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Abstract

Sensitive assay and imaging of multiple low-abundance microRNAs (miRNAs) in living cells 

remain a grand challenge. Herein, based on polyelectrolyte induced reduction, a facile approach 

has been proposed to synthesize novel MnO2 nanotubes. Owing to the remarkably strong 

fluorescence quenching ability, low cytotoxicity and excellent colloid stability, the as-prepared 

MnO2 nanotubes showed great potential for simultaneous detection and imaging of multiple 

miRNAs in vitro and in situ in living cells for the first time. Besides, MnO2 nanotubes can be 

reduced to Mn2+ by intracellular acid pH or glutathione, which may serve as activatable contrast 

reagent for MRI. Therefore, the MnO2 nanotubes based probes, termed “NanoSearchlight”, 

provide a promising, multimodal imaging tool for precise and accurate diagnosis and prognosis of 

cancers.
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INTRODUCTION

MicroRNAs (miRNAs) refer to a class of small regulatory RNAs, which have been 

demonstrated as a new-generation clinical biomarkers for early diagnosis and prognosis of 

cancers.1–7 Extensive research efforts have been paid to explore sensitive technologies for 

the detection of miRNAs.8–13 Furthermore, it is of great significance to measure a panel of 

miRNAs and thus give precise and accurate detection of cancers.14,15 On the other hand, 

imaging of miRNAs in situ in living cells could recognize cancerous cells directly. 

Therefore, it is highly desirable to develop reliable strategies for simultaneous imaging 

multiple miRNAs in living cells.

Currently, miRNA microarrays, Northern blots and qRT-PCR are commonly used methods 

for the detection and quantification of miRNAs.16–18 However, none of these conventional 

methods can be used for miRNA sensing in living cells. Recently, optical imaging assay 

based on the strategy of Förster resonance energy transfer (FRET) becomes an appealing 

method for monitoring miRNAs in living cells.19 In order to achieve high FRET efficiency, 

some nanomaterials, particularly 0D and 2D nanomaterials, have been fabricated as 

nanoquenchers for miRNA detection, including gold nanoparticles,20 quantum dots,21 

carbon nanoparticles,22 graphene oxide,23 WS2 nanosheets,24 and metal-organic 

frameworks.25 It is worth noting that few 1D nanotubes beyond carbon nanotubes26–28 have 

been reported for such applications.

Recent studies revealed that MnO2 based nanostructures showed great potential in 

biomedical applications, including MnO2 nanoparticles29 and MnO2 nanosheets.30–34 

Particularly, MnO2 nanosheets have been demonstrated as the energy acceptor for 

homogenous FRET assay.33 To the best of our knowledge, MnO2 nanotubes have not been 

reported for biomedical applications. Herein, we present the first MnO2 nanotubes as a new 

kind of 1D nanomaterials based nanoprobe, termed “NanoSearchlight”, for multiple 

miRNAs sensing in living cells. The NanoSearchlight MnO2 nanotubes provide a 

noninvasive method that can provide comprehensive insights on suspected tumors and assist 

in cancer screening and early detection. MiRNA-21 and miRNA-155, which have been 

found consistently overexpressed in breast cancer,35 are chosen as the targets for the proof-

of-concept intracellular miRNAs sensing study. Scheme 1 demonstrates the signal-on 
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strategy for imaging of multiple miRNAs in breast cancer cells (MCF-7 cells) by the 

NanoSearchlight. MnO2 nanotubes can afford high fluorescence quenching efficiency 

towards fluorescent dyes labeled two single-stranded DNAs (ssDNAs) probes as “light-off” 

status. Moreover, MnO2 nanotubes can facilitate uptake of the carried capturing probes into 

target cells via endocytosis. Once MnO2 nanotubes containing ssDNA probes are 

endocytosed into MCF-7 cells, ssDNA probes will bind to target miRNAs, form ssDNA 

probe-miRNA complexes, and therefore be released from the MnO2 nanotubes. The 

quenched fluorescence signals will be recovered as “light-on” status for illuminating the 

specific miRNAs in situ in living cells. Recent studies have revealed that MnO2 

nanostructures could be used as activatable MRI contrast agents via reduction to Mn2+ by 

intracellular acid pH53–55 or glutathione (GSH).29,34 Similarly, the herein described MnO2 

nanotubes can also provide activatable MRI imaging signals. Thus, the developed 

NanoSearchlight MnO2 nanotubes offer a promising, multimodal imaging tool for precise 

and accurate diagnosis and prognosis of cancers.

