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 11 

Herein, a facile thermometer-like model of electrophoresis titration (ET) biosensor was proposed as 12 

an alternative tool for miRNA assay via moving reaction boundary (MRB) chip. For proof-of- 13 

concept demonstration, miRNA-122 and catalyzed hairpin assembly (CHA) were chosen as the 14 

model analyte and amplification, respectively. In the developed ET system, miRNA triggered the 15 

CHA with two hairpin probes (H1, H2) to yield H1-H2 duplexes with negative charges. Under an 16 

electric field, the duplexes moved into ET channel, and neutralized the acidic TAE buffer creating an 17 

MRB indicated by SYBR Green I (SGI). The model revealed that the MRB distance was as a 18 

function of logarithmic miRNA-122 content, indicating a facile sensing model. The relevant 19 

experiments were conducted and systemically validated the model of miRNA ET. Under the 20 

optimized conditions, the linear range of ET sensor was from 20 fM to 1 nM and the limit of 21 

detection (LOD) was 10 fM, showing a more than 100-fold sensitive increase in contrast to the one 22 

with a single CHA amplification. The mechanism of sensitive increase was well unveiled by the 23 

designed experiments. In addition, the ET biosensor had good selectivity, stability (less than 5% for 24 

intra-day and inter-day) and recovery (96%~110%), and was successfully applied for the assay of 25 

miRNA-122 and miRNA let-7a in real bio-fluids of serum and cancer cell lysate. Evidently, the 26 

proposed biosensor might be used as an alternative assay tool after nucleic acid amplification due to 27 

its high simplicity, sensitivity, specificity, linearity, stability and recovery.  28 

 29 

Keywords: Biosensor; Catalyzed hairpin assembly; Electrophoresis titration chip; MicroRNA; Moving 30 

reaction boundary  31 

 32 

1. Introduction  33 

MicroRNAs (miRNAs) are a class of small and noncoding single-stranded RNA molecules with 18-25 34 

nucleotides (He et al., 2005; Ventura and Jacks, 2009; Necsulea et al., 2014; Ha et al., 2014). They serve as 35 
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endogenous gene regulators by inhibiting translational expression or affecting on themselves degradations, 36 

and play key roles in many biological processes, e.g., gene expression, cell proliferation, cell differentiation, 37 

and cell apoptosis (Kawasaki and Taira, 2003; Xiao et al., 2009; Nicoloso et al., 2009; Wen et al., 2012; Li 38 

et al., 2016; Rafiee-Pour et al., 2016). Particularly, an abnormal expression of miRNAs is closely 39 

associated with various diseases, hence many miRNAs become valuable diagnostic markers and therapeutic 40 

targets for several cancers, scleroderma and cardiovascular diseases (Hwang et al., 2006; Bartel, 2009; 41 

Brase et al., 2010; Zhu et al., 2013; Zhong et al., 2014; Tao et al., 2016).  42 

Many efforts have been made to develop the analytical method of miRNA in the last decade. These 43 

methods concerned the northern blotting (Pall et al., 2007), the reverse transcription polymerase chain 44 

reaction (RT-PCR) (Li et al., 2009), and the microarray analyses (Lee et al., 2010) as well as the next 45 

generation sequencing (Bhattacharya et al., 2019). In addition, numerous isothermal amplification methods 46 

(Huang et al., 2012; Chen et al., 2013) have been developed, such as the hybridization chain reaction (HCR) 47 

amplification (Yang et al., 2015), the catalyzed hairpin assembly (CHA) amplification (Liu et al., 2013; 48 

Zhang et al., 2017), the rolling circle amplification (RCA) (Ge et al., 2014) and the isothermal exponential 49 

amplification (Yu et al., 2014).  50 

At the same time, the detection techniques have been used for the bioassay of miRNA amplification 51 

product. They included the fluorescence intensity assay (Ding et al., 2018; Li et al., 2018), ratiometric 52 

fluorescence assay (Fang et al., 2018), fluorescence anisotropy analysis (Zhen et al., 2017), electrochemical 53 

sensing (Zhang et al., 2017), chemiluminescent intensity (Li et al., 2016), and separation of gel 54 

electrophoresis with fluorescence staining and miRNA band scanning (Lee et al., 2014; Lee et al., 2015; 55 

