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Abstract

:

Biomacromolecules have been employed successfully as fluorescence anisotropy (FA) amplifiers for biosensing in reported studies. However, the sensitivities of the traditional biomacromolecule amplified FA strategies need to be improved because of the relatively low molecular weight or volume of a single biomacromolecule and the 1:1 binding ratio between the fluorophore-linked probe and target. In this work, a DNA dendrimer with a high molecular weight and volume was employed as a new FA amplifier, which was coupled with target-catalyzed hairpin assembly (CHA) for the sensitive detection of miRNA-21. The fluorophore-modified probe DNA (pDNA) was fixed on the DNA dendrimer, resulting in a high FA value. The addition of miRNA-21 triggered the CHA process and produced plenty of H1-H2 hybrids. The complex of H1-H2 bound to the DNA dendrimer and released the pDNA through a toehold-mediated strand exchange reaction. Thus, a low FA value was obtained because of the low mass and volume of free pDNA. Based on the dramatically reduced FA, miRNA-21 was detected in the range of 1.0–19.0 nM and the limit of detection was 52.0 pM. In addition, our method has been successfully utilized for miRNA-21 detection in human serum. This strategy is sensitive and selective and is expected to be used to detect other biomolecules simply by changing the corresponding nucleic acid probe.
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1. Introduction


Fluorescence anisotropy (FA) is an attractive, homogeneous and reproducible method for biosensing [1,2,3]. It is well known that FA values depend on the molecular volume (or molecular weight) [4,5] and solution viscosity [6] of fluorophores at constant temperature. In contrast to the fluorescence intensity signal, FA is a ratiometric measurement, which is not sensitive to fluorescence fluctuations and photobleaching, and is especially suitable for the detection of targets in complex samples [7]. Due to its advantages of high throughput and a rapid and sensitive response, FA is extensively used in studies of biomolecule interactions [8,9,10,11,12], enzyme activity [13,14] and other biosensing applications [15,16,17,18]. Since the FA value is proportional to the molecular volume and mass, a mass amplification strategy is usually adopted for signal amplification [12]. Until now, inorganic nanomaterials (such as graphene oxide [2,13,19,20] and noble metal nanoparticles [21,22,23]) and biomacromolecules (such as protein [12,24] and oligonucleotides [25,26,27,28]) have been widely employed as mass amplifiers for FA measurement. However, some inorganic nanomaterials have a strong fluorescence quenching effect through electron transfer [29,30,31] or via fluorescence resonance energy transfer (FRET) [32,33,34,35]. When the fluorescence is strongly quenched, the measurement of FA is easily affected by the light scattering phenomenon, and the FA value is usually larger than 0.4 [36]. In contrast, biomacromolecules have been used as FA mass amplification platforms because of their large mass without fluorescence quenching effect. Therefore, biomacromolecules have been employed as excellent FA mass amplifiers for biosensing [9,24,27,28,37]. However, in these methods, the detection sensitivity should be improved because a single biomacromolecule can only generate small change in molecular volume and mass [4,38]. In addition, in a traditional FA measurement, a target can only change the FA signal of one fluorescent group. Therefore, it is necessary to find a nanomaterial without fluorescence quenching and with excellent FA amplification ability to expand the use of the FA method.



In studies that have been reported, assembled structures of biomacromolecules, such as DNA [39], DNA-protein [12,40,41] and protein assembly structures [42,43] have attracted widespread attention. Benefiting from their facile synthesis, good biocompatibility, and extensive modifiability, biomolecular assemblies as novel functional materials have enabled a powerful platform for drug delivery [44,45,46], biosensing [47,48], and cancer therapy [39,49,50,51,52]. In contrast to conventional FA amplifiers, DNA dendrimers can serve as novel FA amplifiers due to their following amazing properties: first, DNA dendrimers do not quench the fluorescence of fluorophore through FRET, because they are composed of DNA and protein. In theory, the absorption spectra of DNA and protein are in the ultraviolet region, while the fluorescence spectra of common dyes are in the visible region, and there is no spectral overlap. Therefore, the use of DNA dendrimers can increase the accuracy of FA detection. Second, DNA dendrimers have large molecular masses and volumes, which greatly limit the rotational movements of fluorescent groups and result in a high FA signal, thus greatly improving detection sensitivity. Therefore, we utilized DNA dendrimers to enhance the FA signal to promote the detection sensitivity and accuracy in this work. In addition, an excellent signal amplification method called catalytic hairpin assembly (CHA) [53] was introduced into this FA detection system to achieve the target recovery to further improve the sensitivity. MicroRNA (miRNA) was used as the target to investigate the feasibility of this strategy. It is well known that MiRNAs can regulate cell growth and tissue differentiation, and are involved in growth, development, and disease [54,55,56]. Therefore, the detection of miRNA can provide essential information for disease diagnosis. Thus, in this work, we designed a novel CHA-assisted DNA dendrimer to enhance FA strategy for the detection of miRNA-21 with improved sensitivity and accuracy.




