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Abstract: miRNAs are small non-coding RNA molecules
which serve as promising biomarkers due to their important
roles in the development and progression of various cancer
types. The detection of miRNAs is of vital importance to the
early-stage diagnostics and prognostics of multiple diseases.
However, traditional detection strategies have faced some
challenges owing to the intrinsic characteristics of miR-
NAs including small size, short sequence length, low con-
centration level and high sequence homology in complex
real samples. To overcome these challenges, we proposed
a MXene-enhanced plasmonic hiosensor for real-time and
label-free detection of miRNA. By utilizing MXene nano-
material which possesses unique characteristics including
large surface area and strong carrier confinement abili-
ties, we tuned the absorption of our plasmonic sensing
substrate to reach a “zero-reflection” state and induced an
extremely sharp phase change at the resonance angle. Com-
bined with the sensing mechanism based on phase-induced
lateral displacement measurement, this MXene-enhanced
plasmonic biosensor can achieve a much superior sensing
performance compared to traditional SPR devices. Based
on this biosensing scheme, the ultrasensitive detection of
target miRNA with a detection limit down to 10 fM has
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been successfully demonstrated. More importantly, single-
base mismatched miRNA can be easily distinguished from
the target miRNA according to the sensing signal. Fur-
thermore, our plasmonic biosensor is capable of detecting
miRNA in complex media such as 100 % human serum sam-
ples without compromising the detection sensitivity. This
MZXene-enhanced plasmonic sensing scheme has the abil-
ity of detecting miRNAs with extremely low concentration
levels in complex surrounding media without the need of
introducing extra labels or amplification tags, which holds
great potential in various biological applications and clini-
cal diagnostics.

Keywords: miRNA detection; surface plasmon resonance;
MZXene-enhanced biosensing; phase singularity

1 Introduction

The abnormal expression of specific microRNAs (miRNAs)
is closely related to different kinds of cancer [1-3]. Among
them, miRNA-21 is a well-recognized biomarker that has
been proven to be upregulated in many cancer types includ-
ing breast, pancreatic, lung and colorectal cancers, etc. [4,
5]. As a result, the ultrasensitive detection of miRNA-21 is
of vital significance to early-stage cancer diagnostics. How-
ever, the small size and low concentration level of miRNA-21
in clinical samples have made its detection quite challenging
[6-8].

Traditional analytical strategies for miRNA detec-
tion include quantitative reverse transcription polymerase
chain reaction (qQRT-PCR) [9], microarray-based hybridiza-
tion [10] and next-generation sequencing [11], etc. [12-14].
The qRT-PCR method has high sensitivity and specificity.
However, its performance largely relies on the designed
primers and sample preparation conditions [15]. Moreover,
areference gene is usually needed for signal normalization.
Microarray-based hybridization shows unique advantages
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in multiplexed detection, but it fails to compete in terms of
sensitivity. Also, high background noise may occur owing to
non-specific hybridization [16]. Next-generation sequencing
is capable of profiling both known and novel miRNAs. Nev-
ertheless, sequencing bias and errors may be introduced in
the detection process [17]. The high cost and computation-
ally intensive operations also hinder its accessibility. Most
importantly, all the above approaches require additional
amplification or labeling procedures, which greatly limits
the application scenarios.

Surface plasmon resonance (SPR) technology, which
possesses the advantages of label-free, real-time, dynamic
monitoring abilities and good stability, has become one of
the most promising sensing strategies for miRNA detection
[18]. Nevertheless, limited by the detection sensitivity, tra-
ditional SPR biosensors based on wavelength or angle are
difficult to detect miRNAs with low concentration levels. It is
also challenging to distinguish miRNAs with high sequence
homology. To overcome these challenges, researchers have
proposed various amplification strategies including exploit-
ing gold nanoparticles as extra signal amplification tags
[19, 20] and designing DNA tetrahedron structures [21, 22].
However, these strategies will add additional detection steps
and complexity in time will be largely increased.