Dai et al., 2018; Zhang et al., 2018). However, rare work was reported on a facile thermometer-like 56 

biosensor of miRNA in bio-fluids.  57 

The issue might be well addressed by the concept of electrophoresis titration (ET) biosensor evolved 58 

from the model of moving reaction boundary (MRB) (Deman, 1970; Deman, 1970; Cao, 1998; Cao et al., 59 

2005). In the last five years, several ET techniques have been proposed, including the ET sensing of protein 60 

content in milk (Zhang et al., 2016; Wang et al., 2019), the highly effective ET analysis of enzyme (Cao et 61 

al., 2018), and the real chip ELISA (Kong et al., 2019). In those ETs, the target analyte was indirectly 62 

transferred as a positive/negative reactive ion, by designing a negative/positive reactive ion a visual ET 63 

sensing was created between the positive/negative and negative/positive reaction ionic pairs (e.g., H+ and 64 
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OH-). Thus, the target analyte could be assayed via the visual ET sensor. Whereas, the concept of ET was 65 

rarely used for designing a facile thermometer-like biosensor for assay of miRNA to the authors’ 66 

knowledge.  67 

Herein, a facile thermometer-like model of miRNA ET biosensor was proposed based on the MRB chip. 68 

For the proof-of-concept demonstration, CHA was used as a model miRNA amplification due to its 69 

label-free non-enzymatic reaction, and miRNA-122 was chosen as a model analyte thanks to its valuable 70 

diagnostic marker and therapeutic target for hepatocellular carcinoma and liver injury (Mariana et al., 2002; 71 

Howell et al., 2018; Ahmed et al., 2018; Liao et al., 2020). The experiments revealed that: (i) the MRB 72 

distance was as a function of logarithmic miRNA-122 content, implying a facile thermometer-like sensing; 73 

(ii) the LOD of ET was as low as 10 fM, showing more than 100-fold sensitive increase in contrast to the 74 

one with a single CHA; and (iii) the ET had high selectivity. To the best of our knowledge, this was the 75 

first work reporting a thermometer-like miRNA ET sensing via an MRB chip.  76 

2. Material and methods  77 

2.1. Materials  78 

All of the oligonucleotides used in this work were obtained from Sangon Biotechnology Co. Ltd. 79 

(Shanghai, China) and were high-performance liquid chromatography (HPLC) purified by the manufacturer. 80 

The sequences of these miRNAs and DNA probes were given in Table S1. 2-amino-2-(hydroxymethyl)- 81 

1,3-propanediol (Tris) and ethyl-enediaminetetra acetic acid (EDTA) were bought from Sigma Aldrich Co. 82 

(Shanghai, China). Agarose gel, sodium hydroxide, hydrochloric acid, boric acid, acetic acid and potassium 83 

chloride were bought from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China). TRIzol reagent, SYBR 84 

Green I, DNA marker (25-500 bp) and diethylpyro-carbonate (DEPC)-treated water were purchased from 85 

Sangon Biotechnology Co. Ltd. (Shanghai, China). DEPC-treated deionized water was used in all 86 

experiments to protect all miRNAs from RNase degradation. Graphene oxide (~5 μm in width × 2-10 nm in 87 

thickness, 4 mg/mL) was purchased from Bailingwei Chemical Technology Co. Ltd. (Shanghai, China). All 88 

reagents were analytical grade and used without further purification. Ultrapure water (less than 0.055 μS 89 

cm−1) was obtained via a Milli-Q water purification system (Millipore, MA, USA).  90 

2.2. Solutions and samples  91 

All the oligonucleotides were diluted in 10 mM, pH 8.5 Tris-HCl buffer solution (containing 1 mM 92 

EDTA and 50 mM KCl) to give stock solutions of 10 μM. And each DNA probe was heated to 95 °C for 5 93 
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min, and slowly cooled down to room temperature. The DNA probes were then stored at 4 °C for use.  94 

Healthy human serum samples were donated by Longhua Hospital (Shanghai) and used with the 95 

approval of the ethical committee of Shanghai Jiao Tong University. For the human serum preparation, 96 

blood samples were collected without anticoagulation reagent, stored at room temperature for two hours, 97 

then centrifuged at 1000 g for 20 min. The supernatant was taken and stored at -80 °C for use. Human 98 

breast adenocarcinoma (MCF-7) cell lysate samples were prepared by using TRIzol reagent according to 99 

the manufacturer’s instructions.  100 

2.3. ET method for miRNA detection  101 

Before an ET run, an ET chip (500 μm × 500 μm × 10 mm) were fabricated (Supplementary 102 

