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ABSTRACT 10 

   MicroRNA (miRNA) has recently emerged as a new and important class of cellular 11 

regulators. Strong evidences showed that aberrant expression of miRNA is associated 12 

with a broad spectrum of human diseases, such as cancer, diabetes, cardiovascular and 13 

psychological disorders. However, the short length and low abundance of miRNA 14 

place great challenges for conventional techniques in the miRNA quantification and 15 

expression profiling. Here, we report a direct, specific and highly sensitive yet simple 16 

detection assay for miRNA without sample amplification. A self-assembled protein 17 

nanofibril acted as an online pre-concentrating sensor to detect the target miRNA. 18 

Locked nucleic acid (LNA) of complimentary sequence was served as the probe to 19 

capture the target miRNA analyte. The quantification was achieved by the fluorescence 20 

intensity measured with total internal reflection fluorescence microscopy. A detection 21 

limit of 500 fM was achieved with trace amount of sample consumption. This assay 22 

showed efficient single-base mismatch discrimination. The applicability of quantifying 23 

circulating mir-196a in both normal and cancer patient’s serums was also 24 

demonstrated.   25 
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1. Introduction 26 

MicroRNAs (miRNAs) are non-coding RNAs of ~ 18-25 nucleotides. They initially 27 

exist in the cell nucleus as a long primary transcript, primary miRNAs (pri-miRNAs). By 28 

enzymatic cleavages of pri-miRNA and precursor miRNAs, mature miRNAs are 29 

produced. Mature miRNAs are found to be an important gene expression regulator, which 30 

are involved in early tumorgenesis and tumor progression1-3. Abnormal and distinctive 31 

expression profile of miRNAs is found in different types of tumor tissues and cancers. 32 

miRNAs expression profiling is therefore regarded as an important biomarker for cancer 33 

diagnosis4-5.  34 

Meanwhile, circulating miRNAs in body fluids, such as serum, blood plasma and urine, 35 

are found to be well-preserved and highly correlated to pathological changes. These 36 

endogenous miRNAs are highly stable in a range of temperature and pH and they are 37 

robust against RNase digestion6-7. Although the mechanism behind the high resistance of 38 

circulating miRNA against degradation is still not well-understood, researchers proposed 39 

that the circulating miRNAs are protected by the RNA-induce silencing complex (RISC), 40 

which forms an extra protection towards the fragile miRNAs8. With the potential that 41 

circulating miRNAs can be collected non-invasively in serum, plasma, and urine, 42 

circulating miRNAs are considered as a potential biomarker for clinical cancer diagnosis. 43 

   Since the level of circulating miRNAs is much lower (~ 20 pM)9 compared to those 44 

in tissue and cells, a method of high sensitivity, specificity and high quantitative accuracy 45 

is very critical for a reliable miRNAs expression profiling. However, it is always 46 

challenging to determine directly and accurately the amount of miRNAs for their short 47 

length and low abundance. The short sequence limited the design of complementary 48 
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probe used to capture the target miRNAs and confined the mismatch discrimination 49 

efficiency. Quantitative reverse transcript PCR (qRT-PCR)10, northern blotting11, and 50 

microarray12 are currently the golden methods to perform miRNAs expression profiling, 51 

although these methods encounter complications like sample loss during the 52 

amplification steps, large sample consumption, use of radioactive reagents, intensive 53 

labor and long assay time. As a result, other sample pretreatment strategies aiming at 54 

higher detection sensitivity, specificity, and minute sample consumption have been 55 

developed recently, for example, electrochemical13-14, isothermal strand-displacement15, 56 

and enzymatic amplification16 detection assays. Taking advantage of the signal 57 

amplification technique, some of these detection assays are capable of quantifying 58 

miRNAs at attomolar level. However, the reliability and reproducibility of the assay are 59 

scarified by multiple manipulation and transversal steps. Our group previously reported a 60 

direct miRNA detection method by single-molecule counting with total internal reflection 61 

