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We successfully fabricated threose nucleic acid (TNA)-based
probes for real-timemonitoring of target miRNA levels in cells.
Our TNA probe is comprised of a fluorophore-labeled TNA re-
porter strand by partially hybridizing to a quencher-labeled
TNA that is designed to be antisense to a target RNA transcript;
this results in effective quenching of its fluorescence. In the
presence of RNA targets, the antisense capture sequence of
the TNA binds to targeted transcripts to form longer, thermo-
dynamic stable duplexes. This binding event displaces the re-
porter strand from the quencher resulting in a discrete
“turning-on” of the fluorescence. Our TNA probe is highly spe-
cific and selective toward target miRNA and is able to distin-
guish one to two base mismatches in the target RNA.
Compared with DNA probes, our TNA probes exhibited favor-
able nuclease stability, thermal stability, and exceptional stor-
age ability for long-term cellular studies. Our TNA probes
are efficiently taken up by cells with negligible cytotoxicity
for dynamic detection of target miRNAs and can also differen-
tiate the distinct target miRNA expression levels in different
cell lines. This work illuminates for using TNA as a building
component to construct a biocompatible probe for miRNA
detection that offers alternative molecular reagents for
miRNA-related diagnostics.

INTRODUCTION
MicroRNAs (miRNAs), a class of small non-coding RNA molecules
of approximately 21–23 nucleotides in length, regulates the post-tran-
scriptional gene expression via selective messenger RNA (mRNA)
silencing.1,2 Altered expression of miRNAs leads to pathological pro-
gression because various biological activities, including cell prolifera-
tion, differentiation, and apoptosis, are associated with miRNAs.3

Thus, the expression of certain miRNAs is considered a potential
biomarker in the diagnosis and prognosis of diseases; for example,
cancer. Conventional techniques for miRNA analysis in homoge-
neous solutions, such as quantitative reverse transcription polymerase
chain reaction (qRT-PCR), northern blotting, microarrays, and next-
generation sequencing (NGS), have been widely used.4,5 However,
these analytical methods still have shortcomings that seriously
hamper their practical applications. For instance, complex RNA
extraction steps are involved in detecting relative miRNA in bulk
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samples. The pooling of miRNA from cell lysates makes it incapable
of real-time monitoring of target miRNA levels in situ for clinical
diagnosis and research laboratories. Particularly, longer time-to-
result and large quantity of samples are required for northern blotting
with low sensitivity and throughput. Although qRT-PCR exhibits
high sensitivity and accuracy, large amounts of designed primers
and precise temperature control for amplification are required, which
increase its experimental costs and analytical complexity. Moreover,
the limitations of microarray and NGS techniques are poorly repro-
ducible and back-end informatics, respectively. Currently, direct im-
aging of miRNA in living cells is very limited in how it provides a
valuable means for identifying cancerous cells and evaluating drug ef-
ficacy in real time.2,6,7 Thus, it is imperative to develop rapid, conve-
nient, cost-effective, and sensitive approach for in situ detection of
miRNA expression at the single-cell level.

Due to the flexibility offered by natural nucleic acids, hybridization-
based probes that are designed to leverage Watson-Crick base pairing
for detecting complementary nucleic acid sequences have recently
become hotspots in endogenous miRNA detection research.8,9 The
recognition nucleic acid strands are usually functionalized with fluo-
rescence resonance energy transfer pair, fluorescent dye quencher
pairs, or intercalator dye of the thiazole orange family to form a mo-
lecular beacon for fluorescence analysis upon target binding.10,11 To
facilitate signal amplification, recognition nucleic acid strands are
further integrated into a large variety of nanomaterials, including
nanoparticles, liposomes, polymers, manganese dioxide nanosheet,
graphene oxide, quantum dots, and self-assembled DNA nanostruc-
tures, as intracellular probes for live cells and/or tissues.9 Nonetheless,
challenges, such as enzymatic degradation, nuclear sequestration,
high false-positive signal, cytotoxicity, and the demand for transfec-
tion agents, remain concerning their development into viable diag-
nostic systems.12–14 To improve the applicability, xeno nucleic acids
(XNAs), which are chemically modified nucleic acid analogs, such
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Figure 1. Design of the TNA-based probes

