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MicroRNAs, also known as miRNAs, are involved in the regulation of gene expression and their altered levels can be
associated to different diseases, therefore making interesting their employment as biomarkers. Biosensors are developed
to obtain accurate data from fluids that originate in the human body and they basically consist of a bioreceptor that binds
the target molecule (the biomarker, such as a miRNA) and a transducer that enables a measurable response to be
obtained. Optical biosensors are becoming increasingly important, particularly in the case of DNA and RNA biomarkers
due to their advantages, including their direct detection, high specificity, sensitivity and good cost-performance ratio
among others. An overview of the different optical biosensors used to detect miRNAs is provided, describing the
employed technique (fluorescence, plasmon resonances, interferometry, SERS), their performance and main
characteristics (LOD and dynamic range).
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| 1. Introduction

MicroRNAs or miRNAs are small (around 20 nucleotides in length) and non-coding RNAs (ribonucleic acids) involved in
the regulation of gene expression. This regulatory function is accomplished through the RNA-induced silencing complex
(RISC). MiRNA assembles into RISC, which targets the messenger RNA (mMRNA, responsible for protein synthesis)
specified by the miRNA, therefore reducing the expression of the gene that was codified in the mRNA. There are two
possible silencing mechanisms: mRNA cleavage or translation repression, where the mechanism that takes place
depends on the degree of complementarity between the miRNA and the mRNA target [,

MiRNAs were originally discovered in Caenorhabditis elegans (a species of soil-dwelling nematode) [ and they are found
in most eukaryotes, including humans. The mammalian genome is reported to host around 2200 different miRNA genes,
from which over 1000 correspond to the human genome. Furthermore, one third of the human genome is estimated to be
regulated by miRNAs &,

The genesis of miRNA involves several steps, shown in Figure 1. In the nucleus, RNA polymerase Il transcribes DNA
(usually referred to as miRNA genes in this process, as in Figure 1) to a primary miRNA (pri-miRNA). The pri-miRNA is
processed to form a precursor stem-loop structure, called pre-miRNA. Then, the pre-miRNA is transported into the
cytoplasm and cleaved by the Dicer RNAase lll endonuclease to form a miRNA duplex (miRNA:miRNA*, passenger
strand designated with an asterisk). The duplex unwinds and the mature miRNA, which is the one that assembles into the
RISC, is obtained Bl The notation miRNA and miRNA* in the miRNA duplex was originally introduced to indicate that
the "miRNA" was the one that generated the mature miRNA and the "miRNA*" was degraded. However, it was later
discovered that the miRNA* is not always degraded and can also generate mature miRNA and play a regulatory role 4,
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Figure 1. Biosynthesis pathway for miRNA. Reproduced under the terms of the Creative Commons Attribution-Non
Commercial 3.0 Unported License (https://creativecommons.org/licenses/by-nc/3.0/) Bl. Copyright 2010, The Authors.
Published by Avicenna Research Institute (ARI).

In recent years, the implication of miRNAs in human diseases has been thoroughly studied, including cancers (ovarian,
liver, bladder, colon), viral infections (hepatitis B, hepatitis C), cardiovascular disease, neurodegenerative diseases
(Alzheimer, Huntington's disease) or autoimmune diseases (rheumatoid arthritis, systemic lupus erythematosus) Bl
Nevertheless, it has to be taken into account that in every disease, several miRNAs, as well as other biomarkers, should
be considered in order to provide an accurate diagnosis. Furthermore, the same miRNA can be dysregulated in several
diseases.

The basic operation of a biosensor for miRNA detection consists of using a single-stranded DNA sequence that is
complementary to the desired target miRNA. It must be considered that there are five nucleobases (or simply, bases):
adenine (A), cytosine (C), guanine (G), thymine (T) and uracil (U). A, C, G, T are present in DNA and A, C, G, U in RNA,
with miRNA being a type of RNA, as it has been previously explained. Bases C and G are complementary, and A is
complementary with T in DNA and U in RNA. This complementary DNA (cDNA) sequence is usually called DNA probe or
capture probe. Sometimes the term hairpin probe is used due to the type of DNA that is employed. The hybridization of
the DNA probe with the corresponding miRNA will be directly or indirectly measured by means of an optical technique or
principle in the case of the biosensors covered in this entry.

Concerning the miRNA nomenclature, the first three letters that appear in the full name of a miRNA correspond to the
organism, with "hsa" corresponding to Homo sapiens. Lettered suffixes correspond to closely related mature sequences.
There are also exceptions to the typical naming structure, such as the let-7 family (8.

Sometimes, see Figure 1, two miRNAs are derived from the same gene, which is named with the prefix "mir" instead of
"miR". If one of the miRNAs predominates over the other, they are named miR-126 (the predominant product) and miR-
126* (from the opposite arm of the precursor, designated as miRNA* in the explanation about the genesis of miRNAS).
When there is no sequence that can be considered predominant, names like hsa-miR-21-5p (from the 5' arm) and hsa-
miR-21-3p (from the 3' arm) are used €. Nevertheless, both notations coexist.

In this entry, the miRNAs are named in the text without "hsa" and preferentially employing the first notation explained
(predominant and non-predominant, without and with *) because it is the most common one found in the literature.
However, the second one is also used when required.

| 2. Fluorescence-Based Biosensors

Fluorescence sensors consist basically of using a light source at a certain wavelength (excitation wavelength) to excite a
fluorophore or label and measuring the fluorescent response at another wavelength (peak wavelength) &l The
difference in wavelength between the excitation (usually lower) and emission (usually higher) wavelengths is known as
the Stokes shift (2,



In the case of biosensors, the sensing mechanism links the analyte concentration with the fluorophore concentration,
where this relationship can be direct (the higher the concentration of the analyte, the higher the light intensity) or inverse
(the higher the concentration, the lower the intensity). Fluorescence biosensors are characterized by a high sensitivity and
specificity, but in order to measure the light emitted by the label precisely, the Stokes shift must be as large as possible [,
Their drawbacks are those associated with the utilization of fluorophores, including undesired effects that affect the sensor
performance such as photobleaching or self-quenching.

