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� Demonstrated a label-free ultrasen-
sitive gold nanoparticle laminated
TOF plasmonic biosensor.

� Successfully detected five panels of
microRNAs simultaneously with un-
precedented selectivity.

� Synergistic response derived from
evanescent field exciting surface
plasmon resonance.

� Extended linear dynamic range 1 fM
to 100 nM.

� Achieved sub-femtomolar limit of
detection for the panel of microRNAs.
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We designed and fabricated a novel label-free ultrasensitive tapered optical fiber (TOF) plasmonic
biosensor that successfully detected a five panel of microRNAs with good selectivity. The biosensing
platform integrates three different metallic nanoparticles: gold spherical nanoparticles (AuNPs), gold
nanorods (AuNRs), and gold triangular nanoprisms (AuTNPs) laminated TOF to enhance the evanescent
mode. The dip in the intensity profile of the transmission spectrum corresponded to the specific
wavelength of the nanoparticle. The AuTNPs laminated TOF was found to exhibit the highest refractive
index sensitivity and was therefore used to assay the panel of microRNAs. Single stranded DNA probes
were self-assembled on the AuTNPs TOF plasmonic biosensors to achieve the highest sensitivity from the
formation of hydrogen bonds between the ssDNAs and the target microRNAs. Experimentally, we
observed that by measuring the spectral shifts, a limit of detection (LOD) between 103 aM and 261 aM for
the panel of microRNAs can be achieved. Additionally, the ssDNA layer immobilized on the TOF plas-
monic biosensor resulted in an extended dynamic range of 1 fM e 100 nM. In human serum solution,
clinically relevant concentration of the panel of microRNAs were successfully detected with a LOD be-
tween 1.097 fM to 1.220 fM. This is the first report to demonstrate the applicability of our TOF plasmonic
biosensor approach to detect a panel of microRNAs. This simple yet highly sensitive approach can provide
a high-throughput and scalable sensor for detecting and quantifying large arrays of microRNAs, thereby
expanding the applications of biosensors.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

MicroRNAs are small non-coding RNAs with ~19e22 nucleo-
tides, which are capable of modulating gene activity at the post-
transcriptional level. In addition, microRNA expression profiles
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have become useful biomarkers for diagnostics and prognosis of
cancers and other diseases because of their outstanding stability in
biological samples (plasma, serum, urine etc.) [1,2]. Quantitative
measurement of microRNAs can serve as an early diagnostic tool.
The current techniques for the detection and quantification of
microRNA employs microarrays and qRT-PCR; however, these
techniques involve the use of sophisticated instrumentation and
sample preparation steps [3]. Fluorescence [4], electronic and
electrochemical [5,6], microresonator [7,8], and nanopore-based
techniques [9e11] have been reported and can provide portability
and label-free sensing. Due to the availability of miniaturized op-
tical spectrum analyzers, it is now possible to develop low-cost
portable surface plasmon resonance (SPR) biosensors using opti-
cal fibers for the detection of biological or chemical analytes.

We study optical fiber-based sensing approach because of their
stability in harsh environment and at high temperatures [12]. They
are highly biocompatible and not receptive to electromagnetic
interference [13]. The biosensingmechanism is dependent on optical
transductionmechanisms for detecting target biomolecules [14]. The
light of an optical fiber propagates based on the total internal
reflection (TIR) principle.When light is fully reflected inside the core,
no electromagnetic field propagates towards the cladding [15].
However, the electromagnetic waves can slightly penetrate the
lower refractive index cladding. This light propagation is parallel to
the interface of core-cladding, and decays exponentially with the
distance from the interface [15]’ [16]. Thereby, an evanescent wave is
created when the electromagnetic field crosses the interface at a
penetration depth (dp). When dp is smaller than the cladding
thickness, the interaction between the propagating light and the
external medium is negligible and limits its application in bio-
sensing. Therefore, the cladding material is partially or entirely
removed to access the evanescent field and enable its interaction
with the external medium, wherein the dp changes as a function of
the coupled cladding mode and the external refractive index [16].

To this end, we enhanced the sensitivity of the evanescent field
by coupling with metallic nanoparticle that laminates tapered op-
tical fibers (TOFs) to create a novel label-free TOF plasmonic
biosensor with an improved LOD without any signal amplification.
The use of a TOF allows the excitation of the surface plasmonwaves
in the supporting metallic layer of the fiber surface. Localized sur-
face plasmon resonance (LSPR) is the collective oscillation of elec-
trons on the metallic nanostructure that is excited by the incident
photons at the resonant frequency [17,18], thereby resulting in an
enhanced and tunable electromagnetic fields, light absorption and
scattering based on the physical and elemental parameters of the
nanostructure [17,19]. Although LSPR based technologies have been
reported to detect a wide range of biomolecules (e.g., proteins,
microRNAs, enzymes etc.) with high sensitivity [17,20e24], some
LSPR based sensors require an amplification strategy to achieve an
improved limit of detection (LOD) [17,22e24].

