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ARTICLE INFO ABSTRACT

Keywords: How to in situ detect intracellular telomerase activity with high sensitivity still faces many challenges. This paper
Intracellular telomerase constructs a new fluorescence biosensing platform for the sensitive detection of intracellular telomerase activity
Biosensor

via the combination of nanoflare and hybridization chain reaction (HCR)-based signal amplification on a single
patchy gold/carbon nanosphere (PG/CNS), which has two or more distinct parts and allows hybridized-DNA
(HS-DNA/Primer-DNA/Flare-DNA) and H1/H2-DNA (a pair of cross complementary DNA hairpins) to bind onto
their surfaces via Au-S bond and electrostatic interaction, respectively. In the presence of telomerase, Primer-
DNA (telomerase primer) extends at its 3’ end to produce a telomeric repeated sequence, resulting in the release
of Flare-DNA followed by the recovery of the fluorescence. Subsequently, the released Flare-DNA further in-
itiates cross hybridization of H1 and H2 DNA from mimic-HCR system to amplify the fluorescence signal. The in
vivo confocal microscopy studies demonstrate that resulting sensor can enter into the cancer cells such as
A549 cells, and lead to the increase in luminescence, which is stronger than the sensor without the HCR-based
signal amplification system. A linear relationship between the fluorescence intensity and the amount of

Signal amplification
Hybridization chain reaction
Nanoflare

A549 cells is observed, and the limit of detection of the sensor reaches about 280 A549 cells.

1. Introduction

Telomerase, also called terminal transferase, plays an important role
in preserving the telomeric length via catalyzing the addition of hex-
ametric TTAGGG repeats onto the 3-ends of chromosomes (Yorin,
1989; Blasco, 2005; Tian and Weizmann, 2013; Zhou et al., 2009).
Telomerase expression is found to be elevated in over 85% of all known
human malignant cells but be repressed in normal cells (Hahn et al.,
1999; Hanahan and Weinberg, 2000; Masutomi et al., 2003). Therefore,
telomerase expression level has been considered to be closely correlated
to the occurrence of tumor, and the corresponding detection in clinic is
thus of special importance for the early cancer diagnosis (Xiong et al.,
2017). To date, polymerase chain reaction (PCR)-based telomere repeat
amplification protocol (TRAP) (Xiao et al., 2010; Herbert et al., 2006)
and PCR-free methods, such as electrochemistry (Pavlova et al., 2004;
Ling et al., 2016; Mori et al., 2013), electrochemiluminescence (Xiong
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et al., 2017; Zhang et al., 2014; Wang et al., 2015), and fluorescence
resonance energy transfer (FRET) based fluorescence approaches
(Zhuang et al., 2015; Wang et al., 2016a,b; Ning et al., 2017; Ou et al.,
2017), have been separately developed to assay telomerase. However,
in spite of the above advances, most of biosensing platforms just meet
the requirement to determine the activity of telomerase from tumor cell
lysates and fail to provide in situ telomerase information in individual
cell. Therefore, how to construct an effective biosensing platform to in
situ detect intracellular telomerase activity with high sensitivity is
highly desired and remains a challenge.

Meanwhile, with the great achievement in synthesis of nanomater-
ials in past decades, various functional nanomaterials have been widely
employed in the fabrication of biosensor. In order to detect the telo-
merase of living cells, it is a common agreement that the sensor should
not only have the high efficiency in entering live cells but also possess
smart response system which only yields the signal quantitatively in the
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presence of telomerase. Therefore, the biosensor prepared by the
combination of “turn off-on” fluorescence probe and functional nano-
particle in a single construct has been focusing many attentions on
account of the big improvement on the cellular uptake efficiency
brought by nanoparticles. For example, in 2013, Ju's (Qian et al., 2013)
group first reported the fabrication of telomerase-responsive meso-
porous silica nanoprobe, which releases the embedded fluorescein in
the presence of telomerase. In 2014, to overcome the complicated
fabrication procedure and a certain degree of nonspecific release in-
volved in above approach, they designed another Nicked molecular
beacon-functionalized sensor by using Au NPs as fluorescence
quenchers (Qian et al., 2014). In spite of the above improvement, as
Tang's (Hong et al., 2016) group pointed out, its sensitivity is limited
due to the one-to-one response of fluorescence signal to telomerase.
Therefore, to further enhance the sensitivity, the signal amplification-
based strategy should be employed in the design of biosensor for in situ
monitoring of telomerase activity.

