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ABSTRACT: Investigations on interaction between small molecules and DNA are the basis of designing advanced bioana-
lytical systems. We herein propose a novel interaction between heterocyclic aromatic compounds (HACs) and single-
stranded DNA (ssDNA). Taking methylene blue (MB) as a typical HAC, it is found that MB can interact with cytosine (C)-
rich ssDNA in an enthalpy-driven process. The interaction between MB and C-rich ssDNA is sequence and structure dual-
dependent: at least three consecutive C and single-stranded structure are necessary. Except single-stranded structure,
double-stranded, i-motif, and C-Ag-C mismatch structures will remarkably impede the interaction with MB. Uv-vis ab-
sorption, fluorescent, and electrochemical curves demonstrate that conjugated system, electron transition and electron
transfer of MB are remarkably affected by MB-C-rich ssDNA interaction. In particular, the absorption peak of MB at 664
nm decreases, and a new peak at 538 nm emerges. Therefore, the interaction can be characterized by a colorimetric and
ratiometric signal. Relying on inhibition of C-Ag-C mismatch and enhanced analytical performances of ratiometic signal,
the MB-C-rich ssDNA interaction is further employed to quantify silver ions (Ag") selectively and sensitively. In addition,
since silver nanomaterials cannot introduce C-Ag-C mismatch, the fabricated biosensor is able to sense residual Ag® in
silver nanoparticles and silver nanowires, which is of great value in precise and economical preparation of silver nano-
materials.

INTRODUCTION

Nowadays, various silver nanomaterials (AgNMs) have
been developed and applied in the realms of catalysis,' pho-
tochemistry,” optoelectronics,® medicine!, and sensing®®.
Although AgNMs can be prepared with different methods,”®
a similar and fundamental procedure is reduction of silver
ions (Ag’). As a result, residual Ag" is inevitable in as-
prepared AgNMs, which greatly affects subsequent applica-
tions and causes Ag” pollution. To address these issues, pre-
cise and economical preparation of AgNMs are urgently
needed, which depends on methodologies that can detect
Ag" in the presence of AgNMs. However, because of the in-
terference from homologous nanostructures, distinction of
residual Ag” in as-prepared AgNMs meet great challenges. To
date, analytical protocols that could fulfill the stringent de-
mands are still rare.”"

As the foundational material of living organisms and nano-
technology, DNA is intrinsically linked to diverse processes
both in vivo and in vitro."™ Some small molecules can inter-
act with DNA, and consequently regulate DNA-related bio-
logical procedures and DNA-based nano-architecture.'*”
Among these small molecules, heterocyclic aromatic com-
pounds (HACs) are considered to be the promising ones due
to their broad applications.®” For instance, HACs can ac-
complish cell imaging and photodynamic therapy by HACs-

DNA interaction.”®"® Besides, relying on their unique optical
and electrical properties, HACs have been widely used to
develop numerous DNA-based biosensors as probe mole-
cules.*™

Specific interactions between HACs and DNA are the basis
of designing advanced bioanalytical systems. To our
knowledge, HACs mainly interact with double-stranded DNA
(dsDNA) in three different manners*: structure-dependent
manner  (groove interaction® and  G-quadruplex
interaction®*”’), base pair-dependent manner (intercalative
interaction)®® and charge-dependent manner (electrostatic
interaction)®. However, the explanations of these interac-
tions are diverse and sometimes irreconcilable. For instance,
it has been demonstrated that MB can bind to both alternat-
ing GC base sequence and alternating AT base sequence.>**
More importantly, bases in dsDNA are hybridized and can-
not freely participate in the interaction with HACs. There-
fore, the effect of base in these manners is notably covered.
Single-stranded DNA (ssDNA) can be recognized as a poly-
mer with bases along its negative-charged backbone.? Actu-
ally, ssDNA has some features that favor its interaction be-
tween bases and HACs. First, bases themselves are HACs,
and thus have similar structures with other HACs. Second,
ssDNA is much more flexible than dsDNA,* which is critical
to survey possible synergistic effect of bases. Besides, bases in

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Analytical Chemistry

ssDNA are free in orientation and can provide many groups
to build various links with other molecules.>* All these prop-
erties indicate great potential of discovering novel interac-
tion manners between HACs and ssDNA.

