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Trifunctional Integrated DNA Based Universal Sensing 
Platform for Detection of Diverse Biomolecules in One-
pot Isothermal Exponential Amplification Mode
Yun-Xi Cuia,b,†, Xue-Nan Fenga,†, Xiao-Yu Lia, Yu-Peng Zhanga, An-Na Tanga, De-Ming Konga,b,*

A BIOSENSOR WITH ALL ADVANTAGES OF ULTRA-HIGH SENSITIVITY, EASE-TO-
OPERATION, STRAIGHTFORWARD SIGNAL OUTPUT AND UNIVERSAL APPLICABILITY  

HAS BEEN INTRODUCED. SUCH BIOSENSOR WAS DEMONSTRATED TO WORK WELL 

IN DETECTION OF POLYNUCLEOTIDE KINASE AND DAM METHYLTRANSFERASE, THUS 

PROVIDING POWERFUL TOOLS FOR CLINICAL DIAGNOSIS, DRUG SCREENING AND  

DISEASE THERUPIC ASSAY.

During the development of the modern biological science, 
different biomolecules, such as the nucleic acids, proteins and 
enzymes, have attracted intense interest because of the 
identification for the vital impact of those molecules in various bio-
processes1-6. It has been reported that the abnormal expression of 
some biomolecules was closely related with numerous of diseases7-

13. In light of the clinical significance of those biomolecules, they are 
applied as series of biomarkers in diagnosis and prognosis14. 
Therefore, developing of a convenient and sensitive strategy, for 
the rapid detection of those biomarkers with high sensitivity, has 
definitely great potential in biology and bioanalysis.

DNA has been applied as a powerful tool for design of 
biosensors because of its predictable and programmable 
sequences, as well as their ability to replicate with ultra-high 
efficiency15-19. In recent decade, plenty of DNA-based biosensors 
have been developed for analysis of different biomarkers, including 
nucleic acids, enzymes or other molecules which can be used as the 
special targets of DNA aptamers20-27. In order to achieve the 
detection of molecules in extremely low concentration, researchers 
introduced multiple signal amplification steps in the design of the 
biosensors28-31. For instance, the polymerase chain reaction (PCR) is 
a well-known method that has been widely applied in construction 
of different biosensors32. However, the processes of PCR request to 
set up programmed temperature cycles, and a denatured 
temperature as high as 95°C is necessary33. The complicated 
processes limit the application of PCR in analysis of biomolecules, 
especially for those in natural samples. Therefore, isothermal 

amplification methods attracted more and more attention. 
Nevertheless, comparing with the canonical PCR, the efficiencies of 
the isothermal amplification methods are usually lower so their 
sensitivity is not as high as conventional PCR. To achieve the 
detection of low abundance biomolecules, people attempted 
cascade amplification strategies which included multiple reaction 
steps to ensure the high sensitivity7, 34, 35. But the more steps not 
only make the operation more complicated, but also increase the 
risk of cross-contamination between the materials.

Scheme 1. Mechanism of the PARTIP for detection of PNK activity.

Herein, we proposed a novel DNA-based biosensor, named 
Probe-Amplifier-Reporter Trifunctional Integrated Platform (or 
termed as PARTIP). The PARTIP is constructed with only one DNA 
substrate. This single-stranded DNA plays 3 roles of probe, amplifier 
and reporter. In the presence of the target, multiple amplification 
processes will be initiated spontaneously, achieving detection of the 
target with ultra-high sensitivity. Notably, although multiple 
amplification processes are included in, the overall procedures can 
be completed in a simple "one-pot" mode because all of the 
reactions proceeded synchronically. What's more, the single-
stranded DNA substrate can be easily modified for recognition of 
different biomolecules, thus the PARTIP may be extended as a 
general sensing platform for detection of diverse biomarkers. As a 
proof of concept, we designed two PARTIP sensors for analysis of 
polynucleotide kinase (PNK) and Dam methyltransferase (Dam 
MTase). PNK is a kind of kinase that plays an important role in 
various gene-related bioprocesses, such as DNA replication, DNA 
repair, and nucleic acid metabolism36-38, and the MTase was found 
to related with several types of cancer6, 39. Our results suggested 
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that the PARTIP could be applied in the detection of these two 
cancer-related enzymes in an ultra-simple and high-sensitivity way. 

