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Traditionally, isolation and chemical analysis of DNA are always A Nanoscope llla AFM system (Veeco/DI, Santa Barbara, CA)
performed on a large number of molecules. Recently, it has beenwas used in the experiment. Commercial silicon tips (MikroMasch
recognized that the analysis of single DNA molecules is of critical Co., Russia) with force constant of 291 N/m and resonance
importance in fundamental genetic research, clinical analysis, andfrequency of 266-420 kHz were used. All the operations were
industrial biotechnology development Currently, some methods  performed in air under relative humidity of 2B0% at the room
attempting to isolate single molecules have been developetiich temperature.
are usually based on the dilution of sample and limited to the In a typical experimen®st-linearized pBR322 DNA (4362 bp,
molecules that are suspended in aqueous solutions. The fact thatl483 nm in theoretical length) molecules were first deposited and
all solution-based methods have lost the “spatial resolution” in stretched by a modified “molecular combing” technigifonto a
handling molecules makes it very difficult to isolate directly a mica substrate, which was pretreated with (3-aminopropyl)trieth-
particular molecule in a complex systéfand calls for a oxysilane (APS, purchased from United Chemical Corp.) for several
“positioning isolation” technique. Recently, scanning probe mi- minutes3® and further treated in a clean oven under a temperature
croscopy, including scanning tunneling microscopy (STM) and of 120°C for 4 h. After an image was taken of the aligned DNA
atomic force microscopy (AFM) that are usually used for mapping molecules in tapping-mode AFM, a specific DNA molecule was
the surface topography, have been further developed into operativeselected as ready for dissection, as shown in Figure 1A. A DNA
tools, with which manipulation of single atoms and molecules fragment was then cut off according to the methods reported
becomes possible and positioning chemistry has been re&iZ28d.  previously?6 as shown in Figure 1B. The following isolation
But to pick up a particular biomolecule is still a big challenge. process, which we named as “kneading”, is similar to that of
During recent years, several research groups have attempted t@pushing” in ref 26. The differences are that kneading manipulation
isolate biological objects with AFM tip¥. For instance, Heckl et needs less loading force, typically about 50% less, and slower scan
al. demonstrated dissection and subsequent extraction of genetigate, usually 1 Hz, and is limited in a small scan region (300xnm
materials from chromosomés22 Xu and Ikai reported that AFM 300 nm or less). After the tip scanned over the area with the target
tips could occasionally pick up plasmid DNA from the mica DNA fragment in the continuous kneading mode, the AFM was
surfacez® Guthold et al. tried to use AFM to isolate single aptamer restored to the imaging mode (tapping mode) and the isolation result
molecules* Osada et al. presented a method to extract MRNAS \yas examined. Clearly, the dissected DNA fragment in Figure 1B
from living cells using AFM tips® All these efforts have shown  has been picked up, leaving a gap at the middle region of the DNA
that, in principle, it is possible to isolate biological materials with  molecule (Figure 1C).

AFM. However, the above approaches have not been able to realize  One may argue that the DNA fragment could be swept away by
the positioning isolation which is requested for practical applications the AFM tip, since the AFM was working in contact mode during
such as ordered DNA sequencingand direct molecular haplo-  the kneading process. However, in most cases we could not find
typing of genomic DNA®>Novel techniques have to be developed  the DNA fragments or their residuals on the substrates by imaging
to integrate the whole process including positioning, dissecting, and j 5 bigger region, implying that the DNA fragments were stuck to

picking up with sufficient spatial resolution together with the e tip. This was further confirmed by single-molecule PCR
subsequent single-molecule PCR to indeed achieve the isolationgmpjification.

of a particular fragment from a genome DNA molecule. The isolated single DNA fragments have to be amplified to
In our previous work, we have shown how to precisely cut, push, provide sufficient copies for subsequent biochemical analysis.
and fold single DNA molecules by using AFK.Here we Scientists have shown that single-molecule PCR, in which single

demonstrate that single DNA fragments dissected from long DNA pna molecules were prepared by serial dilution, is posgitiié3 3t
molecules at the designated positions can be further isolated by ajowever, it is not clear if the DNA molecules can keep their
precise AFM nanomanipulation, and the isolated DNA fragments piochemical activities under those mechanical manipulation with
can be amplified by single-molecule PCR. a force around tens of nano-Newtons since the PCR process on a

As proof of concept, pBR322 DNA molecules were first  gingje-molecule level is quite delicate and any damage on the bases
deposited and stretched on a substrate. The single DNA fragmentyj| stop the replication in the first run. In our experiments, the

was cut at the designated positions on one pBR322 DNA and then agp tip containing an isolated DNA fragment was transferred into
isolated (or picked up) by a special operation mode called j gterile tube, and a single-molecule PCR experiment was carried
“kneading”. All the operations including imaging, dissecting, and o, (supporting Information). The PCR products were detected by
picking up were done with one AFM tip. 1.5% agarose gel electrophoresis. Some typical results are given
t Chinese Academy of Sciences. in Figure 2. In our primary demonstration, 7 among 20 tip_s W_ith
# Shanghai JiaoTong University. expected DNA fragments were detected positive after amplification,
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Figure 1. Positioning dissection and isolation of single DNA fragments.

(A) AFM image of one pBR322 DNA molecule deposited and stretched
on APS-mica. (B) The DNA molecule was cut at the selected positions.
(C) AFM image showing that the small DNA fragment has been isolated.
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Figure 2. (A) Schematic drawing of th@st-linearized pBR322 DNA.

The orange bar indicates the position of the DNA fragments to be isolated.
The two green bars (P1 and P2) show the positions of up-river and down-
river primers. In our experiments, the amplified DNA molecules is 346 bp
in length, and is designed to locate at the center region of the linear pBR322
DNA molecule. The isolated DNA fragments were usually longer than that
designed for PCR amplification to ensure that the target fragment was
included. (B) Electrophoresis results of amplified products. Lane M, DL2000
DNA marker (TaKaRa Bio. Inc.); lanes 1 and 2, controls with 10 and 1
copies of pPBR322 DNA prepared by serial dilution, respectively; lang,3
single DNA fragments isolated by the AFM tips; lane 8, negative control
by an AFM tip that was used to image and cut (but not pick up) pBR322
DNA.

-~

while no false positive was found in the negative controls. The
fact that the isolated DNA fragment could be successfully amplified

indicates that the kneading process causes no or very little damage

to the DNA molecules, which will be vital for the subsequent
biochemical analysis.

In summary, we have developed a unique and novel method for
positioning, dissection, and isolation of individual DNA molecules.
Single-molecule PCR amplification verifies that the DNA fragment

is kept active during the isolation process. This method adds spatial

information to the conventional biochemical analysis of DNA with
nanometer resolution at the single-molecule level. Future work will
be focused on improvement of the isolation efficiency to fit specific
practical applications. Given the convenient nature of the present
method, great applications will be expected in many fields of
biology and medicine.
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