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ABSTRACT: G-quadruplex plays roles in numerous physiological and pathological processes of
organisms. Due to the unique properties of G-quadruplex, (e.g. forming G4/hemin complexes
with catalytic activity and electron acceptability, binding with metal ions, proteins, fluorescent

ligands and so on) it has been widely applied in biosensing. But the formation process of G-
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quadruplex is not yet to be fully understood. Here, a DNA tetrahedron platform with higher
reproducibility, regenerative ability, and time-saving building process was coupled with dual
polarization interferometry (DPI) technique for the real-time and label-free investigating the
specific interaction process of guanine-rich singled-stranded DNA (G-rich ssDNA) and Pb*".
The oriented immobilization of probes greatly decreased the spatial hindrance effect and
improved the accessibility of the probes to the Pb>" ions. Through the real-time monitoring the
whole formation process of the G-quadruplex, we speculated the probes on the tetrahedron
platform initially stood on the sensing surface with a random coil conformation, then the G-rich
ssDNA preliminarily formed unstable G-quartets by H-bonding and cation binding, subsequently
formed completely folded and stable quadruplex structure through relatively slow strand
rearrangements. Based on these researches, we also developed a novel sensing platform for the
specific and sensitive determination of Pb*" and its chelating agent EDTA. This study not only
provides a proof-of-concept for conformational dynamics of G-quadruplex-related drugs and
pathogenes, but also enriches the biosensor tools by combining nanomaterial with interfaces

technique.

INTRODUCTION

Growing studies demonstrate the implication of G-quadruplex formed by G-rich nucleotide
sequence in major human diseases e.g. cancer, neurodegenerative diseases. Since the presence of
G-quadruplex can suppress telomerase activity, the ligands that can stabilize G-quadruplex have
great significance for cancer therapeutics.'” In addition, recent studies have found that G-
quadruplex has close relationship to neurodegenerative diseases.®® For instance, a study

identified quardruplex-containing tiRNAs as leading compounds for the designing of a series of
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neuroprotective drugs due to its cytoprotective and prosurvival functions.” And G-quadruplex
can be recognized by scavenger receptor A that improve the ability to enter the cell in the brain,
which provide a new therapy direction for brain diseases.'® Therefore, it is greatly significance to
study the formation process of G-quadruplex for the identification of pathogenes and screen of

drugs in the preliminary stage.

Numerous methods have been developed to study the formation process of G-quadruplex. The
spectroscopic methods (eg. CD', UV', FRET"*"“, smFRET"'®) could supply sensitive
quadruplex structural information, but the thermodynamic parameters were obtained only by

1 .
8, 1sothermal

fitting the specific models. The calorimetry (differential scanning calorimetry'”
titration calorimetry'’, pressure-perturbation calorimetry®”) could be employed to directly
monitor enthalpy changes and the parameters could be acquired in a model-free way, but it needs
high concentrations and amounts of sample. Besides, other methods such as AFM?', stopped-

222 . . .24 . 25. 2
’ 3, molecular dynamics simulations™, and magnetic tweezers > have

flow mixing technique
also been skillfully employed in the study on the dynamic formation process of G-quadruplex.
However, most of these methods were intended to indirectly confirm the structural
transformation by spectra, energies and forces changes, and the structural information obtained
was often single. Therefore, a method that could directly and real-time record the multiple well-
understood structure information (such as thickness, density, mass) will supply a good

supplements for above employed methods, and are beneficial for the researchers to better

understand the formation process of G-quadruplex.

Dual polarization interferometry (DPI) tactfully utilizes solid-liquid interface technique to
fulfill label-free and quantitative sensor response function, and simultaneously completes real-

time and time-efficient demonstration of multiple kinetic conformation information. DPI
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demonstrates higher sensitivity (below 50 Da) than surface plasmon resonance (SPR) as an

27-29

optical interferometry, and the mass sensitivity (0.1 pg/mm?) of DPI is higher than the well-

established electrochemical quartz crystal microbalance (EQCM) (50 pg/mm?) as mass

3931 Furthermore, compared with nuclear magnetic resonance (NMR)*?, X-

inspection technique.
ray crystallography™, and neutron reflectivity (NR)**, DPI can perfect the real-time function as a

structural measurement technique. Therefore, DPI has been extensively applied in different fields,

for instance, surface science, materials science, crystallography, and biomedicine.