As shown in Scheme 1, our design applied a 20 nt long, single-
stranded poly-thymine (pT) DNA as the basic substrate (pT). For 
PNK detection as an example, the substrate was modified with a 3'-
phosphate (3'-P) end, and an apurinic/apyrimidinic (AP) site in the 
middle. A fluorophore-FAM and a black-hole quencher (BHQ) were 
pre-labeled at each side close to the AP-site, forming the pTPNK 
substrate. The PNK might catalyze the 3'-end dephosphorylation of 
pTPNK, converting the 3'-P end to 3'-OH22. And the generated 3'-OH 
end could be recognized and elongated by terminal transferase 
(TdT), a kind of DNA polymerase without substrate sequence 
selectivity40. We introduced dATP only for the TdT-catalyzed 
elongation reaction, thus the long-tail product would be a poly-
adenine (pA) sequence. The pTPNK strands, either reacted with 
PNK/TdT or not, may hybridize with the pA tail, forming multiple 
intra/inter-molecule duplexes. Each duplex contained a pre-set AP-
site in the middle, at which the pTPNK strand would be cut into two 
short parts by Endonuclease IV (Endo. IV). Due to the great 
decrease of the binding stability (melting temperature decreased 
from 53.1 °C to 28.5 °C, calculate using mfold41), the two parts could 
not form stable duplexes with the pA tail, and were released 
separately, resulting in the separation of FAM from BHQ and the 
recovery of FAM fluorescence. The released pA tail could bind with 
other pTPNK strands, performing a binding-cleavage-release cycle, 
resulting in the amplification of fluorescence signal with an 
efficiency of nX (X is the total number of pTPNK strands hybridized 
with the long pA tail at once, n is cycle index). Since the TdT-
catalyzed elongation reaction would generate a long pA tail 
containing more than 500 nucleotides (see Fig. S1), this tail might 
hybridize with tens of pTPNK strands at once, and thus giving a large 
X value. More important, the cleavage of each pTPNK strand 
produced a fragment with an exposed 3'-OH end, which could also 
be extended by TdT to generate a new pA tail, thus triggering a new 
binding-cleavage-release cycle. As a result, the signal amplification 
cycles were continuously enlarged, giving an exponential signal 
amplification with a theoretical amplification efficiency of X + X2 + 
X3 +···+ Xn (ƩXn), which might be much higher than that of PCR 
(theoretical amplification efficiency: 2n). By utilizing such a strategy, 
an ultra-sensitive detection of the PNK activity could be achieved. 
Notably, although explosive signal amplification reactions occurred 
in the sensing system, the detection operation could be finished in a 
simple "one-pot" mode. 

With T4 PNK as a model, we used polyacrylamide gel 
electrophoresis (PAGE) and fluorescence spectrometry to verify the 
feasibility of the proposed strategy. As shown in Fig. S1, a clear DNA 
band could be only observed in the presence of both PNK and TdT 
(Fig. S1A), which is consistent with the proposed mechanism. The 
elongation product was more than 500 nt long. This result revealed 
that TdT would only recognize the 3'-OH end generated by the T4 
PNK-catalyzed dephosphorylation. What's more, when Endo. IV was 
added into the system containing both PNK and TdT (Fig. S1A, Lane 
3), a smeared band with 100-200 nt long appeared besides the 
band with ~500 nt long. According to the working mechanism 
shown in Scheme 1, the smeared band might be caused by TdT-
catalyzed elongation of cleavage products of pTPNK by Endo. IV, thus 
indicating the existence of the proposed exponential amplification 
process. The conclusion obtained from fluorescent spectrometry is 
consistent with PAGE. As shown in Fig. S1B, a significant increase of 
the fluorescent signal can be observed only in the presence of all 
components. To further demonstrate the proposed exponential 
signal amplification process, two sensing systems were prepared. In 

