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Nucleic Acid Hybridization Enhanced Luminescence for Rapid and
Sensitive RNA and DNA Based Diagnostics

Cui Liu,* Xiaoyuan Wei,* Huimin Zhang, Mingzhen Zhang, Xue-Feng Yu, Niko Hildebrandt, Qing-
Ying Luo,” Zongwen Jin*

ABSTRACT: Long-lived emissive nucleic acid probes are widely used in biochemical analysis due to their programmable structures,
high signal-to-background ratio, and high sensitivity. Homogeneous detection based on long-lived emissive nucleic acid probes is
often achieved through Forster resonance energy transfer (FRET), which suffers from the limitation of a narrow effective distance
range. Herein, a new strategy of accessing nucleic acid hybridization-responsive luminescent probes is presented. The
photoluminescence (PL) of a Lumi4-Th complex internally modified with DNA is switched on by nucleic acid hybridization, after
which the PL is increased up to 20 times. PL lifetime analysis revealed a possible mechanism of luminescence enhancement. Due to
the flexibility of single-stranded nucleic acid chains, the bases and phosphate groups can coordinate with the Th (111), which reduces
the stability of the Th complex and results in weak PL. After hybridization, the rigid double helix structure suppresses the coordination
between Th(ll1) and the bases or phosphate groups, causing luminescence enhancement. As the DNA sequence can be freely designed,
an array of probes for different DNA or RNA targets can be created with the same Tb complex. Moreover, the novel probe design
can afford pM detection limits of DNA or RNA without any nucleic acid amplification and exhibits a great potential for nucleic acid

detection in clinical diagnosis.

Nucleic acid probes are widely used in the detection of
biological analytes, such as enzymes, proteins, small biological
molecules, metal ions, nucleic acids, and even cells, due to their
variable structure, simple synthesis, and easy modification.’3
Nucleic acid signal amplification provides an important
platform for the detection of low-abundance substances,
improves the sensitivity of nucleic acid probes, and is essential
for biomedical research, molecular diagnosis, and
pharmacogenomics.*® Among the many nucleic acid probes,
fluorescent ones play a crucial role in analytical chemistry due
to their high sensitivity, diversified designs, and desired
quantitative analysis capability.” Generally, fluorescent nucleic
acid probes are designed based on the combination between
probe and target, which can induce structural changes of the
nucleic acid and then initiate the fluorescence signal switch.
Common fluorophores for nucleic acid labeling include organic
dyes, metal (e.g., silver and copper) nanoclusters, and
lanthanides. Compared to organic dyes and nanomaterials with
nanosecond-lifetime luminescence, the PL lifetime of
lanthanides can reach milliseconds.®° Moreover, time-resolved
or time-gated detection can be used to eliminate the interference
of background luminescence and light scattering, improving the
signal-to-background ratio and finally realizing high-sensitive
detection in complicated biological environments containing
many endogenous fluorophores.'*** For example, single-
stranded oligonucleotides could enhance the emission of Eu®*
and Tb** ions in solution, which has been employed to detect
ions, small molecules,** 16 distorted DNA regions,*” and DNA-
and RNA-drug interactions.’® The energy transfer from nucleic
acids to Thb(lll) was also used to detect single DNA

mismatches.’® However, assays based on nucleic acid or
nucleotide-enhanced luminescence of rare-earth ions suffer
from poor anti-interference capability caused by the interaction
between lanthanide ions and small molecules, nucleic acids, or
proteins in biological systems. To overcome this problem, a
variety of macrobicyclic ligands have been used in preparing
luminescent lanthanide complexes.?*?® The octadentate cages
of Th(Ill) 2-hydroxyisophthalamides exhibit exceptionally high
quantum yields (@t > 50%), large extinction coefficients (emax
> 20,000 M*cm™?), and long lifetimes (z > 2.45 ms).?* More
importantly, the octadentate macrotricyclic terbium (111) can
retain these properties for a long term, even after bioconjugation
to proteins such as streptavidin, bovine gamma globulin, bovine
serum albumin, and mouse 1gG. In our previous works, the
Th(lI1) complex was employed as the donor to develop a series
of FRET sensing systems for the homogeneous detection of
nucleic acids.?”?® Hybridization gave rise to a close distance
between Tb(lll) and different acceptors, such as dyes or
quantum dots, which caused FRET-sensitized long-lived
acceptor PL for time-gated detection. Multiple nucleic acids
could be quantitatively detected simultaneously by employing
FRET acceptors with separated PL emission peaks.
Unfortunately, FRET can only occur within a narrow distance
range (2-10 nm). In actual detections, especially when
nanomaterials or biological macromolecules are involved, the
distance between the donor and acceptor might be out of the
FRET distance range, resulting in low sensitivity that does not
meet application requirements.