fluorescence microscopy (TIRFM)17. The miRNA detection assay is free of sample pre-62 

treatment and amplification. The detection was achieved by counting the fluorescent 63 

analytes within the evanescent field layer in single-molecule level.  64 

Over the recent decade, bio-sensing platform constructed from different novel 65 

nanomaterials has been widely applied for detection of biomolecules like DNAs, 66 

miRNAs proteins etc. Thaxton et.al developed a sensitive scanometric miRNA detection 67 

assay using gold nanoparticles18. Other nanomaterials such as silver nanowires19, silicon 68 

nanowires20, and tin dioxide21, have also been incorporated into the detection assays. The 69 

resulted signal enhancement dramatically improves the sensitivity of the detection assay, 70 

shortens the assay time, and reduces the sample consumption by pre-concentrating the 71 
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analytes on the surface of the nanocomposites. However, most of the nanoparticles are 72 

limited to the working conditions such as solution pH and ionic strength, possibly 73 

resulting in self-aggregation and activity loss. Unlike the fabrication of nanoparticles and 74 

nanowires which requires sequential chemical synthetic techniques, self-assembled 75 

bionanocomposite with peptides simultaneously forms a well-structured, well-defined 76 

and stable macromolecular structure22. Having peptides as the building blocks, the 77 

protein scaffold is inherently stable and of high activity under physiological conditions. 78 

Most importantly, the specificity and functionality of the protein scaffold can be 79 

manipulated by simply modifying the functional moiety of the protein motif. Amyloid 80 

fibril is well-known to be rich in β-sheet structure, which is rigid and stiff compared to 81 

other natural protein-based material like collagen and silk. Functionalized Aβ1-40 fibril 82 

can be straightly obtained by co-incubating functionalized Aβ1-40 monomer with native 83 

Aβ1-40 monomer. It is demonstrated that the functionalized Aβ1-40 fibril is of high 84 

potential to serve as biocompatible and highly stable pre-concentrating scaffold for 85 

biomarker detection. 86 

Our group previously developed a functionalized self-assembling beta-amyloid (1- 40) 87 

(Aβ1-40) fibril as a platform for biomolecules detection23. However, the hybridization 88 

efficiency of the surface-based assay is highly limited by diffusion kinetic of the analyte 89 

molecules. Here, we developed a solution-based direct miRNAs detection assay with 90 

self-assembling Aβ1-40 fibril with TIRFM. As a proof-of-concept, hsa-mir-196a (mir-91 

196a) was chosen to be the miRNA target for detection. Mir-196a was found to be one of 92 

the significant miRNAs elevated in nasopharyngeal24, gastrointestinal25, and pancreas26 93 

cancers. In the assay, self-assembling Aβ1-40 fibrils were labeled with a mixture of Alexa 94 
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Fluor-555 streptavidin (AF 555 stv) and bare streptavidin (stv), to locate the fibrils. The 95 

target miRNAs were pre-hybridized with the complementary 5’ biotinylated locked 96 

nucleic acid (LNA) probe in solution to achieve high hybridization efficiency and then 97 

labeled with fluorescent dye YOYO-1. The hybrid complexes were then added to the AF 98 

555 stv-labeled Aβ1-40 fibril, and were captured onto the backbone of the fibrils through 99 

the biotin and streptavidin interaction. The fluorescent images of fibril were collected by 100 

