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ARTICLE INFO ABSTRACT

Contamination of Lead ion (Pb®>*) poses a serious threat to human health and the environment. Developing
sensitive and reliable Pb>* biosensor is essential and significant for prevention and control of the water pol-
lution. In this work, we utilized the direct conformational signal changes in specific interaction process between
Pb?* and guanine-rich (G-rich) oligonucleotides to establish a sensing system. The binding of Pb>* and G-rich
oligonucleotides results in conformational transition from single strand to G-quadruplex, which was recorded
real-time by dual polarization interferometry (DPI). The sensing platform was established via layer-by-layer
assembly strategy that employing polyethyleneimine and ploythymine as media layers to link the G-rich DNA on
the DPI chip, which is simple, facile and without need of synthesizing sophisticated nanomaterial. On the basis of
above sensing platform and quantifiable conformational changes, a simple, sensitive, specific and label-free
Pb?* biosensor was established. This research provides us a simple and sensitive method for detection of ions,
also encourages us to combine surface technique to biosensing application and explore the relationship between
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structures and functions.

1. Introduction

Heavy metal pollution has been paid close attention due to its severe
harm for human beings’ health [1]. As one of typical poisonous heavy
metal, lead would damage the central nervous system, cause brain and
blood disorders in mammals [2], even destroy the structure of protein
and suppress the activity of enzyme via binding with the ligands of
biological matters [3]. Therefore, multifarious Pb?* sensors were
constructed by virtue of different signal transduction mechanisms, such
as fluorescent signal changes resulting from the binding of Pb?* with
fluorescent nanomaterials [4,5] or organic molecule [6,7], colorimetric
signal changes due to the aggregation function of Pb>* for gold nano-
particle [8-10] or due to the effect of Pb%* on chromogenic reaction
[11], electrochemical signal changes caused by the approaching of
Pb%™ to electrode modified with different functional materials [12-14],
and direct detection method such as traditional inductively coupled
plasma mass spectrometry (ICP-MS) [15], atomic absorption spectro-
scopy (AAS) [16]. However, there is a few biosensors were established
based on the direct conformational signal changes.

DNA has been attracted considerable attention as a potential ma-
terial because its predictable structure, specific recognition capability,

polymorphism of structure, and biocompatibility, thus is widely em-
ployed in biosensing, bioimaging, biocomputing, and drug delivery
[17]. Among the various DNA structure, the utilization of G-quadruplex
(G4) formed by G-rich sequence takes a great part in biochemical
sensing due to its versatile properties. For instance, G4/hemin is a kind
of horseradish peroxidase (HRP)-mimicking DNAzyme, could trans-
duces the sensing events through the catalyzed H,O,-mediated oxida-
tion of 3,3,5,5-tetramethylbenzidine (TMB) [18]/2, 2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) [19]/luminol [20] to
blue/chemiluminescent product, generating colorimetric or chemilu-
minescence readout signals. G4 could also offer binding sites for
fluorescent ligand like N-methyl mesoporphyrin IX (NMM) [21], pro-
toporphyrin IX [22] and anthracycline antitumor drugs like doxor-
ubicin and sabarubicin [23,24], giving fluorescent signal output and
therapeutic effect. Furthermore, the conformation of G4 could be em-
ployed to modulate the distance of donor and acceptor [25], redox
probe and electrode surface [26], producing signal changes. Ad-
ditionally, G4 aptamer could specifically bind with protein like
thrombin [27], small molecule like adenosine triphosphate [28], and
metal ions like K* [29], Sr** [30], Pb*>* [31]. Most of above sensing
systems were based on the signal changes resulting from the structural
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changes by introducing or labeling different signal probes, while a few
biosensors were constructed based on the direct conformational signal
changes.

Dual polarization interferometry (DPI) technique is a well-built and
powerful waveguide sensor, which could real-time, label-free monitor
the conformational dynamic occurred in the molecule interaction pro-
cess [32]. Therefore, DPI was widely employed to reveal the connection
between function and structure, such as studying the protein crystal-
lization processes [33], the binding process of antibody and antigen
[34,35], measuring the membrane perturbation produced by anti-
microbial peptides [36,37], characterizing functionalized surface
[38,39] and so on. Additionally, the quantitative sensor response
function was more sensitive and accurate than classical optical and
mass biosensors including surface plasmon resonance, quartz crystal
microbalance [40]. Recently, some studies about DNA including its
immobilization and hybridization events [41,42], interactions with
small molecules were implemented [43-45]. Meanwhile, based on the
aforementioned structural changes process of DNA detected by DPI,
some biosensors were fabricated. Although DPI-based sensors show
excellent sensitivity, specificity, and multiple detection channels, only
numbered DPI sensors have been reported.

