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ARTICLE INFO ABSTRACT

MicroRNAs (miRNAs) have emerged as novel biomarkers for human early-phase cancer diagnosis and disease
prevention recently. Herein, we reported a novel miRNA-215 targeting biosensor, which was based on single
polydiacetylene (PDA) microtube waveguide system integrated with sandwich-type hybridization design and
condensing enrichment effect. The target miRNA could be captured by oligonucleotides conjugated on the
surface of PDA microtube and Au nanorod (AuNR) respectively, resulting in the out-coupled fluorescence of PDA
microtube quenching. In this strategy, the formation of a sandwich structure, as a result of co-hybridization of
the target miRNA, enabled simplified preparation process, enhanced reaction efficiency, and increased recycl-
ability and stability of the platform. Based on condensing enrichment effect, the co-hybridization reaction could
be enriched on the surface of microtube and the proposed platform could easily achieve highly sensitive de-
tection of miRNA-215 in one step. Remarkably, this platform could be directly applied to discriminate the
miRNA-215 expression levels in clinical gastric cancerous, paracancerous and normal tissues samples. This assay
offers a simple and convenient method for miRNA quantification in clinical samples, even with the potential for
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invasive, portable equipment for early clinical diagnosis of diseases.

1. Introduction

In recent years, microRNAs (miRNAs) quantification techniques
have attracted enormous attention [1-4] since the variation of miRNAs
expression was found to be directly related to many diseases [5-8]. And
miRNAs have emerged as new diagnostic and prognostic biomarkers for
infection prevention, disease detection, and early-phase cancer diag-
nosis [9-11]. Extensive studies in this field are mainly focused on de-
veloping novel miRNAs quantification techniques, including quantita-
tive reverse transcription polymerase chain reaction (qRT- PCR)
[12-14], electrochemical methods [15,16], northern blotting [17,18],
microarray hybridization [19,20], and so on. However, their further
applications in clinical diagnosis are limited by some intrinsic draw-
backs, including expensive instruments, low detection sensitivity, sus-
ceptible to interference from biological environment, time-consuming,
tedious operation processes, and requirement for skilled operators.
Fluorescence based methods have been widely used in miRNA detection
due to their high sensitivity and easy operation [21-23]. Nevertheless,
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the traditional fluorescence methods possess some inevitable defects,
including low stability and spectra cross-talk with background fluor-
escence in complex biology environment such as human serum.
[24-26]. To address these issues, our group previously designed and
constructed one dimensional (1D) AuNR-functionalized PDA microtube
waveguide system for miRNA-21 detection, in which the emission ex-
citation and out-coupled positions were far apart, reducing the back-
ground fluorescence interference [27]. However, due to strong adhe-
sion of Au nanorods on the surface of PDA microtube, the efficiency of
toehold strand displacement reaction within the surface of PDA mi-
crotube can be substantially reduced after long-term storage (e.g. one
week), preventing its practical applications. Therefore, it remains
challenging to develop novel structural design for target miRNA de-
tection to improve stability and recyclability of the PDA microtube
waveguide platform.

Owing to the merits of high reaction efficiency and simple pre-
paration steps, sandwich-structural designs have been widely used in
biosensing and biomedical field [28-30]. When the target presents, the
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Scheme 1. (a) Preparation of Probe 1 modified PDA microtube and Probe 2 modified Au nanorods. (b) Schematic illustration for miRNA-215 detection strategies by

sandwich type PDA biosensor integrated with condensing enrichment effect.

target analyte is sandwiched between capture probe (immobilized on
the test zone of the assay) and detection probe (conjugated with na-
noparticle). For instance, Zhang et al. reported a sensitive enzyme-
amplified sandwich structure biosensor for visual detection of miRNA-
224 with low limit of detection (LOD) (7.5pM) [31]. Niazi et al. de-
veloped a capacitive aptamer—antibody based sandwich assay for sen-
sitive detection of vascular endothelial growth factor-165 (VEGF), ex-
hibiting enhanced signal with a highly sensitive detection of VEGF
protein in human serum [32]. Nevertheless, the sandwich hybridization
methods combined with signal amplification strategy were often com-
plicated, and required additional enzymes and other reagents, which
limited their application in practical operation.

