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tionalized fiber optic probes for
sensing in evanescent wave: optimization and
application†

Xiyu Zhu,‡a Ruoyu Wang, ‡a Kaidong Xia,ab Xiaohong Zhou *a and Hanchang Shia

Nucleic acid functionalized evanescent wave fiber optic (EWFO) biosensors have attracted much attention

due to their remarkable advantages in both device configuration and sensing performance. One critical

technique in EWFO biosensor fabrication is its surface modification, which requires (1) minimal

nonspecific adsorption and (2) high-quality DNA immobilization to guarantee satisfactory sensing

performances. Focusing on these two requirements, a series of optimizations have been conducted in

this work to develop reliable DNA-functionalized EWFO probes. Firstly, the surface planeness of EWFO

probes were found to be greatly improved by a novel HF/HNO3 mixture etching solution. Both atomic

force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) were conducted to investigate the

morphological structures and surface chemical compositions. Besides, EWFO sensing performances

adopting moderate immobilization of irrelevant DNA were investigated for optimization purposes.

Furthermore, a split aptamer based sandwich-type EWFO sensor was developed using adenosine (Ade)

as the model target (LOD ¼ 25 mM). To the best of our knowledge, this study is the first case to focus on

the optimization of etching solution compositions in the fabrication of combination tapered fibers, which

provides experimental basis for the understanding of the silica-etching mechanism using HF/HNO3

mixture solution and may further inspire related researches.
1. Introduction

Evanescent wave uorescence biosensors have received much
attention for decades because of their remarkable advantages
such as robustness, immunity to electromagnetic interference,
high sensitivity, high selectivity, high integration, and potential
portability for in situ and online measurements.1,2 Optical bers
are cylindrical dielectric waveguides that serve as ideal candi-
dates for evanescent wave transducers by transmitting light via
the principle of total internal reection (TIR). Aer removal of
the cladding on the distal end of ber, the evanescent eld can
be exposed, thus exciting uorophores captured within the
sensing region. Meanwhile, the ber simultaneously serves as
the collector of generated uorescence, enabling the evanescent
wave ber optic (EWFO) biosensors easy to miniaturization.3–6

Therefore, the total uorescent signal depends not only on
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is work and should be considered as co
uorescence excited via the evanescent eld on the ber surface
but also on the fraction of total emitted uorescence coupling
back into the detectable modes inside the ber.2 Consequently,
it is critical to optimize signal coupling and to reduce unwanted
noises so that the relatively weak uorescent signals can be
detected.7

Theoretically, removal of cladding results in V number
mismatch between the cladded region and the sensing region of
ber immersed into a liquid medium. The V number, which
determines the mode capacity of the ber, is lower in the
cladded region than that in the sensing region.8 Hence, the
uorescent signal excited by the evanescent wave in the unclad
and immersed region of the ber is lost when it enters the
cladded region of the ber because of a V number mismatch,7

which can be compensated by a properly designed taper in the
ber.9 Many previous researchers have reported that the adop-
tion of a combination tapered probe instead of other tapered
types could result in more signicant signal enhancement.7,10,11

The abovementioned efforts greatly facilitated EWFO biosen-
sors for applications in various elds, such as immunoassay
based food safety evaluation,12 clinical diagnosis,13,14 and envi-
ronmental monitoring.15–17 As a counterpart of antibody,
nucleic acid based surface affinity recognition receives much
attention in term of biosensing. Generally, surface immobilized
nucleic acid was specically designed to capture its comple-
mentary strand in solution.18–20 Other functional nucleic acid
This journal is © The Royal Society of Chemistry 2019
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Table 1 Etching solutions investigated in this work

No. v/v HFa (%) v/v HNO3 (%) v (HF) : v (HNO3)

(a) 100 0 10 : 0
(b) 83.3 16.7 10 : 2
(c) 78.9 23.1 10 : 3
(d) 71.4 28.6 10 : 4
(e) 66.7 33.3 10 : 5

a Please note that HF in Table 1 refers to 30% H2O2 aqueous solution.

