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Abstract: Telomeres play a key role in maintaining chromosome stability and cellular
aging. They consist of repetitive DNA sequences that protect chromosome ends and
regulate cell division. Telomerase is a reverse transcriptase enzyme counteracts the natural
shortening of telomeres during cell division by extending them. Its activity is pivotal in
stem cells and cancer cells but absent in most normal somatic cells. Recent advances in
biosensor technologies have facilitated the in situ detection of telomerase activity, which is
essential for understanding its role in aging and cancer. Techniques such as fluorescence,
electrochemistry, and DNA nanotechnology are now being employed to monitor telomerase
activity in living cells, providing real-time insights into cellular processes. DNA-based
biosensors, especially those incorporating molecular beacons, DNA walkers, and logic
gates, have shown promise for enhancing sensitivity and specificity in telomerase imaging.
These approaches also facilitate the simultaneous analysis of related cellular pathways,
offering potential applications in early cancer detection and precision therapies. This
review explores recent developments in intracellular telomerase imaging, highlighting
innovative approaches such as DNA-functionalized nanoparticles and multi-channel logic
systems, which offer non-invasive, real-time detection of telomerase activity in complex
cellular environments.

Keywords: telomerase activity; single-cell imaging; DNA probe

1. Introduction
The concept of telomeres dates back to the 1930s, when geneticists Barbara McClintock

and Hermann J. Muller first proposed the idea [1]. In the 1980s, with the determination
of the human telomere sequence, researchers uncovered the functions of telomeres and
telomerase, establishing a connection between telomeres and cellular aging [2,3]. Human
telomere DNA is a repetitive sequence of TTAGGG approximately 5–15 kb in length at
the end of chromosomes [4]. The telomere has a DNA architecture comprising a double-
stranded DNA (dsDNA) region several kilobases long and ending with a single-stranded
3′ tail known as the G-overhang [5]. In mammals, telomeric DNA appears regularly at the
ends of chromosomes and is highly polymorphic within the population, which is character-
istic of periodic sequences [6–9]. The DNA sequence of telomere repeats can interact with
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the Shelterin protein complex, which consists of six telomere-binding proteins, ultimately
forming a lock-like structure (t-loop) that further protects the telomere end [10,11]. Telom-
ere length is highly heterogeneous, even within a single cell [12]. During cell proliferation,
telomeres gradually shorten due to events such as delayed chain replication, oxidative
damage, nucleic acid excision, and other processes [13,14]. When telomere length shortens
to a certain level, cell proliferation disrupts normal DNA segments, and these lesions accu-
mulate to a point that leads to apoptosis [15,16]. Therefore, telomere length maintenance
plays an important role in cell biology, and its deregulation can lead to premature aging
and cancer [17].

Telomerase was first cloned in 1997 [18]. It is a reverse transcriptase enzyme that is
made of Ribonucleoprotein and can use its own RNA as a template to extend telomere
DNA [19]. Human telomerase consists of non-coding human telomerase RNA (hTR,
also called hTER or hTERC) and human telomerase reverse transcriptase (hTERT) [20,21].
Commonly, immortalized cells and cancer cells usually have high telomerase activity [22].
TERT is rarely detected in normal human cells, except in embryonic, germ, and stem
cells [23].

For the majority, hTR contains a total of 451 nucleotides, and longer forms of this
transcript have been reported [24,25]. It tethers the telomerase and includes two distinct
functional lobes: a catalytic core and a Hinge and ACA (H/ACA) box RNP [26]. In
the catalytic core, the pseudoknot/core domain is essential for telomerase activity and
containing the template sequence [27]. Additionally, conserved regions 4 and 5 (CR4/CR5)
are crucial for TERT association [28,29]. During telomere synthesis, the non-template part
of hTR plays an important role, including translocation between nucleus and cytoplasm,
for example, a Cajal body localization factor, TCAB1 [30]. The primary function of hTR
is to provide the RNA template for DNA synthesis [31]. Telomerase utilizes this intrinsic
template to synthesize telomeric DNA repeats, adding new telomere sequences during
each cell cycle [32]. In normal cells, hTR is commonly expressed as lncRNA [33]. But it
should be noted that previous studies revealed that hTR levels do not always correlate with
detected telomerase activity, as some tumors express telomerase RNA but lack telomerase
activity [34].