Herein, we developed a novel 1D PDA microtube waveguide plat-
form which integrated with sandwich-structure design and condensing
enrichment effect for miRNA-215 detection (as shown in Scheme 1).
Two miRNA-complementary oligonucleotides were selected, which
could bind to either two sides of the target miRNA-215. Single PDA
microtube was modified with vinyl groups to interact with a thiol-
modified capture probe (Probe 1) via click reaction. AuNRs were con-
jugated with another thiol-modified detection probe (Probe 2). When
miRNA-215 was added to the system, it could be captured between two
oligonucleotides which conjugated on PDA microtube and AuNR re-
spectively, forming a sandwich-type complex and resulting in the out-
coupled fluorescence of single PDA microtube quenching. By measuring
the intensity variation of out-coupled tip emission, quantitative analysis
of the target miRNA-215 could be achieved. Furthermore, due to the
tethering of hydrophilic PDA microtube on the hydrophobic substrate
and following condensing-enrichment effect, ultratrace miRNA sensing
(the detection limit was as low as 8 pM) could be achieved without
addition of DNA or enzyme reagents. The sensitive detection process
could be completed in one step. Besides, the sandwich design and one
step operation eliminated the defect of our previous work, and the
developed PDA microtube waveguide platform exhibited outstanding
stability and recyclability for miRNA detection. In addition, the early
diagnosis and treatment of gastric cancer are of great concern [33].
Given that miRNA-215 plays an oncogene role in gastric carcinomas,
and its over-expression in serum and gastric tissues of gastric cancer
patients [34,35], the proposed biosensor was directly applied to dis-
criminate the miRNA expression levels in clinical samples including
gastric cancerous, paracancerous and normal tissues. It is anticipated
that this proposed PDA microtube waveguide platform can be further
applied to the detection of various biological analyte, which is

28

meaningful for developing novel miRNAs quantification techniques for
early clinical diagnosis of diseases.

2. Experimental
2.1. Reagents and instrumentation

All HPLC-purified miRNAs and DNA oligonucleotides used in this
work were purchased from Shanghai Bio-Engineering Company
(Shanghai, China), and the sequences of miRNA and DNA were shown
in Table 1. Hybridization buffer (pH 8.0) (Tris-acetate/EDTA/MgzJr
buffer) contained 40mM Tris-acetate, 2mM ethylenediaminete-
traacetic acid (EDTA), and 12.5 mM magnesium chloride. Milli-Q water
purified system (18.2 MQ cm) was used in all cases. 10, 12-Pentacosa-
diynoic acid (PCDA) were purchased from Tokyo Chemical Industry
Co., Ltd. and purified to remove the polymerized part before use. All
other solvents and reagents were of analytical grade and used as re-
ceived. Gastric tissues were collected from Affiliated Provincial Hos-
pital. Oligonucleotides were quantified by UV-vis absorption spectro-
scopy (the absorbance at 260nm) which were recorded using a
SHIMADZU UV-2550 PC spectrophotometer. Fluorescence spectra was
measured by a JY-ihR 550 spectrophotometer. The Raman character-
ization was performed with a LABRAM-HR Confocal Laser Micro
Raman Spectrometer with 514.5 nm radiation at room temperature. X-
ray photoelectron spectroscopy (XPS) characterization was measured
by a VG ESCALAB MK-II photoelectron spectrometer. Optical micro-
scopy images were obtained with a BX-51 fluorescence microscope. The
transmission electron microscopy (TEM) characterization was mea-
sured by a JEOL-2000 microscope (operated at 200 kV).

Table 1
Sequences of the used oligonucleotides (in 5’-3’ direction).
Name Sequence
Probe 1 5’-SH-GGTCTGTTAATT-3"
Probe 2 5’-CATAGGTCATC-SH-3"
miRNA-215 5’-AUGACCUAUGAAUUAACAGAC-3’

