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ABSTRACT: Nature owns remarkable capabilities in sensing target molecule. While, the artificial biosensor lags far behind na-
ture. Inspired by nature, we devise a new sensing platform that can specifically bind the molecules and synchronized initiate a spe-
cific signal response. We rationally designed a type of bipolar probe that is comprised of hydrophilic DNA part and hydrophobic
conjugated polymer (CP) unit. In aqueous solution, they can form micelles with a hydrophobic CP core and a hydrophilic DNA
shell. The aggregation-caused quenching suppresses the fluorescence of CP. Adding telomerase, the hydropathical profile of the
bipolar probes is drastically regulated that results the collapse of micelles and liberates fluorescence simultaneously. The probe has
been used in both mimic systems and real urine samples (38 samples). We achieve sensitive and specific detection of telomerase
and obtain clearly classification for normal people and cancer patients. It can also be used in signal off sensor that used to detect

mercury ions.

INTRODUCTION

The development of biosensing technology largely relies
upon the invention of powerful bioprobes, which determine
the overall performance of biosensors including sensitivity and
specificity' ™. Molecular beacons, by reporting the presence of
specific nucleic acids targets in homogenous solution upon
target hybridization, have revolutionized the nucleic acids
detection both in vivo and in vitro>®. However, the targets of
molecular beacons are limited to nucleic acids. As an expan-
sion of molecular beacon, aptamers are widely employed as
aptamer-beacon with the detection capability of various targets
including proteins’"!, small molecules'>", and ions'*"*. Both
the molecular beacons and aptamer beacons undergo confor-
mational switch upon target binding, which can be translated
into fluorescent'"®, electrochemical'®*® or colorimetric sig-
nal'**”**_In order to transduce the binding events into physi-
cal/chemical signals, fluorescent or redox labels are usually
required to be conjugated on molecular beacons or aptamers®
%, Although the signal producing capability of the labels have
been employed and investigated very well, the utility of some
other chemical and physical properties (e.g. hydrophobic
properties) are usually ignored.

Here, we report on a new class of bipolar, conjugated poly-
mer-DNA composite beacon, which can be employed as a
beacon for the sensitive detection of proteins and ions. Based
on our new bipolar probe, we can readily design both signal-

on sensor mode and signal-off sensor mode (Scheme 1). In our
design, we firstly synthesize conjugated polymer-DNA (CP-c-
DNA) bipolar beacon. The hydrophobic nature of conjugated
polymer drives the formation of a micelle with a hydrophobic
CP core and a hydrophilic DNA shell. Then, the target binding
induces the collapse of micelles (signal-on sensor) or the fur-
ther aggregation of micelles (signal-off sensor). As test beds,
we select telomerase as a protein biomarker and mercury ion
as metal ion marker. The binding of telomerase and the initiat-
ed elongation reaction by telomerase would significantly
change the hydropathical property of the bipolar beacon that
stimulates the collapse of micelles and liberates the fluores-
cence simultaneously. On the other hand, the binding of mer-
cury ions drives the further aggregation of micelles based on
the thymine-Hg-thymine interaction and quenches the fluores-
cence.

EXPERIMENTAL SECTION

Materials and Measurements. Chemical solvents and rea-
gents used in this work are purchased from TCI and Sigma-
Aldrich and Alfa Aesar. The oligonucleotides and deoxynu-
cleotide triphosphates (ANTPs) are purchased by TaKaRaba
Biotech (Dalian, China). Carboxylated Polyfluorene is synthe-
sized according to the literature™. The fluorescence spectra are
recorded on a Cary Eclipse F-4500 spectrofluorometer.
'"HNMR spectra are obtained with a Bruker AVANCE 400
(400 MHz) Fourier transform NMR spectrometer. Native gel
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Analytical Chemistry

electrophoretic analysis is performed by ELITE 300 electro-
phoresis apparatus (Taiwan Wealtec corp). The reagents are
removed by rotary evaporation (RE-5IAA, Shanghai). All
aqueous solutions are prepared with ultrapure water purified
using a Millipore filtration system.