In this paper, we have proposed a MXene-enhanced
plasmonic biosensor based on the detection of lateral dis-
placement known as Goos—Héanchen (GH) shift for ultrasen-
sitive miRNA detection. Over the recent years, MXene has
been explored as a promising biosensing material due to
its merits of layered structure, large surface area, strong
carrier confinement abilities and high binding energies for
biomolecules, etc. [23—25]. Here, we have designed an opti-
mized MXene-on-Au substrate and combined it with the
GH shift interrogation method to achieve optimized sens-
ing performance for the first time. The designed plasmonic
substrate was calibrated through reflectivity measurement,
whichisin good accordance with our simulation model. The
capability of detecting minute refractive index (RI) changes
was also demonstrated by measuring PBS solutions with
extremely low concentration differences. Compared with
traditional wavelength-based measurements, our device
can reach a much higher sensitivity.

The sensing scheme was then applied to the detection of
miRNA-21 with a detection limit down to 10 fM (10~ mol/L).
Moreover, single mismatched miRNA can be distinguished
from the target miRNA-21, demonstrating the high speci-
ficity of our device and the ability to recognize miRNA
sequences with high homology. More importantly, our plas-
monic sensing scheme is capable of direct miRNA detection
in complex media such as human serum, which broadens
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its application scenarios. We anticipate that our device will
provide a useful tool in early-stage clinical diagnostics of
various major diseases.

2 Materials and methods

2.1 Reagents

DNA and RNA oligonucleotides were synthesized by Sangon Biotechnol-
ogy Co. (Shanghai, China). The DNA and miRNA sequences used in this
work are listed here:

miRNA-21: 5'-UAGCUUAUCAGACUGAUGUUGA-3

amine-modified DNA sequence: 5'-NH,-TTTTTCAACATCAGTCTG
ATAAGCTA-3' (complementary to miRNA-21)

single base mismatch miRNA: 5-UAGCUUAUCAUACUGAUGU
UGA-3

All DNA and RNA samples used in this work were dissolved
in DNase/RNase-Free distilled water purchased from Fisher Scientific
(USA). (3-Glycidyloxypropyl)trimethoxysilane (GOPTS), HCL, and NaOH
were purchased from Sigma-Aldrich (USA).

2.2 Design of plasmonic sensing system

In our work, a plasmonic sensing system based on lateral displace-
ment measurement is designed. Compared to traditional wavelength-
or angle-based measurement, this scheme utilizes a phase-induced
lateral position shift measurement that can achieve higher detection
sensitivity. The schematic diagram of this biosensing system is shown
in Figure 1. The plasmonic sensing substrate is functionalized with
capture DNA first. When the target miRNA molecules are presented
in the solutions, the reflected light beam experiences a sharp phase
change and alarge lateral displacement is readily detected by a position
sensor. By dynamically monitoring the change in the position shift,
real-time and direct detection of miRNA can be realized. This lateral
displacement is also known as the GH shift, which is defined as the
higher order of phase signal. According to the basic principle of SPR,
when the incident light reaches the plasmonic substrate at a specific
angle known as the SPR angle, a propagating surface plasmon is excited,
generating a significant decrease in the intensity of the reflected beam.
This state is known as “zero-reflection”, during which a sharp phase
change also occurs. Compared to the change in intensity or SPR angle,
the change in optical phase is much steeper and therefore leads to
much higher sensitivity. The sharp phase change results in a giant
lateral displacement [26-28]. The information on lateral displacement
change can be easily extracted from a commercial position sensor,
which largely decreases the detection complexity without compro-
mising the high level of sensitivity [29]. The schematic illustration
of this GH shift-based SPR optical setup is presented in Supporting
information.