As an amplifying signal transducer, hybridization chain reaction
(HCR) does not require the participation of the enzyme and can utilize a
cascade of hybridization events by means of a pair of cross com-
plementary DNA hairpins (H1-DNA and H2-DNA) to amplify the signal
(Wu et al., 2015a; Chen et al., 2012; Hou et al., 2015; Zheng et al.,
2014; Lu et al., 2017; Yang et al., 2012), thus becoming a powerful tool
in the detection of mRNA (Wu et al., 2015b) in live cells and of protein
(Zhang et al., 2012). In 2016, Tang's (Hong et al., 2016) group reported
an enzyme-free signal amplification-based assay for telomerase by
jointly using gold nanoflare and graphene oxide-loaded HCR system,
where the delivery of trigger-DNA and H1/H2-DNA into the cell is
conducted by gold nanoparticle and graphene oxide, separately. How-
ever, the different cell uptake efficiency of gold nanoflare and graphene
oxide will greatly affect their cooperation on the amplification of signal,
thus decreasing the detection sensitivity. As an emerging class of na-
nomaterials, Janus or patchy nanoparticle (Hu et al., 2012; Groschel
et al., 2012; Bradley et al., 2016. Loget et al., 2012) with the surface
divided into two or more distinct parts can allow two different types of
surface chemical modification to occur on the same particle, which
opens the opportunity in the design and corresponding fabrication of
new sensor. Spurred by our previous work (Wang et al., 2016b) on the
synthesis of patchy gold on carbon nanospheres (PG/CNSs), herein, we
propose a single PG/CNS-based biosensor for intracellular telomerase
detection via the combination of nanoflare and hybridization chain
reaction.

We first synthesized carbon nanospheres (CNSs) using the facile
hydrothermal carbonization of glucose and then covered their surfaces
with thin gold patch via the adsorption-reduction method. With the
assistance of strong Au-S bonds, “hybridized-DNA” (HS-DNA/Primer-
DNA/Flare-DNA, the corresponding sequence can be found in
Supporting information Table S1) can selectively bind to the surface of
patchy gold to form the sensor 1, which is similar to the fabrication of.

Conventional nanoflare (Prigodich et al. 2009, 2012). Under this
condition, the fluorescence of FAM from Flare-DNA terminal is quen-
ched due to the FRET between dye and Au. In the presence of the tel-
omerase, which can elongate the telomere-primer (Primer-DNA), Flare-
DNA will be replaced and further dissociate from “hybridized-DNA”
with the simultaneous recovery of the fluorescence (Step 1). To fabri-
cate HCR-based signal amplification system, two FAM-labeled hairpin-
structured DNA probes H1-DNA/H2-DNA (the corresponding sequence
can be found in Table S1) are further self-assembled onto the remains of
carbon sphere's surface via the electrostatic interaction between the
negative backbone of H1-DNA/H2-DNA and the positive amine group
of branched polyethylenimine (PEI) from carbon sphere's surface, and
the resulting sensor is called PG/CNSs mimic-HCR sensor (also to be
called sensor 2 later) (Scheme 1A). Similarly, no fluorescence signal is
observed for sensor 2 due to the fluorescence quenching effect of CNSs
on the adsorbed H1/H2-FAM. After the sensor 2 is endocytosed into
cells (Scheme 1B), if there is some intracellular telomerase, the released
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Scheme 1. (A) Schematic diagram of the preparation process of PG/CNS-based
sensor. (B) Schematic illustration of PG/CNSs-based mimic-HCR sensor for in
situ detection of intracellular telomerase.