2. Materials and Methods


2.1. Chemicals and Apparatus


TAE buffer (50×), streptavidin (SA), RNase inhibitor, and diethypyrocarbonate (DEPC) water were ordered from Sangon Biotechnology Co., Ltd. (Shanghai, China). All DNA and RNA oligonucleotides were obtained from Sangon Biotechnology Co., Ltd. (Shanghai, China) with HPLC purification. The base sequences of the DNA and RNA oligonucleotides were given in Table S1. All DNA oligonucleotides were dissolved in 1× TAE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and stored at 4 °C refrigeration. Milli-Q ultrapure water (18.2 MΩ·cm) was used for the whole experiment. All solutions were mixed by a vortex mixer MX-E (Haimen, China). A thermomixer C (Eppendorf, Hamburg, Germany) was used for experiments that required temperature control. A UV-3010 spectrophotometer (Daojin, Kyoto, Japan) was used for measurement of the UV-vis absorption spectra. The excitation spectrum and emission spectrum were measured by an F-2500 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). An S-4800 scanning electron microscope (SEM) (Hitachi, Japan) was utilized to characterize the as prepared mass amplification probes.




2.2. General Procedure


First, the DNA dendrimer-SA nanocomplex (DSN) was prepared according to a previously published method by the Liu group [57]. Table S2 lists the reagents used in the preparation of the DSN. To prepare the DNA dendrimer-SA-pDNA nanocomplex (DSPN), the pDNA was introduced into the solution containing the DSN and a suitable dose of RNase inhibitor with a reaction measurement time of 30 min at room temperature. DNA hairpins H1 and H2 were incubated at 95 °C for 5 min, respectively, and gradually cooled to room temperature. Then, H1, H2, and target miRNA were mixed in 1× TAE buffer with a reaction measurement time of 90 min at 25 °C. Finally, a mass amplifying probe was added, and the solution was provided a reaction measurement time of 150 min at room temperature. The fluorescence intensity of the mixture was measured by an F-2500 fluorescence spectrophotometer with a polarization filter to calculate the FA value.





3. Results and Discussion


3.1. Working Principle


The DNA dendrimer was fabricated according to a previously published report (Figure 1a) [57]. First, there were two double-stranded DNA (complex A and B) and two single-stranded DNA assistants (As-A and B). The complex A was formed by the hybridization of T1 and P1, and the complex B was formed by the hybridization of T2 and P2. After introducing the initiator, the self-assembly process began with the hybridization between the initiator and complex A. First, the As-A hybridized with P1 from complex A through a toehold-mediated strand displacement reaction (SDR). The newly formed initiator/T1 hybrid exposed two toehold domains and hybridized with two T2 that were released from the complex B after the hybridization between As-B and P2 by toehold-mediated SDR, resulting in the formation of a branched DNA nanostructure with the same two arms that have the same sequences as the initiator. Therefore, the two arms would induce a new round of the toehold-mediated SDR. As the cycle increased, the DNA dendrimer was created. As SA has four sites that can bind to four biotin-modified DNA strands, the biotin-modified linker DNA that could be hybridized with the arm DNA and SA was added to the DNA dendrimer to form the DNA dendrimer-SA-linker DNA complex. Then, the TAMRA-modified probe DNA (pDNA) was added and hybridized with the linker DNA to form the DNA dendrimer-SA-pDNA complex (DSPN).