TIRFM. The target miRNAs was quantified with the fluorescent intensity of individual 101 

fibrils. This assay provided a limit of detection (LOD) at around 500 fM, as well as a 102 

high specificity as it substantially discriminated the two miRNAs within the same family, 103 

target mir-196a and mir-196b, which differ by a single nucleotide. The developed assay 104 

was applicable for the direct determination of the mir-196a concentration in both normal 105 

and cancer patient’s serum samples without sample pre-treatment. This direct, sensitive 106 

and specific detection assay for miRNAs is of high potential for clinical application for 107 

early stage cancer diagnosis.  108 

2. Material and methods   109 

2.1 Coverslides pretreatment. All the coverslides were prewashed prior to use. 110 

Generally, No.1 22 × 22 mm square glass (Menzel-Glaser, Germany) were successively 111 

sonicated for 15 min in household detergent, 15 min in absolute ethanol, 40 min in 1 M 112 

sodium hydroxide, 15 min in acetic acid, then 5 min in absolute ethanol thrice. The 113 

coverslides were rinsed thoroughly with filtered distilled water between every solvent 114 

replacement. The cleaned coverslides were dried in the oven at 120 °C for 3 hrs and 115 

stored for further use. 116 
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2.2 Preparation of Aβ1-40 Fibrils for seeding.  Monomeric Aβ1-40 was purchased from 117 

Invitrogen and used without further purification. The stock Aβ1-40 monomer solution was 118 

prepared by dissolving 0.1 mg Aβ1-40 monomer with 400 μL 0.02 % ice-cold ammonia 119 

solution and stored at – 20 °C until use. The seed was prepared as mentioned elsewhere27-120 

29. Briefly, by diluting the stock Aβ1-40 monomer to 57.7 μM with 1× phosphate buffer 121 

(50 mM sodium phosphate, pH 7.4); the solution was incubated at 37 °C for 20 hrs under 122 

gentle shaking. The second generation of Aβ1-40 seeding was prepared by adding 1 μL of 123 

0.87 μg/mL Aβ1-40 seeding from the previous step to 2 μL of Aβ1-40 monomer and diluted 124 

to 20 µL with 1× phosphate buffer. The solution mixture was incubated at 37 °C for 1 hr. 125 

The resultant fibrils were used as the second generation of seeding for further fibrillation. 126 

2.3 Preparation of Biotinylated Aβ1-40 Fibrils. The stock biotin functionalized Aβ1-40 127 

monomer (Anaspec, USA) was diluted with 0.02 % ice-cold ammonia solution to 100 128 

μM. The biotinylated Aβ1-40 fibrils were prepared by incubating 20 % of biotinylated Aβ1-129 

40 monomer with native Aβ1-40 monomer in 0.5× phosphate buffer. The total 130 

concentration of the Aβ1-40 monomer is 50 μM. In order to accelerate the fibrillation 131 

process, 1 μL of 0.87 μg/ mL Aβ1-40 seeding was added to the solution. The fibrils were 132 

diluted to 200-fold with phosphate buffer prior to experiments. 133 

2.4 Preparation of Hybridization Buffer. The 1× Tris-EDTA buffer with 250 mM 134 

NaCl (TNE 250) was prepared by mixing 20 mM pH 8.0 Tris-HCl (Invitrogen, Carlsbad, 135 

CA) with 1 mM EDTA (Sigma-Aldrich) and 250 mM sodium chloride in distilled water. 136 

The pH of the buffer was adjusted to pH 7.4 with 2 M HCl. The buffer was filtered 137 

through a 0.2 μm nylon membrane filter and autoclaved prior to use. 138 
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2.5 Preparation of Probes and Target MicroRNA Oligonucleotides. The commercial 139 

available LNA-modified oligonucleotide probes (miRCURY LNA™ microRNA 140 

Detection Probes) LNA196a (5’-CCCAACAACATGAAACTACCTA-3’) specific to 141 

corresponding target microRNAs was purchased from Exiqon (Denmark). The HPLC-142 

purified synthetic mature microRNA oligonucleotides hsa-mir-149 (5’- 143 

UCUGGCUCCGUGUCUUCACUCCC-3’), hsa-mir-196a (5’-biotin- 144 

UAGGUAGUUUCAUGUUGUUGGG-3’) and hsa-mir-196b (5’-145 

UAGGUAGUUUCCUGUUGUUGGG-3’) were custom synthesized and purchased from 146 

Integrated DNA Technology (USA), acting as the target microRNA strands. All 147 

oligonucleotides were suspended in 500 μL DEPC-treated water (Ambion, USA) and 148 