5-AUGACCUAUGAAUUA AGAGAC-3’
5-AUGAGCUAUGGAUUAAGAGAC-3"
5-UAGCUUAUCAGACUGAUGUUGA-3"
5-UGCCUGUCUACACUUGCUGUGC-3"

single-base-mismatched miRNA-215
three-base-mismatched miRNA-215
miRNA-21

miRNA-214
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Fig. 1. (a) Synthesis of Probe 1 mod-
ified PDA microtube. (b) Optical wa-
veguides of (i) single amine-functiona-
lized PDA microtube and (ii) single
Probe 1 modified PDA microtube. (c)
Fluorescence intensity at tip emission
of (i) amine-functionalized PDA mi-
crotube and (ii) Probe 1 modified PDA
microtube. (d) Raman spectra of (i)
amine-functionalized PDA microtube
and (ii) Probe 1 modified PDA micro-
tube.

o
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2.2. The fabrication of Probe 1 conjugated PDA microtube and Probe 2
conjugated AuNR

Amine-functionalized PDA microtubes were prepared based on
previously reported hierarchical self-assembly procedure [36]. Then
200 pL of allyl glycidyl ether (3 mmol) aqueous solution was injected
into amine-functionalized PDA microtubes suspension solution to pre-
pare vinyl-functionalized PDA microtubes [27]. Finally, thiol-modified
DNA (Probe 1, 5-SH-GGTCTGTTAATT-3’, 200 pL, 1 umol) solution was
added into the freshly prepared vinyl-functionalized PDA microtubes
suspension. Thus, the Probe 1 conjugated PDA microtubes (DNA@PDA
microtube) were prepared via click reaction, as described in Fig. 1a.
The DNA modified Au nanorods were synthesized according to similar
procedure as reported previously [37] (Fig. S2a). Another thiol-mod-
ified DNA (Probe 2, 5- CATAGGTCATC-SH-3’, 10 pL, 100 pumol) solu-
tion was added dropwise to prepared AuNR solution. After incubation,
the Probe 2 conjugated AuNRs (DNA@AuNR) were collected after three
consecutive purification cycles involving centrifugation for 30 min at
9300 rpm and then dispersed in 10 mM PBS buffer. Both oligonucleo-
tide conjugated PDA microtubes and AuNRs were stored at 4 °C.

2.3. Detection of target miRNA-215 in buffer and clinical samples

The glass substrate was coated with alkyl chain by octadecytri-
chlorosilane (OTS) as hydrophobic substrate before use. Then single
DNA@PDA microtube was placed on hydrophobic substrate and adding
a 10 uL droplet (containing the target miRNA-215 with various con-
centration and DNA@AuUNR) to DNA@PDA microtube on hydrophobic
substrate (Scheme 1). The optimum concentration of DNA@AuUNR was
illustrated in Fig. S3. From the data, at an optimal concentration of
0.5nM, Au nanorods could effectively quench the fluorescence of mi-
crotube by formation of sandwich type complexes. After incubation at
15°C for 2h, PDA microtube was rinsed with PBS buffer for several
times. A 532nm excitation light was launched onto the body of the
microtube and its out-coupled tip emission was characterized by single-
tube PL imaging method, which was found to be dependent on the
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concentration of miRNA-215. We must note here that the intensity of
excitation laser was 10 mW in all cases. To illustrate its selectivity, the
platform was exposed to similarly sequenced miRNAs and non-com-
plementary miRNAs. The reproducibility of the fluorescent response of
the PDA microtube sensor system was also demonstrated by repeating
detection process at miRNA-215 concentration of 1nM for several
times. To test anti-interference ability of the sensor, the prepared PDA
microtubes were directly applied to detect miRNA-215 in complex
biological environment, e.g. mixture containing 50% human serum in
buffer. In the real sample detection, all the clinical gastric cancerous,
paracancerous and normal tissues were pretreated with liquid nitrogen
and followed by total miRNA extraction with RNA prep pure Tissue Kit.
The detection experiments for the clinical samples were performed
following the same procedure as mentioned above.