The peak wavelengths of these biosensors tend to be in the range 520-530 nm and different fluorophores are employed:
5(6)-carboxyfluorescein (FAM) [ZQLLMAISNIA]ISII6ILT] SYBR Green | L8IL9[202L o cys5 [22]123] gmong others. In (24123
guantum dots (QDs), a kind of fluorescent semiconductor nanocrystals, are utilized as fluorescent labels instead of
fluorophores. There are sensors in which several fluorophores 23 or QDs [25] are employed with different miRNAs in order

to enable their independent detection, and in 28, both fluorophores are used in every miRNA.

However, in some cases, the mechanism of the sensor is more complex and involves the use of a certain fluorescence
technique. This is the case of total internal reflection fluorescence microscopy (TIRFM), utilized in &, where the
hybridization of the DNA probes and the miRNA is monitored with an electron-multiplying charge-coupled device
(EMCCD) coupled to the TIRFM system (see Figure 2).
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Figure 2. Schematic illustration of the hybridization-based total internal reflection fluorescence microscopy (TIRFM) assay
for the detection of single miR-21 molecules in solution in which the fluorophore YOYO-1 is used. Reproduced with
permission from 24, Copyright 2010 American Chemical Society.

Another fluorescence-based technique is fluorescence anisotropy (FA) 28, phenomenon in which the light emitted by a
fluorophore changes depending on the axis of polarization used for the measurement. In (22, the corresponding technique
is called photonic crystal-enhanced fluorescence (PCEF), due to the use of a low index SiO, grating on top of a silicon
substrate and overcoated with a high index TiO, layer.

Regarding the materials, graphene oxide (GO) is present in an important number of miRNA biosensors, either as GO in
(LUA2)A3)1S|17)[18][19][20][23]24][28][29] o s reduced graphene oxide (rGO) in 2HBEA. A particular case for GO is shown in 12,
where it is used is in the shape of nanoplates.

Graphene is a common material in biosensors for miRNA detection, not only optical, but also electrochemical 1. There
are two main reasons for the utilization of GO in the case of fluorescent sensors for miRNA detection 311, Firstly, GO is
capable of quenching the light emitted by a fluorophore in close proximity to its surface. In the second place, GO has a
high affinity towards single-stranded (ss) nucleic acids (DNA or RNA), but not towards double-stranded (ds) nucleic acids
(for example, a DNA hybridized with the corresponding miRNA). The basic operation of a fluorescent sensor that employs
GO, which is based in these 2 principles is shown in Figure 3.
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Figure 3. Basic operation principle of a fluorescent sensor for miRNA detection that employs graphene oxide (GO). (a)
DNA probe is adsorbed by GO and the fluorophore is quenched. (b) miRNA hybridizes with DNA probe and both desorb
from GO, the fluorophore emits light.

2.1. MiR-21

MiR-21 has been identified as a biomarker for bladder and prostate cancer 32 preast cancer 33 non-small cell lung
cancer 4 pancreatic cancer B2 or rheumatoid arthritis B8, which justifies the interest in developing sensors for the
detection of this miRNA.

Apart from fluorescent labels, other elements are also employed as part of the sensing strategies for miR-21 detection.
For instance, in 29, gold nanoparticles (Au NPs) are used to quench the light from the fluorophore in the absence of miR-
21 and are also responsible for the colorimetric response due to their surface plasmons. On the other hand, magnetic
particles and CdSe nanocrystals are utilized in a 3-step procedure in B4, Magnetic silicon microspheres, similar to the
magnetic particles in B4, are employed in B9,

Although graphene oxide is the most common used material in fluorescence based biosensors for miRNA detection, other
materials are also utilized. A paper-based biosensing platform for detection of miR-21 by the naked eye is described in
[38]

Another particular case is presented in 29, where not only fluorescence, but also colorimetry (ratio of the absorption at A =
620 nm and A = 520 nm, as a measurement of the change from red to blue) is employed. This dual mode sensor is based
on FAM labelled hairpin probes combined with Au NPs and DSN-assisted signal amplification.

The LOD is in the order of pM for most of the miR-21 fluorescence sensors. However, in 1287 the LOD is in the fM range.
In B4, an amplification method based on cation exchange (named CXFluoAmp) combined with CdSe nanocrystals and
Rhod-5N molecules allows a LOD of 35 fM to be achieved with a dynamic range of slightly more than 7 decades (100 fM—
5 uM). In 22 isothermal exponential amplification is used with graphene oxide and SYBR Green |, and the LOD is 10
times lower (3 fM), with a linear range from 10 fM to 10 pM.

Nevertheless, the lowest LOD among the fluorescence sensors for miRNA detection is found in (23] with a value of only
200 aM for miR-21 (see Figure 4a). In this case, the biosensor consists of a QD-605 (emission peak at 605 nm) labelled
strip that employs target-recycled non-enzymatic amplification. The dynamic range goes from 200 aM to 2 pM (see Figure
4a) and specificity is tested with no miRNA (control), miR-210-3p and miR-214 (see Figure 4b).
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Figure 4. (a) Histograms of the peak areas on the test lines that correspond to a negative control and miR-21 in different
concentrations. Inset shows the calibration plot of the peak area of the test line versus miR-21 concentration. (b)
Histograms of the peak areas on the test lines in a specificity assay: negative control, miR-214, miR-210-3p (indicated as
miR-210) and miR-21. (a,b). Reprinted 23, Copyright 2017, with permission from Elsevier.

2.2. Let-7a

Let-7a is part of the let-7 gene family, which includes several miRNAs that differentiate in only a few bases: let-7a, let-7b,
let-7c-5p, let-7d, let-7e, let-7f, let-7g and let-7i. In this sense, an assay in which the corresponding sensor, which has been
able to detect let-7a, does not produce a significant response in the presence of other miRNAs from the let-7 family is
considered to demonstrate the specificity of the sensor. This is the reason why let-7a commonly appears in miRNA

biosensing literature.