EXPERIMENTAL METHODS

Preparation of MnO2 nanotubes

The positively charged MnO2 nanotubes were prepared by one step method. 200 mg PDDA 

was mixed with 25 mL aqueous solution and heated to 120 °C in an oil bath. Then 200 mg 

KMnO4 was added into the mixed solution and stirred at 120 °C for 2 h. The resultant 

solution was dark brown in color, attesting that Mn7+ was reduced to Mn4+ and MnO2 was 

formed. The prepared dark brown suspension was centrifuged at 6000 rpm for 15 minutes 

washed with ultrapure water for five times, and the precipitated. MnO2 nanotubes were 

freeze-dried. MnO2 nanotubes were dispersed in ultrapure water to a concentration of 2 mg 

mL−1 ultrasonicated for 2 h, and retained for use.

Extracellular miRNAs detection

To investigate the mechanism of MnO2 nanotubes on the fluorescence quench and recovery 

of capturing ssDNAs, 100 µL MnO2 nanotubes dispersion at various concentrations (0, 0.5, 

1.0, 1.5, 2.0, 3.5, 5.0 µg mL−1) were separately mixed with the mixture of Cy3 and Cy5 

labelled capturing ssDNAs (100 µL, 50 nM capturing Cy3-ssDNA-21 for miRNA-21 

detection and 50 nM capturing Cy5-ssDNA-155 for miRNA-155 detection) for 5 min 

followed by the addition of 800 µL ultrapure water. Through changing the distance between 

organic dyes and MnO2 nanotubes, the Förster resonant energy transfer (FRET) was applied 

to miRNA detection. We prepared MnO2 nanotubes-capturing ssDNA nanocomplex (MnO2/

ssDNA) by mixing 25 µL of MnO2 nanotubes (20 µg mL−1) with 100 µL of capturing 

ssDNAs mixture (50 nM capturing Cy3-ssDNA-21 and 50 nM capturing Cy5-ssDNA-155) 

for 10 min. After reaching the quenched equilibrium, aqueous solutions of miRNA mixtures 

at different concentrations (100 µL, 10, 50, 100, 150, 200, 250, 400, 500, 750, 900 nM) were 

separately added into MnO2/ssDNA in 1 mL PBS buffer (pH 7.0, 0.01M). Then the resulting 

mixed solutions were incubated at 37 °C in a water bath for 10 min. After cooling to room 

temperature, the fluorescence signals were recorded.
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Cell culture

MCF-7 breast cancer cells were purchased from ATCC and were cultured in RPMI-1640 

media supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U mL−1 penicillin G 

sodium and 100 µg mL−1 streptomycin sulfate keeping in a humidified and 5% CO2 

atmosphere at 37 °C. Phosphate buffered saline (PBS, pH 7.4, 0.01M) without Ca2+ and 

Mg2+ was used to wash cells.

MTT assay of in vitro cytotoxicity of MnO2 nanotubes

In vitro cytotoxicity of the MnO2 nanotubes against MCF-7 cells was measured by the 

standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay. MCF-7 cells 

were seeded in the 96-well plate with a density of 1×104 cells per well. After incubation at 

37 °C for 24 h, the cells were treated with cell culture medium containing various 

concentrations of MnO2 nanotubes for another 24 h. Then the culture medium was renewed, 

and 10 µL of MTT solution (Fisher, 5.0 mg mL−1 in PBS) was added into each well. After 

additional 4 h incubation, the culture medium was discarded and 100 µL of 

dimethylsulfoxide (DMSO) was added into each well to dissolve MTT. Finally, the optical 

density of each sample was recorded using a synergy H1 microplate reader (BioTeK, 

Winooski, VT) at a wavelength of 540 nm. The relative cell viability (%) was calculated by 

(Atest/Acontrol) × 100. The experiments were repeated three times and the error bars represent 

the standard derivations.

