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Damage of DNA ends induced by mechanical force during AFM
nano-manipulation
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Abstract An experimental and statistical study was carried out to explore the effects of mechanical forces on the
ends of linear double-stranded DNA (dsDNA) fragments. Mechanical force was applied onto individual DNA
molecules during atomic force microscope (AFM)-based picking-up manipulation. By comparing the PCR efficiency

of two DNA fragments with primers either at ends or at the inner regions, it was found that the ends of DNA

fragments were damaged during picking-up process.
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1 Introduction

Since its invention in the 1986 by Binnig et al.!'],
atomic force microscope (AFM), being able to

measure surface topography with nanometer-

resolution under different environmental conditions,
has made great contributions to fundamental studies.

And this is especially true in nano-biology, such as

1 and nucleic

acid™™, high sensitivity protein force spectroscopy'”'%,

high-resolution imaging of protein'”
and elastic measurement-combined fluorescence
imaging on cells!'"!. In addition, AFM can apply a tiny
mechanical force to a sample through its tip, hence the
possibility of using AFM as a micromanipulation tool
to dissect biological samples, in microscopic levels
from cells down to individual molecules''*"®!. Efforts
were made to isolate biological objects!' " with AFM.
Several AFM operation modes are employed to isolate
DNA fragments. For
subsequent extraction of genetic materials

instance, dissection and
from
chromosomes were demonstrated by driving an AFM
tip to contact with the target!'**". Occasionally, DNA
fragments could be picked up from the surface with
the AFM tip engaged in the force mapping mode!'®%2.

By using the negative lift mode AFM, our group

developed a serial of techniques to construct artificial
DNA patterns®, and to isolate individual DNA
molecules from a solid surface™, which may be
applied in ordered DNA sequencing” and direct
molecular haplotyping of genomic DNAP+]
However, an AFM tip applies a mechanical
force of tens of nano-newton on DNA molecules
during the AFM nanomanipulation™. And whether
the isolated DNA fragment can keep its biological
activity after such a process is a natural question.
Especially, the ends of a DNA fragment, which are less
bonded, are less stable than its inner regions, and DNA
ends play an important role in DNA sequencing,
ligation and other biological process. Therefore, the
to DNA ends during AFM

manipulation should be investigated.

possible damage

The polymerase chain reaction (PCR)™"
conducted after the isolation of DNA fragments
provides a suitable means for exploring mechanical
force effects on the DNA ends. Normally, the isolated
DNA fragments attached on the AFM tip should be
amplified to provide sufficient copies for subsequent
biochemical analysis. The PCR amplification on a
single-molecule level is delicate, and any damage on
the bases stops replication in the first run. So, a
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successful amplification of the isolated DNA fragment
rules out measurable damages to the DNA molecules
in the AFM manipulation process.

In this paper, PCR efficiency of two DNA
fragments picked up by AFM nanomanipulation is
compared: One is amplified from its ends, and another
from its inner part. The first DNA fragment is of a
significantly lower PCR efficiency than that of the
second, indicating that DNA ends were damaged
during AFM nanomanipulation.

2  Materials and methods

Template DNA was prepared from PBR322 (TaKaRa
Bio. Inc., Dalian, China) by amplifying with the Ex
Taq DNA polymerase Hotstart (TaKaRa Bio. Inc.),
followed by purification by Takara DNA fragment

Purification Kit Ver2.0. Two sets of primers in Fig.1

(Sangon Co., China) were used: pl:
5’-CTCTTACTGTCATGCCATCCG-3’, p2:
5’-CCGTGTCGCCCTTATTCC-3’; Ex-pl:
5’-GTCGTTTGGTATGGCTTCA-3’, Ex-p2:

5’-GACAATAACCCTGATAAATGCT-3’. The PCR
procedure was carried out using a Mastercycler
gradient (Eppendorf). After denaturing at 95°C for 5
min, 35 cycles of 95°C/30 s — 63°C/30 s— 72°C/30 s,
with an additional extension at 72°C for 10 min, were
performed. Sterilized Milli-Q H,O was used as a blank
control. Owing to the low copy number of DNA
templates, the product of PCR was used as template
and a second round PCR was conducted. For each
sample, 5 pL PCR products were separated by 1.5%
agarose gel electrophoresis and stained by ethidium

bromide.
(3799) (4137)
Ex-p1 p1
p2  Ex-p2
(3632) (4200)

Fig.1 Schematics of the DNA templates. The fragments of
pBR322 from the 3799™ site to the 4137™ site, and from the
3632™ site to the 4200 site, were picked up for PCR
amplification.