Table 2 DNA sequences used in this work

Name Sequences (50–30)

C6-DNA NH2-(CH2)6-AGAGAGAGAGGGAGAGAGAGAGGG
CT-Cy5.5 Cy5.5-CCCCTCTCTCTCTCTCTCTCTCT
A20-Cy5.5 Cy5.5-AAAAAAAAAAAAAAAAAAAA
A10 NH2-(CH2)6-CCCAAAAAAAAAA
ASA1 NH2-(CH2)6-ACCTGGGGGAGTAT
ASA2 Cy5.5-TGCGGAGGAAGGT
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biomolecules (such as aptamers, DNAzymes) can also be used
for detection of various targets, ranging from metal ions to
whole cell, with lower price and less strict reaction/storage
condition.21–23 Therefore, it is of great signicance to develop
EWFO sensing systems using nucleic acid as signal recognition
element for the enrichment/improvement of biosensors.

One way to produce tapered silica ber optic probes is to
adopt a multi-step procedure that requires a high-precise,
computer controlled stage to lower the silica ber into
concentrated hydrouoric acid (HF) bath over a number of time
intervals, which may be time-consuming and potentially non-
reproducible.24,25 Another facile and widely accepted way is to
produce tapered silica ber optic probes via capillary motion by
inserting the bers into dilute HF solution for several hours (i.e.
tube-etching method).26,27 In previous studies, HF solution was
used as the only etchant with varied concentrations (10%, 30%
or others). However, we found that facile HF etching might
induce irreversible structural damage of ber, resulting in
a coarse surface with irregular grooves.28 Considering the small
size, exible chain structure and special charge distribution of
single strand nucleic acid, great blocking challenges appear
when facing the harsh interface conditions. Moreover,
researches on improvement of surface induced restricted
nucleic acid accessibility and hybridization efficiency have been
extensively exploited with respect to gold electrode surface,29

silicon oxide substrate,30 at silica slide,31 untreated distal end
of silica ber,32 and polystyrene microsphere.33 However,
systematic investigations are still rare when it comes to nucleic
acid immobilized tapered ber surface.

In this work, reliable DNA-functionalized optic probes for
EWFO sensing have been developed based a series of optimi-
zations focusing on two important aspects: (1) smooth ber
surface with small nonspecic adsorption and (2) high-quality
immobilization of capture DNA. Firstly, a new type of HF/
HNO3 mixture etchant was proposed to circumvent unwanted
coarse surface of tapered ber and to enhance the sensitivity of
EWFO system. Moreover, the inuence of surface ssDNA
immobilization density on EWFO sensing performances was
also investigated via adding irrelevant DNA sequences into the
complementary ones. Consequently, for the rst time, a split
aptamer based sandwich-type assay was developed using the
optimized nucleic acid functionalized ber optic probes for
facile sensing in the home-made EWFO platform.

2. Experimental
2.1 Chemicals and instrumentation

Silica bers (99.99% SiO2) with a length (l) of 8.5 cm and
a diameter (2R) of 600 mm were purchased from Chunhui
Science & Technology Industrial Co., China. The 5.0 cm clad-
dings (h2 + h3) were stripped away from one distal end of the
bers. These bers were then perpendicularly dipped in
different etching solutions (see Table 1 for specic composi-
tions) for about 3 h to form a combination tapered structure
with a nal diameter (2r) of 220 mm (Fig. S1†). The schematic
illustration of etching solution based wet-process for the
fabrication of combination tapered silica ber is shown in
This journal is © The Royal Society of Chemistry 2019
Fig. S2.† The etched silica bers were thoroughly washed with
ultrapure water and dried in N2 stream for long-term storage.
The instrumental details of the home-made EWFO biosensing
platform was described in previous study.22 Flat silica chips
(99.99% SiO2, 4 mm � 4 mm � 2 mm) for AFM and XPS char-
acterization were bought from Weida Company, China.

