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Abstract: A comprehensive review of optical biosensors for the detection of biomarkers associated
with rheumatoid arthritis (RA) is presented here, including microRNAs (miRNAs), C-reactive protein
(CRP), theumatoid factor (RF), anti-citrullinated protein antibodies (ACPA), interleukin-6 (IL-6)
and histidine, which are biomarkers that enable RA detection and/or monitoring. An overview
of the different optical biosensors (based on fluorescence, plasmon resonances, interferometry,
surface-enhanced Raman spectroscopy (SERS) among other optical techniques) used to detect these
biomarkers is given, describing their performance and main characteristics (limit of detection (LOD)
and dynamic range), as well as the connection between the respective biomarker and rheumatoid
arthritis. It has been observed that the relationship between the corresponding biomarker and
rheumatoid arthritis tends to be obviated most of the time when explaining the mechanism of the
optical biosensor, which forces the researcher to look for further information about the biomarker.
This review work attempts to establish a clear association between optical sensors and rheumatoid
arthritis biomarkers as well as to be an easy-to-use tool for the researchers working in this field.

Keywords: optical biosensors; rheumatoid arthritis (RA); biomarkers; miRNA; CRP

1. Introduction

Rheumatoid arthritis (RA) is considered to be the most common type of autoimmune arthritis
by the American College of Rheumatology (ACR) [1] as well as being the most common type of
inflammatory arthritis in adults, affecting approximately between 0.5% and 1.0% of the adult population
worldwide [2].

The inflammation that is derived from suffering rheumatoid arthritis affects the synovium,
the membrane that lines and lubricates the joints by producing synovial fluid, causing synovitis,
therefore provoking joint pain, stiffness and swelling [3]. The smallest joints (wrists, elbows, knees,
ankles and those present in hands and feet) tend to be attacked by inflammation in RA patients,
nevertheless, any joint in the body can be affected. On the other hand, although RA usually affects the
joints, synovitis can expand and damage other tissues and organs; a fact that leads us to consider RA
as a systemic disease [3].

Early identification of rheumatoid arthritis can affect its development, preventing joint erosion or
slowing down the progression of erosive disease. It can even lead to remission after proper treatment [4].
Nevertheless, correctly identifying rheumatoid arthritis in patients cannot be considered as a closed
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matter. Literature is continuously revised to recover the most reliable RA disease activity measures to
improve the accuracy of the diagnosis. In 2019, the ACR updated its recommendations on rheumatoid
arthritis disease activity measures considering that among all the practices found in the literature,
11 fulfilled a minimum standard for regular use in most clinical settings and only 5 of them, enumerated
below, were recommended [5].

1.  Disease Activity Score in 28 joints (DAS28) combined with Erythrocyte Sedimentation Rate (ESR)
or C-reactive protein (CRP);

Clinical Disease Activity Index (CDAI);

Simplified Disease Activity Index (SDAI);

Routine Assessment of Patient Index Data 3 (RAPID3);

Patient Activity Scale-1I (PAS-II).

The previously listed RA disease activity measures employ, among other parameters, the number
of swollen and tender joints out a total of 28 (DAS28, CDAI, SDAI), the patient and doctor’s global
assessment of disease activity (CDAI, SDAI, only the patient in PAS-II), questionnaires for the patient
(RAPID3, PAS-II), and CRP level (SDAI, DAS28-CRP) or ESR (DAS28-ESR).

Nevertheless, these measures mentioned above also have their drawbacks [6]. For example,
RAPID3 and PAS-II are based on the patient’s assessment and it could be considered that they lack the
reliability of the formal assessment undertaken by a doctor. In DAS28-ESR or DAS28-CRP, the use
of several parameters adds complexity to the method and the fixed weighting employed for result
calculation can lead to wrong estimations. Finally, CDAI is also considered as time-consuming by
some researchers.

The latter measures mostly include clinical endpoints, variables that represent a study of the
patient’s health and wellbeing from the patient’s perspective, such as the number of swollen and tender
joints. Disease activity measures based on biomarkers are suggested here as an alternate solution to the
disadvantages of RA clinical endpoints. A biomarker, also known as biological marker, is defined as
an objective and quantifiable indicator of the medical condition of the patient, which can be observed
from outside the patient and can be measured precisely and reproducibly [7]. It has to be stated that
CRP and ESR are, indeed, biomarkers, but in the previously explained disease activity measures they
were always combined with clinical endpoints.

A multi-biomarker disease activity (MBDA) test for rheumatoid arthritis was developed based
on 12 biomarkers (out of 130 candidates) and a mathematical algorithm [8]. This test has given
satisfactory results in measuring the disease activity in RA patients treated with rituximab [9] and
in a computer-assisted management study in early RA patients [10]. However, in a study with RA
patients treated with abatacept or adalimumab, no association between the MBDA test result and
other previously mentioned disease activity measures (CDAI, SDAI, DAS28-CRP, RAPID3) has been
found [11]. Nevertheless, this approach based on biomarkers and linked with the utilization of
biosensors shows a promising path, as it has the potential for providing clinically valid data on disease
activity without depending on the doctor or the patient’s assessment.

Biosensors are developed to obtain accurate data from fluids that originate in the human body,
including plasma, blood or urine, among others. They basically consist of a bioreceptor, that binds the
target molecule (the biomarker); and a transducer, which is intimately linked to the bioreceptor and
enables a measurable response to be obtained. On the other hand, in the case of optical transducers,
interrogation techniques primarily consist of light-intensity, phase, and frequency or polarization
modulation induced by the bioreceptor in the presence of the biomarker. Optical biosensors are
becoming increasingly important, particularly in the case of DNA and RNA biomarkers [12]. This is a
direct consequence of their advantages, among which it has to be stressed their capability of a direct,
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real-time and in some cases label-free detection, as well as their high specificity, sensitivity, compact size
and good cost-performance ratio [13].

The current review focuses on optical biosensors that enable the detection of biomarkers associated
to RA. Furthermore, this review provides a clear connection between the biomarkers and RA.
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These connections tend to be ignored in the works that present novel optical biosensing platforms,
which are focused on the detection technique and not on the medical application.

On the other hand, biomarkers clearly connected with RA in medical literature are not associated
with this particular disease. In many cases it is because some particular biomarkers cover a wide range
of diseases, as happens with CRP, a general biomarker for inflammation [14-16]. On other occasions,
the corresponding biomarker has been related to several diseases, and more attention has been paid
to some of them over RA. It is the case of miR-21, linked to several types of cancer [17-20] as well as
RA [21-24]. Other biomarkers are introduced as general biomarkers of disease without specifying their
particular medical conditions, as is the case of let-7a. Finally, there are biomarkers that are considered
important in RA medical literature, such as the rheumatoid factor (RF) [25], but not many optical
biosensors have been developed in this case.

This work will be divided into three separate sections. First, the utilization of optical biosensors
for the detection of microRNAs, commonly referred as miRNAs, will be described. MiRNAs are
considered promising biomarkers for the detection of a wide range of diseases, including rheumatoid
arthritis. Then, a second section will be focused on optical biosensors for the detection of CRP, one of
the main biomarkers for RA monitoring; followed by a third section where other RA biomarkers that
have also been detected by employing these techniques are mentioned. Finally, conclusions and an
outlook section are also included.

Every section includes a table where the information about the different optical sensors used
for the detection of the corresponding biomarker/biomarkers is summarized: Table 1 for miRNAs
(Tables 2 and 3 provide further information about the miRNAs themselves), Table 4 for CRP and
Table 5 for the remaining biomarkers. The information in the tables is ordered in columns that detail
the optical technique/principle that has been employed, the detected biomarker/biomarkers linked to
RA, the dynamic range, the limit of detection (LOD), the specificity assay and a brief description of
the sensor. Some general considerations of the data summarized in the tables are required for proper
reading as detailed in the next paragraphs.

Regarding the dynamic range, in general, the linear range of the sensor will be provided,
where ‘linear range’ means that, for this interval, the relationship between the response of the sensor
and the concentration of the considered biomarker (usually in log scale) is linear. On some occasions,
the studied range was larger and only the part where the relationship was linear has been indicated.
However, in some cases, either the relationship is not linear, or the linearity has not been studied.
In other sensors, other types of relationship between the sensor response and the concentration are
specified. Whenever the range provided is not linear, it will be indicated.

Concerning the limit of detection (LOD) column, it includes the concentration that has received
this designation in the corresponding article. In general, the LOD is defined as the lowest analyte
concentration that can be detected in a sample, but not necessarily quantified, under the stated
conditions of the test [26]. In some cases, the limit of quantitation (LOQ) is provided, either as a
complement or a substitute for the LOD, and it will be indicated. The LOQ is the lowest analyte
concentration that can be determined in a sample with acceptable precision and accuracy under the
stated conditions of test [26]. In some other sensors, neither the LOD nor the LOQ are provided in the
corresponding article. In these cases, the lowest concentration that has been found to be detected in
the article is included and this circumstance will be explicitly mentioned.

With regard to the specificity assays, they are carried out to check that other substances that are
not the desired target produce an irrelevant response of the sensor (or no response at all). In the
corresponding column, the DNA chains, miRNAs, proteins, etc. that have been used for these assays
are included. Other aspects of each table will be commented on in each corresponding section.

2. MicroRNAs or miRNAs

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
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accomplished through the RNA-induced silencing complex (RISC). MiRNA assembles into RISC,
which targets the messenger RNA (mRNA, 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 [27].

MiRNAs were originally discovered in Caenorhabditis elegans (a species of soil-dwelling
nematode) [28] 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 [29].

The genesis of miRNA involves several steps, shown in Figure 1. In the nucleus, RNA polymerase II
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 III
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 [27,29]. 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 [30].
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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/) [29]. 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) [29,31]. Regarding autoimmune diseases,
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research has been carried out in depth for rheumatoid arthritis (RA), identifying miRNAs and their
connection with the disease [21,22,32-35]. Nevertheless, it has to be taken into account that in RA,
several miRNAs, as well as other biomarkers, should be considered in order to provide an accurate
diagnosis. Furthermore, one miRNA can be dysregulated in several diseases, that can be related, as RA
and systemic lupus erythematosus; or not, as RA and different types of cancer.

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 review.

The information about the different sensors to detect miRNAs associated with RA is summarized
in Table 1. The detection of each miRNA is usually performed separately. If it is not the case, it will
be explained in the text. The detection of other miRNAs not related to rheumatoid arthritis is not
given in Table 1. Some articles have been included not due to the low LOD or the detection range
but because the corresponding technique is not commonly used for miRNA detection. In other cases,
several miRNAs can be detected simultaneously or the detected miRNA cannot be easily found in
optical sensors literature.

Table 2 lists all the miRNAs linked with rheumatoid arthritis that are detected in the articles
included in this review. Here, the full name of each miRNA, other names that also reference the
same miRNA and the corresponding miRNA sequence [36], are included. The last two columns
contain the references to the sensing platforms mentioned in this review that enable their detection
('Ref (optical sensors)” column) and the references in which the association of the corresponding
miRNA with rheumatoid arthritis is explained (‘Ref (RA)” column).



Sensors 2020, 20, 6289

Table 1. Optical biosensors for the detection of microRNAs (miRNAs) linked with rheumatoid arthritis (RA).

6 of 51

Optical . . .
Technique/ Lf;f:; Q:ENRA:& Lmealiall)ézamlc LOD Specificity Assays Comments Ref.
Principle
One base mismatched Sensor based on PVDF paper
10 nM-10 uM 10 nM miR-21 and other impregnated with PT as luminescent [37]
non-related sequence reporter
. Dual mode sensor (fluorescence and
50 pM-1 nM 50 pM .let—17e_3£’1et—-71, m IR_tlil’ f colorimetry) based on FAM labelled [38]
(fluorescence) (fluores-cence) smge arieﬂil leima che hairpin probes, Au NPs and DSN
signal amplification
Blank, let-7a, let-7b, Detection strategy that uses CHA,
125 pM-1.5 nM 125 pM ®) let-7c-5p, miR-21 graphene oxide (GO) and hairpin [39]
complementary seq. probes with FAM
0.2-20 nM 98 pM miR-26a, miR-122, Method based on rGO, Eosin Y and [40]
’ p miR-141* magnetic silicon microspheres.
Mismatched miRNAs (1, Sensor based on fluorescence
Fluorescence miR-21 1-16 nM 47 pM 2,3 or 5 bases) and anisotropy (FA) that uses [41]
miR-126* GO-assisted CHA and TAMRA
Single molecule detection (SMD)
- . assay based on total internal
5-100pM 5pM miR-214 reflection fluorescence microscopy [42]
(TIRFM) that uses YOYO-1
Sensor that employs GO nanoplates
- (b) . . 7 ploy P .
2pM-10nM 2pM let-7a, let-7b, let-7c-5p RCA, triple-helix probes, and FAM. [43]
Blank, one and two-base MiRNA detection based on RCA
1 pM-10 nM @ 1pM mismatched miR-21, reaction, GO and nicking enzyme [44]
miR-155 amplification
. Switch platform using GO and SYBR
1pM-1nM 1pM ®) Blank, r.mR—210—3p, Green I based on isothermal enzyme [45]
miR-214 e
free amplification
Sensor based on photonic crystal
0.6 pM-1.0 nM @ 0.6 pM - enhanced fluorescence (PCEF) that [46]

employs Cy5
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Table 1. Cont.

7 of 51

Optical . . .
. Target miRNA Linear Dynamic o
Tec‘hm'que/ Linked with RA Range LOD Specificity Assays Comments Ref.
Principle
MiRNA detection by CXFluoAmp
100 fM-5 uM @ 35 ftM - method with CdSe nanocrystals and [47]
Rhod-5N
. Sensor that combines isothermal
miR-21 10 fM-10 pM 3 fM Blank, r.mR—210—3p, exponential amplification, GO and [48]
miR-214
SYBR Green I
. QD labelled strip sensor based on
2-200 fM 200 aM Blank, 1.111R-210-3p, target- recycled non-enzymatic [49]
miR-214 e
amplification
MiRNA detection using carbon
5-300 nM @) 3.5nM 1et-7c(-s§;é">g,01§t:f7me,)1et—7f nanoparticles and DNA probes [50]
labelled with FAM
Assay based on HCR reaction
Fluorescence 1 pM-5nM @ 1pM () let-7b, let-7e, lgt-7f, coupled with GO and DNA probes [51]
let-7g, let-7i .
let-7a with FAM
MiRNA detection based on
60 fM-12 pM 10.8 fM let-7b, let-7c-5p-5p, amplification using GO and SYBR [52]
miR-21
Green I
Detection platform that uses GO,
10 fM-2 pM 42 fM let—Ts{-;et—Teeé-;eitﬂf, helicase amplification of HCR and [53]
& DNA with Cy3
Single mismatched
miR-141 1 pM-5nM 1pM miR-141, miR-21, Sensor based on a 3-Ni(OH), ”
miR-200b, miR-429 nanosheet, DSN amplification with [54]
miR-21 - 10 M - FAM and TAMRA
. Nano-photon switch based on QD
miR21, miR155  1pM-1nM (both)  1pM () (both) Blank, miR-210-3p, and GO for multiple miRNA [55]

miR-214

detection by FRET




Sensors 2020, 20, 6289

Table 1. Cont.
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Optical . . .
. Target miRNA Linear Dynamic o
Tec‘hm'que/ Linked with RA Range LOD Specificity Assays Comments Ref.
Principle
Cross specificity among . . .
- Fluorometric system using rollin
miR-21 ©, miR-16,  1pM-10nM @ . all, miR-16 and two ; oSy 10 ng
miR-31, miR-155 (miR-21) 0-4 pM (miR-21) one-base mismatched circle amplg:(j;(l)orkl“(ﬁ;A), GO and [56]
miR-21 (miR-21) PROTEs.
miR-9 © 500 fM-300 pM 500 fM (LOQ) - 45 miRNAs studied in 16 tissues
) ®) ) ) ) using a 5-laser single molecule [57]
o et-7a - 1 pM et-7b, let-7c-5p-5p, let-7d detection platform
uorescence
miR-125a (© 10 fM-100 pM 10.3 fM Qne and twol—base Detection based on rGO-assisted
mismatched miR-125a rolling circle amplification (RCA) (58]
let-7a - 100 fM ® let-7b, let-7c-5p, let-7d and SYBR Green I
c¢DNA miR-126 with
<DNA miR-126 mismatched bases (1,2 or  Method using GO, DNA probe with
(miR-126 s fixed) 20 fM-100 pM ~3.0 ftM 3), cDNA let-7d, cDNA  FAM and site specific cleavage using [59]
mt 18 ixe miR-21, cDNA miR-122, Rsal endonuclease
cDNA miR-141
3-base mismatched MiRNA detection with
Absorbance miR-155 100 aM-100 fM 100 aM . citrate-capped Au NPs and PEI [60]
miR-155, other DNA
capped-Au NPs
miR-21 © 10 fM-100 pM 3fM Blank, miR-141, miR-143  SPR sensor with Au and rGO film
- (61]
Blank. lot-7a. lot-7c-5 that uses DSN for signal
let-7b - 10 fM ® ank, let-7a, let-7c-op, amplification
let-7e
0.56 M SPRi sensor with isolated Au islands
SPR miR-15a 5 fM-0.5nM y Other DNA sequences that employs orthogonal signal [62]
(LOQ: 5 fM) amplificati
plification
SPR sensor based on two
_ @ i i
miR-21, miR-155 10aM-10 pM 10 aM (both) M1§matched MiRNA that dimensional antimonene [63]
(both) differs in 1 base (both) .
nanomaterial and Au nanorods
LSPR miR-21 10 pM=100 1M @ 23-35 fM miR-16, miR-122, Regenerative label-free LSPR sensor [64]

miR-126%, miR-141

based on Au nano prisms
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Optical . . .
. Target miRNA Linear Dynamic o
Tec‘hm'que/ Linked with RA Range LOD Specificity Assays Comments Ref.
Principle
let-7c-5p 4-250 nM 4nM ®
miR-21 4950 nM 4nM ® Cross-specificity among Label-free miRNA detection in 10 [65]
the 4 miRNAs, let-7b min using arrays of microring
miR-24 (@ 1.95 nM-2 uM 1.95 nM ® (only for let-7c-5p) resonators
miR-133b 62.5 nM-1 uM 62.5nM ®)
miR-21 20 nM-2 uM 9nM
Silicon Photonic
Microring miR-26a 20 nM-2 uM 4nM [66]
Cross-specificity amon Multiplexed miRNA detection via
resonators ; p y g
miR-29a 2nM-2 uM <1nM the 7 miRNAs enzymatic signal amplification
miR-106a 2 nM-2 uM 2nM
miR-222, miR-335 2 nM-2 uM 1nM
miR-16 160 pM—40 nM @ 160 pM ®) o Microring resonator arrays with 67
Cross-specificity among lificati . . (671
miR-21, miR-24 (@ @ © the 4 miRNAs amplification using an anti
miR-26a 10 pM—40 nM 10pM DNA:RNA antibody
. miR-122 (miR-21), Label-free detection in 15 min with a
miR-21, let-7a 1nM-=1 pM (both) 1nM (both) let-7c-5p (let-7a) Mach-Zehnder interferometer (MZI) [68]
Interferometry Optofluidic sensor by assembling a
let-7a 2 nM-20 uM 212 pM let-7b, let-7c-5p ufiber in lateral contact with a silica [69]
capillary
let-7a, miR-16 ( l et-7ais detected in e Ag nanorod-based SERS for miRNA
miR-133a-3 6-150 uM @ for all } mixture that also contains identification in multicomponent [70]
(mix tufes)p’ the miRNAs miR-16, miR-21, miR-24 entiica Omixtur‘és compone
and miR-133a-3p
R_ - ( ) .
Surface Enhanced miR-21 10 fM-100 pM @ <10 fM Blank, a random miRNA SERS detection of multiple miRNAs .
Raman miR-31 1pM-10 nM @ 1pM ®) - using gold and silver nanoprobes [71]
Spectroscopy and several dyes.
(SERS) miR-141 1 pM-10 nM @ <10 fM -
Blank, miR-21, miR-141, SERS combined with DSN
miR-155 1 fM-10 nM 0.67 fM one base mismatched amplification using toluidine blue [72]
miR-155 (TB) and CaCOs

