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Abstract

Accurate detection and imaging of tumor-related mRNA in living cells hold great promise for 

early cancer detection. However, currently, most probes designed to image intracellular mRNA 

confront intrinsic interferences arising from complex biological matrices and resulting in 

inevitable false-positive signals. To circumvent this problem, an intracellular DNA nanoprobe, 

termed DNA tetrahedron nanotweezer (DTNT), was developed to reliably image tumor-related 

mRNA in living cells based on the FRET (fluorescence resonance energy transfer) “off” to “on” 

signal readout mode. DTNT was self-assembled from four single-stranded DNAs. In the absence 

of target mRNA, the respectively labeled donor and acceptor fluorophores are separated, thus 

inducing low FRET efficiency. However, in the presence of target mRNA, DTNT alters its 

structure from the open to closed state, thus bringing the dual fluorophores into close proximity 

for high FRET efficiency. The DTNT exhibited high cellular permeability, fast response and 

excellent biocompatibility. Moreover, intracellular imaging experiments showed that DTNT could 

effectively distinguish cancer cells from normal cells and, moreover, distinguish among changes of 

mRNA expression levels in living cells. The DTNT nanoprobe also exhibits minimal effect of 

probe concentration, distribution and laser power as other ratiometric probe. More importantly, as 

a result of the FRET “off” to “on” signal readout mode, the DTNT nanoprobe almost entirely 

avoids false-positive signals due to intrinsic interferences, such as nuclease digestion, protein 
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binding and thermodynamic fluctuations in complex biological matrices. This design blueprint can 

be applied to the development of powerful DNA nanomachines for biomedical research and 

clinical early diagnosis.

Abstract

Identifying cancer at the cellular level at an early stage depends on the ability to distinguish 

abnormalities in gene expression in living cells.1 The expression level of tumor-related 

mRNA can reveal significant information about tumor progression and prognosis.2 

Therefore, detection of endogenous tumor-related mRNA holds great promise for biological 

and disease studies.

Several well-known methods have provided insight into identifying and characterizing 

mRNA, including microarray analysis,3–5 Northern blots,6,7 and reverse transcription 

polymerase chain reaction (RT-PCR).8,9 However, these approaches are not suitable for 

directly monitoring tumor-related mRNA at the cellular level, nor are they able to reveal 

transient spatiotemporal variations of RNA within a living cell. The resultant loss of 

important biological information has prompted the search for alternative approaches to 

mRNA detection in living cells. In this regard, nucleic acid-based fluorescence assays may 

be the most powerful and attractive techniques for detection of mRNA in living cells 

because of the high sensitivity, real-time and in situ monitoring capability and minimal harm 

to biological samples.10,11 However, two pivotal issues need to be addressed when using 

nucleic acid-based fluorescent probes for the detection and imaging of tumor-related mRNA 

in living cells: effective delivery of probes into the cell and chemical interferences and 

thermodynamic fluctuations, that inevitably lead to high false-positive signals.12–14 To 

address these challenges, approaches incorporating inorganic nanomaterials, such as gold 

nanoparticles and graphene, have been developed for cellular mRNA imaging.15–19 These 

nanomaterials act as nanocarriers to deliver hydrophilic nucleic acids into the cells, and they 

also inhibit the enzymatic activity of some nucleases, resulting in enhanced stability of 

nucleic acids in biological environments.20 Nonetheless, stability still remains a problem, 

and false-positive signals cannot be entirely avoided.21 In addition, complex steps for the 

preparation and functionalization of these nanomaterials are commonly required.22,23
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In recent years, DNA nanotechnology has been used for the rational assembly of many one-, 

two- and three-dimensional well-defined nanostructures, and some of them have been 

further applied in bioimaging, computation and drug delivery based on such advantages as 

excellent biocompatibility and nanoscale controllability.24–26 For example, DNA tetrahedra, 

as recently emerged self-assembled DNA 3D nanomaterials, can be rapidly internalized 

through a caveolin-dependent pathway, remaining substantially intact within cells for at least 

48 h.27,28 This capability has significantly advanced their development in applications in 

sensor construction, drug delivery and molecular logic gates.29–32 In fact, a few DNA 

tetrahedron-based probes have been assembled for sensing intracellular RNA.29,33,34 

Nevertheless, all of them are single-intensity-based sensing probes, which may lead to high 

false-positive signals from nuclease digestion, protein binding, or thermodynamic 

fluctuations.21 Moreover, such sensing is compromised by the local distribution of probes 

and by drifts of light sources and detectors. These obstacles limit accurate detection and 

imaging of tumor-related mRNA in living cells.