Here, we propose a novel method to enhance the PL of
lanthanide complexes via nucleic acid hybridization. Based on
the new principle, a simple, rapid and sensitive universal assay
could be designed for point of care testing (POCT). The terbium
complex (Lumi4-Tb) conjugated to the single-stranded nucleic
acid at an internal position exhibits low luminescence intensity.
After hybridization with the complementary chain, the PL of
Lumi4-Tb increased up to 20 times. Through PL lifetime
analysis, the principle of nucleic acid hybridization-enhanced
emission was proposed. Due to the flexibility of single-stranded
nucleic acids, the bases or phosphate groups can coordinate
with the Tb(lll), which reduces the stability of Lumi4-Tb and
results in low luminescence intensity. After hybridization, the
formation of a rigid double helix structure inhibits the
coordination between the bases/phosphate and Th(lll), leading
to luminescence enhancement. Based on this principle, rapid
detection of nucleic acid targets with an ultralow detection limit
of 17 pM was achieved without any DNA amplification. With
the introduction of DNA ligase, high-sensitivity and high-
specificity detection of miR-20a was accomplished with a
detection limit of 23 pM. It was also used in the detection of the
cDNA of the COVID-19 virus (part of genome sequence), with
a detection limit of 27 pM.

Moreover, this new method could be used to detect miRNA-
21 levels in real biological samples of breast cancer patients and
healthy persons. The nucleic acid hybridization-enhanced
luminescence detection method possesses the advantages of
high universality, rapidity, and simplicity and can be used
potentially in the highly sensitive detection of various nucleic
acids, proteins, and other small biological molecules under
physiological conditions.

EXPERIMENTAL SECTION
Preparation of Th-DNA conjugates

Briefly, amino modified oligonucleotides were mixed with 8
times molar excess amount of Lumi4-Tb-NHS in 25 mM
HEPES buffer (pH 7.4) containing EDC with a concentration of
1 mg/mL. The mixtures were incubated overnight at room
temperature. The Tb-DNA conjugates were separated from
Lumi4-Th and other impurities by using PD-10 Desalting
Columns (GE Healthcare), which was pre-equilibrated with a
HEPES buffer (25 mM, pH 7.4). The concentrations of all
elution fractions were analyzed by monitoring the absorbance
at 260 nm (Denovix, DS-11 spectrophotometer/Fluorometer
series). The concentrations of all fractions were adjusted to be
5 nM, and then their fluorescence intensities were measured in
the time window of 100-600 ps. The early fractions that
exhibited the same fluorescence intensities were pooled and
stored for use.

DNA and RNA assays

All the assays were performed on a Victor X4 fluorescence
plate reader (PerkinElmer) by measuring time-gated intensity.
Total sample volumes in the microwells were always 100 pL.
For DNA and RNA assays, 25 mM HEPES buffer containing
150 mM NaCl was used as the reaction solution. The probe with
a concentration of 5 nM was mixed with the corresponding
target with a series of concentrations. All samples were
prepared three times and measured once on a plate reader

(Victor X4) with time-gated (100-600 ps) fluorescence intensity
detection using a bandpass filter with 49410 nm.