@) In these cases, the dynamic range of the sensor does not follow a linear relationship, or this relationship has not been studied in detail.; ®) This value corresponds to the lowest

concentration detected, but it has not been recognized as the limit of detection (LOD).;

C,

) In these sensors, this miRNA is the only one whose LOD and dynamic range was studied in

depth.; @ In the corresponding articles, this miRNA appears named as miR-24-1. However, the sequence corresponds to hsa-miR-24-3p, also known as hsa-miR-24. The use of the name
miR-24-1 can be due to the fact that this miRNA is present in the stem loop sequence hsa-miR-24-1.
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Table 2. Summary of miRNAs associated with rheumatoid arthritis (RA) mentioned in Section 2.

miRNA Other Names Sequence Ref. (Optical Sensors) Ref. (RA)
hsa-miR-21-5p hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA Béf%%;flf’ 1[’5(’93]_<(£<’Z>1]’ [21,23,24]
hsa-let-7a-5p hsa-let-7a UGAGGUAGUAGGUUGUAUAGUU [50-53,57,58,68-70], [39,43,61] ©) [73,74]
hsa-let-7b-5p @) hsa-let-7b UGAGGUAGUAGGUUGUGUGGUU (2) [61], [39,43,51-53,57,58,65,69] (©) [75]
hsa-let-7¢c-5p @) - UGAGGUAGUAGGUUGUAUGGUU (1) [65], [39,43,50,52,57,58,61,68,69] © [76]
hsa-miR-9-5p hsa-miR-9 UCUUUGGUUAUCUAGCUGUAUGA [57] [77,78]
hsa-miR-15a-5p hsa-miR-15a UAGCAGCACAUAAUGGUUUGUG [62] [21]
hsa-miR-16-5p hsa-miR-16 UAGCAGCACGUAAAUAUUGGCG [56,57,67,70], [64] © [21,22,79]
hsa-miR-24-3p hsa-miR-24 UGGCUCAGUUCAGCAGGAACAG [65,67], [70] © [35]
hsa-miR-26a-5p hsa-miR-26a UUCAAGUAAUCCAGGAUAGGCU [66,67], [40] © [35,74]
hsa-miR-29a-3p hsa-miR-29a UAGCACCAUCUGAAAUCGGUUA [66] [80]
hsa-miR-31-5p hsa-miR-31 AGGCAAGAUGCUGGCAUAGCU [56,71] [22]
hsa-miR-106a-5p hsa-miR-106a AAAAGUGCUUACAGUGCAGGUAG [66] [81]
hsa-miR-125a-5p hsa-miR-125a UCCCUGAGACCCUUUAACCUGUGA [58] [35]
hsa-miR-126-3p hsa-miR-126 UCGUACCGUGAGUAAUAAUGCG [59] @ [35]
hsa-miR-133a-3p - UUUGGUCCCCUUCAACCAGCUG [70] [82]
hsa-miR-133b - UUUGGUCCCCUUCAACCAGCUA [65] [35]
hsa-miR-141-3p hsa-miR-141 UAACACUGUCUGGUAAAGAUGG [54,71], [38,61,64,72] ©, [59] @A) [83]
hsa-miR-155-5p hsa-miR-155 UUAAUGCUAAUCGUGAUAGGGGUU [56,60,63,72], [44] © [21,84]
hsa-miR-222-3p hsa-miR-222 AGCUACAUCUGGCUACUGGGU [66] [85]
hsa-miR-335-5p hsa-miR-335 UCAAGAGCAAUAACGAAAAAUGU [66] [86]

10 of 51

@ These miRNAs are part of the let-7 family and are commonly used in specificity assays where the target miRNA is let-7a. For that reason, in their sequences, the bases in which they
differ from let-7a are underlined and the total number of different bases is written between parentheses.; (b) Let-7c-5p is commonly referred to as let-7c in the articles included in this
review. However, based on [36] and after checking that the miRNA sequences were the same, it has been considered more correct to use the name let-7c-5p.; () The miRNA appears in the

corresponding article, but used only in a specificity assay.; ¥ The complementary sequence of the corresponding miRNA is used.
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With respect to amplification techniques, they are commonly used in biosensors for miRNA
detection, such as catalyzed hairpin assembly (CHA) [39,41] or rolling circle amplification (RCA) [43,44].
An interesting case is duplex-specific nuclease (DSN) assisted signal amplification, which has
been observed in different types of optical sensors: fluorescence [38,54], plasmon resonances [61],
and surface-enhanced Raman spectroscopy (SERS) [72]. Another particular case is presented in [44],
where two techniques are combined: RCA and nicking enzyme amplification. The purpose of these
techniques is to improve the performance of the sensor, although they increase the complexity and
time of detection. For instance, in [41], CHA enables the LOD to be reduced for miR-21 detection
from 9.1 nM to 47 pM (194 times) but it takes 4.5 h longer to prepare the sensor. These amplification
techniques will be mentioned in the following explanations; however, they will not be described in
depth, as it is not the purpose of this review and they can be consulted in the corresponding references.

Concerning the nomenclature, the first three letters that appear in the full name of a miRNA
correspond to the organism, with ‘hsa’ (from Homo sapiens) corresponding to humans. Lettered suffixes
correspond to closely related mature sequences. There are also exceptions to the typical naming
structure, such as the let-7 family, which has retained the name that was originally given [87].

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 [87]. Nevertheless, both notations coexist, as can be checked in Table 2.

In this review, 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 in this review when
required. Further explanations are given in these cases to avoid confusion. Nonetheless, as a general
recommendation when searching in literature, it is always recommended to contrast the name and the
sequence given with a biological database.

Returning to Table 1, regarding the specificity assays, in most cases miRNAs differing in a few
bases (1, 2 or 3) from the target miRNA are used. Sometimes they are mature miRNA and in other cases
they are artificial miRNA that have been designed for these assays. In some other cases, the miRNAs
used for the specificity assay are other miRNAs that have been detected in the article (cross specificity
assays) or other common miRNAs. All the information about the miRNA that have been employed in
specificity assays is summarized in Table 3. The miRINAs that have been detected in some works and
used in specificity assays in others are included in Table 2 and their role in each article is made clear.

Among the optical sensors used for the detection of miRNAs associated with RA, the great
majority of papers found in the literature are based on fluorescence or related techniques as described
in the next subsection (Section 2.1). However, there are also sensors based on plasmon resonances,
microring resonators, interferometry, and SERS as will be detailed in Sections 2.2 and 2.3. This order is
also followed in Table 1.

Table 3. Summary of miRNAs only employed in specificity assays.

miRNA @ Other Names Sequence Ref (Optical Sensors)
hsa-let-7d-5p ®©) hsa-let-7d AGAGGUAGUAGGUUGCAUAGUU (2) [57,58], [59] @
hsa-let-7e-5p ®) hsa-let-7e UGAGGUAGGAGGUUGUAUAGUU (1) [38,50,51,53,61]
hsa-let-7f-5p ®) hsa-let-7f UGAGGUAGUAGAUUGUAUAGUU (1) [50,51,53]
hsa-let-7g-5p ®) hsa-let-7g UGAGGUAGUAGUUUGUACAGUU (2) [51,53]
hsa-let-7i-5p ) hsa-let-7i UGAGGUAGUAGUUUGUGCUGUU (4) [38,51,53]

hsa-miR-122a,

(d)
hsa-miR-122 UGGAGUGUGACAAUGGUGUUUG [40,64,68], [59]

hsa-miR-122-5p
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Table 3. Cont.

miRNA @ Other Names Sequence Ref (Optical Sensors)
hsa-miR-126-5p hsa-miR-126* CAUUAUUACUUUUGGUACGCG [41,64]
hsa-miR-141-5p hsa-miR-141* CAUCUUCCAGUACAGUGUUGGA [40]
hsa-miR-143-3p hsa-miR-143 UGAGAUGAAGCACUGUAGCUC [61]
hsa-miR-200b-3p hsa-miR-200b UAAUACUGCCUGGUAAUGAUGA [54]
hsa-miR-210-3p © - CUGUGCGUGUGACAGCGGCUGA [45,48,49,55]
hsa-miR-214-3p hsa-miR-214 ACAGCAGGCACAGACAGGCAGU [42,45,48,49,55]
hsa-miR-429 - UAAUACUGUCUGGUAAAACCGU [54]

@ If a miRNA is in this table, it does not necessarily mean that it is not connected with RA. It means that, in the
articles included in this review, it is only used as a control in specificity assays. For instance, let-7e [22], let-7g [88],
miR-143 [89,90], and miR-210 [91,92] (it is not clear if these references mention miR-210-3p or miR-210-5p) are linked
with RA. Although both miR-143 and miR-210-3p are detected in [57], they are not studied in depth, so they have
not been included in Table 2; ® These miRNAs are part of the let-7 family and are commonly used in specificity
assays where the target miRNA is let-7a. For that reason, in their sequences, the bases in which they differ from
let-7a are underlined and the total number of different bases is written between parentheses.; © MiR-210-3p is
commonly referred to as miR-210 in the articles included in this review. However, based on [36] and after checking
that the miRNA sequences were the same, it has been considered more correct to use the name miR-210-3p.;
@ The complementary sequence of the corresponding miRNA is used.

2.1. 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) [93,94]. The difference in wavelength between the excitation (usually
lower) and emission (usually higher) wavelengths is known as the Stokes shift [95].

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 [95].
Their drawbacks are those associated with the utilization of fluorophores, including undesired effects
that affect the sensor performance such as photobleaching or self-quenching.

In the listed sensors for miRNA detection, the peak wavelengths tend to be in the range 520-530 nm, and
the fluorophores that have been employed include: 5(6)-carboxyfluorescein (FAM) [38,39,43,44,50,51,54,59],
SYBR Green I [45,48,52,58], Cyb [46,56], poly(3-alkoxy-4-methylthiophene) (PT) [37], TAMRA [41,54],
YOYO-1 [42], Atto 550 [56], FITC [56], Eosin Y [40], Rhod-5N [47], Cy3 [53], Oyster 556 [57], and Oyster
656 [57]. The fluorophores whose chemical composition has not been specified correspond to compounds
that are widely known. More information can be consulted in [96] except in the case of Rhod-5N,
Opyster 556 and Oyster 656, which are commercial names. The same criterion is applied for the rest of the
fluorophores that are mentioned in the current review. In [49,55], quantum dots (QDs), a kind of fluorescent
semiconductor nanocrystals, are utilized as fluorescent labels instead of fluorophores. There are sensors in
which several fluorophores [56] or QDs [49] are employed with different miRNAs in order to enable their
independent detection, and in [57], both fluorophores are used in every miRNA. Finally, fluorophores are
also utilized in SERS sensors [97], which will be explained in Section 2.3.

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 [42]. In TIRFM, a laser beam experiments total internal reflection, generating
an evanescent field layer that enables single molecule detection (SMD) of the fluorescent molecules
(see Figure 2). In [42], the hybridization of the DNA probes and the miRNA is monitored with an
electron-multiplying charge-coupled device (EMCCD) coupled to the TIRFM system.
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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 [42]. Copyright 2010 American
Chemical Society.

Another fluorescence-based technique is fluorescence anisotropy (FA) [41], phenomenon in
which the light emitted by a fluorophore changes depending on the axis of polarization used for the
measurement. In [46], 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. The periodic arrangement of the high and low index layers results in a narrow
band resonance peak and amplifies the output of surface-based fluorescent assays.

Regarding the materials, graphene oxide (GO) is present in an important part (more than
half) of the sensors for fluorescence-based miRNNA detection included in this review, either as GO
in [39,41,43-45,48,51-53,55,56,59], or as reduced graphene oxide (rGO) in [40,58]. A particular case
for GO is shown in [43], where it is used is in the shape of nanoplates. The electrical, mechanical,
thermal and chemical properties of graphene have led to its use in optical sensors based on various
interrogation schemes (resonance, interferometry, ... ) including fluorescence [98]. However, further
research in micro- and nanostructured materials is considered critical to improve current optical
biosensors performance [99,100].

It can be checked in [101] that graphene is a common material in biosensors for miRNA detection,
not only optical, but also electrochemical. There are two main reasons for the utilization of GO in
the case of fluorescent sensors for miRNA detection [101]. 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).

Therefore, the basic operation of a fluorescent sensor that employs GO is the following:
a fluorophore (or a QD) is attached to one end of the DNA probe, which will be adsorbed by
the GO, thus the fluorescence is quenched (Figure 3a). This situation will only change in the presence of
the target miRNA, which will hybridize with the DNA probe; causing the resulting DNA-RNA hybrid
to desorb from the GO surface. The fluorophore, no longer close to the GO surface, will be able to emit
light, enabling us to know that the detection has taken place (Figure 3b). This basic operation principle
is usually combined with more complex amplification strategies, as happens in all the previously
mentioned sensors.
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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.

Fluorescence-based sensors for the detection of miR-21, being the most-numerous, are explained
in the first place (Section 2.1.1). Then, fluorescence biosensors for let-7a detection are described
(Section 2.1.2) and finally, those that detect other miRNAs are detailed in Section 2.1.3. This order is
also followed in the fluorescence section of Table 1, listing the sensors in order of decreasing LOD.

2.1.1. MiR-21

MiR-21 has been identified as a biomarker for bladder and prostate cancer [17], breast cancer [18],
non-small cell lung cancer [19], or pancreatic cancer [20], which justifies the interest in developing
sensors for the detection of this miRNA.

In the case of RA, miR-21 may be related to the imbalance of proinflammatory T helper 17 cells
(Th17) and anti-inflammatory regulatory T cells (Treg), which contributes to RA development [23].
Th17 cells produce interleukin-17 (IL-17) and are relevant contributors of inflammatory responses
in RA [102], whereas Treg cells are a specific subpopulation of T cells that behave as suppressors of
immune response [103]. On the one hand, miR-21 levels are decreased in peripheral blood mononuclear
cells (PBMCs) in RA patients compared with healthy controls, which is associated with an increase and
activation of STAT3 (signal transducer and activator of transcription 3), a transcription factor that is
involved in the differentiation of Th17 cells [21]. On the other hand, low miR-21 levels in RA patients
are connected with reduced counts of circulating Treg [23], while high levels of miR-21 in the synovial
fluid promote the accumulation of memory Treg cells linked to antiapoptotic processes [24].

Before describing the fluorescence sensors for miR-21 detection, another aspect will be commented
on. In general, the media in which miRNAs are detected using optical biosensors are different types of
buffer. However, in some cases miR-21 detection is also assessed in tumor cell lines, such as MCEF-7,
a type of breast cancer cell line [39,42,43,47,49], due to the connection of miR-21 with this cancer [18].
These assays justify the employment of the corresponding biosensor for breast cancer diagnosis.
This type of assays (for other tissues and types of cancer) are quite common, not only for miR-21
but also for the rest of the miRNAs and types of optical sensors included in Section 2. Nevertheless,
no more attention will be paid to them, as they are not under the scope of the current review.

On the other hand, on very few occasions, these sensors are used to detect miRNAs in human
plasma or sera. Although in these cases plasma or sera usually come from cancer patients, and the
purpose is to demonstrate the feasibility of the diagnosis of the corresponding cancer (not RA);
this information will be remarked upon, because an analogous assay could be carried out with plasma
or serum from RA patients for rheumatoid arthritis diagnosis.



Sensors 2020, 20, 6289 15 of 51

Apart from the fluorescent labels explained in the introduction of Section 2.1, there are also other
elements that have been employed as part of the sensing strategies for miR-21 detection. For instance,
in [38], 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.

Moreover, magnetic particles and CdSe nanocrystals are employed in a 3-step procedure in [47].
In the first step, magnetic particles coupled to DNA probes are suspended in a solution containing a
miRNA, that will only hybridize with the DNA probe if it is miR-21. The particles are collected with a
magnet and introduced in a second solution, which contains CdSe nanocrystals (CdSe NCs) coupled to
another probe. This probe will only hybridize with the initial DNA probe if the miR-21 has hybridized
in the first place. After washing several times, a third solution containing Rhod-5N molecules is added.
Only if both hybridizations have taken place (that is, only if miR-21 has been detected), will there be
CdSe NCs in this third step. In that case, Cd2+ ions are released from each nanocrystal, turning on the
fluorescence of Rhod-5N molecules.

Magnetic silicon microspheres (a type of magnetic nanoparticles, MNPs), similar to the magnetic
particles in [47], are used in [40]. In this work, rGO (whose properties, explained in Section 2.1,
play an important role) and DNA probes attached to the MNPs are introduced in an aqueous solution
and a magnetic field is applied. In the absence of miR-21, the MNP-DNA probes are adsorbed by
the rGO and the magnetic field will separate both from the solution. In the presence of miR-21,
the MNP-DNA-miR-21 hybrids will be desorbed from the rGO and only the hybrids will be separated
from the solution after applying the magnetic field, while the rGO will remain in the solution. After this
step, the fluorophore Eosin Y is introduced in the solution. Only if miR-21 has been detected,
the fluorescence of Eosin Y will be quenched by the remaining rGO, so the fluorescence quenching
is related to the detected miR-21 concentration. It is important to remark that this sensor enabled
measurement of concentrations of 1, 10 and 40 nM of miR-21 spiked in 100 times diluted human serum,
with a recovery rate (the recovered concentration divided by the added concentration and expressed in
percentage) of 95.52-120.3%.

