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ABSTRACT: Chirality is one of the fundamental biochemical
properties in a living system, and a lot of biological and
physiological processes are greatly influenced by the chirality of
molecules. Inspired by this phenomenon, we study the covalent
assembly of DNA on chiral molecule modified surfaces and
further discuss the hybridization of DNA on chiral surfaces
with nucleic acids. Take methylene blue (MB) modified DNA
as a model molecule, we show that the peak current of the L-
NIBC (NIBC, N-isobutyryl-L(D)-cysteine) modified gold
surface (L-surface) is larger than the D-surface because of a
stronger interaction between short-chain DNA and the L-
surface; however, the D-surface has a higher hybridization
efficiency than the L-surface. Moreover, we apply this result to
actual application by choosing an electrochemical DNA (E-
DNA) sensor as a potential platform. Furthermore, we further amplify the difference of hybridization efficiency using the
supersandwich assay. More importantly, our findings are successfully employed to program the sensitivity and limit of detection.

Chirality is one of the fundamental biochemical properties
in the living world.1−3 Most of the biological molecules

(proteins, RNA, DNA, etc.) are composed of small chiral
biomolecules (e.g., L-amino acids, D-sugars, L-phospholipids,
etc.). As a result, a lot of biological and physiological processes
are greatly influenced by the chirality of molecules. For
example, R-thalidomide has a sedative effect, whereas S-
thalidomide would cause serious side effects on fetal develop-
ment, which led to more than ten thousand women giving birth
to children with deformities after using racemic thalidomide in
the last century.4 Many groups have investigated the interaction
between biomolecules and chiral molecules in view of the
significance of chirality in the living systems.5−19 For instance,
Sun and co-workers have observed that long-chain single-
stranded10 and double-stranded DNAs11 (at least 3000 bases)
exhibit different interactions with chiral N-isobutyryl-L(D)-
cysteine (NIBC) modified gold surfaces. They find that DNA
molecules have a much stronger interaction with the L-NIBC
coated gold surface compared to the corresponding D-NIBC
coated gold surface. In addition, they and other groups
discovered the different cell behaviors,12−14 protein adsorp-
tion,15,16 and other biological processes17−19 on enantiomor-
phous surfaces. Despite their many positive attributes in the
past few years, these studies mainly focus on investigating
different adsorption mechanisms on enantiomorphous surfaces.

Moreover, the different biomolecular adsorption processes on
chiral surfaces is only a starting point, and many intriguing
chiral phenomena associated with chiral molecules in the
biological world remain poorly understood.
DNA is the master biomolecular of every cell and contains

vital information that gets passed on to each successive
generation. DNA adsorption is important, but DNA self-
assembly is even more important in consideration of the actual
application. Self-assembly monolayers or multilayers are
crucially important in the development of life science,
nanotechnology, and so on.20−22 In particular, the self-assembly
monolayer of DNA has been successfully applied in
biosensors,23−26 molecular machines,27,28 and complex nano-
architectures.29,30 In general, the fabrication of the DNA
monolayer is realized through the covalent coupling method,
which has the advantage of high mechanical rigidity and
chemical stability. Moreover, the covalent assembly of DNA has
a great significance on DNA surface array and hybridization. To
the best of our knowledge, there is no report on the regulation
of DNA assembly by molecular chirality, let alone DNA
hybridization. Therefore, study of the covalent immobilization
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of DNA and further investigation of the DNA hybridization on
chiral molecule modified surfaces are of interest since it would
enable great development in DNA-based biosensors, nano-
devices, and biochips.
Here, we report the regulation of DNA self-assembly and

