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Herein, a facile thermometer-like model of electrophoresistitration (ET) biosensor was proposed as
an alternative tool for miRNA assay via moving reaction boundary (MRB) chip. For proof-of-
concept demonstration, miRNA-122 and catalyzed hairpin assembly (CHA) were chosen as the
model analyte and amplification, respectively. In the developed ET system, miRNA triggered the
CHA with two hairpin probes (H1, H2) to yield H1-H2 duplexes with negative charges. Under an
electricfield, the duplexesmoved into ET channel, and neutralized the acidic TAE buffer creating an
MRB indicated by SYBR Green | (SGI). The model revealed that the MRB distance was as a
function of logarithmic miRNA-122 content, indicating a facile sensing model. The relevant
experiments were conducted and systemically validated the model of miRNA ET. Under the
optimized conditions, the linear range of ET sensor was from 20 fM to 1 nM and the limit of
detection (LOD) was 10 fM, showing a more than 100-fold sensitive increase in contrast to the one
with a single CHA amplification. The mechanism of sensitive increase was well unveiled by the
designed experiments. In addition, the ET biosensor had good selectivity, stability (less than 5% for
intra-day and inter-day) and recovery (96%~110%), and was successfully applied for the assay of
mMiRNA-122 and miRNA let-7a in real bio-fluids of serum and cancer cell lysate. Evidently, the
proposed biosensor might be used as an alternative assay tool after nucleic acid amplification due to
its high simplicity, sensitivity, specificity, linearity, stability and recovery.

Keywords: Biosensor; Catalyzed hairpin assembly; Electroptisrétration chip; MicroRNA; Moving
reaction boundary

1. Introduction

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

nucleotides (He et al., 2005; Ventura and Jack392Becsulea et al., 2014; Ha et al., 2014). Tieeyesas

The first and second correspondence authors: *Dr. Chengxi Cao (email address: cxcao@sjtu.edu.cn), and **Dr. Honggen Li
(email address: lihonggen@sijtu.edu.cn).

*The first two authors have equal contribution to the work.
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endogenous gene regulators by inhibiting transiatiexpression or affecting on themselves degraasiti
and play key roles in many biological processeg, gene expression, cell proliferation, cell difietiation,
and cell apoptosis (Kawasaki and Taira, 2003; Xgal., 2009; Nicoloso et al., 2009; Wen et al12Qi

et al.,, 2016; Rafiee-Pour et al., 2016). Partidylaan abnormal expression of miRNAs is closely
associated with various diseases, hence many miRdéeme valuable diagnostic markers and therapeutic
targets for several cancers, scleroderma and castalar diseases (Hwang et al., 2006; Bartel, 2009
Brase et al., 2010; Zhu et al., 2013; Zhong eRéil4; Tao et al., 2016).

Many efforts have been made to develop the analytiethod of miRNA in the last decade. These
methods concerned the northern blotting (Pall et2607), the reverse transcription polymeraserchai
reaction (RT-PCR) (Li et al., 2009), and the micragp analyses (Lee et al., 2010) as well as thé nex
generation sequencing (Bhattacharya et al., 200@)ddition, numerous isothermal amplification noeth
(Huang et al., 2012; Chen et al., 2013) have besrldped, such as the hybridization chain reagtidR)
amplification (Yang et al., 2015), the catalyzedrfia assembly (CHA) amplification (Liu et al., 281
Zhang et al., 2017), the rolling circle amplificati(RCA) (Ge et al., 2014) and the isothermal expdial
amplification (Yu et al., 2014).

At the same time, the detection techniques have beed for the bioassay of miRNA amplification
product. They included the fluorescence intensityag (Ding et al., 2018; Li et al., 2018), ratiorizet
fluorescence assay (Fang et al., 2018), fluoregcanisotropy analysis (Zhen et al., 2017), eleb&odcal
sensing (Zhang et al., 2017), chemiluminescentnsity (Li et al., 2016), and separation of gel
electrophoresis with fluorescence staining and niRdénd scanning (Lee et al., 2014; Lee et al., 2015
Dai et al.,, 2018; Zhang et al., 2018). Howeverg raork was reported on a facile thermometer-like
biosensor of miRNA in bio-fluids.