The improvement in detection sensitivity largely depends on the
optimization of the plasmonic sensing substrate to reach a perfect
absorption state. When the reflection reaches almost zero, the sharpest
optical phase change and the largest lateral displacement change take
place, meaning that the highest possible detection sensitivity can be
realized when the lowest possible reflection is achieved at the SPR
angle. In conventional SPR substrates that consist of noble metals only
(e.g., gold, silver, copper, etc.) [30, 31], a strict requirement on controlling
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Figure 1: Schematic diagram of miRNA detection scheme based on phase-induced lateral displacement measurement. Inserted figure (a) Sensing
mechanism based on a sharp phase change. (b) Sensing signal upon miRNA injection.

the metal thickness should be obeyed to optimize the detection sensitiv-
ity [32]. However, current fabrication technologies cannot meet the high
demand for tuning the thickness to the resolution of a few nanometers.
To overcome this challenge, we have utilized MXene as an effective
tuning material. Through adding a thin layer of MXene nanosheets, the
reflection can be significantly reduced, which in turn leads to a much
sharper optical phase signal change and the corresponding lateral posi-
tion shift change.

To optimize the sensing substrate, a detailed simulation analysis
was performed. In a multilayer Kretchmann configuration with n lay-
ers, the reflectivity can be calculated as:

Iin—1 t T'n-1,6XP (Zikn—l d,y )

- @
147y 1 Th10€XP (ZIkn—ldn—l)

R=r,=

Therefore, to calculate the reflectivity, we need to sequentially
identify r;,, ry5 ... tO Ty, 4.

The reflection coefficient r,,_, , of two adjacent layers (nth layer
and (n — 1)th layer) is

Zn—l - Zn
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Z, 1+ 2Z,
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@

where Z, = 7, which is the ratio between the complex dielectric con-
n
stants of the nth layer (¢,,) and the wave vector in the nth layer (k,). k,

can be calculated by k, = k,1/€, — €, sin’ 6. In these equations, k, is

the wave vector of light in free space, 6. is the incident angle, d,, is the
thickness of the nth layer.

The complex reflection coefficients can be represented as r =
|r|exp(igh), where ¢ denotes the optical phase of the light. Here, we mea-
sured the lateral displacement signal, which is more easily accessible
than the phase signal. This displacement is known as the higher-order
mode of the phase signal and can be represented by [33]:

AL=--2%0 ®

According to the above equations, we have simulated the reflec-
tion state of the MXene-enhanced substrate by a MATLAB program. The
detailed optimization process and the parameters used in the simu-
lation have been listed in the Supporting information. In Figure 2(a),
we can see that the minimum reflectivity can be reduced from 0.08 to
9.3 x 10~% by changing the traditional sensing substrate to the MXene-
on-Au configuration. As discussed earlier, when the minimum reflec-
tivity is greatly reduced, a much sharper phase change is obtained
(Figure 2(b)) and a larger lateral displacement change is achieved. As
shown in Figure 2(c), the largest lateral displacement can be increased
from 22 pm to up to 838 pm, demonstrating that a more significant
signal change can be detected upon molecular binding at the sensing
interface.
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Figure 2: Simulation analysis of (a) reflectivity (b) phase (c) lateral displacement signal based on both Au-only substrate and MXene-enhanced

substrate.

2.3 Substrate fabrication and surface functionalization

The plasmonic substrate was designed and fabricated with the opti-
mized parameters based on the simulation analysis, as introduced in
the last section. First, 40 nm Au, as well as 25nm Ti as the adhe-
sion layer, were fabricated onto the BK7 glass substrate through DC
magnetron sputtering. Then, we spin-coated Ti;C, MXene (single layer
colloidal solution) with a concentration of 0.8 mg/mL as a tunable
layer onto the Au-coated substrate. The spin-coating parameters used
in our experiments are 3000 rpm with a duration of 10 s. Compared
to the fabrication of a traditional Au-only SPR substrate, only a quick
spin-coating procedure is needed to fabricate our optimized MXene-
enhanced plasmonic substrate, which barely adds any complexity to
the fabrication process.