All DNA strands (HPLC puried) were synthesized by Sangon
Biotech. Co. (Shanghai, China), please see Table 2 for their
names and sequences. Basically, amino-modied C6-DNA is
designed to be immobilized onto bers via covalent amide
bonds. The sequence of capture DNA is underlined in italic font.
CT-Cy5.5 and A20-Cy5.5 were applied in EWFO sensing as
complementary and non-complementary strands to the immo-
bilized capture DNA, respectively. See ESI† for other chemicals,
buffers and instrument used in this work.

The diameters of etched ber optic probes were monitored
with a microelectrode polisher (model 2002-C, Inbio Life
Science Instrument Co., Ltd., Hubei, China). The surface
structures of the etched ber optic probes were observed by
scanning electron microscopy (SEM, JEOL, JSM-700AF). The
surface morphologies of SiO2 chips treated by different etching
solutions observed by atomic force microscopy (AFM, Bruker
Dimension FastScan, German) and the surface chemical state
and composition were determined by X-ray photoelectron
spectroscopy ESCALAB 250Xi (XPS, USA). All the XPS spectra
were calibrated by C 1s line at 284.8 eV and using Al Ka
radiation.
2.2 Immobilization of ssDNA strands onto tapered ber

First of all, aldehyde-functionalized tapered silica bers were
prepared prior to the immobilization of ssDNA strands. Briey,
above-mentioned tapered bers (etched by solution c) were
cleaned and hydroxyl-activated in hot piranha solution (v
(H2SO4) : v (30% H2O2) ¼ 3 : 1) for 1 h at 120 �C. Then the bers
RSC Adv., 2019, 9, 2316–2324 | 2317

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10125f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 8

:5
9:

44
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were washed with water and dried in N2 stream. Next, a layer of
APTS molecules was covalently linked onto the bers by
immersing them in 1% v/v APTS toluene solution for 2 h at
37 �C. The APTS-activated bers were washed in toluene and
xed at 200 �C for 1 h. Aer that, the bers were immersed in
1% v/v glutaraldehyde aqueous solution overnight at 37 �C to be
aldehyde-functionalized.

Since the immobilization quality of capture DNA largely
determines the sensitivity and selectivity achieved in EWFO
sensing, careful considerations should be made about the
ssDNA immobilization strategy adopted. Up to date, three
major immobilization techniques have been developed,
including physical adsorption, affinity-based (streptavidin–
biotin) immobilization, and covalent immobilization.34 Among
these techniques, covalent immobilization is the most widely
applied strategy owing to multiple advantages: good stability,
high binding strength, and long storage term.35,36 In the specic
case of covalent ssDNA immobilization, a linker segment is
usually needed in order to fully expose capture DNA sequences
for target recognition (Fig. S4†). Both linear aliphatic carbon
chain and polyhedral nanostructures like tetra-DNA29 are able to
serve as linker segments for ssDNA immobilization recognition.
In this case, the 6-carbon linker was applied to immobilize
ssDNA strands onto tapered bers (referred to as “C6-DNA” in
the following context).

The aldehyde-functionalized silica bers were immersed in
300 nM of C6-DNA (dissolved in Tris buffer) for 6 h at room
temperature with gentle shaking. In this way, ssDNA strands
would be covalently immobilized onto ber surfaces due to the
formation Schiff bases, which resulted from the reaction
between surface aldehydes and 50-terminal amino groups of
DNAs. Next, unreacted surface aldehyde sites were blocked by
20 mM glycine aqueous solutions for 1 h at room temperature.
Aer that, the formed Schiff bases were further stabilized using
20 mg mL�1 of NaCNBH3 aqueous solution. Before usage in
EWFO sensing, all bers were blocked in 2 mg mL�1 isoelectric
BSA solution to reduce nonspecic adsorption of non-target
DNA.28

Irrelevant ssDNA (A10) was applied as a class of mixer strand
in C6-DNA based ssDNA immobilization. First of all, aldehyde-
functionalized silica bers were obtained following the protocol
described in 2.2. Then the bers were immersed in Tris buffer
containing 300 nM of C6-DNA and 100 nM of A10 for 6 h at
room temperature with gentle shaking. Both A10 and C6-DNA
would be immobilized onto the ber surface. Other following
steps using glycine, NaCNBH3, and isoelectric BSA were same as
above.
2.3 EWFO based adenosine (Ade) detection

