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ABSTRACT

Herein, a facile and sensitive microRNA (miRNBipsensor was designdxy
using interfacial biotinylated thiolated DNA moléau beacon (MB) as probe and
streptavidin functionalized gold nanorods (Stre-GIN&Ss tag for the enhanced surface
plasmon resonance (SPR) signal. The MB probe with terminals labeled with
biotin and thiol groups, respectively, was modified the gold film via thiol-gold
interaction. Up hybridization with the target, thietinylated group became accessible
to the Stre-GNRs. The introduction of the Stre-GN&s to the gold film produced
strong SPR signal for detection. Our work has ftated that the plasmonic field
extension generated from the gold film to GNRs #m& mass increase due to the
GNRs have led to drastic sensitivity enhancememiddd optimal conditions, this
proposed approach allowed detection of miRNA with timit of detection (LOD)
down to 0.045 pM. The results have shown that tBegdvbbe functionalized sensing
film, together with streptavidin-conjugated GNRssweadily served as a plasmonic
coupling partner that can be used as a powerfudsghsitive sandwich assay for
MiRNA detection, and GNRs were readily served asnming amplification labels in

SPR sensing technology.

Key words: MicroRNA detection; streptavidinylatedld) nanorods; surface plasmon

resonance (SPR); signal amplification



1. Introduction

MicroRNA (abbreviated miRNA) is a group of endagas small single-stranded
non-coding RNA that functions in RNA silencing apdst-transcriptional regulation
of gene expression to modulate biological homeasf{as3], which is widely found in
plants, animals and some viruses [4]. To dategtleegrowing evidence that miRNAs
play crucial roles in various physiological and hmdbgic processes, including
hematopoietic differentiation, cell growth, apopsd®, 6], regulation and metabolism,
especially the aberrant expression is associatéld warious tumorigenesis [7-9].
Therefore, development of sensitive and specifadydical methods for miRNAs will
be of great value in disease diagnosis, treatmamhtpaognosis [5, 10]. Meantime, it
can also make contribution to understand biologiktadctions of miRNAs and
discover new targets for drugs [11]. However, tbeuaate detection of miRNA is
challenging because of some intrinsic charactessif miRNA such as low level in
the cell, short sequence and lack of common chenatits [12]. Traditionally, the
MiRNA detection methods include: Northern blottifi8], microarray chip and
guantitative reverse transcription polymerase cheaction [14, 15], etc. However,
they are usually time-consuming, costly, and reghighly trained technicians [4, 16],
which have intrigued recent development of simptel @aew signal amplification
strategies for miRNA detection [17, 19].

Surface plasmon resonance (SPR) spectroscopywilexused surface analysis

method based on changes in the optical reflectofity thin metal film (typically gold)



when species adsorb or bind to its surface or jyonaaterial coated onto its surface
[20, 21]. It has been emerging as an importantisgngchnique due to the high
sensitivity of real-time monitoring and analysi2]2Specifically, it detects refractive
index change caused by any surface coating origolutar the SPR-active metal
surface with high sensitivity and fast time resioint{23, 24]. Functionalization of the
metal surface with specific binding sites with Bfwdty creates a biosensor that can
detect biomolecular interactions in real time wikh labeling requirements [23-25].
Therefore, SPR spectroscopy has become a usefll imodiochemistry and
bioanalytical chemistry, especially for determinithg equilibrium binding constants
describing the interactions between proteins, DMARNAS and a wide variety of
other biomolecules or ligands, or for investigatthg effects of various cofactors or
inhibitors on these binding constants [26, 27]. ldeer, the limit of detection (LOD)
of a typical SPR biosensor for small molecules dase nonspecific adsorption is at
nanomolar level, which has restricted its widesgregoplications. A variety of
approaches have being continuously explored tddurenhance the SPR response
[28, 29].