The issue might be well addressed by the concepteatrophoresis titration (ET) biosensor evolved
from the model of moving reaction boundary (MRB}(B@an, 1970; Deman, 1970; Cao, 1998; Cao et al.,
2005). In the last five years, several ET techricueve been proposed, including the ET sensingotéip
content in milk (Zhang et al., 2016; Wang et a012), the highly effective ET analysis of enzymead¢t
al., 2018), and the real chip ELISA (Kong et abD19). In those ETs, the target analyte was indirect
transferred as a positive/negative reactive iondésigning a negative/positive reactive ion a Vidtih

sensing was created between the positive/negatidenagative/positive reaction ionic pairs (e.g-,adnd
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OH). Thus, the target analyte could be assayed eaidual ET sensor. Whereas, the concept of ET was
rarely used for designing a facile thermometer-lthiesensor for assay of miRNA to the authors’
knowledge.

Herein, a facile thermometer-like model of miRNA Bibsensor was proposed based on the MRB chip.
For the proof-of-concept demonstration, CHA wasduas a model miRNA amplification due to its
label-free non-enzymatic reaction, and miRNA-12Zwhosen as a model analyte thanks to its valuable
diagnostic marker and therapeutic target for heygdiidar carcinoma and liver injury (Mariana et 2002;
Howell et al., 2018; Ahmed et al., 2018; Liao et 2020). The experiments revealed that: (i) theBVIR
distance was as a function of logarithmic miRNA-I22atent, implying a facile thermometer-like segsin
(ii) the LOD of ET was as low as 10 fM, showing mdhan 100-fold sensitive increase in contrashéo t
one with a single CHA; and (iii) the ET had highHeséivity. To the best of our knowledge, this whs t

first work reporting a thermometer-like miRNA ETnséng via an MRB chip.

2. Material and methods

2.1. Materials

All of the oligonucleotides used in this work wepbtained from Sangon Biotechnology Co. Ltd.
(Shanghai, China) and were high-performance lighidmatography (HPLC) purified by the manufacturer.
The sequences of these miRNAs and DNA probes wigen gn Table S1. 2-amino-2-(hydroxymethyl)-
1,3-propanediol (Tris) and ethyl-enediaminetetratiacacid (EDTA) were bought from Sigma Aldrich Co.
(Shanghai, China). Agarose gel, sodium hydroxigdrdchloric acid, boric acid, acetic acid and psitas
chloride were bought from Sinopharm Chemical Rea@en Ltd. (Beijing, China). TRIzol reagent, SYBR
Green |, DNA marker (25-500 bp) and diethylpyrobtarate (DEPC)-treated water were purchased from
Sangon Biotechnology Co. Ltd. (Shanghai, China).PDHreated deionized water was used in all
experiments to protect all mMiRNAs from RNase degtiati. Graphene oxide (¢Bn in width x 2-10 nm in
thickness, 4 mg/mL) was purchased from Bailingweeical Technology Co. Ltd. (Shanghai, China). All
reagents were analytical grade and used withothdupurification. Ultrapure water (less than 0.Q&5
cm %) was obtained via a Milli-Q water purification sgm (Millipore, MA, USA).

2.2. Solutions and samples
All the oligonucleotides were diluted in 10 mM, @b Tris-HCI buffer solution (containing 1 mM

EDTA and 50 mM KCI) to give stock solutions of @®l. And each DNA probe was heated to°@for 5
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min, and slowly cooled down to room temperaturees DINA probes were then stored &G for use.

Healthy human serum samples were donated by Longtuspital (Shanghai) and used with the
approval of the ethical committee of Shanghai Jiaog University. For the human serum preparation,
blood samples were collected without anticoagutatigagent, stored at room temperature for two hours
then centrifuged at 1000 g for 20 min. The supamatvas taken and stored at -8D for use. Human
breast adenocarcinoma (MCF-7) cell lysate sampka® wrepared by using TRIzol reagent according to
the manufacturer’s instructions.