In this work, a DPI-based Pb?* biosensor is fabricated on the layer-
by-layer assembly platform based on the specific interaction of Pb?*
and G-rich DNA sequence. G-rich sequences as capture probes were
immobilized on the sensing surface. Pb>* could interact with G-rich
DNA sequence and form G4, such structural transition would induce the
changes of TE and TM phase, the corresponding structural parameters
like mass, thickness, density converted from TE and TM were linearly
dependent with the concentration of Pb?*. This label-free, simple
strategy also exhibits excellent performance in sensitivity, specificity.
Meanwhile, the conformational dynamic of G4 could be real-time re-
corded, which lay the foundation for understanding the physiological
process of organism.

2. Materials and methods
2.1. Materials

Poly(ethyleneimine) solution (PEI, MW 750000) was purchased
from Sigma-Aldrich (St. Louis, MO). Pb(Ac)»>3H,0, MgCly6H-0,
MnCl,, and ZnCl, were provided from Aladdin Chemistry Co. Ltd. (St.
Louis, MO). CaCl,, CsCl, KCl were provided from Beijing Chemical
Corp. (China). N-(2-hydroxyethyl)-piperazine-N’-ethanesulfonic acid
(HEPES) was purchased from Dinguochangsheng Biotechnology Co.
(Beijing, China). All reagents were of analytical grade and used as re-
ceived and without any treatment. DNA oligonucleotides in Table S1
were ordered and synthesized by Sangon Biotechnology Co. Ltd.
(Shanghai, China). Before use, the DNA solutions needed to be heated at
95 °C for 5min and then slowly cooled down to room temperature.
Milli-Q water system was used to prepare ultrapure water of
18.25MQ cm. The lake water were got from local South Lake in
Changchun. 25 mM HEPES buffer (100 mM NaAc, pH 7.4) and lake
water were used after filtering and degassing.

2.2. Circular dichroism (CD) and UV-vis absorption spectra experiments

200 pL of mixed solution containing 5 uM capture probe (or control
probe) and 10 uM Pb2™* ions reacted for 40 min at room temperature,
then were measured on a Jasco J-820 circular dichroism spectra po-
larimeter (Tokyo, Japan). 100 uL of mixed solution containing 1 uM
capture probe (or control probe) and 10 uMPb** ions reacted for
40 min at room temperature, then were measured on a CARY 500
UV-vis-NIR Varian spectrophotometer. The ultimate reported circular
dichroism (CD) and UV-vis absorption spectra were the average of
three parallel data. In order to explicitly compare the conformational
changes between the capture probe and control probe, we plotted their
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CD and UV-vis differential spectra. The CD and UV-vis spectra of
capture probe/control probe in presence of Pb?* were subtracted from
that in absence of Pb?* to obtain the respective differential spectra.

2.3. DPI experiments

The establishment of sensing platform and the specific binding
process of G-rich DNA sequence and Pb®>* were monitored in real-time
by utilizing a DPI instrument (AnaLight Bio200, Farfield). In the whole
DPI experimental process, 25 mM HEPES solution as running buffer
flowed the channels. First, the unmodified silicon oxynitride chip was
installed on the instrument, and the flow rate of running buffer was set
at 100 uL/min to remove the air in the channels quickly and keep the
baseline stable. Second, the chip and running buffer calibrations were
executed using 80% (v/v) ethanol/water solution and ultrapure water
with known refractive indexes. Third, the construction of sensing
platform was explained in more detail as follows: 0.1 mg/mL poly-
etherimide (PEI) was applied to both channels at 50 uL/min for 4 min,
then the running buffer returned to both channel until the baseline
reached stable. Subsequently, 8 uM T30 was introduced for 4 min at
50 pL/min and then incubated for 10 min. When the baseline was stable
again, 8 UM A15-AS1411 was introduced into the channel to hybridize
with T30. Finally, Pb?* with different concentrations flowed over the
channel for 4 min and reacted with the A15-AS1411 for another 5 min,
respectively. Until all the samples were injected and the baseline
reached stable, we stopped the experiment. The thickness, refractive
index, density, and mass values were acquired with the AnaLight DAQ
software, which used in the further construction of Pb%* biosensor.

2.4. Pb?* detection in lake water

To verify the practicability of our biosensing method, we detected
Pb?* in lake water. We fabricated the same biosensing surface ac-
cording to aforementioned procedure of construction of sensing plat-
form. Then we quantified the spiked Pb>* with different concentrations
in 1% lake water using DPI technique and compared above detection
result with that obtained by ICP-AES method.