Here we demonstrated an ultrasensitive TOF plasmonic
biosensor through the coupling of various gold nanoparticles: gold
spherical nanoparticles (AuNPs), gold nanorods (AuNRs), and gold
triangular nanoprisms (AuTNPs) that laminates the TOFs. The
laminated TOFs were functionalized with single stranded DNA
(ssDNA) capture probes and polyethylene glycol thiol spacer bio-
molecules. Upon microRNA hybridization with the ssDNA func-
tionalized TOF, the spectral shift with nm scale. Without any
amplification, the AuTNPs demonstrated good sensitivity towards
the panel of microRNA compare to other optical biosensors
immobilized with ssDNA for the detection of other molecules
[25e27]. In addition, high throughput microRNA detection was
achieved wherein five samples were analyzed. This TOF plasmonic
biosensor demonstrated the ability to detect target microRNA with
high sensitivity.
2

2. Materials and methods

Materials. Gold (III) chloride trihydrate (HAuCl4.3H2O) solution,
chloro(triethyl phosphine) gold (I) (Et3PAuCl, 97%), poly-
methylhydrosiloxane (PMHS, Mn ¼ 1700-3300), cetyl trimethyl
ammonium bromide (CTAB) and triethylamine (TEA, 98%) were
procured from Sigma-Aldrich. ACS grade acetonitrile (CH3CN,
99.9%), ethanol (22 proof) (3-aminopropyl)-triethoxysilane (APTES,
94%), RBS35 detergent, sodium citrate trihydrate, RNase H (100U)
enzyme, and sodium borohydride were procured from Thermo
Scientific and used as received. ssDNA and microRNA listed in
Table S1 and Table S2 were procured from IDT.

Synthesis of Gold Nanoparticles (AuNPs). 2.8 mL of gold (III)
chloride trihydrate solution was added to 80 mL of ultrapure water
(Barnstead™ Smart2Pure™ Water Purification System) and stirred
in an ice bath. Then 1.0 mL of 0.01 M Na3C6H5O7 was added to re-
action mixture and stirred in an ice bath for 30 min. In the interim,
0.1 M NaBH4 solution was prepared and cooled in an ice bath
separately. Afterward, 1.5 mL of NaBH4 was injected to the gold
solution and stirred. Rapid reduction of gold (III) was observed via
color change of yellow to wine red. The solution was stored at 4 �C
overnight.

Synthesis of Gold Nanorods (AuNRs). A seed-mediatedmethod
using CTAB as passivating ligands was employed for synthesizing
AuNRs. Briefly, a seed solution was prepared by adding 7.5 mL of
100 mM CTAB solution to 20 mL scintillation glass vial followed
with the addition of 250 mL of 10 mM HAuCl4.3H2O under constant
stirring for 5 min 10 mM NaBH4 was added to the solution to result
in a light brown colored solution. 48 mL of this seed solution was
added to the growth solution comprising of 28mL of 100mMCTAB,
2 mL of 10 mM HAuCl4.3H2O, and 400 mL of 10 mM AgNO3 and
220 mL of 100 mM ascorbic acid at room temperature. The solution
was kept in a water bath overnight to achieve a dark pink colored
solution. The CTAB capped AuNRs were redissolved in ultrapure
water containing 1 mM PEG4-SH for ligand exchange under con-
stant stirring for over 24 h. The obtained PEG functionalized AuNRs
were centrifuged and redissolved in ultrapure water.

Synthesis of Gold Triangular Nanoprisms (AuTNPs). Et3PAu(I)
Cl (0.010 g) was dissolved in 20 mL CH3CN and stirred at medium
speed for 5e10min at room temperature. Then 0.019mL of TEAwas
added to the reaction mixture and heated gradually to 40 �C. At
40 �C, 0.3 mL of PMHS was added and allowed to react for
approximately 3 h. Then the reaction mixture was centrifuged at
5000 rpm for 1 min. After removing the unreacted PMHS the re-
action mixture was precipitated out via centrifugation and redis-
solved in ultrapure water. The formation of the various gold
nanostructures was confirmed by UVevis absorption spectroscopy.