MiR-20a assays

A series doses of miR-20a were added to the P11 with a final
concentration of 10 nM, P10-Tb with a final concentration of 2
nM, and an appropriate amount of target miRNA was prepared
in the optimized SplintR DNA ligase reaction buffer (pH 7.6,
50 mM Tris-HCI, 10 mM MgClz, 1 mM ATP 10 mM DTT).
Then, SplintR DNA ligase (20U) was added to the mixture. The
reaction solution of 100 uL was incubated in black 96-well
microtiter plates at 37 °C for 30 min and then measured on a
plate reader (Victor X4) with time-gated (100-600 ps)
fluorescence intensity detection using bandpass filter with
494+10 nm.

Detection of MiR-21 in clinical samples

Total RNA extraction from peripheral blood samples was
performed according to the protocol of miRNeasy Mini Kit
(Qiagen, product No.1038703). For miRNA21 detecting, 10
ug/mL RNA sample was added into 100pL reaction solution
(25 mM HEPES and 150 mM NaCl, pH 7.4), which contain
P16-Tb with a final concentration of 3 nM. The reaction
solution of 100 pL were incubated in black 96-well microtiter
plates at room temperature for 4 h and then measured on a plate
reader (Victor X4) with time-gated (100-600 ps) fluorescence
intensity detection using bandpass filter with 494+10 nm.

RESULTS AND DISCUSSION

Th(Il1) is one of the most used lanthanide ions due to its high
intrinsic quantum yield and visible emission. Herein, the
terbium complex Lumi4-Th (Tb) functionalized with sulfo-N-
hydroxysuccinimide (NHS) ester?® was conjugated to amino-
modified DNA to obtain luminescent probes. The Lumi4-Tb
exhibited four characteristic sharp emission peaks at 488, 545,
586, and 620 nm (Figure S1), which could be assigned to the
5D4 — 7FJ luminescence transitions.?

We designed a series of DNAs with 32 nucleotides (P1-5) to
conjugate with Lumi4-Tb through modified amino groups at
different positions (Table S1). The Lumi4-Th labeled DNAs
were separated from the excess Lumi4-Tb and other impurities
by using desalting columns. As shown in Figure 1A, the
emission spectra of the DNA-Tb conjugates were almost
identical to Lumi4-Th. However, P2-Tb, P3-Th, P4-Th, and P5-
Th, in which Tb was bound to internal modified amino groups,
exhibited much lower PL intensities than the P1-Tb bound with
Lumi4-Tb through the amino group modified at 5’-end,
suggesting that internal modification could decrease the
luminescence of Lumi4-Th. After hybridization with the
complementary target DNA, the PL intensities of P2-Th, P3-Th,
P4-Th, and P5-Tb increased up to 2.5 to 4.0 times. In contrast,
that of P1-Tb showed a relatively stable luminescence (Figure
1B-C and Figure S2), indicating the internally modified
Lumi4-Th of DNA was more sensitive to the structural changes
induced by hybridization.

To reveal the mechanism of the enhanced luminescence of
Lumi4-Tb labelled DNAs, time-resolved PL decay profiles of
these probes before and after hybridization with the
complementary chains were measured at the maximum
emission peak at 545 nm by using 340 nm as the excitation



wavelength. Lumi4-Th exhibited a linear plot of the log
intensity versus time, indicating its single exponential decay
with a lifetime of 2.77 ms (Figure 1D). The P1-Tb before and
after hybridization with the complementary chain also exhibited
single-exponential decay curves (Figure 1E) with a similar
lifetime of 2.64 ms, suggesting the emission property of the
Lumi4-Th was retained upon conjugation to the end of DNAs.

When Lumi4-Tb was conjugated to DNAs at an internal
position, the time-resolved decays required a triple exponential
decay function of the form I, =y, + A;expCH™ +
A,expt™) 4+ AsexpH/®) to fit (Figure 1D), producing
components with one long lifetime of circa 2.2 ms to 2.8 ms (t1)
and two short lifetimes of circa 80 ps to 120 ps (t2) and circa
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Figure 1. (A) Luminescence spectra of Lumi4-Th labeled probes with the same concentration of 100 nM, comparison of
luminescence spectra of P1-Th (B) and P2-Tb (C) before and after hybridization with the target, PL decays of Th before and after
conjugated with DNAs at different positions (D), comparison of PL decay curves of P1-Tb (E) and P2-Tb (F) before and after
hybridization with the complementary strands, and schematic presentation of the proposed mechanism of nucleic acid hybridization-
enhanced luminescence, for which single-stranded DNA destabilizes the Tb complex through base/phosphate interaction and double-

stranded DNA stabilizes the Th complex (G).