Improvement of SPR LOD can be realized by varistrategies. Nanoparticles
with controlled size, shape, and surface chemiptyvide a wide range of new
opportunities for designing good performance bissenWhen nanoparticle combine
with SPR biosensor, reagents can be conjugatedugananoparticles, especially gold
nanoparticles (GNPs) [30-32] and magnetic nanapesti[20, 33], that increase their

mass and refractive index to accomplish improvetealability. Their own SPR



properties (LSPR, localized Surface Plasmon Resm)aof GNPs have also been
explored to reinforce the signal by means of eteutr coupling of surface and the NP
plasmons [34-36]. It was reported that the shapee @nd nanogold probes
composition influenced the performance of the SBgponse [34]. In term of the
similar properties to GNPs, gold nanorods (GNRskspssing flexibility for
functionalization, good strong SPR properties aayd absorption cross section
enables to improve the detectability of SPR responwhich has been little explored.
As proof-of-principle, herein, a novel SPR ddtatt strategy by applying
biotinylated thiolated molecular beacon (MB) ingmil gene probes and
strepavidinylated GNRs (Stre-GNRs) for the enhar8B& response to realize rapid
and sensitive miRNA detection is demonstratgzhéme 1). Briefly, MB gene probes
were immobilized on the gold film via thiol-Au intection, in which the Stre-GNR
detection probes were blocked for the interactidh the immobilized biotin end due
to the large steric effect. After hybridization Wwitarget miRNA, the loop sequence
formed a rigid duplex with the target, which brdke relatively shorter stem duplex
and “activated” the biotin terminal from the filmurface for readily accessibility to
the Stre-GNR detection probes. The introductiondetection probe to a sensor
surface led to a significantly amplified SPR sigrilis reported that the DNA helix
structure is rigid enough for holding up the latxge to 500 nm for signal
amplification [37.38]. Thus, we think it is strongnough for holding up the
Stre-GNRs (~42 nm) signal tag in this system. & lemonstrated that the plasmonic

field extension generating from the gold film to B&land the mass increase of the



reagent due to the GNR has led to a drastic seitsiinhancement. The results have
shown that GNRs were readily served as promisinglification labels in SPR
sensing technology and were able to provide a bspade for the development of the

next generation SPR biosensor technology.

Scheme 1 Schematic illustration of the proposed method @RNA detection based on Stre-GNRs

enhanced SPR response
2. Experimental Section
2.1 Reagents and Materials.

Silver nitrate, Sodium borohydride were obtainedm Sinopharm Chemical
Reagent. Hydrogen tetrachloroaurate (l1l) hydr&t&yCls,*3H,0) was obtained from
Shenyang Jinke reagent factory. Ascorbic acid (88%), cetyltrimethyl
-ammoniumbromide (CTAB, 99%), streptavidin from eptiomyces avidinii,
6-Mercaptohexan-1-ol (MCH), Tris(2-carboxyethyl)asiphine hydrochloride (TCEP)
were from Sigma-Aldrich. 1-Ethyl-(3-dimethyllaminapyl)carbodiie hydrochlide
(EDC), thioctic acid (TA) were from Alfa-Aesar. Aleagents were analytical reagents.
The hybrid buffer was 100 mM phosphate buffer galffBS, pH 7.4) containing

0.9% sodium chloride. Oligonucleotides were froom@m, which were purified by



using high performance liquid chromatography (HPLE) RNA sequences were
from GenePharma and purified by using HPOGeir sequences were presented in
(Table 1).

Table 1 miRNA and DNA Oligonucleotides Sequence in the &kpents

Oligonucleotide Sequence (5-----3")

MB probe 5-SH-TTA GCA C CGC CAA TAT W CGT GCT GCT A TGC
TAA-biotin-3’

Complementary target 5UAGCAGCACGUAAAUAUUGGCG3’

Single-base mismatch 5'UAGCAGCACGUAAAUAUWLEGT

Three bases mismatch 5'BEAGCACGAAAAUAUUG CCG3’

Red letters, mismatched bases

2.2 Instruments.

The morphology of the GNRs and Stre-GNRs was oredswith transmission
electron microscope (TEM) (JEM-2010F from JEOL, Z0@). Uv-vis absorption
spectra (Uv-vis) and Infrared spectrum (IR) werecord with UV-1800
spectrophotometer (Shimadzu, Japan) and Thermo leXlic®700 spectrometer,
respectively. The ultrasonic cleaning of gold fimas done in KQ3200DE numerical
control ultrasonic cleaners. All the miIRNA SPR expents were performed on
BI-2000 SPR sensor set-up (Biosensing Instrumenj In
2.3 Synthesis of GNRs.