(A) Chemical structures of DNA (or RNA), TNA polymers, and the attractive char-

acteristics of TNA. (B) Schematic illustration of the preparation of TNA-based probes

for miRNA detection and imaging. The short Cy3-TNA sense strands are released

via the displacement process upon binding of miR-21 to the BHQ1-TNA recognition

strands, resulting in the recovery in fluorescence.
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as locked nucleic acid (LNA),15 peptide nucleic acid,16,17 and 20 O-
methyl RNA,13 have been used as building blocks to construct
biosensors to detect endogenous RNAs in living cells. Compared
with DNA-based probes, these chemically modified nucleic acid
analog-based probes exhibit high thermal stability and strong binding
affinity and specificity toward target RNAs, resulting in shorter detec-
tion time and lower detection limits in the femtomolar scale. Howev-
er, the exploration of XNA-based RNA detection techniques is still
limited. Only miRCURY LNA miRNA Detection Probes are
commercially available from QIAGEN (USA). Some disadvantages
of these LNA-based biosensors have been raised from the several
sequence limitations in the synthesis of this nucleic acid analog. In
particular, the design of LNA oligomers is constrained by four re-
quirements: (1) sequences of more than four LNA nucleotides must
be circumvented; (2) sequences of three or more Cs or Gs must be
prevented; (3) the GC content must be restricted between 30% and
60%; and (4) self-complementarity or cross-hybridization must be
avoided. These limitations in the sequences of LNA oligomers that
can be synthesized and used as capture probes in biosensors can
markedly impair the detection of some mutations in genes of interest.
Thus, the commercially available LNA-based probes are not high-
throughput biosensors with widespread applicability in biotech-
nology or in the clinical setting.18
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Recently, (30,20)-a-L-TNA (Figure 1A), in which the five-carbon
ribose in DNA is replaced by the four-carbon threose, has at-
tracted extensive attention as an alternative genetic material.19–21

Despite the one-atom shorter sugar-phosphate backbone, TNA
still possesses the capability to adopt stable antiparallel duplexes
with complementary strands of DNA, RNA, and itself in a
sequence-dependent manner via Watson-Crick base pairing.19,22,23

Due to its chemical simplicity, its unique ability to exchange ge-
netic information with RNA, and the ability to fold into tertiary
structures, TNA has been considered as a potential progenitor of
RNA.22,24 Up to now, enormous efforts have been devoted to
the efficient and faithful biological or chemical synthesis of TNA
polymers,25–28 which has boosted investigation of TNA in the
fields of aptamer discovery,22,29–32 XNAzyme development,33–35

nucleic acid therapeutics,28,36–38 gene delivery,39 and information
storage.40 For example, Yu and coworkers reported a selection of
TNA aptamers that effectively bind PD-L1 protein and inhibit
the PD-1/PD-L1 interaction. Subsequently, they demonstrated
that intravenous administration of TNA aptamer N5 can specif-
ically accumulate at a tumor site and remarkably suppress its
growth with negligible side effects.38 Wang et al. demonstrated
that the introduction of TNA and 20-deoxy-20-fluoro-b- D -arabi-
nonucleic acid (FANA) modifications into a classical DNAzyme
10–23 (X10-23) significantly enhanced the biological stability
and catalytic activity. The modified X10-23 resulted in efficient
and persistent gene-silencing activity via the degradation of
mRNA molecules in cultured mammalian cells.33 In addition,
Ding and coworkers proposed a strategy for the construction of
a terminal-closed linear gene with a TNA loop-modified primer
pair through PCR. The developed linear gene had enhanced enzy-
matic resistance and serum stability, and elicited a potent and
persistent EGFP gene expression in eukaryotic cells.39 The superior
characteristics of strong physiological stability, high specificity and
affinity toward cDNA or RNA, strong enzymatic resistance, and
efficient cellular uptake makes TNA a promising candidate for
the development of a new generation of biologically stable XNA-
based biosensors for biomedical applications.37,41

In this study, we examined, for the first time, the feasibility of using
TNA as a building component to construct a biocompatible probe
for rapid and selective fluorescence detection and imaging of intracel-
lular RNA targets (Figure 1B). This TNA-based probe is comprised of
a fluorophore-labeled TNA reporter strand by partially hybridizing to
a quencher-labeled TNA oligonucleotide, which is designed to be
antisense to a target RNA transcript via pair pairing. Hybridization
of the reporter sequence holds the fluorophore in close proximity
to the quencher, effectively quenching its fluorescence. Upon cellular
entry, without the need for harmful transfection treatment, the anti-
sense capture sequence of the TNA binds to targeted transcripts and
form longer and thermodynamic stable duplexes. These target bind-
ing events displace the reporter strand from the quencher, resulting in
a discrete “turning-on” of the fluorescence. The extent of fluorescence
enhancement is quantifiably related to the target RNA expression
level. In addition, this TNA probe can be rapidly detected, has



Figure 2. Characterization of designed TNA probes

(A) The fluorescence spectra of Cy3-labeled TSS, and

TNA probes before and after incubation of miR-21 targets.