TOF Plasmonic Biosensor Fabrication. Although chemical
etching of the cladding material using hazardous acid has been
reported [27], here we report a simple and straightforward
approach to partially remove the cladding material by fabricating
tapered optical fibers (TOFs). Following previously reported works,
we designed a tapering rig system using the flame brushing tech-
nique to form a thin tapered optical fiber structure [25e27].
Approximately 1 m length of a single mode optical fiber was ob-
tained. The polymer coating on a 3 cm region of the 125 mm
diameter fiber to be tapered is stripped out, cleaned with acetone,
and fixed in the fiber holders of our home built tapering rig system.
Using the flame brushing technique, the 3 cm glass region was
exposed to the butane heat source to soften the glass while the fiber
tails were pulled in opposite directions to form the TOFwith awaist
diameter of 5 mm. This technique is adaptable for the fabrication of
adiabatic tapered fiber with excellent optical and physical proper-
ties [28]. As a result, the channel spectrum features can be observed
in the transmission spectrum due to the dp of the evanescent field.
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The TOFs were mounted on Teflon channel chips that consisted of a
48 mm � 6 mm x 2 mm (l x w x d) cell to contain the analyte
molecules within the tapered region for profiling of the bound
analyte (Scheme 1A). The chip surface was seal by a layer of poly-
dimethylsiloxane (PDMS) leaving the inlets and outlets open. Eight
of these TOF devices can be integrated onto a single Teflon chip
utilizing laser fabrication processes to realize fast-multiplexed and
high-throughput biosensors.

The TOF fiber was separately laminated with three different Au
nanoparticles: AuNPs, AuNRs, and AuTNPs (Scheme 1B-E). The TOFs
were cleaned in a 10% (v/v) aqueous RBS 35 detergent solution at
90 �C for 30 min. The TOFs were thoroughly rinsed with ultrapure
deionized water and immersed in a solution mixture of concen-
trated hydrochloric acid and methanol (1:1 v/v) for 30 min. After-
ward, the TOFs were washed with copious amount of ultrapure
water and dried under air for 3 h prior to use. The dried TOFs were
then incubated in a solution of 15% APTES in ethanol purged with
nitrogen for 30 min. The TOFs were then rinsed with ethanol to
remove unbound APTES. After rinsing, the TOFs were dried in air
and finally incubated in 2 mL of the prepared Au nanostructure
solutions for 1h to form a coating of Au nanostructures on to the
TOF.

Afterward, the laminated TOFs were separately incubated in the
respective complementary 5 mM ssDNA solution prepared in 1 mM
PBS (ssDNA-(CH2)n-X:SH (where X is the complementary base pairs
for the target microRNA)) and 1mMpolyethylene glycol thiol (PEG-
SH) spacer molecules to prevent non-specific binding on the TOF
and allowed to react overnight (Scheme F). The ssDNA functional-
ized laminated TOF was rinsed with PBS buffer to remove loosely
bound reactants. Upon conjugating the ssDNA probes with the Au
nanoparticles on the TOF surface, we observed a red shift in the TOF
signal as shown in Scheme 1H (red curve). Finally, various con-
centrations of the targetmicroRNAwere prepared and 800 mL of the
microRNA solution was delivered to the biosensor and allowed to
hybridize for 4 h. Once the hybridization between the immobilized
ssDNA probes and the target microRNAs occurs at the surface of the
TOF (Scheme 1G), the Au nanoparticles enhance the electromag-
netic field coupling range and thus resulted in additional red
Scheme 1. (A) Schematic representation of the designed and fabricated TOF plasmonic
biosensor, (B) functionalization of TOF with 3-aminopropyl-triethoxysilane (APTES),
(C) Gold (Au) nanoparticles (AuNPs) laminated TOF, (D) Au triangular nanoparticles
(AuTNPs) laminated TOF, and (E) Gold nanorods (AuNRs) laminated TOF, (F) ssDNA and
PEG-SH functionalized TOF, (G) hybridization with target microRNA, and (H) illustra-
tion of transmission spectrum of the functionalization steps: Au nanostructure deco-
rated TOF (black curve, ssDNA immobilization (red curve), and upon hybridization
(blue curve).

3

shifting of the optical signal as shown in Scheme 1H (blue curve).
Absorption and extinction spectra in the range of 400e1000 nm

were collected with a Spectra Max M5 microplate reader from
Molecular Devices, LLC. Extinction spectra of the prepared AuNPs,
AuNRs, and AuTNPs in the solution phase were measured to
determine the LSPR peak position (lLSPR). For the RI sensitivity
studies, all transmission spectra were obtained in aqueous glucose
solutions for all nanostructures using Superk Compact Super-
continuum Lasers in the range of 450e2400 nm. All transmission
spectra of the TOF plasmonic biosensors were recorded in phos-
phate buffered saline (PBS) at room temperature after all reactions
reached equilibrium using a compact Czerny-Turner CCD spec-
trometer (CCS200, Thorlabs Inc.). The silanized TOF was used as a
blank spectrum for the study. The lpeak maximumwas determined
through curve fitting using Origin and DTransmission was derived
by taking the difference between the transmittance of the TOF
plasmonic biosensors before and after hybridizationwith the target
microRNA. The obtained spectra were normalized by using smooth
function in Origin. Accordingly, adjacent averaging method was
utilized with 200 points of window. The LOD was determined by
using the Z value of the blank (Z ¼ mean þ3s, s ¼ standard devi-
ation), which was obtained from three DTransmission
measurements.