The synthesis of GNRs was based on a seed-medjade/th method involved two
steps [39]. The synthesis procedure of collauruedsevas as follows: 19.5 mL of
CTAB solution (0.1 M, 3¢°C) was mixed with 0.5 mL HAu@43H,O solution (0.01
M), and 1.2 mL of NaBH solution (0.01M) was then added with a quick &iir 2

minutes to obtain a tawny solution. The mixture \aged at room temperature for 10



minutes. For the GNR growth, the growth solutiomtaming 19 mL of CTAB
solution (0.1 M, 30C) was firstly mixed with 0.16 mL of AgN$solution (0.01 M) at
25°C for 10 minutes, and then 1 M of HAWe3H,O (0.01 M) was added into the
mixture. AA (0.1 M) was added 10 minutes later urglght shake. Afterwards, 0.032
mL of the seed solution was added into the grovallut®n, and the mixture was
stirred for 1 minute. Sequentially, the mixture vkapt in a constant temperature bath
at 28-C for 17 hours to generate GNRs. Finally, the sotutvas centrifuged and
washed at 13,000 rpm for 12 min thrice to remowedhcess surfactant CTAB, and
then the precipitate was suspended in water canta@TAB (5 mM) and 0.1% PEG.
2.4 Preparation of Sre-GNRs Nanoprobe.

The streptavidin was firstly modified with thiactacids (TA) via the interaction
between the carboxyl group of the thioctic acid ahd amido groups of the
streptavidin. Briefly, 6 mL of TA (0.0026 M) firstlactivated by EDC (0.067 mg)
for 15 min was mixed with 8 mL of streptavidin (Z¥1M), and the mixture was
gently shaken at room temperature for 4 hours. mbdure was dialyzed in PBS
(0.01 M, pH 7.4) at 4 for 3 days, and a little bit Tween-80 was addethée dialysis
system to speed up dialysis (Replace the dialydigien three times a day) to obtain
TA-streptavidin.

The procedures for the functionalization of GNR&h TA-streptavidin were
performed as follows: 3 ml of obtained GNRs solutivas added to 6ml of
TA-streptavidin (2x18 M) drop by drop, and then the solution was gertigken for

4 hours. Finally, the solution was centrifuged &00D0 rpm for 10 min thrice



followed by suspending the precipitate in CTAB (M, pH 3.8) with 0.1% PEG
each time. The final precipitate was suspendedOih @ CTAB (0.005M, pH 3.8)
with 0.1% PEG and then kept it aClor further use.

2.5 The Fabrication of SPR Sensor.

Gold film was rinsed thoroughly by alcohol firstltyen by water. Dry the film with
N, for later use. 2L of biotinylated DNA probe (0.11M) in PBS (0.1 M, pH 7.4)
containing 2uM TCEP was dripped to the gold film. The mixturesnkept at 4C
overnight. Then it was washed by PBS (0.1 M, pH 4remove excess probe and
dried by nitrogen. 1.45xIBM of MCH was employed to block the gold film for 1
hour. Finally, the gold film was washed by wated alried by nitrogen in order to
prepare for the SPR detection.