In contrast, FRET-based probes, especially FRET “off” to “on”-based probes, can avoid 

false-positive signals and minimize the effects of system fluctuations in bioimaging.35 So 

far, only a few DNA nanostructures have been used to image mRNA in living cells based on 

FRET. Unfortunately, all of them are traditional one- or two-dimensional DNA 

nanostructures.36,37 Compared with 3D DNA nanostructures, these traditional one-or two-

dimensional nanomaterials often show decreased cell permeability and much lower 

biostability, severely limiting their further development in bioimaging.38 Therefore, it would 

be highly desirable, albeit challenging, to develop a 3D DNA nanoprobe that meets the 

requirements for accurate detection of tumor-related mRNA in living cells, including facile 

synthesis, high biocompatibility, self-delivery, and avoidance of false-positive signals caused 

by intrinsic chemical interferences and thermodynamic fluctuations.

Considering the excellent physical properties of 3D DNA nanostructures and the 

unparalleled advantages of FRET “off” to “on” signal readout in bioimaging, a ratiometric 

fluorescent nanoprobes, termed DNA tetrahedron nanotweezers (DTNTs), was developed to 

accurately image tumor-related mRNA in living cells. DTNTs are self-assembled from four 

customized single-stranded oligonucleotide strands. Scheme 1 illustrates the principle of 

DTNT for tumor-related mRNA detection. In the absence of target mRNA, the respectively 

labeled donor and acceptor fluorophores are separated, thus inducing low fluorescence 

resonance energy transfer (FRET) efficiency. However, in the presence of target mRNA, 

DTNT alters its structure from the open to closed state, thus bringing the dual fluorophores 

into close proximity and leading to high FRET efficiency. The FRET “off” to “on” signal 

readout mode can substantially avoid false-positive signals from complex biological 

matrices and provide a feasible platform for accurate detection. Therefore, we herein set up 

an excellent paradigm to rationally design self-assembled 3D DNA nanostructures for 

efficient and reliable imaging of tumor-related mRNA in living cells based on the FRET 

“off” to “on” signal readout mode.
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RESULTS AND DISCUSSION

Preparation and Characterization of the DTNT Nanoprobe

As shown in Scheme 1, the DTNT nanoprobe was prepared by a simple annealing of four 

customized single-stranded oligonucleotide strands (S1, S2, S3 and S4, Table S1). Among 

the four strands, S2 and S3 were designed to have a target recognition site and were 

modified with Cy3 and Cy5, respectively. In the absence of a target, the donor fluorophore 

(Cy3) and receptor fluorophore (Cy5) were spatially separated. Thus, FRET was in the “off” 

state. However, the presence of a target resulted in target-induced configurational changes of 

the DTNT nanoprobe, shifting FRET from the “off” to “on” state. Successful formation of 

the DTNT nanoprobe was verified by use of AFM (Figure 1A) and 12.5% N-PAGE. As 

shown in Figure 1B, with the addition of strands from lane 1 to lane 4, a significant 

reduction of electrophoretic mobility could be clearly observed, which could be attributed to 

the increased molecular mass and more complex spatial construction. The results 

demonstrated that our DTNT nanoprobe had been successfully formed. By observing lane 5 

(DTNT nanoprobe + target strand), no new band, except that of the DTNT nanoprobe, could 

be seen. Therefore, since our nanoprobe was demonstrated to have good target-binding 

ability, its response to the target strand was further investigated in the following fluorescence 

response experiments.