3. Results and discussion

Tapered Optical Fiber (TOF) Plasmonic Biosensor Platform.
The low-cost TOF was constructed using a flame brushing tech-
nique to soften the glass optical fiber for elongation. The tapering
progress and waist diameter of the TOF was monitored using a
power meter and a microscope to evaluate the power loss and
diameter of the fabricated TOF, respectively. The 3 cm region of the
fabricated TOF was transitioned from a diameter of 125 mm to a
taper waist diameter of ~5 mm. Fig. 1AeC shows the scanning
electron microscopy (SEM) micrographs of snapshots of the TOF
fabrication. The evanescent wave dp has been reported to be
enhanced when the waist diameter is less than 10 mm with a
decreased in the transmitted power [28]. This technique has proved
to be flexible and fast for the fabrication of tapered fiber.

Prior to laminating the TOF with Au nanoparticles (AuNPs,
AuNRs and AuTNPs), the TOF was mounted onto a Teflon micro-
channel chip. The waist region of the TOF was cleaned and then
coated with the desired Au nanoparticles via silanization with 3-
aminopropyl-triethoxysilane (APTES)/ethanol solution to activate
the silane group on the TOF and provide a self-assembled mono-
layer containing amine group for coupling to the Au nanoparticles.
Subsequently, the solution containing the desired Au nanoparticles
was delivered to the waist region of TOF to obtain Au nanoparticles
laminated on the surface of the TOF. The optical power transmitted
through the TOF decreased by ~80%. This decreased is ascribed to
the absorption losses by the Au nanoparticles during the process.
Fig. 1D shows the SEM micrograph of the TOF laminated with
AuTNPs. The AuTNPs formed a layer of nanoparticles distributed
around the fiber. This distribution of the nanoparticles provides for
a sensitive optical interaction with the surrounding media.

TOF Plasmonic Bulk Refractive Index Sensing. The trans-
mission electron microscopy (TEM) micrographs of the three TOF
plasmonic sensors are showed in Fig. 2AeC. The average size of the
nanoparticles is 40 ± 1.2 nm (AuNPs), 40 ± 0.8 nm (AuNRs), and
38 ± 1.5 nm edge length (AuTNPs). Fig. 2D shows LSPR profile of the
three different nanoparticles in water, where AuNPs, AuNRs, and
AuTNPs exhibited lLSPR of 530 nm, 840 nm, and 770 nm, respec-
tively. A supercontinuum laser (450 nm to 2400 nm) was then used
to couple the light into the TOF plasmonic sensor and a spec-
trometer was connected at the other end to collect the signal. The



Fig. 1. Scanning electron micrographs (SEM) of (A) single mode fiber (4 ¼ 125 mm), (B) fiber after stripping the buffer coating (4 ¼ 100 mm), (C) tapered optical fiber (TOF) with fiber
waist of approximately 5 mm over a 2.5 mm length fiber region, (D) gold triangular nanoparticles (AuTNPs) laminated tapered optical fiber (TOF).

Fig. 2. Transmission electron microscopy (TEM) micrographs of (A) AuNPs (B) AuNRs, and (C) AuTNPs. (D) UVevisible extinction spectra of AuNPs (blue, lLSPR ¼ 530 nm), Au NRs
(black, lLSPR ¼ 840 nm), and AuTNPs (red, lLSPR ¼ 770 nm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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solid phase spectral shift, Dlpeak, was obtained upon laminating the
TOF with the Au nanoparticles. We observed a dip in the optical
transmission spectrum due to the presence of Au nanoparticles at
550 nm, 840 nm, and 770 nm for AuNPs, AuNRs, and AuTNPs,
respectively. This is attributed to the excitation of the surface
plasmon waves by the evanescent waves generated in the TOF. On
average, a 20 nm red shift is observed for AuNPs, while no shifts
were observed for the AuNRs and AuTNPs decorated TOF when
compare to the lLSPR obtained with UVevis spectroscopy. Master-
son at el. reported similar red shifted lLSPR for AuNPs upon binding
to a substrate [11]. The spectral shifts observed with the trans-
mission spectra are found to be very sensitive to refractive index
4