The principle of miRNA-21 detection is shown in Figure 1b. In this reaction, the CHA system was composed of two complementary hairpin structures, H1 and H2. Since a hairpin structure is characterized by intramolecular hybridization, H1 and H2 could not dynamically hybridize spontaneously. Before the addition of miRNA-21, both H1 and H2 maintained their hairpin structures in the solution and could not hybridize with the pDNA on the surface of the DSPN. Hence, a high FA was observed because the rotation of TAMRA on the pDNA was limited by the DSPN which had a large mass and volume. In the presence of miRNA-21, miRNA-21 could hybridize with H1. Thus, the stem of H1 was opened and the stem sequence was exposed, which hybridized with H2. After the formation of H1-H2 complex, miRNA-21 was released which triggered the next round of reactions between H1 and H2. At the same time, the formed H1-H2 duplex reacted with the mass amplifying probe DSPN by the toehold-mediated strand exchange reaction. Due to the formation of H1-H2-DSN complex, the pDNA was released, resulting in the reduced FA. Therefore, miRNA-21 was detected sensitively by the significantly decreased FA.




3.2. Feasibility Study


First, the scanning electron microscope (SEM) images (Figure 2a) showed that the size of the DSPN was about 300 nm, indicating that the DSPNs were synthesized successfully. To explore whether the DSNs would affect the fluorescence of the fluorophore, the spectral characteristics of the DSNs were measured. The absorption peak of the DSNs was generally shorter than 300 nm and almost no absorption peak longer than 300 nm was observed (Figure 2b). In contrast, the emission peak of TAMRA-conjugated DNA was mainly between 570 nm and 700 nm. There was almost no spectral overlap between the absorption spectra of the DSNs and the emission spectra of TAMRA-conjugated DNA. Therefore, the DSNs could not quench the fluorescence of TAMRA through FRET, which effectively ensured that the obtained FA values were accurate.



Next, to verify the occurrence of the CHA process, a 1.5% agarose gel electrophoresis was conducted. As shown in Figure 2c, before the addition of miRNA-21, only one mixed band of H1 and H2 could be observed, indicating that the CHA process did not occur (lane 3). In contrast, after the addition of miRNA-21, a new band (the H1-H2 complex) appeared (lane 4), confirming that miRNA-21 successfully induced the CHA reaction. Furthermore, to explore the signal amplification ability of CHA, we compared the FA value with and without the CHA amplification reaction (the method without CHA was depicted in Figure S1, Supplementary Materials). As shown in Figure S2, the decreased FA values induced by miRNA-21 in the absence of CHA were much lower than those in the presence of CHA, confirming that CHA could improve the sensitivity of miRNA-21 detection significantly.



To study the FA enhancement ability of the DSPNs, we compared the FA values with and without SA. As shown in Figure 2d, in the absence of SA, DSPNs could not assemble to form larger complexes, inducing a lower FA value. In the presence of SA, each SA molecule bound four biotin molecules. Thus, DSPNs continuously assembled to form larger complexes, resulting in higher FA value. These results demonstrated that the proposed method had good accuracy and sensitivity for miRNA-21 detection.