2.6 SPR MiRNA Detection (Wthout Sre-GNRs Label).

After installing the gold film, the injection valwgas moved to the Load mode and
the mode selector valve was moved to Serial mod#jush the instrument by
installing a syringe with deionization water adduls: the flow rate was adjusted to
50 uL /min, and then 15@QL of 1% ethanol was added to sample ring. The valas
then moved to inject and make the SPR response @&0l) mDeg for several times.
After normalization, the syringe buffer was changedBS (0.1 M, pH 7.4 ) and the
flow rate was adjusted to @L /min. 150 uL of PBS (0.1 M) containing different
target concentrations (0.1 nM, 1 nM, 2 nM, 10 nid,rB1, 100 nM) was injected into
the injection port when the baseline was stabléerAfeacting for 10 min, the valve

was moved to inject mode and then the sample weaased to flow analysis module



and the SPR response values can be observed sdrtteetime. As for the selectivity
detection, the reaction condition was the same astioned above except the base
mismatch sequences (20 nM) rather than the targstnyected for detection.

2.7 GNRs-streptavidin Based SPR Detection.

The normalization steps of the experiment involwedre the same as steps
mentioned above. The flow rate was adjusted tal3tin and PBS (0.01 M, pH 7.4)
was used for baseline operation. 1800f PBS (0.1 M) target solution (100 pM, 50
pM, 10 pM, 5 pM, 0.1 pM) was injected into injectiport when the baseline was
stable. The reaction time was adjusted to 10 msmuted then it was washed by
buffer solution for 25 minutes. Afterwards, theeSBNRs solution (2xI8M) was
injected and reacted for 5 minutes followed by viaght with buffer solution for 5

minutes. Then we can observe the SPR responses\atitize same time.

3. ResultsAnd Discussion

3.1 Characterization of GNRs.

It was reported that the seed-mediated GNRs syisthad good uniform shape and
size as well as single crystal structure [39]. Imleo to determine the GNRs
morphology, we observed the GNRs and Stre-GNRs rapsinission electron
microscope (TEM) and analyzed their distributiespectively. As shown irF{gure
1A), the average length of GNRs was 42.1 + 1.2 nmtla@dvidth was about 14.3 +
0.9 nm. According to particle size distributione thspect ratio was mainly calculated

about 3.5(nset in Figure 1A). The modification of TA-streptavidin enables #uge



of GNRs to become obscur&igure 1B), and the aspect ratio was observed to
increase to be 3.6Tr(set in Figure 1B), indicating the successful modification of the
TA-streptavidin on the transverse terminal of th&lR3. In addition, UV-vis
absorption spectra further confirmed this point.deépicted in Figure 1C) (red line),
GNRs had a strong longitudinal absorption peak &t nm and a transverse
adsorption at 500 nm, indicating production of higlspersion of GNRs.
TA-Streptavidin was modified on the GNRs via thebcxyl — amino interaction [40],
in which case the concentration of TA-streptavidias much higher than that of
GNRs to ensure their complete integration [4Eigure 1C, red line)showed that the
longitudinal absorption peak of Stre-GNRs was reifted about 18 nm compared to
the GNRs, which was induced by the change of thraatve index near the GNRs
surface. In order to further confirm the functiamation of streptavidin, thEourier
Transform Infrared Spectoscopy (FT-IR) of GNRs &tie-GNRs were investigated.
As presented inFigure 1D) , both of the GNRs and Stre-GNRs exhibited
characteristic peak appearing at 1410 cassigned to the vibration peak of -EH
resulted from the surface CTAB. Importantly, thelRTspectrum of Stre-GNRs
displayed obvious absorption peaks correspondirthecamide bands | (1638 &n
and Il (1550 cm-1) of streptavidin, respectivelyigh indicated that streptavidin was

successfully modified on GNRs.
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Figure 1 TEM of GNRs (A) and Stre-GNRs (B), inset (A) ari8):(the particle size distribution of
GNRs and Stre-GNRs; (C) The Uv-vis spectra of GNtitack curve) and Stre-GNRs (red curve); (D)
The FT-IR spectra of GNRs (black curve), Stre-GNied curve) and streptavidin (blue curve) samples.

Inset D: the magnified region of wavenumber fror@3.2m' to 1725 crit.