Confocal imaging analysis of intracellular miRNAs

1×104 MCF-7 cells were cultured on a coverslip (diameter of 6mm) in the 24-well plates for 

24 h. The MnO2/ssDNA nanocomplex was prepared by mixing 25 µL of MnO2 nanotubes 

(200 µg mL−1) and 100 µL of capturing ssDNAs mixture (50 µL of 1µM capturing Cy5-

ssDNA-155 and 50µL of 1µM capturing Cy3-ssDNA-21) for 5 min followed by the addition 

of 875 µL cultural medium. The cells were treated with the MnO2/ssDNA nanocomplex for 

0.5, 1.0, 2.0, 4.0 h at 37 °C, respectively. After washing with PBS three times, the cells were 

treated with 1 ml of 4% paraformaldehyde and placed in a humidified incubator at 37 °C for 

10 minutes. Meanwhile, a glass slide was washed with ethanol and air dried. After the 

addition of 10 µL glycol onto the glass slide, the coverslip which was covered with cells was 

placed on the slide, sealing the coverslip and the slide. These cells were used to perform 

confocal microscopy imaging analysis for multiple miRNAs detection.

Flow cytometry

5×105 MCF-7 cells/well were cultured in 12-well plates in RPMI media (10% FBS) and 

incubated at 37 °C overnight (5% CO2). The cells were then treated with MnO2-Cy5-

ssDNA-155, MnO2-Cy3-ssDNA-21, or MnO2-Cy5-ssDNA-155/Cy3-ssDNA-21 at MnO2 

concentration of 5 µg mL−1 and ssDNA concentration of 100 nM. At 1 and 4 hours post 

treatment, cells were rinsed with 1ml PBS twice and then detached with trypsin. The cells 

were centrifuged at 5000 rpm for 5 minutes and resuspended in 4% paraformaldehyde. 

Fluorescent signals from Cy3 and Cy5 were collected in the PE and APC channels of the 

flow cytometer, respectively.
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2×105 MCF-7 cells/well were cultured in 12-well plates in RPMI media (10% FBS) and 

incubated at 37 °C overnight (5% CO2). The cells were treated with free Cy5-ODN or 

MnO2-Cy5-ODN at MnO2 concentration of 5 ug mL−1 and Cy5-ODN concentration of 

100nM. At 4, 8, 16, 24, and 48 hours post treatment, the cells were rinsed with 1ml PBS 

twice and detached with trypsin. The cells were centrifuged at 5000 rpm for 5 minutes and 

resuspended in 4% paraformaldehyde. Fluorescent signals from Cy5 were collected in the 

APC channel of the flow cytometer. 10,000 events were recorded for each sample. Mean 

fluorescence intensity of 3 replicates was reported.

MnO2 nanotubes as activatable MRI contrast agent

Increasing concentrations of MnO2 nanotubes (0, 5, 10, 20, 50, 80, 100 µg mL−1) were 

mixed with GSH (4 mM). The color of the MnO2 nanotubes solutions changed from black to 

colorless within 15 min indicating the successful reduction of MnO2 nanotubes to Mn2+. T1 

and T2 relaxometry of GSH treated MnO2 nanotubes was carried out at 37 °C on a 4.7 Tesla 

preclinical MRI using the ParaVision 3.0.2 imaging platform (Bruker Biospin, Billerica, 

MA) and a custom-made, 35mm radiofrequency coil (m2m Imaging, Cleveland, OH). T1 

and T2 relaxation rates were measured using an inversion-recovery, balanced steady-state 

free precession scan (IR-SSFP) and a Carr-Purcell-Meiboom-Gill (CPMG) multi-echo scan.
56 Signal intensities from each sample’s region of interest were sampled and T1 and T2 rates 

were calculated using non-linear regression fits in MATLAB (MathWorks, Natick, MA). 

Relaxivity values were calculated by obtaining the slope of relaxation rate vs concentration. 

