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ABSTRACT: This work designs a telomerase-responsive
mesoporous silica nanoparticle (MSN) to realize in situ
“off-on” imaging of intracellular telomerase activity. In the
wrapping DNA (O1) sealed MSN probe, a black hole
fluorescence quencher is covalently immobilized on the
inner walls of the mesopores, while fluorescein is loaded in
the mesopores. In the presence of telomerase and dNTPs,
the designed Ol can be extended and then moves away
from the MSN surface via forming a rigid hairpin-like
DNA structure. Thus the Ol can act as a “biogate” to
block and release fluorescein for “off-on” switchable
fluorescent imaging. The MSN probe exhibits good
performance for sensitive in situ tracking of telomerase
activity in living cells. The practicality of this protocol has
been verified by monitoring the change of cellular
telomerase activity in response to telomerase-related drugs.

Human telomerase is a ribonucleoprotein reverse tran-
scriptase adding repeated DNA sequence TTAGGG to
the 3’ end of telomeres." ™ In normal cells, as the telomerase
expression is repressed or absent, telomeres are progressively
shortened during each round of cell division. After their length
reaches thresholds, the cells stop dividing and reach the
senescent phase.* In cancer cells the overexpressed telomerase
can maintain the length of telomeres,’ leading to unlimited
cellular proliferation.”” Therefore, the analysis, particularly in
situ monitoring, of telomerase activity, is significant to cancer
diagnosis, therapy, and monitoring.®

Currently, a variety of methods have been used to probe
telomerase activity.” The most common method is polymerase
chain reaction (PCR)-based telomeric repeat amplification
protocol.'® This method suffers from the shortcoming of the
inhibition of polymerase in clinical sarnples.7’11 Therefore,
alternative PCR-free methods have been actively developed,
including biocatalytic precipitation-based electrochemical meth-
ods,"” optical detection using DNA beacons'® or two-color
coincidence,'* nanosensors,'>!¢ biobarcode technique,”’18 and
magnetic bead-based electrochemiluminescent detection," etc.
These works use cell extract for telomerase activity analysis,
thus failing to in situ detect and provide telomerase information
at single-cell levels. Although the visualization of human
telomerase reverse transcriptase promoter fragments® or
mRNA?! in single cells has been achieved, these technologies
cannot directly reflect the telomerase activity. Thus, in situ
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detection protocol for monitoring intracellular telomerase
activity has become an urgent need.

Nanomaterials have showed their powerful ability to
construct delivery platforms for intracellular research.””*
Mesoporous silica nanoparticle (MSN) is especially attractive
due to its unique pore structure, biocompatibility, and ease of
functionalization.”>** Particularly, the large pore volume and
surface area of MSN make it possible to load large numbers of
molecules.”® Thus this nanomaterial has been used as carrier of
pH,* redox potential,*’ light,”® and DNA-responsive*® probes
for controlled release. This work used MSN to assemble a
specially designed wrapping DNA (O1) as a biogate for the
design of a telomerase-responsive probe. The in situ synthesis
of telomeric repeats at the 3’ end of O1 led to the detachment
of Ol from the probe surface (Scheme 1). By entrapping
fluorescein in the mesopores of MSN and covalently
immobilizing black hole fluorescence quencher (BHQ) on

Scheme 1. Schematic Illustration of MSN Probe-Based
Intracellular Analysis of Telomerase

Telomerase

01

(TTAGGG)n

Off * Fluorescein *BHQ | 0 n

Telomerase mediated O1 extension, detachment & fluorescein release

Cell membrane

Received: June 27, 2013
Published: August 26, 2013

dx.doi.org/10.1021/ja406532e | J. Am. Chem. Soc. 2013, 135, 1328213285


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

the inner walls of the mesopores, the detachment of Ol
triggered the release of fluorescein, thus turned “on” its
fluorescence. This switchable probe provided a powerful
protocol for “off-on” fluorescent imaging of intracellular
telomerase activity.