Increasing the Relative Content of Hydrophilic Parts.
Mixtures of equal amounts of single-stranded oligonucleotides
(CP-c-Ts & LDNA) are diluted with buffer to the desired con-
centration (total sample volume: 50 pL), and T4 DNA ligase
incubated at 16 °C for 1d. Then the reaction mixture solution
is heated at 95 °C for 20 min. Finally, 150 pL of water is add-
ed, and the emission spectrum is immediately measured. Fluo-
rescence is measured on a Peltier temperature controlled Vari-
an Cary Eclipse Fluorimeter with the following settings: Aex =
380 nm, 5 nm slit, PMT detector voltage = 600 V.

Increasing the Relative Content of Hydrophobic Parts.
50 pL of aqueous solution of CP-c-Ts and CF-c-DNA are pre-
pared for fluorescence measurements respectively. Fluores-
cence is measured on a Peltier temperature controlled Varian
Cary Eclipse Fluorimeter with the following settings: Aex =
380 nm, 5 nm slit, PMT detector voltage = 600 V.

RESULTS AND DISCUSSION
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Scheme 1. Sensor fabrication. The bipolar probe is an amphiphilic
molecule. The amphiphilic nature of the bipolar probes drives the
formation of micelles with a hydrophobic CP core and a hydro-
philic DNA shell. The target binding induces the further aggrega-
tion of micelles, which is beneficial to the ACQ effect, quenches
the fluorescence. Thus it can be used in signal-off sensor. While
the target binding induces the collapse of micelles which is oppo-
site to the ACQ effect liberates the fluorescence. So it can be used
in signal-on sensor.

Sensor fabrication. The principle of the sensor is described
in Scheme 1. The bipolar probe (CP-c-DNA) has two compo-
nents, one is poly [9, 9-bis (3’-propanoate) fluorene-co-
phenylene fluorene] (CP) that is a typical fluorogen material

with aggregation-caused fluorescence quenching (ACQ) char-
acteristics™ ** and another one is DNA (Figure S1-5). Its am-
phiphilic nature arises from the hydrophilicity of DNA back-
bone containing charged phosphodiester bonds*** and chemi-
cal attachment of hydrophobic conjugated polymer containing
benzene ring structures. The amphiphilic nature of the bipolar
probes drives the formation of micelles with a hydrophobic CP
core and a hydrophilic DNA shell. The target binding induces
the further aggregation of micelles, which is beneficial to the
ACQ effect, quenches the fluorescence. Thus it can be used in
signal-off sensor. While the target binding induces the col-
lapse of micelles which is opposite to the ACQ effect liberates
the fluorescence. So it can be used in signal-on sensor. We
also can tune its aggregation states by simply changing the
relative content of DNA in the bipolar probe. At low content
of DNA, the hydrophobic property of the bipolar probe is high.
The aggregate state of hydrophobic CP core is favored and we
observe low fluorescence signal according to ACQ effect. In
contrast, at high content of DNA, hydrophilic property of the
bipolar probe is high. The aggregate state of hydrophobic CP
core is destabilized and we observe high fluorescence signal
due to ACQ effect (Figure S6-13).
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Figure 1. (a) Schematic representation of telomerase activity
detection method using the hydrophilic/hydrophobic properties of
the bipolar probes by changing the relative content of DNA. (b)
Effect of telomerase on CP-c-Ts fluorescence signal in the pres-
ence of 250 nM CP-c-Ts and 2800 cancer cell extracts, respective-
ly. (¢) Time dependent fluorescence responses of our assay. (d)
Fluorescence emission spectra are obtained in the presence of
various concentrations of EJ cells. (e) Histogram for fluorescence
intensities to investigate the specificity of our assay. (f) Fluores-
cence responses of this sensing system to the telomerase extracts
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from 2800 cells of different kinds of cancer and non-cancer cell
lines. (g) Fluorescence responses of this sensing system to the
telomerase extracts from different bladder cancer patients and
normal samples. Concentration of CP-c-Ts is 250 nM. Excitation
wavelength is 380 nm, respectively, with 5-5 nm bandwidths.
Error bars are calculated from three independent experiments.