As a surface-based biomolecule detection technique, it is inevitable that the accessibility of
probes to the target molecules on a solid-liquid interface is reduced when compared with probe-
target recognition in a homogenous solution.”*® In order to confront this challenge, the
researchers constructed different sensing platforms. For instance, our group established anti-
fouling aptasensor platform®’ and layer-by-layer assembly platform®*~’ for avoiding nonspecific
adsorption. Au-S bond®® and biotin-NeutrAvidin interaction®” were also used for the oriented
immobilization of ssDNA probes. Although the great progress had been made in the probe
immobilization method, the accessibility problem remains a great challenge. Due to the
mechanical rigidity, structural stability, high controllability and precision of DNA

41-44

nanostructures, recently, a three-dimensional (3D) DNA tetrahedron nanostructure has been

introduced to effectively improved recognition of bioprobes® '

(e.g., DNA, antibodies, cancer
cells, small molecules and so on). The probes could be orderly distributed at defined nanoscale
distances on the interface, thereby reducing the interference from surroundings, enhancing the
accessibility of probe. Combined the highly ordered DNA tetrahedron nanostructure with the

DPI technique, a novel method was developed for the study of the dynamic conformation

transition process of G-rich ssDNA induced by Pb*". Furthermore, label-free and sensitive
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determination of Pb*" and EDTA were completed by virtue of the DNA tetrahedron platform.
EXPERIMENTAL SECTION

Chemicals and apparatus. Poly (ethyleneimine) solution (PEL 50% in H,O, MW.750000) and
(3-aminopropyl) trimethoxysilane (APTES) were obtained from Sigma-Aldrich (St Louis, MO).

Magnesium chloride hexahydrate (MgCl,*6H,0), zinc chloride (ZnCl,), manganese (II) chloride
(MnCl,), and lead (II) acetate trihydrate [Pb(Ac),*3H,0] were obtained from Aladdin Chemistry

Co. Ltd (St Louis, MO). Potassium chloride (KCl), cesium chloride (CsCl), calcium chloride
(CaCly), sodium carbonate (Na,COs), sodium acetate (NaAc), sodium formate (HCOONa) and
sodium nitrate (NaNOs) were provided from Beijing Chemical Reagent Co. (Beijing, China).
Tris (hydroxymethyl) aminomethane (Tris, Ultrapure grade) was purchased from Amresco
(Shanghai, China). Bis (sulfosuccinimidyl) suberate sodium salt (BS®) was obtained from
Thermo Fisher Scientific. All ssDNA oligonucleotides (Table S1) were synthesized by Sangon
Biotechnology Co. Ltd. (Shanghai, China). All injected samples were prepared with 25 mM
HEPES buffer solution. The ultrapure water of 18.25 MQecm from Milli-Q water system were
used in experiments.

CD spectra were measured on a Jasco J-820 circular dichroism spectra polarimeter (Tokyo,
Japan). UV-Vis absorption spectra were performed by a CARY 500 UV-Vis-NIR Varian
spectrophotometer. The CD and UV-Vis differential spectrometry were obtained by subtracting
CD and UV-Vis spectra of tetrahedron probe with Pb>" from that without Pb*". AFM images

were collected on a Digital Instruments Nanoscope V (DI, Santa Barbara, CA) in tapping mode.

Synthesis of tetrahedron probe. DNA tetrahedron probes were synthesized through mixing the
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four DNA strands (Tx, Tg, Tc, Tp) (Table S1) in stoichiometric equivalents in a buffer solution,
followed by heated to 95°C for 2 min and then rapidly cooled to 4°C. The tetrahedron platform
consists of a pendant probe at one vertex to anchor the targets and three amino groups at the
other three vertices to immobilize on the amine chip using cross-linker BS®. At the same time,
the characterizations of the synthetic product were executed by native polyacrylamide gel
electrophoresis (PAGE) and atomic force microscopy (AFM).

