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The DNA helix shows various conformations, which have
significant influence on its biological functions and activ-
ities.[1–3] The selective recognition and manipulation of these
conformations is important in many applications.[4–8] Chirality
is one of the distinctive biochemical signatures of life.[9–11] It
plays a decisive role in DNA behavior and in the interactions
of DNA with guest molecules.[12–15] Herein we report on the
selective adsorption of DNA on chiral surfaces. With a
plasmid DNA molecule (pcDNA3) as a model, we demon-
strate that, for gold surfaces modified with N-isobutyryl-l(d)-
cysteine (NIBC) enantiomers, the l surface induces a trans-
formation from the supercoiled conformation to relaxed
conformations and has a strong interaction with adsorbed
DNA molecules, while the interaction with the d surface is
rather weak, and DNA strands maintain their supercoiled
conformation on it. Theoretical simulation indicates that
there are chirality-induced differences in molecular config-
urations for surface-bound l- and d-NIBC, and that these
differences may be the origin of this effect. This finding will
help us to better understand the interaction between DNA
and other biochemical species, and it opens up a novel avenue
for DNA-based devices[16] and relevant studies.[17, 18]

A plasmid is a circular extrachromosomal DNA strand
that is capable of replicating independently of the chromo-
somal DNA and is used as an important tool in genetics and
biotechnology. It normally exists in four conformations:
nicked open-circular, relaxed circular, linear, and super-
coiled.[19] Owing to further twist and folding of the DNA
double helix, the supercoiled conformation is quite compact,
while for the other three conformations, DNA chains are
loosely packed and thus are much more relaxed. Figure 1a
shows a schematic diagram of the structure of pcDNA3.
Figure 1b depicts the results of agarose gel electrophoresis of
the DNA specimen obtained by the standard protocol
provided by QIAGEN, in which a narrow band with a

length around 5.4 kbp (kbp = 1000 base pairs) can be
observed. This value is in good agreement with the theoretical
value[20] and shows that most pcDNA3 molecules exhibit a
supercoiled conformation and that the purity is high.

As a derivative of cysteine, NIBC is an important
biomolecule that has been used extensively in the chromato-
graphic separation of chiral amino acids,[21] and it is one of the
few chiral compounds that is commercially available in high
purity and contains SH group. Herein, the enantiomers were
used to modify the ultraflat gold substrates[22] through self-
assembly by simply immersing the samples in ethanol
solutions of d- or l-NIBC overnight to obtain chiral surfaces.
Atom force microscopy (AFM) was utilized to study the
morphology of the adsorbed plasmids after 4 h of incubation
in an aqueous tris–EDTA solution of pcDNA3 with a
concentration of about 10 mgmL�1 at 25 8C (tris = tris(hy-
droxymethyl)aminomethane, EDTA = ethylenediaminete-
traacetic acid). Figure 2a, b show typical AFM images for
the adsorbed DNA molecules on l and d surfaces, respec-
tively. Interestingly, although the chemical compositions of
the two surfaces are the same, great differences in both the
morphology and density for the adsorbed DNA molecules
were observed. On the l surface, the DNA chains are quite
relaxed and the adsorption density is rather high. Different
relaxed conformations (mainly the relaxed circular confor-
mation, upper inset of Figure 2a) can be observed in large
quantity. The length of the DNA chains can be estimated by
analyzing the AFM image. Most of the chains are in the range
of approximately 1.4–1.6 mm, and the height is about 1–2 nm,
as shown by the section profile of the AFM image (Figure 2a,
lower inset). These data are in good agreement with the
theoretical values for perimeter and thickness of pcDNA3,
according to the total number of base pairs. Some supercoiled
states can be occasionally observed, but their quantity is very
low.