2.3. ET method for miRNA detection

Before an ET run, an ET chip (5Q0n x 500um x 10 mm) were fabricatedsypplementary
Information S1) and sequentially rinsed with 100 mM NaOH solutioftrapure water, 10 mM HCI
solution and ultrapure water for 10 min each. 2%)wgarose gel was then heated until complet®fusi
in TAE buffer solution (containing 75 mM KCI and 1 SGI) and filled into the channels. After that,
CHA amplification was conducted in the cathode WEib. 1A). Target miRNA samples were incubated
with 50 nM H1 and H2 in 10 mM, pH 8.5 Tris-HCI beffwith 1 mM EDTA and 50 mM KCI for 80 min at
38 °C. Subsequently, 2Qg/mL graphene oxide (GO) was added into the readmution and further
incubated at 38C for 10 min. Then pH 6.0 TAE buffer with 75 mM K@as added into the anode well.
Next, 30 V was applied across the chankéd.(1B). At last, the movement of MRB was recorded on the

CCD camera (Zhang et al., 2016) showiig. 1C.

3. Results and Discussion

3.1. Model of mMiRNA ET
The model of miIRNA ET bioassay is illustratedRig. 1, in which miRNA-122 is used as a model

analyte and two DNA hairpin probes (H1 and H2)iageniously designed based on the principle of CHA.
In H1, the target recognition domains (the segment$*, 2* 3*) are totally complementary with the
target sequence and the segments of 2*, 3*, 4e @mnplementary to H2. In the absence of miRNA-122,
the CHA process cannot be triggered. Thus, H1 ahdah maintain the stable stem-loop structureben t
cathode well and be adsorbed on GO surface dieiiosticky stem region and single-stranded logore
After use of an electric field, no DNA duplexes naitg into the ET channel, and the whole channel
exhibits no fluorescence.

However, if miIRNA-122 exists in the cathode welhybridizes with the segment 1* of H1 and unfolds
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the hairpin structure of H1 via the toehold-mediagand displacement reaction to generate theakifet
duplex. Thus, the segment 3 of H1 further hybriglingth the segment 3* of H2, leading to the yiefd o
H1-H2 duplexes and the release of miRNAg( 1A). The free target miRNA-122 further hybridizeswit
the H1 sequence and the next CHA cycle is initiaggsherating numerous H1-H2 duplexes, as shown in

Reaction (I).
A
miRNA + H1 + H2 —» H1-H2 + miRNA (1)

After Reaction (I), GO is added into the incubat®welution, and the free H1 and H2 are closely
adsorbed onto GO surface wiastacking interaction between DNA nucleobases af@d Bowever, the
H1-H2 duplexes are not adsorbed on GO surface ateet efficient shielding of nucleobases within the
negatively charged phosphate backbone of douldedd DNA. Thus, when an electric field is applied
across the ET channel, the duplexes of H1-H2 maigethe channel due to their negative charges fiEiee
alkaline groups of H1-H2 duplexes react with thieliaCTAE buffer in the channel,

(H1-H2) + nH* - H, (H1-H2) (D)
Reaction () results in an MRB between the dupteaEH1-H2 and the acidic TAE buffer. If the soduti
of acidic TAE buffer in the channel is termed aagha, Reaction (1) yields phas@ containing the
duplexes of H1-H2 (Cao, 1998; Cao, et al., 2005),

(H1-H2)(B,—)||[=]TAE buffer (pH 6.0)(a,+) (A)
where, the symbols ofa” and “B” indicate phasex and 8, respectively, the symbols of-" and “—”
imply the anode and cathode, respectively, the sjgntf “||” and “-" are the MRB of Boundary (A) and
the direction of boundary, respectively. A fluoresce indicator (SGI) is distinctly used to denbie MRB

displacement in real timé&ig. 1B). The boundary velocity{zg) is computed via (Cao, 1998)

Ly—L,
-t

(1)

Vmre =
where, L; and L, are respectively the lengths of boundary moveratettie running times of; and t,.