Mica substrate was treated with 0.5% aqueous
solution of 3-aminopropyl-triethoxysilane (APTES,
Sigma Co.) for 4 min under humidity of 40%—60% at
20°C—25°C, washed with double-distilled water, and
dried with clean air. Soon afterwards, the mica was
baked at 120°C. A drop of 1 uL DNA solution was
placed onto the mica substrate and stretched with a
modified molecular combing technique™*”. The
samples were dried with clean air.

Imaging and nanomanipulation of DNA were
performed with a multimode AFM (Nanoscope V,
Veeco/Digital Santa Barbara, CA)
equipped with a J scanner. Silicon cantilevers (NSC-11,

Instruments,

MikroMasch) with a spring constant of 48 N-m™ were
used. All operations were carried out under the
conditions of 22°C and 40% relative humidity. Images
were collected with tapping mode AFM. Details of
individual DNA
fragments can be found elsewhere***®!. Finally, the
AFM tip with DNA fragments was put into a PCR tube
for PCR.

manipulating and picking up

3 Results and discussion

3.1 Substrate preparation

Preparing a proper mica substrate is a key to the
success of picking up DNA fragments from the
substrate. In this work, the mica substrate was
modified by APTES and its capability of adsorbing
DNA molecules was modulated by varying baking
time of the mica substrate at 120°C. It was found that,
a modified mica baked for just 2 h adsorbed a DNA
molecule so firmly that it could neither be rolled up
into a round feature, nor to be picked up from the
substrate, and the substrate would be damaged in the
nanomanipulation process, too; while a DNA molecule
adsorbed on an APTES-modified mica baked for 4 h
could be pushed around on the substrate by the AFM
tip (Figs.2A—2C), in most cases. And baking the
APTES-mica substrates for 3 h at 120°C was of
suitable absorbability to DNA molecules, which could
be rolled up and picked from the substrate
(Figs.2D—2F).
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Fig.2 Tapping mode AFM images in manipulating a target DNA molecule on APTES-modified mica baked for 4h (A, before
manipulation; B, the target DNA indicated with an arrow was rolled up to a round feature; C, the round-shaped target DNA was
moved to another location, indicated with an arrow) and baked for 3 h (D, before manipulation; E, the target DNA was rolled up to a
round feature; F, after DNA pickup, the target DNA disappeared from the surface). Height scale: 3 nm.

3.2 DNA template amplification

As shown in Fig.1, the 338 bp DNA fragments
(pBR322 original sites of 3799"-4137"), and the 569
bp DNA fragments (pBR322 original sites of
3632th—4200th), were amplified from plasmid pBR322
by using the primers pl/p2 and Ex-pl/Ex-p2,
respectively. The PCR products were purified and
analyzed by electrpheresis (Fig.3). Sequences of the
DNA products are as expected (data not shown),
indicating that the DNA products are pure and were
well prepared.

Fig.3 Electrophoresis results of the PCR products. Lanes 1
and 2 for DNA fragments of the 338bp (A) and 569 bp (B);
Lane 3, DL2000 DNA marker (from top to bottom 2000, 1000,
750, 500, 250, 100 bp); Lane 4, blank controls.
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3.3 Pick-up of DNA fragments and PCR

The DNA samples shown in Fig.3 were deposited on
APTES-mica (baked at 120°C for 3 h) and were used
for AFM nanomanipulation. The DNA molecules
picked up by the AFM tips were amplified using the
primers p1/p2. The PCR efficiencies for the two sets of
DNA templates were compared.

Fig.4 Pick-up and amplification of 338 bp DNA fragments.
(A) AFM image of 338 bp DNA fragments deposited on
APTES-mica. The target DNA fragment was indicated with an
arrow. (B) AFM image showing that the target DNA fragment
was picked up. Height scale: 3 nm. (C) Electrophoresis result of
the products of the first-round PCR. Lanes 1 and 2, blank
controls; Lanes 3—9, DNA fragments picked up by AFM tips
and amplified by PCR; Lane 10, negative control by the AFM
tip for imaging and manipulating the DNA fragment before its
pick up; Lane M, DL2000 DNA marker (from top to bottom
2000, 1000, 750, 500, 250, 100 bp). (D) Electrophoresis results
of the products of the second-round PCR. Lane 1, blank control;
Lanes 2 and 3, negative controls of the first PCR; Lanes 4-10,
DNA fragments picked up by AFM tips; Lane 11, negative
control by the AFM tip for imaging and manipulating the DNA
before its pick up; Lane M, DL2000 DNA marker (from top to
bottom 2000, 1000, 750, 500, 250, 100 bp).

