs Laboratories Inc.) with a diameter of 5 lm. Both
the injecting steps mentioned above are supposed to
sustain 30 min at room temperature. Before injecting
the beads, superfluous DNA molecules would better be
eliminated by rinsing with PBS. Thus, PBS is the only
solvent in the sample channel, which will be helpful for
the subsequent optical detection.

It is not unusual that one bead is linked by two or
more molecules. Thus, the data of the stretching process
may not be precise enough. To solve this problem, the
distance among molecules has to be adjusted. With the
benefits of specific binding, the interspace among anti-
digoxigenin molecules can be modulated by adjusting
the spatial distribution of silane, ignoring the charac-
teristics of the molecule itself. Therefore, tri-
ethoxymethylsilane (MTES, TCI) is introduced. MTES is
a stable reactant that does not participate in the reac-
tion and is merely used to supplement the extra space
among MPTES. In this manner, the distribution of anti-
digoxigenin can be adjusted by changing the proportion
of these two silanes. The percentage of ten is not
unacceptable (for example: 5 lL MPTES in 45 lL MTES).

However, there is the problem that anti-digoxigenin
tends to attract functional beads in liquid condition so
that the linkage system is easily stuck on the substrate
rather than being stretched freely in the centrifugal
force field during experiment, leading to low through-
put. As shown in Fig. 2, there is a positive correlation
between the adhesion ratio and the concentration of
anti-digoxigenin. This means that the concentration of
anti-digoxigenin will directly influence the result and
should be well evaluated. Optimization of the anti-
digoxigenin concentration is discussed in the experi-
mental part.
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