(RI) changes.
Since the refractive indices and densities of aqueous solutions of

“sugar” have been well studied [29], we then study the effect of
different glucose concentrations on the changes in the RI and the
corresponding wavelength induced by the three TOF plasmonic
biosensors. The glucose concentration is varied from 0 wt%
(deionized water only) to 40 wt% glucose in 10 wt% increments and
the optical response is monitored since the nanoparticles are
responsive to the refractive changes of their bulk environment.
Each glucose characterization was performed in triplicates and
sensors exhibited a good repeatability wherein the triplicate
spectra were almost superimposed. The sensor was thoroughly



Fig. 4. Calibration plots of AuNPs (�), AuNRs (-), and AuTNPs (:) TOF plasmonic
sensors. aqueous glucose solutions.
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rinsed with deionized water after each characterization. As illus-
trated in Fig. 3AeD, the transmission spectra obtained for the Au
laminated TOF showed a gradual red-shift with increasing glucose
concentration, whereas the unfunctionalized non-laminated TOF
showed an increase in transmission intensity as the result of
background RI effect. An increase in RI of the surrounding medium
is clear for each of the Au laminated TOF plasmonic sensor in
different glucose concentrations in relation to 0 wt% glucose (black
curve). The obtained data exhibited the same trend described for a
spherical particle optical response using Mie theory [30]. The bulk
sensitivities of AuNPs, AuNRs and the AuTNPs laminated TOFs were
114 nm/RIU 184 nm/RIU, and 263 nm/RIU, respectively as shown in
Fig. 4. The highest sensitivity was achieved with the AuTNPs TOF
plasmonic sensor, which was expected because the AuTNPs exhibit
a geometry with sharp edges compare to the AuNPs and AuNRs TOF
plasmonic sensors. The sharp edges on the AuTNPs leads to the
generation of an enhanced localized SPR phenomenon that is
attributed to the electromagnetic field around the sharp tip, edges,
and corners of the AuTNPs due to the polarization effects when
compared to the curved surfaces such as those seen in nanorods
and spherical nanoparticles [17]. Upon comparison to the unfunc-
tionalized non-laminated TOF, the sensitivity of the TOF is
enhanced when laminated with Au nanoparticles (e.g., AuNPs,
AuNRs, and AuTNPs) because of the electromagnetic field coupling
enhancement generated near the sensing region. In addition, it has
been noted that the shift in lpeak is due to the increase in effective RI
of the tapered region in close contact with the plasmonic metallic
particles [27]. This TOF plasmonic biosensor provides a platform for
low-cost fabrication and integration into microfluidics for high
throughput assays without compromising the biosensing efficiency
and have some advantages over LSPR biosensors, wherein the
spectral shift (Dlpeak) in the transmission spectra can be used to
Fig. 3. Refractive index sensitivity characterization. Normalized transmission spectra of gold
concentration of glucose. 0 wt% glucose (black curve), 10 wt% glucose (blue curve), 20 wt%
transmission spectra of the unfunctionalized non-laminated TOF in different concentration o
referred to the Web version of this article.)
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additionally monitor RI.
MicroRNA Sensing. The Dl peak of the TOF plasmonic biosensor

was evaluated during the ssDNA surface modification and the hy-
bridization of target microRNA in phosphate buffer saline (PBS).
The PBS incubation solution contained 5 mM ssDNA probe to target
mircoRNA let 7a. The ssDNA probe was reacted with 0.1 M tris(2-
carboxyethyl) phosphine (TCEP) solution for an hour to reduce di-
sulfide to thiol. And 1 mM PEG-SH was added as a spacer molecule
to prevent non-specific binding. The resulting ssDNA probe and
laminated TOF plasmonic sensors: (A) Au SPs, (B) Au NRs, and (C) AuTNPs in different
glucose (red curve), 30 wt% glucose (green curve), 40 wt% glucose (purple curve). (D)
f glucose. (For interpretation of the references to color in this figure legend, the reader is



Fig. 5. Transmission spectra of (A) AuNPs (B) AuNRs, and (C) AuTNPs decorated TOFs (black curve), after ssDNA and PEG modification (red curve), and after hybridization of ssDNA
with target microRNA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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PEG-SH (1:1000) functionalized TOF serves as the TOF plasmonic
biosensor ready for the detection of the target microRNA molecule.
Upon conjugating the DNA and PEG molecules to the TOF plas-
monic biosensor surface, approximately a 10 nm, 13 nm, and 15 nm
red shift was observed in the l peak of AuNPs, AuNRs, and AuTNPs as
shown in Fig. 5AeC. Subsequently, the detection process
Fig. 6. Normalized transmission spectra of the differently laminated TOF plasmonic biosenso
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commenced with the hybridization between the DNA-
functionalized TOF and the microRNA let-7a (1 nM) at the surface
of the TOF plasmonic biosensor. A 11.5 nm, 15 nm, and 21 nm red
shifts in the l peak was observed for AuNPs, AuNRs, and AuTNPs
plasmonic biosensor, respectively (Fig. 5AeC). The functionaliza-
tion and hybridization steps collectively induce a substantial red
r: (A) AuNPs (B) AuNRs, (C) AuTNPs, and (D) ssDNA functionalized non-laminated TOF.