In 14 |et-7a is detected using carbon nanoparticles and DNA probes labelled with FAM, achieving a LOD of 3.5 nM. In
this case, discrimination between let-7a and other miRNAs from the let-7 family (let-7c-5p, let-7e, let-7f) is undertaken
based on the melting temperature of the DNA probe-miRNA hybrids. The melting temperature (Tm) is the temperature at
which only half of the hybrids remains hybridized. The higher the number and length of the sequences of bases that are
complementary, the higher the Tm 2.,

Graphene oxide and SYBR Green | are used for let-7a detection in 29. Circular exponential amplification is utilized in this
sensor to improve its performance. The LOD achieved is 10.8 fM with a linear range from 60 fM to 12 pM. The specificity
is assessed with let-7b, let-7c-5p and miR-21 and for all of them the fluorescence is between 3 and 5 times lower than
that for the same concentration of let-7a.

In 29 let-7a is detected with a platform that employs graphene oxide, helicase amplification of hybridization chain
reaction (HCR) and DNA probes labelled with Cy3. The achieved LOD has a value of 4.2 fM and the linear range covers
the 10 fM—2 pM region. The specificity has been studied with 5 miRNAs from the let-7 family: let-7b, let-7e, let-7f, let-7g
and let-7i. In all the cases, the measured fluorescence is around 3.5 times lower than that obtained for the same
concentration of let-7a.

2.3. Other miRNAs

Both miR-155, an important biomarker for different types of tumor, including breast cancer 4%; and miR-21 are detected in
(241, The biosensor proposed in 24 consists in a nano-photon switch that employs quantum dots (QDs) and GO, producing
a fluorescence resonance energy transfer (FRET). Since QD-525 and QD-605 have been used for miR-155 and miR-21
respectively, both miRNAs can be individually detected.

Another sensor for miR-155 detection is found in 21, although in this case it is based on absorbance. In 21, DNA probes
bind to negatively charged citrate-capped Au nanoparticles (C-Au NPs) in the first place, see Figure 5a. Then, the target
miR-155 is electrostatically adsorbed onto the positively charged Au NPs polyethylenimine(PEI)-capped Au NPs (P-Au
NPs), see Figure 5b. When both types of Au NP are mixed and the hybridization takes place, the solution color changes
from red to pinkish/purple due to the coupling of the Au NPs' surface plasmons, as it can be observed in Figure 5c. With
this sensing strategy, the LOD achieved is 100 aM, with a linear range over 3 decades (100 aM—100 fM).
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Figure 5. Sensor operation based on Au NPs for miR-155 detection. (a) Citrate-capped Au NPs (C-Au NPs) and DNA
probes binding (b) PEI-capped Au NPs (Au NPs) and miR-155 binding. (¢) MiR-155 detection based on the color change

from red to pinkish/purple. (a—c) Reproduced under the terms of the Creative Commons Attribution 4.0 International
License (https:/creativecommons.org/licenses/by/4.0/) ¥, Copyright 2018, The Authors. Published by Scientific reports.

In 281 miR-141 is detected with a sensor that uses beta nickel hydroxide, B-Ni(OH),, and DSN amplification. B-Ni(OH),
has similar properties to those explained for graphene (quenching ability and different affinity for ssSDNA and dsDNA) that
enable the sensor operation. In this work 28, miR-141 and miR-21 are separately detected in the same assay thanks to
the use of two fluorophores (FAM and TAMRA).

In 23, the sensing platform is a fluorometric system that uses graphene oxide and rolling circle amplification (RCA). This
sensor is employed to detect miR-16, miR-31 and miR-155 in a concentration of 10 nM as well as study the cross-
specificity with the 4 miRNAs, obtaining in all the assays appreciable hybridization only between the target miRNA and the
corresponding DNA probe.



A platform with 5 lasers (green, blue, infrared and two red) for the quantitation of miRNAs is presented in 28, In this
sensor, two LNA (locked nucleic acid)-DNA probes labelled with fluorophores (Oyster 556 and Oyster 656) are used to
capture each of the studied miRNAs. The characterization of the sensor is performed with miR-9 and the specificity is
assessed with let-7a.The main interest of this work (28] relies on the tests performed to detect 45 miRNAs in 16 different
tissues.

In 4, a method employing graphene oxide, DNA probes with FAM and site specific cleavage with Rsal endonuclease
allows the detection of cDNA miR-126 (complementary sequence to miR-126). The achieved LOD is ~3 fM, with a linear
range from 20 fM to 100 pM. MiR-125a is detected in 21 based on rGO-assisted rolling circle amplification (RCA) and the
use of SYBR Green |. The LOD achieved for this miRNA is 10.3 fM, with a linear range of 4 decades (10 fM—100 pM).

| 3. Resonance-Based Biosensors

Resonance-based biosensors rely on light modifications by means of the utilization of different materials covering the
waveguide. These optical sensors work as refractometers 42 that is, they are able to detect small changes in the
refractive index at the sensor surface, which are correlated with the analyte-binding interaction in the case of biosensors.
In particular, optical fiber sensors based on resonances are considered one of the prominent technologies for biosensing
applications 21431,

Depending of the dielectric properties of the waveguide and the covering, different resonances take place. Surface
plasmon resonance (SPR) occurs when the real part of the permittivity of the material used as a covering is negative and
higher in magnitude than its own imaginary part and the real part of the permittivity of the waveguide ¥4, SPR imaging,
also known as SPRi, simply differentiates from conventional SPR in incorporating a CCD (charge-coupled device) camera
that allows sensorgrams and SPR images to be recorded at the same time 438l, SPR stands out for having high sensitivity,
good cost-performance ratio and enabling direct and real-time monitoring of the analyte binding 48471,

In the presence of the analyte of interest, the refractive index in the region close to the biosensor surface changes, thus
modifying the characteristics of the light coupled to the surface plasmons, such as the resonant wavelength, the intensity
or the phase. By monitoring one of these variables, the concentration of the analyte can be obtained 48],

In 9 a SPR sensor with an Au and reduced graphene oxide (rGO) film and employing duplex specific nuclease (DSN)
for signal amplification has been used for detecting miR-21 and let-7b. This device achieves a LOD of 3 fM and a dynamic
range of 4 decades (10 fM—100 pM) for miR-21. This biosensor 49 was employed to assess miR-21 levels in 104 clinical
serum samples (diluted in buffer) from patients with different types of cancer (liver cancer, colorectal cancer, gastric
cancer, lung cancer and breast cancer) as well as 20 samples from healthy individuals.