Information S1) and sequentially rinsed with 100 mM NaOH solution, ultrapure water, 10 mM HCl 103 

solution and ultrapure water for 10 min each. 2% (w/v) agarose gel was then heated until complete fusion 104 

in TAE buffer solution (containing 75 mM KCl and 10 μL SGI) and filled into the channels. After that, 105 

CHA amplification was conducted in the cathode well (Fig. 1A). Target miRNA samples were incubated 106 

with 50 nM H1 and H2 in 10 mM, pH 8.5 Tris-HCl buffer with 1 mM EDTA and 50 mM KCl for 80 min at 107 

38 °C. Subsequently, 20 μg/mL graphene oxide (GO) was added into the reaction solution and further 108 

incubated at 38 °C for 10 min. Then pH 6.0 TAE buffer with 75 mM KCl was added into the anode well. 109 

Next, 30 V was applied across the channel (Fig. 1B). At last, the movement of MRB was recorded on the 110 

CCD camera (Zhang et al., 2016) shown in Fig. 1C.  111 

3. Results and Discussion  112 

3.1. Model of miRNA ET  113 

The model of miRNA ET bioassay is illustrated in Fig. 1, in which miRNA-122 is used as a model 114 

analyte and two DNA hairpin probes (H1 and H2) are ingeniously designed based on the principle of CHA. 115 

In H1, the target recognition domains (the segments of 1*, 2*, 3*) are totally complementary with the 116 

target sequence and the segments of 2*, 3*, 4, 3 are complementary to H2. In the absence of miRNA-122, 117 

the CHA process cannot be triggered. Thus, H1 and H2 can maintain the stable stem-loop structures in the 118 

cathode well and be adsorbed on GO surface due to their sticky stem region and single-stranded loop region. 119 

After use of an electric field, no DNA duplexes migrate into the ET channel, and the whole channel 120 

exhibits no fluorescence.  121 

However, if miRNA-122 exists in the cathode well, it hybridizes with the segment 1* of H1 and unfolds 122 
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the hairpin structure of H1 via the toehold-mediated strand displacement reaction to generate the H1-target 123 

duplex. Thus, the segment 3 of H1 further hybridizes with the segment 3* of H2, leading to the yield of 124 

H1-H2 duplexes and the release of miRNA (Fig. 1A). The free target miRNA-122 further hybridizes with 125 

the H1 sequence and the next CHA cycle is initiated, generating numerous H1-H2 duplexes, as shown in 126 

Reaction (I).  127 

miRNA + H1 + H2
∆
→ H1-H2 + miRNA                       (I) 128 

After Reaction (I), GO is added into the incubation solution, and the free H1 and H2 are closely 129 

adsorbed onto GO surface via π-stacking interaction between DNA nucleobases and GO. However, the 130 

H1-H2 duplexes are not adsorbed on GO surface due to the efficient shielding of nucleobases within the 131 

negatively charged phosphate backbone of double-stranded DNA. Thus, when an electric field is applied 132 

across the ET channel, the duplexes of H1-H2 move into the channel due to their negative charges. The free 133 

alkaline groups of H1-H2 duplexes react with the acidic TAE buffer in the channel,  134 


H1-H2� + nH� → H�(H1-H2)                                  (II) 135 

Reaction (II) results in an MRB between the duplexes of H1-H2 and the acidic TAE buffer. If the solution 136 

of acidic TAE buffer in the channel is termed as phase α, Reaction (II) yields phase β containing the 137 

duplexes of H1-H2 (Cao, 1998; Cao, et al., 2005),  138 

(H1-H2)(β,−)||�→�TAE buffer (pH 6.0)(α,+)                        (A) 139 

where, the symbols of “α” and “β” indicate phase ' and β, respectively, the symbols of “+” and “−” 140 

imply the anode and cathode, respectively, the symbols of “||” and “→” are the MRB of Boundary (A) and 141 

the direction of boundary, respectively. A fluorescence indicator (SGI) is distinctly used to denote the MRB 142 

displacement in real time (Fig. 1B). The boundary velocity ((MRB) is computed via (Cao, 1998)  143 