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
by the naked eye of miR-21 is described in [37], (see Figure 4). To be precise, it is a poly(vinylidene
fluoride) (PDVF) impregnated thin paper that uses PT as luminescent reporter. If miR-21 hybridizes
with the DNA probe (named capturing molecule in Figure 4), the orange fluorescence signal from PT is
maintained (Figure 4c). In any other case, the fluorescence is quenched and a color transition from
orange to purple is observed (Figure 4b).
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Figure 4. (a) Paper platform for the detection of miR-21. (b) Case where the target is not detected,
the fluorescence is quenched and the color changes from orange to purple. (¢) Case where the
target miRNA is detected and orange fluorescence is maintained. Reproduced with permission [37].
Copyright 2012 American Chemical Society.

Another particular case is presented in [38], 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. Here, Au NPs act as fluorescence quenchers in the absence
of miR-21. In contrast, in the presence of miR-21, both FAM and Au NPs are released producing the
fluorescent and the colorimetric response, respectively. With the first method (fluorescence), a linear
range from 50 pM to 1 nM with a LOD of 50 pM is obtained. The second one (absorbance) provides a
LOD of 300 pM and a linear response in the range 300 pM-8 nM.

The LOD is in the order of pM for most of the listed miR-21 fluorescence sensors. However,
in [47,48] the LOD is in the fM range. In [47], 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), which is the
best dynamic range among the sensors for miRNA detection included in this review. In [48], isothermal
exponential amplification is used with graphene oxide and SYBR Green I, and the LOD is 10 times
lower (3 fM), with a linear range from 10 fM to 10 pM. Here, the specificity is tested with no miRNA
(control), miR-210-3p and miR-214; in all the cases with a response between 2.5 and 4.5 lower than that
corresponding to the same concentration of miR-21.

Nevertheless, the lowest LOD among the fluorescence sensors for miRNA detection is found
in [49], with a value of only 200 aM for miR-21 (see Figure 5a). 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 strip has two lines: the control line, whose fluorescence must always be visualized
and confirms the validity of the strip; and the test line, whose fluorescent area (called “peak area”)
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will increase with miR-21 concentration. The dynamic range goes from 200 aM to 2 pM, being linear
in the 2 fM-200 fM interval (see Figure 5a). In this work, specificity is also tested with no miRNA
(control), miR-210-3p and miR-214 and in all the cases the fluorescence is more than 5 times lower than
that corresponding to the same concentration of miR-21 (see Figure 5b).

3500 3500
A:_- 3000 I 2400
— 3000 & 2500 R2=0.9954
S 2000
2 1500 ~2000
\CE 23004 o 1000 / :'f
5 <
S 2000{ : = 1600
E 0.01 0.1 1 10 100 1000 8
A 1500 4 Amount of Target (fmol) ‘5 1200
<
o o 800
A, 1000+ <
d.i
500 - 400
0 0
Control 200amol 2fmol 20fmol 200fmol 2pmol Control miR-214 miR-210 miR-21

Figure 5. (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 [49],
Copyright 2017, with permission from Elsevier.

2.1.2. Let-7a

In previous literature, attention has been paid to let-7a not because its correlation with rheumatoid
arthritis, but mainly due to its suitability for specificity assays. 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 (2), let-7c-5p (1),
let-7d (2), let-7e (1), let-7f (1), let-7g (2) and let-7i (4). The number between parentheses is the number
of bases in which the corresponding miRNA differs from let-7a (see Tables 2 and 3 for more detailed
information about the corresponding sequences). 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.

There are articles in the literature where a ‘main’ miRNA is detected and its LOD studied. Then,
let-7a (or sometimes other miRINAs linked to RA) is detected but the focus is only on the specificity
assay without paying attention to its LOD. These types of article have been avoided in this review,
unless the ‘main”’ miRNA whose LOD is assessed is connected with RA too [57,58] or the article is
relevant for other reasons.

Regarding its connection with RA, in [73] the expression of let-7a is studied in monocytes from
anti-citrullinated protein antibodies (ACPA)-positive RA patients, finding that ACPA could suppress
let-7a expression levels in these cells. The reduced level of let-7a could increase the expression of
Ras proteins (encoded by Ras genes, where Ras stands for retrovirus-associated DNA sequences),
which contribute to the destruction of the cartilage and bone in RA. On the other hand, let-7a, among
other miRNAs, is significantly upregulated in the differentiation of T cells that produce interleukin-17
(IL-17), an important factor in RA pathogenesis [74]. These T cells that produce IL-17 include the
previously mentioned Th17 cells [102].

In [50], let-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 one half of the hybrids are



Sensors 2020, 20, 6289 18 of 51

denatured, that is, only the other half of them remains hybridized. The higher the homology (related to
the number and length of the sequences of bases that are complementary), the higher the Tm [104].
In this sensor, the DNA probe is obviously complementary to let-7a and, therefore, the highest Tm
corresponds to the DNA probe-let-7a hybrid. In consequence, if the temperature is increased in this
sensor, there will be a certain point where the hybridization (and the associated fluorescence due to the
operation of the sensor) will be relevant only if the miRNA corresponds to let-7a, enabling it to be
differentiated from the others.

DNA probes labelled with FAM are also employed in [51] but in this case they are combined
with a hybridization chain reaction (HCR) coupled with a GO surface in order to improve the LOD.
The lowest concentration of let-7a detected is 1 pM and the specificity is studied using let-7b, let-7e,
let-7f, let-7g and let-7i (concentration of 3 nM). The worst case corresponds to let-7f, with a fluorescence
lower than the 40% of the fluorescence that corresponds to the same concentration of let-7a. For the
rest of the miRNAs, the fluorescence is less than the 30% of the response associated to let-7a and even
less than 10% for let-7g and let-7i.

A similar procedure to that described in [48], using graphene oxide and SYBR Green I, is explained
in [52], but in this case for the detection of let-7a instead of miR-21. Circular exponential amplification is
utilized instead of isothermal exponential amplification to improve the sensor performance. The LOD
achieved in this case for let-7a is 10.8 fM (slightly higher than the 3 fM achieved for miR-21 in [48])
with a linear range from 60 fM to 12 pM. The specificity is assessed with let-7b, let-7c-5p and miR-21
(concentration equal to 0.12 nM) and for all of them the fluorescence is between 3 and 5 times lower
than that for the same concentration of let-7a.

In [53], 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 (Figure 6a). This LOD is the
lowest for let-7a among the sensors included in this review, although it is quite far from the best values
(200 aM [49] for fluorescence-based sensors and 10 aM [63] considering all types of optical sensor for
miRNA detection). The specificity has been studied with 5 miRNAs from the let-7 family: let-7b, let-7e,
let-7f, let-7g and let-7i (concentration 2 pM). In all the cases, the measured fluorescence is around
3.5 times lower than that obtained for the same concentration of let-7a (Figure 6b).
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Figure 6. (a) Fluorescence spectra of the HCR/GO biosensor in the presence of different concentrations
of let-7a (from bottom to top 0, 10 fM, 50 fM, 100 fM, 200 fM, 1 pM, 1.5 pM, 2 pM). Inset: linear
relationship between the fluorescence intensity change (F-Fj) and let-7a concentration. (b) Specificity
assay with let-7b, let-7e, let-7f, let-7g, let-7i (concentration 2 pM). (a,b) Reprinted [53], Copyright 2018,
with permission from Elsevier.
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2.1.3. Other miRNAs

Additional fluorescence-based optical biosensors for the detection of RA-linked miRNAs different
from miR-21 and let-7a are also listed in Table 1, although the latter also appear sometimes in these
works. For example, miR-155 (also an important biomarker for different types of tumor, including
breast cancer [105]) and miR-21, both of them linked with RA, are detected in [55]. In this case,
an elevated expression of miR-155 in peripheral blood mononuclear cells (PBMCs) is associated with
RA [84]. MiR-155 is also upregulated in synovial tissue, synovial fibroblasts, synovium macrophages,
whole blood; and down regulated in plasma and serum of RA patients [21].

The biosensor proposed in [55] 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
(already seen in [49]) have been used for miR-155 and miR-21 respectively, both miRNAs can be
individually detected; the response of each miRNA being associated with the respective fluorescence
peak wavelength (see Figure 7a). For both miRNAs, the LOD achieved is 1 pM with a linear range
from 1 pM to 1 nM. Specificity has been studied with no miRNA (blank), miR-210-3p and miR-214
(Figure 7b); which produced no relevant response.
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Figure 7. (a) Fluorescence spectra of samples with different concentrations of miR-21 and miR-155
(control represents the sample without any miRNA) (b) Specificity assay with no miRNA (Control),
miR-210-3p (indicated as miR-210) and miR-214 (concentration 100 pM). (a,b) Reprinted [55], Copyright
2017, with permission from Elsevier.

Another sensor for miR-155 detection is found in [60], although in this case it is not based on
fluorescence but on absorbance, an optical detection technique previously mentioned in [38] for the
detection of miR-21. In [60], DNA probes bind to negatively charged citrate-capped Au nanoparticles
(C-Au NPs) in the first place, see Figure 8a. Then, the target miR-155 is electrostatically adsorbed
onto the positively charged Au NPs polyethylenimine(PEI)-capped Au NPs (P-Au NPs), see Figure 8b.
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 8c. This color change depends on the miR-155 concentrations and is quantified through the
ratio of the absorption at A = 530 nm and A = 750 nm. With this sensing strategy, the LOD achieved is
100 aM (second best LOD for miRNA detection among the sensors of this review, only beaten by [63]),
with a linear range over 3 decades (100 aM-100 fM).
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Figure 8. 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/) [60]. Copyright 2018, the Authors. Published by Scientific reports.

Another miRNA that is related to RA is miR-141, detected with a sensor that uses beta nickel
hydroxide, 3-Ni(OH)2, and DSN amplification [54]. It has been recently reported that miR-141 is
downregulated in synovial fibroblasts (SF) from RA patients and that, combined with forkhead box
protein C1 (FoxC1), has a role in RA pathogenesis by influencing inflammation and SF proliferation [83].
-Ni(OH)2 has similar properties to those explained for graphene (quenching ability and different
affinity for ssDNA and dsDNA) that enable the sensor operation. In this work [54], miR-141 and
miR-21 are separately detected in the same assay thanks to the use of two fluorophores (FAM and
TAMRA) although the dynamic range (1 pM-5 nM) and LOD (1 pM) are only studied for miR-141.
The specificity is also assessed for miR-141 with a single base mismatched miRNA (response more
than 3 times lower), miR-21, miR-200b and miR-429 (irrelevant response).

In [56], the sensing platform is a fluorometric system that uses graphene oxide and rolling circle
amplification (RCA). The LOD is only studied for miR-21, with a value of 0.4 pM. However, apart
from miR-21, 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. Here, the main
interest of this work is not the LOD but the fact that these 4 miRNAs are all related to RA and the good
specificity results.

There are 2 miRNAs out of the 4 that appear in [56] whose relationship with RA has not been
previously explained. MiR-16 is upregulated in PBMCs of patients with RA [21,22], and its level is
low in the sera of early rheumatoid arthritis patients in comparison with established RA patients [79].
In the case of miR-31, it is overexpressed in RA patients, reducing the differentiation of mesenchymal
stromal cells (MSC) into osteoblasts and adipocytes [22].

A platform with 5 lasers (green, blue, infrared and two red) for the quantitation of miRNAs is
presented in [57]. 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 spiked into a complex RNA background (Escherichia coli total RNA),
obtaining a dynamic range from 500 fM to 300 pM and a LOQ of 500 fM. In [77], it was concluded that
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miR-9 was significantly downregulated in the serum of patients with RA and peripheral neuropathy
when compared with RA. MiR-9 serum levels were also reported to be low in RA patients compared
to controls in a study with Chinese patients (5 RA patients and 5 controls) [78]. The specificity of
the sensor is assessed with let-7a (neither the LOQ nor the dynamic range are studied in this case),
using let-7c-5p (that differs in 1 base from let-7a), let-7b (2 bases), and let-7d (2 bases) as controls,
with good results. The sensor response is more than 3 times lower in the case of let-7c-5p compared to
that of let-7a and irrelevant in the case of let-7b and let-7d (more than 10 times lower).

The main interest of this work [57] relies on the tests performed to detect 45 miRNAs in
16 different tissues. Among the 36 miRNAs that are finally detected in these tissues, it can be
consulted in the accompanying references their connection with RA: let-7a, miR-9, miR-16, miR-24,
miR-126, miR-141, miR-335 (these miRNAs are detected in other works included in this review
and their link with RA is explained with them), miR-22 [21], miR-25 [33], miR-28 [35], miR-30a*
(miR-30a-3p) [106], miR-100 [21], miR-103 [33], miR-124a [107], miR-132 [108,109], miR-140 [22],
miR-142-3p [21], miR-143 [89,90], miR-145 [90], miR-152-3p [21] (it is not clear if this reference mentions
miR-152-3p or miR-152-5p), miR-210-3p [91,92] (it is not clear if these references mention miR-210-3p
or miR-210-5p), and miR-221 [85,110]. Except for the first seven listed miRNAs, these miRNAs are not
included in Table 2 as they have been not considered relevant enough. Their corresponding sequences
can be found in [36] using the name that has been provided and the prefix ‘hsa’.

High levels of miR-126 have also been detected in RA plasma relative to human control plasma [35].
In [59], 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).
It must be said that the complementary sequence is generally used to detect the corresponding miRNA
while in this case it is done the other way round. In this case, the achieved LOD is ~3 fM, with a linear
range from 20 fM to 100 pM.

The final miRNA explained in this subsection that plays a role in RA is miR-125a. It has been
identified as a plasma biomarker in rheumatoid arthritis in [35]. It is worth mentioning that miR-125a
does not correlate with the presence of CRP, ACPA, RF or with DAS28; which means that it is not
a mere indicator of general inflammation and it could be an independent biomarker, alternative to
autoantibodies and disease activity biomarkers. MiR-125a is detected in [58] based on rGO-assisted
rolling circle amplification (RCA) and the use of SYBR Green I. The LOD achieved for this miRNA
is 10.3 fM, with a linear range of 4 decades (10 fM-100 pM). Let-7a is also detected (100 fM) with
this sensor using the corresponding DNA probe, although neither the LOD nor the dynamic range
are studied in depth. Specificity assays are carried out for both miR-125a and let-7a, where it is
qualitatively shown that the sensor is specific for miR-125a (employing artificial one and two base
mismatched miRNAs) and let-7a (let-7b, let-7c-5p and let-7d; that only differ from let-7a in one or two
bases). In addition to this, for let-7a (100 M) the interference of different concentrations of let-7c-5p
(1 fM-10 pM) has been studied, and does not affect appreciably the sensor response.

2.2. Resonance-Based Biosensors

Other optical sensors for miRNA detection are resonance-based biosensors that rely on light
modifications by means of the utilization of different materials covering the waveguide. These optical
sensors work as refractometers [111], 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 [95,112].

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 [113]. SPR imaging, also known as SPRi, simply differentiates from
conventional SPR in incorporating a CCD (charge-coupled device) camera that allows sensorgrams
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and SPR images to be recorded at the same time [114]. SPR stands out for having high sensitivity, good
cost-performance ratio and enabling direct and real-time monitoring of the analyte binding [115,116].

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 [117].

In [61], 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,
whereas let-7b is detected in a concentration of 10 fM (its LOD and dynamic range are not studied) and
its specificity is assessed with blank (no miRNA), let-7a, let-7c-5p and let-7e with good results (in all
the cases the sensor response is more than 4 times lower than that of let-7b).

This biosensor [61] was used to determine miR-21 levels in 13 serum samples ranging from
70 to 3400 ng/L, achieving good results. It was also 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.
Furthermore, tests were done with known concentrations (between 330 pM and 780 pM) of miR-21
and let-7b spiked into blood samples, and the recovery rates were in the range from 94.1% to 107.3%.

Although let-7b is not studied as in depth as miR-21 in [61], attention has been paid to let-7b
because it is the first (and only) work included in this review where let-7b, which is also connected with
RA, is treated as the target miRNA. Let-7b is usually employed in specificity assays of let-7a, such as
in [51,52], or of other miRNAs. Concerning RA, let-7b contributes to arthritic joint inflammation through
a mechanism that is dependent on the transformation of naive myeloid cells into M1 macrophages [75].

SPRi sensor based on Au islands and orthogonal signal amplification for the detection of miR-15a
is presented in [62]. 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. Apart from being associated to colorectal cancer [118], regarding RA, miR-15a is
reported to be downregulated in arthritic synovial tissue [21].

The LOD is lowered by 2 orders of magnitude in [63], compared to previous work. Here, 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 9a 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 9b) and antimonene, a material similar to graphene but with better stability and
hydrophilicity. It has to be remarked that this sensor possesses the lowest LOD among the works for
miRNA detection included in this review (one decade lower than the second best one [60]), that this
LOD is achieved for two different miRNAs (miR-21 and miR-155), and that it is also one of the best
sensors in terms of the dynamic range (6 decades), only below [47,72].
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Figure 9. (a) Surface plasmon resonance (SPR) spectra with miR-155 concentrations ranging from
1071 to 10~ 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/) [63]. 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 [119]. 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 [120]. LSPRs have
already appeared in this review, as they are responsible for the colorimetric response associated to Au
nanoparticles in [38,60], a phenomenon that is detailed in [121].

In [64], 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 media (phosphate-buffered saline buffer, 40% diluted
human plasma and 40% diluted bovine plasma from lower to higher LOD). The dynamic range of this
biosensor in 40% diluted human serum is 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 [20]) 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 [113].

LMRs are not a technology as mature as SPRs [95], but their high sensitivity compared to
SPRs [122,123] has already led to the development of biosensors that enable miRNA detection
such as hsa-miR-34b-5p (UAGGCAGUGUCAUUAGCUGAUUG, also known as miR-34b) [124] and
has-miR-223-3p (UGUCAGUUUGUCAAAUACCCCA, also known as miR-223) [125], although further
research is required. Both of them are linked with RA, miR-34b is overexpressed in RA T cells [34];
while increased serum miR-223 levels are considered to be connected with higher disease activity and
disease relapse [33]. These miRNAs are not included in Table 1 as both the LOD and the dynamic
range have not been studied in depth for the corresponding biosensors.

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 [126,127]. The employment of silicon, due to the high
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refractive index contract between this material and its oxide (or air), enables the development of
compact microring resonators [128]. This feature is interesting in biosensing applications, as it allows
having several rings on a single chip for multiplexing purposes.