In this work, for the first time, we report a specific interac-
tion be-tween HACs and cytosine (C)-rich ssDNA. The inter-
action is highly related to the sequence of ssDNA, in which at
least three consecutive Cs are required, and more consecu-
tive Cs will intensify the interaction. Except for single-
stranded structure, C-rich DNA can be employed to form
other structures that will remarkably impede the interaction
with HACs. That means this interaction manner is sequence
and structure dual-dependent. Moreover, because of the
effect of ssDNA on conjugated system, electron transition
and electron transfer, colorimetric, fluorescent and electro-
chemical behaviors of HACs are significantly affected. To be
noted, after the interaction with ssDNA, typical ab-sorption
peaks of HACs decrease, and new ones emerge. Therefore,
the interaction can be characterized by a colorimetric and
ratiometric signal that is further employed to design an Ag"
biosensor. In addition, different from Ag’, silver nanomateri-
als cannot introduce C-Ag-C mismatch in C-rich ssDNA, thus
the fabricated biosensor is able to sense residual Ag" in un-
purified silver nanoparticles (AgNPs) and silver nanowires
(AgNWs).

EXPERIMENTAL SECTION

Chemicals and Materials. Methylene blue (MB), acridine
orange hemi(zinc chloride) salt, methylene green zinc chlo-
ride double salt, cresyl violet acetate, thionin acetate, silver
nitrate (AgNO,), sodium borohydride (NaBH,), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), trisodium
citrate, ethylenediaminetetraacetic acid disodium salt dehy-
drate (EDTA), tris(hydroxymethyl)aminomethane (Tris), and
deoxynucleotide were purchased from Sigma-Aldrich. All
other chemicals used in this work were of analytical grade
and directly used without additional purification. All oligo-
nucleotides (HPLC purified, sequences shown in Table S1)
were obtained from TaKaRa Inc. (Dalian, China). All solu-
tions were prepared with ultrapure water (18.2 MQ+cm) from
a Milli-Q purification system (Bedford, MA).

Colorimetric and fluorescent measurements. Except
for special statement, DNA and HACs were dissolved in TE
buffer (1o mM Tris, 1 mM EDTA, pH 8.0) with final concen-
trations of 10 pM and 100 pM, respectively. To observe the
interaction between MB and C-rich ssDNA, 20 pL DNA and
50 pL MB were mixed with 130 pL Tris-HCI buffer. Then, the
color of solution changed immediately and a purple solution
was obtained in 10 minutes, which was ready for colorimetric
and fluorescent characterization. To test the versatility of
this interaction, acridine orange, methylene green, cresyl
violet and thionin were used in preparing samples. To test
the effect of pH, DNA and MB were dissolved in different TE
buffer (pH 6.0 7.0 8.0 9.0, and 10.0). To test the effect of ionic
strength, DNA and MB were dissolved in TE buffer (pH 8.0)
that contained different concentrations of KCI.

Electrochemical measurement. Pretreatment of work-
ing electrode was carried out according to previously report-
ed literature.® 40 pL of 5 pM thiolated DNA was firstly mixed
with 10 pL of 10 mM TCEP to reduce the disulfide bond. After
that, 6 pL DNA solution was dropped onto the freshly
cleaned electrode surface. The electrode was kept at 4 °C for

16 h to form a self-assembled monolayer of DNA. Then, the
electrode was reacted with 1 mM MCH for 2 h in darkness to
fill the pinholes in the monolayer. Afterward, the DNA modi-
fied electrode was immersed into an electrolyte that con-
tained 10 pM MB for 10 minutes. Cyclic voltammetric meas-
urement was carried out on a CHI660D potentiostat (China)
in the potential range of -0.5 V-0.0 V with a scan rate of 50
mV-s”. Before the measurement, the electrolyte was firstly
bubbled thoroughly with high purity nitrogen for 30 min.
Then a stream of nitrogen was blown gently across the sur-
face of the solution in order to maintain the solution anaero-
bic throughout the experiment.

Isothermal titration calorimetry (ITC). ITC measure-
ment was carried out by a TAM 2277-201 microcalorimetric
system (Thermometric AB, Jaifalla, Sweden). The sample cell
was initially loaded with 600 pL of 10 uM DNA. Subsequent-
ly, 330 pL of 1 M MB was injected dropwise (5 pL) into the
stirred sample cell. All the measurements were performed at
room temperature (25.00 £ 0.01°C).

Circular dichroism (CD). CD was employed to confirm
the structures of DNA. To obtain double-stranded and metal-
induced mismatch structures, poly(24G) and silver ions were
mixed with ploy(24C), respectively. To obtain an i-motif
structure, ploy(24C) was dissolved and prepared under the
condition of pH 6.0. Afterward, the as-prepared solutions
were heated up to 9o °C for 5 min and then slowly cooled
down to room temperature. CD measurements were carried
out on a digital Circular Dichroism Spectrometer (Britain,
Applied Photophysics) using quartz cells and a 1 nm band
width, 1 nm step size, 10 mm path length. The scan range was
from 350 nm to 200 nm. All the experiments were performed
at room temperature.