Flare-DNA can work as the initiator to trigger a cascade of the alter-
native hybridization of H1-DNA and H2-DNA to form the nicked double
helices (Step 2). Afterwards, the HCR product will detach from the
surface PG/CNSs, leading to the recovery of the fluorescence and thus
the amplification of the detection signal. In comparison with one-to-one
response of fluorescence signal (Qian et al., 2014; Wang et al., 2016a;
Ou et al., 2017), herein, the introduction of HCR is expected to improve
the sensitivity. Therefore, the PG/CNSs-based mimic-HCR biosensing
platform provides a convenient and sensitive method for telomerase
detection, especially for in situ fluorescence imaging.

2. Experimental section
2.1. Materials

All chemicals and apparatus involved in the experiment have been
given in supporting information and used as received.

2.2. Synthesis of PG/CNSs

The detail procedure for the synthesis of PG/CNSs had been shown
in our previous work (Wang et al., 2016a,b), and resulting PG/CNSs
was eventually dispersed in water with a concentration of 1 mgmL ™",

2.3. Preparation of hybridized DNA-modified PG/CNSs sensor (sensor 1)
and H1/H2-PG/CNSs mimic-HCR sensor (sensor 2)

Sensor 1: First, Flare-DNA (100 pL, 10 pM), Primer-DNA (100 pL,
10 uM), and HS-DNA (100 pL, 10 uM) were mixed and heated up to
75 °C. After 20 min, the mixture was slowly cooled in the dark to fa-
cilitate DNA hybridization. Considering the fact that the residual amino
groups (from PEI group) on the surface of the PG/CNSs would non-
specifically adsorb hybridized-DNA, we further blocked the amino
group with mPEG-COOH (MW = 5kDa), which was activated for 0.5h
by utilizing EDC and NHS, prior to the modification of hybridized-DNA.
After that, the obtained PG/CNSs (0.1 mL, 1 mg/mL) and hybridized-
DNA (20 uL) was mixed and incubated at 4 °C for at least 12 h. Next, the
mixture was centrifuged and washed with PBS. Finally, sensor 1 was re-
dispersed in 0.1 mL of PBS buffer for reserve.
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Fig. 1. TEM (A, B) and SEM (C) images of PG/CNSs; EDX pattern of PG/CNSs (D); UV-vis-NIR absorbance spectra (E) and FT-IR spectra (F) of CNSs and PG/CNSs.

Sensor 2: First, HI-DNA and H2-DNA were respectively heated at
75 °C for 20 min, and then cooled naturally to form a hairpin structure.
After that, to optimize the concentration of PG/CNSs, different amounts
of PG/CNSs (0, 10, 25, 50, 75, 100, 125, 150 and 175 pg/mL) were
mixed with the mixture of H1-DNA and H2-DNA (The final con-
centration of both H1-DNA and H2-DNA were 70 nM), and the corre-
sponding fluorescence intensity was detected at the excitation of
488 nm. In the subsequent experiment, the optimized concentration of
PG/CNSs was 75 pg/mL (See Fig. S1 in Supporting Information). After
electrostatic adsorption for 1h,hybridized-DNA was added into the
above solution, followed by the incubation at 4 °C for at least 12h.
Next, the resulting PG/CNSs were centrifuged, washed and incubated
with the mixture of H1 and H2 (70 nM) again. Finally, sensor 2 was
obtained by separating PG/CNSs from the mixture solution with the
centrifugation.

2.4. Preparation of telomerase extracts

The human lung cancer cells (A549 cells) in the exponential growth
phase were collected, and 1 x 10°cells suspension was added into a
centrifuge tube, then washed three times with PBS and resuspended in
200 pL of CHAPS lysis buffer. After incubation for 30 min on ice, the
supernatant was collected by centrifugation at 4 °C for use.