hTERT, consisting of 1132 amino acids, contains four telomerase-specific motifs: the
telomerase essential N-terminal (TEN) domain, the TERT RNA-binding domain (TRBD),
the reverse transcriptase (RT) domain, and the C-terminal extension (CTE) [35,36]. The
process of telomere elongation involves multiple proteins and precise regulation [37]. The
TEN domains of TERT serve as an anchor for binding to telomeric DNA, initiating the
primer–template interaction required for telomere elongation. The CTE and TRBD domains
simultaneously interact with the CR4/5 domain of hTR [38,39]. This interaction ensures
proper positioning of the TERT domain after TPP1 (the component of Shelterin) binds to
the TEN domain, allowing the anchor site to engage the DNA substrate [27]. However, the
composition of the telomerase protein varies greatly between species [40,41]. For example,
Caenorhabditis elegans, Caenorhabditis briggsae, and Caenorhabditis remanei seem to be missing
this structure [42].

Biosensors play an important role in early diagnosis of diseases. A large number of
studies have been developed to characterize and quantify telomerase activity, including the
polymerase chain reaction (PCR)-based telomeric repeat amplification (TRAP) protocol [43]
and PCR-free methods, such as colorimetry [44], fluorescence [45], electrochemistry [46,47],
chemiluminescence [48], enzyme-linked immunosorbent assay (ELISA) [49,50], dark-field
microscopy (DFM) [51], and so on. Polymerase chain reaction (PCR) and isothermal DNA
amplification require large amounts of a cell and cell lysis, resulting in the loss of cells
and intracellular targets [52]. However, due to the difficulty of probe entry into cells
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and interference from complex environments, most applications focus on the detection of
telomerase extracted from lysis, urine samples, or tissue samples [53]. These samples often
contain high concentrations of proteins or other complex matrices, which can lead to false
results [54,55]. Immobilization of cells requires complex pre-processing steps, including
formamide, T4 DNA ligase, and DNA ligase and RNase inhibitor, and does not respond to
the physiological activity of the cells in real time. Therefore, in situ detection of telomerase
activity remains essential for understanding its critical role in physiological processes. DNA
is a highly stable polymer that is easy to synthesize and program, has a long shelf life,
and offers low production costs, making it an ideal building block for the assembly of
nanomaterials and targeting biomolecules [56,57]. Recently, various advanced methods
based on DNA sequences have been developed for the direct imaging of intracellular
telomerase activity in living cells. These methods offer a non-invasive, real-time approach
to better understand telomerase-related carcinogenesis and accurately evaluate and guide
anticancer treatments. Currently, in situ imaging techniques primarily detect two types
of targets, single-stranded DNA binding to the hTR template and double-stranded DNA
resulting from the extension of the telomerase template, both serving as markers of telom-
erase protein. This review summarizes recent advancements in intracellular telomerase in
situ imaging based on DNA nanotechnology, including associated telomere elongation and
repair pathways, as well as key proteins involved.

2. Fluorescence-Based Imaging and Nanomaterial-Assisted Delivery for
In Situ Telomerase Activity Detection

Fluorescence imaging has emerged as one of the most popular imaging methods
because of its high sensitivity, easy operation, and good repeatability [58]. Nucleic acid
probes that feature fluorescent signals hold great promise for detecting biomolecular
interactions because of their high affinity for target sequences and minimal interference with
other components [59]. One notable application is the use of fluorescent RNA probes for
cell imaging, as demonstrated by Li et al. They developed a spatially confined fluorescent
RNA probe for in situ imaging, generated through cascaded rolling circle transcription
and DNA fixation [60]. In the presence of hTR, P1 was circularized and used as a template
for T7 RNA polymerase, generating long RNA that opened HP regions. The unfolded
HP hybridized with P2, producing spinach RNA aptamers, which, upon DFHBI insertion,
generated an enhanced fluorescent signal. Due to the rigid steric hindrance, the probe
showed good nuclease resistance. However, the sample requires complex pre-processing
steps, including formamide, T4 DNA ligase, and DNA ligase and RNase inhibitor. In
addition, the immobilized cells do not respond to the physiological activity of the cells in
real time.