SPRi sensor based on Au islands and orthogonal signal amplification for the detection of miR-15a is presented in 29, This
device exhibits a LOD of 0.56 fM and a dynamic range of 5 fM—-0.5 nM. This biosensor showed a recovery between 98.6%
and 104.9% for four concentrations in the range 7.5 fM-7.5 nM of miR-15a spiked into 10% diluted commercial normal
human sera. Furthermore, it was also tested with 40% diluted colorectal cancer patients and healthy serum with miR-21
concentrations in the fM range.

In B both miR-21 and miR-155 are detected (in separate assays) with a LOD of 10 aM and detection over a range of 6
decades (10 aM-10 pM), see Figure 6a for miR-155 (the same results are also achieved for miR-21). This label-free SPR
sensor uses DNA probes with gold nanorods (Au NRs, whose importance can be appreciated in Figure 6b) and
antimonene, a material similar to graphene but with better stability and hydrophilicity.
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Figure 6. (a) Surface plasmon resonance (SPR) spectra with miR-155 concentrations ranging from 10717 to 1071 M
obtained using gold nanorod (Au NR) amplification. The arrow denotes the shift in the SPR angle. (b) Relationship
between the SPR angle and miR-155 concentration using DNA probes with and without Au NRs. (a,b) Adapted under the
terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) B,
Copyright 2019, The Authors. Published by Nature Communications.

Localized surface plasmon resonance (LSPR) is generally considered a particular type of SPR. The main difference is that
in the case of LSPR the plasmons oscillate locally to the nanostructure instead of along the metal—dielectric interface 52,
In the case of LSPRs, the electromagnetic field intensity falls in a much shorter distance compared to SPRs, causing an
enhancement of the electrical field around the nanostructure, making LSPR highly sensitive to small molecules 53!,

In B4, a label-free sensor based on LSPR with gold nanoprisms permits the detection of miR-21 with a LOD between 23
and 35 fM depending of the considered media. The dynamic range of this biosensor in 40% diluted human serum covers
from 10 pM to 100 nM. This device was tested with plasma from 6 pancreatic cancer patients (for which miR-21 is also a
biomarker %) and 6 healthy controls, with and without performing RNA extraction techniques, working with
concentrations in the range of 100 ng/L.

Another type of resonance is the lossy mode resonance (LMR) sensor. LMR occurs when the real part of the permittivity
of the material employed as covering of the waveguide is positive and higher in absolute value than its own imaginary part
and the real part of the permittivity of the waveguide 4. LMRs are not a technology as mature as SPRs &, but their high
sensitivity compared to SPRs 5356 has already led to the development of biosensors that enable miRNA detection such
as hsa-miR-34b-5p &4 and hsa-miR-223-3p 28], although further research is required.

Regarding silicon photonic microring resonators, a ring resonator is an optical waveguide which is looped back on itself,
such that a resonance occurs when the optical path length of the resonator is exactly a whole number of wavelengths 52
(69 The employment of silicon, due to the high refractive index contrast between this material and its oxide (or air),
enables the development of compact microring resonators 811, This feature is interesting in biosensing applications, as it
allows having several rings on a single chip for multiplexing purposes. This fact is especially interesting considering that it
has been stated that a biosensor must detect several biomarkers in order to accurately diagnose a disease.

This strategy is employed in 2, where 4 miRNAs (let-7c-5p, miR-21, miR-24, miR-133b) are detected; in &3] with 7
mMiRNAs (miR-21, miR-26a, miR-29a, miR-106a, miR-219, miR-222, miR-335); and in 64 \where 4 miRNAs (miR-16, miR-
21, miR-24, miR-26a) are detected. Amplification techniques are also used: enzymatic signal amplification in €3l and
amplification using an anti DNA:RNA antibodies in &4 (Figure 7a).
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Figure 7. (a) Microring resonators with amplification strategy based on using anti DNA:RNA antibodies. (b) Calibration
curves for miR-16, miR-21, miR-24 (designed as miR-24-1) and miR-26a. Plots were constructed from the relative shifts
at 40 min. (a,b) Adapted with permission 4], Copyright 2011 American Chemical Society.

In all the cases [BA63I64] cross-specificity among the miRNAs of the corresponding work is studied, showing that only the
rings that have been functionalized with the corresponding complementary probe exhibit a response. On the other hand,
among these articles, the lowest concentrations are detected in €4, with a value of 10 pM for all miRNAs except for miR-
16 (160 pM). The calibration curves of this sensor can be observed in Figure7b.

4. Other Optical Sensing Techniques: Interferometry and Surface-
Enhanced Raman Spectroscopy (SERS)

Apart from fluorescence-based and resonance-based sensors, interferometry-based sensors have been also presented in
literature for mMiRNA detection.

Waveguide interferometric sensors are based on the light travelling through 2 different paths. In one of the paths, the
sample is placed, changing the refractive index and affecting the evanescent field of the guided mode, thereby inducing a
phase shift. The other path is known as the reference arm, where the light propagates without suffering any alteration. The
interference of the modes that travel through both paths produces a signal that can be measured at the sensor output,
which is related to the analyte concentration in the case of biosensing applications [€2],

Their main advantages include their high sensitivity, broad dynamic range and long interaction length, whereas their high
sensitivity to wavelength instability, mechanical vibrations and temperature changes are their main inconveniences,
therefore requiring coherent and stabilized light sources as well as an isolated environment for being functional (€21,

In [68] is described a Mach—Zehnder interferometer which enables the rapid (only 15 min) and label-free detection of miR-
21 and let-7a. A different case is demonstrated in &4 for the detection of let-7a by means of the utilization of an optofluidic
sensor manufactured by aligning a microfiber in lateral contact with a capillary to form a modal interferometer. In this case
the LOD achieved is 212 pM with a linear range from 2 nM to 20 pM &2,

SERS is a surface spectroscopy technique that consists in combining Raman spectroscopy, which is based in measuring
the scattering of light after interacting with the chemical bonds of molecules, and signal enhancement that is provided by
the plasmon resonances in the metal substrate 2368l The peaks in a Raman spectrum are between 10 and 100 times
narrower than the emission peaks in fluorescence sensors, making Raman spectroscopy ideal for multiplexing, and
therefore able to detect several different biomarkers at the same time (62,

In 19, Ag nanorod array substrates prepared by oblique angle vapor deposition are employed as SERS platform. Here, a
partial least square (PLS) regression model is built using SERS for identifying the concentration of different miRNAs
(ranges from 6 M to 150 uM for each) in mixtures that contain several of them: let-7a, miR-16, miR-133a-3p.