3.3. Optimal Conditions


We first tested the FA value at different concentrations of DSNs. The FA value first increased and then decreased with the increased concentration of the DSNs (Figure S3a), and 1× DSN was selected for further experiments. Next, the influence of the concentration ratio of SA and the linker on the detection signal were investigated (Figure S3b). When the concentration ratio of SA to the linker was too high, most of the SA-linker would not participate in the assembly of the dendrimer, and the quality of the formed SA-linker probe mass probe was not sufficient to obtain a high FA signal. However, if the concentration of SA to the linker was too low, then there were many free probes in the solution, which resulted in a small change of FA. When the concentration ratio of SA to the linker was 1:2, Δr/r (Δr = r0-r, where r0 and r were the FA values before and after the addition of miRNA-21, respectively,) at maximum. Then, the influence of the concentration ratio of the linker and probe on the detection signal were tested (Figure S3c). When the concentration ratio of the linker and probe was either too small or too large, there was a low FA value. When the concentration of the linker was much higher than that of the probe, there were redundant linkers and the target was preferentially attached to them rather than releasing the probe, thus inducing a low FA value. When the concentration of the probe was too high, a large amount of free probe would produce a low FA value. When the concentration ratio of the linker and probe was 2:1, Δr/r was highest. Then, the concentration ratio of the dendrimer was studied (Figure S3d) and 1× dendrimer was chosen as the optimal concentration. Next, the incubation temperature and time for the FA assay were examined. We chose two temperatures, 25 °C and 37 °C, for optimization, and a reaction time from 0.5 to 4.5 h for optimization. The results demonstrated that 25 °C for 1.5 h were the optimal conditions for the CHA reaction (Figure 3a,b). The optimal temperature and time for the reaction between the DSPNs and miRNA21 were 25 °C for 2.5 h (Figure 3c,d). The number of toehold base domains (N) on H1 determines the efficiency of CHA, so it was necessary to further optimize the number of N on H1. Five pairs of H1 and H2 (H1, H2; H1-1, H2-1; H1-2, H2-2; H1-3, H2-3; and H1-4, H2-4; shown in Table S1) were designed, in which the numbers of toehold base domains were 8, 4, 6, 10 and 12, respectively. When N was small, the hybridization between H1 and miRNA-21 was not sufficiently stable. Even if miRNA-21 was present, H1 could not be turned on easily. The pDNA in the DSPNs could not be released, inducing a low signal. If N was too large, H1 also hybridized with H2 even in the absence of miRNA-21, and the pDNA in the DSPNs was released which also led to a low Δr. Experimental results showed that the highest Δr was obtained when N was 8 (Figure S4). In addition, when the length of the T spacer was short, it was difficult for the pDNA to fix to the DSN surface, and a low FA was observed. However, if the length of the T spacer was too long, the TAMRA on pDNA was far away from the DSPN, and there was a single strand of DNA between TAMRA and the DSPN. The flexibility of the single strand of DNA made TAMRA less restricted by rotational motion, producing a decreased FA value. According to the experimental results, the optimal number of T bases of the spacer was 5 (Figure S5).




3.4. The Sensitivity and Specificity of the Strategy


In order to verify whether this method could be used for the quantitative detection of miRNA-21, Δr/r after the addition of miRNA-21 at different concentrations was measured at the optimal conditions. It was found that there was a good linear relationship between Δr/r and the concentration of miRNA-21 in the range of 1.0 nM to 19.0 nM (Figure 4a). The linear equation was Δr/r = 0.027c + 0.020 (R2 = 0.991), where c is the concentration of miRNA-21 (nM). The limit of detection (LOD, 3σ) was determined to be 52.0 pM, which was comparable to or lower than that of the reported fluorescent [58,59,60], colorimetric [61,62], electrochemical [63], lateral flow [64,65] and other methods [66,67,68] (Table S3). In addition, the Δr/r values at different concentrations of miRNA-21 without CHA amplification were also measured. It was found that as the miRNA-21 concentration increased from 10.0 nM to 50.0 nM, Δr/r increased continuously (Figure 4b). The Δr/r and miRNA-21 concentrations satisfied the linear equation: Δr/r = 0.0055c + 0.0054 (R2 = 0.990). The LOD (3σ) was calculated to be 7.3 nM. These results indicate that the sensitivity was improved about 4.9 times and the LOD was reduced approximately 140 times by CHA.



Then, we investigated the specificity of this method. The Δr/r signals after the addition of a one-base-mismatched RNA (mis-1), two-base-mismatched RNA (mis-2), four-base-mismatched RNA (mis-4), and miRNA-145 were compared with that induced by miRNA at the same concentrations. As shown in Figure 4c, only after the addition of miRNA-21 was a strong Δr/r signal obtained. The addition of RNAs with mismatched bases and miRNA-145 resulted in a small Δr/r. Even with the addition of mis-1, the Δr/r was only about 1/6 of that after the addition of miRNA-21. Thus, this method has good selectivity. Interestingly, in the absence of CHA, Δr/r increased slightly with the addition of RNAs with mismatched bases and miRNA-145 (Figure 4d). This result shows that the specificity of the method without CHA is significantly poorer than that with CHA. It was believed that only in the presence of miRNA-21 could H1 and H2 hybridize effectively, resulting in large Δr/r value. Therefore, CHA further improved the specificity of miRNA-21 detection.