The theoretical velocity of MRB iRig. 1B is obtained via

_ EH+17H+—nchD
UMRB =~ -

(2)

C'H+—ncD
where, ¢y+ and vy+ are the constituent equivalent concentration (Egyiand velocity (m/s) of
hydrogen ion, respectively;, and vy are the equivalent concentration (Equiv/L) ancbey (m/s) of

H1-H2 duplex ion, respectively. If there is a linealation between the fluorescence of H1-H2/SGl tre
5
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logarithm of miRNA concentration, and the fluorescéntensity of H1-H2 is proportional to H1-H2
content, there is the following relationship betwelee logarithm of miRNA-122 content,(irna) and the

MRB distance kygrg) (Supplementary Information S2),

.- 3 =1
; 3 a4 %
; A A ? = |I||IIQ H2 C
: = s 4 :
: I '—\k‘ !
: 123 vgagry i
1* 2*3* 4 .
il nuE)Z
H1 =1 2434' SHU
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23
Pl
Target
Q20504 502
i 1110 H1-H2 : B
423 4¢3 ;
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| Target H1 Hz2 H1-H2 H* GO

Fig. 1. Schematic illustration of facile thermometer-lik§ biosensor for alternative miRNA assay via MRB
chip (A), electrophoresis titratiorBj and CCD imageQ).

Lyrp = alog cipna + B (3)
where,a andg are two constants. Eq. (3) is highly simple, butveh the key relationship between the
logarithmic content of target analyte and the distaof MRB movement. Evidently, Reaction (I)-(ll),
Boundary (A), and Eq. (1)-(3) indicate that theh@gthe target miRNA content in sample is, the ntbee
H1-H2 duplex content yields, the faster MRB motimtomes, and the longer distance of MRB is within
the given time Kig. 1B). Hence, the target miRNA content can be visudjected with the boundary
motion via the ET chip sensor Bfg. 1. Evidently, the thermometer-like model of ET segsior miRNA
assay is greatly facile just by reading out the MR&/ement via the ET chifig. 1B-1C).
3.2. Demonstration of mMiRNA ET Model

Herein, miRNA-122 was chosen as model analyte foofof-concept demonstratioSypplementary
Information S3). Fig. 2A depicted the experiments of miIRNA ET chip in resggmto 50 pM miRNA-122
with the different running times. There were cl@aorescent band movements as the miRNA ET run
continuously, briefly validating Eq. (1)-(2) andetimodel ofFig. 1. Fig. 2A further revealed that the

fluorescent band gradually expanded with the irsge# running time, qualitatively validating Eq)+2),

6
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and the model and methodFf. 1.

Fig. 2B exhibited the boundary motions under the differenning times and miRNA contents ranging
from 0.02 to 1000 pM. Evidently, there were highretation coefficients changing from 0.9973 to @59
indicating good linear relations between the bomndeotion and the ET time. The experiments validate
Eq. (1)-(2) quantitativelyFig. 2B further unveiled that the higher the miRNA-122 teort was, the longer

the MRB movement distance was, quantitatively \aiity Eq. (3) and the model and methodrigf. 1.

104 + 1000 pM RZ?=0.9978
A s B "»
g] = 500pM  R?2=0.9987
o 2= (),
70 . 100 pM  R2=0.9995
3 + 50pM  R2=0.9989
60 E 71 10pM  R?=0.9991
2 50 g %1 =
g s 51 =
= ® g 4]
30 Q2 3 R?= 0.9993
2=
20 = 5] R2=0.9984
4] RZ=0.9973
10 0.02pM R2=09982
> 0 e ——————>,
0 1 2 3 4 5 6 7 8 9 10 5 25 45 65 85
Location (mm) Time (s)

Fig. 2. Experiments sensing of miRNA-122 on the miRNA &iip at different running timesAj Imaging of
boundary movements during the 0-80 s run of MREte@ with the acidic TAE buffer (pH 6.0) and the-H2
duplexes yielded by CHA with 50 pM miRNA-12B8)(Calibration curves of MRB distanes. the running time
of miRNA ET under different miRNA-122 concentrat®o(0.02, 0.05, 0.08, 0.1, 1.0, 10, 50, 100, 500 0GD
pM). Conditions: 10 mM, pH 8.5 Tris-HCI buffer withmM EDTA and 50 mM KCI, 50 nM H1, 50 nM H2 and
20 pg/mL GO in the cathode well, incubation for 80 rain38°C, 2% agarose gel with 75 mM KCI, 10 SGI
and TAE buffer in channel, 75 mM KCI and TAE bufferthe anode well, 30 V and 2&. The bars represented
the standard deviations of three parallel runs.