In Vitro Fluorescence Response of DTNT Nanoprobe

In order to investigate the behavior of our proposed DTNT nanoprobe, the fluorescence 

response of the nanoprobe was investigated. First, FRET signal changes of our DTNT 

nanoprobe were monitored in Tris-HCl buffer (20 mM Tris, 5 mM MgCl2, pH = 8.0) upon 

changing the target concentration (0–100 nM). Figure 2A shows the fluorescence emission 

ratio of acceptor to donor (FA/FD) as a function of these target concentrations. In the absence 

of target DNA, the nanoprobe displayed only very low FRET signals. However, with the 

addition of target DNA, the fluorescence emission intensity of Cy3 (donor) at 565 nm 

decreased rapidly, whereas the fluorescence emission intensity of Cy5 (acceptor) at 662 nm 

increased. An almost 8.8-fold increase in FA/FD signal (from 0.13 to 1.15) was observed 

when the concentration of target DNA increased from 0 nM to 50 nM. This indicated that 

our nanoprobe could effectively recognize the target DNA and, in response, changed its 

structure from an open to a closed state, leading to a high FRET signal. Variation in FRET 

efficiency with target concentration was consistent with our postulated mechanism of the 

DTNT nanoprobe. Figure 2B describes-the relationship between changes in FRET signal 

and different concentrations of target DNA. The inset of Figure 2B shows a good linear 

correlation (R = 0.9927) from 0 to 20 nM with a limit of detection (LOD) of 0.33 nM based 

on the 3σ/slope rule.

Since it is important for probes to respond to their target rapidly, the response kinetics of 

DTNT toward target DNA was also tested by real-time monitoring of changes in 

fluorescence emission intensity of Cy3 at 565 nm and Cy5 at 662 nm, (Figure S1, 

Supporting Information (SI)). Results showed that the fluorescence of Cy3 decreases, while 

that of Cy5 rapidly increases with the addition of target DNA, suggesting that the nanoprobe 

can rapidly respond to the target. the FA/FD signal as a function of time showed the 
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hybridization between the targets and the probes was finished in 2 min. Collectively, the low 

detection limit and rapid target response kinetics indicate that this DTNT nanoprobe has the 

potential for further application in detecting tumor-related mRNA in living cells.

Ability of DTNT Nanoprobe to Avoid False-Positive Signals

DNA nanoprobes have been applied in complex biological systems. However, the greatest 

problem has always stemmed from intrinsic interferences that arise from such matrices, 

including false-positive signals. Therefore, in order to demonstrate the ability of DTNT 

nanoprobes to address this issue, the interaction of DTNT with Dnase I was first 

investigated. Dnase I is a powerful endonuclease capable of effectively degrading both 

single- and double-stranded DNA. When the samples were treated with 0.5 U/mL Dnase I, 

electrophoretic characterization (Figure 3A) showed that almost no degradation was 

observed and that our DTNT nanoprobe maintained its conformation at 1 h following 

treatment, which is consistent with previous studies indicating that the DNA tetrahedron 

could, to some degree, enhance nuclease resistance of the oligonucleotides on the 

nanostructure.29 However, when the samples were treated with a higher concentration of 

Dnase I (5 U/mL), electrophoretic characterization showed that the DTNT nanoprobe was 

gradually digested and was almost completely digested at around 40 min. Nevertheless, as 

shown in Figure 3B, the FA/FD signal as a function of time showed no obvious changes, 

irrespective of treatment with low or high concentrations of Dnase I, strongly demonstrating 

that the DTNT nanoprobe could effectively resist false-positive signals caused by enzymatic 

degradation. Next, the effects of protein binding and thermodynamic fluctuations were 

studied by monitoring changes of the FA/FD signal. As shown in Figure S2, with an increase 

in BSA concentration, the fluorescence ratio (FA/FD) remained stable, and no false-positive 

signals were observed. Similar results were also observed with increasing temperature 

(Figure S3).

Benefiting from the FRET “off” to “on” signal readout mode, it is plausible that DTNTs 

have more robust ability to avoid false-positive signals compared to traditional molecular 

beacon-based DNA nanoprobes in complex biological matrices. In order to prove this, our 

DTNT nanoprobe (50 nM) was incubated with buffer and HL7702 cell lysates, respectively, 

and an existing DNA tetrahedron-based molecular beacon nanoprobe (50 nM) was chosen as 

the control.34 As shown in Figure S4, the DNA tetrahedron-based molecular beacon 

nanoprobe exhibited minimal and stable fluorescence in buffer by the quenching of FAM by 

Dabcyl. Importantly, a gradually increasing false-positive signal was clearly detected with 

the extension of incubation time when the DNA tetrahedron-based molecular beacon 

nanoprobe was incubated in the cell lysates. In contrast, the FRET signal of our DTNT 

nanoprobe remained stable, and no false-positive signals were observed, neither in buffer nor 

in cell lysates. These results clearly demonstrated that our DTNT nanoprobe could resist 

false-positive signals and more accurately image targets of interest in complex biological 

samples.