The sequence of Ol was 5'-(CCCTAA),AATCCG
TCGAGC AGAGTT-3'. Here the underlined part was the
telomerase primer (TP). In the absence of telomerase, the O1
sealed MSN probe was at its “off” state due to the quenching
effect of the immobilized BHQ to the fluorescence fluorescein.
When the probe met telomerase, the O1 could be extended in
the presence of dNTPs, producing telomeric repeated sequence
atits 3’ end, which was just complementary with its 5’ end. The
hybridization of the complementary sequences at 5’ and 3’
ends produced a rigid hairpin-like DNA structure and led to the
detachment of the extended O1 from MSN and the release of
the entrapped fluorescein to turn “on” the fluorescence
(Scheme 1a). Using human cervical cells (HeLa) as a model,
MSN probe could be used as an intracellular delivery vehicle.
After MSN probe was taken in by cells, the fluorescence could
be activated with the action of intracellular telomerase (Scheme
1b). Through observation of the fluorescence signal, the in situ
tracking of intracellular telomerase activity could be achieved,
leading to a facile strategy for monitoring the change of cellular
telomerase activity in response to drugs. Compared with
existing methods using cell extracts for telomerase detection,
this work realized the convenient in situ imaging of telomerase
activity in living cells.

MSN was synthesized by a modified sol—gel procedure
(Supporting Information, SI).**** The nitrogen adsorption—
desorption isotherm indicated that MSN was porous with a 2
nm average pore diameter (Figure 1a). Dynamic light scattering
(DLS) experiment showed an average hydration diameter ~180
nm with a uniform distribution (Figure 1b). The porosity and
dimension of MSN reflected by transmission electron micro-
scopic (TEM) images were in good agreement with these data
(Figure 1c). After MSN was modified with 3-aminopropyl-
triethoxysilane (APTES) to present aminopropyl groups on the
wall of mesopores,”> BHQ_ could be covalently linked to the
wall. The MSN was then loaded with fluorescein to produce
fluorescein@MSN-BHQ, which was further wrapped by O1 to
obtain MSN probe (SI). Zeta-potential analysis indicated that

(@ [Low (b)1go
304=
o [Sef 1 80
o
- 2
] 20 § 60
. 7]
T 4
5 10 =
s =~ Adscrption 20
4 Desarption
o T T T T T T [1]
00 02 04 06 08 10 100 200 300 400
Reflative pressure (P/IPg) Size / nm

c
g
=

Zeta potential / mV
£ 883 53

Figure 1. (a) Nitrogen adsorption—desorption isotherm of MSN.
Inset: pore size distribution. (b) DLS characterization of MSN. (c)
TEM images of MSN. (d) Zeta-potentials of (A) MSN, (B) APTES-
MSN, (C) fluorescein@MSN-BHQ, and (D) MSN probe (1 mg
mL™!) in hybridization buffer (HB).

after APTES modification, the MSN became positively charged,
and the covalent linkage of BHQ followed with entrapping of
fluorescein slightly decreased the positive charge (Figure 1d).
The positively charged fluorescein@MSN-BHQ_ was demon-
strated to be beneficial for electrostatic adsorption of the
negatively charged O1 (Figure S1). The attachment of Ol
produced a negatively charged MSN probe.

MSN probe (dispersed in HB) displayed negligible
fluorescence, while the fluorescence of the fluorescein@MSN-
BHQ without O1 wrap became greater with an increasing time
due to the release of fluorescein from the mesopores (Figure
S2a,b), demonstrating the blocking function of O1. The
amount of fluorescein loaded in MSN probe was determined
to be 4.0 mg g~ MSN (Figure S3), indicating the high loading
capability of MSN due to its unique mesoporous structure. 02,
the complementary strand of O1, was used to test the “biogate”.
As predicted, upon incubation of MSN probe with O2, gradual
release of fluorescein was observed, which reached a maximum
value after 80 min (Figure S2c), slightly later than 60 min of
fluorescein@MSN-BHQ, demonstrating the hybridization-
induced detachment of O1l. This phenomenon was also
observed by detecting the fluorescence change of fluorescein-
labeled O1 wrapped APTES-modified MSN-BHQ upon
incubation with O2 (Figure Sla). To exclude the interference
of MSN, after incubating MSN probe with O2 for different
times, the supernatants were collected for fluorescent detection,
which showed the same tendency as that without separation of
MSN (Figure S2d). Moreover, O1 sealed MSN probe could
keep the controllable release feature and good particle stability
in different media (Figure S4), in which both the releasing
tendency and the particle size were similar to those in HB.