3. Results and discussion
3.1. Synthesis of DNA@PDA microtube and DNA@AuNR

To improve the stability and recyclability of the PDA microtube
waveguide platform, the co-hybridization design of the target miRNA-
215 with DNA@PDA microtube and DNA@AuUNR was employed. The
fabrication of the DNA@PDA microtube was illustrated in Fig. la.
Amine-functionalized PDA microtubes were prepared by a hierarchical
self-assembly procedure as reported previously [36]. After incubating
with aqueous solution of allylglycidyl ether for 2h, two new bands
(1130cm ™! for C-O-C stretching vibration and 923cm™! for C=CH
stretching vibration) emerged in FT-IR spectra (Fig. S1b), indicating
successful modification with the vinyl groups on the surface of PDA
microtube. Then oligonucleotide conjugated PDA microtube could be
fabricated via “thiol-ene” based click reaction. After incubating with
aqueous solution of Probe 1 upon UV irradiation for 6 h, qualitative
analysis of PDA microtube were performed by optical waveguide and
Raman spectra characterization. The waveguide properties of single
PDA microtube could be characterized by single-tube PL imaging
method (Fig. 1b and c). A 532 nm excitation light was launched towards
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the microtube first. Then a notable spot of bright PL could be observed
at the tip of the microtube, while comparatively equal emission ema-
nated from the body of PDA microtube after modification with Probe 1.
The propagation loss of Probe 1 conjugated PDA microtube was esti-
mated to be about 0.20 dB um ™ ?, similar to that of pure PDA microtube
(0.18 dB um ™) before reaction. These results indicated that the con-
jugation with Probe 1 did not significantly affect the waveguide prop-
erties of PDA microtube, and the dominant optical loss mechanism
should be mainly ascribed to the reabsorption and light scattering effect
[36]. Raman spectroscopy was also used to characterize the properties
of PDA microtube after reaction. As shown in Fig. 1d, before click re-
action, Raman vibrational bands at 1436 and 2059 cm ™! were ascribed
to the to the C=C and C=C stretching vibrations of PDA backbone, re-
spectively. After modification with Probe 1, new bands emerged at 673,
825, 905, 1050, 1632 cm ', which should be attributed to the ring
stretching mode in guanine, ring breathing mode in cytosine, CN bond
stretching in guanine, symmetric stretching of phosphate backbone,
and C=O bond stretching in thymine, respectively. These results de-
monstrated the successful anchoring of Probe 1 on the surface of PDA
microtube. The density of the modified Probe 1 on the surface of PDA
microtube was calculated to be about 20 fmol-um ~ 2, by quantitatively
analyzing the relative absorbance change at 260 nm of the Probe 1
solution before and after reaction with PDA microtube.

The Probe 2 conjugated Au nanorods were successfully prepared
following similar procedure reported previously [37]. The electro-
phoresis analysis results demonstrated that DNA@AuNR run slower
than unconjugated Probe 2 (Fig. S2b). Characterization of UV absorp-
tion also proved successful preparation of DNA@AuNR. After con-
jugation with Probe 2, the longitudinal peak of AuNR blue-shifted from
664 nm to 645nm (Fig. S2d). The amount of the conjugated oligonu-
cleotides to each Au nanorod was estimated to be about 800. The ab-
sorption band of DNA@AuUNR overlaps with the out-coupled fluores-
cence spectra of PDA microtube. Therefore, it is anticipated that the
formation of a sandwich structure, as a result of the co-hybridization of
target miRNA with DNA@PDA microtube and DNA@AuNR, might
bring AuNR close to the surface of microtube, resulting in out-coupled
fluorescence of PDA microtube extinction.