diluted to appropriate concentration with 1× TNE 250 buffer. 149 

2.6 Study of the hybridization efficiency. Sealed flow cell channel was prepared by 150 

combining prewashed coverslides with double-sided adhesive tape. Each channel is 151 

around 3 mm wide. For detection, 10 μL of the diluted Aβ1-40 fibrils was first flowed into 152 

the channel; followed by adding excess stv/ AF 555-Stv mixture (molar ratio of 2:1). The 153 

channels were successively washed with phosphate buffer between each consecutive 154 

sample addition. In the study of the hybridization efficiency, surface base hybridization 155 

duplex was prepared as reported previously23. Briefly, excess poly (T)15 probe (5’-biotin-156 

TTT TTT TTT TTT TTT-3’, Invitrogen, HPLC-purified) was added to the channel that 157 

contained the stv/ AF 555-stv labeled fibril and incubated for 15 min. Then 50 pM poly 158 

(A)15 target (5’-AAA AAA AAA AAA AAA-3’, Invitrogen, HPLC-purified) was flowed 159 

into the channel and hybridized for 30 min. Finally, fluorescent dye YOYO-1 was added 160 
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to label the hybrids for further quantification by TIRFM. The ratio of the YOYO-1 and 161 

the hybridized base pair was 1:3 (dye/ bp).  162 

     The solution-based hybridization duplex was prepared by hybridization 500 pM 163 

poly (A)15 with 500 pM biotinylated poly (T)15 probe in solution at room temperature for 164 

30 min and fluorescent dye YOYO-1 was added to label the hybrids. The ratio of the 165 

YOYO-1 and the hybridized base pair was 1:3 (dye/ bp). The hybrids were then added 166 

into the channel with the AF 555-stv labeled fibril as mentioned in the previous step and 167 

incubated for 1 hr to saturate the streptavidin site and for further detection by TIRFM. 168 

Three experimental trials were performed, while the mean of mean and standard error of 169 

the mean from the triplicates were taken to the plot unless specified. 170 

2.7 Hybridization of the MicroRNAs. All the LNA probes and miRNA strands were 171 

diluted to 1 nM with 1× TNE 250 buffer (pH 7.4), respectively. The hybridization 172 

cocktail contained target miRNA strand at different concentrations (0, 0.5, 1, 5, 10, 25, 173 

50, 100 pM respectively), 100 pM corresponding LNA probe and hybridization buffer. 174 

The solution mixture was incubated in heating block (Labnet, USA) for 1 hr. The 175 

hybridization temperature was set to 20 °C below the melting temperature (Tm) of the 176 

LNA probe, which is 58 °C. The Tm was predicted based on the thermodynamic nearest 177 

neighbor method30. 178 

2.8 Labeling of MicroRNAs. After incubation, YOYO-1 was added to label the hybrids 179 

(biotinylated-LNA-miRNA duplex). The ratio of the YOYO-1 and the hybridized base 180 

pair was 1:3 (dye/ bp). The YOYO-1 labeled hybrids were incubated in room temperature 181 

for 5 min for equilibrium. 182 
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2.9 Quantification of mir-196a with Aβ1-40 fibrils on the surface of the flow cell. 183 

Different concentrations of target microRNAs hybrid (0, 0.5, 1, 5, 10, 25, 50, and 100 pM 184 

respectively) were added into each of the channels that contained the stv/ AF 555-stv 185 

labeled fibril and incubated for 30 min for further quantification. 186 

    For the mismatch study, 50 pM hsa-mir-196b and hsa-mir-149 hybrids were used to 187 

show the specificity of the assay. The fluorescent images of the fibrils detection platform 188 

were captured under a home-built total internal reflection fluorescence microscopy 189 

system (TIRFM) with an excitation 488 nm cyan laser (50 mW, CMA1-01983, Newport, 190 