Figure 1. a) Schematic diagram for the structure of pcDNA3. b) Agar-
ose gel analysis of the DNA specimen. Lanes 1 is a pcDNA3 specimen
linearized by BamH digestion, which is used to determine the
molecular weight of the sample, and lane 2 is the original circular
pcDNA3 specimen. Lanes M1 and M2 are standard molecular weight
marker (Smart ladder, Eurogentec) and supercoiled plasmid DNA
ladder (Bayou, Biolabs), respectively. The results show that the
pcDNA3 specimen used in this study has a molecular weight around
5.4 kbp and is composed mostly of the supercoiled conformation in
solution.
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The situation on the d surface is totally different. The
relaxed conformations are very rare. Instead, there are a
considerable number of short but thick rod-like plasmids on
the surface (Figure 2b). The structure is uniform and regular.
Most rods show a fixed length of approximately 400 or
260 nm. Shorter (ca. 200 nm) or longer rods (600–800 nm) can
also be observed, but there are fewer of them. Interestingly,
the lengths of these rods match those predicted for multi-
folded states (for example, 400 and 260 nm correspond well to
the 4- and 6-folded states, respectively) of the circular plasmid
based on the theoretical length of the fully relaxed state. The
upper inset of Figure 2b shows the magnified image of a
single DNA rod with a length of about 200 nm using a Q-

control mode of AFM with reduced interaction between the
tip and the sample.[23] The corresponding section profile
(middle inset of Figure 2 b) reveals that the height of most
DNA rods is in the range of 4–7 nm, which is significantly
higher than the relaxed states on the l surface. For different
DNA rods, the height increases roughly with the decrease in
length. Multilayer structures can be clearly observed, as
revealed by the steps (arrow) in the section profile and the
corresponding amplitude image (lower inset of Figure 2b),
which illustrates the folding of the DNA chain in the vertical
direction.

The above results indicate that the surface chirality has a
dramatic influence on the behavior of DNA on a surface.
Since Mg2+ ions are reported to have great influence on DNA
behavior and on the interaction with other molecules,[24] we
did the same experiments in the presence of Mg2+ ions at a
concentration of about 10 mmolml�1 in solution. As shown in
Figure 2c,d, similar phenomena as before were observed,
while the surface density of the adsorbed DNA is higher than
without Mg2+ ions for both surfaces. These results indicate
that the effect of chirality is so predominant that even the
addition of a certain concentration of Mg2+ ions cannot cover
up the effect.

We further used fluorescence microscopy to investigate
the macroscopic profile of the chirality effect. The DNA
molecules were labeled by a fluorescent dye (Hoechst 33342)
before observation by microscopy. In this experiment,
although it is impossible to distinguish individual DNA
molecules owing to the resolution limitations, great differ-
ences can still be observed for the two surfaces. As shown in
Figure 2e, the DNA molecules on the l surface show a cloud-
like image with ambiguous edges. In contrast, those on the d

surface (Figure 2 f) are quite separate and show particle-like
images, the edges of which are rather sharp. These profiles are
in good accordance with the relaxed and supercoiled con-
formations of DNA in the AFM experiments, thus further
confirming the effect from a macroscopic point of view.
Considering that the pcDNA3 molecules mainly exist in the
supercoiled conformation in solution in our experiment, it can
be inferred that there is a relatively strong interaction
between DNA molecules and the l surface, which results in
a high adsorption density on the surface and induces the
transformation of DNA molecules from the supercoiled
conformation to the relaxed conformations. However, on
the d surface, the interaction is so weak that DNA molecules
prefer to preserve the supercoiled conformation when
adsorbed onto the surface.