3.2. Sensitive and selective detection of miRNA 215 in buffer samples

As reported previously [38], the analytes would be enriched and
anchored on the hydrophilic surface of PDA microtube when PDA mi-
crotube was placed on the hydrophobic substrate, which should be
ascribed to the difference of surface free energy between the hydro-
philic surface of PDA microtube and the hydrophobic substrate. The
analyte droplet would concentrate to a small area after solvent eva-
poration. It is expected that the condensing-enrichment approach could
fulfill ultratrace miRNA sensing. As shown in Fig. 2a, a drop (10 pL) of
buffer solution containing DNA@AuNR (0.5 nM) and the target miRNA-
215 (100 nM) was added on the surface of PDA microtube waveguide
platform, and then the platform was dried at 15°C and 40% relative
humidity. In the initial stage of the reaction, the drop let would not
spread out and concentrated in a small area. As the reaction proceeded,
the volume of droplet decreased and the concentration of the reactant
increased remarkably. The reactant enriched on the surface of micro-
tube and the signal would be amplified. The decrease of the droplet
volume resulted in more successful collision of analytes, therefore, the
sensitivity of the detection platform could be significantly improved.
Changes in the out-coupled emission intensity at the tip of PDA mi-
crotube with increased reaction time were illustrated in Fig. 2b. The
fluorescence of PDA microtube was diminished because Au nanorods
could serve as quencher to diminish the fluorescence of PDA microtube
after sandwich structure forming process (AuNR was very close to the
surface of PDA microtube to trigger FRET effect). The relative variation
of tip emission intensity at 640 nm was reached about 30% in 20 min. It
was reasonable to determine the response time of the designed platform
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based on the chronological development of the relative change in tip
emission at 640 nm (Fig. 2c). The signal variation gained its maximum
over 120 min, which was defined as optimum reaction time. However,
when the reaction was carried out in 200 uL buffer solution, the signal
at 100 nM only reached to 120 (Fig. S4a). At the same concentration,
the signal could reach to 710 with condensing enrichment effect
(Fig. 2b). It is further proved that the condensing enrichment effect
could effectively amplify the signal without additional enzyme re-
agents. Then the proposed biosensor was used to detect miRNA-215
with various concentrations and the waveguide properties of single
PDA microtube were characterized in detail (Fig. 3a). Obvious
quenching of the out-coupled tip emission could be easily observed
even at very low concentration of the target miRNA-215 (100 pM). The
out-coupled tip emission intensity monotonically decreased with loga-
rithm of target miRNA-215 concentration. And completely emission
change was observed when the concentration of target miRNA-215
increased to 100 nM. As illustrated in Fig. 3b, the fluorescence intensity
decreased exponentially with the concentration of target miRNA-215,
which should be mainly ascribed to condensing enrichment effect. The
detection limit of the PDA microtube waveguide platform (30/slope)
was calculated to be 8 pM, comparable to the typical levels of miRNA in
serum [39]. Compared with reaction in 200 pL buffer solution (Fig. S4b,
the LOD was 1.6 nM), at least a two order increase in the sensitivity
could be obtained with condensing enrichment effect. Besides, the large
aspect ratio of PDA microtubes could facilitate the adsorption and re-
action of reactants through the wall. Reactions happened at any point
among the excitation position and the emission out-coupling position
could also lead to a sensitive signal change. Further, the reproducibility
of PDA microtube waveguide platform was demonstrated by relative
standard deviation (RSD). As shown in Fig. S5, six replicate detection
process of miRNA-215 at 1nM were investigated, and the corre-
sponding RSD values of the relative change in tip emission was calcu-
lated to be 3.6%, indicating acceptable reproducibility of the proposed
method. Furthermore, the proposed method was compared with other
signal amplification methods for miRNA or DNA detection (Table 2).
The corresponding results shows that, compared to other methods, the
PDA microtube platform could easily achieved highly sensitive detec-
tion of miRNA in one step without additional DNA or enzyme reagents.
These results indicated that the sandwich type biosensor could be ap-
plied to accurate quantitation of target miRNA-215 in aqueous solution.

The feasible detection of target miRNA-215 in complex conditions is
crucial for the practical application of PDA microtube waveguide
platform. It is essential to assess the analytical selectivity and specificity
against possible interferences. Four kinds of miRNAs with high se-
quence similarity (including single-base mismatched miRNA-215,
three-base mismatched miRNA-215 and two non-complementary
miRNAs, miRNA-214, miRNA-21) were selected to investigate the se-
lectivity of PDA microtube waveguide platform. As shown in Fig. S6, no
obvious fluorescence variation could be detected upon addition of other
miRNAs at concentration as high as 10 nM. Even miRNA-215 with only
one single base mutation in the middle also could be clearly dis-
tinguished. However, upon addition of only 0.1 nM miRNA-215, sig-
nificant change in tip emission was observed. Take the case of 1 nM for
example, fluorescence variation caused by miRNA-215 displayed more
than three times larger than that caused by single-base mismatched
miRNA-215 (Fig. 4a). These results well confirmed that the designed
PDA microtube waveguide platform could act as highly selective probe
for miRNA-215 detection. Another essential requirement was negligible
interference from other miRNAs with high sequence similarity. As
shown in Fig. 4b, upon adding the mixture of other four miRNAs (each
0.5nM), only weak fluorescence variation (35%) cloud be detected.
However, upon addition of 0.1 nM miRNA-215, remarkable change in
tip emission could be detected, indicating minor interference from
other miRNAs. All these results suggested that the designed PDA mi-
crotube waveguide platform could detect miRNA-215 selectively, even
in the presence of other miRNAs with high sequence similarity, which
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Fig. 2. (a) Schematic illustration of the
condensing enrichment effect, a hy-
drophilic DNA@PDA microtube placed