Cytotoxicity Investigation of the DTNT Nanoprobe

Toxicity is always a vital factor for probes designed to image and monitor targets of interest 

in living cells. Therefore, in order to investigate the cytotoxicity of the DTNT nanoprobe, a 
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standard colorimetric MTT assay was performed on HepG2 cells (human liver 

hepatocellular carcinoma cell line). In this case, different concentrations of the DTNT 

nanoprobe were incubated with HepG2 cells for different times from 6 to 48 h. As shown in 

Figure S5, the DTNT nanoprobe exhibited no cytotoxicity or side effects in living cells. 

These results confirmed that the DTNT nanoprobe could potentially be used for the 

intracellular detection of specific mRNA.

Intracellular Imaging of the DTNT Nanoprobe

Having demonstrated its success in avoiding false-positive signals and excellent 

biocompatibility, the DTNT nanoprobe was further studied for its ability to image specific 

intracellular targets. As a target, we chose TK1 mRNA, which is associated with cell 

division and is proposed to be a marker for tumor growth.39 Previous reports have shown 

that TK1 is overexpressed in HepG2 cells, but not HL7702 cells. HepG2 cells were thus 

chosen as the model target cells, and HL7702 cells were used as the negative control. First, 

the cellular uptake ability of the DTNT nanoprobe was investigated. We incubated HepG2 

cells with the DTNT nanoprobe (50 nM) and a nude single-strand DNA probe (50 nM). As 

shown in Figure S6, in cells incubated with the nude single-strand DNA probe, only a very 

weak Cy3 fluorescence could be observed and there was almost no Cy5 FRET signal. This 

suggested that the nude ssDNA probe is not suitable for imaging intracellular mRNA, as a 

consequence of its poor permeability and low biostability. In contrast, we saw obvious Cy3 

and Cy5 fluorescence in HepG2 cells when incubated with the DTNT nanoprobe. This result 

suggested that DTNT could perform excellent self-delivery without the help of transfection 

agents, a result which could, in turn, be attributed to its tetrahedral nanostructure. These 

results also show that DTNT could perform intracellular imaging of mRNAs in live cells. In 

fact, the fluorescence imaging data (Figure S7) showed that the FRET signals in HepG2 

cells were gradually increased with incubation time up to 4 h, indicating that this time point 

should be used in subsequent experiments.

In order to investigate the specificity of the DTNT nanoprobe in living cells, we detected 

TK1 mRNA in a positive cell line (HepG2) and negative cell line (HL7702). As shown in 

Figure 4, obvious FRET signals for TK1 mRNA in HepG2 cells were observed, but almost 

no FRET signals were observed in HL7702 cells. These results showed that the DTNT 

nanoprobe could distinguish different cell lines with distinct mRNA expression levels. 

Because expression levels of mRNA in the same cancer cells can be different at different 

stages of tumorigenesis, the capability of the DTNT nanoprobe to detect the changes in 

mRNA expression levels is significant. It has been reported that tamoxifen can induce the 

down-regulation of TK1 mRNA expression and that β-estradiol can induce its 

upregulation.40 To test this in our study, HepG2 cells were divided into three groups: an 

untreated control group, a group treated with β-estradiol to increase the TK1 mRNA 

expression, and a third group treated with tamoxifen to decrease it. Then DTNT (50 nM) 

was used to detect TK1 mRNA in HepG2 cells of the three groups, respectively. As shown 

in Figure 5, the higher FRET signals in the β-estradiol-treated cells and lower FRET signals 

in the tamoxifen-treated cells could be clearly observed compared with those in the 

untreated cells. These results indicated that the DTNT nanoprobe can detect changes in 

mRNA expression level in living cancer cells.
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CONCLUSION