Gold and silver (Au—Ag) nanoprobes, named nanomushrooms in this case, are employed as SERS probes in 2. In this
work, fragments of DNA of several viruses (hepatitis A, hepatitis B and human immunodeficiency viruses) are detected.
Regarding miRNAs, miR-21 detection is studied, with a dynamic range from 10 fM to 100 pM and a LOD lower than 10
fM. Then, the simultaneous detection of 3 miRNAs is assessed, with their concentrations ranging from 1 pM to 10 nM.
These results have been achieved thanks to the use of a different dye (ROX, 4-aminothiophenol, Cy3) with each miRNA.

Finally, in 12, SERS is combined with duplex-specific nuclease (DSN) amplification technique, for the detection of miR-
155. The sensor in this work is based on the design of DNA microcapsules that contain toluidine blue (TB), a Raman dye.
The presence of miR-155 induces the destruction of the microcapsules, releasing the TB and enabling the detection,
which is improved thanks to the DSN amplification (Figure 8a). This biosensor achieves a LOD of 0.67 fM, with a linear
dynamic range of 7 decades (1 fM to 10 nM) (Figure 8b).
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Figure 8. (a) SERS sensing of miR-155 using DNA microcapsules and DSN amplification. (b) Linear curve of Raman
intensity (1627 cm™1) for concentrations of miR-155 from 1 fM to 10 nM. (a,b) Adapted with permission 2. Copyright
2018 American Chemical Society.

| 5. Conclusions and Outlook

The number of developed optical sensors confirms the increasing relevance of miRNAs as biomarkers for the evaluation
of the medical state of the patient, adding objectivity to the monitoring and diagnosis of diseases.

However, there are still several challenges that need to be addressed. In the first place, a disease diagnosis cannot rely
on a single biomarker. For almost every biomarker, whatever the agreement of its relevance among the scientific
community, a work can be found where its importance is put into question due to the obtained experimental results.

Therefore, several biomarkers need to be employed at the same time to provide a precise evaluation. Some efforts have
already been made in this direction, especially in the medical field, identifying sets of biomarkers. Nevertheless, there is
still work to do, developing more sensing platforms that enable several biomarkers to be detected simultaneously, as it
has been shown in some works mentioned in this entry. On the other hand, not every biosensor for miRNA detection has
been tested with clinical samples, an important step that should be done in order to effectively demonstrate their utility.

Finally, it is important to remark that optical biosensors based on different technologies have proven capable of detecting
miRNAs with decreasingly low LODs, dynamic ranges of several decades, and high specificity, as it has been described in
this entry. As a result, they are becoming a key technology that enables a reliable, highly sensitive, reusable, and fully
automated solution to be provided for the diagnosis of diseases through the simultaneous detection of multiple relevant
biomarkers.

References

1. MacFarlane, L.-A.R.; Murphy, P. MicroRNA: Biogenesis, Function and Role in Cancer. Curr. Genom. 2010, 11, 537-56
1.

2. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense co
mplementarity to lin-14. Cell 1993, 75, 843-854.

3. Ardekani, A.M.; Naeini, M.M. The role of microRNAs in human diseases. Avicenna J. Med. Biotechnol. 2010, 2, 161-17
9.

4. Guo, L.; Lu, Z. The Fate of miRNA* Strand through Evolutionary Analysis: Implication for Degradation As Merely Carrier
Strand or Potential Regulatory Molecule? PLoS ONE 2010, 5, e11387.

5. Wang, J.; Chen, J.; Sen, S. MicroRNA as Biomarkers and Diagnostics. J. Cell. Physiol. 2016, 231, 25-30.

6. Griffiths-Jones, S.; Kozomara, A.; Marshall, M.; Tate, J.; Daub, J.; Moxon, S.; Enright, A.; Dongen, S. van; Saini, H.K;
Grocock, R.; et al. miRBase: What do the miRNA names/identifiers mean? Available online: http://www.mirbase.org/hel
p/nomenclature.shtml (Accessed on 5th May 2020).

7. Ligler, F.S. Fluorescence-Based Optical Biosensors. In Biophotonics; Springer Berlin Heidelberg, 2008; pp. 199-215.

8. Strianese, M.; Staiano, M.; Ruggiero, G.; Labella, T.; Pellecchia, C.; D'Auria, S. Fluorescence-based biosensors. Metho
ds Mol. Biol. 2012, 875, 193-216, doi:10.1007/978-1-61779-806-1_9.

9. Zamarrefio, C.R.; Socorro, A.B.; Sanchez, P.; Matias, I.R.; Arregui, F.J. Optical Fibers: Biosensors. In Encyclopedia of
Optical and Photonic Engineering, Second Edition; CRC Press, 2019; pp. 1-19.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Huang, J.; Shangguan, J.; Guo, Q.; Ma, W.; Wang, H.; Jia, R.; Ye, Z.; He, X.; Wang, K. Colorimetric and fluorescent du
al-mode detection of microRNA based on duplex-specific nuclease assisted gold nanoparticle amplification. Analyst 20
19, 144, 4917-4924, doi:10.1039/c9an01013k.

Liu, H.; Tian, T.; Ji, D.; Ren, N.; Ge, S.; Yan, M.; Yu, J. A Graphene-enhanced imaging of microRNA with enzyme-free si
gnal amplification of catalyzed hairpin assembly in living cells. Biosens. Bioelectron. 2016, 85, 909-914, doi:10.1016/j.b
i0s.2016.06.015.

Zhang, Z.; Wang, Y.; Zhang, N.; Zhang, S. Self-assembly of nucleic acid molecular aggregates catalyzed by a triple-heli
x probe for miRNA detection and single cell imaging. Chem. Sci. 2016, 7, 4184-4189, doi:10.1039/c6sc00694a.

Duan, R.; Zhang, Z.; Zheng, F.; Wang, L.; Guo, J.; Zhang, T.; Dai, X.; Zhang, S.; Yang, D.; Kuang, R.; et al. Combining
Protein and miRNA Quantification for Bladder Cancer Analysis. ACS Appl. Mater. Interfaces 2017, 9, 23420-23427, do
i:10.1021/acsami.7b05639.