Native polyacrylamide gel electrophoresis (PAGE). 12.5 uM DNAs were mixed with 6% loading
buffer and then analyzed in 12% native polyacrylamide gel. Then the bands were stained by
silver ions.”® The photo of gel was taken by HUAWEI P9.

Preparation of amino sensor chip surface. The preparation of amino-modified sensor chip is
carried out according to the reported method.”®** Unmodified silicon oxynitride AnaChip was
firstly cleaned for 3 h with Piranha solution at 70°C. Subsequently, it was rinsed under sonication
and then dried under a stream of nitrogen. The cleaned, dried, and unmodified sensor chip was
silanized with 10% (v/v) APTES solution for 2 h at 30°C in dark. After that, the sensor chip was
fully rinsed three times with ethanol and ultrapure water respectively, finally blew dry under a

steam of nitrogen.

DPI Experiments. The interaction of G-rich oligonucleotide sequence and Pb*" on tetrahedron
platform was real-time recorded employing a DPI instrument. The calibration process and
construction of layer-by-layer assembly platform were same as our groups report,”® merely
substituting the probe. The process of building tetrahedron platform was as follows. Firstly, 250
uL BS® (2 mg/mL) was applied to both channels at 100 uL/min, then HEPES buffer returned to

both channel and rinsed for 4 min. Secondly, 8 uM tetrahedron probes were steadily injected for

30 s at 100 pL/min, then 10 puL/min for 10 min. After injection, the flow was incubated for 5 min.
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Thirdly, when the stable baseline was reached, Pb*" with increased concentration was injected
for 4 min, respectively. Finally, the experiment can be stopped until the steady baseline was

obtained again.
RESULTS AND DISCUSSION

Native PAGE and AFM analysis of the tetrahedron probe. The 3D nanostructure consists of
a pendant probe at one vertex to anchor the targets and three amino groups at the other three
vertices to immobilize on the amine chip. The DNA tetrahedron was assembled from four DNA
strands (Tx, Tg, T¢, Tp in Table S1) in stoichiometric equivalents by simply heating and “snap
cooling”. To verify the successful synthesis of tetrahedron probe, native PAGE (Figure S1) and
AFM (Figure S2) were performed. As shown in Figure S1, the obvious bands in lane 1-4
indicated the shift position of one stand. And the shift distance of two combined stands were
shown in lane 5-8, the higher bands displayed in lane 11-13 were the three combined stands. The
highest bands in lane 9-10 demonstrated the formation of the tetrahedron. These control
experiments displayed that the tetrahedron migrated more slowly than any other combinations of
different stands, confirming the successful fabrication of the nanostructure. The tetrahedron
shape and height (about 7 nm) shown by AFM image also demonstrated the successful

construction of the tetrahedron probe.>

Characterization of interaction between G-rich nucleotide and Pb**. We utilized CD and
UV-Vis differential spectrometry to investigate whether the designed probes could interact with
Pb®" or not. Figure 1A demonstrated that the CD spectra of tetrahedron probe exhibited two
increased positive peaks at 220 nm and 265 nm when Pb>" was added into the probe solution.

Oppositely, the CD spectra of control probes showed negligible change after the addition of Pb**
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Scheme 1. Combination DNA tetrahedron with dual polarization interferometry technique for

the study of interaction between G-rich DNA oligonucleotides and Pb*".