these two systems, T4 PNK and TdT were added to trigger TdT-
catalyzed elongation reaction first. 60 min later, Endo. IV was added 
to trigger the subsequent cleavage reaction of pTPNK strands. 
However, in one of the systems, an enzyme inactivation step (the 
reaction solution was heated at 85 °C for 20 min to inactivate the 
TdT) was introduced before the addition of Endo. IV. In the other 
system, no heating step was included. As shown in Fig. S1C, the 
non-heat system showed much higher fluorescence signal than the 
heated one, suggesting active TdT plays an important role after 
Endo. IV addition, which is consistent with the proposed 
mechanism that the conjugation of TdT and Endo. IV would 
significantly increase the efficiency of the PARTIP signal 
amplification.

After confirming the feasibility of PARTIP strategy, we 
investigated the optimal condition for PARTIP working, including 
the concentrations of BSA, pTPNK, dATP, TdT, and Endo. IV. 
Comparing the signal-to-noise ratio under different conditions (see 
Fig. S2 to S6 for details), we finally obtained the optimized reaction 
condition is 500 nM of pTPNK, 2 mM dATP, 10 U TdT, 5U  Endo. IV 
and 200 μg mL-1 BSA in 1×TdT buffer (50 mM potassium acetate, 20 
mM tris-acetate, 10 mM magnesium acetate, pH 7.9) supplemented 
with 250 μM CoCl2 as a total volume of 25 μL.

Figure 1: The PNK activity assay. (A) The fluorescent spectrum in response to different 
concentration of PNK. (B) Variance of the fluorescence intensity with the concentration 
of the PNK in a range of 1×10-5 to 1 U mL-1. The insert shows the linear relationship 
between the fluorescence intensity and the logarithm of the concentration of the PNK 
in the range of 1×10-5 to 1×10-2 U mL-1.

Under the optimized condition, we analyzed the sensitivity of 
PARTIP in PNK activity detection. We measured the fluorescence 
spectra at various concentrations of T4 PNK. The fluorescence 
intensity at 520 nm gradually enhanced during the increase of T4 
PNK concentrations from 10-5 to 1 U mL-1 (Fig. 1A). In logarithmic 
scales, the fluorescence intensity exhibited a linear correlation with 
the concentrations of T4 PNK over a range from 10-5 to 10-2 U mL-1 
(Fig. 2B, insert). The regression equation is Fi=195.9+30.23×logCPNK 
with a correlation coefficient of 0.970, where Fi and CPNK represent 
the fluorescence intensity and the T4 PNK concentration, 
respectively. The limit of detection (LOD) was estimated to be 
3.5×10−6 U mL-1. Notably, the LOD of this proposed sensing platform 
is the lowest as far as our knowledge (see Table S1). What's more, 
the selectivity of T4 PNK targeted PARTIP was also investigated. We 
employed BSA, endonuclease DpnI, methyltransferase M.SssI, and 
T4 ligase as the competitive proteins and enzymes. As shown in Fig. 
S7, the increase of the fluorescence signal was observed only in the 
presence of T4 PNK, revealing the excellent selectivity of the PARTIP 
towards the target.