DNA hybridization by molecular chirality. First, we investigate
the covalent assembly of DNA on enantioselective gold
surfaces. Second, we further discuss the hybridization of DNA
on chiral surfaces with nucleic acids. Third, we design a stem-
loop structure probe (molecular beacon) for the detection of
nucleic acid and investigate the difference of hybridization
efficiency on chiral molecular modified electrochemical DNA
(E-DNA) sensors.31−33 Finally, we perform the DNA detection
using a one-dimensional structure (supersandwich) and obtain
a significant difference on the enantioselective sensors.
Previous studies have proven that long-chain DNA shows

different interactions with chiral molecule coated gold surfaces,
leading to a fact that long-chain DNA has a larger adsorption
quality on the L-NIBC modified gold surface (L-surface) than
the D-surface.10,11 Because all probes and targets of E-DNA
sensors are composed of short-chain nucleic acids, we choose a
short-chain DNA (23 bases) as a model molecule to investigate
DNA adsorption on L/D-surfaces by quartz crystal micro-
balance (QCM), in which the absorbed mass has a liner
relationship with the frequency decrease of the quartz crystal
resonator.34 The result shows that the L-surface exhibits a much
large frequency shift than the D-surface (Figure S1c,
Supporting Information). We also discuss the DNA adsorption
on enantioselective gold surfaces by cyclic voltammetry (CV),
which is an effective and sensitive method for investigating the
feature of the electrode surface (Figure S1d, Supporting
Information). The electrochemical responses of L- and D-
surfaces are almost the same after the electrodes are immersed
in 1 μM L-NIBC and D-NIBC, respectively, meaning the
assembly quality of chiral molecules on gold surfaces is almost
identical. Meanwhile, the peak currents are decreased after L-
and D-surfaces are treated with DNA, indicating the adsorbed
DNA insulated the interfacial electron transfer. However, the
decrease of peak current of the L-surface is larger than the D-
surface, hinting that the adsorbed DNA molecules on the L-
surface is higher. The above results confirm that short-chain
DNA has a larger adsorption quality on the L-surface than the
D-surface; namely, the L-surface may have a stronger H-bond
interaction with short-chain DNA. At the same time, these
conclusions are consistent with long-chain DNA observation.
To investigate the influence of surface chirality on the

covalent assembly of DNA, we choose a thiolated methlyene
blue (MB)-modified stem-loop structure DNA (probe) and L/
D-NIBC to covalently attach to a classic gold rod electrode by
the Au−S bond (Figure 1a left). We observe the peak current at
the −0.26 V (versus Ag/AgCl) of the L-surface to be about
12.0% larger than the D-surface (Figure 1b). Furthermore, the
nonspecific adsorption of DNA is minimized using 6-mercapto-
1-hexanol (MCH) as a spacer thiol on the gold surface.35 We
presume this difference arises due to several possibilities: (i)
more DNA molecules are assembled on the L-surface than the
D-surface; (ii) the distance of MB and gold electrode on the L-
surface is closer than the corresponding D-surface; (iii) both (i)
and (ii). In order to confirm the above hypothesis, we further
investigate the covalent assembly of DNA on the L/D-surface
using the QCM method (Figure 1c). The frequency shift (ΔF)
of the quartz crystal resonator is nearly identical after 75 min of
fabrication, hinting that the assembly amount of DNA is almost

the same on the enantioselective gold surfaces; that is to say,
the surface chirality has little effect on the assembly quality of
the DNA. Thus, the difference of the peak current is mainly
caused by the variant distance between MB and gold electrode.
The interaction between DNA and chiral molecules is
distinguished when DNA is anchored at gold surface by thiol.
Short-chain DNA has a stronger interaction on the L-surface,
which results in a closer distance between MB and the gold
surface; for the D-surface, the interaction is weak, thus
exhibiting a farther distance between MB and the gold surface.
We presume that this result originates from a different H-bond
interaction between the DNA and chiral molecule. The H-bond
can be destroyed in the presence of the denaturant urea, and
stem-loop structure unfolds as the concentration of urea rises.
Urea titration experiments show that the D-surface unfolds
priorly because of the weaker H-bond interaction (Figure S2,
Supporting Information). Furthermore, the ratio of peak
current (IL/ID) reaches its maximum when the molar ratio of
NIBC to probe is 1:4 (Figure S3, Supporting Information).
According to the above conclusions, we further hybridize the