A widely used alternative method for telomerase activity detection is in situ
fluorescence-based imaging, which tracks changes in the fluorescence signal of DNA
extension sequences during telomerase-mediated elongation. However, naked DNA faces
challenges in penetrating the cell membrane due to its anionic nature, as well as issues
with lysosomal degradation and traversal of the nuclear pore [61]. To enhance the efficient
intracellular delivery of DNA structures, liposome vectors were employed [62–64]. Wang
et al. encapsulated DNA molecular beacons (MBs) into cationic liposomes with modifica-
tion of nucleolin-specific aptamer AS1411 (Figure 1a). A single DNA MB can be rapidly
self-assembled into a DNA dendrimer nanostructure by a single trigger step, which can be
used for multistage fluorescence signal amplification and greatly simplifies the response
process of the nanostructure [65]. Lipofectamine reagents are also widely used in delivering
designed DNA fragments [66].
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Most liposome/DNA delivery complexes are often trapped in endosomes and lyso-
somes after endocytosis, and many of these enzymes impair probe stability [67]. To address
the initial problem of low uptake efficiency of DNA probes limiting detection sensitivity,
various nanomaterial-based delivery systems have been developed. Other DNA function-
alized nanomaterials are important tools for detection and controllable preparation, which
have attracted more and more attention due to their potential applications in life sciences
and nanomedicine. Qian et al. used mesoporous silicon dioxide nanoparticles (MSNs)
as fluorescein carriers for fluorescent telomerase imaging [68]. The large pore volume
and dissipation of MSNs enable them to load a large number of molecules. By trapping
fluorescein in the mesopore of MSNs and covalently attaching the black hole fluorescence
quenching agent (BHQ) to the inner wall of the mesopore, the detachment of DNA (O1)
triggered fluorescein release, thereby ’turning on’ its fluorescence (Figure 1b).

Gold nanoparticles (AuNPs) are considered ideal materials for intracellular target
analysis and cell imaging due to their ability to immobilize and protect DNA, as well as their
unique bio-compatibility [69]. In addition, as a quencher of fluorescent dyes via fluorescence
resonance energy transfer (FRET), AuNPs enable the quantification and monitoring of
telomerase activity in living cells using a one-step incubation technique (Figure 1c) [70].
To mitigate rapid photobleaching and autofluorescence of certain endogenous molecules,
Zhao et al. employed bimetallic Au@Ag nanostructures as substrates that enhance surface-
enhanced Raman scattering (SERS) while quenching fluorescence (Figure 1d). Telomerase
initiated the extension of the primer chain, leading to the displacement of the Rhodamine
6G (R6G)-modified complementary strand through DNA strand displacement. This process
restored fluorescence and diminished the SERS signal. Both the fluorescence intensity of
R6G and the ratio of SERS-active molecule 4-p-mercaptobenzoic acid to R6G enabled in
situ imaging and quantification of intracellular telomerase activity [71].

Additionally, the appropriate carrier can serve as a platform for precision therapy by
leveraging the effects of metal ions on physiological activities. MnO2 nanoplates have been
used as nanocarriers as they not only protect DNA from degradation but also serve as a
DNAzyme donor for Mn2+ for gene silencing (Figure 1e) [72]. Another example is platinum
nanoparticles (PtNPs), which can be assembled with DNA icosahedra (PtNPs@DNA). These
nanostructures entered the nucleus and induced DNA damage and cell death through the
release of Pt ions. This platform holds great potential for targeted therapeutic applications
in cancer, playing a dual role in both detection and treatment [73].
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Figure 1. Schematic illustrations of advanced nanodevices for telomerase activity imaging detection.
(a) Schematic of a single-molecule beacon-based arborescent nanoassembly for one-step in situ quan-
tification of telomerase activity [65]. Copyright © 2024 American Chemical Society. (b) Schematic illus-
tration of MSN probe-based intracellular analysis for telomerase activity detection [68]. Copyright ©
2013 American Chemical Society. (c) Schematic illustration of nicked molecular beacon-functionalized
gold nanoparticle probes for in situ analysis of intracellular telomerase activity [69]. Copyright ©
2014 American Chemical Society. (d) Schematic of the target-activated fluorescence–SERS dual-signal
imaging strategy for monitoring intracellular telomerase activity [70]. Copyright © 2023 Elsevier B.V.
(e) Schematic of the synthesis of the DNA-MnO2 theranostic nanodevice and its synergistic effect in
cancer cells [72]. Copyright © 2020 Royal Society of Chemistry.