(shown in Figure 1B). The CD differential spectra were performed to clearly show the structural
transition (Figure 1C). These results demonstrated that the designed probes could bind with Pb**

and form parallel G-quadruplex structure.”*™

To further verify the conversion is derived from
the formation of G- quadruplex, the UV-Vis differential spectrometry was displayed in Figure
1D. The spectra of the target probe exhibited a negative peak around 295 nm, but the control
probe showed negligible changes. The results were in line with previous report about

hyperchroism at 295 nm originates in specific guanine—guanine stacking in the formation process

of G-quadruplexes.”®

Advantages of sensing probe immobilized on tetrahedron platforms. The immobilization
process of tetrahedron platform was different from reported layer-by-layer assembly platform.
Firstly, as shown in Figure 2, the immobilization time was significantly reduced. The layer-by-
layer assembly sensing surface was successfully constructed by introducing polycation complex
polyethylenimine (PEI) to link the unmodified chip and DNA probe. When the PEI was replaced
by the running buffer in the channel, the sensing surface had evident structural changes due to

the swelling property of PEL Furthermore the stable baseline is difficult to obtain. While the
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Figure 1. Characterization with Circular Dichroism and UV-vis spectrum. The CD spectrum of
(A) tetrahedron, (B) tetrahedron control in the absence (a) and presence (b) of Pb>". The CD (C)

and UV-Vis (D) differential spectrometry between tetrahedron (t) and tetrahedron control (c).

fabrication of tetrahedron sensing platform (Scheme 1) was implemented by immobilizing NH,-
tetrahedron probe to amine-modified chip using BS® linker.”” Once the surface is activated, the
tetrahedron probe should be immobilized as quickly as possible because the NHS ester of the
BS® would hydrolyze whilst exposed to the running buffer. Secondly, Table 1 showed the
standard deviation of key parameters on tetrahedron platform is smaller than that on the layer-by-
layer platform, reflecting the higher reproducibility of tetrahedron platform. Simultaneously, the
major parameters revealed that loading mass per area on layer-by-layer assembly platform (0.8
ng/mm®) was two times higher than that on tetrahedron platform (0.4 ng/mm?), while it had less
change in thickness (2 nm on layer-by-layer assembly platform, 3.5 nm on tetrahedron platform).
Furthermore, the density decreased by about 10% on the layer-by-layer assembly platform after
introducing probes. In contrast, 50% decrease was obtained on the tetrahedron platform. Based
on these phenomena, we speculated that the probes on the layer-by-layer assembly platform

might stabilize in a tilting conformation, while the probes stand upright on the tetrahedron
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Figure 2. Construction processes of two different sensing platforms. Real-time thickness (a),
density (b), mass (c) in the immobilization process of layer-by-layer assembly (A) and

tetrahedron (B) platforms.

platform (Scheme 1) at defined nanoscale distances. Thirdly, in order to explicitly understand the
dynamic process of tetrahedron probe, we plotted the thickness and density changes as a function
of the mass, respectively.””® As displayed in Figure 3, the thickness and density changes were
plotted a closed loop as the mass changes, demonstrating the tetrahedron platform was

regenerable (The corresponding details were discussed in the following section).

Interaction of G-rich ssDNA-Pb*". Based on above advantages of tetrahedron, the highly
ordered tetrahedron platform was developed to study the interaction of G-rich ssDNA and Pb**
using DPI. From the above data, we could roughly speculate the whole interaction process of G-
rich ssDNA-Pb>". Initially, the probes stood on the chip in a loose and thick state because the
DNA tetrahedrons were immobilized at defined nanoscale distances on the interface. After
adding Pb*" into the channel, the mass and density increased, but the thickness decreased,
indicating a thinner but denser layer was formed because the converging G-quadruplex filled the
vacation. It is believed that the random coil structure of G-rich ssDNA was converted into G-

quadruplex because Pb>" has higher structural stability for G-rich ssDNA.>® Besides, based on

