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Controlling chemical and biochemical reactions on nanometer Finally, the resulting feature was revealed by scanning the area

scale is one of the hotspots in the fields of chemistry and biology
due to its possibility of exploring new phenomena and/or unraveling

again with tapping mode.
In a typical experiment (Figure 1), a freshly cleaved mica surface

novel mechanisms that are inaccessible in traditional bulk systems. was treated with (3-aminopropyl)triethoxysilane (APTES, 0.2% (v/
For instance, positioning chemical reactions have been redlized, v) in water) for 5 min to attach positively charged amine groups
and reaction kinetics and pathways at the single-molecule level havefor fixing DNA.1® This was then heated in a clean oven at a
been revealed. temperature of 120C for 2 h. Using a modified “molecular

A variety of methods, such as nanopipétteanovesiclé, and combing” techniqué’ linear A DNA (Sigma) was extended on the
nanomanipulatio,have been developed to perform chemical or APTES-mica surface. After an individual DNA molecule was
biochemical reactions in limited volumes or areas. Among them, selected in the AFM image, DNase | ink was locally deposited at
nanomanipulation based on scanning probe microscopy (SPM) hasdesignated sites by the CDDPN process. Then, rather than being
unique features that can image and manipulate materials on surfacefmmersed in a buffer solution, the sample was put in a sealed box

with high spatial resolution. Using SPM, spatially resolved chemical
coupling reactiorf, enzymatic nanolithograpty,nanowelding,
controlled atomic doping of a single molecdfeand targeted
delivery of single moleculé$ have been realized.

Herein, we report that a positioning scission reaction of a single
DNA molecule can be realized using our recently developed

and incubated under a relative humidity of-880% at a temperature

of ~37 °C for about 30 min. To remove the deposited ink, the

sample surface was rinsed 10 times, each time withL50f

deionized water that was added on the surface and adsorbed away

by filter papers. The sample was dried before AFM imaging.
Figure 2 shows a series of topographical images of the above

technique termed combined-dynamic mode dip-pen nanolithography process. Before CDDPN (Figure 2a), the width (full width at half-

(CDDPN)2 The key point that makes the CDDPN different from
the conventional DPN is that its whole nanolithographic proce-

maximum) and height of DNA strands were 15:62.0 and 0.45
+ 0.03 nm, respectively. After CDDPN (Figure 2b), there were

dures, including reading and writing, are performed through a direct nine spots of DNase | embellishing the single DNA molecule. The

exchange between AFM operation moé€Sherefore, soft materi-

linear distance between the neighboring spots was controlled to be

als with irregular shapes and even single biomolecules can begapout 300 nm. The measured width of the spots was 4@ nm,
modified based on positioning with desired chemical reagents by and the height was 58 2.2 nm on average. The sizes and locations

CDDPN.

Traditionally, DNase | is known as a type of enzyme that digests
DNA in a nonspecific manner when €aor Mn?" are present®
In this paper, however, we demonstrate for the first time that a
positioning reaction of digestion with DNase | can be carried out
on a single genome DNA molecule using CDDPN.

AFM (Multi-mode Nanoscope llla, Vecco/Digital Instruments,
Santa Barbara, CA) equipped Wit J scanner was used in all
CDDPN experiments. A commercially available silicon tip (Nanosen-
sors Co., Germany) with a force constantaf2 N/m and resonant
frequency of~330 kHz was used to both write and read the
resulting structures. The AFM tip was coated by dipping it into a
solution of 0.1-0.2 unitikL DNase | (Sigma) in 510% glycerol,

20 mM Tris-HCI, pH 8.3, 2 mM MgGJ, and 2 mM CaClfor 1

of the spots could be changed according to experimental require-
ments. After digesting and rinsing (Figure 2c), no enzyme spots
remained on the surface, and cleaved DNA fragments were present.
A sketch indicating the spots’ positions and gap sites is presented
in Figure 2d. It clearly shows that most of the sites deposited with
DNase | were digested, resulting in many DNA fragments. It is
worth mentioning that depositing enzymes on DNA strands would
not always result in observable gaps on the DNA strands. In a set
of experiments, statisticallyv50% of 48 enzyme spots on four
single DNA molecules in three different samples generated detect-
able gaps.