3. Luminescent Nanomaterials for Enhanced In Situ Telomerase
Activity Detection

Other luminescent materials, such as quantum dots (QDs), metal nanomaterials, and
various fluorescent materials, are being actively investigated for their enhanced lumines-
cence properties. In particular, QDs are considered ideal alternative substitutes for organic
fluorophores. QDs are semiconductor nanocrystalline materials with tunable emission, high
quantum yield and extinction coefficient, long fluorescence lifetime, and photobleaching
resistance [74,75]. These properties make QDs promising candidates for bioimaging and
biosensing applications. For example, Ma et al. modified hairpin DNA with CdTe:Zn2+ QDs
functionalized by a phosphorothioate, where QDs acted as a fluorophore [76]. Similarly,
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Zhang et al. developed a novel self-assembled QD sensor directed by an entropy-driven
reaction (Figure 2a). The assay system used two single-stranded DNAs (telomerase primer
and fuel) and a triplex DNA (linker, blocker-1, blocker-2). In the presence of telomerase, the
primer was extended, displacing blocker-1 and triggering DNA circuit amplification. This
generated a Cy5-labeled DNA duplex that self-assembled on the 605QD surface, enabling
FRET-based telomerase detection for real-time imaging in living cells without the need for
separation or washing [77].

In an alternative approach, Jia et al. designed an amphiphilic nucleic acid probe with
only fluorophore based on the aggregation-caused quenching (ACQ) effect (Figure 2b) [78].
When a hydrophilic DNA primer bound to the target, the dispersion of the hydrophobic flu-
orophore was enhanced, thereby increasing the fluorescent signal. In addition, the smaller
molecular weight of the monomer compared to the DNA primer further aids in efficient
signal amplification. Zhuang et al. combined positively charged aggregation-induced emis-
sion (AIE) dyes with substrate oligonucleotides to achieve in situ luminescence imaging
and detection of telomerase activity in cells (Figure 2c) [79]. The positively charged AIE
dye can bind to a negatively charged primer sequence. After the telomerase sequence
was extended, the fluorescence signal could be turned on at the far end of the quench-
ing agent. An AIEgens-modified probe (TPE-Py-DNA) served as a fluorescent reporter,
and exonuclease III (Exo III) was used as a signal amplifier to detect telomerase activity
(Figure 2d). After the extension of repeated sequences by telomerase, the released hy-
drophobic TPE-Py aggregated together and produced a related fluorescence signal, and the
liberated product hybridized with another TPE-Py-DNA probe to start the second cycle [80].
Metal nanoclusters with AIE properties are also increasingly applied in telomerase activity
detection. These nanoclusters offer excellent photostability in the intracellular environment,
longer-wavelength emission, and efficient cell entry [81,82]. With sizes comparable to
the electron Fermi wavelength, metal nanoclusters exhibit discrete electronic states and
size-dependent fluorescence [83]. Due to their small size, facile synthesis, and excellent
photostability, they have become widely utilized in fluorescence imaging applications [84].
Dong et al. developed an in situ biosynthetic method for oligonucleotide silver nanoclusters
(AgNCs) (Figure 2e) [85]. AgNCs were synthesized using endogenous Glutathione (GSH);
then, AgNO3 was used as a precursor of the nanocluster, and the oligonucleotide of the
cytosine (C) base served as a template. Because of the specific recognition ability between
the G and C bases, the weak fluorescence of AgNCs became bright red emission when
the nanocluster approached the guanine (G)-rich stem elongation product (TTAGGG)n.
Similarly, Ran et al. exploited AIE to suppress the vibration and rotation of AuNC-DNA
complexes, thus decreasing the rapid non-radiation deactivation and enhancing the ligand-
to-metal charge transfer (Figure 2f). As a result, the fluorescence of the AuNCs could
be enhanced, presenting AIE activity, making them promising candidates for telomerase
activity detection [86].
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Figure 2. Advanced nanomaterial-based strategies for in situ telomerase activity detection and imag-
ing. (a) Schematic of an entropy-driven self-assembly QD sensor for telomerase detection [77]. *: Com-
plementary sequences to the blocker. Copyright © 2022 American Chemical Society. (b) Schematic of
the ANAP for in situ detection of intracellular telomerase activity [78]. Copyright © 2016 American
Chemical Society. (c) Schematic of AIE-based in situ detection and imaging of telomerase activ-
ity [79]. Copyright © 2016 American Chemical Society. (d) Schematic of a quadratic amplification
strategy involving telomerase elongation and Exo III-assisted reaction [80]. Copyright © 2017 El-
sevier B.V. (e) Schematic of AgNC biosynthesis for in situ imaging and biosensing of telomerase
activity [85]. Copyright © 2017 American Chemical Society. (f) Illustration of telomerase-triggered
DNA substitution and hybridization, leading to nanocluster assembly for visualizing telomerase
activity [86].
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4. Programmable DNA Systems for Cancer Diagnostics and Biosensing
4.1. DNA Logic Gates for Multi-Target Detection