(MRB = ,-.,/

0-.0/
                                                             (1) 144 

where, 12 and 13 are respectively the lengths of boundary movement at the running times of 42 and 43. 145 

The theoretical velocity of MRB in Fig. 1B is obtained via  146 

5MRB =
6H̅+89H+.�6D8D

6H̅+.�6D
                                                   ( 2 ) 147 

where, ;H̅+  and 5̅H+  are the constituent equivalent concentration (Equiv/L) and velocity (m/s) of 148 

hydrogen ion, respectively; ;D and 5D are the equivalent concentration (Equiv/L) and velocity (m/s) of 149 

H1-H2 duplex ion, respectively. If there is a linear relation between the fluorescence of H1-H2/SGI and the 150 
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logarithm of miRNA concentration, and the fluorescent intensity of H1-H2 is proportional to H1-H2 151 

content, there is the following relationship between the logarithm of miRNA-122 content (;miRNA) and the 152 

MRB distance (1MRB) (Supplementary Information S2), 153 

 154 

 155 
Fig. 1. Schematic illustration of facile thermometer-like ET biosensor for alternative miRNA assay via MRB 156 

chip (A), electrophoresis titration (B) and CCD image (C).  157 
 158 

1MRB = 'log ;miRNA + ?                                                      (3) 159 

where, α and β are two constants. Eq. (3) is highly simple, but shows the key relationship between the 160 

logarithmic content of target analyte and the distance of MRB movement. Evidently, Reaction (I)-(II), 161 

Boundary (A), and Eq. (1)-(3) indicate that the higher the target miRNA content in sample is, the more the 162 

H1-H2 duplex content yields, the faster MRB motion becomes, and the longer distance of MRB is within 163 

the given time (Fig. 1B). Hence, the target miRNA content can be visually detected with the boundary 164 

motion via the ET chip sensor of Fig. 1. Evidently, the thermometer-like model of ET sensing for miRNA 165 

assay is greatly facile just by reading out the MRB movement via the ET chip (Fig. 1B-1C).  166 

3.2. Demonstration of miRNA ET Model  167 

Herein, miRNA-122 was chosen as model analyte for proof-of-concept demonstration (Supplementary 168 

Information S3). Fig. 2A depicted the experiments of miRNA ET chip in response to 50 pM miRNA-122 169 

with the different running times. There were clear fluorescent band movements as the miRNA ET run 170 

continuously, briefly validating Eq. (1)-(2) and the model of Fig. 1. Fig. 2A further revealed that the 171 

fluorescent band gradually expanded with the increase of running time, qualitatively validating Eq. (1)-(2), 172 
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and the model and method of Fig. 1.  173 

Fig. 2B exhibited the boundary motions under the different running times and miRNA contents ranging 174 

from 0.02 to 1000 pM. Evidently, there were high correlation coefficients changing from 0.9973 to 0.9995, 175 

indicating good linear relations between the boundary motion and the ET time. The experiments validated 176 

Eq. (1)-(2) quantitatively. Fig. 2B further unveiled that the higher the miRNA-122 content was, the longer 177 

the MRB movement distance was, quantitatively validating Eq. (3) and the model and method of Fig. 1.  178 

 179 

 180 
Fig. 2. Experiments sensing of miRNA-122 on the miRNA ET chip at different running times. (A) Imaging of 181 

boundary movements during the 0-80 s run of MRB created with the acidic TAE buffer (pH 6.0) and the H1-H2 182 

duplexes yielded by CHA with 50 pM miRNA-122. (B) Calibration curves of MRB distance vs. the running time 183 

of miRNA ET under different miRNA-122 concentrations (0.02, 0.05, 0.08, 0.1, 1.0, 10, 50, 100, 500 and 1000 184 

pM). Conditions: 10 mM, pH 8.5 Tris-HCl buffer with 1 mM EDTA and 50 mM KCl, 50 nM H1, 50 nM H2 and 185 

20 μg/mL GO in the cathode well, incubation for 80 min at 38 °C, 2% agarose gel with 75 mM KCl, 10 μL SGI 186 

and TAE buffer in channel, 75 mM KCl and TAE buffer in the anode well, 30 V and 25 °C. The bars represented 187 

the standard deviations of three parallel runs.  188 
 189 

The proposed ET biosensor had high facility due to the following reasons. First, the ET model and 190 

method were based on the boundary motion distance (viz., thermometer-like reading) rather than complex 191 

fluorescent intensity sensing, electrochemical biosensing and gel electrophoresis with fluorescent staining 192 