USA). 191 

2.10 Quantification of mir-196a in serum samples by TIRFM. Serum samples were 192 

obtained from the Nasopharyngeal Carcinoma Area of Excellence Research Tissue Bank 193 

under the Center for Nasopharyngeal Carcinoma Research, the serum samples were 194 

stored at -80 °C prior to use without further modification. Synthetic mir-196a, with a 195 

final concentration of 0, 1, 2, 5, 10, and 15 pM respectively, was spiked into the standard 196 

addition cocktail which contained 3.5 µL of the 5-fold diluted serum and LNA probe of a 197 

final concentration of 100 pM, and finally diluted to 20 µL with TNE buffer. The solution 198 

was incubated at 58 °C for 1 hr. Finally, the quantification was constructed as mentioned 199 

above.  200 

2.11 Fluorescence imaging and data analysis. The prism type total internal reflection 201 

fluorescence microscopy was setup as mentioned before17, 23. Briefly, the flow cell was 202 

placed between a fused-silica isosceles prism (CVI, laser USA) and a 60× oil type 203 

objective equipped with an Olympus IX71 inverted microscopy with a HQ 535/50 204 

(Chroma) band-pass filter. A 488-nm diode laser (Newport, USA) was used as the 205 
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excitation source to excite the YOYO-1 dye. The fluorescence image of the Aβ1-40 fibrils 206 

was captured by an Electron Multiplying Charge Coupled Device (EMCCD) (PhotonMax 207 

512, Princeton Instrument, USA) incorporated with a Uniphase mechanical shutter 208 

(Model LS2Z2, Vincent Associates, USA) and a driver (Model VMM-T1, Vincent 209 

Associates, USA) in external synchronization and frame-transfer mode. The exposure 210 

time of both camera and shutter were set at 100 ms. The multiplication gain and the delay 211 

time of the shutter drive were set at 4000 and 10 ms respectively. The fluorescence signal 212 

of the fibrils was measured by the free-domain software Image J.  The fluorescence 213 

signals of the sensor was obtained by measuring net fluorescence intensity of 50 214 

independent fibrils, which located randomly, in each condition with Image J (Region of 215 

interest = 15 × 2 square pixels). Net intensity = 50 × (15 × 2 square pixels of independent 216 

fluorescent area on fibrils) – 50 × (15 × 2 square pixels of independent background area 217 

on image). Three experimental trials were performed, while the mean of mean and 218 

standard error of the mean from the triplicates were used in the plot unless specified.  219 

3. Results and discussions  220 

3.1 Study of the hybridization efficiency. The quantification of the target 221 

oligonucleotide presented here is a hybridization-based assay. The hybridization 222 

efficiency of the target and the complimentary sequence is very crucial for the overall 223 

performance of the assay. We firstly compared the hybridization efficiency of the target 224 

oligonucleotide and the complimentary probes where hybridization occurs in solution and 225 

on surface. Figure 1 shows the net fluorescence intensity measured on the fibril loaded 226 

with 500 pM solution-based and surface-based hybridized poly (A)15 and poly (T)15 227 

complex. Under the same concentration of the target and the probe, higher hybridization 228 
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efficiency is indicated by a higher detected fluorescence signal. The average fluorescence 229 

intensity of the fibrils loaded with solution-based hybridized complex was almost tripled 230 

over the surface-based one. This result suggested that solution-based hybridization was 231 

more efficient than surface-based. In surface-based hybridization, the detection probes 232 

were first immobilized on the backbone of the fibrils. Then the target single-stranded 233 

oligonucleotide reached the probes solely by diffusion. The overall hybridization rate is 234 

limited by the diffusion kinetic of the target analyte, the electrostatic repulsion of both 235 

negatively charged probes and targets, density of the surface-immobilized probe, probe 236 

immobilization efficiency and the steric hindrance.  On the other hand, in solution-based 237 

hybridization, both the probe and the target are free in solution, the charge density is 238 

diluted due to large diffusion volume and, therefore they are subject to higher chance to 239 

interact and form hybrid. Comparing under the same hybridization time, solution-based 240 

hybridization offers higher efficiency. Therefore, solution-based hybridization was 241 

adopted for the miRNA detection assay in the following work.  242 
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 244 