To detect target miRNA with specific sequences, capture DNA was
designed and functionalized onto the MXene-on-Au substrate using
GOPTS as the linker. The plasmonic substrate was immersed in 2 %
GOPTS (dissolved in ethanol) for 1h to enable the covalent bond-
ing between the epoxide group of GOPTS and the functional groups
of MXene [34]. Then, the chamber was filled with ultrapure water
to wash away the unbound GOPTS. After that, the synthesized NH,-
functionalized DNA was injected into the reaction chamber and placed
for 1h 20 min. The plasmonic substrate was therefore functionalized
with capture DNA with a sequence complementary to miRNA-21. To
avoid nonspecific binding, 1% BSA solution which is commonly used
as the blocking agent [35, 361, was introduced to the surface for 40 min.
After washing with distilled water, the substrate was ready for the
following direct miRNA detection. Finally, the plasmonic substrate was
regenerated using 2.5 mM HCI solutions and 10 mM NaOH/0.1 % SDS
solutions.

3 Result and discussion

3.1 System calibration

First, we have demonstrated the superiority of our plas-
monic biosensing platform based on lateral position shifts
over the traditional wavelength interrogation method. As
explained earlier, the GH shift-based measurement has the
capability of achieving a sharper signal change compared
to wavelength or angle-based detection. Here, we tested the

performance of a commercial SPR device (P4SPR, Affinité
Instruments) that utilizes the typical wavelength interroga-
tion method. As shown in Figure 3(a), the wavelength shift
signal of 2.5 % (defined as the volume ratio between 1 X
PBS and distilled water) PBS solutions and 5 % PBS solutions
showed no significant difference. The results indicated that
the commercial device failed to distinguish small refractive
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Figure 3: Calibration results of measuring PBS with different
concentration levels using (a) a commercial SPR device based on
wavelength shift and (b) our SPR device based on lateral position shift.
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index variations. In Figure 3(b), we have demonstrated the
performance of our device in detecting minute RI changes.
Unlike Figure 3(a), there is a significant difference in lateral
position signal change between 2.5 % and 5 % PBS, which
proved that our device possessed higher sensitivity. More-
over, our device can distinguish even lower PBS concentra-
tion (1.25 %), which corresponds to a lower detection limit
compared to the commercial one. It is also noticeable that
the standard deviations of data acquired by our device were
much smaller than the commercial one, which revealed the
higher stability and signal-to-noise ratio of our device.

To further enhance the detection sensitivity, we have
utilized MXene nanosheets to tune the absorption of our
plasmonic sensing substrate. To validate the reliability of
our device, we measured the reflectivity of the MXene-on-
Au substrate in air and compared the experimental results
with our simulation analysis. We randomly selected two
points on the substrate and plotted the results in Figure 4(a).
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Figure 4: Calibration tests on the designed plasmonic substrates:

(a) Simulation and experimental results of reflectivity spectra in air based
on MXene-on-Au substrate. (b) Lateral position shift signal of glycerol
solutions with different concentration levels based on MXene-on-Au and
Au-only substrate.
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Two sets of experimental data showed no significant vari-
ations with each other and were both in good accordance
with our simulation results, demonstrating the stability
of our device and the capability of achieving comparable
results with simulation calculations. Next, as a standard
calibration test, we measured the change of lateral position
shift signal with respect to glycerol solutions with different
concentrations. As depicted in Figure 4(b), a much higher
signal response upon injection and larger signal change
between different concentration levels was achieved using
our optimized MXene-on-Au substrate compared with the
traditional Au-only substrate. The bulk sensitivity of our
device can reach the level of 10* um/RIU. The calibration
results indicated that higher sensing performance can be
readily realized by utilizing a layer of MXene material.