For evaluation of the telomerase-responsive release mecha-
nism, MSN probe was incubated with telomerase and dNTPs
for different times, and the supernatants were subjected to
fluorescent and UV—vis analysis (Supporting Information). A
gradual increase of fluorescein intensity with an increasing
incubation time was observed, and the fluorescent signal
reached the maximum value after 90 min (Figure 2a),
demonstrating the telomerase-induced release of fluorescein.
The extension of O1 caused by telomerase could be verified by
gel electrophoresis (Supporting Information). After incubating
MSN probe with telomerase and dNTPs for 1 h, the
supernatant showed an extended product of 70 bp (lane C in
Figure 2b), which was about 3 TTTGGG segments longer than
O1 (lane A in Figure 2b), and the corresponding UV—vis
spectrum showed a characteristic peak for DNA at 260 nm
(Figure 2c). Thus the UV—vis spectra could be used to detect
the concentrations of the detached DNA at different incubation
times. From the plot of the detached DNA concentration vs
reaction time (Figure SS5a), the reaction rate at each time point
could be obtained. The reaction rate was proportional to the
concentration of Ol as the substrate of telomerase (Figure
SSb), indicating a pseudo-first-order telomerase-catalyzed
reaction with the rate constant to be ~0.023 min~".

To verify the specificity of MSN probe to telomerase, a
control DNA, §'-(TTTTTT),-3'(03), was employed to
replace O1. After incubating O3 wrapped fluorescein@MSN-
BHQ with telomerase and dNTPs at different times, the
supernatants showed much lower fluorescence intensity than
those of the MSN probe, indicating negligible fluorescein
release (Figure S6) and that telomerase could recognize and
open only the biogate designed with OIl. Above results
demonstrated the telomerase-responsive controlled-release
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Figure 2. (a) Plot of fluorescence intensity of the supernatant
collected after incubating MSN probe with telomerase and dNTPs vs
incubation time. (b) Electrophoresis image of (A) O1, (B) supernatant
collected after incubating MSN probe with dNTPs and cell extract, or
(C) pure telomerase for 1 h, and (D) ladder DNA. (c) UV—vis
spectrum of the supernatant collected after incubating MSN probe
with telomerase and dNTPs for 1h. (d) Fluorescence spectra of the
supernatant collected after incubating MSN probe with (A) dNTPs
and cell extract and with (B) dNTPs and pure telomerase spiked in
cell extract for 1 h.

mechanism and the feasibility of specific “off-on” detection of
the telomerase activity.

Since telomerase was overexpressed in cancer cells, the cell
extract from HeLa cells was used for opening the biogate. The
resistance ability of MSN probe against nuclease cleavage and
single-stranded DNA binding protein (SSB) in HB and acidic
PBS was first examined, which showed little fluorescein release
(Figure S7),*° demonstrating the protective ability of MSN
against proteins coexisting in cell extract and acidic subcellular
environment. After the MSN probe was incubated with dNTPs
and cell extract for 1 h, the collected supernatant showed an
obvious electrophoresis band at the same position as the
telomerase-induced extension product of O1 (lane B in Figure
2b) and fluorescent spectrum of fluorescein (curve A in Figure
2d), verifying the presence of telomerase in cell extract to
trigger the extension and detachment of Ol. From the
fluorescent spectrum the activity of telomerase in the cell
extract from 1 X 10° HeLa cells was detected to be 3.1 X 10~
IU with a standard addition method (curve B in Figure 2d).

After treating with the MSN probe for 3 h, the HeLa cells
still maintained about 90.2% of the cell viability (Figure S8),
indicating low cytotoxicity of MSN probe. For in situ imaging,
HeLa cells (0.5 mL, 1 X 10° mL™") were cultured in a 20 mm
confocal dish for 24 h, and 15 uL MSN probe (1 mg mL™") was
then added in the dish to observe the fluorescence. Upon
addition of MSN probe, the cells did not show detectable
fluorescence within initial 30 min. After 50 min, fluorescence
emerged in the cytoplasm, and its intensity gradually increased
due to the release of fluorescein (Figure 3a). The fluorescence
intensity reached the maximum at 90 min. The confocal
microscopic images indicated that the fluorescence spots mainly
distributed in the cytoplasm nearby the nucleus, where
telomerase possesses high activity.' The internalization and
localization of MSN probe in cytoplasm were also observed
from the TEM images (Figure 3b,c). The endocytosis
regardless of cell types sharply depended on the temperature,
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Figure 3. (a) Time course of confocal image of HeLa cells incubated
with 15 uL MSN probe (1 mg mL™"). (b) and (c) TEM images of
MOSN internalized HeLa cells at two amplifications.

suggesting an energy-dependent endocytosis of the MSN probe
(Figure S9).”