The proposed ET biosensor had high facility du¢hto following reasons. First, the ET model and
method were based on the boundary motion distanze thermometer-like reading) rather than complex
fluorescent intensity sensing, electrochemical ériging and gel electrophoresis with fluorescerihisig
(Table 1), implying a facile miRNA assay. Second, Eq. (Bpwed the relation between the boundary
moving distance and the logarithm of miRNA-122 et displaying the facile assay of miRNA-122.
Third, Fig. 2B and3 unveiled the simple assay of miRNA ET chip. Fouttie CCD inFig. 1C could be
displaced with an iPhone, implying simplicity amavicost Fig. 1 in Cao et al., 2018).

Numerous gel electrophoresis methods have been imedhe miRNA assay after isothermal

amplification (Lee et al., 2014; Lee et al., 2005 et al., 2018; Zhang et al., 2018). Whereaspties in

the previous works was in nature different from dime herein. Since the ones in the previous wokke w



200

201

202

203

204

205

206

207

208

209

210

211

212
213

214

215
216

217
218

219

220

221

222

223

used as a separative tool for isolating target MiRhmM other nucleic acids and monitoring the targe
within the gel via signaling fluorescence intensttye one herein was designed for assaying thettarg
the reading of thermometer-like ET rather thangigealing of fluorescence intensity. To the authbest
knowledge, the thermometer-like ET biosensor weslyaeported for nucleic acid (e.g., miRNA) assay.
3.3. High Sensitivity of miRNA ET

To evaluate the performance of the designed miRNAagsay, the miRNA-122 standard solutions with
different concentrations were incubated with a ometsolution (containing H1, H2 and GO) and detkcte
by the ET biosensor under the optimized conditi{fiig. S2-S5). Fig. 3 displayed the experiments of
mMiRNA ET assay under different miRNA-122 concemtrat at the running times (50, 60, 70 and 80 s).
Clearly, the logarithm of miRNA-122 concentratiomsvas linear relation with the MRB distance in the
mMiRNA content range of 20 fM to 1 nM. The corradaticoefficients for the runs of 50, 60, 70 and 80 s
were respectively 0.9911, 0.9914, 0.9919 and 0.9@ga&ating high correlation between the MRB mnotio

and miRNA-122 content, quantitatively validating. E8) and the ET model and method.

10 5 80s R2=0.9922
9 _ 70s  RZ=0.9919
T | 60s R2=0.9914 . A
E g ° 50s RZ-09911 : I .
s ] ) « =
£ 77 ) x .
2 6 = ’
e ) - i _ h
m ¢ >
x 54 = _ e
= 1 - £ & -
3 al T T T T T T T T T T >-
-2 -1 0 1 2 3

log(C) (pPM)

Fig. 3. Regression curves of MRB motion distansethe logarithm of miRNA-122 concentration (0.02)8).
0.08, 0.1, 1.0, 10, 50, 100, 500 and 1000 pM) atrtmning times of 50, 60, 70 and 80 s. The coowltiwvere
the same as thoseliig. 2 (n = 3). The bars represented the standard dengtf three parallel runs.

The detection of limit (LOD) of the proposed sensass evaluated by progressively diluting the stashda
MiRNA-122 sample until no obvious MRB movement vedserved within the 80 s run of miRNA ET.
The LOD for miRNA-122 was experimentally determinad 10 fM under the optimized conditions
(Supplementary Information $4). The sensitivity of 10 fM herein was evidentlygper than the one of

0.3 fM achieved via the double amplification of HCRIA (Wei et al., 2016), but still indicated moteh
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100-fold sensitive increase in contrast to the anés a single amplification of CHAT{able 1).

Table 1. Sensitivity comparisons of different biosensingtihods with a single miRNA CHA amplification.