30 ps (t3). The resulting fit parameters were summarized in
Table 1. We attributed the long component to quenched PL
caused by the interaction of DNA with the Lumi4-Tb complex
and the two short components to quenched PL caused by
coordination between the Th(lll) ion and the structure of DNA.
Previous work has shown the binding of nucleic acids and
Thb(ll1) and found that both phosphate groups and bases could
bind to Th(I11).Y” Pyrimidine nucleotides (CMP and TMP) were
mainly combined with rare-earth ions through phosphate
groups, and the contribution of bases was small, whereas the

phosphate groups and bases of purine nucleotides (AMP and
GMP) were both involved in coordination. In addition, there
might also be a synergistic effect between the phosphate groups
and the bases. Therefore, we speculated that the short lifetime
components were related to the coordination of the phosphoric
acid groups and the bases with the Tb central ion. After
hybridization, the decay of PL intensities of P(2-5)-Th with
time became significantly slower (Figure 1F, Figure S4). The
resulting fit parameters showed that the long component
(A, expt/71) decreased slightly in lifetime and significantly in



amplitude fraction, the first short components (A,exp(~t/72))
did not change significantly, and the second short component
(A;exp~t/7)) disappeared. In addition, a new medium lifetime
component (~0.45 to 0.65 ms) appeared with a strong amplitude
fraction (circa 40 to 50%). These significant changes in the
overall PL quenching must be related to the formation of
double-stranded DNA. A possible explanation was the
coordination of the nitrogen within the bases to the Th(lll) ions
in an open ssDNA form (resulting in competition with the
Lumi4 complex and thus increased PL quenching), which
would be suppressed in the case of the double-helical structure
of dsDNA. This agrees with the finding that single-stranded
oligonucleotides can enhance the PL of Tb(lll) (due to
coordination), but purified duplexes do not.t” However, in our
case, instead of enhancement (from pure Tb(lll) to DNA-
coordinated Tb(lll)), we saw a quenching (from Lumi4-
coordinated Tb(Ill) to DNA-coordinated Tb(lll)). We
hypothesized that the coordination between the base and Th(lll)
was entirely suppressed in the dsDNA structure (disappearance
of the shortest lifetime). In contrast, the phosphoric acid group
located at the edge of the double helix structure continued to
compete with the original ligand of Lumi4-Tbh but with an

overall weaker contribution (translated as a new medium
lifetime component).

To further confirm that the PL quenching was caused by
interaction with the Th(lll) ions and not by structural changes
in the Lumi4 complex, we performed UV-Vis absorption
experiments. The UV-Vis spectra of ssSDNA, Th-ssDNA, and
the mix of Th-ssDNA and the complementary strand showed no
obvious differences in both the DNA absorption around 260 nm
and the Lumi4 absorption around 350 nm (Figure S3),
suggesting that no significant structural change occurs during
the interaction between DNA and the Lumi4 complex.
Although our PL and UV-Vis investigations and the previous
studies®™ 16 1° |ed to reasonable assumptions concerning the
mechanism of interaction, a more profound study (including,
e.g., FT-IR and Raman spectroscopy) would be necessary to
further elucidate the exact Lumi4-Tb-nucleic acid interaction.
However, concerning the biosensing principle, the actual result
of the interaction (change of PL lifetime) is more important than
the exact mechanism. Thus, we did not investigate the
mechanism in further detail but instead focused on the
bioanalytical application.

Table 1. Summary of the PL lifetime of Tb and P-Tb before and after hybridization.