T1 and T2 relaxation rate maps were generated using non-linear regression fitting in 

MATLAB on a voxel-by-voxel basis.

RESULTS AND DISCUSSION

A new, facile method has been developed to prepare MnO2 nanotubes. Soluble MnO2 

nanotubes were synthesized by poly (diallyldimethylammonium chloride) (PDDA) induced 

reduction of potassium permanganate (KMnO4) with one-pot reaction, in which PDDA was 

used as a reducing and stabilizing agent. It is clear that the as-prepared MnO2 nanotubes 

presented the typical tubular structure similar to carbon nanotubes (Figure 1a). The inserted 

high-resolution TEM (HRTEM) image reveals that MnO2 nanotubes have high crystalline 

structure with well-resolved lattice fringes (Figure 1b). The interplanar distance of the lattice 

fringes is 0.31 nm, corresponding to that of the (310) plane of MnO2.36 The XRD pattern of 

MnO2 nanotubes is shown in Figure 1c. All observed diffraction peaks of MnO2 nanotubes 

agree well with α-MnO2 (JCPDS no. 44-0141). The compositions of MnO2 nanotubes are 

further verified by X-ray photoelectron spectroscopy (XPS) (Figure 1d and Figure S1). The 

MnO2 nanotubes showed excellent colloid stability in water for 3 months without any 

agglomeration (Figure S2). Similar to MnO2 nanosheets,31 the MnO2 nanotubes exhibit a 

wide optical absorption window (λ≈300–800 nm) with an intense UV-vis absorption peak 

centered at 370 nm, which can be used as an efficient nanoquencher (Figure S3).

The strong fluorescence quenching ability of MnO2 nanotubes was first investigated in 

aqueous solutions. Two types of ssDNAs labeled with Cy3 and Cy5 were used as capturing 

probes for the recognition of miRNA-21 and miRNA-155, respectively. The sequences of 
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Cy3-ssDNA-21 and Cy5-ssDNA-155 are listed in Table S1. As showed in Figure S4, 

capturing Cy3-ssDNA-21 and Cy5- ssDNA-155 exhibited a maximum emission band at 566 

nm and 668 nm with an excitation wavelength at 543 nm and 640 nm, respectively. The 

fluorescence intensity of capturing Cy3-ssDNA-21 and Cy5-ssDNA-155 decreased with 

increasing concentrations of MnO2 nanotubes (Figure S5). Moreover, a fast decrease in Cy3 

and Cy5 fluorescence intensity (quenching efficiency >95%) was observed within 2 min 

after the addition of MnO2 nanotubes (500 ng mL−1) into capturing Cy3-ssDNA-21 or 

capturing Cy5-ssDNA-155 solution (5 nM) (Figure S6), which indicated that MnO2 

nanotubes possessed highly efficient FRET capability. Compared with MnO2 nanosheets, 

the fluorescence quenching of MnO2 nanotubes was much faster and more efficient,30,51 as 

MnO2 nanotubes have shown the best quenching performance in comparison with the 

reported 1D nanomaterials (Table 1). Such rapid and efficient quenching of the as-prepared 

MnO2 nanotubes can be attributed to van der Waals force induced physisorption of the 

ssDNA chains on MnO2 nanotubes.30,37 The MnO2 nanotubes possess a zeta potential of 

+46.1 mV at 40.0 µg mL−1 (Figure S11). Therefore, negatively charged ssDNAs could 

interact with the positively charged MnO2 nanotubes by electrostatic interaction in a much 

faster and more stable manner. Compared to ssDNA, the formation of dsDNA decreases the 

surface charge of the DNA molecules and the exposure of the base. Therefore, the MnO2 

NTs-ssDNA and MnO2 NTs-dsDNA show a significant difference in zeta potential when the 

same concentration of ssDNA and dsDNA combine with positively charged MnO2 NTs, 

respectively.