3. Results and discussion
3.1. Construction of biosensing platform for Pb>* detection

There are two indispensable elements in the construction of bio-
sensing platform, which are the choice for capture probe and the con-
nection method of capture probe on sensing chip, respectively. First, we
choose a DNA probe AS1411 as the capture probe for Pb®*, because it
was reported that AS1411 could bind with Pb?>* strongly and specifi-
cally, forming typical G4 structure [46,47]. Furthermore, AS1411 is a
quadruplex-forming oligonucleotide aptamer that targets nucleolin, its
biological effect was embodied in inhibiting cancer cell proliferation.
Therefore, the establishment of our sensing platform could not only
detect hazardous Pb?", but also would lay the foundation of under-
standing the pathogenesis and designing disease-fighting drugs. Second,
we choose a simple and explicit method to immobilize the DNA probe
on the sensing surfaces. As displayed in Scheme 1, the polycation
complex (polyethyleneimine, PEI) was firstly immobilized on the un-
modified silicon oxynitride chip, which could act a linker between chip
and negatively charged ploythymine (T30) via electrostatic adsorption.
T30 had two functions: connect A15-AS1411 on the sensing surface and
increase the distance between PEI and A15-AS1411, which could ef-
fectively overcome the strong electrostatic resistance from PEI and
improve the flexibility of capture probe. After the successful construc-
tion of sensing surfaces, Pb>* with different concentrations were in-
troduced into the sensing surfaces, AS1411 at one end of capture probe
will capture Pb>*, showing conformational transition from random
single strand to G4. The direct conformational change signals were
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Fig. 1. UV-vis spectra of A15-AS1411 (A), A15-AS1411 control (B) in presence and absence of Pb>* and their differential spectrometry. CD spectra of A15-AS1411
(D), A15-AS1411 control (E) in presence and absence of Pb2" and their differential spectrometry.
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Fig. 2. TM (black line), TE (red line), density (wine red line), thickness (green
line) and mass (blue line) changes occurred in the whole process of constructing
sensing interface. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

employed to quantify the Pb?* in the system.

3.2. UV-vis and circular dichroism (CD) spectra characterization of
interaction of Pb*" and G-rich DNA sequences

Before executing the DPI sensing function, we should assure that the
capture probe actually could interact with Pb>* and the process was
accompanied by conformational changes. As displayed in Fig. 1, the
absorbance of A15-AS1411 has an increase around 300 nm upon adding
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Pb%*, while the A15-AS1411 control strand has negligible changes.
Above hyperchroism peak around 300nm attributes to the specific
guanine — guanine stacking [48], which manifests the formation of G4.
In order to distinguish the absorbance difference at 300 nm, the UV-vis
differential spectrometry of A15-AS1411 and its control strand were
plotted in Fig. 1C. The CD spectra of A15-AS1411 in Fig. 1D and E
demonstrates that typical positive peaks at 220 and 265 nm increase
upon adding Pb®*, representing formation of parallel G4 structure
[49], while the CD spectra of A15-AS1411 control strand have no
changes before and after adding Pb**. The CD differential spectrometry
of capture DNA has an obvious conformational transition, while that of
the control DNA closes to a straight line which suggests unchanged
conformation (Fig. 1F). Above results verify that the A15-AS1411 has
the ability to bind with Pb?>* and shows a structural transition from
single strand to G4, which also preliminarily proves our proposed
strategy is feasible.

3.3. Construction of sensing surface monitored by DPI

Under the premise of ensuring feasibility, we carried out the mon-
itoring for the construction of sensing surface by DPI. As shown in
Fig. 2, when different samples including PEI, T30, and A15-AS1411
were injected on the sensing chip, TM (black line) and TE (red line)
phase have corresponding changes. Based on the TM and TE changes,
the conformational parameters like density, mass and thickness were
analyzed out, which was benefit for the understanding for the inter-
action process. For example, as the PEI was flowed over the chip, the
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Fig. 3. Conformational dynamic of the whole construction process of biosen-
sing surfaces. Plot thickness (A) and density (B) as a function of mass per area.
The concentration of PEI, T30, A15-AS1411, and Pb?* were 0.1 mg/mL, 8 uM,
8 uM and 100 uM, respectively.

thickness, mass and density had a rapid increase; subsequently, the
increased rate slowed down, which meant the absorption of PEI tended
to saturation. Gradually the density had slight drop while the thickness
and mass still increased, which ascribed to swelling property of PEI
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[50]. When T30 was absorbed on the PEI layer, the thickness and mass
increased evidently, and the density had an unobvious increase, which
disagreed with previous report [51]. We speculated this was because
the PEI at high concentration enabled T30 attach on the surface tightly
instead of depositing on the chip sparsely. As the number of DNA layer
increased, the upper A15-AS1411 would be less affected by PEIL
Therefore, the thickness and mass increased, density decreased ob-
viously when A15-AS1411 was introduced, which was consistent with
previous report [40,51].