To exclude any possibility that the observed gaps would be
caused by the mechanical force applied by the AFM&@DDPN
was performed on the DNA molecules with DNase | ink without

min. Then the tip was air-dried. The detailed procedures of the Mg2". In this case, no significant gaps in the DNA strands were

CDDPN process are as follows. First, an image was obtained with

observed, clearly indicating that the DNase | solution with?Mg

the tapping mode, and an exact site in the image was selected. Nqg s a5 responsible for the digestion of the immobilized DNA

protein would be deposited at this step. Second, lift mode was turned

on. Instead of lifting up the AFM tip from the surface in normal

electrical or magnetic measurements, we brought the tip close to

the surface by setting a negative LIFT HEIGHT value. The tip
stayed for a while once it touched the surface for ink deposition.
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molecule.

The process of the APTES modification of mica surface is very
important. On the freshly cleaved mica, DNA molecules were hardly
extended, and deposited enzymes liked to diffuse on the surface.
In addition, to perform the reaction in air is critical to realize
positioning digestion. If the CDDPN generated samples were
directly immersed into the reaction buffer, we found that the
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AFM tp In conclusion, we conducted experiments resulting in a spatially
controlled single biomolecule reaction. Precise positioning of DNase
| and its digesting activity within controlled fragments, not limited

to sequences, of a single DNA molecule on surface in air was
demonstrated. This approach is important for single DNA molecular
[J oNa research and might be helpful for genetic applications. In addition,
B vnesel this method can also be extended to other biomolecular systems.

Figure 1. Schematic illustration of the positioning digestion with DNase Acknowledgment. We thank Miss Stefanie Maerz for the
| on a single DNA molecule by CDDPN. Three steps are involved, including helpful . Thi K ted b ts f NSEC
choosing an individual molecule, depositing enzymes at the desired sites elptul revisions. This work was supported by grants irom

with the DNase | coated AFM tip, and finally, characterizing the results ex (30470441, 10404032, 10335070, 10675160, 10604061) and STC-

situ after digestive reaction. SM (06ZR14105, 0552nm033).

References

500 nm

(1) (a) Buriak, J. MScience2004 304, 692—-693. (b) Gu, L. Q.; Cheley, S;
After J s e 2 Bayley, H.Science&2001, 291, 636-640. (c) Hla, S. W.; Meyer, G.; Rieder,
J K. H. ChemPhysCher001, 2, 361-366. (d) Liu, G. Y.; Amro, N. A.

Proc. Natl. Acad. Sci. U.S.2002 99, 5165-5170. (e) Xu, S.; Liu, G.
Y. Langmuir1997 13, 127-129.

(2) (a) Lee, H. J.; Ho, WSciencel999 286, 1719-1722.

(3) (a) Oijen, A. M.; Blainey, P. C.; Crampton, D. J.; Richardson, C. C;
Ellenberger, T.; Xie, X. SScience2003 301, 1235-1238. (b) Zhuang,
X.; Bartley, L. E.; Babcock, H. P.; Russell, R.; Ha, T.; Herschlag, D.;
Chu, S.Science200Q 288 2048-2051. (c) Smiley, R. D.; Hammes, G.
G. Chem. Re. 2006 106, 3080-3094.

(4) (a) Rodolfa, K. T.; Bruckbauer, A.; Zhou, D.; Schevchuk, A. |.; Korchev,
Y. E.; Klenerman, DNano Lett.2006 6, 252-257. (b) Bruckauer, A,;

10 nm, Zhou, D.; Ying, L.; Abell, C.; Klenerman, DNano Lett.2004 4, 1859-
1862.

(5) Pick, H.; Schmid, E. L.; Tairi, A.; Llegems, E.; Hovius, R.; Vogel, H.
Am. Chem. SoQ005 127, 2908-2912.

(6) Gimzewsk, J. K.; Joachim, Gciencel999 283 1683-1688.

(7) Davis, J. J.; Coleman, K. S.; Busuttil, K. L.; Bagshaw, CJBAm. Chem.
Soc.2005 127, 13082-13083.