3.2 GNRs- streptavidin amplification efficiency.

Before the detection of miRNA, we firstly studieldet Stre-GNRs amplification
efficiency shown in Kigure 2). Arrow 1 represented the point when 5 pM target
fragment was injected into the gold film which wascked by MCH for 1 hour
while arrow 2 representing the point of the injeotof 2 nM Stre-GNRs solution. A
sharp increase of can be observed that after thgiad of Stre-GNRs (~2190 s),
because the strong interaction between biotin amgtavidin made the conjugation
of Stre-GNRs on the gold film surface. It took abBemin to archive the vertex for
the whole process (inset b, Figure 2). The qui@ctien was resulted from strong
interaction between the biotin and streptavidin #rellimited exposed biotionylated
probes was 200-folds lower than the Stre-GNRs. Bin¢ionylated probes were

readily statured by the Stre-GNRs and caused preigpal increase. It is 3%flds



higher than the SPR response caused by the addititne targetl(set in Figure 2).
For this reason, the introduction of Stre-GNRsitegeases mass and refractive index
to accomplish improved detectability. Importantlye DNA helix structure between
the GNRs and gold films is about 22 bases, andigtance between of GNRs and the
gold films is calculated to be 9.86 nm [42]. Theotomagnetic field in LSPR of
nanoparticle is strong in distance in 10 nm fromghrface of the metal and decays in
10-30 nm. Therefore, the EM field of GNRs will alsohances the SPR signal due to
electronic coupling of gold surface and the LSP&splons [43]. When the injected
Stre-GNRs were completely out of flow analysis p&tre-GNRs were eluted from

the gold film surface and the signal began to ded{- 2790 s).
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Figure 2 The SPR response of injecting 5 pM fragment (I 2mM Stre-GNRs (2) after 1.48M
MCH blocking 1 hour. PBS was used as buffer andatinew showed the time of injecting the sample
into the flow analysis pool. Inset a: the corregfing refractive unit of target and Stre-GNRs; b the

magnified region of Stre-GNRs induced SPR response

The amount of probe immobilized on the gold fikil greatly influence the target

capture efficiency, thus the SPR response of thesebisor. Therefore, the



concentration of the immobilized probe was optirdizender the condition that the
target concentration and Stre-GNRs was 5 pM anéd 2respectively, the relationship
between the\6,/ Ab; and the immobilized target was investigated, inoii6, was
the ratio value of refractive unit before and atidding the Stre-GNRs, amd, was
the ratio value of refractive unit before and aféelding the target. As shown in
(Figure 3), the A8,/ AB; increase with the increase of the immobilized prbben 5
nM to 100 nM, and the increase trend to level dfiew the concentration higher than
100 nM. Therefore, the concentration of the immebd probe was selected as 100
nM in the following experiments. Meanwhile, the centration of Stre-GNRs was
also optimized under the condition that the immabd probe and the target was
fixed at 100 nM and 5 pM. It found that theé,/ A8, increased along with the increase
of Stre-GNRs ranging from 2 pM to 2 nM, and theacteto a plateau. Thus, 2 nM of

Stre-GNRs was selected for the all the experiments.
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Figure 3 (A) The SPR response ratio of Stre-GNRs (2 nM)2] to the target (5 pMWp1) at different
concentrations of probes (5 nM, 10 nM, 20 nM, 50,40 nM and 200 nM). (B) the SPR response
ratio of Stre-GNRs (from 2 pM-20 nMN\@2) to the target (5 pM)AP1) at the some concentration of

probe (100 nM).

3.3 MiRNA Sensors Performance



Under the optical condition, the performances o PR biosensors with or
without using Stre-GNRs amplification were inveategd. It was found the SPR
response reached a plateau after 10 minutes temgetion, and no strong elution
phenomenon was appeareBigure 4A) showed that the SPR response toward the
target rise gradually along with the increased eatration of target. A good linear
relationship was obtained between the SPR respom$éarget concentration ranging
from 0.1 to 100 nM I(set in Figure 4A), and the limit of detection (LOD) was
calculated to be 0.056 nm at 4-times the standaexgation of the control (free of
target miRNA).