Our simple one-pot signal amplification strategy makes real-
time detection mode possible, in which the amplified fluorescence 
signal is monitored synchronously during amplification reaction. 
Such a real-time detection operation could be achieved 
conveniently using a commercial instrument (e.g. Real-Time PCR 
instrument). Fig. S8 showed the fluorescence intensity (F) vs 
reaction time (RT) curves collected at different PNK concentrations 
from10-5 to 1 U mL-1. In logarithmic scale, a linear relationship was 
constructed between the RTt values and the concentrations of PNK 
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in a wide range of 10-5 to 10-1 U mL-1 (See SI for more details). Such 
a result indicated that the PARTIP performed well in the real-time 
detection mode, and PNK concentration as low as 1×10-5 U mL-1 
could be easily identified from those of the blank control. Compare 
to the end-point mode, the real-time one has simplified operation, 
better automation and higher throughput, thus promoting the 
application of the PARTIP in clinical diagnosis and prognosis. 

Furthermore, the screening of PNK inhibitor by the proposed 
PARTIP has also been demonstrated. We used (NH4)2SO4 and 
Na2HPO4, two of the well-known inhibitors of PNK21, 28, 42, as the 
model. As shown in Fig. S9 & S10, the calculated half maximal 
inhibition concentrations (IC50) were 13.0 mM and 11.6 mM for 
(NH4)2SO4 and Na2HPO4, respectively. The values were consistent 
with those obtained by the reported methods such as the T7-
exonuclease-assisted dual amplification and the magnetic-
separated rolling cycle amplification43, 44. This result revealed that 
PARTIP performed well for screening PNK inhibitors and evaluating 
their inhibitory capacities. Because PNK has been proved to be 
activated in many DNA damage repair pathways9, and recent 
research reported that PNK inhibitor could increase the efficiency of 
the existing therapy for cancers44, 45, our sensing platform, which is 
available for the inhibitor screening, holds great potential in 
pharmacological applications.

Figure 2: The PNK activity assay in HeLa cell lysate. (A) The fluorescent spectrum 
in response to lysates extracted from different amount of Hela cells, (B) Variance 
of the fluorescence intensity with the lysates extracted from different amount of 
Hela cells in a range of 1 to 1×104. The insert shows the linear relationship between 
the fluorescence intensity and the logarithm of the number of cells.

To verify the potential applications of the proposed PARTIP in 
naturally complex biological samples, we analyzed PNK activity in 
lysate of HeLa cells. As shown in Fig. S11, endogenous active PNK 
triggered fluorescence intensity increase was first confirmed (See SI 
for more details). Further, the sensitivity of PARTIP for PNK activity 
quantitation in HeLa cell lysate was investigated. According to the 
fluorescence responses to the lysate extracted from different 
amount of HeLa Cells (Fig. 2), a good linear relationship was 
constructed between the fluorescence intensity and the logarithm 
of the number of cells in a range of 1 to 103 cells, the linear 
regression equation was calculated as Fi=55.2+86.7×logN (N is the 
number of HeLa cells), with a correlation coefficient of 0.938. This 
result indicated that the proposed PARTIP could sensitively detect 
endogenous PNK activity as low as single-cell level. According to the 
results in Fig. 1 and Fig. 2, we could estimate the PNK activity in 
HeLa cells was ~1.7×10-4 U per cell. This value was consistent with 
the result reported recently44, demonstrating that the proposed 
PARTIP performed well in the application of enzyme activity assay in 
natural biological samples. 

It is worth to note that the signal amplification process in our 
proposed strategy is initiated just based on target-triggered 
exposure of 3'-OH ends of DNA oligonucleotides. In fact, many 
bioprocesses may cause such an exposing of 3'-OH, thus the PARTIP 
can be easily extended to the detection of different biomolecules 
after simple modification. For instance, DNAzyme catalyzed DNA 
truncation, uracil specified UDG or sequence targeted 
methyltransferase assisted DNA cleavage46, 47. As an example, we 

designed another PARTIP for Dam Methyltransferase (Dam MTase) 
activity analysis, MTase may selectively catalyze the methylation of 
DNA with special sequence, and the aberrant MTase activities is 
reported to be relate with variety types of cancers including breast, 
prostate, lung, liver and colon cancers48-50. The working mechanism 
is shown in Fig. S12. With simple modification of the pTPNK, new 
substrate pTDam has been constructed for the Dam MTase 
reorganization. The methylation of the pTDam will lead a specific 
enzyme cleavage thus exposing the 3'-OH end of the oligo. Then the 
TdT/Endo. IV assisted signal amplification would proceed similarly 
as the PNK assay (See SI for more details). 