2.5. Telomerase response experiment

To investigate the response of sensor 1 to telomerase, 20 pL of
dNTPs (10 mM) and 10 uL of telomerase extracts were introduced into
sensor 1 (70 pL, 75ug/mL). After incubation for different time, the
fluorescence of corresponding solution between 500 and 650 nm was
detected at the excitation of 488 nm. As a control, only dNTPs without
telomerase was introduced into another solution containing sensor 1
too.

2.6. Fluorescence recovery of H1/H2-PG/CNSs mimic-HCR system

Different concentrations of Trigger-DNA (0, 10 15, 20, 25, 35, 80,

112

120, 200 nM) was incubated with sensor 2 (100 pL, 75 pg/mL) for 4 h.
And then the fluorescence intensity of solution was measured by
fluorescence spectrometer.

2.7. Detection of telomerase activity in cell extracts

To 10 pL. of A549 cells extract (the number of cells: 0, 1000, 2000,
4000, 5000, 7500, 10000, 15000, 20000), dNTPs (10 pL, 10 mM), and
sensor 1/or sensor 2 (300 pL) were added. And the resulting solutions
were incubated at 37 °C. After 2 h, the corresponding fluorescence be-
tween 500 and 650 nm was measured by a Fluorescence Spectrometer
(Aex = 488 nm).

2.8. Detection of telomerase activity in cell by using fluorescence imaging

After A549 cells were seeded in a confocal dish and incubated for
24 h, the medium was removed, and then sensor 1, sensor 2 or pure
mimic-HCR system (without hybridized-DNA) was added and further
incubated with cells for another 6h, respectively. The fluorescence
microscopic images of cells were taken using a laser scanning confocal
microscope. Similarly, MCF-7, HepG2 or L929 cells were further de-
tected instead of A549 cells.

For the verification of the sensor's specificity, A549 cells in cell-
adhered dish were incubated with 60, 120, or 240 ugmL ™! epigallo-
catechin gallate (EGCG, a telomerase-inhibiting drug) for 24 h in ad-
vance. After that, sensor 2 was added and incubated with cells for an-
other 6 h. Finally, the cells were observed under fluorescent confocal
microscope.

3. Results and discussion
3.1. Synthesis and characterization of sensor 1 and sensor 2

As an important part of proposed biosensor, PG/CNSs were syn-
thesized by the facile adsorption-reduction method (Wang et al.,

2016a,b). To understand the morphology of the resulting PG/CNSs
nanocomposite, we performed TEM and SEM characterization. As
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shown in Fig. 1A and B, we can see that obtained PG/CNSs own the
uniform morphology with almost each surface covered by several gold
patches (the dark part) with the size of 60 nm. The average diameter of
whole particle is approximately 180 nm, and gold patches just occupy
the small area of the carbon nanosphere, which thus allows two dif-
ferent types of surface chemical modification to occur on the same
particle. Such characteristic structure is also verified by SEM image
(Fig. 1C), in which the bright gold patches resulting from the high
conductivity of Au and the dark carbon surface is spatially well-sepa-
rated. In order to analyze the chemical composition of PG/CNSs,
Fig. 1D gives the corresponding EDX spectrum, and it can be seen that
in addition to the Cu substrate, both Au and C species are present. The
UV-vis-NIR absorption of PG/CNSs is also given in Fig. 1E, and we can
find that there is the broad absorption between 600 nm and 850 nm
resulting from the formation of patch gold. Fig. 1F illustrates the FT-IR
spectrum of the resulting PG/CNSs. In.

Comparison with the spectrum of CNSs, it can be found that the
characteristic peak of C=0 group (1708 cm ') in CNSs disappears and
two new peaks appear. The absorption peak at about 1000-1200 cm ™!
can be attributed to C-N stretching vibration of PEI, and the absorption
peak at 1617 cm ™! is caused by stretching vibration of C=N groups
formed by the reaction between CHO groups of CNS and NH, groups of
PEL These evidences indicate the presence of PEI on the surface of PG/
CNSs. Therefore, it is expected that resulting PG/CNSs can be used for
the subsequent self-assembly of “hybridized-DNA” and H1/H2-DNA.