ACS Paragon Plus Environment
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the changes rules of thickness and density as the mass (see Figure 3), we could not only quantify
the extent of probes structural changes, but also obtain assisted dynamic structural information
for the whole interaction process. From the trend of structural changes in Figure 3A-B, the
thickness increased and the density decreased with the increasing of mass at low Pb>"
concentration. One possible reason might be that the low Pb*" concentration is not enough to
quickly form folded G-quadruplex, but enabled the random coil ssDNA probes to have a stretch
because the increased ions strength could minimize repulsion between DNA chains.*® At high
Pb*" concentration as shown in Figure 3C-D, the thickness decreased and the density increased
with the increasing of mass. Here, we had demonstrated a complete interaction process in detail
by combining Scheme 2, taking the process at low Pb>" concentration as an example. From the
intensive degree of data points, we could obtain the adsorption rate because the data collected at
the same time interval. As we can see, the whole process was split three steps by a turning region
(S). Before the S region, the data points were scattered, suggesting the adsorption rate was fast.
The results also reflected the process that G- rich ssDNA formed primary G-quartets by H-
bonding and cation binding, which corresponded to the Step 1 of Scheme 2. In the S region, the

points were dense, suggesting the association and disassociation gradually reached equilibrium.

Table 1. Key Parameters of Different Layers in the Two Platforms.

Layers RI Thickness(nm) Mass(ng/mm?”)  Density(g/cm?)

Tetrahedron BS® 1.359+0.001 2.053+0.158 0.285+0.040 0.139+0.072

Platform
Tetrahedron/BS®  1.347+0.005 5.556+0.264 0.652+0.075 0.069+0.027

Layer-by-Layer PEI 1.457+0.012 2.140+ 0.357 1.476+0.221 0.693+0.065
Assembly
Platform Ts/PEI 1.460+0.013 3.786+0.704 2.671 £0.422 0.711+£0.076

Probe/T;¢/PEI 1.4431+0.016 5783+ 1.154 3.485+0.568 0.611+0.094
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Figure 3. The whole dynamic formation process of G-quadruplex at different Pb** concentration.

Mass changes (ng/mm?)

The change rules of layer thickness (A, C) and density (B, D) as respective mass were studied
under low (A, B) and high (C, D) Pb* concentration. The Pb?* concentrations from a to h: 2, 4, 6
8, 200, 400, 600, 800 uM. The short arrows show the start and end of interaction process. The

magenta loop S shows the turning region.

This phenomenon showed that intermediates of G-rich ssDNA folded into compact and stable G-
quadruplex topologies by relatively slow strand rearrangements, which corresponded to the Step
2 of Scheme 2. Behind the S region, the thickness and density returned to the original position at
a slower rate, inferring that the G-quadruplexes were nearly dissociated, which corresponded to
the Step 3 of Scheme 2. The study gave an evidence for the fact that G-quadruplex did not form
rapidly, while underwent a structural adjustment as shown in Scheme 2. The result is consistent

with other reports about the dynamic forming process of G- quadruplex.>***¢!

Establishment of Pb>* biosensor. As depicted in Figure 4A-D, with the increase of the Pb*"
concentration, the mass and density increased, and the thickness decreased fast until achieving
balance. When the running buffer flowed past the channel, the mass, thickness, and the density

almost returned to the original position, demonstrating that the Pb*"-stabilized G-quadruplex

ACS Paragon Plus Environment
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23 Scheme 2. The schematic diagram for the formation and dissociation process of G-quadruplex.

complex on tetrahedron platform was allowed to fully dissociate. Moreover, the mass, density,
29 RI and thickness changes were proportional to the Pb*" concentration from 1 pM to 800 puM.
31 When the concentration exceeded 600 uM, the structural parameters changed in different trends.
34 It may attribute to the different binding way and the already saturated binding sites. Based on the
36 preceding results, a biosensor for the detection of Pb>" was fabricated on the tetrahedron probe
platform. As the concentration increasing from 1 puM to 20 uM, the mass, density, RI and
41 thickness (Figure 4E-H) were linearly related with the Pb>" concentration. In term of different
43 calibration methods, such as mass, thickness, density and RI, several detection limits were
obtained (9 nM, 1.83 nM, 14.2 nM, 11.5 nM, respectively), and much lower than the lead limit
48 of 0.24 uM in drinking water established by World Health Organization (WHO), as well as

50 comparable to previously reported methods for Pb*>" detection (Table S2).