 245 

 246 

 247 

 248 

 249 

Figure 1. A) The average of resulted fluorescence signal on individual biosensing fibril, 250 

as an indication of the hybridization efficiency, obtained by solution-based and the 251 

surface-based hybridization with 500 pM poly A and complementary poly T probe. Error 252 

bar, standard error of mean. n = 3. (Net intensity = 50 × (15 × 2 square pixels of 253 

independent fluorescent area on fibrils) – 50 × (15 × 2 square pixels of independent 254 

B) C) 

A) 
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background area on image).) The fluorescence images of the fibrillar sensors detecting 255 

poly A/poly T duplex duplexes formed by (B) surface-based hybridization; and (C) 256 

solution-based hybridization. The hybridization efficiency of solution-based is 257 

significantly higher than that of surface-based.   258 
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Figure 2. Schematics of the direct quantification of miRNA with a self-assembling 261 

protein fibrillar platform. (A) A hybridization-based detection for mir-196a by using 262 

biotin functionalized LNA196a detection probe. The hybrids were labeled with 263 

fluorescent dye YOYO-1. (B) The hybrids were then conjugated onto the surface of the 264 

amyloid protein fibril by biotin/streptavidin interaction for fluorescence measurement and 265 

quantification.   266 
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3.2 Detection assay. As a proof-of-concept, mir-196a was chosen as the target miRNA in 267 

this study. LNA modified nucleotide detection probe (LNA196a) with a biotin 268 

functionalized 5’ terminal was designed. The target and the LNA probes were mixed and 269 

allowed for sufficient hybridization. The hybrids were then labeled with an intercalating 270 

fluorescent dye YOYO-1. The binding affinity of the YOYO-1 dye towards the double-271 

stranded nucleic acid is around 6 × 108 M-1 with a fluorescence intensity enhancement of 272 

~ 400-fold upon binding as compared to single-stranded.31 The resulted fluorescence 273 

signal is employed for quantitative analysis. 274 

   The principle of the detection assay is illustrated in figure 2. Biotinylated fibrils were 275 

prepared by simply mixing and incubating the biotinylated amyloid monomer and native 276 

amyloid monomer for an hour. Each of the as-formed protein fibril acted as an individual 277 

platform for target analyte capturing. With the wide-view fluorescence imaging of large 278 

number of fibrils simultaneously, a detection of high-throughput was accomplished. We 279 

made use of the electrostatic and hydrophobic interaction between the protein fibrils and 280 

the glass slide surface that the fibrils could be immobilized and stretched upon capillary 281 

force once the fibrils were flowed into the channel which was comprised by two glass 282 

coverslides and adhesive tape. Neither pretreatment of the glass surface nor chemical 283 

modifications on the protein scaffold was required. As shown from the fluorescence 284 

images, the fibrils were consistently well-stretched and physically adsorbed on glass 285 

surface. After that, freely diffusing hybrids will then be captured onto the nanofibrils. 286 

Fluorescence signal from the labeled hybrids was collected for analysis. According to our 287 

previous study23, the sensitivity of the detection assay was influenced by the density (or 288 

concentration) of Aβ1-40 fibrils on the coverslide and the compositional percentage of the 289 
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biotin moiety on the fibrillar protein. As reported, the fibrils obtained by co-incubation of 290 

native monomer with 20 % of biotinylated Aβ1-40 monomer gave optimal experimental 291 

conditions for the strongest fluorescence signal and therefore it was adapted in this 292 

current study. After the immobilization of the fibrils on the glass surface, the solution 293 

mixture of excessive stv/AF 555-stv was injected into the home-made channel to capture 294 

the biotinylated target hybrids as well as to label and locate the fibrils. It was found that 295 

the highly negative double-stranded hybrid did not have substantial non-specific 296 

adsorption onto the negative surface of the coverslides (at pH 7.4). Addition of the 297 

blocking agent, for example, BSA, was therefore not necessary (See figure S1).  298 