In summary, we have designed an intracellular DNA nanoprobes, termed DNA tetrahedron 

nanotweezers (DTNTs) through DNA molecular assembly for highly efficient and reliable 

detection of tumor-related mRNA in living cells. The DTNT nanoprobe exhibited many 

outstanding merits, such as facile synthesis and excellent biocompatibility. More 

importantly, compared to the prevailing strategy of molecular beacon-based biosensor 

construction, our DTNT nanoprobe showed its own remarkable advantages. First, the design 

of our DTNT nanoprobe could overcome the drawbacks of dual-fluorophore labeling on the 

same oligonucleotide and provide a simpler and more cost-effective option for efficient 

intracellular monitoring for targets of interest. Second, the DTNT nanoprobe showed 

excellent self-delivery capability. Third, based on its FRET “off” to “on” signal readout 

mode, the DTNT nanoprobe almost does not generate any false-positive signals caused by 

intrinsic biological interferences. Finally, ratiometric measurement can greatly minimize the 

effects of system fluctuations, which is very important for accurate imaging in living cells. 

Therefore, we herein have made a great attempt to rational design and build a self-assembled 

3D DNA nanoconstruct for effective imaging of tumor-related mRNA in living cells based 

on the FRET “off” to “on” signal readout mode. The brilliant physical properties combined 

with the outstanding advantages of FRET “off” to “on” signal readout strongly suggest the 

potential of this DTNT nanoprobe for further in vitro and in vivo applications in biomedical 

research and clinical diagnostics.

EXPERIMENTAL SECTION

Chemicals and Materials

All DNA oligonucleotides (Table S1, Supporting Information) were purchased from Sangon 

Biotech Co., Ltd. (Shanghai, China). The oligonucleotides were purified by high-

performance liquid chromatography (HPLC). Dnase I and bovine serum albumin (BSA) 

were purchased from Takara Biotechnology Co. Ltd. (Dalian, China). Tamoxifen and β-

estradiol were purchased from Sigma-Aldrich Chemical Co. Ltd. (St. Louis, MO). Unless 

specified, all other reagents used in this work were of analytical grade, commercially 

purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and used without 

further treatment. Human hepatocellular liver carcinoma cell line (HepG2) and human 

hepatocyte cell line (HL7702) were obtained from our lab and cultured in 1640 (GIBCO) 

medium with 10% fetal calf serum (FBS) and 1% penicillin-streptomycin (PS, 10 000 IU 

penicillin and 10 000 µg/mL streptomycin, Multicell).

Instruments

All solutions used in the experiments were prepared using ultrapure water (resistance >18 

MΩ cm), which was obtained through a Millipore Milli-Q ultrapure water system (Billerica, 

MA, USA). All fluorescence measurements were carried out on a Fluoromax-4 (HORIBA 

Jobin Yvon Inc., Edison, NJ) spectrofluorometer with a temperature controller. The 

excitation wavelength was fixed at 525 nm with recording emission range of 545–750 nm. 

All excitation and emission bandwidths were set at 5 nm. The pH values of corresponding 

solutions were measured by a Mettler–Toledo Delta 320 pH meter. AFM characterization of 
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the sample was observed by Bruker Multimode V8 Scanning Probe Microscopy (USA). The 

confocal fluorescence imaging studies were performed on an FV1000 confocal laser-

scanning microscope.

Preparation of DTNT Nanoprobe

DTNT nanoprobe was self-assembled according to previous reports with slight 

modifications.41 In brief, four customized single-stranded oligonucleotide strands were 

mixed with the equal molar ratio in TM buffer (20 mM Tris, 50 mM MgCl2, pH = 8.0). The 

stock solutions, which have a final concentration of 2 µM, were heated to 95 °C for 5 min 

and then cooled to 4 °C within 1 min and kept in a buffer for future use.

Electrophoresis Characterization

Native polyacrylamide gel electrophoresis (N-PAGE) was applied to directly characterize the 

self-assembly formation of the DTNT nanoprobe. Typically, a gradual increase (from S1 to 

S4) in the number of different DNA strands was added to lanes 1–4, respectively. The mixed 

solutions were separated by 12.5% N-PAGE with 1× TBE/Mg2+ buffer at 110 V for 1 h and 

analyzed by a fluorescence image scanner (FLA-3000G; Fuji, Tokyo, Japan). To monitor 

nuclease digestion of DTNT nanoprobe, low and high concentrations of Dnase I were 

respectively added to a mixed solution containing 3 µM DTNT nanoprobe and incubated for 

different times (0, 10, 20, 30, 40, 50, 60 min) at room temperature. Then, 12 µL of the 

resultant nanoprobe solutions were mixed with 2 µL of loading buffer (6×), followed by 3% 

agarose gel electrophoresis running at 110 V for about 30 min in 1× TBE buffer and 

analyzed by a fluorescence image scanner.