(B) The fluorescence intensities change of TNA probes at

564 nm after addition of miR-21 as a function of incuba-

tion time.
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excellent selectivity and specificity toward target miRNAs and is able
to distinguish the target molecules with one to two base mismatches.
Compared with DNA probes, the superior nuclease and thermal sta-
bility, in addition to the excellent long-term storage stability, make
TNA probes biocompatible and cost-effective biosensors for dynamic
real-time imaging of target miRNA expression in living cells. This
work contributes significantly to a new generation of biocompatible
xeno nucleic acid-based biosensors for identifying cancerous cells
and real-time evaluation of drug efficacy.

RESULTS
Design of TNA probes for miRNA detection

The TNA oligonucleotides used in this study were synthesized in
accordance with the previously established solid-phase synthetic pro-
tocol shown in Figure S1 (the detailed experimental procedure is pro-
vided in the supplemental information). The synthetic TNA andDNA
oligonucleotides with designed sequences were confirmed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) and denaturing polyacrylamide gel electrophoresis
(PAGE) analysis as shown in Table S1, and Figures S2 and S3.

The assay strategy is illustrated in Figure 1B. The TNA probes were
constructed by partial hybridization of a 20-Black Hole Quencher 1
(BHQ1)-labeled TNA recognition strand (TRS) with a 30-Cy3-
labeled TNA sense strand (TSS). The sequence of TRS is antisense
to a target microRNA-21 (miR-21), which is a key regulatory mole-
cule overexpressed in various cancer cells for tumor initiation and
progression.42 In the absence of target miRNA, the fluorescence
signal of Cy3 is very weak and difficult to detect due to the quench-
ing effect of BHQ1, which is in close proximity to Cy3. In the pres-
ence of the target miRNA, the Cy3-labeled TSS is displaced by the
target molecule and is then dissociated from the BHQ1-labeled TRS.
Meanwhile, the TRS is fully hybridized with its complementary
target miR-21 to form a thermodynamically stable complex. These
binding events separate the BHQ1 and Cy3 fluorophore, resulting
in the recovery of the Cy3 fluorescence signal. The extent of fluores-
cence enhancement is quantifiably related to the expression level
of the target miRNAs. To achieve the maximum quenching effect
between Cy3 and BHQ1 before target binding, the fluorescence
spectra of the TNA probe comprised of 22-mer TRS and TSS
with different number of nucleobases (11-mer, 13-mer, and
Molecular Th
15-mer) were measured and compared. As
shown in Figure S4, the TNA probe comprised
of TRS and TSS 15 achieved the best quench-
ing effect with a reduction of 50%. Thus, TRS
and TSS 15 were selected to form the duplex
TNA-based probe for future study. As a control, scrambled TNA
probes were constructed from corresponding TNA duplexes.

Target recognition and detection

To verify the detection strategy, wemeasured the fluorescence intensity
of duplex TNA-based probes in phosphate-buffered saline (PBS) buffer
before and after incubation with the same number of moles of target
miR-21 for 40 min at 37�C. The Cy3 fluorescence signal in solution
increased by 80% after miR-21 was added (Figure 2A). In contrast,
fluorescence from the scrambled TNA probes incubated with miR-21
was negligible indicating that the strand displacement reaction is
sequence dependent (Figure S5). Interestingly, any DNA or RNA ana-
logs achieved similar fluorescence recovery, strongly suggesting that the
sugar conformation of the target molecules does not affect target recog-
nition. Considering the relatively high cost and poor enzymatic resis-
tance of RNA molecules, miR-21 DNA mimics were subsequently
used for in vitro detection assays. To further optimize the detection ki-
netics, we evaluated the displacement reaction kinetics of the designed
TNA probes by measuring the Cy3 fluorescence intensities of the TNA
probe at different time points after the addition of equivalent moles of
target miR-21. The Cy3 fluorescence increased for �10 min before
reaching a plateau corresponding to the complete strand displacement
reaction as shown in Figure 2B. Native PAGE analysis also confirmed
the formation of different components after the strand displacement
reaction in these binding events. As shown in Figure S6A, a band in
lane 4 with the slowest mobility was observed for the TRS/TSS duplexes
(TNA probe). In contrast, after adding miR-21 mimics into the well-
formed TRS/TSS duplex probes a new band was observed in lane 6
with highermobility, which is equivalent to the TRS/miR-21 complexes
in lane 5. In addition, a strong Cy3 signal in lane 6 was observed, which
was equivalent to free TSS 15 in lane 2. The diffusion of the bands was
due to the prolonged electrophoresis in native PAGE.We conducted an
additional native PAGE experiment with a shorter running time (6 h),
and we still observed the fluorescence recovery (Figure S6B). However,
the altered mobilities of the bands were not obvious. These results
confirmed the formation of TRS/miR-21 duplexes and the dissociation
of TSS 15 from TRS during the strand displacement reaction.