The main feature of the sensors based on silicon photonic microring resonators for the detection
of miRNA is not the LOD (which tends to be in the range of nM or pM in the best case) but the fact that
they are used in arrays, which permit several miRNAs to be detected at the same time, with different
sets of rings or chips functionalized to detect different miRNAs. This fact is especially interesting
considering that it has been stated that a sensor to accurately detect rheumatoid arthritis must be based
on several biomarkers.

This strategy is employed in [65], where 4 miRNAs, all of them linked to rheumatoid arthritis
(let-7c-5p, miR-21, miR-24, miR-133b) are detected; in [66], with 7 miRNAs, 6 of which (miR-21, miR-26a,
miR-29a, miR-106a, miR-222, miR-335) are related to rheumatoid arthritis; and in [67], where 4 miRNAs
(miR-16, miR-21, miR-24, miR-26a), all linked to rheumatoid arthritis in this case. Amplification
techniques are also used: enzymatic signal amplification in [66] and amplification using an anti
DNA:RNA antibodies in [67] (Figure 10a).
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Figure 10. (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 [67].
Copyright 2011 American Chemical Society.

In all the cases [65-67], 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. A particular specificity assay is presented in [65], where two sets of microrings
are functionalized with DNA probes that are complementary to let-7b and let-7c-5p, respectively
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(these miRNAs only differ in one base). In phosphate-buffered saline (PBS), the specificity assay does
not work (both sets of microrings detect both miRNAs), but in a 50% (v/v) solution of formamide,
the assay works (each miRNA only binds to the corresponding set). On the other hand, among these
articles, the lowest concentrations are detected in [67], 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 Figure 10b.

Since the association with RA of some of the miRNAs detected using silicon photonic microring
resonators has not been given before, it is described below. Regarding let-7c-5p, this miRNA is
commonly used in specificity assays of let-7a, for example, in [57,58]; and has been studied in [65].
In [76], the relationships among XIXT (X-inactive specific transcript, a non-coding RNA on the
X chromosome), STAT3 and let-7c-5p in RA are analyzed. Let-7c-5p is downregulated in RA cartilage
tissues and it is concluded that the overexpression of let-7c-5p may contribute to prevent RA progression,
although further studies are required.

In the case of miR-24, levels are reported to be higher in plasma from RA patients compared to
healthy controls and also higher than in osteoarthritis (OA) and SLE [35]. Regarding miR-26a, it is
overexpressed in PBMCs and plasma of RA patients. However, it is also dysregulated in other diseases,
that is, miR-26a is not a specific biomarker for RA [35,74]. With respect to miR-29a, in [80] it is said
that miR-29a is downregulated in serum, synovial tissues and fibroblast-like synoviocytes (FLS) of RA
patients. This work showed that miR-29a inhibits proliferation and induces apoptosis in RA FLS by
targeting STAT3.

Concerning miR-106a, in a case-control study of 21 RA patients and 22 age- and sex-matched
healthy controls performed on PBMCs, it was found that miR-106a, among other miRNAs, was
downregulated in PBMCs of RA females versus control females [81]. The association of miR-133b
with RA is detailed in [35], where it is detected with a 4.34-fold difference in RA patients compared to
healthy controls, although it did not fulfil all the requirements to be considered a relevant RA plasma
biomarker. Finally, miR-222 expression in PBMCs is significantly elevated in RA patients compared
with healthy controls [85], a statement which is also true for miR-335 [86].

2.3. 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 miRNA 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 [129].

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 [129].

In [68] is described a Mach—Zehnder interferometer which enables the rapid detection (only 15 min)
of miR-21 and let-7a through the measurement of the light phase change. It is a label-free sensor and
for both miRNAs the LOD is 1 nM, with a linear range from 1 nM to 1 uM [68]. A different case is
demonstrated in [69] 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 uM [69].

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 [97,120].
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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 [130].

In [70], 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 uM to 150 uM for each) in mixtures that contain
several of them: let-7a, miR-16, miR-133a-3p; all linked with RA. The model also enables let-7a
concentration to be recovered in assay where miR-16, miR-12, miR-24 and miR-133a are employed as
background interferences.

The association of let-7a and miR-16 with RA has been previously explained. Regarding
miR-133a-3p, it is a negative regulator of Runx2 (Runt-related transcription factor 2) [82]. In addition
to this, miR-133a is also reported to be upregulated in synovial fibroblasts [21,32,34] (although in
these references, it is not clear whether ‘miR-133a’ refers to miR-133a-3p or miR-133a-5p). For other
miRNAs, these controversies have been solved either because the RNA sequence could be consulted in
the corresponding reference and contrasted with [36] or because, in case the RNA sequence cannot be
checked, the used name (in this case ‘miR-133a’) is considered a valid name in [36] and can unmistakably
be associated with a RNA sequence (which does not happen in the case of ‘miR-133a’).

Gold and silver (Au—-Ag) nanoprobes, named nanomushrooms in this case, are employed as SERS
probes in [71]. 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 individually studied,
with a dynamic range from 10 fM to 100 pM. The LOD of this sensor for miRNA detection has been
determined to be lower than 10 fM. Then, the simultaneous detection of 3 miRNAs (miR-21, miR-31
and miR-141, all of them linked with RA) 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. It is also worth mentioning that almost identical results are obtained for miR-21
in both buffer and diluted (20%) human serum, working with a concentration of 100 pM.

Finally, in [72], SERS is combined with duplex-specific nuclease (DSN) amplification technique,
already reported in [38], 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 11a). This biosensor achieves a LOD of 0.67 fM, with a linear
dynamic range of 7 decades (1 fM to 10 nM) (Figure 11b), which can be only considered below [47] in
terms of dynamic range (this sensor covers slightly more than 7 decades, although it does not follow a
linear relationship).
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Figure 11. (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 [72]. Copyright 2018 American Chemical Society.



Sensors 2020, 20, 6289 27 of 51

3. CRP (C-Reactive Protein)

C-reactive protein (CRP) was first identified in 1930 [131] and it was subsequently considered
to be an “acute phase protein,” an early biomarker of infectious or inflammatory conditions. CRP
is a protein that is synthesized by hepatocytes and whose production is stimulated by cytokines,
particularly interleukin-1 (IL-1), interleukin-6 (IL-6) [14], and interleukin-17 (IL-17) [132], in response
to infection or tissue inflammation. Levels in healthy individuals are normally below 10 mg/L [14]
while higher levels are associated with a significantly increased prevalence of inflammatory conditions,
such as rheumatoid arthritis [15].

In 1982, a study was carried out where CRP levels were measured in 99 patients with RA.
The results confirmed that the serum CRP concentration closely reflects activity of RA and is of value in
its objective assessment [16]. Therefore, as stated in the introduction of this review, CRP is considered
to be a relevant biomarker in the monitoring of RA.

However, in research carried out with more than 39,000 healthy women, it was concluded that a
single CRP level is not usable to predict an increased risk of RA [133]. In this sense, CRP is part of
one of the five combined disease activity measures of RA that were proposed by the ACR in 2019 [5].
In particular, it is suggested its combination with the Disease Activity Score in 28 joints (DAS28-CRP).
The use of CRP in combination with swollen joint count as well as other biomarkers, such as rheumatoid
factor (RF) and ACPA (see Section 4); has also been previously proposed for RA diagnosis [134].

The information about the optical biosensors for the CRP detection is summarized in Table 4.
In order to homogenize the results and enable their comparison, all the concentrations have been
expressed in g/L, regardless of the units employed in each respective work. For more detailed
information an additional column (‘Matrix’) has been included here to indicate the medium in which
the detection is performed (buffer, plasma, serum). When several media are employed it is also
specified to which matrix corresponds the data.

Several sensors for the detection of CRP based on surface plasmon resonance have been found in
the literature. In [135], an Au-based SPR sensor coated with a biotin layer and a streptavidin layer
is used to detect CRP, achieving a LOD of 1 mg/L in phosphate-buffered saline (PBS). This sensor
employs a sandwich strategy, utilizing an antiCRP antibody (antiCRP C6) for the entrapment of the
CRP and another one (antiCRP C2) for its detection.
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Table 4. Optical biosensors for C-reactive protein (CRP) detection.
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Optical . . . e .
Technique/Principle Linear Dynamic Range LOD Matrix Specificity Assays Comments Ref.
SPR chip with Au surface that
2-5mg/L 1mg/L PBS buffer - uses 2 CRP antibodies for [135]
entrapment and detection
HBS buffer, diluted human
SPR 1.25-80 ug/L @ 1.2 pg/L plasma, diluted human I%Eﬁ’;%{\_] 62, IEE? . Au coated SPR chip [136]
’ ug/ (LOQ: 4.6 ug/L) serum, diluted human whole T,NF-o,c ’ functionalized with protein A/G N
blood
10 ng/L-100 pg/L @ (with PG 10 ng/L (with PG in . SPRi biosensor with Au surface
in PBS), 10 ug/L-200 ug/L @  PBS), 5 ug/L (with PG PBS buffer and c}ﬂuted Rabbit antigen with immobilized Ab without [137]
. . ; human plasma in PBS . -
(with PG in plasma) in plasma) and with protein G
. Label-free sensor that measures
PBS buffer and diluted blood . o
50 pug/L-25 mg/L (PBS) 50 ug/L (PBS) serum (10 times) in PBS - the OD change with 2 antl.bodles [138]
for capture and detection
Tris-HCl modified buffer and LSPR sensor based on Au NPs on
50 pg/L-3 mg/L @ (buffer) ~50 ug/L (buffer) 1% diluted human serum in HSA which PMPC was grafted using [139]
LSPR buffer ATR polymerization
Hb, TF and HSA Cuvette cell system that uses Au
10 ug/L-10 mg/L 11.28 pg/L PBS buffer (separately and in NPs and a substrate modified [140]
mixture) with APTES
LSPR biosensor based on
100 fg/L-1 mg/L 100 fg/L Tris-HCl buffer - nanostructured AAO substrates [141]
with Au NP labelled Ab
LMR sensor with ITO film using
LMR 62.5 ug/L-1 mg/L @ 62.5 pg/L TBS buffer Urea and creatinine the layer by layer (LbL) [142]
technique
o . Label-free metal clad leaky
Refractive index 100 pg/L-10 mg/L @ 100 pg/L (®) Diluted human serum (10 - waveguide (MCLW) sensor with [143]
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Optical . . . P
Technique/Principle Linear Dynamic Range LOD Matrix Specificity Assays Comments Ref.
_ - Swarm biosensing platform
Colorimetry 1 ug/L~10 mg/L 1 ug/L (DI water) Deionized Water ar'ld human - based on the plasmonic signal [147]
(DI water) serum spiked with CRP
from Au NPs sensors.
100 times diluted PBS and GA, thrombin, TF, Nanosensor based on DNA
Photoluminescence & ng/L—l.65 mg/L .45 ng/L human serum spiked with TNF-« used as aptamer attached to a QD and a [148]
(diluted PBS) (diluted PBS) .
CRP control proteins AuNP
Tris buffer. human serum Lateral flow immunoassay based
1-300 mg/L (buffer) 0.3 mg/L (buffer) spike cli with CRP - on double Ab sandwich [149]
P technique using CdTe QDs
Fluorescence Label-free biochip based on MSF
20 pg/L-12.5 ng/L (PBS) 20 pg/L (PBS) PBS buffer and human serum Albumin that alters fluorescence of FAI [150]

using its ligand PEA

@ In these cases, the dynamic range of the sensor does not follow a linear relationship, or this relationship has not been studied in detail.; ® This value corresponds to the lowest CRP
concentration detected, but it has not been recognized as the LOD.; (© Particular case, the dynamic range follows the Langmuir-Freundlich isotherm model.
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In the same manner, an SPR sensor with a gold surface is proposed in [136]. Here, the gold surface
is functionalized with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC)-activated
protein A/G, which possesses four Fc-binding sites from protein A and two from protein G for antibody
recognition. In this case, the LOD is decreased by 3 orders of magnitude compared with the previous
sensor, achieving a value of 1.2 ug/L. The calibration curves were elaborated in HEPES-buffered saline
(HBS), diluted human plasma, diluted human serum, and diluted human whole blood and in all the
cases, they were quite similar. Specificity was thoroughly studied using several nonspecific control
proteins at high concentrations compared to their physiological levels: human serum albumin (HSA),
human lipocalin 2 (LCN2), human fetuin A (HFA), interleukin (IL)-1 3, IL-6, IL-8 and tumor necrosis
factor (TNF)-«. The results obtained revealed a response 10 times lower than that corresponding to a
CRP concentration of 20 pug/L.

A similar approach is shown in [137] employing SPR imaging (SPRi) and protein G. Two methods
are used: a simple and fast physical adsorption (Au surface with immobilized anti-CRP antibody
without protein G, see Figure 12a), and an oriented immobilization antibody strategy, that differs
from the former in using protein G between the Au surface and the anti-CRP antibody, see Figure 12b.
In both strategies the bovine serum albumin (BSA) acts as a blocker. The studied range covers from
50 ng/L to 100 pg/L (3 orders of magnitude) without protein G and from 10 ng/L to 100 ug/L (4 orders)
with protein G and the respective LODs are 50 ng/L (without protein G) and 10 ng/L (with protein
G). The results are better with the second method as the binding capacity of the anti-CRP antibody
is directly dependent on the surface density of protein G. Specificity is assessed with rabbit antigen,
which produces no relevant response. Previous results correspond to PBS solution. Regarding the
experiments performed with the device in diluted human plasma, the LODs obtained are 10 ug/L and
5 nug/L without and with protein G (detection range in Figure 12c¢), slightly higher than in [136].

a
(‘Rp CRP e
CRP | PBS ringe
CRP Ab 304 = With Protein G 200 ng/nl .‘ Pr——
- « Without Protein G 150 ng/ml ‘ /
[ L l
BSA f 25 o | '
100 ng/ml
Au surfacce 3() 4

Intensity (Pixels)

L L] L v L T L T T
-1000 0 1000 2000 3000 4000 3000 6000 7000
Time (s)

Au surface

Figure 12. (a) Biosensor configuration without protein G. (b) Biosensor configuration with protein G.
Key: CRP Ab: anti-CRP antibody, CRP Ag: CRP antigen, BSA: bovine serum albumin, PG: protein G.
(c) SPRi signal versus time for different concentrations of CRP in human plasma: with protein G (black),
without protein G (red). (a—c) Adapted under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/) [137]. Copyright 2014, the Authors.
Published by Scientific Research Publishing Inc.

There are also sensors based on LSPR, which can be viewed as a particular type of SPR, as previously
mentioned. In particular, a label-free LSPR sensor that uses a 96-well plate and measures the optical
density (OD) value change is presented in [138]. The sensor has a 3D nanocup array structure covered
by a Au-TiO;-Au multilayer and it is immersed in a 11-mercaptuoudecanoic acid (MUA) solution
to form a self-assembled monolayer. This structure is combined with a sandwich detection strategy
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that uses two antibodies (as described in [135]) and it achieves a LOD of 50 pg/L in PBS, with a linear
range from 50 ug/L-25 mg/L. This sensor was also tested with diluted (10 times) blood serum samples,
providing in this case a LOD of 3.1 mg/L.

Similar results (LOD of ~50 pg/L in PBS buffer) were achieved in [139]. In this case, the LSPR
sensor utilizes Au NPs grafted with poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) as an
artificial CRP recognition layer. This layer was prepared with atom transfer radical polymerization
(ATRP). This biosensor was tested in PBS buffer and 1% diluted human serum, obtaining a very
similar dynamic range (50 ug/L-3 mg/L) with both media. Gold nanoparticles are also employed
in [140], where the LSPR sensor chip is based on a cuvette cell system with a substrate modified
with (3-aminopropyl)triethoxysilane (APTES) and functionalized with cysteine-protein G. The LOD
obtained was 11.28 pg/L with a linear range from 10 pg/L to 10 mg/L in PBS. The specificity was
assessed with proteins: hemoglobin (Hb), transferrin (TF) and HSA; both separately and in mixture,
and in all the cases the response of the LSPR sensor was around 5 times lower than that corresponding
to CRP.

Finally, gold nanoparticle-labelled antibodies are used in [141]. In this case, the sensor is based
on a nanostructured anodicaluminum oxide (AAO) substrate (Figure 13a). In order to increase the
sensitivity, a sandwich assay with a gold nanoparticle-labelled secondary antibody (similar to the
strategy used in [135,138]) was undertaken, reducing the LOD from 1 pg/L to 100 fg/L in Tris-HCl
buffer. The range is linear over 10 decades (100 fg/L-1mg/L) although there are only 5 points (measured
10 times each) in this range (Figure 13b). This optical sensor is the one with the lowest LOD (100 fg/L)
and the largest dynamic range (10 decades) for CRP detection included in this review.
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Figure 13. (a) Schematic cross-sectional figure showing the structure of a fabricated anodicaluminum
oxide (AAO) chip for CRP detection. (b) The linear regression of the resonance wavelength shift after
CRP antigen—-antibody reaction (black squares) and after gold nanoparticle labelled CRP secondary
antibody reaction (red circles). (a,b) Reprinted [141], Copyright 2013, with permission from Elsevier.

There is still one more sensor based on resonances that enables the detection of CRP and is not
a SPR or LSPR sensor but an LMR sensor. As previously mentioned, LMRs are still in their infancy,
although their high sensitivity makes them attractive for biosensing [151-153], leading to applications
such as an immunoglobulin G (IgG) biosensor [154].

In [142], LMR are generated using an indium tin oxide (ITO) thin-film fabricated onto the
planar region of D-shaped fiber using the Direct Current (DC) sputtering technique. An additional
aptamer-based sensitive and selective layer is fabricated onto the ITO coating using the layer by layer
technique. This device achieved a LOD of 62.5 pg/L in Tris-buffered saline (TBS) buffer and high
specificity when compared with urea and creatinine (irrelevant response of the sensor in these cases).
LMR have also been employed in [155] to develop a label-free D-dimer biosensor, another biomarker
which, as CRP, is correlated with inflammation and RA [156].
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Another sensor based on the change of the refractive index is introduced in [143]. It is a label-free
metal clad leaky waveguide (MCLW) sensor covered with a nitrocellulose membrane deposited via
spin coating. The lowest concentration detected in human serum with this sensor is 100 pg/L.