AFM images of the 338 bp DNA fragments on
the APTES modified mica were shown in Figs.4A and
4B. The length of the 338 bp DNA fragments was
about 115 nm in the AFM images. After AFM
manipulation, the target DNA fragment disappeared,
as shown in Fig.4B, indicating the target DNA was
picked up by the AFM tip.

The AFM tip with 1 to 3 isolated DNA
fragments was transferred into a sterile tube, and PCR
experiment was carried out. Some typical results of the
PCR products detected by 1.5%
electrophoresis are given in Figs.4C and 4D, for the

agarose gel

first- and second-round PCR, respectively. Fig.4C does
not show any product band, while there is a PCR
product in Fig.4D. In our primary demonstration, 1
among 13 tips with expected DNA fragments were
detected positive after amplification, while no false
positive was found in the negative controls.

Fig.5 revealed the pick-up and amplification of
569 bp DNA fragments. The target DNA fragment on
APTES modified mica was shown in Fig.5A, which
disappeared after AFM manipulation (Fig. 5B). The
length of 569bp DNA fragments (~200 nm) was longer
than the 338 bp DNA fragments.

Some typical results of the PCR products
analyzed by 1.5% agarose gel electrophoresis are
given in Fig.5C and Fig.5D, for the first- and
second-round PCR, respectively. In total, 6 among 16
tips with expected DNA fragments were detected
positive after amplification, while no false positive

was found in the negative controls.

3.4 Statistical analysis

A statistical analysis was done on the PCR efficiencies
of the two different DNA fragments. For comparison
of the two samples, the equilibrium is:
7= P—P
Jpad/n +1/n,)

where, n; and n, are the total numbers of the two

compared samples; p; and p, are the successive
proportion of the two compared
(X1 +x2)/(n+ny), with X; and X, being the successive
times, and q = 1—p. For PCR amplification of the 338
bp DNA fragments, 1 of 13 samples could be
amplified. For the PCR amplification of 569 bp DNA
6 of 16

samples, p=

samples were detected positive after
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amplification. With these data we get z=—1.867 at the
P value of 0.05, indicating that the PCR efficiencies
are significantly different between the two samples.

P s Lim G ol wedie dohe wlSh 30 A4
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Fig.5 Pick-up and amplification of 569 bp DNA fragments.

(A) AFM image of 569 bp DNA fragments deposited on
APTES-mica. The target DNA fragment was indicated with an
arrow. (B) AFM image showing that the target DNA fragment
was picked up. Height scale: 3 nm. (C) Electrophoresis results
of DNA products after the first-round PCR. Lanes 1-3, blank
controls; Lanes 4-8 and 10—12, DNA fragments picked up by
AFM tips; Lane 9, negative control by the AFM tip for imaging
and manipulating the DNA fragment before its pick up; Lane M,
DL2000 DNA marker (from top to bottom 2000, 1000, 750, 500,
250, 100 bp). (D) Electrophoresis results of the products of the
second-round PCR. Lanes 1-3, blank controls; Lanes 4—8 and
10-12, DNA fragments picked up by AFM tips; Lane 9,
negative control by an AFM tip for imaging and manipulating
the DNA fragment before its pick up; Lane M, DL2000 DNA
marker (from top to bottom 2000, 1000, 750, 500, 250, 100 bp).

3.5 Mechanism discussion

The low PCR efficiency of the 338 bp DNA fragment
indicates that the DNA ends were damaged during the
AFM nanomanipulation, which in turn reduced the
rate of base pairing between the DNA ends and
primers. Base pairs located at the ends of dsDNA
molecules fluctuate into open states much more

[30]

frequently than those in the dsDNA interior~, even at

temperatures well below temperature of melting T,
The dsDNA breathing enhances its flexibility and
instability on short length scales®"), which may be the
cause that the ends of dsDNA molecules are easy to be
damaged by the force exerted by the tip during AFM

nanomanipulation.

4  Conclusion

By comparing the PCR efficiency of two DNA
fragments with primers either at the ends or at the
inner regions, we deducted that the AFM manipulation
process would induce DNA damage at its ends. Our
results suggest that, to avoid mechanical force-induced
damage during AFM nanomanipulation, it is necessary
to subtle design the DNA template and the PCR

primers.
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