3.5. Detection of miRNA-21 in Human Serum


In order to explore whether this method could be used for miRNA-21 detection in human serum, we first investigated whether substances in human serum affected the fluorescence of TAMRA on the pDNA. The excitation and emission spectra of the pDNA and 1% human serum were measured. As can be seen from Figure 5a, there was no significant overlap between the fluorescent spectrum of pDNA and the 1% human serum. Therefore, the substances in human serum did not influence the florescence of TAMRA.



Next, miRNA-21 with different concentrations were added to the human serum and detected by our method. A linear increase in Δr/r was observed when the concentration of miRNA-21 in human serum increased from 2.0 to 18.0 nM (Figure 5b), which satisfied the linear equation: Δr/r = 0.023c + 0.03 (R2 = 0.991), where c is the concentration of miRNA-21 in human serum. The LOD (3σ) was estimated to be 50.0 pM. Therefore, the proposed method could be employed for miRNA-21 detection in human serum.



At the same time, a spike-and-recovery experiment was further carried out. The spiked recoveries of miRNA-21 in human serum were in a range of 90.2 to 119.5% based on the linear equation of the standard diluent (Table 1), and in a range of 91.8 to 125.2% based on the linear equation of the human serum (Table S4). The relative standard deviations (RSDs) were from 0.9 to 5.4%. These results indicate that human serum contains some components that have a bit of influence on detection. Therefore, future work is needed to eliminate the interference effect of the components in human serum.





4. Conclusions


In conclusion, a novel CHA-assisted DNA dendrimer amplified FA strategy was developed for miRNA-21 detection with high sensitivity and selectivity. There are certain advantages of this method. For instance, the DNA dendrimer did not quench the fluorescence of dye on the pDNA, which ensured the accuracy of detection. The DNA dendrimer also has a large molecular mass and volume that limits the rotational motion of TAMRA, which greatly improved the detection sensitivity. In addition, the introduction of the CHA process accomplished the cycle signal amplification, which further improved the sensitivity. Furthermore, this strategy was successfully utilized for the detection of miRNA-21 in human serum samples. In addition, the base sequence of hairpin H1 can be modified for different targets to expand the application range of this strategy. It is believed that this method can potentially be applied in biomedical studies and disease diagnosis routinely.
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Figure 1. (a) Schematic illustration of the fabrication principle of the DNA dendrimer-SA-pDNA nanocomplex (DSPN). The patterns in brackets are the DNA dendrimer-SA nanocomplex (DSN) and DSPN simplified images, respectively. (b) Schematic illustration of the CHA-assisted DNA dendrimer amplified fluorescence anisotropy strategy for miRNA-21 detection. 
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Figure 2. The feasibility analysis of the FA assay. (a) The scanning electron microscope (SEM) image of the DNA dendrimer-pDNA. The scale bar is 500 nm. (b) UV-vis absorption spectra of the DNA dendrimer and fluorescence spectra of TAMRA on the pDNA. Concentrations: H1, H2, 50 nM; pDNA, 25 nM. (c) Characterization of CHA by agarose gel electrophoresis. Lane 1, H1; lane 2, H2; lane 3, H1 + H2; lane 4, H1 + H2 + miRNA-21; lane 5, Linker + pDNA; lane 6, H1 + H2 + miRNA-21 + Linker + pDNA. (d) Fluorescence anisotropy (r) before and after the addition of miRNA-21 with or without subsequent incubation with DNA-SA dendrimer-pDNA. λex = 560, λem = 584 nm. The slits for both excitation and emission were 5 nm. Concentrations: H1, H2, 50 nM; miRNA-21, 9 nM. 
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Figure 3. Optimization of the experimental conditions. (a) The effect of the temperature of the CHA process on the detection signal. (b) The FA signal at a different incubation time than the CHA process. (c) The effect of the incubation temperature of the formation of the H1–H2 complex and DNA dendrimer-pDNA on the FA signal. (d) The effect of the incubation time of the formation of the H1–H2 complex and DNA dendrimer-pDNA on the FA signal. λex = 560, λem = 584 nm. The slits for both excitation and emission were 5 nm. Concentrations: H1, H2, 50 nM; miRNA-21, 9 nM. 
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Figure 4. Linear relationship with (a) and without (b) CHA. Concentrations: H1, H2, 50 nM; DNA dendrimer-pDNA, 1×. Selectivity with (c) and without (d) CHA. λex = 560, λem = 584 nm. The slits for both excitation and emission were 5 nm. Concentrations: H1, H2, 50 nM; DNA dendrimer-pDNA, 1×; miRNA-21, mis-1, mis-2, mis-4 and miRNA-145, 9 nM (c) and 35 nM (d). 
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Figure 5. (a) Fluorescence spectra of human serum and TAMRA on the pDNA. Concentrations: pDNA, 40 nM; human serum, 1%. (b) The linear relationship between Δr/r and the concentration of miRNA-21 in human serum. λex = 560, λem = 584 nm. The slits for both excitation and emission were 5 nm. Concentrations: H1, H2, 50 nM; DNA dendrimer-pDNA, 1×. 
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Table 1. Recovery experiment for the detection of miRNA-21 in human serum based on the linear equation of the standard diluent.
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Sample