On the other hand, several CRP sensors based on etched Fiber Bragg gratings (eFBG) can be found
in the literature. Fiber Bragg gratings (FBG) consist in periodic perturbations of the refractive index
along the fiber length formed by exposure of the core to an intense optical interference pattern [157].
FBGs enable strain and temperature to be measured in many applications but are insensitive to the
changes of the refractive index of the surrounding medium as light coupling only happens between
core modes, which are shielded from the influence of the medium thanks to the fiber cladding. In order
to modify this condition and permit the utilization of FBGs for biosensing purposes, it is necessary to
perform an additional post-processing step. In this sense, a typical approach consists in reducing the
cladding thickness around the grating region via an etching process, resulting in an eFBG, also known
as thinned or reduced cladding FBG [158]. Once the cladding has been removed, the evanescent field
goes beyond the fiber, therefore the resonance wavelength is affected by the surrounding refractive
index, enabling a correlation between the analyte concentration and the sensor output to be established.
The smaller the diameter of the fiber, the higher the sensitivity, although the resulting structure is more
fragile [159].

In [144], an eFBG coated with graphene oxide (GO) and anti-CRP antibody enables to detect CRP
with a LOD of 10 pg/L by monitoring the shift in the Bragg wavelength. The employment of GO
increases the sensitivity of the sensor by a factor of approximately 5. The sensor possesses a linear range
over 4 decades (10 ng/L-100 mg/L) in deionized water and the specificity has been assessed with urea
(1.8 g/L), glucose (3.8 g/L) and creatinine (5.8 g/L); which do not appreciably affect the sensor operation.

The LOD is reduced until 0.82 pg/L in [145], where the gratings have been fabricated point-by-point
via a non-linear absorption process of a highly focused femtosecond pulsed laser and the etching has
been done with hydrofluoric acid. This LOD corresponds to a modified aptamer buffer, although
in human plasma (diluted CRP deficient human plasma that has been spiked with CRP) the LOD is
also quite low, with a value of 27.6 pg/L. The biofunctionalization has been carried out with a single
stranded DNA aptamer specific for CRP. The dynamic range of the sensor covers from 0.8 pg/L to
1.2 pg/L in buffer (this range corresponds with a 7 aM-10 pM range). The biosensor shows a high
specificity to CRP even in the presence of interfering substances (urea and ascorbic acid) and has also
been tested with diluted human plasma (Figure 14).
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Figure 14. The Bragg wavelength shift AAB of biofunctionalized eFBG fibers as a function of CRP
concentration (i) without any interfering substances (black), (ii) in the presence of the interfering
substances urea (1.8 g/L) and ascorbic acid (1.8 g/L) (grey), (iii) without fiber coupling of the CRP-specific
aptamer and any interfering substance (brown), and (iv) in presence of diluted CRP deficient human
plasma (blue). Data were fitted to the Langmuir-Freundlich isotherm. Reproduced under the terms of
the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/
4.0/) [145]. Copyright 2018, the Authors. Published by MDPI.
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In [146], a sensor that uses reflectometric interference spectroscopy (RIfS) is reported. RIfS is
based on white light interference. Changes in the optical thickness of the layer between two interfaces,
due to the swelling of a polymer or the binding of an analyte, are detected thanks to the variation in the
interference pattern [160]. The sensor described in [146] employs 2 layers: an interference layer, that is,
a TiO, layer which is placed on a silicone substrate by liquid phase deposition (LPD); and a sensitive
layer, that is, another TiO, layer which is immersed in a LPD solution containing poly(L-lysine) (PL)
and anti-CRP antibody. The lowest concentration detected here is 100 pg/L in HBS-P buffer (HBS buffer
with 0.005% v/ surfactant P20).

A swarm biosensing platform is utilized for detecting CRP in [147]. Computational image
registration and analysis is performed to determine the hue (one of the main properties of a color)
change associated to the surface plasmons from thousands of single Au NPs. An image is taken when
only the capture Au NPs are immobilized (“before”, Figure 15—1 Image-1) and when the binding of
analyte (CRP) and detector Au NPs has taken place (“after”, Figure 15—1 Image-2). These images
enable the delta hue of each individual nanoparticle to be calculated (Figure 15—2). The results for all
the particles are plotted in a histogram representing the sensor readout, that can be associated with the
CRP concentration (Figure 15—3). The LOD achieved in deionized water is 1 pg/L with a linear range
of 4 decades (from 1 pg/L to 10 mg/L) in deionized water. The sensor operation has also been tested in
human serum spiked with CRP achieving a proper detection in concentrations of 1 mg/L, 3 mg/L and

10 mg/L.
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Figure 15. Schematic of the sensing platform using a swarm of single nanoparticle colorimetric sensors.
Reprinted [147], Copyright 2019, with permission from Elsevier.

Au NPs are also used in [148], although in this case the sensor is based on photoluminescence.
It consists in an optical “turn off” nanosensor (also known as molecular beacon), made of a DNA
aptamer with a quantum dot (QD) attached on the 5’ terminal and a gold nanoparticle attached on
the 3’ terminal and based on fluorescence resonance energy transfer (FRET). The rise in the CRP
concentration decreases the photoluminescence intensity resulting in an increase in quenching efficiency.
This device achieves a LOD of 45 ng/L, with a linear range of 75 ng/L-1.65 mg/L in 100 times diluted
PBS, and it was also tested with CRP spiked human serum, achieving a detection in the order of
100 ng/L. The specificity has been assessed with control proteins: glycated albumin (GA), thrombin,
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TF and TNF-«; all of which show negative quenching (the other way round from CRP) except for
TNEF- «, with a 10 times lower positive quenching when compared to CRP; therefore, the sensor is
highly specific.

QDs are also used in [149]. This sensor is based on a lateral flow immunoassay (LFIA) in which
a double antibody sandwich technique (also employed in [135,138,141]) and fluorescent cadmium
telluride (CdTe) QDs are employed. In particular, LFIA is developed on a nitrocellulose strip,
Staphylococcal protein A (SPA) is used for the biofunctionalization and anti-rabbit IgGs are utilized
as control. Measurements were mainly carried out in Tris buffer (13 measurements), although some
more (5 measurements) were taken in human serum spiked with CRP (all in the range 1-300 mg/L).
The achieved LOD (0.3 mg/L in buffer) is not far below the clinical cut-off value of CRP concentration
for RA (10 mg/L). However, the main interest of this work is that two RA biomarkers are detected,
not only CRP, but also IL-6. This biomarker will be treated in the following section.

Finally, another sensor that involves fluorescence is explained in [150]. Its mechanism relies on
molecular switching fluorescence (MSF), studied by means of total internal reflection fluorescence
microscopy (TIRFM), already mentioned in [42]. The fluorescence of fluoreseinamine isomer
1 (FAI), which is printed on a 3-glycidoxypropyl-trimethoxysilane (GPTS)-coated glass coverslip
(Figure 16 Step 1), is decreased upon binding with GPTS-conjugated O-phosphorylethanolamine (PEA)
(Figure 16 Step 2). Then, it increases linearly with CRP concentration (Figure 16 Step 3). The LOD
achieved is 20 pg/L, with a linear range from 20 pg/L to 12.5 ng/L in PBS buffer. The specificity is studied
here using albumin (2 pM), producing no appreciable change in the sensor response. Some tests were
undertaken with human serum samples with CRP concentrations in the 625 ng/L.-1.25 ug/L range,
achieving good results.
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Figure 16. Laboratory-built TIRFM system used for the MSF-based detection of CRP. Key: L, laser; M,
mirror; MS, mechanical shutter; P, prism; IO, immersion; OL, objective lens; EFL, evanescence field
layer, ICCD, intensified charge-coupled device. Reprinted [150], Copyright 2010, with permission
from Elsevier.

4. Other Biomarkers

In this section, a few more RA key biomarkers for which optical sensors have been found are
described. Although in these cases there are not as many optical sensors as for miRNA and C-reactive
protein, the rheumatoid factor (RF) and the ACPA are widely mentioned in rheumatoid arthritis
literature [161-163] while histidine and IL-6 are the other two RA biomarkers covered in this section.
The information about the optical biosensors explained in this section is summarized in Table 5.

Furthermore, research continues being carried out in order to find new biomarkers for rheumatoid
arthritis, including proteins as 14-3-3 n [164], enzymes as secretory phospholipase A2 group IIA
(sPLA2-IIA) [165], or polymorphisms as rs688136 from the vasoactive intestinal peptide (VIP) gene [166],
or rs13192471 from the HLA-DRBI gene [167].
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Table 5. Optical biosensors for detection of other RA biomarkers.

35 of 51

Biomarker .OptlcaI. . Linear Dynamic LOD Matrix Comments Ref.
Technique/Principle Range
Human sera (1:10 Sicrl;ienn Elrlllrzltet? r;uiio?rray,
RE Chemiluminescence ~ 5.3-485 [U/mL ) 5.3 IU/mL ®) dilution in modified O rzanion ST egY [168]
based on an aniline
PBST) -
derivative
Huma sera (1:50 dilution
- 0.5pM ® in PBS) from 50 RA Label-free sensor based on [169]
tients and 29 controls) SPR dip angle scanning
ACPA SPR imaging (SPRi) patients an controls
Human sera (1:50 SPRi analysis in a sensor chip
- - dilution in PBS) from 374  with gold surface consisting [170]
early RA patients of a 48 spot microarray
Lateral flow immunoassay
) 1 pg/mL-1 ng/mL Tris buffer, human serum based on double Ab
IL-6 Fluorescence (buffer) 09 pg/mL (buffer) spiked with IL-6 sandwich technique using [149]
CdTe QDs
Fluorescence sensor based on
500 nM-100 uM 76 nM PBS buffer CuAAC, a type of click [171]
Histidine Fluorescence reaction.
Human plasma (diluted Optical sensor that uses
1 nM-5 uM 0.6 nM with citrate solution PBS Eu-Norfloxacine complex [172]

and acetonitrile)

doped in a sol-gel matrix

@) In these cases, the dynamic range of the sensor does not follow a linear relationship, or this relationship has not been studied in detail; ®) This value corresponds to the lowest
concentration detected of the corresponding biomarker, but it has not been recognized as the LOD.
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4.1. Rheumatoid Factor (RF)

RFs are a family of autoantibodies directed to the Fc portion of immunoglobulin IgG [161].
They are locally produced in RA by B cells present in lymphoid follicles and germinal center-like
structures produced in inflamed synovium. IgM RFs are the most frequently detected isotype (they are
detected in 60-80% of RA patients) but IgG, IgA, IgE, and IgD RFs can also be observed.

RFs can be detected in patients with many non-rheumatic conditions or even in the healthy
population, and they are frequently detected in patients with systemic autoimmune diseases, such as
SLE or mixed connected tissue disease. Nevertheless, RF testing in RA patients has a sensitivity
(how many sick patients are identified as such) between 60% and 90% and a specificity (how many
healthy patients are identified as such) of 85% [25]. Furthermore, the detection of the different RF
isotypes can also help with the diagnosis. In particular, it has been observed that an increase in
both IgM and IgA RFs possesses high specificity (99%) and at the same time low sensitivity (47%)
for RA [173].

The ACR (formerly, the American Rheumatism Association) had already established RF testing as
one of the classification criteria for RA in 1987 [174]. Nowadays, it continues being considered as a
relevant factor for RA assessment for both the ACR and the European League Against Rheumatism
(EULAR) [175].

At the present time, the clinical threshold of RF for RA diagnosis is admitted to be around
20 IU/mL [176]. An international unit (IU) is the amount of a substance (vitamin, hormone, enzyme,
medicine ... ) that has a certain biological effect, and this unit is employed to measure its activity.
For each substance there is an international agreement on the biological effect that is expected for
11U [177]. In 1970, the National Institute for Medical Research (London, England), as a result of a
request by the World Health Organization (WHO) Expert Committee on Biological Standardization,
established the international reference preparation of RA serum and defined the IU for RA serum as
the activity contained in 0.171 mg of the international reference preparation [178]. Despite mentioning
‘RA serum’, this IU definition is used for RF and the WHO employs this procedure to calibrate
assays and diagnostic test kits which measure RF levels in patient serum. Nevertheless, the WHO
Expert Committee on Biological Standardization has endorsed a proposal to develop a second WHO
International Standard for RF [179].

In [168], a sensor based on chemiluminescence is presented for the detection of rheumatoid
factor. Rabbit immunoglobulins G (IgG) are modified with a diazotated aniline derivative (diazotated
CMA) and electro-grafted to a carbon paste screen-printed (SP) microarray composed of eight working
electrodes. The immobilized rabbit IgGs are used to capture RFs, which are subsequently linked
to peroxidase-labelled antibodies in order to produce a measurable signal (see Figure 17), that is,
a sandwich detection technique, already seen in the case of CRP [135,138,141]. This sensor enables
RF to be detected in the range from 5.3 to 485 IU/mL from samples of human serum diluted 10 times
in modified PBST (PBS with 0.1% surfactant Tween 20, including an additional 1% BSA) buffer,
see Figure 17. Here, it is important to remark that the lowest RF concentration detected (5.3 IU/mL) is
below the clinical threshold (20 IU/mL).
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Figure 17. Schematic representation of the capture immunoassay performed on a screen-printed
graphite electrode. Histogram: chemiluminescent detection of RF in human sera using screen-printed
(SP) microarrays. Reprinted [168], Copyright 2007, with permission from Elsevier.

4.2. Anti-Citrullinated Protein Antibodies (ACPA)

ACPA are a group of autoantibodies directed against citrullinated proteins/peptides. ACPA include
anti-keratin antibodies (AKAs), anti-perinuclear factors (APFs) or anti-Sa antibodies [161].
Before explaining more concepts related to ACPA, the term ‘anti-cyclic citrullinated peptides’ (anti-CCP)
has to be clarified. ACPA are usually tested with anti-CCP assays [169,170,175] and these two concepts
(ACPA, anti-CCP) are usually treated as synonyms, without explaining the difference between both.
In fact, it seems the term “ACPA’ appeared to substitute the term ‘anti-CCP’, as new assays also detect
non-cyclic citrullinated peptides [180]. However, the term ‘anti-CCP’ continues being used, which can
lead to confusion.

ACPA were established as a criteria for rheumatoid arthritis assessment by the American College
of Rheumatology (ACR) and EULAR in 2010 [175]. ACPA have a high specificity (90-95%) in RA
diagnosis and they are considered superior to RF in this aspect [161,181], while their sensitivity is
between 60% and 75% [181]. These values are a general reference for ACPA and may vary when
considering a particular type of antibody among ACPA.

On the other hand, there are several assays for measuring ACPA, and the thresholds for positive
results vary, so it is difficult to provide a cut-off value [180]. In [175], the following definitions are given
for an ACPA test (also valid for RF tests) that can be applied to solve the previous problem: negative,
if the IU values are less than or equal to the upper limit of normal (ULN, a threshold or cut-off value)
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for the laboratory and assay; low-positive, if the IU values are higher than the ULN but < 3 times
the ULN for the laboratory and assay; high-positive, if the IU values are >3 times the ULN for the
laboratory and assay.

However, there is controversy about the prognosis value (related to the progression of the disease)
of ACPA, not to be mistaken with their diagnosis value. It has been stated that RF, and not ACPA,
is associated with disease activity in RA. Disease activity is a measure of the progression of RA and
considers the number of swollen joints or the levels of acute-phase reactants [182].

Several works have been found in the literature where ACPA are detected utilizing SPRi. In [169],
a microarray imaging system, which measures the SPR dip angle, is employed to determine the
presence of ACPA in the sera of 50 RA patient. Sera from 29 more patients, including patients
with other related diseases and healthy individuals, is used as control. Here, a 24 spot microarray
with a N-hydroxysuccinimide (NHS) preactivated polycarboxylate-coated gold sensor surface is used.
It contains two types of citrullinated peptides, two other control peptides (containing arginine instead of
citrulline) and human IgG. After the incubation of the serum, which is diluted 50 times in PBS, only the
citrullinated peptides show a measurable response, due to their binding with ACPA (see Figure 18).
The lowest ACPA concentration detected with this setup is 0.5 pM.
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Figure 18. Sensorgram of citrulline peptide containing spot (green) and its arginine control spot (blue).
The array was probed two times with three different RA sera: (B,H) serum 1, (D,J) serum 2, and (F,L)
serum 3. Between probes, normal sheep serum was used (A,C,E,G,LK) to increase the number of
regenerations. After every serum (RA or sheep serum) the sensor was regenerated with 10 mM glycine,
HCI. Reprinted with permission [169]. Copyright 2007 American Chemical Society.

On the other hand, in [170], 20 citrullinated peptides (as well as the corresponding non-citrullinated
control peptides) were immobilized on a 48-spot microarray. Binding of ACPA with the citrullinated
peptides was studied with SPRi, employing sera (1:50 dilution in PBS) from 374 early RA patients.
As expected, sera from patients with ACPA generally showed more reactivity with citrullinated
peptides than with the corresponding control peptides, that is, the angle shift was between 3 and
6 times higher in the case of the citrullinated peptides compared to control peptides in more than 50%
of the cases. This work also confirmed the heterogeneity of the ACPA response in RA and revealed
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12 distinct ACPA profiles. However, associations between ACPA profiling in early RA and disease
activity or progression scores were not found, which is coherent with [182], that is, ACPA are not
associated with baseline disease activity in RA.

4.3. Interleukin-6 (IL-6)

IL-6 is a pleiotropic cytokine that is deregulated in many inflammatory and autoimmune diseases,
including RA. In particular, IL-6 plays a crucial role in RA pathophysiology. IL-6 is found in abundance
in the synovial fluid and serum of patients with RA and its level correlates with the disease activity
and joint destruction [183]. As a reference value, the level of serum IL-6 is typically less than 10 pg/mL
in healthy adults [184].

Due to its multiple effects, IL-6 is involved in the various phases of RA development, including the
acute phase, the immuno-inflammatory phase, and the destructive phase. IL-6 may also be mediating
many of the systematic manifestations of RA, including CRP. Moreover, IL-6 may contribute to the
induction and maintenance of the autoimmune process through B-cell proliferation, which causes the
production of RFs and ACPA as well as Th17 differentiation [185].

Therefore, IL-6 blockade is regarded as a desirable therapeutic option in the treatment of RA.
Different IL-6 inhibitors have been studied, such as sarilumab, ALX-0061 or sirukumab; although right
now tocilizumab (TCZ) is considered the most relevant one [186].

Despite its connection with RA, the use of IL-6 on its own as a biomarker to diagnose this
disease is considered unlikely. Although cytokines, such as IL-6, have clinical utility in other diseases,
further characterization may need to be done before employing them as RA biomarkers. Right now,
the existing limitations include the RF interference in cytokine assays and understanding the effect that
one cytokine may have on the other [187].