Flow cytometry was also used to evaluate the release of
fluorescein mediated by telomerase in the cytoplasm. Under the
same incubation condition, the fluorescence intensity within
HeLa cells increased with the increasing incubation time and
reached a plateau at 1.5 h (Figure S10), which was in
agreement with the confocal microscopic results. For sensitively
detecting the cellular telomerase activity, the amount of MSN
probe (1 mg mL™") was optimized with flow cytometry to be
15 uL (Figure S11).

To demonstrate the specificity of the MSN probe for
telomerase activity detection in living cells, O3 wrapped
fluorescein@MSN-BHQ was used to perform the same test.
After incubation for 1.5 h, little fluorescence could be observed
(Figure S12a), demonstrating the specific recognition of
telomerase to the designed O1, which was further verified by
flow cytometric detection (Figure S12b).

The feasibility of the MSN probe for other cell lines was
demonstrated using BEL-7402 cells (liver cancer cells) and
QSG-7701 cells (liver normal cells) as the models. Greater
telomerase activity in cancer cells compared with normal cells
was observed (Figure S13a), which was further verified by flow
cytometric detection (Figure S13b). Thus the designed strategy
could be applied for various cell types and distinguishing cancer
cells from normal cells.

The MSN probe was further employed for in situ monitoring
the change of cellular telomerase activity after treated with
drugs. Telomerase sense oligodeoxynucleotide (SODN),
telomerase antisense oligodeoxynucleotide (ASODN), and
epigallocatechingallate (EGCG) were used as model drugs to
study the telomerase-inhibition effect in HeLa cells. After HeLa
cells (0.5 mL, 1 X 10® mL™!) were cultured with 60 uL SODN
(10 uM), 60 uL ASODN (10 uM), or 125 ug EGCG in
confocal dish for 48 h, 15 L MSN probe (1 mg mL™") was
added to the dish and incubated for 1.5 h to observe the
confocal image. The fluorescence intensity of SODN and
ASODN treated cells obviously decreased, and the fluorescence
of EGCG treated cells completely disappeared (Figure 4),
which was in good agreement with flow cytometric results
(Figure S14). Therefore, EGCG exhibited the most efficient
inhibition for telomerase.
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Figure 4. Confocal images of (a) control HeLa cells and HeLa cells
pretreated with (b) SODN, (c) ASODN; and (d) EGCG after
incubation with 15 yL MSN probe (1 mg mL™") for 1.5 h.

To obtain the calibration curve for quantification of
intracellular telomerase activity, HeLa cells treated with
different amounts of EGCG were subjected to telomerase kit
detection. The plot of fluorescence intensity obtained from the
confocal images of EGCG and then MSN probe treated cells vs
the telomerase activity obtained from telomerase kit showed a
linear relationship (Figure S1S5), leading to a noninvasive
quantification method for intracellular telomerase activity. The
telomerase activity was estimated to be 3.0 X 1075, 2.0 X 107%,
and 8.0 X 1077 IU for 1 X 10° HeLa, BEL, and QSG cells,
respectively.

In conclusion, a DNA-based biogate was fabricated on MSN
surface to produce a novel telomerase-responsive off-on
fluorescent probe for switchable fluorescent detection of
telomerase activity. This probe realized in situ tracking of
intracellular telomerase activity with good performance and
could distinguish various cells with different levels of telomerase
activity. The proposed strategy could be employed for
monitoring the change of intracellular telomerase activity in
response to telomerase-based drugs. We anticipate that this
strategy will accelerate the understanding of the biological roles
of telomerase in cancer and provide a valuable tool for in vivo
clinical diagnostics and discovery of novel telomerase-based

drugs.
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