a on a hydrophobic substrate and a dro-
A —— plet contained miRNA-215 and
= }1_ . DNA@AuUNR was added on the DNA@
PDA microtube. (b) Changes in the out-
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Fig. 3. (a) Changes in the out-coupled emission at the tip of PDA microtube with increased concentration of miRNA-215. (b) Plot of variation of out-coupled tip
emission intensity at 640 nm upon gradual addition of miRNA-215 (ranged from 0.01 to 10 nM).

Table 2
Comparison of different methods for miRNA/DNA detection.
Detection methods  Target Signal amplification LOD Ref
strategy
Electrochemical miRNA-221  Supersandwich 0.6 pM [47]
structure
Colorimetry miRNA-224  TMB/H,0, enzymatic 7.5pM [48]
substrate
Colorimetry HCV-1 DNA Rolling circle 10 pM [49]
amplification
Fluorescence miRNA-21 Exo I- assisted 500pM  [50]
Fluorescence miRNA-21 Catalyzed hairpin 3.5pM [51]
assembly
Fluorescence miRNA-215  Condensing 8pM Present
enrichment effect work
further supported its feasibility of practical application in complex

environment.

It is a remarkable fact that our previous work with directly toehold

strand displacement design has the defects of irreversibility and weak
storage stability, which limit its practical applications. Therefore, it was
strongly hoped to establish a recyclable platform with acceptable sto-
rage stability. For the validation of recyclability, after the first-round
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reaction, the sandwich type PDA microtube platform was heated to
50 °C and rinsed with 0.1 M PBS buffer thoroughly, which resulted in
the broken of the sandwich structure. And the revival of tip emission
intensity could be observed due to the removal of AuNR from the sur-
face of PDA microtube. As shown in Fig. 5a, the fluorescence of the PDA
microtube and tip emission could both returned to the original value,
almost the same as the value before miRNA-215 detection. XPS spec-
trum was also used to verify this process. When sandwich structure
formed, Au 4f core level region contained two peaks (84.5 and 88.1 eV,
respectively) could be observed, indicated the anchoring of Au na-
norods on the microtube. While, after regeneration process, these peaks
disappeared in spectrum (Fig. S7). Two more regeneration and reuse
cycles exhibited similar tip emission variation, clearly indicating that
the proposed PDA microtube waveguide platform could serve as a
reusable probe for miRNA-215 detection (Fig. 5b). The storage stability
is also a key factor of the proposed biosensor in its application and
development. Five as-prepared DNA@PDA microtubes were stored at
4 °C and every one of them was taken out for detection experiments at
different storage times (0, 5, 10, 15 and 20 days). Compared to the PDA
microtube waveguide platform with directly toehold strand displace-
ment design (AuUNR@PDA microtube), the storage stability of PDA
microtube waveguide platform with sandwich co-hybridization design
(DNA@PDA microtube) is significantly enhanced. As shown in Fig. 5c,
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Fig. 4. (a) Selectivity investigation of

a 500

the proposed method for single-base

) 400 4 T mismatched miRNA-215, three-base

400 R4 7 control 7 mismatched miRNA-215 and miRNA-

miR-21 ) %, 214, miRNA-21, miRNA-215 with the
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miR-215 miR-215

no significant reaction efficiency variation could be detected after 5
days of storage, and the proposed biosensor reserved about 75% of its
original response when the storage time was extended to 20 days.
Compared to the superior stability of DNA@PDA microtubes, the re-
action efficiency of AUNR@PDA decreased significantly with the in-
creased storage time. The instability of AUNR@PDA microtube is at-
tributed to the fact that the Au nanorods are not stable in buffers at high
salt concentration. In addition, owing to strong adhesion of Au nanorod
on the surface of PDA microtube, the fluorescence of PDA microtube
would substantially be quenched completely after long-term storage.
Sandwich type design could eliminate this defect of Au nanorods, be-
cause DNA@PDA microtubes was enough stable in buffer. The results
indicated that the proposed PDA microtube waveguide platform had
acceptable storage stability. All these results suggested that sandwich
co-hybridization design could improve both the stability and the re-
cyclability of PDA microtube waveguide platform.