Functioning as computational modules, logic gates process two or more inputs to
perform specific operations and generate corresponding output signals. The concept of
DNA logic gates gained significant attention in 1994, when DNA oligonucleotides were first
used to perform logical operations and solve complex mathematical problems, sparking
interest in developing biological logic gates [87]. DNA logic gates are capable of performing
Boolean logic operations, which allow for the simultaneous detection of multiple tumor
markers [88,89]. A signal is triggered only when all input conditions are met, offering a
powerful tool for diagnostic applications.

Wang et al. employed DNA-based calculations of intracellular telomerase activity
to construct a cascaded nucleic acid logic gate in response to intracellular telomerase
(Figure 3A) [90]. The proposed strategy can be regarded as a cascaded logic circuit con-
sisting of a YES gate and an AND gate. Telomerase substrate (TS) probes, which extend
from intracellular telomerase, initiated the computational cascade as input in the first YES
gate. The second input consisted of a partially complementary strand of the fluorophore-
modified GF strand, which separated the fluorophore and quencher-modified DNA duplex,
generating a fluorescence signal when the conditions were met. In this work, a single input
element of telomerase was used to construct AND gates, which can successfully distinguish
tumor cells from normal cells.

Jiang et al. introduced a dual-input design for the simultaneous analysis of telomerase
activity and miRNAs (Figure 3B) [91]. In the OR gate, incompletely complementary double
strands were displaced either by telomerase-catalyzed elongation or miRNA-mediated
strands, releasing single-stranded DNA to initiate the subsequent HCR reaction. In the
AND gate, the telomerase extension sequence alone could not release single-stranded DNA
from the three-way junction structure unless miRNA was also present. This dual-input
design enabled the system to differentiate between various biomarkers in a single reaction.
In addition to telomerase, Apurinic/Apyrimidinic endonuclease 1 (APE1, also called Ref-1)
is an essential enzyme in the base excision repair pathway [92]. APE1 plays a role in
telomere protection, and its deficiency is linked to telomere dysfunction and segregation
defects in immortalized cells [93]. These cells maintain telomeres through mechanisms such
as the alternative lengthening of telomeres (ALT) pathway [94,95]. It has been reported
that both telomerase and APE1 are overexpressed in various cancer cells [96,97]. Fan et al.
constructed a DNA fluorescence reporter based on a FRET DNA probe and nanoparticles
with a cationic polymer shell to visualize the enzymatic activity of APE1 and telomerase
(Figure 3C) [98]. This design enabled the two enzymes to be recognized and manipulated
in an orthogonal manner without interference. In the presence of APE1, the AP site was
rapidly cleaved, and the sequences elongated by telomerase complemented and formed a
more stable DNA hairpin structure, inducing dissociation of the lysed strand, and realized
AND-gate-controlled imaging of the two enzyme activities. Zhang et al. engineered this
process on two gold nanoparticles of different sizes and designed a toehold-mediated
strand displacement (TMSD) DNA nanomachine for simultaneous analysis of intracellular
telomerase and APE1 (Figure 3D). In the presence of APE1, the intermediate ABW was
unlocked and the telomerase toehold domain was exposed, which further triggered the
accumulation of fluorescent signals [99].