Wang, L.; Cheng, Y.; Wang, H.; Li, Z. A homogeneous fluorescence sensing platform with water-soluble carbon nanopa
rticles for detection of microRNA and nuclease activity. Analyst 2012, 137, 3667—3672, doi:10.1039/c2an35396b.

Yang, L.; Liu, C.; Ren, W.; Li, Z. Graphene surface-anchored fluorescence sensor for sensitive detection of MicroRNA ¢
oupled with enzyme-free signal amplification of hybridization chain reaction. ACS Appl. Mater. Interfaces 2012, 4, 6450
—6453, doi:10.1021/am302268t.

Zhou, H.; Peng, J.; Qiu, X.; Gao, Y,; Lu, L.; Wang, W. B-Ni(OH)2 nanosheets: An effective sensing platform for construc
ting nucleic acid-based optical sensors. J. Mater. Chem. B 2017, 5, 7426—7432, d0i:10.1039/c7tb01389b.

Tu, Y.; Li, W.; Wu, P.; Zhang, H.; Cai, C. Fluorescence quenching of graphene oxide integrating with the site-specific cle
avage of the endonuclease for sensitive and selective microRNA detection. Anal. Chem. 2013, 85, 2536—2542, doi:10.1
021/ac303772m.

Zhu, D.; Zhang, L.; Ma, W.; Lu, S.; Xing, X. Detection of microRNA in clinical tumor samples by isothermal enzyme-free
amplification and label-free graphene oxide-based SYBR Green | fluorescence platform. Biosens. Bioelectron. 2015, 6
5, 152-158, doi:10.1016/j.bios.2014.10.019.

Li, W.; Hou, T.; Wu, M.; Li, F. Label-free fluorescence strategy for sensitive microRNA detection based on isothermal ex
ponential amplification and graphene oxide. Talanta 2016, 148, 116-121, doi:10.1016/j.talanta.2015.10.078.

Liu, H.; Li, L.; Wang, Q.; Duan, L.; Tang, B. Graphene fluorescence switch-based cooperative amplification: A sensitive
and accurate method to detection MicroRNA. Anal. Chem. 2014, 86, 5487-5493, do0i:10.1021/ac500752t.

Zhu, X.; Shen, Y.; Cao, J.; Yin, L.; Ban, F; Shu, Y.; Li, G. Detection of microRNA SNPs with ultrahigh specificity by usin
g reduced graphene oxide-assisted rolling circle amplification. Chem. Commun. 2015, 51, 10002—-10005, doi:10.1039/c
5cc02039e.

George, S.; Chaudhery, V.; Lu, M.; Takagi, M.; Amro, N.; Pokhriyal, A.; Tan, Y.; Ferreira, P.; Cunningham, B.T. Sensitive
detection of protein and miRNA cancer biomarkers using silicon-based photonic crystals and a resonance coupling lase
r scanning platform. Lab Chip 2013, 13, 4053-4064, doi:10.1039/c3Ic50579k.

Hong, C.; Baek, A.; Hah, S.S.; Jung, W.; Kim, D.E. Fluorometric Detection of MicroRNA Using Isothermal Gene Amplific
ation and Graphene Oxide. Anal. Chem. 2016, 88, 2999-3003, doi:10.1021/acs.analchem.6b00046.

Huang, R.; Liao, Y.; Zhou, X.; Fu, Y.; Xing, D. Multiplexed detection of microRNA biomarkers from tumor cells and tissu
es with a homogeneous nano-photon switch. Sensors Actuators, B Chem. 2017, 247, 505-513, do0i:10.1016/j.snb.201
7.03.055.

Deng, H.; Liu, Q.; Wang, X.; Huang, R.; Liu, H.; Lin, Q.; Zhou, X.; Xing, D. Quantum dots-labeled strip biosensor for rap
id and sensitive detection of microRNA based on target-recycled nonenzymatic amplification strategy. Biosens. Bioelect
ron. 2017, doi:10.1016/j.bios.2016.09.043.

Neely, L.A.; Patel, S.; Garver, J.; Gallo, M.; Hackett, M.; McLaughlin, S.; Nadel, M.; Harris, J.; Gullans, S.; Rooke, J. As
ingle-molecule method for the quantitation of microRNA gene expression. Nat. Methods 2006, 3, 41-46, doi:10.1038/n
meth825.

Chan, H.M.; Chan, L.S.; Wong, R.N.S.; Li, H.W. Direct quantification of single-molecules of MicroRNA by total internal r
eflection fluorescence microscopy. Anal. Chem. 2010, 82, 69116918, d0i:10.1021/ac101133x.

Jun Zhen, S.; Xiao, X.; Hong Li, C.; Zhi Huang, C. An Enzyme-Free DNA Circuit-Assisted Graphene Oxide Enhanced F
luorescence Anisotropy Assay for MicroRNA Detection with Improved Sensitivity and Selectivity. Anal. Chem 2017, 89,
8771, doi:10.1021/acs.analchem.7b00955.

Fan, X.; Qi, Y.; Shi, Z.; Lv, Y.; Guo, Y. A graphene-based biosensor for detecting microRNA with augmented sensitivity t
hrough helicase-assisted signal amplification of hybridization chain reaction. Sensors Actuators, B Chem. 2018, 255, 1
582-1586, doi:10.1016/j.snb.2017.08.183.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49

50.

51.

52.

Li, S.; He, K.; Liao, R.; Chen, C.; Chen, X.; Cai, C. An interference-free and label-free sandwich-type magnetic silicon
microsphere -rGO-based probe for fluorescence detection of microRNA. Talanta 2017, 174, 679—-683, doi:10.1016/j.tala
nta.2017.07.008.

Zhang, C.; Miao, P.; Sun, M.; Yan, M.; Liu, H. Progress in miRNA Detection Using Graphene Material-Based Biosensor
s. Small 2019, 15, 1901867, doi:10.1002/smll.201901867.