71 (us) rel. A; ¢ 9DNA rel, A T2(ps) rel. A2 13 rel. As  y2P
¢ (1ns) ¢ ‘ (1ns) ¢
Lumi4-Th 2768+ 6 100% 1.046
P1-Tb 2638 * 99.0% 362 + 1.0% 1.148
12 40
P1- 2696 =+ 99.4% 242 =+ 0.60% 1.118
Tb+Target 11 30
P2-Th 2360 * 84.8% 79+7 7.5% 28 + 7.8% 1.156
22 2
P2- 2214 + 42.8% 447+ 7 100 + 6 5.5% 1.170
Th+Target 49 %
P3-Tb 2501 = 88.6% 121+9 5.1% 28 + 6.3% 1.108
23 1
P3- 2272 + 56.5% 494 + 11 121 +8 4.8% 1.050
Tb+Target 42 %
P4-Th 2413 =+ 87.0% 95+8 6.6% 30 + 6.4% 1.027
22 2
P4- 2187 = 56.1% 644 + 16 99 +3 5.7% 1.053
Th+Target 59 %
P5-Th 2444 + 77.3% 95+4 16.4% 29 + 6.2% 1.147
27 2
P5- 2202 + 53.8% 452+ 8 86 +3 7.4% 1.104
Th+Target 38 %

a: rel. A refers to the fraction of the lifetime amplitudes A1, A2, and As. b: Fit quality factor (values close to unity are high quality).

Although steady-state PL assays indicate the concentration of
an analyte by PL intensity, the signal can hardly be
distinguished from background if the concentration of the
analyte is low. Time-gated (TG) PL might solve this problem
efficiently. For a proof-of-principle demonstration, we
collected the integrated PL signals of these probes in a time
range of 0.1 to 0.6 ms after pulsed excitations. As shown in
Figure 2A, target binding to P1-Tb PL did not significantly
influence the TG PL intensity, which was in agreement with the

steady-state PL results (Figure 1B). In contrast, P2-Tb, P3-Tb,
P4-Tb and P5-Th showed significantly enhanced PL signals of
17, 13, 8, and 3-fold, respectively. With the best P2-Th probe,
the target could be quantified with a detection limit of 17 pM
(Figure 2B). Notably, the assay required only a single
fluorophore and a single DNA probe, and TG PL could be
rapidly measured immediately after mixing probe and target.
This simple, rapid, amplification-free, and sensitive assay might
have great potential in nucleic acid-sensing and related clinical



and biological applications. DNAs have the advantages of easy
availability, sequence diversity, conformational tunability,
biocompatibility, and specific recognition capability, and have
been widely used in the synthesis of functional probes.
Therefore, arrays for different DNAs or RNAs can be created
based on the nucleic acid hybridization enhanced luminescence
principle.
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Figure 2. (A) TG PL intensity responses of different Th-
probes (5 nM) hybridizing to 32 nucleotides long target DNAs
(target 1) at concentrations of 10 and 20 nM. (B) Assay
calibration curve of TG PL intensity of P2-Tb as a function of
target 1 concentration. (C) TG PL intensity responses of Th-
probes (5 nM) hybridizing to 17 nucleotides long target DNAs
(target 2) at a concentration of 10 and 20 nM. (D) Assay
calibration curve of TG PL intensity of P9-Tb as a function of
target 2 concentration.

To verify the universality of the target detection principle, we
designed a series of amino group-modified DNA probes with
17 nucleotides and conjugated them with Lumi4-Th. As
displayed in Figure 2C, the PL of the probes modified with
Lumi4-Tb at the ends (3'and 5') did not increase in the presence
of the complementary strand (target 2). However, when Lumi4-
Tb was bound to the third or seventh base (T), target binding
resulted in a ~20 and 12 fold PL enhancement, respectively.
With the P9-Tb probe, target 2 could be sensitively quantified
in the low and sub-nanomolar concentration range with a
detection limit of 32 pM (Figure 2D).