RESULTS AND DISCUSSION

Interaction between methylene blue (MB) and C-rich
ssDNA. MB is a model HAC that is widely utilized in study-
ing the interaction between small molecules and DNA. In
this work, we also choose MB as the representative molecule
to explore novel HAC-DNA interaction (Figure 1A). In solu-
tion, MB exists in two forms: monomer MB and dimer MB,
which have characteristic absorption peaks at 664 nm and
605 nm (Figure 1B),*® respectively. Despite the fact that the
monomer-dimer equilibrium of MB at different concentra-
tions constantly reconstructs, the color of MB solution keeps
in blue (Figure S1). However, when C-rich ssDNA is added
into MB solution, the color immediately changes from blue
to light purple (inset photograph in Figure 1B). Accompanied
with the color change, the peaks at 664 nm and 605 nm de-
crease, while a new peak at 538 nm emerges. This means the
monomer and dimer MB in solution are consumed, and an
interaction between MB and C-rich ssDNA occurs. Compared
with the original peaks (664 nm and 605 nm), emerged peak
(538 nm) is blue-shift, suggesting the conjugated system of
MB is enlarged after interacting with C-rich ssDNA. The in-
teraction between MB and C-rich ssDNA has also been con-
firmed by isothermal titration calorimetry (ITC) (Figure 1C
and Figure 1D). In comparison with fitting curves of
poly(24A) and poly(24T) (Figure S2A and Figure S2B), the
fitting curve of poly(24C) is significantly different. Although
the fitting curves of poly(24C) and poly(24G) are similar, AH
and AS of MB-poly(24C) interaction are -31.81 KJ/mol and -
20.91 J/mol, while those of MB-poly(24G) interaction are -
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18.86 KJ/mol and 32.33 J/mol. That is to say, the interaction
between MB and poly(24C) is enthalpy-driven and entropi-
cally unfavorable, and the interaction between MB and
poly(24G) is driven by both enthalpy and entropy. Accord-
ingly, it can be concluded that MB interacts with poly(24C)
in a new manner. By replacing MB with four other HACs (i.e.,
methylene green, thionin, cresyl violet and acridine orange),
distinct differences in Uv-vis absorption spectra are also ob-
served (Figure S3), indicating the versatility of this interac-
tion.
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Figure 1. (A) Schematic representation of the interaction be-
tween MB and C-rich ssDNA. (B) Uv-vis absorption spectra
of MB and MB with C-rich ssDNA. Insets: the corresponding
photograph of MB and MB with C-rich ssDNA, and two-
dimensional structure of MB. (C) ITC curve by titrating
poly(24C) with MB. (D) Observed enthalpy Apgs of
MB/poly(24C) solution plotted against the molar fraction of
MB/poly(24C).

Sequence and structure dual-dependent property of
the interaction. Sequence-dependent property of the inter-
action between MB and C-rich ssDNA is first identified. As
mentioned above, DNA can interact with HAC in several
manners. In Figure 2A, a new peak at 538 nm can be found
after the interaction between poly(24C) and MB, indicating
that the manner of poly(24C)-MB interaction is different
from that of poly(24A)-MB interaction, poly(24G)-MB inter-
action and poly(24T)-MB interaction. By replacing poly(24C)
with its corresponding base (C), the interaction cannot be
observed (Figure 2B). These results demonstrate that the
interaction between MB and poly(24C) depends on the syn-
ergistic effect of consecutive C rather than single C. Besides,
it is found that the number of consecutive C also greatly af-
fects the interaction. If the number of consecutive C is less
than 2 (poly(CT) and poly(CCT)), MB cannot interact with
these ssDNA (Figure 2C). When the number of consecutive C
is up to 3 (poly(CCCT)), the peak at 538 nm begins to
emerge. As the number of consecutive C further increases,
the interaction is dramatically improved. In comparison with
poly(24C) and poly(12C), it can be found that the capability
of interacting with MB is correlative with the amount of C in
ssDNA (Figure S4A and Figure S4B). For poly(24C) and MB,
the optimized concentrations of MB and DNA are 25 pM and
1uM (Figure SsA and Figure SsB), respectively. That means
one poly(24C) can react with 25 MB, which is fit well with the

Analytical Chemistry

results of ITC (n = 25.13). Since there are 24 consecutive C in
poly(24C), it can be calculated that the ratio of C and MB is
about 1.
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Figure 2. (A) Uv-vis absorption spectra of MB with poly(24A),
poly(24T), poly(24G) and poly(24C). (B) Uv-vis absorption
spectra of MB with A, T, G and C. (C) Uv-vis absorption spec-
tra of MB with poly(CT), poly(CCT), poly(CCCT),
poly(CCCCT), poly(CCCCCT) and poly(24C). (D) Uv-vis ab-
sorption spectra of MB with double-stranded, mismatch and
i-motif structures formed by poly(24C).