To better understand the PG/CNSs-based mimic-HCR strategy, the
sensor 1 is first fabricated by only binding “hybridized-DNA” to the
surface of patchy gold with the assistance of strong Au-S bonds. To
avoid the nonspecial adsorption of “hybridized-DNA” on other parts of
carbon nanosphere, the surface of PG/CNSs was further blocked by
mPEG-COOH modification through the reaction between amine group
of PEI and carboxyl group of mPEG-COOH before they are used for the
self-assembly of sensor 1. In comparison with PG/CNSs, the average
hydrodynamic size of mPEG-modified PG/CNSs increases from 180 nm
to 215nm (Fig. S2A, curve a, b), and the corresponding zeta potential
obviously decreases from +22.5 mV to +3.9 mV (Fig. S2B, a and b),
indicating that mPEG-COOH has been successfully grafted on the PG/
CNSs’ surface. “Hybridized-DNA” was bound to the surface of patchy
gold from PG/CNSs by incubating the mixture solution of “hybridized-
DNA” and mPEG-modified PG/CNSs at 4 °C for 12 h. According to the
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Fig. 2. (A) Fluorescence spectra of the sensor 1
(curve a), sensor 1 and dNTPs in the presence (curve
b) or absence (curve c) of telomerase; (B, C) Analysis
of gel electrophoresis for telomerase-triggered
Primer-DNA extension and Flare-DNA release. (1:
maker DNA, 2: Flare-DNA; 3: Primer-DNA; 4: HS-
DNA; 5: hybridized-DNA + dNTPs; 6: hybridized-

—100b

—75bpp DNA + dNTPs + telomerase); (D) Fluorescence re-
~—50bp covery after adding Trigger DNA (0, 10 15, 20, 25,
—25bp 35, 80, 120, 200 nM) into PG/CNSs mimic-HCR

system (75 pg mL ™~ 1), Insert: the plot of fluorescence
intensity recorded at 515 nm vs. the concentration of
Trigger DNA. (E) Analysis of gel electrophoresis for
Flare-DNA initiated mimic-HCR. (1: maker DNA, 2:
H1-DNA, 3: H1-DNA + H2-DNA, 4: H1-DNA + H2-
DNA+0.25 puM Flare-DNA, 5. H1-DNA + H2-
DNA+1 uM Flare-DNA, 6: H1-DNA + H2-
DNA+ 2.5 uM Flare-DNA after incubation for 2 h).

mercaptoethanol competing experiment, the amount of the hybridized-
DNA assembled on each PG/CNS is about 4480 (Fig. S3 gives the pro-
cess of determination) under the optimized experiment condition. After
the attachment of “hybridized-DNA”, the average hydrodynamic size of
resulting sensor 1 further increases to 226 nm (Figs. S2A and c), and the
corresponding zeta potential decreases to —8.4 mV (Figs. S2B and c).
In comparison with sensor 1, sensor 2 was fabricated by additionally
adsorbing H1/H2-DNA on residual parts of carbon nanosphere. In the
experiment, PG/CNSs without PEGylation were first incubated with
H1/H2-DNA. After the adsorption, the fluorescence intensity of the
supernatant was significantly reduced, indicating that H1/H2-DNA was
successfully adsorbed on the surface of PG/CNSs via electrostatic in-
teraction (Fig. S4C). According to the decrease in fluorescence in-
tensity, we deduce that the total amount of the H1/H2-DNA adsorbed
on each PG/CNS is about 14170 after optimizing the experiment con-
dition (Fig. S5 gives the process of determination). A similar synthetic
procedure to sensor 1 was next performed to attach “hybridized-DNA”
to H1/H2-DNA modified PG/CNSs. After the formation of sensor 2, the
final hydrodynamic size of resulting PG/CNS is about 208 nm (Fig. S4A,
curve c), and the zeta potential changes to —12.4 mV (Figs. S4B and c).