Thereafter, MnO2 nanotubes were used for mutiplex miRNA detection. MnO2/ssDNAs were 

simultaneously incubated with various concentrations of miRNA-21 and miRNA-155 (0, 1, 

5, 10, 15, 20, 25, 40, 50, 75, 90 nM) at 37 °C for 30 min. After the hybridization with target 

miRNAs, ssDNAs probes were released from the MnO2 nanotubes, and as a result, the 

quenched fluorescence signals were restored. As shown in Figure 2, the fluorescence 

intensity increased with the increasing concentrations of miRNA-21 and miRNA-155. The 

linear calibration curves for the detection of miRNA-21 and miRNA-155 were obtained, 

respectively. MiRNA-21 could be measured in the range from 1 to 90 nM and miRNA-155 

from 1 to 25 nM, each with the same limit of detection (LOD) of 0.6 nM (S/N=3). As 

presented in Table 1, it is notable that it only takes 15 min for NanoSearchlight MnO2 

nanotubes to complete the whole detection procedure. And our NanoSearchlight MnO2 

nanotubes achieved satisfactory detection performance compared with many other reported 

results, which indicates that they could serve as a reliable fluorescence sensing platform for 

sensitive, multiplex detection of miRNAs.

The cytotoxicity of MnO2 nanotubes was evaluated by the standard MTT assay with MCF-7 

cells. As shown in Figure S7, more than 92.8 % cells survived after incubation with MnO2 

nanotubes at concentrations ranging from 5.0 to 50 µg mL−1 for 24 h. This indicated that 

MnO2 nanotubes have low cytotoxicity, and therefore could be used to develop safe 

nanoprobes for intracellular miRNA imaging. In light of above results, NanoSearchlight 

MnO2 nanotubes were further characterized for in situ detection and imaging of miRNA-21 

and miRNA-155 in MCF-7 breast cancer cells. To investigate the capability of MnO2/

ssDNAs for synchronously monitoring intracellular multiple miRNAs, MCF-7 cells were 

incubated with MnO2/ssDNAs for 0.5, 1, 2, and 4 h. The fluorescence signals were first 
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visualized by confocal microscopy. Subsequent, flow cytometry analysis was performed to 

quantify the fluorescence signals and to confirm the results of confocal microscopy. As 

shown in Figure 3 and Figure S10, results arising from both confocal microscopy and flow 

cytometry were agreement with each other. When MCF-7 cells were treated with MnO2 

nanotubes alone, no changes of fluorescence intensity was observed in either Cy3 or Cy5 

channels. When MCF-7 cells were incubated with MnO2-Cy3-ssDNA-21, the Cy3 

fluorescence intensity emitted from capturing Cy3-ssDNA-21 probe increased ~2.0-fold at 

1h and ~11.9-fold at 4 h. When MCF-7 cells were incubated with MnO2-Cy5-ssDNA-155, 

the Cy5 fluorescence intensity emitted from capturing Cy5-ssDNA-155 probe increased 

~9.8-fold at 1h and ~108.8-fold at 4 h. When both capturing ssDNA probes were conjugated 

with MnO2, i.e. MnO2-Cy3-ssDNA-21/Cy5-ssDNA-155, ~1.8-fold and ~7.4-fold increase in 

Cy3 and Cy5 fluorescence intensity was observed at 1 h post transfection, and ~7.6-fold and 

~76.4-fold increase in Cy3 and Cy5 fluorescence intensity was observed at 4 h post 

transfection. Compared with the cells treated with MnO2-Cy3-ssDNA-21 alone and MnO2-

Cy5-ssDNA-155 alone, the lower fluorescence intensity observed in MnO2-Cy3-ssDNA-21/

Cy5-ssDNA-155 treated cells might be due to the interference between these two ssDNA 

probes. To verify that the fluorescent signals from capturing ssDNA probes originated from 

the miRNA-ssDNA complexes instead of the degradation of ssDNA probes, we conjugated 

Cy5-oligodeoxynucleotides (Cy5-ODN) to MnO2 nanotubes. We treated MCF-7 cell with 

MnO2-Cy5-ODN at Cy5-ODN concentration of 100 nM, and found greatly reduced Cy5 

fluorescence between 4 h and 48 h post transfection as compared to free Cy5-ODN (Figure 

S8). All these results demonstrated that MnO2/ssDNAs are capable of simultaneous 

monitoring of the expression of miRNA-21 and miRNA-155 in MCF-7 cells. Thus, the 

NanoSearchlight imaging platform could be used for in situ imaging of multiple intracellular 

miRNAs.