Fig. 7. Corresponding calibration curves for TOF plasmonic biosensors functionalized
with AuNPs (�), AuNRs (-) TNPs, AuTNPs (:), ssDNA functionalized non-laminated
TOF (+), and unfunctionalized non-laminated TOF (A).
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shift in the l peak and these large shifts are attributed to significant
enhancement in the TOF plasmonic biosensor sensitivity upon the
formation of hydrogen bonds between the ssDNAs and the TOF
plasmonic biosensor surface and between the ssDNAs and the
target microRNAs.

Accordingly, Fig. 6AeD shows the l peak red shifted with
increasing concentrations of microRNA let-7a. Fig. 7 depicts the
calibration curves where the Dl peak is shown to correlate linearly
with logarithm of the microRNA concentration levels. The TOF
plasmonic biosensors exhibited a dynamic range of 10 pMe100 nM
with a sensitivity of 0.93 nm/nM for AuNPs (�), 1 pMe100 nM with
a sensitivity of 0.95 nm/nM for AuNRs (-), and 1 fMe 100 nMwith
a sensitivity of 0.98 nm/nM for AuTNPs (:) and a limit of detection
Table 1
AuTNPs TOF biosensor regression characteristics.

Equation

PBS Let 7a y ¼ 0.9764ln(x)þ þ16.0
mRNA 141 y ¼ 0.9026ln(x)þ þ14.9
Let 7c y ¼ 0.9171ln(x) þ 15.6
mRNA 21 y ¼ 0.9084ln(x) þ 15.9
mRNA 200 y ¼ 0.9714ln(x) þ 15.9

Human Serum Let 7a y ¼ 0.9706ln{x) þ 14.5
mRNA 141 y ¼ 0.9301ln(x) þ 13.8
Let 7c y ¼ 0.9887ln(x) þ 14.8
mRNA 200 y ¼ 0.9605ln(x) þ 14.3
mRNA21 y ¼ 1.0054ln(x) þ 14.9

SD - vtandard deviation.

Table 2
Comparison of label-free microRNA optical sensors.

microRNA Type Sample Source Method

Let7a Synthetic RNA MZI
10a and 10b Culture media I SPR
10a and 10b Human plasma I SPR
21 and let-7a Clinical urine samples MZI
10b and 21 Human plasma I SPR
21 and 155 Synthetic RNA I SPR
let7a,let7c,21,141, and 200 Human serum TOF

7

(LOD) of 51.8 pM, 95.1 fM, and 121 aM microRNA let-7a was
observed for AuNPs, AuNRs and AuTNPs, respectively. The ssDNA
functionalized non-laminated TOF was prepared by taking the
concentrated hydrochloric acid andmethanol (1:1 v/v) cleaned and
dried TOFs and incubating the TOF in the respective complemen-
tary 5 mM ssDNAwith 0.1 M TCEP solution for an hour. After which,
1 mM PEG-SH solution was added and allowed to react overnight
followed by rinsing in PBS buffer. Upon hybridization of the
immobilized ssDNA probes and the target microRNAs at the surface
of the TOF, the ssDNA functionalized non-laminated TOF (+)
exhibited a narrowed dynamic range of 1 nM to 100 nM with a
relatively poor sensitivity of 0.25 nm/nM and an LOD of 161 mM
microRNA let-7a. Although, the unfunctionalized non-laminated
TOF showed an increase in transmission intensity as the result of
background RI effect, it exhibited no Dl peak response at all. This
further illustrates that the lamination of TOF with Au nanoparticles
have synergic effects that enhance the electromagnetic field
coupling noticeably and results in nearly a 4-fold increase in
sensitivity and aM limit of detection microRNA.

Furthermore, both the bulk refractive index sensitivity and
microRNA detection studies revealed that AuNPs showed compar-
atively satisfactory sensitivity and LOD when compared to AuNRs
and AuTNPs. The AuTNPs based TOF plasmonic biosensor exhibited
large sensing volume that resulted in the highest sensitivity,
extended dynamic range and lowest LOD. Thus, AuTNPs based
plasmonic biosensor was used to evaluate the panel of microRNAs.
Fig. S1A and Table 1 depict the obtained calibration curves and
corresponding regression equations illustrating the ultrasensitive
response for the detection of ultra-low concentration of microRNAs
in PBS. A sensitivity and LOD of 0.98 nm/nM and 121 aM, 0.90 nm/
nM and 168 aM, 0.92 nm/nM and 103 aM, 0.97 nm/nM and 201 aM,
and 0.91 nm/nM and 261 aM for microRNA let 7a, 141, let 7c, 200
and 21 were obtained, respectively. Following the characterization
of the panel of microRNAs, the serum matrix effect of the TOF
plasmonic biosensor was evaluated using 40% human serum spiked
with predefined volume of 1 mM target microRNA to achieve 1 fMe