3.2. In vitro studies of telomerase activity with sensors

Before the evaluation of sensor 2, we first in vitro studied the re-
sponse of “hybridized-DNA”, which consists of HS-DNA/Primer-DNA/
Flare-DNA, to Telomerase with sensor 1. As mentioned above, the
fluorescence of Flare-DNA in sensor 1 is nearly quenched by Au due to
the FRET mechanism. Therefore, only a very small amount of fluores-
cence was detected in the aqueous solution containing sensor 1, as
shown in Fig. 2A (curve a). With the addition of telomerase and dNTP
into above solution, the fluorescence intensity is significantly enhanced
after 2h incubation, which suggests that Flare-DNA has dissociated
from sensor 1 successfully (curve b). In the control group, no obvious
increase in fluorescence intensity is observed when only dNTP is added
(curve c), further demonstrating that the release of Flare-DNA is in-
duced by the telomere-primer extension under the catalysis of Telo-
merase. To optimize the reaction condition, we also investigated the
effect of incubation time on the corresponding fluorescence intensity.
As shown in.

Fig. S6, with the increase in incubation time, the fluorescence
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intensity gradually increases and reaches the maximum in 70 min (line
b) after the addition of telomerase and dNTP. Meanwhile, it can be also
found that in the absence of telomerase, the fluorescence intensity has
no obvious change in the control group in 2h (line a), demonstrating
the good stability of sensor 1.

In addition, agarose gel electrophoresis was also performed to verify
the telomerase-triggered Primer-DNA extension and Flare-DNA release.
As shown in Fig. 2B, in comparison with single strand HS-DNA (lane 4),
“hybridized-DNA” (lane 5) has larger size and exhibits strong fluores-
cence due to the formation of double strand with Flare-DNA (lane 2)
and Primer-DNA (lane 3). However, “hybridized-DNA” incubated with
both dNTPs and telomerase (lane 6) shows more trailing than “hy-
bridized-DNA”, and the size of DNA piece which exhibits the fluores-
cence is similar to that of Flare-DNA, verifying the release of Flare-DNA
resulting from telomerase-triggered Primer-DNA extension.

We next investigated whether the released Flare-DNA could trigger
a cascade of the alternative hybridization of H1I-DNA and H2-DNA to
form the nicked double helices, further resulting in the signal amplifi-
cation, or not. To avoid the interference of FAM from Flare-DNA on the
fluorescence intensity resulting from the hybridization of H1/H2-DNA,
Trigger-DNA (with the same DNA sequence to Flare-DNA) was used.
With the introduction of increasing amount of the Trigger-DNA, the
intensity of the fluorescence linearly increases (Fig. 2D), indicating that
the mimic-HCR system can be used for the signal amplification.
Moreover, the Trigger-DNA induced-hybridization of H1/H2-DNA was
verified by gel electrophoresis. As shown in Fig. 2E, it can be seen that
most of H1/H2-DNA exist in the form of monomers before the addition
of Trigger-DNA. However, as the concentration of Trigger-DNA in-
creases, the trailing phenomenon of the gel becomes more and more
obvious and the luminance of the monomers is getting weaker and
weaker (from lines 4, 5, and 6), which indicates that the amount of
longer double helix structure is increasing and the corresponding
monomers is decreasing simultaneously. Therefore, it is concluded that
released Flare-DNA can be used for the initiation of the mimic-HCR.

3.3. In situ fluorescence imaging of intracellular telomerase activity

Before being used for the detection of telomerase activity in cells,
the cytotoxicity of sensor 2 was determined by MTT assay with MCF-
7 cells. Fig. S7 gives the MCF-7 cell viability after 24 h incubation with
various concentrations of sensor 2. It can be found that more than 95%
of MCF-7 cells are still alive even at high concentration of 1000 pg/mL,
indicating that the cytotoxicity of sensor 2 is negligible and it is suitable
for further detection of intracellular telomerase.

A549 cells with high telomerase activity were employed to in situ
evaluate the performance of sensor 2, and both sensor 1 and PG/CNSs
mimic-HCR sensor without the attachment of hybridized-DNA were
used as the control group, respectively. In the experiment, A549 cells
were first incubated with these sensors for 6 h, and then washed with
PBS to remove free nanoparticles. As shown in Fig. 3A, as for sensor 2, a
strong fluorescence is observed inside A549 cells when.