Specificity and sensitivity for target miRNA detection

The TNA probe was further evaluated in vitro for its utility in
quantifying complementary miRNA targets in a sequence-specific
erapy: Nucleic Acids Vol. 27 March 2022 789
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Figure 3. TNA probes for in vitro detection of miR-21

(A) Fluorescence spectra and (B) corresponding titration

curve of TNA probes after addition of miR-21 targets at

various concentrations. (C) The fluorescence intensities of

TNA probes at 564 nm before (as control) and after

incubating of miR-21 targets and three control miRNA

mimics, including miR-141, miR-143, and miR-429. (D)

The fluorescence spectra of TNA probes before (as con-

trol) and after incubation with miR-21 targets, and the

miR-21 targets with one or two bases mismatched.
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manner. Solutions of duplex TNA-based probes (500 nM) were
examined before and after adding 1–1,000 nM miR-21 in PBS
buffer for 40 min at 37�C. As indicated in Figures 3A and 3B,
upon addition of the target RNA, Cy3 fluorescence increased as
miR-21 concentrations increased. Therefore, fluorescence activa-
tion correlated with the concentration of target RNAs. Figure S7
shows a linear correlation between target miR-21 (0–20 nM) and
fluorescence peak intensities at 564 nm (r2 = 0.99). It should be
noted that similar results with slope changes between different
concentration ranges have also been reported in other publications
centered on miRNA detection systems.7,43–45 According to Xing
and coworkers, a prozone effect occurs when the concentration
of targets is relatively high, and that the fluorescence signal does
not increase linearly with increasing target concentration.43 The
limit of detection was calculated to be 2.582 nM according to
3s/k (where s is the standard deviation of blank measurements
and k is the slope), which is comparable with the previously re-
ported methods for miRNA detection.46,47

To investigate the specificity, 500 nM of the control miRNA mimics
(miR-141, miR-143, and miR-429) were added into the TNA probes
in PBS buffer. Compared with target miR-21, negligible changes of
fluorescence intensity at 564 nm were observed (Figure 3C). The
selectivity of the designed TNA probe was also evaluated by
comparing the fluorescence signal generated by the miR-21 target
with those containing one or two mismatched sequences. Figure 3D
shows that the TNA probes exhibited a distinct difference in fluores-
cence enhancement toward the target miR-21 and a target miR-21
with one or two base mismatches. This indicates excellent selectivity
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of the designed TNA probes and their capability
to distinguish base mismatches in target RNA
molecules.

Biological stability of detection probes

made of TNAs and DNAs

To investigate the stability of TNA, the nuclease
stability of TRS/TSS duplexes was investigated
to prevent this TNA probe from being destroyed
within living cells. The TNA and corresponding
DNA probes were incubated separately in PBS
buffer containing 10% fetal bovine serum
(FBS) for different durations, and the fluores-
cence peak intensity at 564 nm was subsequently measured before
and after addition of target miR-21 (Figures 4A and 4C). The mixture
of TNA probe and FBS did not significantly change fluorescence sig-
nals at 564 nm as a function of incubation time up to 24 h, indicating
that TNA probes are excellent at protecting nuclease cleavage. When
target miR-21 was added to the FBS-treated TNA probes, the fluores-
cence signals enhanced significantly and at similar intensities at
various time points after hybridization proving that the fluorescence
recovery was due to the target binding instead of nuclease degrada-
tion. These results strongly suggest that the FBS-treated TNA probes
are still intact before target binding. In contrast, the rapid enhance-
ment of fluorescence intensity at 564 nm of DNA probes after 2 h
FBS treatment is attributed to the enzymatic degradation of DNA
probes prior to target miRNA binding. Denaturing PAGE analysis
shown in Figures 4B and 4D further confirmed no degradation of
TNA probes after FBS treatment for 24 h. These results are highly
consistent with our reported studies.37 However, rapid digestion of
DNA probes was observed upon FBS treatment with a calculated
half-life of 1.35 h (Figure S8). Detailed calculations are provided in
supplemental information. The enzymatic resistance assays clearly
demonstrate that the DNA-based probes suffer from poor enzymatic
resistance and exhibit a false-positive signal in physiological condi-
tions. We also investigated the influence of temperature change on
the TNA probes. As shown in Figure 4E, the TNA probes are insen-
sitive to temperature demonstrated by less variations at fluorescence
intensity at 564 nm compared with DNA probes upon temperature
elevation. Furthermore, the long-term storage stability of TNA probes
was studied by measuring the time-dependent Cy3 fluorescence in-
tensity after incubation at 4�C. There was negligible change in