(Table 1), implying a facile miRNA assay. Second, Eq. (3) showed the relation between the boundary 193 

moving distance and the logarithm of miRNA-122 content, displaying the facile assay of miRNA-122. 194 

Third, Fig. 2B and 3 unveiled the simple assay of miRNA ET chip. Fourth, the CCD in Fig. 1C could be 195 

displaced with an iPhone, implying simplicity and low cost (Fig. 1 in Cao et al., 2018).  196 

Numerous gel electrophoresis methods have been used for the miRNA assay after isothermal 197 

amplification (Lee et al., 2014; Lee et al., 2015; Dai et al., 2018; Zhang et al., 2018). Whereas, the ones in 198 

the previous works was in nature different from the one herein. Since the ones in the previous works were 199 
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used as a separative tool for isolating target miRNA from other nucleic acids and monitoring the target 200 

within the gel via signaling fluorescence intensity, the one herein was designed for assaying the target via 201 

the reading of thermometer-like ET rather than the signaling of fluorescence intensity. To the authors’ best 202 

knowledge, the thermometer-like ET biosensor was rarely reported for nucleic acid (e.g., miRNA) assay.  203 

3.3. High Sensitivity of miRNA ET  204 

To evaluate the performance of the designed miRNA ET assay, the miRNA-122 standard solutions with 205 

different concentrations were incubated with a mixture solution (containing H1, H2 and GO) and detected 206 

by the ET biosensor under the optimized conditions (Fig. S2-S5). Fig. 3 displayed the experiments of 207 

miRNA ET assay under different miRNA-122 concentrations at the running times (50, 60, 70 and 80 s). 208 

Clearly, the logarithm of miRNA-122 concentration was as linear relation with the MRB distance in the 209 

miRNA content range of 20 fM to 1 nM. The correlation coefficients for the runs of 50, 60, 70 and 80 s 210 

were respectively 0.9911, 0.9914, 0.9919 and 0.9922, indicating high correlation between the MRB motion 211 

and miRNA-122 content, quantitatively validating Eq. (3) and the ET model and method. 212 

 213 

 214 

Fig. 3. Regression curves of MRB motion distance vs. the logarithm of miRNA-122 concentration (0.02, 0.05, 215 

0.08, 0.1, 1.0, 10, 50, 100, 500 and 1000 pM) at the running times of 50, 60, 70 and 80 s. The conditions were 216 

the same as those in Fig. 2 (n = 3). The bars represented the standard deviations of three parallel runs. 217 
 218 

The detection of limit (LOD) of the proposed sensor was evaluated by progressively diluting the standard 219 

miRNA-122 sample until no obvious MRB movement was observed within the 80 s run of miRNA ET. 220 

The LOD for miRNA-122 was experimentally determined as 10 fM under the optimized conditions 221 

(Supplementary Information S4). The sensitivity of 10 fM herein was evidently poorer than the one of 222 

0.3 fM achieved via the double amplification of HCR-CHA (Wei et al., 2016), but still indicated more than 223 
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100-fold sensitive increase in contrast to the ones with a single amplification of CHA (Table 1).  224 

  225 
Table 1. Sensitivity comparisons of different biosensing methods with a single miRNA CHA amplification.  226 

Method Linear range  LOD  Ref. 

CHA-fluorescent sensing  0.5 - 50 nM  72 pM  Liu et al., 2017 

CHA-fluorescent sensing  4.0 pM - 40 nM  1.48 pM  Li et al., 2018  

CHA-fluorescent sensing  0 - 16 nM  47 pM  Zhen et al., 2017 

CHA-fluorescent sensing  0 - 4 nM  34 pM  Fang et al., 2018  

CHA-electrochemical sensing 0 - 20 nM  0.16 nM  Zhang et al., 2017  

CHA-PAGE 50 pM - 8.0 nM 10 pM Zhang et al., 2018  

CHA-ET 20 fM - 1.0 nM 10 fM This method  

 227 

The 100-fold sensitive increase of miRNA ET bioassay might be induced by the following mechanism 228 