DNA assembly on the L/D-surface with microRNA (Figure 1a
right). Upon addition of 100 nM microRNA, a peak current
decrease is observed (Figure 1d), presumably because the
hybridization with a target molecule reduces the collision
efficiency between MB and the interrogating electrode. More
interestingly, the IL/ID value is increased after a 100 nM target

Figure 1. (a) Schematic representation of covalent assembly of DNA
and hybridization on the L/D-surface. (b) Representative square-wave
voltammograms (SWV) for the DNA assembly on the enantioselective
gold electrodes. (c) Assembly processes of DNA on enantiomorphous
gold surfaces are monitored in real-time using QCM. (d) In the
absence of targets (solid lines), efficient collision between MB and the
electrode produces a large faradic current. Upon addition of 100 nM
microRNA (dashed lines), a signal decrease is observed. (e)
Hybridization processes are monitored in real-time using QCM.

Analytical Chemistry Letter

DOI: 10.1021/ac504797e
Anal. Chem. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/ac504797e


addition (Figure S3, Supporting Information). The IL/ID value
is about 1.12 in the absence of target; at the same time, the IL/
ID value is unchanged if an equal amount of target hybridizes to
the DNA on the chiral surface. However, the IL/ID value is
increased to 1.20 in the presence of target; we deduce that
fewer targets hybridize to DNA on the L-surface because of a
stronger interaction between the chiral molecule with DNA.
Namely, the hybridization efficiency on the L-surface is lower
than the D-surface. Square-wave voltammetry (SWV) (Figure
1d) results confirm our supposition. Furthermore, we further
validate this hypothesis using QCM and electron impact
spectroscopy (EIS) methods. The decrease of frequency
(Figure 1c) and the Rct (Figure S4, Supporting Information)
are almost the same in the absence of target, but the decrease of
frequency of the D-surface is larger than the L-surface after a
target addition (Figure 1e). Similarly, the increase of Rct of the
D-surface is larger than the L-surface in the presence of target,
hinting that many targets hybridize to DNA on the D-surface;
these results are consistent with the SWV observation.
Meanwhile, the biggest difference is obtained by optimizing
the experimental conditions (Figures S5−S7, Supporting
Information).
To further apply the above results, we choose the E-DNA

sensor as a potential platform. As shown in Figure 2a, the signal

gain increases along with the concentration addition of
perfectly matched microRNA on L(D)-NIBC modified E-
DNA sensors. Significantly, we observe the hybridization
efficiency of the D-NIBC modified E-DNA sensor (D-sensor)
is higher than the L-sensor over the concentration range from 1
to 1000 nM after a 2 h incubation. In order to hybridize with
probe, the target should first overcome the interaction force
between the DNA probe and chiral molecule on the surface.
The L-surface has a stronger interaction with the DNA probe;
the hybridization with nucleic acids needs to overcome this
strong interaction force, which results in lower hybridization
efficiency. The D-surface, in contrast, has a weaker interaction
with the DNA probe, resulting in higher hybridization

efficiency. Furthermore, the phenomenon also exists in the
presence of DNA targets (Figures S8 and S9, Supporting
Information) and even when directly performed in 10% blood
serum (Figure S10, Supporting Information). We deduce this
result arises due to different reaction rates on enantioselective
E-DNA sensors. Therefore, we further perform the reaction
kinetic analysis; the rate constants are 0.053 and 0.09 min−1 on
the L-sensor and D-sensor, respectively (Figure S11, Support-
ing Information), which hints that the reaction rate on the D-
sensor is faster than the L-sensor in the first 10 min after the
addition of DNA target (PM-51). This result is probably the
reason why different hybridization efficiencies occur on
enantioselective E-DNA sensors and further proves our
previous conclusion. In addition, various realistic demands
require a high sensitivity (a steep relationship between target
concentration and output signal) such as drug monitoring with
a narrow therapeutic range and logic gates.36−39 We obtained
the tunable sensitivity on enantioselective E-DNA sensors
(Table S2, Supporting Information).
We also investigate the signal gain assembled with a racemic