Detection of protein. By achieving the successful regula-
tion the hydropathical profile of our bipolar probes, we are
inspired to employ this capability to detect stealthy biomarkers.
Here, we choose telomerase as a model biomarker. Telomer-
ase is a ribonucleic protein complex that functions as telomere
terminal transferees by adding multiple TTAGGG hexamer
repeats using its integral RNA as the template*’™*. Its activity
is associated with tumor aggressiveness because it can be de-
tectable in most immortal cell lines and primary human tu-
mors’”**, In the presence of telomerase, the signal-on sensor,
CP-c-Ts is elongated, resulting in the increasing of the relative
content of DNA which leads to higher hydrophilic property of
extension product relatively to the original one. Thus, the ag-
gregate state of hydrophobic CP core is destabilized and we
observe a high fluorescence signal according to ACQ effect
(Figure la). As shown in Figure 1b, when CP-c-Ts is mixed
with dNTPs and telomerase in an aqueous buffer solution,
after incubation at 37 °C for 60 min, drastic increase in fluo-
rescence signal are observed. Figure lc shows the fluores-
cence signal changes of CP-c-Ts in real time in the presence of
telomerase and ANTPs. We observe a gradual increase of fluo-
rescence signal and finally reach a plateau at approximately 60
minutes (Figure S14-15). Figure 1d depicts the fluorescence
emission spectra of the sensing system in response to cell ex-
tracts from different number of bladder cancer (EJ) cells. The
fluorescence intensities enhance quickly when the number is
raised from 0 to 20000 (Figure S16-17). The limit of detection
(LOD)”, based on F+ 30y, where F is the average signal value
of the blank samples and o, is standard deviation of the blank
samples, is estimated to be 4 EJ cell/uL. To the best of our
knowledge, the sensitivity is comparable or even superior to
most previously reported methods’ > (Table S2). As shown in
Figure le, an obvious decrease in fluorescence signal nearly
down to background level for the heat-inactivated EJ cells
extract, thrombin and BSA, implying that the signal response
is only dependent on telomerase activity. As shown in Figure
1f, the fluorescence signal enhancements for MCF-7 (breast
cancer cell), T24 (bladder cancer cell), EJ (bladder cancer cell),
HepG2 (liver cancer cell), A375 (melanoma cancer cell) and
HeLa (cervical cancer cell) cells extracts are much higher than
LEC (human lens epithelial cell), which illustrates the general-
ity and reliability of our design.

Our telomerase probe is also tested in real clinic samples,
bladder cancer patients’ urine samples. As shown in Figure 1g,
38 clinical samples have been detected. The orange part is the
fluorescence signal change of bladder cancer patients. The
green part is the fluorescence signals change of normal people.
We achieve sensitive and specific detection of the stealthy
biomarker-telomerase and obtain clearly classification for
cancer patients according to our results (Figure S18-20).
Therefore, our assay based on tuning the aggregate state of the
dipolar probe by simply changing the relative content of DNA
offers a cost effectiveness, simplicity and non-invasive method
for bladder cancer diagnosis, reducing the hurt comparing
other diagnosis methods.

Analytical Chemistry

Detection of metal ion. Our bipolar probe can also be used
for detecting ions based on signal-off mechanism by changing
the aggregate state of hydrophobic parts which is beneficial to
ACQ effect. We select mercury (Hg™") as a model ion in this
case. Mercury (Hg”") is a widespread and severe environmen-
tal pollutant and has serious adverse effects on human health
and the environment® . Therefore, it is highly desirable to
develop a sensitive and selective mercury ion detection meth-
od that can provide simple, practical, and high-throughput
routine determination of levels of Hg”" ions for both environ-
mental and food samples.
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Figure 2. (a) Schematic illustration of the strategy of Hg*"
ion detection by tuning the aggregate state of the bipolar probe.
(b) The fluorescence emission intensities without and with the
addition of Hg”". (¢) Fluorescence emission spectra of CP-c-
DNA in the presence of various concentrations of Hg2+. (d)
Histogram for fluorescence signal to the presence of other
metal ions. (e) Histogram for fluorescence signal to the pres-
ence of different composite probe. (f) Fluorescence spectra of
probe in aqueous solution upon additions of Hg”" and CI” ions.
(g) Histogram for fluorescence signal to the presence of dif-
ferent aqueous solution of the bipolar probe. The concentra-
tion of CP-c-Ts is 250 nM. Excitation wavelength is 380 nm,
respectively, with 5-5 nm bandwidths. Error bars are calculat-
ed from three independent experiments.