	
Add (nM)

	
Found (nM)

	
Recovery (%)

	
RSD(%) (n = 3)






	
1% Human serum

	
2

	
2.2 ± 0.3

	
94.3–119.5

	
0.9




	
10

	
9.6 ± 0.7

	
90.2–102.3

	
1.8




	
18

	
18.1 ± 1.8

	
90.7–109.9

	
5.4

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
500bp

25bp

1.0
0.8
0.6:
0.4-.

0.2-

0.0

—— absorption
—— excltafion
emission

-350
:300
250
'-200
.-1 50
100
L50

"200 300 400 500 600 700 800

Wavelength (nM)

0.07 -

0.06+

with miRNA-21
without miRNA-21

I
f N

——
——

0.05

with SA without SA





nav.xhtml


  chemosensors-10-00501


  
    		
      chemosensors-10-00501
    


  




  





media/file2.png
TL ., Asd T2 . As-B

Pl Pz— n cycles
- _ o yeles ...
Initiator S T N

S5A+Linker
g
L

WY
\

JUITITN

miRNA21

aw ™

H2

High FA

DSN






media/file5.jpg
~ o.0s.

004

o0

004

— mou A 030,
024
Lo
<
012
006
25 37 0.5 1 15 2 25
T(C) t(h
d (h)
| without mIRNA-21
v A 21 - i
xo
yoz
<
o1
I
2 1] 05 185 25 35 45

T(c)






media/file3.jpg
— absoption 250
s
In 250
|
\ m
150
/ 100
/ 5
o
B D
Wavelengih (1)
c d
s A1
oor
Sooty N
.
o 006 T
N b
T T
o0s.

with SA ‘without SA





media/file1.jpg





media/file7.jpg
04

Arir

02

032
024
=
o
<
0.08.

03.

Ar/r

04

3

IR E]

¢ (nM)

020
015
o0
<
005

000






media/file10.png
500 0.6
— pDNA excitation
——— pDNA emission
gy 400 - Serum excitation 0.5-
=. Serum emission ;
(C
— 0.4-
> 300+ o
> =
T W 0.3-
S 200- A I
.E 0.2-
—1 100- !
L 0.1
o 0.0
450 500 550 600 650 700 0 2 4 6 8 10 12 14 16 18 20

Wavelength (nm) C (nM)





media/file9.jpg
X3

05.

450 0 s 60 e 700
Wavelength (nm)

7 4 6 & 1012 14 16 18 20

c (nM)





media/file0.png





media/file8.png
-3
L O
<t
=
e
S
0
n-
o
-2
T T T 0- -—.U 0- :-U 0.
o o o o i ] 0 O 0
A/ = i
~
Sk
'a Nf?é
1 4,
“,
[T ]
L0 }
%
=
&
)
-~ @
Q
-0 N:ﬁ.
%
- ()
£
%,
- &‘F
< N S ....,,a_ % a..m W W
(=] ° ° J ) )
Ay

0.6+

A[AV7





media/file6.png
0.06

™~ 0.05-

0.04 -

" without miRNA-21
I with miRNA-21

0.30+

0.24-

0.184

Arlr

0.124

0.06 -

T(C)

0.06-

%~ 0.05-

0.04-

~ without miRNA-21
[ with miRNA-21

0.5

37

T(C)

0.5

25 35 45
t (h)