100 nM microRNA in human plasma without any amplification. As
shown in Fig. S1B, the results illustrate that the PEG spacer
R2 LOD SD

3 0.9872 121 aM 0.6111
5 0.9903 168 aM 0.6111
5 0.9817 103 aM 0.6111
1 0.9819 261 aM 0.4778
1 0.9827 201 aM 0.6444
6 0.9940 1.22 fM 0.4778
8 0.9848 1.10 fM 0.6111
9 0.9952 0.972 fM 0.6111
9 0.9763 1.18 fM 0.6444
9 0.9876 1.01 fM 0.6111

Linear Range LOD Referense

2 nM - 20 mM 212 pM [7]
1 fM - 10 nM 83aM [20]
100 aM - 1 nM 32 aM-0.15pM [21]
IfM �1 pM 1 fM [31]
50 fM - 100 nM 23-35 fM [32]
10 aM- 10pM 10aM [33]
1 fM - 100 nM 1 fM This work



Fig. 8. (A) Schematic illustration of TOF plasmonic biosensor regeneration. (B) Normalized transmission spectrum of a reversible cycle: Black e AuTNPs TOF plasmonic biosensor,
Red e immobilized ssDNA probe, Blue e DNA-RNA duplex (hybridization with 1 nM microRNA let 7a), and Green e RNase H treatment. C) Three full cycles of surface regeneration.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Comparison of four TOF plasmonic biosensors quantified in triplicates for the
detection of microRNA-141.

T. Liyanage, M. Lai and G. Slaughter Analytica Chimica Acta 1169 (2021) 338629
molecule efficiently minimized non-specific binding to the surface
of the TOF plasmonic biosensor, where a similar dynamic range of
1 fM e 100 nM microRNA was observed. Table 1 shows slightly
higher sensitivities and higher LODs of 0.97 nm/nM and 1220 aM,
0.93 nm/nM and 1097 aM, 0.99 nm/nM and 972 aM, 0.96 nm/nM
and 1181 aM, and 1.01 nm/nM and 1014 aM for microRNA let 7a,
141, let 7c, 200 and 21 were obtained, respectively. The higher LODs
are attributed to the inherent negative effects caused by serum
proteins. The Dl peak was observed to be highly correlated with the
8

microRNA concentration levels. Thereby indicating that the fabri-
cated TOF plasmonic biosensors can be used to detect a microRNAs
in biological samples.

Table 2 provides a comparison of the fabricated TOF plasmonic
biosensor with existing optical biosensors to detect microRNA
molecules. Similar microRNA molecules have been sensed using a
variety of optical biosensors including LSPR based biosensors with
an LOD ranging from 212 pMe10 aM and a dynamic range from 10
aMe100 nM. The fabricated TOF plasmonic biosensor exhibited
better LOD compared to the sensors reported by Liang et al. and
Joshi et al. [7,32]. However, others have reported sub-attomolar
LODs using the LSPR method [20,21]. This may be the result of
the sensitivity of the devices. The LODs of our fabricated TOF
plasmonic biosensors are overall comparable to previously re-
ported optical biosensor (LOD ¼ 1 fM) [31].

Selectivity and Regenerative Characteristics. The selectivity of
the TOF plasmonic biosensor was evaluated to ensure that the
biosensor was selective towards the target miRNA molecule. The
AuTNPs TOF plasmonic biosensor (black curve) was incubated in a
solution of complimentary ssDNA probe to target mircoRNA let 7a
and a Dl peak was detected at 782 nm as shown in Fig. S2 (blue
curve). The ssDNA functionalized AuTNPs TOF plasmonic biosensor
was then introduced to a solution mixture of 100 nM equimolar
non-complimentary microRNA sequences (microRNA let 7c,
microRNA 200, microRNA 141, and microRNA 21), and the
biosensor showed no shift in the Dl peak (red curve). However, upon
exposure to the microRNA let7a solution, binding the target mol-
ecules, a shift in the Dl peak (green curve) was observed, thereby
illustrating the selectivity and specificity of biosensor to detect the
target miRNA, let 7a using complementary ssDNA probe to micro-
RNA let 7a. These results demonstrate that the TOF plasmonic
biosensor enables highly sensitive and selective, label-free detec-
tion of target microRNA over background effect produce by related
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microRNA molecules. Furthermore, the selectivity test provided a
unique opportunity for evaluating the specificity of the TOF plas-
monic biosensor towards the target microRNA let 7a. microRNA let
7a and let 7c exhibit one nucleotide mismatch at the 15th position
in their entire sequence, and microRNA let 7c was not detected by
the fabricated TOF plasmonic biosensor with complimentary ssDNA
probe to target mircoRNA let 7a, thereby illustrating the high
specificity of the TOF plasmonic biosensor.