Based on the optimized nucleic acid functionalized ber optic
probe, surface based sandwich-type biosensor could be devel-
oped using split aptamers. In this work, one fragment of
adenosine split aptamer (ASA1) was modied onto silica ber
using the method described in 2.2. In EWFO based adenosine
(Ade), the ASA1-immobilized ber was rst rinsed in equilib-
rium buffer to obtain a stable baseline. Then different
2318 | RSC Adv., 2019, 9, 2316–2324
concentrations of Ade in Ade binding buffer containing 20 nM
ASA2 were pumped into the ow cell of EWFO platform. ASA2
was labeled with a Cy5.5 uorophore to generate uorescence
signals using this EWFO platform. The excitation and emission
wavelengths of Cy5.5 uorophore are 635 nm and 650 nm,
respectively. Then the pump was set to stop for 3 min for surface
based Ade recognition and uorescence excitation. Aer the
recognition procedure, unbound ASA2 and Ade were subse-
quently washed away using washing buffer. The generated
EWFO signals were automatically collected by a built-in
computer.
3. Results and discussion
3.1 Improved etching effect using HF/HNO3 mixture
solutions

Silica structures obtained aer wet-process adopting HF etching
solution oen exhibit coarse surfaces with porous silicon
layers.37 Although it has been reported the sensitivity of EWFO
sensors toward small molecules (glucose) showed a volcanic
response with increasing surface roughness,38 porous sensing
surfaces may act as physical barriers against macromolecules
(proteins, nucleic acids, etc.) in uids based sensing and further
lead to unwanted nonspecic adsorption.28 We attribute the
coarse surface by adopting HF etching solution to the following
reason. HF etching proceeds through several sequential steps to
remove SiO2 as silicon tetrauoride (SiF4) and uorosilicic acid
(H2SiF6). Eqn (1)–(4) describe the basic chemical reactions
involved in HF-based silica ber etching.37,39,40 H2SiF6 could
easily decompose into SiF4 and HF (eqn (5)),40 and the hydro-
lysis of SiF4 would further produce colloidal silica (orthosilicic
acid, H4SiO4, eqn (6)).41 The accumulation of H4SiO4 may lead to
the formation of a precipitate layer near the ber, hindering the
further reaction between HF and SiO2.

4HF + SiO2 / SiF4 + 2H2O (1)

2HF + SiF4 / H2SiF6 (2)

2H2O + 3SiF4 / 2H2SiF6 + SiO2 (3)

6HF + SiO2 / H2SiF6 + 2H2O (4)

H2SiF6 / SiF4 + 2HF (5)

SiF6
2� + H2O / H4SiO4 + 4HF + 2F� (6)

To meet this challenge, we assume that the addition of
strong oxidizing nitric acid (HNO3) can promote the decompo-
sition of H2SiF6 and the volatilization of SiF4, thus reducing the
hydrolysis of SiF4 and enhancing the sectional ow of solution
near the ber to reduce H4SiO4 precipitate. Therefore, the
original HF solution was doped with a certain proportion of
HNO3 as new etching solutions (see Table 1 for specic
formulations).

The effect of adopting new etching solutions was analyzed
based on scanning electron microscopy (SEM) images (Fig. 1).
As shown in Fig. 1a, aer pure HF etching, coarse surface with
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of combination tapered fiber surfaces obtained using etching solutions (a)–(e).

Fig. 2 AFM images of different SiO2 chip surfaces before etching (a) and after etching by HF (b) and HF/HNO3 (10 : 3) mixture solutions (c). Scan
rate: 1 Hz. The obtained AFM data were analyzed using NanoScope Analysis 1.8, and the calculated profile roughness parameters, roughness
average (Ra) and RMS roughness (Rq), were labeled in the bottom of this figure. Height ranges (dh) of each areas were calculated based on the
differences from obtained height bars.
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irregular roughness structures could clearly be observed. On the
ber surfaces etched by solution (d) and (e), grooves with fuzzy
boundaries could still be observed (Fig. 1d and e); Whereas in
the cases using etching solution (b) and (c), such grooves
became almost invisible (Fig. 1b and c). Overall, the surface
atness has been improved aer adding HNO3 to the original
HF etching solution (b–e). The etched ber surfaces are
observed to be smooth in the order of: (c) > (b) > (e) > (d).
Therefore, ber optic probes prepared under the optimal
condition (etching solution c) were employed for further studies
on morphologies and surface chemical compositions.
§ Ra is the average of the arithmetic absolute values of the prole heights over the
evaluation length.