In order to clear the conformational dynamic in the whole process,
we plotted the thickness (Fig. 3A) and density (Fig. 3B) of mass. Due to
the same collecting frequency of data, we could clear the absorption
rate easily according to the distribution of the data points. For instance,
the sparse data dots at the beginning of injecting suggested the quick
absorption, and the dense dots meant that the interaction establishes
equilibrium continuously. At the end of injecting, the thickness and
density have slight changes, inferring the conformation was rearranged
to a stable state. As observed in Fig. 3A, the thickness increased as the
mass increased when PEI, T30, A15-AS1411, Pb?* were introduced into
the channel. From the thickness, we could know their spatial distribu-
tion. On the basis of the density changes as the increased mass, we
could roughly estimate the surface state. For example, T30 had no
obvious increase in density, which implied that T30 could attached on
PEI in a relatively compact state; while there is apparent decrease when
A15-AS1411 was injected, which hinted that A15-AS1411 did not insert
in the T30/PEI layer rather than deposit on it in a relatively loose state.
Combining thickness with density changes as the mass, we could fur-
ther infer their interaction modes.

3.4. Performance of proposed DPI-based Pb®>* biosensor

On the basis of our proposed biosensing mechanism, we im-
plemented quantitative detection of Pb®>* using DPI. As shown in Fig. 4,
the mass, thickness and density increased as Pb?* concentration in-
creased, and these three DPI signals were linearly dependent on the
Pb%* concentration. The respective detection limits were 2.8nM,
3.58nM, 6.96 nM based on mass, thickness and density calibration,
which are comparable to, even better than some reported Pb?* sensors
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[3,12,52-54]. Also these results are much lower than the lowest limit of
Pb2* (0.24 uM) in drinking water regulated by World Health Organi-
zation, suggesting our proposed biosensor could be used for monitoring
water pollution.

3.5. Specificity and selectivity of DPI-based Pb** biosensor

To evaluate the selectivity of the fabricated biosensor, we compared
the conformational changes induced by different metal ions including
Pb2*, Zn®*, Na*, Mn**, Mg?", Ca®*, Gs*, and K*. Only Pb®* could
bind with capture probe (increased distinctly mass) and have obvious
conformational changes (increased distinctly density and thickness),
while other control metal ions had less obvious response (Fig. 5). Ad-
ditionally, we replaced the capture probe with control probe which
cannot specifically bind with Pb®*. Compared with the increased
continuously density, thickness, and mass as the increased Pb%™, the
control probe had less change than capture probe (Fig. S1). Above re-
sults prove that our fabricated Pb?>* biosensor possesses excellent
specificity and selectivity.

3.6. Pb?* detection in real sample

In order to investigate the practical value of our sensing method, we
tested Pb®* in lake water. The comparison among spiked concentra-
tion, real concentration detected by mass calibration of DPI and real
concentration detected by ICP-AES method was shown in Fig. S2, the
close result demonstrates that our detection strategy is credible and has
potential for further detection in real sample.

4. Conclusions

In summary, label-free and real-time DPI technique was used to
investigate the interaction between Pb®* and G-rich DNA sequence on
the layer-by-layer assembled biosensing platform. DPI could not only
supply real-time structural information, but also quantify the con-
formation changes, giving a sensor response function. Pb** could
specifically interacted with G-rich DNA sequences, accompanying by
the formation of G4. While the control metal ions and control strand
showed no distinct changes, which were in accord with CD and UV-vis
spectra results. On the basis of above property, a simple, sensitive,
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specific, label-free and real-time DPI-based Pb>* biosensor was estab-
lished successfully. Such DPI-based Pb%* biosensor on layer-by-layer
assembly platform has several merits: first, the biosensing mechanism is
well-known, simple and clear; second, the preparation of layer-by-layer
assembled biosensing platform is simple, facile, and without the need of
synthesizing complicated nanomaterials and designing intricate DNA
primer; third, DPI-based sensing platform actually has two sensor
channels, which could realize the multiplex detection function. Our
attempt for the monitoring of G-rich sequence behavior not only en-
courages researchers to explore the interaction of DNA with other
molecules, but also inspires us to further discover the unbeknown
physiological processes in body by DPI technique.
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