The environmental stability of biosensors in complex matrix, e.g. in
human serum, is of much importance for biomedical applications.
Therefore, the analytical performance of the proposed PDA microtube
sensor in the buffer mixture solution containing 50% human serum was
evaluated compared to that in Tris buffer. As shown in Fig. 5d, signal

variation of PDA microtube gradually increased with the increase of
miRNA-215 concentration. The signal variation in serum slightly de-
creased relative to that in buffer, which should be attributed to the
interference from high-molecular-weight DNAs, plasma protein, and
other substance in serum. These results further supported the practic-
ability of proposed PDA microtube waveguide platform in complex
biological environment.

3.3. Detection of miRNA-215 in clinical samples

At present, it has been found that the expression of miRNA-215 is
down-regulated in esophageal cancer, renal carcinoma, colon cancer
and other tumor tissues, which plays the role of tumor suppressor gene
in the occurrence and development of these cancers [40-42]. Unlike
other solid tumors, the expression level of miRNA-215 in gastric cancer
is significantly increased [43], which can play the role of oncogenes and
promote ability of cell proliferation and invasion of tumor cells. Con-
sidering of the undeniable diagnostic value of miRNA-215 expression
level in gastric cancer tissues, the usefulness of the developed detection
method was evaluated for the determination and quantification of
miRNA-215 extracted from different tumor sites in gastric cancer

Fig. 5. (a) Schematic representation of
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Fig. 6. Detection of mature miRNA-215 extracted from gastric cancerous (C),
paracancerous (P) and normal (N) tissues and their pathological characteriza-
tion.

tissues. In addition, the miRNA-215 detection in different tumor sites is
helpful for resection of tumor tissues during operation. In this study, the
miRNA-215 expression levels in gastric cancerous, paracancerous and
normal tissues were detected by the proposed PDA microtube wave-
guide platform. All clinical samples were pretreated with liquid ni-
trogen and followed by total miRNA extraction with RNA prep pure
Tissue Kit. As shown in Fig. 6, no obvious fluorescence variation cloud
be detected after reaction with samples extracted from normal tissues.
And the signal of the sample extracted from gastric cancerous tissues
was about 2-fold larger than those of the sample extracted from para-
cancerous tissues. Therefore, the proposed PDA microtube biosensor
allows the reliable detection miRNA-215 expression levels extracted
from tissues. The results were consistent with previous reports, which
validated the practicability of our proposed methods [34,35,44-46].
Considering that the tumor tissues and normal tissues are intertwined,
it is necessary to identification the expression levels of miRNA-215 in
adjacent parts, which is helpful for resection of tumor location. It is
suggested that miRNA-215 is related to the formation of gastric cancer,
so it has potential as a marker for the diagnosis of gastric cancer. Hence
this miRNAs detection platform possesses potentials to be a versatile
strategy for tumor molecular diagnosis technologies, and high precision
of miRNA expression levels can be achieved by increasing sample dose
and multidraw of tumor tissue.

4. Conclusions

In summary, a novel highly sensitive and selective PDA microtube
waveguide platform with enhanced recyclability and acceptable storage
stability has been developed for miRNA-215 determination. The com-
bination of sandwich hybridization with condensing enrichment effect
realized highly sensitive miRNA detection in one step. The sandwich
structure formed as a result of co-hybridization of target miRNA. The
reaction of oligonucleotides allowed the AuNR to be anchored on the
surface of PDA microtube, which was sufficiently close to trigger FRET
effect. The intensity of the out-coupled tip emission varied with miRNA-
215 concentration, allowing for quantitative determination of target
miRNA-215. More importantly, our methods have been tested in real
clinical samples and achieved satisfactory results for discrimination of
miRNA-215 expression levels in gastric cancerous, paracancerous and
normal tissues. With reliance on the instinctive properties proposed
above, the PDA microtube waveguide platform possesses potentials to
be a versatile strategy for tumor molecular diagnosis technologies, and
could be extended to other proteins or new biomarkers for disease di-
agnosis and clinical fundamental research.
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