Ghorbanmehr, N.; Gharbi, S.; Korsching, E.; Tavallaei, M.; Einollahi, B.; Mowla, S.J. miR-21-5p, miR-141-3p, and miR-
205-5p levels in urine—promising biomarkers for the identification of prostate and bladder cancer. Prostate 2019, 79, 8
8-95, doi:10.1002/pros.23714.

Quan, D.; Chen, K.; Zhang, J.; Guan, Y.; Yang, D.; Wu, H.; Wu, S.; Lv, L. Identification of IncRNA NEAT1/miR-21/RRM2
axis as a novel biomarker in breast cancer. J. Cell. Physiol. 2020, 235, 3372-3381, doi:10.1002/jcp.29225.

Zhang, J.; Li, D.; Zhang, Y.; Ding, Z.; Zheng, Y.; Chen, S.; Wan, Y. Integrative analysis of mMRNA and miRNA expression
profiles reveals seven potential diagnostic biomarkers for non-small cell lung cancer. Oncol. Rep. 2020, 43, 99-112, do
i:10.3892/0r.2019.7407.

Dillhoff, M.; Liu, J.; Frankel, W.; Croce, C.; Bloomston, M. MicroRNA-21 is overexpressed in pancreatic cancer and a p
otential predictor of survival. J. Gastrointest. Surg. 2008, 12, 2171-2176, doi:10.1007/s11605-008-0584-x.

Dong, L.; Wang, X.; Tan, J.; Li, H.; Qian, W.; Chen, J.; Chen, Q.; Wang, J.; Xu, W.; Tao, C.; et al. Decreased expression
of microRNA-21 correlates with the imbalance of Th17 and Treg cells in patients with rheumatoid arthritis. J. Cell. Mol.
Med. 2014, 18, 2213-2224, doi:10.1111/jcmm.12353.

Li, J.; Schachermeyer, S.; Wang, Y.; Yin, Y.; Zhong, W. Detection of MicroRNA by fluorescence amplification based on c
ation-exchange in nanocrystals. Anal. Chem. 2009, 81, 9723-9729, doi:10.1021/ac901983s.

Yildiz, U.H.; Alagappan, P.; Liedberg, B. Naked eye detection of lung cancer associated miRNA by paper based biosen
sing platform. Anal. Chem. 2013, 85, 820—824, doi:10.1021/ac3034008.

The Basics of Molecular Pathology. In In Situ Molecular Pathology and Co-Expression Analyses; Nuovo, G.J., Ed.; Else
vier, 2013; pp. 7-42.

Mattiske, S.; Suetani, R.J.; Neilsen, P.M.; Callen, D.F. The oncogenic role of miR-155 in breast cancer. Cancer Epidemi
ol. Biomarkers Prev. 2012, 21, 1236-1243.

Hakimian, F.; Ghourchian, H.; Hashemi, A.S.; Arastoo, M.R.; Behnam Rad, M. Ultrasensitive optical biosensor for detec
tion of miRNA-155 using positively charged Au nanoparticles. Sci. Rep. 2018, 8, do0i:10.1038/s41598-018-20229-z.

Urrutia, A.; Del Villar, 1.; Zubiate, P.; Zamarrefio, C.R. A Comprehensive Review of Optical Fiber Refractometers: Towar
d a Standard Comparative Criterion. Laser Photon. Rev. 2019, 13, 1900094, doi:10.1002/Ipor.201900094.

Socorro-Leranoz, A.B.; Santano, D.; Del Villar, I.; Matias, I.R. Trends in the design of wavelength-based optical fibre bio
sensors (2008-2018). Biosens. Bioelectron. X 2019, 1, 100015.

Del Villar, I.; Arregui, F.J.; Zamarrefio, C.R.; Corres, J.M.; Bariain, C.; Goicoechea, J.; Elosua, C.; Hernaez, M.; Rivero,
P.J.; Socorro, A.B.; et al. Optical sensors based on lossy-mode resonances. Sensors Actuators, B Chem. 2017, 240, 17
4-185.

Spoto, G.; Minunni, M. Surface plasmon resonance imaging: What next? J. Phys. Chem. Lett. 2012, 3, 2682-2691, doi:
10.1021/jz301053n.

Singh, P. SPR Biosensors: Historical Perspectives and Current Challenges. Sensors Actuators, B Chem. 2016, 229, 11
0-130.

Zhou, J.; Qi, Q.; Wang, C.; Qian, Y.; Liu, G.; Wang, Y.; Fu, L. Surface plasmon resonance (SPR) biosensors for food all
ergen detection in food matrices. Biosens. Bioelectron. 2019, 142, 111449.

épaékové, B.; Wrobel, P.; Bockova, M.; Homola, J. Optical Biosensors Based on Plasmonic Nanostructures: A Review.
Proc. IEEE 2016, 104, 2380-2408.

. Qiu, X.; Liu, X.; Zhang, W.; Zhang, H.; Jiang, T.; Fan, D.; Luo, Y. Dynamic Monitoring of MicroRNA-DNA Hybridization U

sing DNAase-Triggered Signal Amplification. Anal. Chem. 2015, 87, 6303-6310, doi:10.1021/acs.analchem.5b01159.

Hu, F,; Xu, J.; Chen, Y. Surface Plasmon Resonance Imaging Detection of Sub-femtomolar MicroRNA. Anal. Chem. 20
17, 89, 10071-10077, doi:10.1021/acs.analchem.7b02838.

Xue, T.; Liang, W,; Li, Y.; Sun, Y.; Xiang, Y.; Zhang, Y.; Dai, Z.; Duo, Y.; Wu, L.; Qi, K.; et al. Ultrasensitive detection of m
iRNA with an antimonene-based surface plasmon resonance sensor. Nat. Commun. 2019, 10, doi:10.1038/s41467-018
-07947-8.

Hammond, J.; Bhalla, N.; Rafiee, S.; Estrela, P. Localized Surface Plasmon Resonance as a Biosensing Platform for D
eveloping Countries. Biosensors 2014, 4, 172-188, doi:10.3390/bios4020172.



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Liu, J.; Jalali, M.; Mahshid, S.; Wachsmann-Hogiu, S. Are plasmonic optical biosensors ready for use in point-of-need a
pplications? Analyst 2020, 145, 364—384.