We further attempted to expand our method to rapid and
amplification-free assays for other RNA or DNA quantification.
MicroRNA and a specific region of COVID-19-related DNA
were employed as relevant model biomarkers due to their
important and urgent clinical significance.

MicroRNAs (miRNAs) are a class of non-coding RNAs with
20-24 nucleotides. They act as post-transcriptional regulators in
gene expression, thereby involving cell proliferation, migration,
apoptosis, and canceration.*® More than half of human genes are
regulated by miRNAs, and one miRNA can have hundreds of
target genes.3* Many recent studies have demonstrated that
the abnormal expression of miRNA was closely related to
severe diseases such as cancer.® In addition, miRNA can exist
in a very stable form in human peripheral blood circulation,
making them next-generation biomarkers for disease diagnosis
and prognosis.®® ¥ Compared with previous nucleic acid

targets, miRNAs are shorter, with a lower concentration and
stronger homology. For example, there is only a 2-bases
difference between miR-20a and miR-20b. Therefore, the
accurate detection of mIiRNA is facing a huge clinical
challenge. In order to achieve highly specific detection, we
introduced the SplintR Ligase into miR-20a detection. SplintR
ligase could efficiently catalyze the ligation of adjacent, single-
stranded DNA splinted by a complementary RNA strand. Two
DNA sequences (P10 and P11) those hybridize with the target
miR-20a (Figure 3A) were designed. Probe P10 contained 13
nucleotides that could hybridize with parts of miR-20a. Probe
P11 had a complementary sequence to miR-20a as well as a
hairpin structure to increase the molecular weight of the probe,
thereby improving the separation efficiency after conjugation
with Lumi4-Tb. The melting temperatures of P10 and P11 to
miR-20a were 44.6 °C and 29.3 °C (in buffer with 150 mM
NaCl), respectively, demonstrating the instability of the
hybridization between P11 and miR-20a. In combination with
SplintR ligase, the 5'phosphate-modified P11-Th could be
efficiently ligated to P10 in the presence of miR-20a, producing
highly stable duplexes with a melting temperature of 56.6 °C.
The double-stranded target-probe RNA/DNA complexes
enhanced the Tb PL in a target concentration manner, such that
rapid, sensitive, and specific detection of miR-20a with a
detection limit of 23 pM could be achieved (Figure 3B).
Although the background fluorescence intensity seem relatively
high, it is relatively stable and could be subtracted from the total
signals in detections. Since the sequence of miRNA-20b has
two nucleotide mismatches for Pb11, the hybridization with
P11-Tb is very unstable with Tm of only 20.8 °C, and the
nucleotide at the nick end is not paired. So, it is difficult for
SplintR Ligase to catalyze the ligation of P10 and P11-Th.
Therefore, the PL intensity of the probe in the presence of miR-
20b at a concentration of 10 nM was only 15% of that in the
presence of miR-20a with concentration of 1nM, indicating the
excellent specificity of the assay (Figure 3C). To further
validate the specificity of our method, the detection of single-
nucleotide mismatches by our sensor was investigated. We
designed a series of "reduced miR-20b", miR-20b(1-4), in
which we changed one or two mismatched nucleotides of 20b
to one mismatch compared to 20a (Table S1). The results
showed that the selectivity became worse the further the single-
nucleotide mismatch was positioned from the sticky end (Figure
S5). Considering that the flexible design of our probes can move
the sticky end closer to the mismatch, distinction of most single-
nucleotide mismatches should be possible with our detection
principle.
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Figure 3. (A) Principle of miR-20a assay using SplintR
ligase to ligate P11 and P10-Tb in the presence of miR-20a and
producing a stable hybrid duplex, leading to PL enhancement
of Tb. (B) Assay calibration curve of P11-Tb TG PL as a
function of miR-20a concentration. (C) Assay specificity tested
against miR-20b.