60mm

Figure 2. The AFM images of an individual DNA molecule at different (8) (a) Riemenschneider, L.; Blank, S.; RadmacherNdno Lett.2005 5,
stages during positioning digestion. The DNA molecule before (a) and after 1643-1646. (b) Hyun, J.; Kim, J.; Craig, S. L.; Chilkoti, . Am. Chem.
(b) DNase | deposition. DNA fragments after digestion at desired sites by 500-2?(04 126 4770‘477%.- (©) quedz, S.; Nakgmqrakc.; Miyamoto,
DNase I (c). A sketch for demonstrating the controlled sites of the digestion goo'g‘as alr?#rla 1'17!1(3965 ima, M.; Tokumoto, H.; MiyakeNano Lett.

(d). (The green circles represent the enzyme spots, and the red lines represent (9) Duan, X.; Zhang, J.; Ling, X.; Liu, ZI. Am. Chem. So2005 127, 8268
the resulting DNA fragments after digestion.) 8269.

. . . . (10) Yamachika, R.; Grobis, M.; Wachowiak, A.; Crommie, M. $cience
digestion of DNA was hardly observed, or, if any occurred, it was 2004 304, 281—284.
not limited at the enzyme spots. (11) (a) Duwez, A. S.; Cuenot, S.; Jerome, C.; Gabriel, S.; Jerome, R.; Rapino,

. . . . S.; Zerbetto, FNat. Nanotechnol2006 1, 122-125.
In fact, that the digestion of DNA by DNase | is effective under  (12) i. B.: wang, Y.: Wu, H. P.; Zhang, Y.: Zhang, Z. X.; Zhou, X. F.; Li,

such a harsh condition on an aliquid—solid interface is quite M. Q.; Hu, J.Chin. Sci. Bull.2004 49, 665-667.

i ; At B : (13) (a) Piner, R. D.; Zhu, J.; Xu, F.; Hong, S.; Mirkin, C. Bciencel999
surprising and beyqn.d our |mag|nat|9n. Accordmg to copventlopal 283 661-663. (b) Liu, X.. Zhang, Y. Goswami, D. K. Okasinski, J. S.:
knowledge, the activity of enzymes is very sensitive to incubation Salaita, K.; Sun, P.; Bedzyk, M. J.; Mirkin, C. AScience2005 307,
temperature, buffer ionic strength, pH, and Mgnd glycerin 1763-1766. _ _

. ; 14) Li, B.; Zhang, Y.; Hu, J.; Li, M. QUItramicroscopy2005 105, 312—
concentration. Thus, those factors have to be finely controlled to 14) 315. 9 Q Py2005 105
guarantee a reaction happened. However, in our experiments, the (15) Campbell, V. W.; Jackson, D. A. Biol. Chem198Q 255 3726-3735.
reaction was conducted in ambient air with a humidity of about (168) Lyubchenko, Y.; Shlyakhtenko, L.; Harrington, R.; Oden, P.; Lindsay, S.

0 . . Proc. Natl. Acad. Sci. U.S.A.993 90, 21372140.
90% and a temperature of 3T, far from the optimal reaction (17) (a) Bensimon, A.; Simon, A.; Chiffaudel, A.; Croguette, V.; Heslot, F.;

conditions for DNase | digestion in bulk solutions. Under such Bensimon, D.Sciencel994 265 2096-2098. (b) Ouyang Z; Hu,
. . . Chen, S. F.; Sun, J. L.; Li, M. Q. Vac. Sci. Technol., B997, 15, 1385~
conditions, the nanodrops deposited on the DNA samples might 1387.

undergo a dehydration process, which would result in a variation (18) (?1) Ly J. H.; Li, H. K;; AnhH J.; Wang, G. H.; Wang, Y.; Ll(bl;ll Q.;

ang, Y.; Hu, 3. Am. Chem. So@004 126, 11136-11137. (b) Hu,
of _buffer ionic strength, pH, and Mg_and_glycerln concentratlo_n 3. Zhang, Y.: Gao, H. B.. Li, M. Q.. Hartmann, Blano Lett.2002 2.
to its standard ones. The observed digestion events may be attributed 55-57. (©) An, H. J.; Guo, Y. C.; Zhang, X. D.; Zhang, Y.; Hu.d.
to a high effective concentration of DNase | when confined in the Nanosci. Nanotechno2005 5, 1656-1659.

nanospots. JA0687015

J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007 6669