   As one of the wide-view fluorescence imaging techniques, TIRFM is regarded as a 299 

sensitive and powerful one to monitor chemical and biological systems at the glass/water 300 

interface. The fact that only the fluorophores (the immobilized protein fibrils with 301 

captured targets in this work) within the evanescent field layer was excited and hence 302 

high signal-to-noise ratio was provided. The set-up of the TIRFM system is shown in 303 

figure S2. A 488 nm laser was used to excite the YOYO-1 dye on the hybrids and the 304 

AF555 stv on the fibril. The angle of incidence of the laser beam is ~ 66 °, the total 305 

internal reflection occurred at the glass/solution interface and the penetration depth of 306 

evanescent field layer (d) was calculated to be 190 nm by (d = λ/ 4π(n1)2sin2 θ- n2 2)1/2) 307 

where λ is the wavelength of the excitation source, n1 and n2 are the refraction indices of 308 

the solution and glass-surface, and θ is the angle of incidence. The fluorescence image of 309 

the fibrils was captured by the EMCCD.  310 

   To illustrate the performance of the developed miRNA assay, the LNA196a-mir-196a 311 

hybrids with different concentration of miRNA target (0 to 100 pM) were added to the 312 
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channel and captured on the surface of the fibrils through the strong biotin and 313 

streptavidin interaction. Individual fibrils loaded with hybridization complex of 0 to 100 314 

pM mir-196a with 100 pM LNA196a were visualized under the TIRFM imaging system 315 

and the intensity was analyzed. A calibration curve of the fluorescence intensity collected 316 

as a function of the target concentration was constructed as shown in figure 3. A good 317 

linearity with a coefficient of determination of 0.994 was obtained. The limit of detection 318 

(LOD) of 500 fM was achieved (LOD = mean of the blank + 3 × standard error of mean 319 

of blank) for miR196a. As literature reported, the level of miRNAs in the cancer patient’s 320 

serum sample is around 20 pM9. This as-developed assay is applicable to quantify the 321 

level of miRNAs in serum sample.  322 
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 323 

Figure 3. Calibration plot showing the linear relationship between net averaged 324 

fluorescence intensity generated from the YOYO-intercalated miRNA hybrids and the 325 

concentration of mir-196a, R2= 0.994. Detection limit of the detection assay is 500 fM. 326 

Error bars, standard error of mean, n = 3. (Net intensity = 50 × (15 × 2 square pixels of 327 

independent fluorescent area on fibrils) – 50 × (15 × 2 square pixels of independent 328 

background area on image).)  329 
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3.3 Specificity study. The sequences of the miRNAs within a family are very similar and 330 

some of them differ only by a single nucleotide. This places another challenge to obtain 331 

an accurate expression profiling of miRNAs from the same family. To demonstrate the 332 

specificity of this detection assay, mir-196b and a non-complementary miRNA (mir-149) 333 

were chosen. Literature reported that mir-149 also plays an important role in the 334 

development of nasopharyngeal carcinoma (NPC)32. Mir-196b is a family member of the 335 

mir-196 family, the optimal hybridization temperatures of the two miRNAs, mir-196a 336 

and mir-196b, differ by 2 °C. In the recent decade, locked nucleic acid (LNA) has been 337 

used as detection probe for a variety of miRNAs assay for significant increase in the 338 

sensitivity and specificity of the detection probe compared to using RNA and DNA 339 

probes. The methylene bridge connecting the 2’O and the 4’C of the ribose backbone 340 

fixed the LNA modified nucleotide such that the nucleotides were locked in place after 341 

hybridization. This provided greater stability as an increase in the melting temperature of 342 

the hybridized complex33.  343 

As illustrated in figure 4, mir-196a can be clearly discriminated from mir-196b and mir-344 