3.2 Direct miRNA detection

The capability of this MXene-enhanced plasmonic system
in ultrasensitive biosensing was demonstrated by the detec-
tion of miRNA-21. As shown in Figure 5(a), the lateral posi-
tion shift signal gradually increased upon the injection
of target molecules and saturated after 20-30 min. This
trend in the measured curve indicated the efficient bind-
ing between miRNA-21 and its complementary capture DNA
on the substrate. The lowest detectable concentration of
miRNA-21 was obtained at 10 fM, which is enhanced by
two orders of magnitude compared to the commercial SPR
device (details in Figure S6, Supporting information). Sub-
sequently, to test the specificity of this device, single base
mismatched miRNA with the same concentration level as
miRNA-21 was introduced into the reaction chamber as
well. No observable signal change was detected during the
whole process. The two entirely different binding curves
in Figure 5(a) indicated that only perfectly matched miRNA
can cause a large lateral position shift signal, which demon-
strated the high specificity of our device.

Both experiments (detection of miRNA-21 and single
base mismatched miRNA) were repeated three times. A
summary of these multiple sets of experiments including
the average lateral displacement signal value and standard
deviations is shown in Figure 5(b). We can see that the
single base mismatched miRNA barely induced any signal
change in the system while the miRNA-21 can cause an aver-
age signal increase of 13.93 pm. The dataset also presented
a high consistency between different sets of experiments,
which proved the stability and reliability of our device.
Moreover, the six sets of experiments were conducted using
the same MXene-on-Au substrate. Each detection run was
carried out after surface regeneration and surface func-
tionalization procedures, which proved the reproducibility
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Figure 5: Direct detection of miRNA-21. (a) Real-time lateral position shift
measurement of miRNA-21 and single base mismatched miRNA.
(b) Result summary of repeated experiments.

of our plasmonic sensing substrate. We have also tested
the ability of our system in detecting miRNA-21 with vari-
ous concentrations. Our investigations have substantiated
that the proposed system has a measurement range of
miRNA detection from 10 fM to 10 nM. The lateral displace-
ment signal has increased when increasing the concentra-
tion of miRNA-21. Notably, this increment demonstrated a
trend of reaching a saturation point beyond a concentra-
tion level of 107 mol/L, as illustrated in Figures S7 and
S8 (Supporting information).

3.3 miRNA detection in human serum
samples

To demonstrate the capability of our device in detecting
miRNAs in real clinical samples, we have tested it with
miRNA-21 spiked into an undiluted human serum sample. As
shown in Figure 6, the trend of the sensing signal is similar
despite the change of detection media from PBS solutions to
100 % human serum. In Figure 6(a), the lateral displacement
also experienced a gradual binding process and saturated
at around 45 min. The average lateral position shift change
after saturation is measured to be around 27.5 pm. Only
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(a) Detection of miRNA-21 in 100% human serum
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Figure 6: Detection of miRNA in 100 % human serum samples. (a) Detec-
tion of miRNA-21. (b) Detection of single base mismatched miRNA.

miRNA-21 with sequence specific to the capture DNA caused
a gradually increased lateral displacement signal while sin-
gle base mismatched miRNA barely induced any change to
the sensing signal, as shown in Figure 6(b). The detection
limit of miRNA in human serum can also reach 104 mol/L.
The experimental results have verified that the abundance
of protein in the human serum did not compromise the
sensing performance of our plasmonic biosensor.

4 Conclusions

In this paper, we have proposed an ultrasensitive plas-
monic sensing scheme for label-free and real-time miRNA
detection based on MXene-enhanced substrate. Combined
with GH-shift measurement which possesses high sensi-
tivity, miRNA-21 with concentration down to 10 fM has
been successfully detected. Single-base mismatched miRNA
has been effectively recognized from the sensing sig-
nal and binding curve, which demonstrates the high
specificity of our device. More importantly, the detection



DE GRUYTER

of low-concentration miRNA in complex media such as
100 % human serum has also been achieved. This MXene-
enhanced SPR biosensor based on the lateral displacement
detection mechanism offers superior sensing performance
to traditional SPR techniques and is capable of direct detec-
tion without the need to introduce extra labels or amplifica-
tion tags. Our biosensing technique that effectively exploits
the unique properties of MXene to enhance SPR perfor-
mance provides a promising tool for the effective detection
of miRNA and could evolve into a platform to detect a wide
class of nano-objects, such as many other tumor biomarkers
in clinical diagnosis, viral particles, or for monitoring syn-
thesis and aggregation processes on a molecular level.