Joshi, G.K.; Deitz-Mcelyea, S.; Johnson, M.; Mali, S.; Korc, M.; Sardar, R. Highly specific plasmonic biosensors for ultra
sensitive MicroRNA detection in plasma from pancreatic cancer patients. Nano Lett. 2014, 14, 6955-6963, doi:10.102
1/ni503220s.

Arregui, F.J.; Del Villar, I.; Zamarrefio, C.R.; Zubiate, P.; Matias, |.R. Giant sensitivity of optical fiber sensors by means
of lossy mode resonance. Sensors Actuators, B Chem. 2016, 232, 660-665, doi:10.1016/j.snb.2016.04.015.

Ozcariz, A.; Zamarrefio, C.R.; Zubiate, P.; Arregui, F.J. Is there a frontier in sensitivity with Lossy mode resonance (LM
R) based refractometers? Sci. Rep. 2017, 7, 1-7, d0i:10.1038/s41598-017-11145-9.

Zubiate, P.; Ciaurriz, P.; Tellechea, E.; Santano, D.; Del Villar, I.; Urrutia, A.; Arregui, F.J.; Matias, I.R.; Zamarreno, C.R.

Short single strand DNA detection by means of Lossy Mode Resonance based fiber-optic sensor. In Proceedings of the
2019 IEEE Sensors, Montreal, QC, Canada, 27—30 October 2019; Institute of Electrical and Electronics Engineers Inc.,
Piscataway, New Jersey, United States, 2019.

Imas, J.J.; Ruiz Zamarrefio, C.; Zubiate, P.; Campién, J.; Sanchez-Martin, L.; Matias, I.R. Rheumatoid Arthritis miRNA
biomarker detection by means of LMR based fiber-optic biosensor. In Proceedings of the IEEE Sensors 2020, Rotterda
m, The Netherlands, 25-28 October 2020; Institute of Electrical and Electronics Engineers Inc., United States, 2020.

Steglich, P.; Hilsemann, M.; Dietzel, B.; Mai, A. Optical biosensors based on silicon-on-insulator ring resonators: A revi
ew. Molecules 2019, 24, doi:10.3390/molecules24030519.

Luan, E.; Shoman, H.; Ratner, D.M.; Cheung, K.C.; Chrostowski, L. Silicon photonic biosensors using label-free detecti
on. Sensors (Switzerland) 2018, 18.

Bogaerts, W.; De Heyn, P.; Van Vaerenbergh, T.; De Vos, K.; Kumar Selvaraja, S.; Claes, T.; Dumon, P.; Bienstman, P.;
Van Thourhout, D.; Baets, R. Silicon microring resonators. Laser Photon. Rev. 2012, 6, 47—73, doi:10.1002/Ipor.201100
017.

Qavi, A.J.; Bailey, R.C. Multiplexed detection and label-free quantitation of microRNAs using arrays of silicon photonic
microring resonators. Angew. Chemie - Int. Ed. 2010, 49, 4608—-4611, doi:10.1002/anie.201001712.

Graybill, R.M.; Para, C.S.; Bailey, R.C. PCR-Free, Multiplexed Expression Profiling of microRNAs Using Silicon Photoni
¢ Microring Resonators. Anal. Chem. 2016, 88, 10347-10351, doi:10.1021/acs.analchem.6b03350.

Qavi, AJ.; Kindt, J.T.; Gleeson, M.A.; Bailey, R.C. Anti-DNA:RNA Antibodies and Silicon Photonic Microring Resonator
s: Increased Sensitivity for Multiplexed microRNA Detection. Anal. Chem. 2011, 83, 5949-5956, d0i:10.1021/ac201340
S.

Kozma, P.; Kehl, F.; Ehrentreich-Férster, E.; Stamm, C.; Bier, F.F. Integrated planar optical waveguide interferometer bi
osensors: A comparative review. Biosens. Bioelectron. 2014, 58, 287-307.

Liu, Q.; Shin, Y.; Kee, J.S.; Kim, K.W.; Mohamed Rafei, S.R.; Perera, A.P.; Tu, X.; Lo, G.Q.; Ricci, E.; Colombel, M.; et a
|. Mach-Zehnder interferometer (MZI) point-of-care system for rapid multiplexed detection of microRNAs in human urine
specimens. Biosens. Bioelectron. 2015, 71, 365-372, doi:10.1016/j.bios.2015.04.052.

Liang, L.; Jin, L.; Ran, Y.; Sun, L.P.; Guan, B.O. Interferometric detection of microRNAs using a capillary optofluidic sen
sor. Sensors Actuators, B Chem. 2017, 242, 999-1006, d0i:10.1016/j.snb.2016.09.153.

Le Ru, E.C.; Etchegoin, P.G. Principles of Surface-Enhanced Raman Spectroscopy; Elsevier, 2009; ISBN 9780444527
790.

Roy, S.; Jaiswal, A. SERS-based biosensors as potential next-generation point-of-care cancer diagnostic platforms. In
Next Generation Point-of-care Biomedical Sensors Technologies for Cancer Diagnosis; Springer Singapore, 2017; pp.
173-204 ISBN 9789811047268.

Driskell, J.; Primera-Pedrozo, O.M.; Dluhy, R.A.; Zhao, Y.; Tripp, R.A. Quantitative surface-enhanced Raman spectrosc
opy based analysis of microRNA mixtures. Appl. Spectrosc. 2009, 63, 1107-1114, doi:10.1366/000370209789553183.

Su, J.; Wang, D.; Norbel, L.; Shen, J.; Zhao, Z.; Dou, Y.; Peng, T.; Shi, J.; Mathur, S.; Fan, C.; et al. Multicolor Gold-Silv
er Nano-Mushrooms as Ready-to-Use SERS Probes for Ultrasensitive and Multiplex DNA/mIiRNA Detection. Anal. Che
m. 2017, 89, 2531-2538, doi:10.1021/acs.analchem.6b04729.

Yang, X.; Wang, S.; Wang, Y.; He, Y.; Chali, Y.; Yuan, R. Stimuli-Responsive DNA Microcapsules for SERS Sensing of T
race MicroRNA. ACS Appl. Mater. Interfaces 2018, 10, 12491-12496, doi:10.1021/acsami.8b01974.

Retrieved from https://encyclopedia.pub/entry/history/show/13228