(Supplementary Information S5). First, the H1-H2 duplexes yielded in CHA were electrophoresed into 229 

the ET channel and the ET assay was conducted in the channel rather than the original CHA well with the 230 

background interference of H1 and H2 as done in a normal miRNA assay. This evidently avoided the 231 

original interference of H1 and H2 in the CHA well. Second, in the model of miRNA ET, the interference 232 

of H1 and H2 was absorbed onto the surface of GO, which could not migrate into the channel during the 233 

ET progress due to molecular sieve of agarose gel used in the ET channel. This further prevented the ET 234 

bioassay from the interference of H1 and H2 originated from the cathodic well.  235 

To unveil the mechanism on the sensitive increase of miRNA ET bioassay, a series of the comparative 236 

experiments were carried out (Fig. S6-S8, Supplementary Information S5). The comparisons in Fig. S6 237 

indicated that the fair strong interference existing in a similar CHA-based miRNA assay was greatly 238 

eliminated by the proposed method. The comparisonsin Fig. S7 obviously unveiled that the GO added in 239 

the incubation solution of miRNA ET was not electrophoresed into the ET channel due to relatively large 240 

size of GO (~5 mm in width × 2-10 nm in thickness) in contrast to the small molecular sieve of agarose gel 241 

(average pore size of 20 nm). And the duplexes of H1-H2 but not H1 and H2 were migrated into the 242 

channel during the ET bioassay. Fig. S8 evidently verified that H1 and H2 were absorbed onto GO and 243 

could not electrically forced into the channel if GO was added into the cathode well. However, the duplexes 244 

of H1-H2 were not absorbed by the GO and could be titrated by the acidic TAE buffer in the channel. 245 

3.4. Selectivity of miRNA ET  246 

The specificity of miRNA ET was further investigated by adding one base-, three base-mismatched 247 
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sequences of miRNA-122 (SM miRNA-122 and TM miRNA-122), four kinds of different miRNAs 248 

(miRNA-141, miRNA-21, miRNA-155 and miRNA let-7a) and a family member of miRNA-122 249 

(miRNA-122b) into the reaction system, respectively (Table S1). The experiments were presented in Fig. 250 

4A. Evidently, the MRB distance for SM miRNA-122, TM miRNA-122, miRNA-141, miRNA-21, 251 

miRNA-155, miRNA let-7a and miRNA-122b were much lower than the one of miRNA-122, indicating a 252 

fair selectivity of miRNA ET bioassay. The experiments of miRNA-122 ET assay with disturbance of SM 253 

miRNA-122, TM miRNA-122, miRNA-141, miRNA-21, miRNA-155, miRNA let-7a and miRNA-122b 254 

were carried out for testing the selectivity of the ET method. As shown in Fig. 4B, all the interfering 255 

miRNAs had no remarkable influence on the MRB movement in miRNA-122 ET assay. Fig. 4A-4B 256 

evidently manifested that the proposed strategy exhibited good specificity for clearly discriminating 257 

miRNA-122 from other mismatched sequences and miRNAs, even single-nucleotide mismatch.  258 

The high selectivity attributed to the following reasons. First, the CHA in miRNA ET bioassay was 259 

specifically triggered by the miRNA-122, which was critically based on the perfect match between the 260 

miRNA-122 and DNA hairpin probes. Second, there were different affinities of GO to various DNA probes, 261 

improving the selectivity of miRNA-122 ET assay. Third, molecular sieve of agarose gel existed to GO 262 

with interference of H1, H2 and mismatched sequences, further enhancing the selectivity of miRNA ET. 263 

All these implied that the ET had the potential to assay target miRNA in complex bio-samples.  264 

 265 

 266 
Fig. 4. (A) Selectivity of the ET system to target miRNA-122. The boundary motion distances at 50 s run of 267 

MRB with 50 pM miRNA-122 (a), SM miRNA-122-L (b), SM miRNA-122-M (c), SM miRNA-122-R (d), TM 268 

miRNA-122 (e), miRNA-141 (f), miRNA-21 (g), miRNA-155 (h), miRNA let-7a (i) and miRNA-122b (j). (B) 269 

Experiments of miRNA ET assay with disturbance of 50 pM SM miRNA-122-L (b), SM miRNA-122-M (c), SM 270 

miRNA-122-R (d), TM miRNA-122 (e), miRNA-141 (f), miRNA-21 (g), miRNA-155 (h), miRNA let-7a (i) and 271 

miRNA-122b (j) in 50 pM miRNA-122 (a) solution. The conditions were the same as those in Fig. 2 (n = 3). 272 