Figure 4. Stability of TNA probes

Fluorescence intensities of (A) FBS-treated TNA probes and (C) FBS-treated DNA

probes before and after addition of miR-21 at designated time intervals (0, 1, 2, 4, 8,

12, and 24 h). Denaturing PAGE analysis of (B) TNA probes and (D) DNA probes

against nuclease digestion incubated in FBS assay at various time intervals. Lane 1:

control probes without FBS incubation and probes incubated with FBS for 0 h (lane

2); 1 h (lane 3); 2 h (lane 4); 4 h (lane 5); 8 h (lane 6); 12 h (lane 7); 24 h (lane 8). (E) The

relative fluorescence intensities of detection probes made of DNAs and TNAs at

564 nm as a function of temperatures. (F) The fluorescence intensities of TNA

probes at 4�C as a function of time before and after miR-21 addition.
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fluorescence signals when stored for up to 7 days (Figure 4F, black
curve). On the other hand, the TNA probe maintained its capability
for target detection with enhanced fluorescence signals upon addition
of miR-21 (Figure 4F, red curve), indicating long-term stable duplex
hybridization of TNA probes.

miRNA imaging in living cells

Fluorescence imaging is a real-time, non-invasive, and radiation-free
strategy that is widely used in medical diagnosis.48 TNA oligonucle-
otides has been reported to internalize and accumulate in cells via a
temperature- and energy-dependent endocytic mechanism.28,37

Encouraged by the outstanding miRNA detection performance in so-
lution and excellent stability in physiological conditions, we further
investigated themiRNA sensing and imaging by TNA probes in living
cells. To study the cytotoxicity of TNA duplexes, a standard 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
was used. As shown in Figure 5A, the relative cell viability of
HEK293 normal cells and HeLa cancer cells remained at �100%
even after TNA incubation for 48 h, indicating excellent biocompat-
ibility of TNA polymers. Afterward, the fluorescence response for
miR-21 in HeLa cells was investigated and imaged using confocal
laser scanning microscopy (CLSM). Time-dependent confocal fluo-
rescence imaging showed that the intracellular fluorescence signal
was observed after 6 h incubation and gradually increased with incu-
bation time (Figures 5B and S9), confirming its applicability in the
cellular environment for at least 24 h. We also studied the time-
dependent dynamics of miRNA imaging via colocalization CLSM
imaging. As shown in Figure S10, the fluorescence signal was not de-
tected in the HeLa cells after 2 h incubation because TNAs accumu-
lated inside the endosomes or lysosomes where target miRNAs are
absent. The intracellular fluorescence signal gradually increased as
the TNA probes escaped from the endosome/lysosome. Since the
TNA probes did not degrade in the presence of enzymes, we confirm
that the intracellular fluorescence signal was due to the responsive-
ness of TNA probes to the miR-21 target inside the cells.

We then investigated the capability of TNA probes in the evaluation
of the relative expression levels of miR-21 in different cell lines. The
HEK293 cell line with minimal expression of miR-21 was selected as a
negative cell line and HeLa cancer cells with high expression of miR-
21 were selected as a positive cell line. As shown in Figure 5C,
differing fluorescence signal brightness was observed in the two
different cell lines. HeLa cells had much higher fluorescence signals
compared with HEK293 cells after incubation with miR-21-targeting
TNA probes (in red color), indicating the upregulated expression of
miR-21 in HeLa cells. These results were consistent with the previ-
ously reported varying expression levels of miR-21 in these two cell
lines.49 In addition, we performed an additional confocal fluorescence
imaging experiment in which the HeLa and HEK293 cells were also
incubated with scrambled TNA probes. As shown in Figure S11,
HEK293 cells showed insignificant differences upon the incubation
of scrambled probes and miR-21 targeting TNA probes. HeLa cells
that were incubated with miR-21-targeting TNA probes displayed
remarkably enhanced fluorescence intensity compared with cells
incubated with scrambled probes. These data confirmed that the
differing response of HEK293 and HeLa cells to the developed
TNA probes is due to the differential expression of miR-21. Further-
more, we further evaluated the potential of TNA probes to detect the
dynamic change of miR-21 expression levels in cells. HeLa cells were
first transfected with anti-miR-21 to suppress their miR-21 expres-
sion level and then incubated with TNA probes for imaging. As
shown in Figure 5D, very weak fluorescence signals were observed
in the TNA probe-treated HeLa cells after anti-miR-21 transfection
compared with non-transfected control cells.