Structure-dependent property of this interaction is further
confirmed. SsDNA can form double-stranded structure by
hybridizing with its complementary strand. For C-rich ssD-
NA, it can form i-motif structure at acidic pH. Besides, mis-
match structure of C-rich ssDNA occurs with the help Ag".
We identify the double-stranded, mismatch and i-motif
structures with circular dichroism (Figure S6). When these
three structures are mixed with MB, no evident interaction is
observed (Figure 2D). At neutral and alkaline pH, C-rich
DNA keeps in single-stranded structure, and can interact
with MB. Notably, the intensity of interaction at alkaline pH
is stronger than that at neutral pH (Figure S7A). Since ionic
strength can affect the stability of DNA structure, effect of
ionic strength on the interaction has also been investigated.
As shown in Figure S7B, there are significant interactions
between MB and C-rich ssDNA under a broad range of KCI
concentration (o to 100 mM). As proved above, the interac-
tion between MB and C-rich ssDNA relies on the synergistic
effect of bases. In ssDNA, bases are exposed outside, facilitat-
ing the interaction with MB, while bases are occupied by
forming other structures. Therefore, MB can only interact
with ssDNA, verifying the structure-dependent property of
this interaction manner. In combination with its sequence-
dependent property, the novel interaction manner possesses
desirable dual-dependent property.

Effect of the interaction on fluorescent and electro-
chemical behaviors of MB. As shown in Figure 3A, MB has
a typical fluorescence intensity curve with the maximum
emission at 691 nm and the maximum excitation at 664 nm.
However, after interacting with C-rich ssDNA, the fluores-
cence of MB is significantly quenched. Meanwhile, the max-
imum emission is slightly blue-shift (from 691 nm to 685
nm), reflecting the impediment of the electronic transition of
MB by C-rich ssDNA. By mixing DNA with different concen-
trations of MB, it can be found that blue-shift of maximum
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emission occurs at the low concentrations of MB (Figure S8).
Electrochemical behaviors of MB are also affected by C-rich
ssDNA. MB can absorb onto the negative-charged backbone
of ssDNA, and the electron can transfer along the ssDNA,
resulting in defined redox peaks of MB (Poly(24T) curve in
Figure 3B). However, on poly(24C)-modified electrode sur-
face, both reductive and oxidative peaks of MB remarkably
increase, reflecting that more MB is assembled by C-rich
ssDNA. Moreover, two noteworthy differences of poly(24C)
curve and poly(24T) curve should be pointed out. First, the
increments of cathodic peak current (Aipc) and anodic peak
current (Aipa) are not equal. Second, in comparison with
poly(24T) curve, AEp (difference of cathodic and anodic peak
potential) of poly(24C) curve is enlarged, suggesting the elec-
tron transfer is depressed. These results prove that the route
of electron transfer between MB and poly(24C)-modified
electrode is different from that between MB and poly(24T)-
modified electrode.
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Figure 3. (A) Excitation and emission curves of MB and MB
with poly(24C). (B) Cyclic voltammetric curves of MB on
poly(24T)-modified electrode and poly(24C)-modified elec-
trode.

Fabrication of Ag" biosensor based on the interaction
between MB and C-rich ssDNA. We finally design a facile
Ag" colorimetric biosensor to confirm the applicability of this
HAC-DNA interaction for the following reasons. First, the
interaction between HACs and C-rich ssDNA can be accom-
plished in a few minutes, resulting in a significant color
change. Therefore, the detection results can be obtained by
naked eyes in a short time, which is of great value in point-
of-care and field use testing. Besides, accompanied with the
HAC-DNA interaction, there are disappearance of the origi-
nal peaks and appearance of a new peak, providing rati-
ometric signals to quantify the intensity of this interaction.
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Figure 4. (A) Schematic representation of a colorimetric Ag”
biosensor and its application in two kinds of silver nano-
materials (Ag NMs). (B) UV-vis absorption spectra of MB and

poly(24C) with different concentration of Ag’. (C) Calibra-
tion curve for absorption values (Ags, nm and Agg nm) and
ratiometric absorption value (Agg, nm/Aszs nm) Versus Ag’ con-
centrations. Inset: a linear range of Ag® concentration from
0.1 to 75 pM. (D) The selective performance of this biosensor.
The concentration of tested metal ions is 50 pm.