Research funding: National Natural Science Foundation of
China (Grant No. 62204253, 62074255), China Postdoctoral
Science Foundation (Grant No. 2022T150679 and No. 2022M
723304), Shenzhen Science and Technology Innovation Com-
mittee (KCXFZ202002011008124, ]JCYJ20210324101610028,
JCYJ20210324101405016, and JSGGZD20220822095200001).
Author contribution: All authors have accepted responsibil-
ity for the entire content of this manuscript and approved its
submission.

Conflict of interest: Authors state no conflict of interest.
Informed consent: Informed consent was obtained from all
individuals included in this study.

Ethical approval: The conducted research is not related to
either human or animals use.

Data availability: Data sharing is not applicable to this arti-
cle as no datasets were generated or analysed during the
current study.

References

[11 M. Acunzo, G. Romano, D. Wernicke, and C. M. Croce, “MicroRNA
and cancer—a brief overview,” Adv. Biol. Regul., vol. 57, pp. 1-9,
2015.

[2] A. McGuire, . A. Brown, and M. J. Kerin, “Metastatic breast cancer:
the potential of miRNA for diagnosis and treatment monitoring,”
Cancer Metastasis Rev., vol. 34, pp. 145—155, 2015.

[3] C.S.Martins, A. P. LaGrow, and J. A. Prior, “Quantum dots for
cancer-related miRNA monitoring,” ACS Sens., vol. 7, no. 5,
pp. 1269—1299, 2022.

[4] M.Deng,Z. Ren, H. Zhang, et al., “Unamplified and real-time
label-free miRNA-21 detection using solution-gated graphene
transistors in prostate cancer diagnosis,” Adv. Sci., vol. 10, no. 4,
p. 2205886, 2023.

[5]1 R.Salahandish, A. Ghaffarinejad, E. Omidinia, et al., “Label-free
ultrasensitive detection of breast cancer miRNA-21 biomarker
employing electrochemical nano-genosensor based on
sandwiched AgNPs in PANI and N-doped graphene,” Biosens.
Bioelectron., vol. 120, pp. 129—136, 2018.

Y. Wang et al.: Ultrasensitive label-free plasmonic miRNA-21 detection = 4061

[6] C.C.Pritchard, H. H. Cheng, and M. Tewari, “MicroRNA profiling:
approaches and considerations,” Nat. Rev. Genet., vol. 13, no. 5,
pp. 358—369, 2012.

[71 J. Wu, X. Zhou, P. Li, et al., “Ultrasensitive and simultaneous SERS
detection of multiplex microRNA using fractal gold nanotags for
early diagnosis and prognosis of hepatocellular carcinoma,” Anal.
Chem., vol. 93, no. 25, pp. 8799—8809, 2021.

[8] T.Xue, W. Liang, Y. Li, et al., “Ultrasensitive detection of miRNA
with an antimonene-based surface plasmon resonance sensor,”
Nat. Commun., vol. 10, no. 1, p. 28, 2019.

[9] X.Guo,T.Tian, X. Deng, Y. Song, X. Zhou, and E. Song,
“CRISPR/Cas13a assisted amplification of magnetic relaxation
switching sensing for accurate detection of miRNA-21in human
serum,” Anal. Chim. Acta, vol. 1209, p. 339853, 2022.