DISCUSSION
miRNAs are considered to be molecular biomarkers in disease diag-
nosis and prognosis due to their participation in many biological ac-
tivities.2 Developing rapid and sensitive methods for the detection
and imaging of miRNAs in living cells has received tremendous inter-
est. In particular, significant advances have been achieved with
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 791
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Figure 5. TNA probes for miR-21 imaging in live cells

(A) Relative cell viability of HEK293 and HeLa cells incu-

bated with TNA duplexes for 24 h determined via MTT

assays. Error bars indicate standard deviation (n = 6). (B)

CLSM images of HeLa cells incubatedwith or without TNA

probes for 24 h. Scale bar, 100 mm. (C) CLSM images of

TNA probe-treated HEK293 cells and HeLa cells after

incubation for 24 h. Scale bar, 100 mm. (D) CLSM images

of TNA probe-treated HeLa cells (control) and HeLa cells

transfected with anti-miR-21, followed by incubation of

TNA probes for 24 h. Scale bar, 75 mm.
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endogenous miRNA in designing hybridization-based fluorescent
probes based on natural nucleic acids.9,47 However, acute enzyme
degradation, high false-positive signals, potential immunotoxicity,
and the need for delivery systems hampered their clinical translation.
Despite the introduction of chemically modified nucleic acid analogs
in the development of probes, the study of chemically modified nu-
cleic acid-based miRNA detection techniques is still limited.12

Recently, TNA has been considered as a potential progenitor of RNA.
TNA is made up of a backbone repeat of unnatural 4-carbon threose
sugar, with phosphodiester linkages taking place at the 20- and 30-
792 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
vicinal positions of the threofuranose ring.22,32

Recently, we have reported a cost-efficient
approach to synthesize TNA phosphoramidite
monomers and sequence-designed TNA poly-
mers at high synthetic yield and purity. We
found that these sequence-controlled, synthetic
TNA polymers are able to form stable duplex
Watson-Crick antiparallel structures and show
strong specificity and affinity toward their com-
plementary DNAs, or RNAs. These synthetic
TNA molecules are also alternatives to tradi-
tional antisense materials for target gene sup-
pression and tumor growth inhibition in vivo,
with no adverse toxicity.28,37 Importantly, we
found that these designed TNApolymers exhibit
remarkable stability in FBS, human blood
serum, pH extremes, and even under storage at
room temperature for a few months. Other
research groups also demonstrated applications
of TNA in aptamer andXNAzyme development,
gene regulation and therapeutics, and informa-
tion storage.35,40 These exceptional properties,
and findings with regard to TNAs, fuel pros-
pects for constructing biosensors composed of
TNA-modified nucleotides to rival biosensors
composed of conventional RNA or DNA back-
bones for disease biomarker detection.

In this study, we successfully developed TNA-
based probes for rapid and accurate target
miRNA detection and imaging in living cells. To the best of our
knowledge, this is the first time that hybridization-based probes
have been developed that leverage the base-pairing capability of
TNA to natural nucleic acids for target miRNA detection. Based on
the high binding specificity and affinity of TNAs to their complemen-
tary RNA sequences,22,23 a strand displacement reaction would defi-
nitely occur upon the binding of the longer miRNA targets to the
partially hybridized TNA strand in TNA probes. This process would
result in a fluorescence enhancement as an output signal. Compared
with previously reported nucleic acid-based probes, miRNA detection
duration of this TNA probe is relatively short, while scrambled TNA
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probes had a negligible response.6,48–51 In addition, the TNA probes
not only exhibit insignificant responses to non-target miRNAs, but
also are able to distinguish target miRNAs with one to two base mis-
matches. These findings suggest the excellent specificity and sensi-
tivity of TNA probes for miRNA detection.