Compared with sensor 1, in which there is the relatively weak
fluorescence inside cells. However, in the case of A549 cells treated
with PG/CNSs mimic-HCR sensor without the attachment of hy-
bridized-DNA, almost no fluorescent signal is observed, indicating that
only mimic-HCR system can't lead to the fluorescence recovery. These
results comparatively demonstrate that the generation of fluorescence
inside cells treated with sensor 1 or sensor 2 is really induced by their
telomerase which leads to the release of Flare-DNA accompanied by the
opening of fluorescence signal (sensor 1) and the subsequent hy-
bridization of H1/H2-DNA in the mimic-HCR system (sensor 2). As
mentioned in the introduction, as for sensor 1, the fluorescence just
comes from the released Flare-DNA. However, the fluorescence as to
sensor 2 is further amplified by the subsequent hybridization of H1 and
H2-DNA. That is why the fluorescence inside cells treated with sensor 2
appears stronger than that inside cells treated with sensor 1. To verify
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the feasibility of the designed sensor for the detection of intracellular
telomerase, sensor 2 was also used to evaluate the telomerase activity in
another two different cancer cell lines HepG2 hepatocellular carcinoma
and MCF-7 breast cancer. As shown in Fig. 3 B and C, similar to that of
A549 cells, the fluorescence signal inside two different kinds of cells
after 6 h incubation with sensor 2 can be observed and is also stronger
than that inside cells treat with sensor 1. As we know, cancer cells al-
ways have high level of telomerase activity. Therefore, the results from
A549 cells, HepG2 hepatocellular carcinoma and MCF-7 breast cancer,
clearly demonstrate that obtained sensor 2 can enter into the cells,
release the Flare-DNA under the catalysis of telomerase, and further
amplify the signal via the HCR system.

As the control, sensor 2 was also incubated with normal cells L929
mouse fibroblasts cells and MCF-10A human mammary epithelial cells,
where telomerase is absent, respectively. As shown in Fig. S8, there is
no fluorescence signal under the confocal microscopy observation,
further verifying that the generation of fluorescence in cancer cells
incubated with sensor 2 can be attributed to the catalysis of telomerase.
Thus, the constructed sensor 2 possesses the ability of sensitively de-
tecting intracellular telomerase activity and of distinguishing cancer
cells from normal cells.

3.4. Sensitivity of DNA on PG/CNSs to nuclease degradation

As we know, discrete DNA fragment can usually be degraded by
intracellular nuclease. To investigate the stability of sensor 2 in phy-
siological environment, DNase I was added into PBS solution containing
sensor 2 to mimic this procedure. As shown in Fig. S9, there is the
negligible fluorescence recovery whether in the presence of sensor 2/
DNase I (line b) or sensor 2 alone in PBS (line a), indicating that no
fragments from Flare-DNA or H1/H2-DNA is released into the solution
and the oligonucleotides on the surface of PG/CNSs are highly resistant
to DNase I. In this work, hybridized-DNA and H1/H2-DNA are tethered
onto PG/CNSs via Au-S bond and electrostatic interaction, respectively.
And such high DNA density and shorter oligonucleotides might increase
protection of DNA against DNase I degradation. So, it is expected that
obtained sensor 2 has the good stability after entering the cell, which
provides the basis for its application in intracellular detection.

3.5. Investigation of the inhibitory effect of EGCG on intracellular
telomerase

To confirm the specificity of our sensor to intracellular telomerase
activity, sensor 2 was further employed for in situ evaluating the change
of intracellular telomerase activity in response to telomerase inhibitor
EGCG. In the experiment, A549 cells were pretreated with different
concentrations of EGCG, and then incubated with sensor 2 for 6 h. As
shown in Fig. 4, the fluorescence intensity from cells obviously de-
creases with increasing the concentration of EGCG, demonstrating that
sensor 2 has a good specificity to telomerase activity.