[10] J. M. Lee and Y. Jung, “Two-temperature hybridization for
microarray detection of label-free microRNAs with attomole
detection and superior specificity,” Angew. Chem., Int. Ed., vol. 50,
no. 52, pp. 12487—12490, 2011.

[11] S.Tam, R. De Borja, M.-S. Tsao, and J. D. McPherson, “Robust global
microRNA expression profiling using next-generation sequencing
technologies,” Lab. Invest., vol. 94, no. 3, pp. 350—358, 2014.

[12] P.Ramnani,Y. Gao, M. Ozsoz, and A. Mulchandani, “Electronic
detection of microRNA at attomolar level with high specificity,”
Anal. Chem., vol. 85, no. 17, pp. 8061—8064, 2013.

[13] H.Lee,].-E. Park, and J.-M. Nam, “Bio-barcode gel assay for
microRNA,” Nat. Commun., vol. 5, no. 1, p. 3367, 2014.

[14] N. Fakhri, S. Abarghoei, M. Dadmehr, M. Hosseini, H. Sabahi, and
M. R. Ganjali, “Paper based colorimetric detection of miRNA-21
using Ag/Pt nanoclusters,” Spectrochim. Acta, Part A, vol. 227,

p. 117529, 2020.

[15] X.Qiu, X. Liu, W. Zhang, et al., “Dynamic monitoring of
microRNA—DNA hybridization using DNAase-triggered signal
amplification,” Anal. Chem., vol. 87, no. 12, pp. 6303—6310, 2015.

[16] G.K. Joshi, S. Deitz-McElyea, M. Johnson, S. Mali, M. Korc, and R.
Sardar, “Highly specific plasmonic biosensors for ultrasensitive
microRNA detection in plasma from pancreatic cancer patients,”
Nano Lett., vol. 14, no. 12, pp. 6955—6963, 2014.

[17] A.Git, H. Dvinge, M. Salmon-Divon, et al., “Systematic comparison
of microarray profiling, real-time PCR, and next-generation
sequencing technologies for measuring differential microRNA
expression,” RNA, vol. 16, no. 5, pp. 991—1006, 2010.

[18] A.]ebelli, F. Oroojalian, F. Fathi, A. Mokhtarzadeh, and M. de la
Guardia, “Recent advances in surface plasmon resonance
biosensors for microRNAs detection,” Biosens. Bioelectron., vol. 169,
p. 112599, 2020.

[19] Q.Li, Q. Wang, X. Yang, K. Wang, H. Zhang, and W. Nie, “High
sensitivity surface plasmon resonance biosensor for detection of
microRNA and small molecule based on graphene oxide-gold
nanoparticles composites,” Talanta, vol. 174, pp. 521—526, 2017.

[20] L.Hong, M. Lu, M. P. Dinel, et al., “Hybridization conditions of
oligonucleotide-capped gold nanoparticles for SPR sensing of
microRNA,” Biosens. Bioelectron., vol. 109, pp. 230—236, 2018.

[21] W. Nie, Q. Wang, L. Zou, et al., “Low-fouling surface plasmon
resonance sensor for highly sensitive detection of microRNA in a
complex matrix based on the DNA tetrahedron,” Anal. Chem.,
vol. 90, no. 21, pp. 12584—12591, 2018.

[22] W.Wu, X. Yu, ). Wu, et al., “Surface plasmon resonance
imaging-based biosensor for multiplex and ultrasensitive
detection of NSCLC-associated exosomal miRNAs using DNA



4062 = Y.Wang et al.: Ultrasensitive label-free plasmonic miRNA-21 detection

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

programmed heterostructure of Au-on-Ag,” Biosens. Bioelectron.,
vol. 175, p. 112835, 2021.

R. Kumar, S. Pal, Y. Prajapati, and J. Saini, “Sensitivity enhancement
of MXene based SPR sensor using silicon: theoretical analysis,”
Silicon, vol. 13, pp. 1887—1894, 2021.