Biological stability is always a major concern when applying nucleic
acid-based probes for miRNA detection and imaging in living systems
as it is a critical parameter to achieve high efficacy under physiological
conditions.33 In this study, the TNA probes avoid degradation when
incubated with nuclease for 24 h, and are functionally intact after in-
cubation at 40�C, which is even higher than the physiological temper-
ature. These findings indicate that TNA probes are a more superior
choice for cellular and in vivo assays over DNA probes. In addition,
the TNA probes maintain their capability of rapid and accurate
miRNA sensing after incubation at 4�C up to 7 days. The excellent
storage stability, together with superior nuclease resistance and ther-
mal stability, make TNA probes a promising candidate for long-term
cellular or animal studies.32,41 Our cellular studies indicate that our
TNA probes can distinguish different expression levels of target miR-
NAs between positive and negative cell lines by distinct brightness of
the fluorescence signals. Compared with HEK293 cells, the upregula-
tion expression of miR-21 in HeLa cells is more obvious. Importantly,
we demonstrate that these TNA probes cannot only sense and quan-
titatively image dynamic expression of tumor-relatedmiRNAs in can-
cer cell lines, but can also be utilized for differentiation of different cell
lines, which is a major goal in the field of live cell analysis.

In summary, we developed TNA-based probes for rapid and sensitive
miRNA detection and imaging in living cells. Our TNA probes are
highly specific and selective toward target miRNA, and are able to
distinguish one or two base mismatches in target RNA molecules.
Compared with DNA probes, our newly designed TNA probes
have good nuclease stability, thermal stability, and exceptional storage
ability for long-term cellular studies. In addition, TNA probes could
be efficiently taken up by living cells with negligible cytotoxicity for
dynamic real-time monitoring of target miRNAs. Importantly, the
TNA probes could differentiate the distinct target miRNA expression
levels in various cancer cell lines. This work presents the first attempt
to use TNA oligonucleotides to fabricate a biologically stable and
cost-effective biosensor for target miRNA detection and intracellular
imaging, and to advance the future development and application of
TNA molecules for biological and biomedical research.

MATERIALS AND METHODS
Materials

All chemicals and reagents were used as received without any further
purification unless indicated. Tris(hydroxylmethyl)aminomethane,
glycine, sodium dodecyl sulfate, ammonium persulfate, N,N,N0,N0-
tetramethylethylenediamine, dimethyl sulfoxide (DMSO), StainsAll,
ammonium hydroxide, MTT, and Hoechst 33258 stain solution
were purchased from Sigma-Aldrich. FBS, Dulbecco’s modified Eagle
medium, PBS, penicillin-streptomycin solution, and trypsin were
purchased from Invitrogen. Forty percent acrylamide/bis-acrylamide
solution (19:1) was purchased from Bio-Rad. Modified controlled
pore glass (1,000 Å), 1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phos-
phoramidite, and other chemicals used for TNA synthesis were pur-
chased from BioAutomation. Sephadex G-25 (DNA grade) was
purchased from Amersham Biosciences. All TNA and DNA oligonu-
cleotides used in this study were synthesized in our lab. The RNA ol-
igonucleotides were purchased from Sangon Biotech. The sequences
of all oligonucleotide strands are shown in Table S1. Ultrapure H2O
was used throughout this study.

Chemical synthesis and characterization of TNA polymers

Automated solid-phase chemical synthesis of TNA polymers was
conducted with a BioAutomation MerMade MM6 DNA synthesizer
as reported previously.28 The detailed procedure is provided in the
supplemental information as shown in Figure S1. After the synthesis,
the TNA strands were purified via a standard gel extraction method.
MALDI-TOF analysis and 15% denaturing PAGE analysis were per-
formed to confirm synthesis of the sequence-specified TNA polymers.
Denaturing PAGE was performed in 1� TBE buffer with a current of
30 mA at room temperature for 1 h. Quantification of TNA and DNA
was carried by UV-vis analysis.

Strand displacement reaction in TNA duplexes

TNA duplexes were prepared by mixing TRSs (1.5 mg) and comple-
mentary Cy3-TSSs in a molar ratio of 1:1 and subsequent processing
with a heating-cooling procedure from 95�C to 4�C. Afterward, miR-
21 mimics (DNA) were added into the TNA duplexes and the solu-
tion was then incubated at 37�C for 40 min. The samples were then
investigated by 12% native PAGE analysis. Native PAGE was per-
formed in 1� TAMg buffer with a current of 30 mA for 6 h or
15 h at 4�C. After the electrophoresis, the gel was stained with StainAll
and scanned for analysis. Gel scanning of Cy3 dye was conducted on a
Fujifilm FLA-9000 scanner.