The feasibility of the proposed Dam MTase sensing strategy 
was verified through PAGE and fluorescent assay (Fig. S13). The 
result revealed that the signal amplification processes could be 
initiated only in the presence of Dam MTase (See SI for more 
details). We then investigated the sensitivity of the new PARTIP for 
the detection of Dam MTase activity. As shown in Fig. 3, the 
fluorescence intensity gradually enhanced during the increase of 
Dam MTase concentration from 4×10-4 to 40 U mL-1. Similar to the 
PNK assay, the fluorescence intensity exhibited a linear correlation 
with the concentrations of Dam MTase over a range from 4×10-4 to 
4 U mL-1 in logarithmic scales (Fig. 3B, insert). The regression 
equation is Fi =389.5+91.81×logCDam with a correlation coefficient of 
0.988. The LOD was estimated to be 1.1×10−4 U mL-1.

Figure 3: The Dam MTase activity assay. (A) The fluorescence spectra of the sensing 
system containing different concentrations of Dam MTase. (B) Variance of the 
fluorescence intensity at 520 nm with the concentration of the Dam MTase in a range 
of 4×10-4 to 40 U mL-1. The insert shows the linear relationship between the 
fluorescence intensity and the logarithm of Dam MTase concentration in the range of 
4×10-4 to 4 U mL-1.

Using another methyltransferase M.SssI, which may catalyze 
the methylation of cytosine in CpG region and endonuclease EcoRI 
as the competitive enzymes, the Dam MTase targeted PARTIP was 
demonstrated with good selectivity for the Dam MTase detection 
(see Fig. S14A & B for the detailed results). In addition, we 
measured the fluorescent intensity in the presence of 5-fluorouracil 
or gentamycin, two commonly used Dam MTase inhibitors. When 1 
μM 5-Fluorouracil or 10 μM gentamycin (the concentrations were 
close to their IC50 values reported in previous research26, 44) were 
added in, the calculated relative activities of Dam MTase were 
reduced to 41.0% and 48.9%. (see Fig. S14C & D for detailed 
results). This result indicated that the new PARTIP is capable for the 
Dam MTase inhibitor screening assay.

Finally, we demonstrated that the detection of Dam MTase 
activity can be achieved through the real-time detection mode. As 
shown in Fig. S15, a concentration of Dam MTase as low as 4×10-4 U 
mL-1 can be easily identified from the blank control, and a linear 
relationship was obtained on the logarithmic scale in a range of 
4×10-4 to 4 U mL-1. The linear regression equation was calculated as 
RTt=40.0-18.0×logCDam, with a correlation coefficient of 0.999. All 
above results indicated this PARTIP performed well for one-pot 
detection of Dam MTase.

In summary, we proposed a new strategy to construct sensing 
platform named as PARTIP for highly sensitive quantitation of 
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diverse biologically important molecules. In this strategy, only one 
substrate, which plays three roles of probe, signal amplifier and 
signal output, was used. Due to the alternant initiation of TdT-
catalyzed substrate extension and Endo. IV-catalyzed substrate 
cleavage, the signal output of the sensing platforms can be 
amplified in an exponential mode with a theoretical amplification 
efficiency of ƩXn. As a result, PARTIP showed great sensitivity for 
the specific targets. The PNK activity detection in the lysate from 
individual HeLa cell can be precisely achieved. The ultra-simple 
“one-pot” detection mode guaranteed the potential of PARTIP in 
general application. Overall, our proposed strategy provides a  
universal tool for clinical diagnosis, pharmacological analysis and 
disease therapic assay.
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