IL-6 detection is performed with the biosensor described in [149], a biosensor that has already
been mentioned as it also enables CRP detection. Here, it is important to remark that the antibodies
used for CRP and IL-6 detection and capture are different. As already explained in Section 3, this device
utilizes a LFIA on a nitrocellulose strip functionalized with SPA and combined with CdTe QDs and
the double antibody sandwich strategy. In the case of IL-6, the LOD obtained is 0.9 pg/mL (below the
reference value of 10 pg/mL) with a linear range from 1 pg/mL to 1 ng/mL (3 decades) in Tris buffer
(observe the black colored points in Figure 19). Additionally, 5 unknown concentrations of IL-6 spiked
in human serum were also estimated (red colored points in Figure 19).
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Figure 19. Comparison of lateral flow immunoassay (LFIA) results with standard enzyme-linked
immunosorbent assay (ELISA) results. Black points correspond to IL-6 detection in Tris buffer
while points highlighted in red correspond to IL-6 spiked in human serum. Reprinted [149], 2019),
Copyright 2019, with permission from Elsevier.
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4.4. Histidine

Histidine is a semi-essential amino acid, which means the body normally produces as much as it
needs. This amino acid is important for the maintenance of myelin sheaths that protect nerve cells
and it is metabolized into the neurotransmitter histamine. Histidine is also involved in blood cell
manufacture and tissue protection against damage caused by radiation and heavy metals [188].

Early studies of rheumatoid arthritis (1950-1980) reported decreased histidine levels in sera and
plasma from RA patients compared with healthy individuals and patients with acute and chronic
illnesses other than RA [189-191]. On the other hand, it was also stated that low histidine levels were
acquired with the disease [192]. Therefore, histidine levels cannot be used as a biomarker to predict
the development of the disease on healthy patients, but they enable distinguishing between patients
with RA and patients with other diseases or healthy individuals. Based on [190-192], a value of
around 14 mg/L (approximately 90 pM) of histidine in serum could be used as a reference, with lower
concentrations corresponding to RA patients. However, it must be considered that, in these studies,
histidine levels are always in a narrow range (12-19 mg/L) with only slight differences between RA
patients and healthy individuals.

There also recent studies that suggest the use of histidine as RA biomarker. In [193], the purpose
was to identify metabolites (products and intermediates of cellular metabolism) associated with
disease activity in plasma and urine from RA patients. Histidine and guanidoacetic acid in plasma
and hypotaurine from urine were determined to be the most relevant ones using a multiple logistic
regression (MLR) model. Similarly, in [194] metabolite profiling (metabolomics) is proposed as a
potentially useful technique for diagnosing RA. Here, in a validation study with 14 RA patients and
20 healthy controls, a set of 52 blood metabolites achieves a sensitivity of 93% and a specificity of 70%
RA and it is also considered that a decreased level of histidine is one of the most specific metabolic
markers for RA in the study.

Furthermore, a recent work establishes a correlation between low levels of histidine-rich
glycoprotein (HRG), a glycoprotein with a high concentration of histidine; and high levels of RF,
which suggests the use of HRG as a biomarker for rheumatoid arthritis [195].

Concerning the detection of histidine, in [171] a fluorescent sensor has been developed based
on copper(l)-catalyzed azides and alkynes cycloaddition (CuAAC, a type of click reaction). In the
absence of histidine, copper(II)-induced ascorbate oxidation takes place and triggers the CuUAAC
reaction between the weak fluorescent 3-azidocoumarin and propargyl alcohol, forming a strongly
fluorescent compound (1,2,3-triazole). The presence of histidine inhibits the first step of this process,
causing a drop in the fluorescence. Therefore, the higher the concentration of histidine, the lower the
fluorescence. This sensor possesses a LOD of 76 nM in PBS bulffer, with a linear range from 500 nM to
100 uM. The specificity was assessed with several natural amino acids in a concentration of 200 M
(lysine, threonine, methionine, valine, tryptophan, tyrosine, histidinol, alanine, phenylalanine) and
some common metal ions in concentrations of 100 uM and 1 mM (Zn, Ca, Cd, Pb, Co, Ni, Fe, Al) and
in almost all cases the relative fluorescence change was at least 5 times lower than that for a 75 uM
histidine concentration.

A nano optical sensor, based on the quenching of the luminescence intensity of a Eu-norfloxacine
complex doped in sol gel matrix, is presented in [172]. In this case, the intensity at the peak wavelength
(617 nm) also decreases with the concentration of histidine. The LOD achieved is 0.6 nM, with a dynamic
range from 1 nM to 100 uM in human plasma (diluted with citrate solution, PBS and acetonitrile),
see Figure 20. This range is linear in the 1 nM-5 uM interval. The sensor operation was assessed
with human serum samples from healthy individuals; Histidinemia, Alzheimer and RA patients;
and inflammation in obese women (diseases in which histidine levels are deregulated); with recovery
rates between 82% and 118.1%. The best results are achieved for Histidinemia (characterized by high
histidine levels), with recovery rates between 99.37% and 101.0%. In the case of RA, the recovery rates
range from 90.00% to 118.1% (they correspond to 10 human samples in the 9-28 nM range).
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Figure 20. Luminescence emission spectra of nano Eu—norfloxacine complex doped in sol-gel matrix in
the presence of different concentrations of histidine in acetonitrile (curve 1: control, curve 2: 1 nM—curve
10: 100 uM). Reprinted [172], Copyright 2015, with permission from Elsevier.

5. Conclusions and Outlook

Different biomarkers (miRNAs, CRP, rheumatoid factor, ACPA) associated with rheumatoid
arthritis have been described, paying attention to the optical-sensing techniques (fluorescence,
absorbance, different types of resonances, interferometry or spectroscopy) proposed in the literature for
its detection as well as providing a justification for their use as RA biomarkers. These relationships are
not trivial, as some of the examined biomarkers are also related to other diseases and their particular
connection with RA is obviated. Therefore, the corresponding optical sensors usually go unnoticed
when specifically searching for RA.

The number of developed sensors, as well as the research for new biomarkers, confirms the
increasing relevance of biomarkers in the diagnosis of diseases. The employment of biomarkers adds
objectivity to the evaluation of the medical state, removing or at least reducing dependence on the
doctor or the patient’s assessment, which are more subjective and are, however, still quite commonly
used in the diagnosis of rheumatoid arthritis.

However, there are still several challenges that need to be addressed. In the first place, in RA,
relying on a single biomarker for diagnosis cannot be considered an adequate procedure. 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 has been shown in several works mentioned in
this review.

On the other hand, biosensors for miRNA detection, considered the most promising biomarkers,
have been tested with tumor cell lines with good results. These assays are performed because the
miRNA association with cancer tends to be emphasized, but their relationship with rheumatoid
arthritis is usually forgotten. In this sense, very few miRNA optical biosensors have been tested with
clinical samples (plasma, serum), an important step towards their use for RA diagnosis. However,
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as has been demonstrated with other more consolidated biomarkers, such as CRP, the detection of
miRNAs for RA diagnosis is only a matter of time.

Finally, it is important to remark that optical biosensors based on different technologies have
proven capable of detecting biomarkers linked with RA with decreasingly low LODs, dynamic ranges of
several decades, and high specificity, as has been revealed in this review. 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 RA through the simultaneous detection of multiple relevant biomarkers.

Author Contributions: Formal analysis, J.J.I.; funding acquisition, ]J.J.I., C.R.Z., LR.M.; investigation, J.J.I;
resources, CR.Z., PZ, LS.-M,, ].C.,, and LR.M.; supervision, C.R.Z, P.Z.,, L.5.-M,, ].C., and L.R.M.; validation,
CR.Z,PZ,LS-M,].C, and LR.M.; writing-original draft, J.].IL; writing-review and editing, J.].I., CR.Z., PZ,,
L.S.-M., ]J.C., and LR.M.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Agencia Estatal de Investigacién (AEI) and Fondo Europeo de
Desarrollo Regional (FEDER) (TEC2016-78047-R), the Public University of Navarra (PJUPNA26), and the Spanish
Ministry of Universities (FPU18/03087). In addition, this project has received funding from the ATTRACT call
financed by the European Union’s Horizon 2020 research and innovation program under grant agreement No 777222.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Duarte-Garcia, A.; reviewed by American Collegue of Rheumatology. Diseases & Conditions. Rheumatoid
Arthritis. Available online: https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/
Rheumatoid- Arthritis (accessed on 20 October 2020).

2. Firestein, G.S. Evolving concepts of theumatoid arthritis. Nature 2003, 423, 356-361. [CrossRef] [PubMed]

3.  Diriver, C.B,; Stoppler, M.C. Rheumatoid Arthritis (RA): Early Signs, Symptoms, Causes, Treatment & Diet.
Available online: https://www.emedicinehealth.com/rheumatoid_arthritis/article_em.htm#rheumatoid_
arthritis_ra_definition_and_facts (accessed on 5 May 2020).

4. Heidari, B. Rheumatoid arthritis: Early diagnosis and treatment outcomes. Casp. ]. Intern. Med. 2011, 2,
161-170.

5. England, B.R,; Tiong, B.K.; Bergman, M.].; Curtis, ].R.; Kazi, S.; Mikuls, T.R.; O’Dell, ].R.; Ranganath, V.K;
Limanni, A.; Suter, L.G.; et al. 2019 Update of the American College of Rheumatology Recommended
Rheumatoid Arthritis Disease Activity Measures. Arthritis Care Res. 2019, 71, 1540-1555. [CrossRef]
[PubMed]

6.  Owens, G.M. Optimizing rheumatoid arthritis therapy: Using objective measures of disease activity to guide
treatment. Am. Heal. Drug Benefits 2015, 8, 354-359.

7. Strimbu, K; Tavel, J.A. What are biomarkers? Curr. Opin. HIV AIDS 2010, 5, 463-466. [CrossRef] [PubMed]

8.  Centola, M,; Cavet, G.; Shen, Y,; Ramanujan, S.; Knowlton, N.; Swan, K.A.; Turner, M,; Sutton, C.; Smith, D.R,;
Haney, D.J.; et al. Development of a Multi-Biomarker Disease Activity Test for Rheumatoid Arthritis.
PLoS ONE 2013, 8, e60635. [CrossRef] [PubMed]

9.  Roodenrijs, N.M.T.; de Hair, M.].H.; Wheater, G.; Elshahaly, M.; Tekstra, J.; Teng, YK.O.; Lafeber, EPJ.G.;
Hwang, C.C.; Liu, X,; Sasso, E.H.; etal. The multi-biomarker disease activity score tracks response to rituximab
treatment in rheumatoid arthritis patients: A post hoc analysis of three cohort studies. Arthritis Res. Ther.
2018, 20, 256. [CrossRef]

10. Bakker, M.E; Cavet, G.; Jacobs, ] W.G.; Bijlsma, ]. W.J.; Haney, D.].; Shen, Y.; Hesterberg, L.K.; Smith, D.R.;
Centola, M.; Van Roon, J.A.G.; et al. Performance of a multi-biomarker score measuring rheumatoid arthritis
disease activity in the CAMERA tight control study. Ann. Rheum. Dis. 2012, 71, 1692-1697. [CrossRef]

11.  Fleischmann, R.; Connolly, S.E.; Maldonado, M.A.; Schiff, M. Brief Report: Estimating Disease Activity
Using Multi-Biomarker Disease Activity Scores in Rheumatoid Arthritis Patients Treated With Abatacept or
Adalimumab. Arthritis Rheumatol. 2016, 68, 2083-2089. [CrossRef]

12.  Santano, D.; Urrutia, A.; Zamarreno, C.R.; Del Villar, I. Advances in fiber optic DNA-based sensors: A Review.
IEEE Sens. ]. 2020. [CrossRef]

13.  Damborsky, P; Svitel, J.; Katrlik, J. Optical biosensors. Essays Biochem. 2016, 60, 91-100. [CrossRef]

14. Clyne, B.; Olshaker, J.S. The C-reactive protein. |. Emerg. Med. 1999, 17, 1019-1025. [CrossRef]


https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/Rheumatoid-Arthritis
https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/Rheumatoid-Arthritis
http://dx.doi.org/10.1038/nature01661
http://www.ncbi.nlm.nih.gov/pubmed/12748655
https://www.emedicinehealth.com/rheumatoid_arthritis/article_em.htm#rheumatoid_arthritis_ra_definition_and_facts
https://www.emedicinehealth.com/rheumatoid_arthritis/article_em.htm#rheumatoid_arthritis_ra_definition_and_facts
http://dx.doi.org/10.1002/acr.24042
http://www.ncbi.nlm.nih.gov/pubmed/31709779
http://dx.doi.org/10.1097/COH.0b013e32833ed177
http://www.ncbi.nlm.nih.gov/pubmed/20978388
http://dx.doi.org/10.1371/journal.pone.0060635
http://www.ncbi.nlm.nih.gov/pubmed/23585841
http://dx.doi.org/10.1186/s13075-018-1750-5
http://dx.doi.org/10.1136/annrheumdis-2011-200963
http://dx.doi.org/10.1002/art.39714
http://dx.doi.org/10.1109/JSEN.2020.3011738
http://dx.doi.org/10.1042/EBC20150010
http://dx.doi.org/10.1016/S0736-4679(99)00135-3

Sensors 2020, 20, 6289 43 of 51

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dhingra, R.; Gona, P.; Nam, B.H.; D’Agostino, R.B.; Wilson, PW.E,; Benjamin, E.J.; O'Donnell, C.J. C-Reactive
Protein, Inflammatory Conditions, and Cardiovascular Disease Risk. Am. |. Med. 2007, 120, 1054-1062.
[CrossRef]

Mallya, R K.; de Beer, F.C.; Berry, H.; Hamilton, E.D.; Mace, B.E.; Pepys, M.B. Correlation of clinical parameters
of disease activity in rheumatoid arthritis with serum concentration of C-reactive protein and erythrocyte
sedimentation rate. J. Rheumatol. 1982, 9, 224-228. [PubMed]

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, 88-95. [CrossRef]

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.
[CrossRef] [PubMed]

Zhang, J.; Li, D.; Zhang, Y.; Ding, Z.; Zheng, Y.; Chen, S.; Wan, Y. Integrative analysis of mRNA and miRNA
expression profiles reveals seven potential diagnostic biomarkers for non-small cell lung cancer. Oncol. Rep.
2020, 43, 99-112. [CrossRef] [PubMed]

Dillhoff, M,; Liu, J.; Frankel, W.; Croce, C.; Bloomston, M. MicroRNA-21 is overexpressed in pancreatic cancer
and a potential predictor of survival. J. Gastrointest. Surg. 2008, 12, 2171-2176. [CrossRef]

Birlik, M.; Kogak, A.; Harmanci, D. Role of MicroRNAs in Rheumatoid Arthritis. In New Developments in the
Pathogenesis of Rheumatoid Arthritis; InTech: London, UK, 2017.

Moran-Moguel, M.C.; Rio, S.P.D.; Mayorquin-Galvan, E.E.; Zavala-Cerna, M.G. Rheumatoid arthritis and
miRNAs: A critical review through a functional view. J. Immunol. Res. 2018, 2018, 2474529. [CrossRef]
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. [CrossRef]

van der Geest, K.S.M.; Smigielska-Czepiel, K.; Park, J.-A.; Abdulahad, W.H.; Kim, H.-W.; Kroesen, B.-].;
van den Berg, A.; Boots, AM.H.; Lee, E.-B.; Brouwer, E. SF Treg cells transcribing high levels of Bcl-2 and
microRNA-21 demonstrate limited apoptosis in RA. Rheumatology 2015, 54, 950-958. [CrossRef] [PubMed]
Ingegnoli, F.; Castelli, R.; Gualtierotti, R. Rheumatoid Factors: Clinical Applications. Dis. Mark. 2013, 35,
727-734. [CrossRef]

Shrivastava, A.; Gupta, V. Methods for the determination of limit of detection and limit of quantitation of the
analytical methods. Chronicles Young Sci. 2011, 2, 21. [CrossRef]

MacFarlane, L.-A.R.; Murphy, P. MicroRNA: Biogenesis, Function and Role in Cancer. Curr. Genom. 2010, 11,
537-561. [CrossRef]

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

Ardekani, A.M.; Naeini, M.M. The role of microRNAs in human diseases. Avicenna J. Med. Biotechnol. 2010,
2,161-179. [PubMed]

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. [CrossRef]

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

Huang, RY,; Wu, J.Q.; Liu, Z.H.; Sun, S.L. MicroRNAs in rheumatoid arthritis: What is the latest with regards
to diagnostics? Expert Rev. Mol. Diagn. 2019, 19, 363-366. [CrossRef]

Evangelatos, G.; Fragoulis, G.E.; Koulouri, V.; Lambrou, G.I. MicroRNAs in rheumatoid arthritis: From
pathogenesis to clinical impact. Autoimmun. Rev. 2019, 18, 102391. [CrossRef]

Churov, A.V,; Oleinik, E.K.; Knip, M. MicroRNAs in rheumatoid arthritis: Altered expression and diagnostic
potential. Autoimmun. Rev. 2015, 14, 1029-1037. [CrossRef]

Murata, K.; Furu, M.; Yoshitomi, H.; Ishikawa, M.; Shibuya, H.; Hashimoto, M.; Imura, Y.; Fujii, T,;
Ito, H.; Mimori, T.; et al. Comprehensive microRNA Analysis Identifies miR-24 and miR-125a-5p as Plasma
Biomarkers for Rheumatoid Arthritis. PLoS ONE 2013, 8, e069118. [CrossRef]

Griffiths-Jones, S.; Kozomara, A.; Marshall, M.; Tate, J.; Daub, J.; Moxon, S.; Enright, A.; van Dongen, S.;
Saini, H.K.; Grocock, R.; et al. miRBase. Available online: http://www.mirbase.org/ (accessed on 5 May 2020).


http://dx.doi.org/10.1016/j.amjmed.2007.08.037
http://www.ncbi.nlm.nih.gov/pubmed/7097681
http://dx.doi.org/10.1002/pros.23714
http://dx.doi.org/10.1002/jcp.29225
http://www.ncbi.nlm.nih.gov/pubmed/31621912
http://dx.doi.org/10.3892/or.2019.7407
http://www.ncbi.nlm.nih.gov/pubmed/31746439
http://dx.doi.org/10.1007/s11605-008-0584-x
http://dx.doi.org/10.1155/2018/2474529
http://dx.doi.org/10.1111/jcmm.12353
http://dx.doi.org/10.1093/rheumatology/keu407
http://www.ncbi.nlm.nih.gov/pubmed/25339644
http://dx.doi.org/10.1155/2013/726598
http://dx.doi.org/10.4103/2229-5186.79345
http://dx.doi.org/10.2174/138920210793175895
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://www.ncbi.nlm.nih.gov/pubmed/23407304
http://dx.doi.org/10.1371/journal.pone.0011387
http://dx.doi.org/10.1002/jcp.25056
http://dx.doi.org/10.1080/14737159.2019.1599716
http://dx.doi.org/10.1016/j.autrev.2019.102391
http://dx.doi.org/10.1016/j.autrev.2015.07.005
http://dx.doi.org/10.1371/journal.pone.0069118
http://www.mirbase.org/