3.6. Fluorescence detection of telomerase activity in cell lysate with sensor 1
and sensor 2

We also comparatively examined the sensitivity of the proposed PG/
CNSs mimic-HCR sensor by detecting the telomerase activity in
A549 cell extracts with sensor 1 and sensor 2, respectively. As shown in
Fig. 5, the fluorescence signal increases linearly with the increasing of
cell numbers from 0 to 20000 cells when the sensor was incubated with
cell lysate and dNTPs for 2h. For sensor 1 (Fig. 5A), the fluorescence
signal only resulting from the dissociation of Flare-DNA on Au Patch is
relatively weak and the limit of detection (LOD) is about 520
A549 cells. By contrast, sensor 2 (Fig. 5B) shows the strong fluorescence
due to the integration between HCR-based signal amplification system
and Flare-DNA, and the LOD reaches about 280 A549 cells. In addition,
we also selected BSA, PDBF-BB, T4 ligase and heated telomerase as the



X. Wang, et al. Biosensors and Bioelectronics 137 (2019) 110-116

Fluorescence Bright Overlay Fluorescence Bright Overlay

A) A549 B) HepG2
p %]
a
- z
o) e}
2 8
] =
Q
%]
A%
(4]
T T 8
- w
i & N <
ol » B>
‘6 L
2] 2
= =
Q
A =
4 &
BT =
=)
<]
= %
o
£ g
3 2
© &)

Fig. 3. (A) Confocal microscopic images of A549 cells after incubation with sensor 1, sensor 2, and PG/CNSs mimic-HCR sensor without the attachment of hy-
bridized-DNA (control group); Confocal microscopic images of HepG2 (B) and MCF-7 (C) cells after incubation with sensor 1 and sensor 2.

possible interfering species based on the literature (Wang et al., 2019; interfering species were added. According to this result, we can find
Zhang et al., 2018) and further evaluated their interference on the that the constructed sensor 2 has the good specificity for the detection
detection of sensor 2. As shown in Fig. S10, no obvious increment in the of telomerase. So, it can be concluded that the HCR-based signal am-
fluorescence intensity was found in the control groups, where only plification has been well established in our work and the corresponding

Fluorescence Bright Overlay

Fig. 4. Confocal microscopic images of A549 cells after the treatment with different concentration of EGCG ((A) 50, (B) 100, (C) 200 ug/mL) and subsequent
incubation with sensor 2 for 6 h.
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Fig. 5. Fluorescence spectra of the detection system by using sensor 1 (A) and sensor 2 (B). The different amounts of telomerase extracts from 0, 1000, 2000, 4000,
5000, 7500, 15000, 20000 A549 cells (a—i). Inset: The fluorescence intensity at 515 nm vs. the number of cells.

sensor 2 can be used for the detection of intracellular telomerase ac-
tivity. When compared to other fluorescence assays for the detection of
telomerase (Table S2), this work has a wide linear range, a short de-
tection time, and especially can be used for in situ detection of telo-
merase in cell.

4. Conclusion

To conclude, in this work, an ultrasensitive fluorescence biosensor
was developed to detect the intracellular telomerase activity by the
combination of nanoflare and mimic HCR-based signal amplification
system on a single PG/CNS with Janus structure. The in vivo confocal
microscopy studies demonstrate that resulting sensor can enter into
cancer cells, such as A549 cells, HepG2 cells, and MCF-7 cells, and lead
to the increase in luminescence which is stronger than sensor without
the HCR-based signal amplification system. By detecting the telomerase
activity in A549 cell extracts, a linear relationship between the fluor-
escence intensity and the number of cells is observed, and the LOD of
sensor reaches about 280 A549 cells. Considering the fact that PG/CNSs
possess the good absorption in the range of 600 nm and 850 nm, it is
also expected that resulting sensor can not only be employed for in situ
monitoring the intracellular telomerase activity in cancer cells, but also
be used as the photothermal agent for the photothermal treatment of
cancer in future.
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