Optimization of experimental conditions

To refine the optimal sense strand length for miR-21 detection, the
fluorescence intensity of TNA probes (500 nM) using various Cy3-
TSSs (11, 13, and 15 bases) was measured. To refine the optimal
time for miR-21 displacement reaction, the fluorescence intensity
was monitored at designated time points (0, 1, 2, 5, 10, 20, and
40 min) after adding the miR-21. For all fluorescence experiments,
the fluorescence intensity of Cy3 was excited at 534 nm and measured
at 564 nm.

miR-21 detection in solution

The TNA-based probes (500 nM) in PBS buffer were incubated with
target miR-21 at different concentrations (0, 1, 2, 5, 20, 50, 100, 200,
300, 400, 500, and 1,000 nM). After incubation for 40min at 37�C, the
fluorescence intensity was monitored. To evaluate the specificity,
TNA-based probes were incubated with target miR-21 and three con-
trol miRNAs (miR-141, miR-143, and miR-429) at a concentration of
500 nM. To evaluate the sensitivity, TNA-based probes were incu-
bated with target miR-21 and one (or two) base mismatched miR-
21 at a concentration of 500 nM. The fluorescence intensity was
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 793
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monitored after the incubation. All experiments were repeated three
times.

Nuclease stability, thermal stability, and long-term storage

stability

For the nuclease stability test, two sets of TNA-based probes (1 mM)
were prepared in PBS buffer. FBS (10%) was added into only one set.
All samples were then incubated at 37�C and the fluorescence inten-
sity was monitored at designated time points (0, 1, 2, 4, 8, 12, and 24
h). After the fluorescence intensity measurements at each time point,
500 nM target miR-21 was added into the corresponding samples. Af-
ter incubation, the fluorescence intensity was measured. The DNA-
based probes were also tested for comparison.

For the thermal stability, TNA or DNA probes (500 nM) were pre-
pared and incubated at designated temperatures (20�C, 30�C, and
40�C) for 40 min. After incubation, the fluorescence intensity was
measured and analyzed.

To test long-term storage stability, TNA probes (500 nM) were pre-
pared in PBS buffer and incubated at 4�C. The fluorescence intensity
was monitored at designated time points (0, 1, 3, and 7 days). After
the measurement of fluorescence intensity at each time point, target
miR-21 was added into the corresponding samples. After incubation,
the fluorescence intensity was measured.

FBS assay

Pure TNA or DNA probes were dissolved in PBS containing 10% FBS
to obtain a final concentration of 0.15 mg/mL. Samples were then incu-
bated at 37�C for various durations (0, 1, 2, 4, 8, 12, and 24 h). TNA or
DNA samples without the addition of FBS in PBS were set as a con-
trol. Afterward, TNA and DNA samples were heated at 60�C for
20 min to denature enzymes. Samples were then characterized by
15% denaturing PAGE, stained with StainAll, and scanned for anal-
ysis and comparison. Denaturing PAGE was performed in 1� TBE
buffer with a current of 30 mA at room temperature for 1 h.

Cytotoxicity assay

The cytotoxicity of TNA-based probes was assessed via standard
MTT assays. HEK293 cells or HeLa cells were plated in 96-well plates
at a density of 10,000 cells per well and incubated overnight at 37�C.
Then, the medium was replaced with fresh medium containing TNA-
based probes at different concentrations (0, 0.5, 1, 2, and 3 mM); the
cells were then incubated for 24 or 48 h. Afterward, 20 mL MTT
(5 mg/mL) in PBS buffer was added to each well. After incubation
for an additional 4 h, the medium was discarded and 150 mL
DMSO was added to each well. Plates were incubated at 37�C for
20 min, and the absorbance at 490 nm was measured on a Bio-Tek
Cytation 3 microplate reader. The data are mean ± SD (n = 6).

Confocal fluorescence imaging

Confocal fluorescence imaging of HeLa cells was set as an example.
Typically, HeLa cells were plated in 35-mm glass-bottomed dishes
at a density of 150,000 cells per dish and incubated overnight at
794 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
37�C. The medium was replaced with medium containing TNA-
based probes (100 nM) and cells were incubated for a further 24 h.
Cells were washed three times with PBS buffer then fixed with 4%
paraformaldehyde at room temperature for 15 min. Fixed cells were
then washed three times with PBS buffer (pH 7.4). After PBS washing,
the fixed cells were analyzed with a Leica TCS SP5 laser confocal scan-
ning microscope. The excitation wavelength for the Cy3 dye was
514 nm, and the emission was collected at 550–600 nm.

Transfection

HeLa cells were plated in 35-mm glass-bottomed dishes at a density of
100,000 cells per dish. After incubation overnight at 37�C, anti-miR-
21 strands were transfected into the cells in serum-free medium using
Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher Scientific)
under the instructions to downregulate the miR-21 expression.

Statistics analysis

All data are presented as mean ± SD. Statistical analyses was per-
formed using Student’s t test where applicable.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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