Sensors 2020, 20, 6289 44 of 51

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Yildiz, U.H.; Alagappan, P; Liedberg, B. Naked eye detection of lung cancer associated miRNA by paper
based biosensing platform. Anal. Chem. 2013, 85, 820-824. [CrossRef]

Huang, J.; Shangguan, J.; Guo, Q.; Ma, W.; Wang, H.; Jia, R.; Ye, Z.; He, X.; Wang, K. Colorimetric and
fluorescent dual-mode detection of microRNA based on duplex-specific nuclease assisted gold nanoparticle
amplification. Analyst 2019, 144, 4917-4924. [CrossRef] [PubMed]

Liu, H,; Tian, T,; Ji, D.; Ren, N.; Ge, S.; Yan, M.; Yu, J. A Graphene-enhanced imaging of microRNA with
enzyme-free signal amplification of catalyzed hairpin assembly in living cells. Biosens. Bioelectron. 2016, 85,
909-914. [CrossRef] [PubMed]

Li, S.; He, K,; Liao, R.; Chen, C.; Chen, X,; Cai, C. An interference-free and label-free sandwich-type magnetic
silicon microsphere -tGO-based probe for fluorescence detection of microRNA. Talanta 2017, 174, 679-683.
[CrossRef]

Jun Zhen, S.; Xiao, X.; Hong Li, C.; Zhi Huang, C. An Enzyme-Free DNA Circuit-Assisted Graphene Oxide
Enhanced Fluorescence Anisotropy Assay for MicroRNA Detection with Improved Sensitivity and Selectivity.
Anal. Chem. 2017, 89, 8766—-8771. [CrossRef]

Chan, HM.; Chan, L.S.; Wong, R.N.S.; Li, HW. Direct quantification of single-molecules of MicroRNA by
total internal reflection fluorescence microscopy. Anal. Chem. 2010, 82, 6911-6918. [CrossRef]

Zhang, Z.; Wang, Y.; Zhang, N.; Zhang, S. Self-assembly of nucleic acid molecular aggregates catalyzed by a
triple-helix probe for miRNA detection and single cell imaging. Chem. Sci. 2016, 7, 4184-4189. [CrossRef]
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. [CrossRef]

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 I fluorescence
platform. Biosens. Bioelectron. 2015, 65, 152-158. [CrossRef]

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 laser scanning platform. Lab Chip 2013, 13, 4053-4064. [CrossRef]

Li, J.; Schachermeyer, S.; Wang, Y.; Yin, Y.; Zhong, W. Detection of MicroRNA by fluorescence amplification
based on cation-exchange in nanocrystals. Anal. Chem. 2009, 81, 9723-9729. [CrossRef]

Li, W.; Hou, T.; Wu, M.; Li, F. Label-free fluorescence strategy for sensitive microRNNA detection based on
isothermal exponential amplification and graphene oxide. Talanta 2016, 148, 116-121. [CrossRef]

Deng, H.; Liu, Q.; Wang, X.; Huang, R; Liu, H.; Lin, Q.; Zhou, X.; Xing, D. Quantum dots-labeled strip
biosensor for rapid and sensitive detection of microRNA based on target-recycled nonenzymatic amplification
strategy. Biosens. Bioelectron. 2017, 87, 931-940. [CrossRef]

Wang, L.; Cheng, Y.; Wang, H.; Li, Z. A homogeneous fluorescence sensing platform with water-soluble carbon
nanoparticles for detection of microRNA and nuclease activity. Analyst 2012, 137, 3667-3672. [CrossRef]
Yang, L.; Liu, C.; Ren, W.; Li, Z. Graphene surface-anchored fluorescence sensor for sensitive detection
of MicroRNA coupled with enzyme-free signal amplification of hybridization chain reaction. ACS Appl.
Mater. Interfaces 2012, 4, 6450—-6453. [CrossRef]

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. [CrossRef]

Fan, X.; Qi, Y,; Shi, Z.; Lv, Y,; Guo, Y. A graphene-based biosensor for detecting microRNA with augmented
sensitivity through helicase-assisted signal amplification of hybridization chain reaction. Sens. Actuators
B Chem. 2018, 255, 1582-1586. [CrossRef]

Zhou, H,; Peng, J.; Qiu, X.; Gao, Y.; Lu, L.; Wang, W. 3-Ni(OH)2 nanosheets: An effective sensing platform for
constructing nucleic acid-based optical sensors. J. Mater. Chem. B 2017, 5, 7426-7432. [CrossRef] [PubMed]
Huang, R.; Liao, Y.; Zhou, X,; Fu, Y.; Xing, D. Multiplexed detection of microRNA biomarkers from tumor
cells and tissues with a homogeneous nano-photon switch. Sens. Actuators B Chem. 2017, 247, 505-513.
[CrossRef]

Hong, C.; Baek, A.; Hah, S.S.; Jung, W.; Kim, D.E. Fluorometric Detection of MicroRNA Using Isothermal
Gene Amplification and Graphene Oxide. Anal. Chem. 2016, 88, 2999-3003. [CrossRef]


http://dx.doi.org/10.1021/ac3034008
http://dx.doi.org/10.1039/C9AN01013K
http://www.ncbi.nlm.nih.gov/pubmed/31313769
http://dx.doi.org/10.1016/j.bios.2016.06.015
http://www.ncbi.nlm.nih.gov/pubmed/27315515
http://dx.doi.org/10.1016/j.talanta.2017.07.008
http://dx.doi.org/10.1021/acs.analchem.7b00955
http://dx.doi.org/10.1021/ac101133x
http://dx.doi.org/10.1039/C6SC00694A
http://dx.doi.org/10.1021/acsami.7b05639
http://dx.doi.org/10.1016/j.bios.2014.10.019
http://dx.doi.org/10.1039/c3lc50579k
http://dx.doi.org/10.1021/ac901983s
http://dx.doi.org/10.1016/j.talanta.2015.10.078
http://dx.doi.org/10.1016/j.bios.2016.09.043
http://dx.doi.org/10.1039/c2an35396b
http://dx.doi.org/10.1021/am302268t
http://dx.doi.org/10.1021/ac500752t
http://dx.doi.org/10.1016/j.snb.2017.08.183
http://dx.doi.org/10.1039/C7TB01389B
http://www.ncbi.nlm.nih.gov/pubmed/32264192
http://dx.doi.org/10.1016/j.snb.2017.03.055
http://dx.doi.org/10.1021/acs.analchem.6b00046

Sensors 2020, 20, 6289 45 of 51

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Neely, L.A,; Patel, S.; Garver, J.; Gallo, M.; Hackett, M.; McLaughlin, S.; Nadel, M.; Harris, J.; Gullans, S.;
Rooke, J. A single-molecule method for the quantitation of microRNA gene expression. Nat. Methods 2006, 3,
41-46. [CrossRef]

Zhu, X.; Shen, Y; Cao, J.; Yin, L.; Ban, F,; Shu, Y.; Li, G. Detection of microRNA SNPs with ultrahigh specificity
by using reduced graphene oxide-assisted rolling circle amplification. Chem. Commun. 2015, 51, 10002-10005.
[CrossRef]

Tu, Y,; Li, W.; Wu, P,; Zhang, H.; Cai, C. Fluorescence quenching of graphene oxide integrating with the
site-specific cleavage of the endonuclease for sensitive and selective microRNA detection. Anal. Chem. 2013,
85,2536-2542. [CrossRef]

Hakimian, F; Ghourchian, H.; Hashemi, A.S.; Arastoo, M.R.; Behnam Rad, M. Ultrasensitive optical biosensor
for detection of miRNA-155 using positively charged Au nanoparticles. Sci. Rep. 2018, 8, 1-9. [CrossRef]
Qiu, X,; Liu, X.; Zhang, W.; Zhang, H.; Jiang, T.; Fan, D.; Luo, Y. Dynamic Monitoring of MicroRNA-DNA
Hybridization Using DNAase-Triggered Signal Amplification. Anal. Chem. 2015, 87, 6303-6310. [CrossRef]
[PubMed]

Hu, F; Xu, J.; Chen, Y. Surface Plasmon Resonance Imaging Detection of Sub-femtomolar MicroRNA.
Anal. Chem. 2017, 89, 10071-10077. [CrossRef]

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 miRNA with an antimonene-based surface plasmon resonance sensor. Nat. Commun. 2019, 10.
[CrossRef]

Joshi, G.K.; Deitz-Mcelyea, S.; Johnson, M.; Mali, S.; Korc, M.; Sardar, R. Highly specific plasmonic biosensors
for ultrasensitive MicroRNA detection in plasma from pancreatic cancer patients. Nano Lett. 2014, 14,
6955-6963. [CrossRef]

Qavi, A.J.; Bailey, R.C. Multiplexed detection and label-free quantitation of microRNAs using arrays of
silicon photonic microring resonators. Angew. Chem. Int. Ed. 2010, 49, 4608-4611. [CrossRef] [PubMed]
Graybill, R.M.; Para, C.S.; Bailey, R.C. PCR-Free, Multiplexed Expression Profiling of microRNAs Using
Silicon Photonic Microring Resonators. Anal. Chem. 2016, 88, 10347-10351. [CrossRef] [PubMed]

Qavi, A.J.; Kindt, ].T.; Gleeson, M.A ; Bailey, R.C. Anti-DNA:RNA Antibodies and Silicon Photonic Microring
Resonators: Increased Sensitivity for Multiplexed microRNA Detection. Anal. Chem. 2011, 83, 5949-5956.
[CrossRef]

Liu, Q.; Shin, Y.; Kee, ].S.; Kim, K.W.; Mohamed Rafei, S.R.; Perera, A.P.,; Tu, X.; Lo, G.Q.; Ricci, E.; Colombel, M.;
etal. Mach-Zehnder interferometer (MZI) point-of-care system for rapid multiplexed detection of microRNAs
in human urine specimens. Biosens. Bioelectron. 2015, 71, 365-372. [CrossRef]

Liang, L.; Jin, L.; Ran, Y.; Sun, L.P.; Guan, B.O. Interferometric detection of microRNAs using a capillary
optofluidic sensor. Sens. Actuators B Chem. 2017, 242, 999-1006. [CrossRef]

Driskell, J.; Primera-Pedrozo, O.M.; Dluhy, R.A.; Zhao, Y.; Tripp, R.A. Quantitative surface-enhanced Raman
spectroscopy based analysis of microRNA mixtures. Appl. Spectrosc. 2009, 63, 1107-1114. [CrossRef] [PubMed]
Su, J.; Wang, D.; Norbel, L.; Shen, J.; Zhao, Z.; Dou, Y.; Peng, T; Shi, J.; Mathur, S.; Fan, C.; et al. Multicolor
Gold-Silver Nano-Mushrooms as Ready-to-Use SERS Probes for Ultrasensitive and Multiplex DNA/miRNA
Detection. Anal. Chem. 2017, 89, 2531-2538. [CrossRef]

Yang, X.; Wang, S.; Wang, Y.; He, Y.; Chai, Y.; Yuan, R. Stimuli-Responsive DNA Microcapsules for SERS
Sensing of Trace MicroRNA. ACS Appl. Mater. Interfaces 2018, 10, 12491-12496. [CrossRef]

Lai, N.S.; Yu, H.C.; Yu, C.L.; Koo, M.; Huang, H.B.; Lu, M.C. Anti-citrullinated protein antibodies suppress
let-7a expression in monocytes from patients with rheumatoid arthritis and facilitate the inflammatory
responses in theumatoid arthritis. Immunobiology 2015, 220, 1351-1358. [CrossRef]

Niimoto, T.; Nakasa, T.; Ishikawa, M.; Okuhara, A.; Izumi, B.; Deie, M.; Suzuki, O.; Adachi, N.;
Ochi, M. MicroRNA-146a expresses in interleukin-17 producing T cells in rheumatoid arthritis patients.
BMC Musculoskelet. Disord. 2010, 11, 209. [CrossRef]

Kim, S.J.; Chen, Z.; Essani, A.B.; Elshabrawy, H.A.; Volin, M.V,; Volkov, S.; Swedler, W.; Arami, S.; Sweiss, N.;
Shahrara, S. Identification of a Novel Toll-like Receptor 7 Endogenous Ligand in Rheumatoid Arthritis Synovial
Fluid That Can Provoke Arthritic Joint Inflammation. Arthritis Rheumatol. 2016, 68, 1099-1110. [CrossRef]

Li, G.-Q.; Fang, Y.-X,; Liu, Y.; Meng, E-R.; Wu, X,; Zhang, C.-W.; Zhang, Y,; Liu, Y.-Q.; Liu, D. Long Noncoding
RNA XIST Binding to Let-7c-5p Contributes to Rheumatoid Arthritis Through Its Effects on Proliferation
and Differentiation of Osteoblasts via Regulation of STAT3. SSRN Electron. J. 2020. [CrossRef]


http://dx.doi.org/10.1038/nmeth825
http://dx.doi.org/10.1039/C5CC02039E
http://dx.doi.org/10.1021/ac303772m
http://dx.doi.org/10.1038/s41598-018-20229-z
http://dx.doi.org/10.1021/acs.analchem.5b01159
http://www.ncbi.nlm.nih.gov/pubmed/25962779
http://dx.doi.org/10.1021/acs.analchem.7b02838
http://dx.doi.org/10.1038/s41467-018-07947-8
http://dx.doi.org/10.1021/nl503220s
http://dx.doi.org/10.1002/anie.201001712
http://www.ncbi.nlm.nih.gov/pubmed/20491114
http://dx.doi.org/10.1021/acs.analchem.6b03350
http://www.ncbi.nlm.nih.gov/pubmed/27726377
http://dx.doi.org/10.1021/ac201340s
http://dx.doi.org/10.1016/j.bios.2015.04.052
http://dx.doi.org/10.1016/j.snb.2016.09.153
http://dx.doi.org/10.1366/000370209789553183
http://www.ncbi.nlm.nih.gov/pubmed/19843360
http://dx.doi.org/10.1021/acs.analchem.6b04729
http://dx.doi.org/10.1021/acsami.8b01974
http://dx.doi.org/10.1016/j.imbio.2015.07.007
http://dx.doi.org/10.1186/1471-2474-11-209
http://dx.doi.org/10.1002/art.39544
http://dx.doi.org/10.2139/ssrn.3343639

Sensors 2020, 20, 6289 46 of 51

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Li, Z,; Li, Y,; Li, Q.; Zhang, Z; Jiang, L.; Li, X. Role of miR-9-5p in preventing peripheral neuropathy in
patients with rheumatoid arthritis by targeting REST/miR-132 pathway. In Vitro Cell. Dev. Biol.-Anim. 2019,
55,52-61. [CrossRef]

Wang, W.; Zhang, Y.; Zhu, B.; Duan, T.; Xu, Q.; Wang, R.; Lu, L.; Jiao, Z. Plasma microRNA expression
profiles in Chinese patients with rheumatoid arthritis. Oncotarget 2015, 6, 42557-42568. [CrossRef]

Filkov4, M.; Aradi, B.; Senolt, L.; Ospelt, C.; Vettori, S.; Mann, H.; Filer, A.; Raza, K.; Buckley, C.D.; Snow, M.;
et al. Association of circulating miR-223 and miR-16 with disease activity in patients with early rheumatoid
arthritis. Ann. Rheum. Dis. 2014, 73, 1898-1904. [CrossRef]

Liu, J.; Fei, D.; Xing, J.; Du, J. MicroRNA-29a inhibits proliferation and induces apoptosis in rheumatoid arthritis
fibroblast-like synoviocytes by repressing STAT3. Biomed. Pharmacother. 2017, 96, 173-181. [CrossRef] [PubMed]
Khalifa, O.; Pers, Y.-M.; Ferreira, R.; Sénéchal, A.; Jorgensen, C.; Apparailly, F; Duroux-Richard, I. X-Linked
miRNAs Associated with Gender Differences in Rheumatoid Arthritis. Int. . Mol. Sci. 2016, 17, 1852. [CrossRef]
Maeda, Y,; Farina, N.H.; Matzelle, M.M.; Fanning, PJ.; Lian, ].B.; Gravallese, E.M. Synovium-Derived MicroRNAs
Regulate Bone Pathways in Rheumatoid Arthritis. |. Bone Miner. Res. 2017, 32, 461-472. [CrossRef]

Wang, J.; Wang, Y.; Zhang, H.; Chang, J.; Lu, M.; Gao, W,; Liu, W.; Li, Y; Yin, L.; Wang, X.; et al. Identification
of a novel microRNA-141-3p/Forkhead box C1/p-catenin axis associated with rheumatoid arthritis synovial
fibroblast function in vivo and in vitro. Theranostics 2020, 10, 5412-5434. [CrossRef] [PubMed]
Mookherjee, N.; El-Gabalawy, H.S. High degree of correlation between whole blood and PBMC expression
levels of miR-155 and miR-146a in healthy controls and rheumatoid arthritis patients. J. Immunol. Methods
2013, 400—401, 106-110. [CrossRef]

Abo ElAtta, A.S; Ali, Y.B.M.; Bassyouni, .H.; Talaat, R M. Upregulation of miR-221/222 expression in rheumatoid
arthritis (RA) patients: Correlation with disease activity. Clin. Exp. Med. 2019, 19, 47-53. [CrossRef]
Ebrahimiyan, H.; Rezaei, N.; Vojdanian, M.; Aslani, S.; Jamshidi, A.; Mahmoudi, M. microRNA involvement
in the regulation of survivin in peripheral blood mononuclear cells from rheumatoid arthritis patients. Int. J.
Rheum. Dis. 2019, 22, 1107-1114. [CrossRef]

Griffiths-Jones, S.; Kozomara, A.; Marshall, M.; Tate, J.; Daub, J.; Moxon, S.; Enright, A.; van Dongen, S.;
Saini, H.K.; Grocock, R.; et al. miRBase: What Do the miRNA Names/Identifiers Mean? Available online:
http://www.mirbase.org/help/nomenclature.shtml (accessed on 5 May 2020).