Method Linear range LOD Ref.
CHA-fluorescent sensing 0.5-50nM 72 pM Liwakf 2017
CHA-fluorescent sensing 4.0 pM - 40 nM 1.48 pM i etal., 2018
CHA-fluorescent sensing 0-16 nM 47 pM Zhealet2017
CHA-fluorescent sensing 0-4nM 34 pM Fanglet218
CHA-electrochemical sensing 0-20nM 0.16 nM Zdhat 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

The 100-fold sensitive increase of miRNA ET biogssaght be induced by the following mechanism
(Supplementary Information S5). First, the H1-H2 duplexes yielded in CHA wereadtophoresed into
the ET channel and the ET assay was conductec inohthnnel rather than the original CHA well witle th
background interference of H1 and H2 as done iroranal miRNA assay. This evidently avoided the
original interference of H1 and H2 in the CHA weélkecond, in the model of mMIRNA ET, the interference
of H1 and H2 was absorbed onto the surface of Gchwcould not migrate into the channel during the
ET progress due to molecular sieve of agarose g in the ET channel. This further prevented the E
bioassay from the interference of H1 and H2 origgddrom the cathodic well.

To unveil the mechanism on the sensitive incredseiRNA ET bioassay, a series of the comparative
experiments were carried oWi¢. S6-S8, Supplementary Information S5). The comparisons iRig. S6
indicated that the fair strong interference exgtin a similar CHA-based miRNA assay was greatly
eliminated by the proposed method. The compariadfigj. S7 obviously unveiled that the GO added in
the incubation solution of miRNA ET was not eleptioresed into the ET channel due to relativelydarg
size of GO (~5 mm in width x 2-10 nm in thicknesstontrast to the small molecular sieve of agagede
(average pore size of 20 nm). And the duplexes b2 but not H1 and H2 were migrated into the
channel during the ET bioassdsig. S8 evidently verified that HL and H2 were absorbeddBD and
could not electrically forced into the channel D@vas added into the cathode well. However, thdechas
of H1-H2 were not absorbed by the GO and couldttsed by the acidic TAE buffer in the channel.

3.4. Selectivity of mMiRNA ET

The specificity of miRNA ET was further investigdtey adding one base-, three base-mismatched
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sequences of miRNA-122 (SM miRNA-122 and TM miRN22), four kinds of different miRNAs
(miRNA-141, miRNA-21, miRNA-155 and miRNA let-7a)nd a family member of miRNA-122
(miRNA-122b) into the reaction system, respectiv@lgble S1). The experiments were presented-ig.
4A. Evidently, the MRB distance for SM miRNA-122, TKkhiRNA-122, miRNA-141, miRNA-21,
MiRNA-155, miRNA let-7a and miRNA-122b were muchvkr than the one of miRNA-122, indicating a
fair selectivity of miRNA ET bioassay. The experimte of miRNA-122 ET assay with disturbance of SM
miRNA-122, TM miRNA-122, miRNA-141, miRNA-21, miRNA55, miRNA let-7a and miRNA-122b
were carried out for testing the selectivity of tB& method. As shown ifig. 4B, all the interfering
mMiRNAs had no remarkable influence on the MRB moseimin miRNA-122 ET assayig. 4A-4B
evidently manifested that the proposed strategyibiteld good specificity for clearly discriminating
mMiRNA-122 from other mismatched sequences and mig&N&en single-nucleotide mismatch.

The high selectivity attributed to the followingas®ns. First, the CHA in miRNA ET bioassay was
specifically triggered by the miRNA-122, which waestically based on the perfect match between the
mMiRNA-122 and DNA hairpin probes. Second, thereendifferent affinities of GO to various DNA probes,
improving the selectivity of miRNA-122 ET assay.ifth molecular sieve of agarose gel existed to GO
with interference of H1, H2 and mismatched sequenttether enhancing the selectivity of miRNA ET.

All these implied that the ET had the potentiah$say target miRNA in complex bio-samples.