As witnessed worldwide for around two years, simple, rapid,
and accurate detection of COVID-19 is essential for early
diagnosis and disease management. Up to now, RT-PCR is still
the preferred and most widely used method for the nucleic acid
test of COVID-19 due to its simplicity, easy methodology, and
extensively validated standard operating procedure. The viral
RNA is converted into DNA by reverse transcription and DNA
polymerization in RT-PCR. Bearing in mind for future
application towards TG PL probe for RT-PCR, we replaced 6-
carboxyfluorescein and blackberry quencher with Lumi4-Tb,
while retaining the COVID-19 specific sequences of the WHO
TagMan probe,* to check if the PL enhancement indeed occurs
using this probe sequence upon its complementary DNA
(cDNA) hybridization. As the hairpin structure existed in the
specific region of the ssSDNA analogue of COVID-19 RNA
(Figure S6) that reduced the hybridization with the
complementary chain, we designed probe 12 (P12) with a
hairpin structure at the 3’-end to recognize COVID-19 cDNA
(Figure 4A). The cDNA target (Figure 4B) could be sensitively
quantified at subnanomolar concentrations with detection limits
of 27 pM.
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Figure 4. (A) Principle of COVID-19 hybridization assay.
Linear relationship between TG PL and the concentration of
COVID-19 cDNA (B).

In order to determine whether the new principle could be used
in real biological samples, miR-21, a biomarker for breast
cancer, in 16 peripheral blood samples (8 samples from breast
cancer patients and 8 samples from healthy individuals) was
selected as the target to detect. A series of probes with Lumi4-
Tb modification at different positions were designed. As shown
in Figure 5A, the Probe 16 (P16) with Lumi4-Tb modified at
the 16th base (T) exhibited the optimal PL enhancement, which
was employed in the assay of miR-21 (Figure 5B). The LODs
of miRNA-21 reached 34 (Figure 5C) and 39 pM (Figure S7)
in HEPES buffer and single stranded salmon sperm DNA
solution (100 pg/mL), respectively, suggesting the high
sensitivity of the assay. The values of R? for detection of
miRNA was slightly lower than that for DNA detection,
possibly due to miRNA is more easily degraded by RNases in
the environment during storage and detection.
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Figure 5. (A) TG PL enhancement factors of different Th-
probes (5 nM) hybridizing to cDNA at concentrations of 20 nM,
(B) principle of miR-21 hybridization assay, linear relationship
between TG PL and the concentration of miR-21 in HEPES (C),
analysis of miR-21 in clinical samples by nucleic acid
hybridization enhanced luminescence (D) and RT-gPCR (E).

To investigate whether the method works well complex
biological matrix, we examined the PL enhancement of the P16-
Thin cell lysates. As shown in Figure S8, the TG PL intensities
of P16-Tb in buffer and cell lysates with concentration of 50
and 500 pg/mL were same, indicating that the P16-Tb is stable
in cell lysates. After added miR-21 (3nM), the intensity of P16-
Tb cell lysates was stranger than that in buffer, may due to the
presence of miR-21 in cell lysates. Moreover, P16 was used to
detect miRNA-21 in the total miRNA extracted from the
peripheral blood of breast cancer patients and healthy
individuals, and the result indicated that the expression levels
of miRNA-21 in the breast cancer patients was significantly
higher compared to those in the healthy controls (Figure 5D).
The result was consistent with that of gRT-PCR (Figure 5E),
suggesting the great potential of the new principle for early
cancer diagnosis.

In summary, nucleic acid hybridization-enhanced

luminescence allowed facile, rapid, and sensitive TG PL assays
for DNA and RNA quantification. The PL of Lumi4-Tb



modified internally in DNA could be enhanced significantly
after hybridization. The coordination between Th(lIl) and bases
or phosphate groups was weakened by forming the rigid double
helix structure. To exploit this principle, we designed a series
of probes for different DNA and RNA targets and demonstrated
sensitive, specific, washing-free, single-probe PL bioassays
with picomolar detection limits without the use of any
amplification steps. The performances of this new assay
including LOD, specificity, linear range, and detection time are
competitive even superior compared with other miRNA
biosensors (Tabel S2). This versatile, simple, and rapid TG PL
biosensor provides a strong potential for clinical diagnostics
and point-of-care testing.
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