The introduction of Stre-GNRs recognized with thetinylated DNA can
drastically increase the sensitivity of sensbrg(re 4B) presented the SPR response
the biosensor hybridized with target at differendnecentration followed by
introduction of Stre-GNRs (2 nM), which showed ttteg SPR response increase with
the increase of the target, and a linear relatipnisbtween the SPR response and the
target from 0.1 to 100 pM was presentéisét in Figure 4B). The LOD calculated
by using 4-times the standard deviation of the br(free of target miRNA) was
0.045 pM. It showed 3 magnitudes higher of the isgng than that without
Stre-GNRs, the LOD was also superior to previoly®snanoclusters-based miRNA
fluorescent detection [44] and carbon nanotubedatectrochemical detection [45].
The enhanced sensitivity might be resulted fromiticeease mass of the Stre-GNRs

and the electronic coupling of surface and the GNIRsmon.
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Figure 4 MIRNA detection: (A) The SPR response of the bissentoward different target
concentration (0.1 nM, 1nM, 2nM, 10 nM, 50 nM, 1@M). RSD: 0.1-100 nM was 11%, 9.2%, 11.1%,
6.3%, 5.3% and 5.8%, respectively. (B) The SPR aesp of the biosensor to different miRNA
concentrations (0.1 pM, 5 pM, 10 pM, 50 pM, 100 pigljowed by adding Stre-GNRs (2 nM), RSD:
0.1 pM-100 pM was 15.1%, 10%, 8.4%, 5.5% and 5%peetively. Inset (A) and (B): Linear

relationship between the refractive unit and ttgatidthm of the target miRNA concentration (n=4).

Compared with the linear DNA probe, MB probe @sses significant advantages
in the selective detection of target due to iterggrand stable sterm-loop structure and
competitive dynamics. Three types of miRNA sequsenaecluding completely
complementary strands, single-base mismatch claamidshree bases mismatch chains
in the same conditions, respectively, to exploee ghlectivity of the proposed assay
for the target detection. As shown kingure 5, the complementary target produced
stronger SPR response (curve black) than the sbage mismatch sequence (curve
red), while the SPR response of the three-base abcérmsequence was the lowest
(green curve). The SPR response value of the sbage mismatch sequences was
63% of the complete complementary sequences, weléSPR response value of the
complete complementary sequences was 2.96 timdserhithan the three-base
mismatch sequencénset in Figure 5). The results showed that this proposed SPR
biosensor had good capability to discriminate catgotomplementary sequences and

mismatched sequences
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4. Conclusion

In summary, a novel SPR detection strategy bylyapp biotinylated thiolated
molecular beacon (MB) interfacial gene probe andsteepavidinylated GNR
(Stre-GNR) for the enhanced SPR response to reedigiel and sensitive miRNA
detection is demonstrated. TEM, UV-vis and FT-IRrevased to characterize GNRs
and Stre-GNRs. It was found that the introductib®twe-GNRs to the sensor surface
led to a significantly amplified SPR signal. It weiseculated that the plasmonic field
extension generating from the gold film to GNRs #melmass increase of the reagent
due to the GNRs has resulted in a drastic sengitrihancement, leading to a LOD
down to pM, which was 1000-folds lower than the rdeupart without Stre-GNRs.
Meanwhile, the intrinsic selectivity of the MB emded the assay with good
capability for discriminate base-mismatch. Theseilte have shown that GNRs were
readily served as promising amplification labelSPR sensing technology, providing

a broad space for the development of the next gdnarSPR biosensor technology.
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Highlight

1. Afacileand sensitive microRNA (miRNA) biosensor was designed.

2. It alowed detection of miRNA with the limit of detection (LOD) down to 0.045 pM.

3. The stre-GNRs tag was readily served as promising amplification labels in SPR sensing
technology.

4. It employed interfacial biotinylated thiolated DNA molecular beacon (MB) as probe and
streptavidin functionalized gold nanorods (stre-GNRs) as tag for enhancing surface plasmon
resonance (SPR) signal.

5. It wasreadily served as a powerful ultrasensitive sandwich assay for miRNA detection