149. Compared to mir-196a, mir-196b with a mismatch nucleotide showed detection 345 

signal (8.7%). While the signal detected from sample matrices that contained 1) both mir-346 

196a and mir-196b, and 2) mir-196a, mir-196b, and mir-149 was 108 % and 99 % 347 

respectively. It elucidated that LNA detection probe exhibits a high specificity to the 348 

complementary target.  349 
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 350 

Figure 4. Study on the single-base mismatch discrimination efficiency (%) of the assay. 351 

The relative signal produced by mir-196a is normalized to 100%, the relative detection of 352 

the other miRNAs are calculated by the correlation equation in figure 3. The 353 

concentration of each miRNAs is 50 pM. The detection platform shows high specificity 354 

towards the target analyte, and is able to discriminate sample which deviated by a single-355 

base mismatch.   Error bars, standard error of mean, n = 3.  356 



 22 

3.4 Quantification of mir-196a in normal and cancer patient’s serum samples. We 357 

then applied the developed assay to quantify the expression of mir-196a in both normal 358 

and NPC cancerous serum samples. Since the fluorescent dye YOYO-1 has no selectivity 359 

towards oligonucleotides like mRNA, tRNA and other kind of small RNAs in such a 360 

complex sample matrix, in order to eliminate the unwanted signal from the background 361 

matrixes, standard addition method was applied in a manner that total synthetic target 362 

miRNA (mir-196a) was spiked into mixture of probes and the serum samples without any 363 

sample pre-treatment to the serum. The concentration of the mir-196a in the serum 364 

samples was obtained by extrapolation of the calibration curve. Two independent 365 

calibration curves were prepared for the two serum samples and the concentration mir-366 

196a in each serum sample was determined. Both calibration curves showed good 367 

correlation between the concentration of the mir-196a and the intensity of the fibril with 368 

coefficient of determination above 0.989 (Figure 5). The content of mir-196a in normal 369 

and cancerous serum samples were estimated to be 7.9 ± 0.2 pM and 13.5 ± 0.3 pM 370 

respectively. The original concentration of mir-196a was then corrected by 5-fold dilution 371 

factor to be 40 and 68 pM. The result agreed with literature report that mir-196a is the up-372 

regulated in nasopharyngeal carcinoma34. While the entire assay could be completed 373 

within 2 hrs, which is fast compared to traditional qRT-PRC, a direct quantification with 374 

minute sample consumption (~ 5 µL) was achieved. It is promising for constructing 375 

miRNA expression profile in real sample.   376 
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 377 

 378 

 379 

Figure 5. Quantification of mir-196a in (A) normal serum and (B) cancer patient’s serum 380 

samples by standard addition method. Synthetic mir-196a was spiked into the serum 381 

samples. Error bars, standard error of mean, n = 3.  382 

A) 

B) 
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4. Conclusion  383 

   In this work, we developed a sensitive and specific platform for quantification of 384 

miRNAs. As a proof-of-concept, the concentration of mir-196a was quantified in both 385 

normal and cancerous serum samples. Profiling of these small regulatory miRNAs 386 

provides valuable information to diagnostics test developers as well as pharmaceutical 387 

companies. The protein-based detection assay can be readily modified and applied in 388 

immunoassays, in which the probe sequence on the fibrillar sensor can be converted from 389 

oligonucleotide probes into antibodies for capturing disease-related antigens or other 390 

acceptor molecules. Similarly, the LNA probes are also readily replaced by ATP aptamer, 391 

cardiac disease markers, thrombin aptamer, tumor angiogenesis markers, etc., for 392 

academic, biomedical researches and many other clinical applications. 393 
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