The configuration of the assay for Hg®" detection is shown
in Figure 2a. In the presence of Hg" ions, the hydrophobic
parts CP are aggregated together because of the formation of
T-Hg™"-T complexes (Figure S21). It is beneficial to ACQ
effect and we observe low fluorescence signal (Figure 2b). To
evaluate the sensitivity of our assay, the assay is tested on
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different concentrations of Hg2+ ions (0~2.1 x10™* M). The
detection limit (LOD)” is determined to be 2.1x10™° M,
which shows that Hg*" could be detected with high sensitivity
in our assay (Figure 2c¢). The selectivity of the method has also
been investigated by testing the response of the assay to other
metal ions, including Mg®", Mn®>", Pb*", Co®", Ca*" and Zn’" at
a concentration of 2.1x10™ M - 1000 times greater than that of
the Hg®" ions (Figure 2d). The results indicate that the bipolar
probe CP-c-Ts exhibit excellent selectively responsive to Hg”*
against other possible competing ions. While, the presence of
Hg™ has no influence on the FAM or Cy3 modified bipolar
probes’ fluorescence signal (Figure 2e). What is more, this
Hg”" ion sensor based on our assay is readily reusable. The
fluorescence of bipolar probe CP-c-Ts can be recovered upon
addition of chlorine anions to the T-Hg”-T complexes. As
shown in Figure 2f, the fluorescence of CP-c-Ts is quenched
upon adding Hg*" ion. While, the fluorescence signal of CP-c-
Ts is recovered upon the addition of 2 equiv. of chlorine ani-
ons to the solution. Because of the lower solubility of HgCl, in
aqueous solution in comparison to that of Hg”* ions, the CI
jons can form a precipitate with Hg®" ions. It is reasonable to
design a reversible sensor for Hg™ ions based on the fluores-
cence recovery of the composite probe CP-c-Ts.

To test the practical application of our method, several envi-
ronmental water samples are tested by using our method. The
environmental water samples that are used in the study are tap
water, river water, lake water and sea water samples. The wa-
ter samples are filtered by qualitative filter paper and then
centrifuged for 20 min at 12000 rpm at 4 °C. As shown in Fig-
ure 2g, the concentrations of total mercury in tap water, river
water, lake water and sea water samples are measured to be
less than 2.1x10™ nM by our method. The results revealed that
the present sensor can also work in environmental samples.

CONCLUSIONS

In summary, we have developed an amphiphilic bipolar
probe CP-c-DNA which is conjugated by conjugated polymers
and DNA. Compared with other probes, it has the following
advantage: First, it can be used in signal on sensor based on
tuning its hydrophilic/hydrophobic property by simply chang-
ing the relative content of DNA. On the basis of this observa-
tion, a PCR free, sensitive, selective strategy for the stealthy
biomarker-telomerase activity detection has been developed.
In comparison with the golden method, the TRAP based
method; our assay is accuracy and simplicity by avoiding nu-
merous artifacts and sophisticated optimization. Our assay has
been used in both mimic systems and real urine samples (38
clinical samples). We envision that this amphiphilic bipolar
probe CP-c-Ts could be employed for the development of
novel sensing techniques for the detection of various biomole-
cules and could be used for clinical bladder cancer therapy.
Second, it can be used in signal off sensor based on tuning the
aggregate state of hydrophobic parts which is beneficial to
ACQ effect. On the basis of this observation, a highly sensi-
tive and selective Hg”" ion determination method at room
temperature using T-Hg*'-T coordination chemistry and fluo-
rescence signal changes has been developed. Although we
demonstrate here the detection of Hg”" ions only, this sensing
strategy can in principle be used to detect various analysts,
such as other metal ions or proteins, by substituting the T-
Hg™"-T complexes with other specificity structures the selec-
tively bind the other analysts. It is believed that this sensing

strategy may be an alternative method for the analysis of Hg™"
in environment, water, and food samples.
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