The amount of adsorbed DNA is another important
parameter to evaluate the interaction between the adsorbed
molecules and the surface. Figure 3 shows a comparison for
the amount of adsorbed DNA on d and l surfaces for
different DNA concentrations. The evaluation was carried
out using a UV/Vis spectrophotometric method[25] by analyz-
ing the intensity of the absorption peak at 260 nm. A distinctly
higher amount of adsorption (T test, p< 0.01 for all concen-
trations) on the l surface than the d surface is detected, and
the difference increases with increasing DNA concentration.
These data support the difference in adsorption density found
in AFM experiments. All of the above data are consistent and

Figure 2. Different behavior of pcDNA3 on gold surfaces modified with
l- (a, c, e) and d-NIBC (b, d, f). a),b) Comparison of the DNA
morphology on the surfaces by AFM. Most DNA molecules exhibit
relaxed conformations on the l surface, while on the d surface they
adopt a supercoiled rod-like conformation. Insets in (a) are the
magnified image of a single relaxed circular DNA molecule on the l

surface and the corresponding section profile along the green line. The
total length of the DNA molecule is about 1.4 mm and the height is
about 1–2 nm. Insets in (b) are the magnified image of a supercoiled
DNA rod on the d surface, and the corresponding section profile
along the green line and amplitude image. The length of the rod is
about 200 nm and its height is about 6.6 nm. Its step-like structure
(red arrow) can be clearly observed. c),d) Similar AFM results obtained
in the presence of Mg2+ ions (10 mmolml�1). e), f) Fluorescence micro-
scopy results showing a macroscopic difference for the adsorption
behavior of DNA on chiral surfaces.
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clearly demonstrate the stereospecific interaction between
the plasmid and chiral surfaces. Similar phenomena were also
observed for a single-stranded DNA specimen,[26] thus
indicating that this effect is not unique to specific DNA
molecules but may be a general effect.

Chirality is intrinsically present in DNA structure at both
the molecular and supermolecular levels, and it plays a
decisive role in the interaction with other biochemical
species.[12–14] The effect described herein thus provides an
interesting insight to understand such interactions. Hydrogen
bonding and hydrophobic interactions are important for the
physical and chemical behavior of DNA molecules as well as
for the intercalation of guest molecules in double-stranded
DNA.[27–29] Owing to the existence of COOH and NH groups
that are connected to chiral carbon atoms and to the presence
of the large hydrophobic isobutyryl group connected to the
NH group in NIBC, we assume that the above phenomena
may be caused by the configurational matching or mismatch-
ing between the chiral moieties in DNA and the NIBC
enantiomers on the surface.

With this idea in mind, we further used molecular
dynamics calculations to simulate the molecular configura-
tions of NIBC molecules on a surface in an aqueous environ-
ment, in which the GROMACS program[30] combined with
the AMBER field[31] was selected for the simulation. Inter-
estingly, although the mirror-image configurations (Figur-
e 4a, b) were used as the starting point, significant differences
in the configurations can be observed for l- and d-NIBC on
the gold surface, resulting in arrangements that are no longer
mirror images. Statistically, NIBC molecules show two main
kinds of configurations on both surfaces, while the proportion
for the major one (as characterized by a small average
rotation angle fof the COOH group around the chiral carbon
atom, Figure 4 c), which is more flexible for rotation of the
isobutyryl group, is significantly higher on the l surface than
on the d surface. Furthermore, for each configuration, the
exact values for f and the inclination of molecules (angle qS�C,
Figure 4d) and orientations for NH, COOH, and isopropyl
groups (average values for angles qS�C, qN�H, qO�O and qC�C,
Figure 4d,e) are also different considering the chirality (see
the Supporting Information for details). Although the
detailed mechanism[32] is still unclear (it is one important

focus of our future work), we hypothesize that the differences
in molecular configurations, as well as the specific chiral
arrangement of the groups, may greatly influence the binding
and interaction between DNA and l- and d-NIBC molecules
on gold surfaces (Figure 4 f). The molecular configuration of
l-NIBC may match well with the DNA molecule and can bind
with the major or minor grooves of DNA through hydrogen

Figure 3. Adsorption A of pcDNA3 on the chiral surfaces versus DNA
concentration C as determined by UV/Vis spectroscopy. Gray: d

surface; black: l surface; white: difference between d and l surfaces.
Significantly more DNA adsorbs on the l surface than on the d surface
(T test, p<0.01), and the difference increases with increasing DNA
concentration.