MnO2 nanotubes can be reduced to Mn2+ by GSH effectively. When GSH concentration was 

above 1.4 mM, MnO2 nanotubes were quickly converted to Mn2+, as indicated by the color 

change of MnO2 nanotubes solutions from yellowish-brown color to colorless within 15 min 

(Figures 4 and S9). Since intracellular GSH concentration in human body is always in the 

region of 1 mM to 10 mM,38,39 and is much higher in cancer cells,40,41 MnO2 nanotubes 

will be reduced completely by GSH in cancer cells, providing a large amount of Mn2+ for 

MRI. Therefore, potentinal MR imaging efficacy was characterized by T1 and T2 

relaxometry of GSH treated MnO2 nanotubes at 37 °C on a 4.7T preclinical scanner. The 

comparable longitudinal relaxivity value, r1 (2.33 mM−1s−1) was obtained and was 

comparable to a commercial MRI contrast agent (Magnevist®: Gd-DTPA, r1=3.1 mM−1s−1) 

(Figure 4), suggesting that MnO2 nanotubes may serve as an effective, activatable contrast 

agent for MRI and aid in the detection of small tumors

CONCLUSIONS

In summary, a new and facile method has been developed to prepare MnO2 nanotubes, 

which involved polyelectrolyte induced reduction of potassium permanganate with one-pot 

reaction. The as-prepared MnO2 nanotubes exhibited remarkably strong fluorescence 

quenching capability. Following the strategy of FRET, MnO2 nanotubes were for the first 

time used for imaging of multiplex miRNAs in vitro and in living cells. In addition, MnO2 
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nanotubes can be reduced by GSH to Mn2+ for activatable MRI. NanoSearchlight MnO2 

nanotubes represent a new class of materials for clinical diagnosis and prognosis of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure characterizations of MnO2 nanotubes: TEM images of MnO2 nanotubes (a, b), 

XRD pattern of MnO2 nanotubes (c) and XPS spectrum of MnO2 nanotubes (d).
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Figure 2. 
Fluorescence intensity of MnO2-Cy3-ssDNA-21 or MnO2-Cy5-ssDNA-155 after 

simultaneous incubation with 1, 5, 10, 15, 20, 25, 40, 50, 75, 90 nM miRNA-21 and 

miRNA-155 (a). Calibration curves of fluorescence intensity ratio I/I0 vs target miRNA 

concentration (b).
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Figure 3. 
Confocal microscopy images of MCF-7 cells transfected with blank cell culture medium (a), 

MnO2 nanotubes (b), MnO2-Cy3-ssDNA-21 (c), MnO2-Cy5-ssDNA-155 (d) at 37 °C for 4 

h. Confocal microscopy images of MCF-7 cell transfected with MnO2-Cy3-ssDNA-21/Cy5-

ssDNA-155 at 37 °C for 0.5 h, 1 h, 2 h, 4 h (e–h). Cy3 (i) and Cy5 (j) fluorescence intensity 

of MCF-7 cells measured by flow cytometry at 1 h and 4 h after MCF-7 cells were 

transfected with blank cell culture medium (untreated), MnO2 nanotubes, MnO2-Cy3-

ssDNA-21, MnO2-Cy5-ssDNA-155, and MnO2-Cy3-ssDNA-21/Cy5-ssDNA-155 at 37 °C.
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Figure 4. 
Photo of 0, 5, 10, 20, 50, 80, 100 µg mL−1 MnO2 nanotubes treated with GSH (4 mM) after 

15 mins (a). T1 rates (b) and T1 rate map (c), T2 rates (d) and T2 rate map (e) against 

various Mn2+ concentrations measured after MnO2 nanotubes were treated with GSH. 

Dashed circle indicates location of (−) nanotube phantom.
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Scheme 1. 
Signal-on sensing mechanism of NanoSearchlight MnO2 nanotubes for imaging of multiple 

miRNAs in tumor cells.
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