mixture of the DL-NIBC modified E-DNA sensor. The result
demonstrates that the hybridization efficiency on the DL-sensor
is lower than that of the D-sensor and similar to the L-sensor
(Figure S12, Supporting Information). We speculate the L-
NIBC first interaction with the probe on the racemic NIBC
modified sensor because of the stronger interaction force
between L-NIBC and the probe. Thus, the target hybridizing
with the probe only needs to overcome the interaction force
between L-NIBC and the probe, which results in similar
efficiency with the L-NIBC modified E-DNA sensor.
In order to investigate the specific response of the

enantioselective E-DNA sensors, control experiments are
performed by incubating the L-/D-sensors with single-base
mismatched target. As illustrated in Figure 2b,c, the
enantioselective E-DNA sensors are capable of discriminating
between perfectly matched target (PM target) and single-base
mismatched target (1-MM target). For the L-sensor, the
current is suppressed by 27.4 ± 1.5% in the presence of 100 nM
PM target after a 2 h incubation; the signal is decreased by only
15.6 ± 0.8% for 1-MM target in the same conditions (Figure
2b). Similarly, for the D-sensor, the current is suppressed by
32.7 ± 3.2% and 19.0 ± 0.6% in the presence of PM target and
1-MM target, respectively (Figure 2c). Of note, we observe the
signal gain of the D-sensor is higher than the L-sensor
challenged with 100 nM PM target over the time range from 15
to 150 min (Figure S13a, Supporting Information). Moreover,
a similar result is also observed in the presence of 1-MM target
(Figure S13b, Supporting Information).
The above results confirm that molecular chirality has the

ability to regulate DNA self-assembly and hybridization.
However, the difference of the hybridization efficiency is not
significant; this may be caused by the little DNA amount in the
stem-loop probe. In order to amplify the difference, we attempt
to investigate the influence of molecular chirality on the
supersandwich assay, which exhibits efficient signal amplifica-
tion using signal probe hybridized with two regions of a target
DNA40 (Figure 3a). We observe that there is a large difference
on the limit of detection; the limit of detection on the D-NIBC
modified supersandwich is 1 pM and lower than the value on
the L-NIBC modified supersandwich by about 2 orders of
magnitude (Figure 3b and Table 1). More excitingly, the
difference of sensitivity is distinct; we observe the highest

Figure 2. (a) Dose−response curves of the L-sensor (red) and D-
sensor (blue). Time dependence of the L-sensor (b) and D-sensor (c)
challenged with 100 nM perfectly matched (PM) target and a single-
base mismatched (1-MM) target.
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sensitivity (46.5 nm−1) when we employed D-NIBC, which is
much greater than the L-NIBC coated supersandwich.
In conclusion, we regulate the DNA self-assembly and

hybridization on chiral molecule modified gold surfaces. First,
we prove the short-chain DNA has a larger adsorption quality
on the L-surface than the D-surface. Second, we investigate the
covalent assembly of DNA on enantioselective surfaces by
using MB modified DNA as a model molecule; the peak current
on the L-surface is larger than the D-surface. Third, we further
discuss the hybridization of DNA on chiral surfaces with nucleic
acid by SWV, QCM, and EIS; the results suggest that the D-
surface has a larger hybridization efficiency. Fourthly, we apply
the above results to an actual application by choosing the E-
DNA sensor as a valuable platform. Finally, we amplify the
difference of hybridization efficiency using the supersandwich
assay and acquire a significant difference on the enantioselective
sensors. More interestingly, our findings are successfully
employed to program the sensitivity and limit of detection.
Chirality is ubiquitous in living systems and very important in
biochemical processes; thus, this result is significant for clinical
diagnostics, gene therapy, and relevant studies.41 On the other
hand, owing to the ubiquity of the interaction between
biomolecules in the living world, this result can help us to
better understand the origin of chiral preference in nature.
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