{ Rq is the root mean square average of the prole heights over the evaluation
length.
3.2 Morphological structures and surface chemical
compositions of bers etched by HF and HF/HNO3 solutions

The morphological changes aer HF and HF/HNO3 based
etching procedures were further studied by means of AFM.
Since columnar ber optic probes may lead to unwanted devi-
ations in AFM testing due to their arcuate surfaces, at SiO2

chips of the same purity as the bers were etched using HF
(etching solution a) and the optimal HF/HNO3 mixture solution
(etching solution c) were further used for AFM tests. As shown
in Fig. 2, unetched SiO2 showed a relatively at surface with
a height range (dh) around 1.3 nm, which became larger in the
cases based on both HF etching (dh � 53.5 nm) and HF/HNO3

etching (dh � 26.5 nm), indicating that HF/HNO3 mixture
solution produced a smoother morphology than HF, although
in both cases the roughness increased compared with unetched
This journal is © The Royal Society of Chemistry 2019
SiO2. Besides increased dh, two prole roughness parameters,
Ra§ and Rq,{ were also compared to evaluate the impact of
different etching agents on the surface roughness. As labeled in
Fig. 2, both Ra and Rq followed the order of HF > HF/HNO3 >
unetched SiO2, which was consistent with the conclusion ob-
tained aer dh analysis.

More-detailed chemical and electronic states of the as-
prepared HF etching sample and HF/HNO3 (10 : 3) etching
sample were characterized by X-ray photoelectron spectroscopy
(XPS) for further investigation of the surface information. The
corresponding results are presented in Fig. 3. A full-survey-scan
spectrum in Fig. 3a indicates the presence of Si, O, C and F
elements aer silica chip etched by HF solution. From the
survey spectrum of aer silica chip etched by HF/HNO3 mixture
solution (Fig. 3b), the existence of elements Si, O, C, F and N are
also conrmed. C 1s peak existed in both of the survey spectrum
are attributed to the contaminated carbonaceous that accu-
mulated during the storage of the sample from the environ-
ment.42 The Si 2p, F 1s and O 1s high-resolution spectrum of
silica substrate surface etched by pure HF solution and HF/
HNO3 (10 : 3) solution can clearly observed in Fig. 4c–e. As
shown in Fig. 3c, a strong major peaks of Si 2p which located at
binding energy of 103.3 eV can be detected corresponding to the
RSC Adv., 2019, 9, 2316–2324 | 2319
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Fig. 3 XPS spectra of SiO2 etched by HF pure solution and HF/HNO3 (10 : 3) mixture solution: (a and b) survey; (c) Si 2p; (d) F 1s; (e) O 1s; (f) N 1s.
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HF/HNO3 etched sample (red line), it is agreeing well with the
spin–orbit peaks of the SiO2 phase.43 The Si 2p spectrum of pure
HF etched sample (blue line) can be divided into two tting
peaks and located at 103.5 eV and 104 eV, the rst peak at
103.5 eV can also describe as SiO2 and the second peak at 104 eV
can be almost entirely ascribed to the characteristic peak of
H4SiO4 colloidal polymer conguration.44,45 The comparison of
two spectra proved that the addition of HNO3 can promote the
decomposition of H2SiF6 and the volatilization of SiF4 to
prevent the formation of H4SiO4. According to the measure-
ment, the Si 2p peak area ratio of HF/HNO3 etched sample is
wider than that of pure HF etched ones, which can further
indicate the assumption that HNO3 prevents the HF etching
reaction on the silica surface. Fig. 3d depicts a weak visible peak
of F 1s (located at 685.3 eV) in HF etched sample which is
associated with residual F�.46 By contrast in the spectrum of HF/
HNO3 etched sample cannot observe the peak of F 1s indicate
the conclusion of HNO3 as a decomposition promoter. For O 1s
spectrum (Fig. 3e), two samples with different etchant have
similar binding energy of O 1s peak which located in 532.8 eV
and 532.9 eV, respectively. Both of the spectra in accordance
with previous data observed for SiO2.47,48 Fig. 3f represent a weak
peak at 400.2 eV in the N 1s high-resolution spectrum, which
can certify the residual NO3