69 6-
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Fig. 4. (A) Selectivity of the ET system to target miRNA-12Zhe boundary motion distances at 50 s run of
MRB with 50 pM miRNA-122 §), SM miRNA-122-L p), SM miRNA-122-M €), SM miRNA-122-R ¢), TM
miRNA-122 ), miRNA-141 ), miRNA-21 @), miRNA-155 f), miRNA let-7a {) and miRNA-122bj(. (B)
Experiments of mMiRNA ET assay with disturbance @81 SM miRNA-122-L p), SM miRNA-122-M €), SM
miRNA-122-R @), TM miRNA-122 €), miRNA-141 ), miRNA-21 @), miRNA-155 f), miRNA let-7a () and
MiRNA-122b () in 50 pM miRNA-122 &) solution. The conditions were the same as thog$éd. 2 (n = 3).
The bars were the standard deviations of thredlelamans.
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3.5. Stability of miRNA ET

The stability of the proposed biosensing system statistically evaluated by analysing the relative
standard deviations (RSDs) of intra-day and inter-dxperimentsSupplementary Information S6). A
series of mMIRNA-122 samples with different concatitn levels (5, 10 and 20 pM) were determined by
the proposed method with three repetitive measumsn&able S2 revealed that the RSD values of
intra-day and inter-day experiments were 2.01%%.Gd 2.28%-4.01%, respectively, implying quite
good stability of the developed method.
3.6. Reliability and application of miRNA ET

The analytical reliability of the ET biosensing wagaluated via recovery experiments. In the runs,
healthy human serum and MCF-7 cell lysate sampkre wpiked with miRNA-122 at different levels (5,
10 and 20 pM) and then determined by the proposeithad with three repetitive run gble S3). The
recoveries of human serum were from 96.2% to 10B&the RSD values were 1.07%-6.25%. And the
recoveries of MCF-7 cell lysate were from 97.9%d1®% and the RSDs were 2.88%-7.32%. All data in
Table S3 implied that the ET sensing exhibited quite gooduaacy and anti-interference. Evidently, the
recovery experiments of miRNA let-7a further céetifthe good accuracy of the model and method of ET

sensing (seg&able $4).

25 mmm This work s qRT-PCR

20 1
151

101

Concentration (pM)

04
a b c d e f

Fig. 5. Comparative assays of miRNA-122 content in spikedithy human serum and MCF-7 cell lysate via
mMiRNA ET and gRT-PCR. The distances of boundaryionat 50 s ET run with miRNA-122 in serui 6 pM;

b: 10 pM; c: 20 pM) and MCF-7 cell lysated( 5 pM; e 10 pM;f: 20 pM). The conditions were the same as
those inFig. 2 (n = 3). The bars represented the standard den&atibthree parallel runs.

Fig. 5 displayed the comparative experiments and relestatistical data on the serum and MCF-7 cell
lysate samples spiked with miRNA-122 and assaydid bath the miRNA ET and standard qRT-PCR. The
comparative experiments iRig. 5 revealed that the quantitation results obtainedthie proposed ET

method were in good agreement with the ones det@@ehe standard method of qRT-PCR, indicatirgy th
11
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validity of developed ET sensing. All these indaththat the miRNA ET method had a good reliabftity

complex samples assay, and had evident potentieddbapplication of clinical bioassay.

4. Conclusions

In summary, a facile thermometer-like model of glgghoresis titration (ET) biosensor was proposed
for sensitive miRNA assay via an MRB chip. The Eddal unveiled that the MRB distance was as a
function of logarithm of miRNA-122 content implying facile thermometer-like biosensing model. The
systemic experiments were carried out and validdbed facile model and method of miRNA ET.
Benefiting from the efficient CHA and the elimirai of background signal interference via MRB and, GO
the proposed miRNA ET also had high sensitivity apdcificity. Furthermore, the developed method had
good stability, accuracy and reliability. Finalthe presented method was applied for the real éyasf
mMiRNA-122 and miRNA let 7a in human serum and cawedl lysate. Of course, the developed miRNA
ET method still suffered from some drawbacks. Pameple, the LOD of ET method (10 fM) was poorer
than the one with multiple amplification (0.3 fM, &iVet al., 2016), and currently the power supplg an
CCD with large scale volume were used for the Epeexnents indicating the difficulty of portable
miRNA ET device. Thus, further effort has to beagivfor improving the sensitivity and portability of
miRNA ET method via multiple amplification and lithm battery as well as a smart phone camera (Gao, e
al., 2018). Such a research was under its course.
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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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