The bars were the standard deviations of three parallel runs. 273 
 274 
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3.5. Stability of miRNA ET 275 

The stability of the proposed biosensing system was statistically evaluated by analysing the relative 276 

standard deviations (RSDs) of intra-day and inter-day experiments (Supplementary Information S6). A 277 

series of miRNA-122 samples with different concentration levels (5, 10 and 20 pM) were determined by 278 

the proposed method with three repetitive measurements. Table S2 revealed that the RSD values of 279 

intra-day and inter-day experiments were 2.01%-3.03% and 2.28%-4.01%, respectively, implying quite 280 

good stability of the developed method.  281 

3.6. Reliability and application of miRNA ET 282 

The analytical reliability of the ET biosensing was evaluated via recovery experiments. In the runs, 283 

healthy human serum and MCF-7 cell lysate samples were spiked with miRNA-122 at different levels (5, 284 

10 and 20 pM) and then determined by the proposed method with three repetitive runs (Table S3). The 285 

recoveries of human serum were from 96.2% to 102% and the RSD values were 1.07%-6.25%. And the 286 

recoveries of MCF-7 cell lysate were from 97.9% to 110% and the RSDs were 2.88%-7.32%. All data in 287 

Table S3 implied that the ET sensing exhibited quite good accuracy and anti-interference. Evidently, the 288 

recovery experiments of miRNA let-7a further certified the good accuracy of the model and method of ET 289 

sensing (see Table S4). 290 

 291 

 292 
Fig. 5. Comparative assays of miRNA-122 content in spiked healthy human serum and MCF-7 cell lysate via 293 
miRNA ET and qRT-PCR. The distances of boundary motion at 50 s ET run with miRNA-122 in serum (a: 5 pM; 294 
b: 10 pM; c: 20 pM) and MCF-7 cell lysate (d: 5 pM; e: 10 pM; f: 20 pM). The conditions were the same as 295 
those in Fig. 2 (n = 3). The bars represented the standard deviations of three parallel runs.  296 
 297 

Fig. 5 displayed the comparative experiments and relevant statistical data on the serum and MCF-7 cell 298 

lysate samples spiked with miRNA-122 and assayed with both the miRNA ET and standard qRT-PCR. The 299 

comparative experiments in Fig. 5 revealed that the quantitation results obtained via the proposed ET 300 

method were in good agreement with the ones detected via the standard method of qRT-PCR, indicating the 301 
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validity of developed ET sensing. All these indicated that the miRNA ET method had a good reliability for 302 

complex samples assay, and had evident potential for real application of clinical bioassay. 303 

4. Conclusions  304 

In summary, a facile thermometer-like model of electrophoresis titration (ET) biosensor was proposed 305 

for sensitive miRNA assay via an MRB chip. The ET model unveiled that the MRB distance was as a 306 

function of logarithm of miRNA-122 content implying a facile thermometer-like biosensing model. The 307 

systemic experiments were carried out and validated the facile model and method of miRNA ET. 308 

Benefiting from the efficient CHA and the elimination of background signal interference via MRB and GO, 309 

the proposed miRNA ET also had high sensitivity and specificity. Furthermore, the developed method had 310 

good stability, accuracy and reliability. Finally, the presented method was applied for the real bioassay of 311 

miRNA-122 and miRNA let 7a in human serum and cancer cell lysate. Of course, the developed miRNA 312 

ET method still suffered from some drawbacks. For example, the LOD of ET method (10 fM) was poorer 313 

than the one with multiple amplification (0.3 fM, Wei et al., 2016), and currently the power supply and 314 

CCD with large scale volume were used for the ET experiments indicating the difficulty of portable 315 

miRNA ET device. Thus, further effort has to be given for improving the sensitivity and portability of 316 

miRNA ET method via multiple amplification and lithium battery as well as a smart phone camera (Cao, et 317 

al., 2018). Such a research was under its course.  318 
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� A thermometer-like model of miRNA ET biosensor via MRB chip  

� Sensitivity increase of ET assay by interference elimination via MRB and GO 

� High simplicity, sensitivity, specificity and stability of miRNA ET assay 

� Real use of ET sensor to assay of miRNA in serum and cancer cell lysate 
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