Specificity and Selectivity of Pb>* biosensor. To justify the specificity of the biosensor, the

56 complementary probe acted as the substitute to investigate the binding condition. As displayed in
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Figure 4. Structural changes trends and linearity of Pb?* biosensor. Real-time mass, density, RI,
and thickness changes of the tetrahedron probe (A-D) upon Pb?* injection. The arrows show
increasing Pb?* concentration. The lines were smoothed by software OriginPro 8.0. Plots of mass,
density, RI, thickness changes (E-H) of Pb*" concentration ranging from 1 uM to 400 uM. Inset:

expanded linear region.

Figure S3, the thickness, RI, mass, and density changes for target probe were much more distinct
than the control probe when Pb”" with different concentrations were added, inferring Pb**
specifically bound with G-rich ssDNA. In addition, the selectivity experiments were
implemented by comparing with control metal ions such as Cs', Ca2+, Na’, Mg2+, Zn2+, Mn2+,
and K'. As demonstrated in Figure 5, the mass, density, and thickness changes caused by
introduction of these ions were unconspicuous when compared with Pb*", showing the high

selectivity of this Pb>" biosensor on the 3D platform.

Detection of EDTA. EDTA, as a representative material of the important complexing agents,
can be widely applied as dyeing auxiliaries, blood anticoagulant, and detergent. However, its

negative impacts including irritating the skin and mucous membrane, causing the asthma, skin
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Figure 5.Selectivity of Pb”" biosensor. Histograms of mass (A), density (B), thickness (C)
changes. The concentration of interfering ions such as Cs*, Ca*", Mg”’, Zn*", Mn*", K" and Pb*"

was 100 pM.

rashes become increasingly prominent. Therefore, it is essential to develop high sensitive method
for the determination of EDTA. According to the strong chelation between Pb”" and EDTA, the
Pb*"-stabilized G-quadruplex can be used to detect EDTA. In the presence of EDTA, the
conformational transition of the probe from single strand to G-quadruplex was hindered. Hence,
the mass and density decreased as the increase of EDTA concentration, while the thickness
showed contrary trend as shown in Figure S4A-C. The changes exhibited a linear relationship to
the EDTA concentration. In addition, EDTA obviously suppressed the structural transition, while
the control chelates had no evident interference on the structural changes (in Figure S4D-F).
These results inferred that a sensitive and specific EDTA biosensor with low detection limits (15

nM for mass, 2 nM for thickness, and 28 nM for density) was successfully fabricated.

Application of the DNA tetrahedron platform in real samples. To validate the practical value
of the DNA tetrahedron-assisted biosening platform, the detection of Pb*" in lake water was
carried out. We spiked Pb*" of different concentrations into the 1% real sample diluted with
running buffer and detect the real concentration using DPI technique. As shown in Table S3, four
groups of concentration data were obtained based on RI, mass, thickness, and density

calibrations. The recoveries ranged from 93.95% to 101.5% with the RSDs from 3.51% to 12.8%.
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Additionally, the results detected with the present method were consistent with those of the ICP-
AES method, suggesting the potential of this developed analytical method in the determination

of real samples.
CONCLUSION

In conclusion, a stable, ordered, predictable, and easily prepared DNA tetrahedron nanostructure
was combined with DPI to investigate the interaction between G-rich nucleotide and Pb*". This
method overcame probe accessibility problem existed in surface technique, which not only more
veraciously reflected the behavior of probe-target interaction, but also improved the sensitivity of
biosensor. Compared to the layer-by-layer assembly platform, the tetrahedron platform has
higher reproducibility, regenerative ability and time-efficient immobilization process. Therefore,
it is the icing on the cake of biosensor to introduce surface chemistry. In addition, the detailed
structural dynamics for the interaction process of G-quadruplex with Pb>" laid a foundation for
the exploring the interaction of G-quadruplex with other targets, e.g. drugs and pathogenes.
Therefore, the developed method paves the road to intensely research the G-quadruplex-related
neurodegenerative disease and other receptor-ligand interaction by changing the probes and the

corresponding targets.
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