Figure 4. a)–e) Molecular dynamics simulation for configurations of
NIBC molecules on surfaces. f) Schematic diagram of the possible
mechanism for the stereospecific interaction between DNA and chiral
surfaces. a), b) Starting configurations used before simulation for l-
and d-NIBC, respectively; they are mirror images. c)–e) Parameters
used in the simulation to assess the configurational difference
between surface-bound l- and d-NIBC molecules. f represents the
rotation of groups surrounding the chiral carbon atom (C*), which is
defined as the angle between the projections of vectors C*!C4 and
C1!S. Angles qS�C are used to evaluate the overall inclination of NIBC
molecules to the surface, in which qS�C* is defined as the angle
between vectors S!Au and S!C* and qS�C1 is that between vectors
S!Au and S!C1. Angles qN�H, qO�O, qC�C are used to characterize
orientations of the NH, COOH, and isopropyl groups and are defined
as angles between the vertical direction and vectors N!H, O!O,
C3!C2, respectively. Significant differences in these parameters were
found for l- and d-NIBC after simulation, even though the chirality
difference had already been considered, revealing different configura-
tions for the surface-bound enantiomers. See the Supporting Informa-
tion for details. The different interactions between DNA molecules and
l and d surfaces are considered to be induced by matching or
mismatching between the molecular configurations of the NIBC
enantiomers and DNA.
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bonding and hydrophobic interactions, leading to a strong
interaction between DNA molecules and the surface; how-
ever, for d-NIBC, the binding is not easy because the
configurations do not match, thus resulting in a weak
interaction between DNA and the surface.

The above results reveal a potential chirality-based
strategy to control and separate different conformations of
DNA on a surface, which is important for DNA manipulation
and DNA-based devices, thus opening up a novel avenue for
relevant studies. On the other hand, owing to the ubiquity of
chirality in living systems and its important role in biochem-
ical processes, detailed mechanistic analysis of the above
effect can help us to better understand the interaction
between DNA and other biochemical species. Furthermore,
in the context of stereospecific interaction between biological
cells and chiral surfaces,[11] the selective behavior of DNA or
other biomacromolecules on chiral surfaces can provide
useful information to comprehend such phenomena and the
high chiral preference in living systems.

In conclusion, we report the stereoselective adsorption of
plasmids on chiral surfaces modified with NIBC enantiomers.
Plasmids exhibit relaxed conformations on the l surface, and
the extent of adsorption is higher; on the d surface, they
prefer to stay in a supercoiled conformation with a very
compact rod-like morphology, and the extent of adsorption is
lower. Simulation results show that the chirality-induced
difference in the molecular configurations for surface-bound
l- and d-NIBC molecules is the origin of this effect, which
greatly influences their interactions with DNA molecules.
This study opens up a novel avenue for the design of DNA-
based devices or other relevant studies, and it helps to further
our understanding of the interaction between DNA and other
biochemical species and of the corresponding bioprocesses at
the cell level.

Experimental Section
Experimental details can be found in the Supporting Information. In
brief, the plasmid pcDNA3 specimen was transformed and propa-
gated in Escherichia coli DH5a by standard protocol. Large-scale
pure plasmids were obtained from QIAfilter Maxi Plasmid Purifica-
tion Kits (QIAGEN Ltd, Germany). Agarose gel electrophoresis was
performed on Biotec Fischer products (UK). In AFM experiments,
ultraflat sputtered gold substrates were used, which were modified
with l- and d-NIBC by self-assembly to give chiral surfaces. The
experiments were performed on a NanoScope IIIa Scanning Probe
Microscope (Digital Instruments) in tapping mode at room temper-
ature. The amount of adsorbed DNA on the chiral surfaces was
evaluated quantitatively by UV/Vis spectroscopy. The fluorescence
microscopy images were obtained after the samples were labeled by
Hoechst 33342 dye. The molecular dynamics simulation for the
molecular configurations of surface-bound l- and d-NIBC was
performed by the GROMACS program combined with the
AMBER field.
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