Fluorescence Measurements

For detection of targets in buffer solution, different concentrations of synthetic DNA targets 

(0, 2, 5, 10, 15, 20, 25, 30, 40, 50, and100 nM) were added to 200 µL of Tris-HCl buffered 

solution (25 mM Tris with 5 mM MgCl2, pH = 8.0) containing 50 nM DTNT nanoprobe, 

followed by incubation for 5 min at room temperature. The fluorescence spectra of the 

mixture were collected from 545 to 750 nm with 525 nm excitation in a 200 µL quartz 

cuvette. All experiments were repeated at least three times. To investigate the kinetics of the 

detection process, real-time monitoring of fluorescence intensity was also performed.

Cytotoxicity

Cytotoxicity of the DTNT nanoprobe was assessed with a standard MTT assay. HepG2 cells 

(1 × 105 cells/well) were cultured in 96-well microtiter plates and incubated at 37 °C in 5% 

CO2 for 24 h to each 85% confluency, and then different concentrations of DTNT nanoprobe 

(0, 50, and 100 nM) were added to each well after the original medium was removed. 

HepG2 cells were incubated with DTNT nanoprobe for 6, 12, 24, and 48 h. Subsequently, 

the cells were washed with DPBS buffer three times, and 20 µL of 5 mg/mL MTT (thiazolyl 

blue tetrazolium bromide) was added to each well with incubation at 37 °C for 4 h. After 

DMSO was added, the absorbance was recorded at 490 nm using a multimode microplate.
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Confocal Fluorescence Imaging

For cell imaging experiments, HepG2 and HL-7702 cell lines were grown in 1640 (GIBCO) 

medium with 10% fetal calf serum (FBS) and 1% penicillin-streptomycin with 5% CO2 at 

37 °C for 12 h. Next, cells were washed with DPBS buffer three times and incubated with 

DTNT nanoprobe (50 nM) in fresh 1640 medium at 37 °C for another 4 h. After washing 

with DPBS three times, confocal fluorescence imaging studies were performed on the 

FV1000 confocal laser-scanning microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Characterization of DTNT by atomic force microscopy (AFM); Scale bars are 100 nm. 

(B) Analysis by 12.5% native PAGE. Lane 1 is strand S1; Lane 2 is strand S1 + strand S2; 

Lane 3 is strand S1 + strand S2 + strand S3; Lane 4 is strand S1 + strand S2 + strand S3 + 

strand S4; Lane 5 is strand S1 + strand S2 + strand S3 + strand S4 + target strand.

He et al. Page 12

ACS Nano. Author manuscript; available in PMC 2018 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Fluorescence response in the presence of different concentrations of synthetic DNA 

targets, ranging from 0 to 100 nM. (B) The relationship between the fluorescence emission 

ratio of acceptor to donor (FA/FD) and target concentration. The inset shows the responses of 

the sensing system to target at low concentration.
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Figure 3. 
(A) Electrophoresis characterization for the degradation of DTNT nanoprobe treated with (a) 

low concentration of Dnase I (0.5 U/mL) and (b) high concentration of Dnase I (5 U/mL). 

(B) Emission intensity ratio (FA/FD) as a function of time treated with different 

concentrations of Dnase I.
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Figure 4. 
(A) Fluorescence image of TK1 mRNA in HepG2 and HL7702 cells by DTNT nanoprobe. 

Scale bars are 20 µm. (B) Histogram of the relative fluorescence intensity (A/D) of the above 

two cell lines.

He et al. Page 15

ACS Nano. Author manuscript; available in PMC 2018 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(A) Fluorescence images of different expression levels of TK1 mRNA in HepG2 cells. Top 

panels are the tamoxifen-treated group, middle panels are the β-estradiol-treated group, and 

the bottom panels are the untreated group. Scale bars are 20 µm. (B) Histogram of the 

relative fluorescene intensity (A/D) of the above three groups.
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Scheme 1. 
Synthesis (A) and Mechanism (B) of the DTNT Nanoprobe for Tumor-Related mRNA 

Detection in Living Cells
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