The principle of this biosensor has been illustrated in Fig-
ure 4A. Ag" can introduce C-Ag-C mismatch in C-rich ssD-
NA, which will inhibit the interaction between DNA and MB,
keeping the color of detection system blue. On the contrary,
in the absence of Ag’, C-rich ssDNA will interact with MB,
changing the color into purple. Therefore, quantification of
Ag" is achieved by monitoring the change of color, which can
be correctly recorded by Uv-vis absorption spectra (Figure
4B). Specifically, as the concentration of Ag’ increases, the
absorption peaks at 664 nm and 538 nm decrease and in-
crease, respectively. Figure 4C indicates the advantage of
ratiometric signal in promoting the analytical performances
of this biosensor. Taking Agg, nm as a characteristic signal, Ag*
can be detected in a linear range from o.5 to 25 pM with the
detection limit of 350 nM. Similarly, taking Ag;s ,m as a char-
acteristic signal, a linear range from 1 to 25 pM and a detec-
tion limit of 590 nM are obtained. If taking Ass, nm/As;s nm as
a characteristic signal, the value of ratiometric signals is pro-
portional to the Ag” concentration in the range from 0.1 to 75
UM (the inset of Figure 4C). The regression equation is Agg,
nm/Aszg nm = 0.70 + 0.19C(Ag") (uM), R = 0.991. The detection
limit of this Ag” biosensor is calculated to be 58 nM (S/N =
3). The selectivity of this biosensor was verified by challeng-
ing the biosensor with other metal ions. As shown in Figure
4D, a significant difference of the ratiometric signal can be
observed for the Ag" and other metal ions, indicating satis-
factory selectivity of the colorimetric Ag" biosensor.

Quantification of residual Ag" in as-prepared
AgNMs. The proposed biosensor is further challenged in
sensing residual Ag® in as-prepared AgNMs. We synthe-
size two kinds of AgNMs (i.e., AgNPs and AgNWs) ac-
cording to previously reports,?”3® and test the feasibility of
our biosensor in these samples. If Ag NMs are purified to
eliminate Ag” in advance, interaction between MB and C-
rich ssDNA is observed (Figure Sg). However, unpurified
Ag NMs will block the interaction, due to the residue of
Ag’. Table 1 exhibits the results of quantification of Ag" in
Ag NMs based on the interaction between MB and C-rich
ssDNA. High recovery percentage and low relative stand-
ard deviation (RSD) indicate that Ag® can be accurately
determined in the presence of AgNMs.

Table 1. Determination of residual Ag" ions in as-
prepared AgNPs and AgNWs using the proposed bio-
sensor.

Page 4 of 6

Ag" add- | Ag’ Recovery | RSD (%,
ed (uM) found (%) n=3)
(uM)
AgNPs 0.0 2.4 N/AR 5.3
0.5 3.0 120.0 4.6
5.0 7.6 104.0 3.8
50.0 53.5 102.2 3.1
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AgNWs | 0.0 7.6 N/A 2.3
0.5 8.2 120.0 4.5
5.0 13.1 110.0 3.9
50.0 60.2 105.2 3.2

BTN/A represents Not Applicable.
CONCLUSION

In summary, a novel sequence and structure dual-
dependent HAC-DNA interaction is reported in this work.
Specifically, to achieve the interaction, DNA should contain
C-rich sequence and the structure of DNA should be single-
stranded. Systematic investigation demonstrates that it is the
synergistic effect of consecutive C in ssDNA that results in
the interaction. Meanwhile, after interacting with C-rich
ssDNA, the conjugated systems of HACs are enlarged, and
the electron transition and transfer of HACs are depressed.
As a result, colorimetric, fluorescent and electrochemical
behaviors of HACs are significantly affected. Based on these
principles, a facile colorimetric Ag” biosensor is fabricated as
an example to confirm the applicability of this HAC-DNA
interaction. Relying on the desirable retiometric signals, the
proposed biosensor reveals the feasibility of quantifying re-
sidual Ag" in AgNPs and AgNWs, which will deepen the un-
derstanding of AgNMs preparation, and thus facilitate the
applications of AgNMs and reduce Ag” pollution.
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concentrations of MB (Figure S8).
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