Since the obtained calibration plot exhibited similar dynamic
range, we investigated the binding isotherms of the complementary
ssDNA to the targeted microRNAs in serum by fitting the data to the
Hill equation using GraphPad Prism as shown in Fig. S3.We observed
an effective dissociation constant, kd, of 3.521 ± 0.4778 nM,
4.465 ± 0.6111 nM, 7.895 ± 0.6111 nM, 1.399 ± 0.6444 nM, and
0.1142 ± 0.6111 nM for microRNA let 7a, 141, 21, 200, and let 7c,
respectively. MicroRNA concentrations up to 100 nMwere employed
since these biomarkers are present in picomolar concentrations in
patient's serum. The highest microRNA concentration resulted in ca.
20 nm shift. The binding curve shows a saturation point beyond
30 nm shift with micromolar concentrations. Since the highest
microRNA concentration used was 100 nM similar linear range were
observed. Table S3 provides the dissociation constant and Hill coef-
ficient (h) and adjusted R2 values for the Hill equation (Equation S1)
for all fivemicroRNAs for all concentration range. The kd provides the
binding affinity between the complementary ssDNA and the target
microRNA. This in turn relates to the sensitivity and selectivity of the
assay towards target analyte, thereby enabling the exploration of
specificity and sensitivity of ssDNA to enable low microRNA con-
centration binding. Additionally, the given Hill coefficient of all
binding curves were less than 1 and that indicates the binding of a
target microRNA to their target receptor decreases the binding af-
finity of subsequent receptors to assure the high specificity of
binding.

Regeneration of a biosensor surface is an important character-
istic that enables the same biosensor to be used for multiple assays.
As shown in Fig. 8A, the regenerative aspects of the TOF plasmonic
biosensor with ssDNA complimentary probe for let 7a and the PEG
spacer molecule is illustrated. Fig. 8B shows the biosensor response
after incubation in a 1 nMmicroRNA-let 7a (blue curve). A total red
shift in the lpeak of approximately 29.5 nm was observed from the
capture ssDNA attachment to the hybridization with microRNA-let
7a. The hybridized DNA-RNA duplex on the TOF plasmonic
biosensor surface was then incubated in 10 units RNase H enzyme
solution for 2 h to selectively unhybridized the DNA-RNA duplex.
The obtained transmission spectrum (green curve) shows an
average 14 nm blue shift in the l peak response. Thereby, the TOF
plasmonic biosensor returned to its original l peak position (red
curve) for ssDNA complimentary probe for let 7a and the PEG
spacer molecule. We successfully demonstrated that the TOF
plasmonic biosensor surface can be regenerated and re-used two
times as shown in Fig. 8C.

The reproducibility of the biosensor was determined using four
similarly prepared TOF plasmonic biosensors as depicted in Fig. 9.
The sensors response in the presence of 100 nM microRNA 141
were quantified in triplicates. An average Dlpeak of 20.84 nmwith a
low standard deviation of 1.09 was obtained for the four biosensors.
The relative standard deviation of 5.23% confirms small variation in
the biosensors’ response. These results demonstrate good func-
tionality and repeatability of the TOF plasmonic biosensor in
detecting target microRNA.

4. Conclusion

We successfully demonstrated the fabrication of an innovative
label-free ultrasensitive TOF plasmonic biosensor using Au
9

nanoparticle laminated TOF. We reported bulk refractive index
sensitivity of 263 nm/RIU for the AuTNPs TOF plasmonic sensor. The
feasibility of the TOF plasmonic biosensor for the detection of a
panel of microRNAs was evaluated. We demonstrated attomolar
LODs without sample amplification. The aM LOD was achieved
because of the evanescent waves exciting the localized surface-
plasmon resonance to enhance the electromagnetic field coupling
of the biosensor, thereby resulting in a noticeable dip in the
transmission spectrum and red shifting with increasing target
microRNA concentrations. The TOF plasmonic biosensor exhibited
ultrasensitivity to the quantitative detection of the target micro-
RNAs. In addition, the TOF plasmonic biosensor demonstrated
excellent selectivity towards target microRNA and no significance
response was observed in the presence of other microRNAs. This
low-cost AuTNPs TOF plasmonic biosensor showed fM LOD for the
microRNA in 40% human serum over a dynamic range of 1 fM e

100 nM with a slightly higher sensitivity. The TOF plasmonic
biosensor signifies a unique approach for detecting microRNAs.
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