In more complex applications, Zhu et al. constructed nanomachines with a contin-
uous triple AND logic gate targeting the tumor microenvironment (TME), incorporating
three distinct modules modified onto AuNPs, where fluorescence was initially quenched
(Figure 3E). In the first logic process, tumor cells secrete matrix metalloproteinases (MMPs)
during metastasis, cleaving the substrate peptides (P) and enabling DNA nanomachines
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to enter the cells. Telomerase catalyzed primer extension, releasing a fuel strand and
restoring the Cy3 fluorescence signal. This exposed a new toehold domain, which, upon
interaction with miRNA-21, activated a secondary gate and released the Cy5 fluorescence
signal. APE1 cleavage allowed the target (D) to be re-released, amplifying fluorescence
and signal output [100]. This triple-input system enabled the detection of multiple cellular
signals simultaneously, offering a sophisticated method for achieving understanding and
diagnosis of tumor behavior in real time.
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4.2. DNA Walkers in Multi-Target Biosensing

Due to their advantages of simple preparation, controllability, and predictability, DNA
machines, such as DNA walkers, have been widely used in biosensors [101]. Programmable
DNA structures can be designed into arbitrary shapes and controllable motions, which
profit the construction of dynamic DNA nanodevices suitable for molecular-level move-
ment [102]. The typical DNA walkers consist of three main elements: the driving forces, the
walking strands, and the walking tracks [103]. The attachment of a target breaks the initial
equilibriums of DNA walkers, driving the movement of the walking track and amplifying
the signal output [104,105].

In biological processes like cell senescence and apoptosis, various proteins and DNA
participate in the regulation and progression of these processes. Telomerase and flap
endonuclease 1 (FEN1) are tumor marker enzymes closely related to the regulation of
tumor progression and work in coordination [106–108]. FEN1 is involved in lagging
strand DNA replication and base excision repair, playing a crucial role in maintaining
genome stability in cancer cells. To monitor the activity of telomerase and FEN1 in living
cells, Wang et al. proposed an in situ tracking-generated DNA walker for AND-gate logic
imaging of these enzymes [109]. After the primer strands were elongated by telomerase, the
walking strand hybridized to the tracks, invading the double-stranded track to form a triple-
base overlapping structure, which could be specifically recognized by FEN1 (Figure 4a).
Wang et al. designed a DNA walker on AuNPs using telomerase prolongation, which
was triggered by APE1 [110]. APE1 played a crucial role as both a switch to initiate
telomerase-mediated DNA elongation and a driver for the autonomous motion of the DNA
nanomachine. APE1 cleaved the reporter probe, releasing a Cy5-labeled fragment from
the AuNP. Simultaneously, the base-pairing instability between the remaining domain of
the reporter probe caused the arm to swing, which then bound to a nearby reporter probe,
initiating the next cleavage cycle (Figure 4b).

DNAzyme, first reported by Breaker and Joyce in 1994, is an artificially selected
DNA sequence with catalytic functions [111]. With the addition of cofactors, DNAzymes
will be primed and used for specific cleavage of DNA sequences [112]. Through the
exponential enrichment (SELEX) technique, various DNAzymes have been developed as
key components of biosensors, offering high affinity for specific targets and high selectivity
against interference [113]. By combing DNAzyme with DNA walkers, Zhao et al. achieved
high-sensitivity recognition of tumor cells versus normal cells [114]. This combination
allowed the DNAzyme to confine reaction probes to nanoparticles, improving the efficiency
of probe delivery into cells and stabilizing their local concentration [115]. The extension of
the TP sequence caused by telomerase activated the swing arm and initiated the cleavage
of the substrate in the presence of Mn2+. The cleavage fragments then hybridized with
another intact substrate on AuNPs, triggering another cycle of cleavage, release, and
hybridization reactions (Figure 4c). Furthermore, p53 is a crucial tumor suppressor protein
that regulates the cell cycle in human cells and is the most frequently mutated gene in
cancer [116,117]. Mutations in p53 inactivate its tumor-suppressing function in about half
of all cancers, promoting carcinogenesis and providing a growth advantage to cancer cells
over normal cells [118,119]. Zhou et al. used the DNAzyme-powered DNA walker to
visualize the cooperative expression of mutant p53 and telomerase in living cells [120]. The
mutant p53 (Mup53)-activated unlocked substrates cleaved the substrate, triggering Cy5
fluorescence with Zn2+. Telomerase primer (TSP) extension generated repeat sequences
that opened the locking loop in the presence of Mg2+, reactivating the DNAzyme. This
substrate cleavage resulted in fluorescence recovery of FAM. The DNAzyme walking chain
can continuously and autonomously cleave the corresponding substrate in the presence of
metal ions, generating numerous fluorescent fragments (Figure 4d).