� ion on the silica surface aer
etched by HF/HNO3 mixture solution.49 Additionally, the Si 2p
and O 1s high-resolution spectrums of SiO2 prior to etching are
presented in Fig. S3,† the binding energy position of these
characteristic peak (located at 532.4 eV in Si 2p, 103.1 eV in O 1s)
indicate the high purity of SiO2 phase without any surface
etching. Based on the above discussions, the mechanism of two
different etchant caused different silica surface roughness can
further conrmed.
2320 | RSC Adv., 2019, 9, 2316–2324
3.3 Comparison of HF and HF/HNO3 etched ber optic
probes with applications to EWFO sensing

Aer immobilizing C6-DNA onto bers (using the method
described in 2.2), 10 nM of complementary (CT-Cy5.5) and non-
complementary (A20-Cy5.5) DNAs were applied as experimental
(exp.) and control (ctr.) groups in EWFO based tests. The control
groups were used to represent the nonspecic adsorption on
the surface. Based on exp. and ctr. signals generated on
different bers, signal to noise ratios (SNR, also known as S/N)
could be calculated according to the following equation as
a general indicator to evaluate sensing performances of
different bers.

Signal to noise ratio ðSNRÞ ¼ EWFO signal

EWFO noise
¼ Sexp:

Sctr:

¼ SCT�Cy5:5

SA20�Cy5:5

EWFO signals for bers etched merely by HF and by HF/
HNO3 mixture solution (c) were shown in Fig. 4b. The signal
amplitude for CT-Cy5.5 has been enhanced in the case of HF/
HNO3 mixture solution etched ber, which may suggest for
more effective exposure of capture probe. Besides, nonspecic
signal induced by A20-Cy5.5 on both bers were comparable.
Overall, the SNRs are calculated to be 14.1 and 19.6 for bers
etched merely by HF and by HF/HNO3 mixture solution (c),
respectively (Fig. 4a, right). The enhanced SNR quantitatively
indicated the benecial effect of the developed HF/HNO3

mixture etching solution. To the best of our knowledge, this
study is the rst case to focus on the optimization of etching
solution compositions in the fabrication of combination
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparison of fibers etched merely by HF and by HF/HNO3

mixture solution (c). (a) Schematic illustration (left) and the sensing
performances (SNRs, right) of the two wet-process strategies. The
capture DNA and C6-linker are depicted as blue strands, and black
polygonal line, respectively. The SEM images of fiber surface are
included. (b) EWFO signal traces of the experimental groups (exp., CT-
Cy5.5) and control groups (ctr., A20-Cy5.5).

Fig. 5 Effect of irrelevant ssDNA mixed immobilization on EWFO
hybridization signals. (a) Schematic illustration (left) and the sensing
performances (SNRs, right) of fibers fabricated with/without mixers.
The capture DNA (C6-DNA) and mixed DNA (A10) are depicted as blue
and red strands, respectively. (b) EWFO signal traces of the experi-
mental groups (exp., CT-Cy5.5) and control groups (ctr., A20-Cy5.5)
based on fibers fabricated with/without mixers.
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tapered bers, which provides an experimental basis for the
understanding of silica-etching mechanism using HF/HNO3

mixture solution andmay further inspire other related research.
3.4 Effect of irrelevant ssDNA mixer added immobilization
on EWFO hybridization signals