A.Sinha, H. Zhao, Y. Huang, X. Lu, J. Chen, and R. Jain, “MXene: an
emerging material for sensing and biosensing,” TrAC, Trends Anal.
Chem., vol. 105, pp. 424—435, 2018.

L. Wu, Q. You, Y. Shan, et al., “Few-layer Ti3C2Tx MXene: a
promising surface plasmon resonance biosensing material to
enhance the sensitivity,” Sens. Actuators, B, vol. 277, pp. 210—215,
2018.

Q. You, Y. Shan, S. Gan, Y. Zhao, X. Dai, and Y. Xiang, “Giant and
controllable Goos-Héanchen shifts based on surface plasmon
resonance with graphene-MoS2 heterostructure,” Opt. Mater.
Express, vol. 8, no. 10, pp. 3036 —3048, 2018.

R.-G. Wan and M. S. Zubairy, “Tunable and enhanced
Goos-Hanchen shift via surface plasmon resonance assisted by a
coherent medium,” Opt. Express, vol. 28, no. 5, pp. 6036 —6047,
2020.

K. V. Sreekanth, C. M. Das, R. Medwal, et al., “Electrically tunable
singular phase and Goos—Hanchen shifts in
phase-change-material-based thin-film coatings as optical
absorbers,” Adv. Mater., vol. 33, no. 15, p. 2006926, 2021.

Y. Wang, S. Zeng, A. Crunteanu, et al., “Targeted sub-attomole
cancer biomarker detection based on phase singularity 2D
nanomaterial-enhanced plasmonic biosensor,” Nano-Micro Lett.,
vol. 13, pp. 1—11, 2021.

G. V. Naik, V. M. Shalaev, and A. Boltasseva, “Alternative plasmonic
materials: beyond gold and silver,” Adv. Mater., vol. 25, no. 24,
pp. 3264—3294, 2013.

DE GRUYTER

[31] J. Divya, S. Selvendran, A. S. Raja, and A. Sivasubramanian,

32]

331

[34]

[35]

[36]

“Surface plasmon based plasmonic sensors: a review on their past,
present and future,” Biosens. Bioelectron.: X, vol. 11, p. 100175,
2022.

L. Berguiga, L. Ferrier, C. Jamois, T. Benyattou, X. Letartre,

and S. Cueff, “Ultimate phase sensitivity in surface plasmon
resonance sensors by tuning critical coupling with phase

change materials,” Opt. Express, vol. 29, no. 25, pp. 42162—42175,
2021.

W. Wu, W. Zhang, S. Chen, et al., “Transitional Goos-Hanchen
effect due to the topological phase transitions,” Opt. Express,

vol. 26, no. 18, pp. 23705—23713, 2018.

D. Zhou, S. C. B. Gopinath, M. S. Mohamed Saheed, S. Siva Sangu,
and T. Lakshmipriya, “MXene surface on multiple junction triangles
for determining osteosarcoma cancer biomarker by dielectrode
microgap sensor,” Int. . Nanomed., vol. 15, pp. 10171—10181,
2020.

Z.Cai, Y. Song, Y. Wu, Z. Zhu, C. J. Yang, and X. Chen, “An
electrochemical sensor based on label-free functional allosteric
molecular beacons for detection target DNA/miRNA,” Biosens.
Bioelectron., vol. 41, pp. 783 —788, 2013.

R. Bruch, J. Baaske, C. Chatelle, et al., “CRISPR/Cas13a-powered
electrochemical microfluidic biosensor for nucleic acid
amplification-free miRNA diagnostics,” Adv. Mater., vol. 31, no. 51,
p. €1905311, 2019.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2023-0432).


https://doi.org/10.1515/nanoph-2023-0432

	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Design of plasmonic sensing system
	2.3 Substrate fabrication and surface functionalization

	3 Result and discussion
	3.1 System calibration
	3.2 Direct miRNA detection
	3.3 miRNA detection in human serum samples

	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