Chemosensors 2025, 13, 17 11 of 17Chemosensors 2025, 13, x  11 of 17 
 

 

 

Figure 4. DNA nanomachines for real-time monitoring of telomerase and related enzyme activities 
in living cells. (a) Schematic of AND-gate DNA walker for imaging TE and FEN1 activities in single 
living cells [109]. Copyright © 2024 American Chemical Society. (b) Schematic of DNA nanomachine 
self-assembly, APE1 cleavage, and real-time telomerase imaging [110]. Copyright © 2024 American 
Chemical Society. (c) Schematic of TE-activated DNAzyme motor for monitoring telomerase activity 
in living cells [114]. Copyright © 2022 Elsevier B.V. (d) Schematic of DNAzyme-powered walker for 
mup53 and telomerase detection in living cancer cells [120]. Copyright © 2023 American Chemical 
Society. 

5. Conclusions 
Recent advancements in telomere and telomerase research have highlighted their 

crucial roles in cellular aging, cancer, and chromosomal stability. This review summarizes 
innovative biosensing techniques for monitoring and understanding telomerase activity 
in living cells. These methods, including fluorescence imaging, electrochemical sensors, 

Figure 4. DNA nanomachines for real-time monitoring of telomerase and related enzyme activities
in living cells. (a) Schematic of AND-gate DNA walker for imaging TE and FEN1 activities in
single living cells [109]. Copyright © 2024 American Chemical Society. (b) Schematic of DNA
nanomachine self-assembly, APE1 cleavage, and real-time telomerase imaging [110]. Copyright ©
2024 American Chemical Society. (c) Schematic of TE-activated DNAzyme motor for monitoring
telomerase activity in living cells [114]. Copyright © 2022 Elsevier B.V. (d) Schematic of DNAzyme-
powered walker for mup53 and telomerase detection in living cancer cells [120]. Copyright © 2023
American Chemical Society.

5. Conclusions
Recent advancements in telomere and telomerase research have highlighted their

crucial roles in cellular aging, cancer, and chromosomal stability. This review summarizes
innovative biosensing techniques for monitoring and understanding telomerase activity
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in living cells. These methods, including fluorescence imaging, electrochemical sensors,
and DNA nanotechnology, enable in situ detection of telomerase activity, avoiding the
need for cell extraction or lysis and addressing some of the limitations of conventional
techniques. In addition, DNA-based biosensors have demonstrated high sensitivity and
specificity in simultaneous monitoring of related cellular pathways. Through ingenious
design, DNA probes have been endowed with the ability to store a lot of information and
differentiate cells more precisely. Thus, these advanced biosensing strategies also support
the development of precision therapies, providing the foundation for personalized cancer
diagnostics and treatment. Future research will likely focus on the following areas:

1. Enhancing the real-time monitoring capabilities of biosensors: Integrating advanced
nanomaterials with DNA-based probes holds significant potential to improve detec-
tion efficiency. Additionally, developing non-invasive imaging techniques for in vivo
applications will be critical for clinical translation. However, there remains consider-
able potential for improving the biological safety and efficiency of delivery materials,
which will aid in better understanding telomerase behavior throughout the cell cycle.

2. Developing innovative DNA probes: Due to the limited detection fragments of telom-
erase DNA, further development of probes targeting other sequences is needed. This
can be achieved by analyzing and understanding telomerase-related DNA, allowing
for more accurate detection of telomerase activity.

3. Expanding multiplexed biosensing systems: Although it is now possible to distinguish
normal cells from cancer cells, accurately differentiating between various cancer cell
types remains challenging. Detecting telomerase activity alongside other biomarkers
could offer deeper insights into telomerase’s role in aging and disease and provide
new strategies for precise, cell-line-targeted therapies.
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