Besides etching technology, the immobilization chemistry,
such as ssDNA immobilization density, also plays an important
role in high-quality EWFO sensing:31 high surface density may
be benecial to obtain high hybridization signal,33 but it may
result in mediocre hybridization efficiency due to steric/
electrostatic hindrance; conversely, extremely low immobiliza-
tion density may lead to undetectable signals hidden beneath
background noises.50 One simple but practical method to adjust
DNA immobilization density is to mix a certain amount of
irrelevant short-chain DNA during the immobilization proce-
dure. We tested the effect of mixing-based immobilization on
EWFO hybridization signals using A10 as mixer agent (Fig. 5a,
le). As shown in Fig. 5, although the signal amplitude
decreased to some extent, the SNR increased by�20% simply by
mixing A10 strands during immobilization. The inuences of
the specic type, length, GC content, and adding amount of
mixers on EWFO sensing performances are under investigation.
This journal is © The Royal Society of Chemistry 2019
Within the scope of this work, A10 mixed immobilization was
employed for further sensing applications. Besides, the quan-
tication of functional groups or molecules on the surface is
a key point regarding the quality of the sensing surface.51

However, considering the low specic surface area of ber
probes in this work, traditional quantication methods like
ninhydrin tests are not sensitive enough to calculate the small
amount of chemical groups modied on the surface. In this
work, the successful modication can be proved by sub-
sequential sensing performances in a qualitative way.
3.5 EWFO based adenosine (Ade) detection

In the past decades, functional DNAs showing affinity toward
various types of targets have been vastly developed and applied
as sensors.52,53 As one type of functional DNAs, split aptamers
are two nucleic acid fragments that can assemble together in
the presence of specic target. This feature makes split
aptamers particularly attractive in developing surface-based
sandwich-type biosensor.54 By tethering one fragment of split
aptamer onto ber, the detection scope of EWFO system could
be expanded to non-nucleic acid targets based on sandwich-type
biosensing. A small molecule, adenosine (Ade), was used as the
model target in this work. As shown in Fig. 6a, one fragment of
RSC Adv., 2019, 9, 2316–2324 | 2321
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Fig. 6 Detection of Ade using the optimized EWFO sensing platform.
(a) Schematic illustration of the sandwich-type assembly based Ade
detection strategy using Ade split aptamer (ASA1 and ASA2). (b) Cali-
bration curve of Ade.
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the reported Ade split aptamer55 (ASA1) was immobilized onto
the ber using our optimized strategy to capture uorescently
labeled ASA2 via the formation of a sandwich-type ASA1/Ade/
ASA2 assembly. Fluorophores labeled on ASA2 could be
excited within the evanescent eld around the ber surface,
generating EWFO signals that are positively correlated with the
concentrations of Ade. The calibration curve of Ade was shown
in Fig. 6b. Aer non-linear four-parameter logistic tting, the
LODAde was calculated to be 25 mM with a linear range from 50
mM to 3.5 mM. This sensitivity is appropriate to biomedical test
applications and comparable with other uorescence-based
aptasensor,56 electrochemical method,57 and colorimetric
method adopting the same split aptamer fragments.54 Addi-
tional amplication strategies could be integrated to further
improve the sensing performance.54

4. Conclusions

In summary, reliable DNA-functionalized optic probes for
sensing in evanescent wave have been developed based a series
of optimizations on the etching solution and immobilization
chemistry. Two major ndings of this work include: (1) for the
rst time, HF/HNO3 mixture etching solution was adopted to
prepare high-quality combination tapered ber probes with
enhanced sensing performances, and the composition of the
etching solution was optimized to be v (HF)/v (HNO3)¼ 10/3; (2)
moderate addition of irrelevant ssDNA onto tapered ber was
benet to further improve the sensitivity of EWFO sensing.
2322 | RSC Adv., 2019, 9, 2316–2324
Under the optimized experimental conditions, a split aptamer
based sandwich-type EWFO sensing system was developed
using Ade molecule as the model target, reaching a LOD of 25
mM. The developed sandwich-type sensing system could serve as
a universal platform for other targets of interest and act as
a powerful analytical device in the elds of environmental
science, personal health care product development, clinical
diagnosis and others. Moreover, this work may provide useful
information/inspirations for other related researches, especially
for silica surface based sensors using nucleic acids.
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