Yang, P.; Zhang, M.; Wang, X.; Xu, A.L.; Shen, M; Jiang, B.; Zhou, X.; Zhou, L. MicroRNA let-7g-5p alleviates
murine collagen-induced arthritis by inhibiting Th17 cell differentiation. Biochem. Pharmacol. 2020, 174,
113822. [CrossRef] [PubMed]

Yang, Z.; Wang, J.; Pan, Z.; Zhang, Y. miR-143-3p regulates cell proliferation and apoptosis by targeting IGFIR
and IGFBP5 and regulating the Ras/p38 MAPK signaling pathway in rheumatoid arthritis. Exp. Ther. Med.
2018, 15, 3781-3790. [CrossRef]

Hong, B.K;; You, S.; Yoo, S.A.; Park, D.; Hwang, D.; Cho, C.S.; Kim, W.U. MicroRNA-143 and-145 modulate
the phenotype of synovial fibroblasts in rheumatoid arthritis. Exp. Mol. Med. 2017, 49, e363. [CrossRef]
Abdul-Maksoud, R.S.; Sediq, A.M.; Kattaia, A.A.A.; Elsayed, W.S.H.; Ezzeldin, N.; Abdel Galil, S.M.;
Ibrahem, R.A. Serum miR-210 and miR-155 expression levels as novel biomarkers for rheumatoid arthritis
diagnosis. Br. ]. Biomed. Sci. 2017, 74,209-213. [CrossRef]

Huang, Q.; Chen, S.S,; Li, ]J.; Tao, S.S.; Wang, M.; Leng, R.X.; Pan, H.E,; Ye, D.Q. miR-210 expression in PBMCs
from patients with systemic lupus erythematosus and rheumatoid arthritis. Ir. J. Med. Sci. 2018, 187, 243-249.
[CrossRef]

Ligler, ES. Fluorescence-Based Optical Biosensors. In Biophotonics; Springer: Berlin/Heidelberg, Germany,
2008; pp. 199-215.

Strianese, M.; Staiano, M.; Ruggiero, G.; Labella, T.; Pellecchia, C.; D" Auria, S. Fluorescence-based biosensors.
Methods Mol. Biol. 2012, 875, 193-216. [CrossRef] [PubMed]

Zamarrefio, C.R; Socorro, A.B.; Sanchez, P.; Matias, LR.; Arregui, E]. Optical Fibers: Biosensors. In Encyclopedia
of Optical and Photonic Engineering, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2019; pp. 1-19.

National Center for Biotechnology (NCBI) PubChem. Available online: https://pubchem.ncbi.nlm.nih.gov/
(accessed on 8 May 2020).

Le Ru, E.C,; Etchegoin, P.G. Principles of Surface-Enhanced Raman Spectroscopy; Elsevier: Amsterdam,
The Netherlands, 2009; ISBN 9780444527790.


http://dx.doi.org/10.1007/s11626-018-0310-2
http://dx.doi.org/10.18632/oncotarget.6449
http://dx.doi.org/10.1136/annrheumdis-2012-202815
http://dx.doi.org/10.1016/j.biopha.2017.09.120
http://www.ncbi.nlm.nih.gov/pubmed/28987940
http://dx.doi.org/10.3390/ijms17111852
http://dx.doi.org/10.1002/jbmr.3005
http://dx.doi.org/10.7150/thno.45214
http://www.ncbi.nlm.nih.gov/pubmed/32373221
http://dx.doi.org/10.1016/j.jim.2013.10.001
http://dx.doi.org/10.1007/s10238-018-0524-3
http://dx.doi.org/10.1111/1756-185X.13520
http://www.mirbase.org/help/nomenclature.shtml
http://dx.doi.org/10.1016/j.bcp.2020.113822
http://www.ncbi.nlm.nih.gov/pubmed/31987855
http://dx.doi.org/10.3892/etm.2018.5907
http://dx.doi.org/10.1038/emm.2017.108
http://dx.doi.org/10.1080/09674845.2017.1343545
http://dx.doi.org/10.1007/s11845-017-1634-8
http://dx.doi.org/10.1007/978-1-61779-806-1_9
http://www.ncbi.nlm.nih.gov/pubmed/22573441
https://pubchem.ncbi.nlm.nih.gov/

Sensors 2020, 20, 6289 47 of 51

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Hernaez, M.; Zamarrefio, C.R.; Melendi-Espina, S.; Bird, L.R.; Mayes, A.G.; Arregui, FJ. Optical fibre sensors
using graphene-based materials: A review. Sensors 2017, 17, 155. [CrossRef]

Elosua, C.; Arregui, FJ.; Del Villar, I.; Ruiz-Zamarreiio, C.; Corres, ]. M.; Bariain, C.; Goicoechea, ].; Hernaez, M.;
Rivero, PJ.; Socorro, A.B.; et al. Micro and nanostructured materials for the development of optical fibre
sensors. Sensors 2017, 17, 2312. [CrossRef] [PubMed]

Ozcariz, A.; Ruiz-Zamarrefio, C.; Arregui, EJ. A Comprehensive Review: Materials for the Fabrication of
Optical Fiber Refractometers Based on Lossy Mode Resonance. Sensors 2020, 20, 1972. [CrossRef]

Zhang, C.; Miao, P,; Sun, M.; Yan, M.; Liu, H. Progress in miRNA Detection Using Graphene Material-Based
Biosensors. Small 2019, 15, 1901867. [CrossRef] [PubMed]

Korn, T.; Bettelli, E.; Oukka, M.; Kuchroo, V.K. IL-17 and Th17 Cells. Annu. Rev. Immunol. 2009, 27, 485-517.
[CrossRef]

Kondélkova, K.; Vokurkova, D.; Krejsek, J.; Borska, L.; Fiala, Z.; Ctirad, A. Regulatory T cells (TREG) and
their roles in immune system with respect to immunopathological disorders. Acta Med. (Hradec Kralove)
2010, 53, 73-77. [CrossRef]

Nuovo, G.J. (Ed.) The Basics of Molecular Pathology. In In Situ Molecular Pathology and Co-Expression Analyses;
Elsevier: Amsterdam, the Netherlands, 2013; pp. 7—42.

Mattiske, S.; Suetani, R.J.; Neilsen, PM.; Callen, D.F. The oncogenic role of miR-155 in breast cancer.
Cancer Epidemiol. Biomark. Prev. 2012, 21, 1236-1243. [CrossRef] [PubMed]

Alsaleh, G.; Frangois, A.; Philippe, L.; Gong, Y.-Z.; Bahram, S.; Cetin, S.; Pfeffer, S.; Gottenberg, J.-E.;
Wachsmann, D.; Georgel, P; et al. MiR-30a-3p Negatively Regulates BAFF Synthesis in Systemic Sclerosis
and Rheumatoid Arthritis Fibroblasts. PLoS ONE 2014, 9, e111266. [CrossRef]

Nakamachi, Y.; Kawano, S.; Takenokuchi, M.; Nishimura, K.; Sakai, Y.; Chin, T.; Saura, R.; Kurosaka, M.;
Kumagai, S. MicroRNA-124a is a key regulator of proliferation and monocyte chemoattractant protein
1 secretion in fibroblast-like synoviocytes from patients with rheumatoid arthritis. Arthritis Rheum. 2009, 60,
1294-1304. [CrossRef]

Pauley, K. M.; Satoh, M.; Chan, A.L.; Bubb, M.R.; Reeves, W.H.; Chan, E.K. Upregulated miR-146a expression
in peripheral blood mononuclear cells from rheumatoid arthritis patients. Arthritis Res. Ther. 2008, 10, R101.
[CrossRef] [PubMed]

Murata, K.; Yoshitomi, H.; Tanida, S.; Ishikawa, M.; Nishitani, K.; Ito, H.; Nakamura, T. Plasma and synovial
fluid microRNAs as potential biomarkers of rheumatoid arthritis and osteoarthritis. Arthritis Res. Ther. 2010,
12, R86. [CrossRef]

Yang, S.; Yang, Y. Downregulation of microRNA-221 decreases migration and invasion in fibroblast-like
synoviocytes in rheumatoid arthritis. Mol. Med. Rep. 2015, 12, 2395-2401. [CrossRef]

Urrutia, A.; Del Villar, I.; Zubiate, P.; Zamarrefio, C.R. A Comprehensive Review of Optical Fiber
Refractometers: Toward a Standard Comparative Criterion. Laser Photonics Rev. 2019, 13, 1900094. [CrossRef]
Socorro-Leranoz, A.B.; Santano, D.; Del Villar, I.; Matias, LR. Trends in the design of wavelength-based
optical fibre biosensors (2008-2018). Biosens. Bioelectron. X 2019, 1, 100015. [CrossRef]

Del Villar, I.; Arregui, EJ.; Zamarrefio, C.R.; Corres, ].M.; Bariain, C.; Goicoechea, J.; Elosua, C.; Hernaez, M.;
Rivero, PJ.; Socorro, A.B.; et al. Optical sensors based on lossy-mode resonances. Sens. Actuators B Chem.
2017, 240, 174-185. [CrossRef]

Spoto, G.; Minunni, M. Surface plasmon resonance imaging: What next? J. Phys. Chem. Lett. 2012, 3,
2682-2691. [CrossRef]

Singh, P. SPR Biosensors: Historical Perspectives and Current Challenges. Sens. Actuators B Chem. 2016, 229,
110-130. [CrossRef]

Zhou, J; Qi, Q.; Wang, C.; Qian, Y,; Liu, G.; Wang, Y.; Fu, L. Surface plasmon resonance (SPR) biosensors for
food allergen detection in food matrices. Biosens. Bioelectron. 2019, 142, 111449. [CrossRef] [PubMed]
épaékové, B.; Wrobel, P; Bockova, M.; Homola, J. Optical Biosensors Based on Plasmonic Nanostructures:
A Review. Proc. IEEE 2016, 104, 2380-2408. [CrossRef]

Xiao, G.; Tang, H.; Wei, W,; Li, ].; Ji, L.; Ge, J. Aberrant Expression of MicroRNA-15a and MicroRNA-16
Synergistically Associates with Tumor Progression and Prognosis in Patients with Colorectal Cancer.
Gastroenterol. Res. Pract. 2014, 2014, 364549. [CrossRef]

Hammond, J.; Bhalla, N.; Rafiee, S.; Estrela, P. Localized Surface Plasmon Resonance as a Biosensing Platform
for Developing Countries. Biosensors 2014, 4, 172-188. [CrossRef]


http://dx.doi.org/10.3390/s17010155
http://dx.doi.org/10.3390/s17102312
http://www.ncbi.nlm.nih.gov/pubmed/29019945
http://dx.doi.org/10.3390/s20071972
http://dx.doi.org/10.1002/smll.201901867
http://www.ncbi.nlm.nih.gov/pubmed/31379135
http://dx.doi.org/10.1146/annurev.immunol.021908.132710
http://dx.doi.org/10.14712/18059694.2016.63
http://dx.doi.org/10.1158/1055-9965.EPI-12-0173
http://www.ncbi.nlm.nih.gov/pubmed/22736789
http://dx.doi.org/10.1371/journal.pone.0111266
http://dx.doi.org/10.1002/art.24475
http://dx.doi.org/10.1186/ar2493
http://www.ncbi.nlm.nih.gov/pubmed/18759964
http://dx.doi.org/10.1186/ar3013
http://dx.doi.org/10.3892/mmr.2015.3642
http://dx.doi.org/10.1002/lpor.201900094
http://dx.doi.org/10.1016/j.biosx.2019.100015
http://dx.doi.org/10.1016/j.snb.2016.08.126
http://dx.doi.org/10.1021/jz301053n
http://dx.doi.org/10.1016/j.snb.2016.01.118
http://dx.doi.org/10.1016/j.bios.2019.111449
http://www.ncbi.nlm.nih.gov/pubmed/31279816
http://dx.doi.org/10.1109/JPROC.2016.2624340
http://dx.doi.org/10.1155/2014/364549
http://dx.doi.org/10.3390/bios4020172

Sensors 2020, 20, 6289 48 of 51

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

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

Zhao, W.; Brook, M.A,; Li, Y. Design of Gold Nanoparticle-Based Colorimetric Biosensing Assays.
ChemBioChem 2008, 9, 2363-2371. [CrossRef]

Arregui, EJ.; Del Villar, I.; Zamarrefio, C.R.; Zubiate, P.; Matias, I.R. Giant sensitivity of optical fiber sensors
by means of lossy mode resonance. Sens. Actuators B Chem. 2016, 232, 660-665. [CrossRef]

Ozcariz, A.; Zamarrefio, C.R.; Zubiate, P.; Arregui, F]J. Is there a frontier in sensitivity with Lossy mode
resonance (LMR) based refractometers? Sci. Rep. 2017, 7, 1-7. [CrossRef]

Zubiate, P,; Ciaurriz, P; Tellechea, E.; Santano, D.; Del Villar, I.; Urrutia, A.; Arregui, FJ.; Matias, L.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, NJ, USA, 2019.

Imas, ].J.; Ruiz Zamarrefio, C.; Zubiate, P.;, Campion, 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, Rotterdam, the Netherlands, 25-28 October 2020; Institute of Electrical and Electronics Engineers Inc.:
Piscataway, NJ, USA, 2020.

Steglich, P.; Hiilsemann, M.; Dietzel, B.; Mai, A. Optical biosensors based on silicon-on-insulator ring
resonators: A review. Molecules 2019, 24, 519. [CrossRef] [PubMed]

Luan, E.; Shoman, H.; Ratner, D.M.; Cheung, K.C.; Chrostowski, L. Silicon photonic biosensors using
label-free detection. Sensors 2018, 18, 3519. [CrossRef]

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 Photonics Rev. 2012, 6, 47-73.
[CrossRef]

Kozma, P.; Kehl, E; Ehrentreich-Forster, E.; Stamm, C.; Bier, EF. Integrated planar optical waveguide
interferometer biosensors: A comparative review. Biosens. Bioelectron. 2014, 58, 287-307. [CrossRef]

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.

Tillett, W.S.; Francis, T. Serological reactions in pneumonia with a nonprotein somatic fraction of
pneumococcus. |. Exp. Med. 1930, 52, 561-571. [CrossRef]

Patel, D.N.; King, C.A.; Bailey, S.R.; Holt, ] W.; Venkatachalam, K.; Agrawal, A.; Valente, A.J.; Chandrasekar, B.
Interleukin-17 stimulates C-reactive protein expression in hepatocytes and smooth muscle cells via p38 MAPK
and ERK1/2-dependent NF-«B and C/EBPf activation. J. Biol. Chem. 2007, 282, 27229-27238. [CrossRef]
Shadick, N.A.; Cook, N.R,; Karlson, E.W.; Ridker, PM.; Maher, N.E.; Manson, ].A.E.; Buring, ].E.; Lee, LM.
C-reactive protein in the prediction of rheumatoid arthritis in women. Arch. Intern. Med. 2006, 166, 2490-2494.
[CrossRef] [PubMed]

Yamane, T.; Hashiramoto, A.; Tanaka, Y.; Tsumiyama, K.; Miura, Y.; Shiozawa, K.; Chihara, K.; Shiozawa, S.
Easy and accurate diagnosis of rheumatoid arthritis using anti-cyclic citrullinated peptide 2 antibody, swollen
joint count, and C-reactive protein/rheumatoid factor. J. Rheumatol. 2008, 35, 414-420. [PubMed]

Meyer, M.H.F.,; Hartmann, M.; Keusgen, M. SPR-based immunosensor for the CRP detection—A new method
to detect a well known protein. Biosens. Bioelectron. 2006, 21, 1987-1990. [CrossRef]

Vashist, S.K.; Schneider, E.M.; Luong, ] H.T. Surface plasmon resonance-based immunoassay for human
C-reactive protein. Analyst 2015, 140, 4445-4452. [CrossRef]

Chammem, H.; Hafaid, I.; Meilhac, O.; Menaa, F.; Mora, L.; Abdelghani, A. Surface Plasmon Resonance for
C-Reactive Protein Detection in Human Plasma. J. Biomater. Nanobiotechnol. 2014, 5, 47528. [CrossRef]
Dang, T.; Hu, W.; Zhang, W.; Song, Z.; Wang, Y.; Chen, M.; Xu, H.; Liu, G.L. Protein binding kinetics
quantification via coupled plasmonic-photonic resonance nanosensors in generic microplate reader.
Biosens. Bioelectron. 2019, 142, 111494. [CrossRef]

Kitayama, Y.; Takeuchi, T. Localized Surface Plasmon Resonance Nanosensing of C-Reactive Protein with
Poly(2-methacryloyloxyethyl phosphorylcholine)-Grafted Gold Nanoparticles Prepared by Surface-Initiated
Atom Transfer Radical Polymerization. Anal. Chem. 2014, 86, 5587-5594. [CrossRef] [PubMed]


http://dx.doi.org/10.1039/C9AN02149C
http://dx.doi.org/10.1002/cbic.200800282
http://dx.doi.org/10.1016/j.snb.2016.04.015
http://dx.doi.org/10.1038/s41598-017-11145-9
http://dx.doi.org/10.3390/molecules24030519
http://www.ncbi.nlm.nih.gov/pubmed/30709027
http://dx.doi.org/10.3390/s18103519
http://dx.doi.org/10.1002/lpor.201100017
http://dx.doi.org/10.1016/j.bios.2014.02.049
http://dx.doi.org/10.1084/jem.52.4.561
http://dx.doi.org/10.1074/jbc.M703250200
http://dx.doi.org/10.1001/archinte.166.22.2490
http://www.ncbi.nlm.nih.gov/pubmed/17159015
http://www.ncbi.nlm.nih.gov/pubmed/18203327
http://dx.doi.org/10.1016/j.bios.2005.09.010
http://dx.doi.org/10.1039/C5AN00690B
http://dx.doi.org/10.4236/jbnb.2014.53018
http://dx.doi.org/10.1016/j.bios.2019.111494
http://dx.doi.org/10.1021/ac501322x
http://www.ncbi.nlm.nih.gov/pubmed/24830565

Sensors 2020, 20, 6289 49 of 51

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Oh, S.Y,; Heo, N.S,; Bajpai, VK.; Jang, S.-C.; Ok, G.; Cho, Y.; Huh, Y.S. Development of a Cuvette-Based
LSPR Sensor Chip Using a Plasmonically Active Transparent Strip. Front. Bioeng. Biotechnol. 2019, 7, 299.
[CrossRef]

Yeom, S.H.; Han, M.E.; Kang, B.H.; Kim, K J.; Yuan, H.; Eum, N.S.; Kang, S.W. Enhancement of the sensitivity
of LSPR-based CRP immunosensors by Au nanoparticle antibody conjugation. Sens. Actuators B Chem. 2013,
177,376-383. [CrossRef]

Zubiate, P.; Zamarrenio, C.R.; Sanchez, P.; Matias, L.R.; Arregui, EJ. High sensitive and selective C-reactive
protein detection by means of lossy mode resonance based optical fiber devices. Biosens. Bioelectron. 2017, 93,
176-181. [CrossRef] [PubMed]

Kim, B.B.; Im, WJ.; Byun, ].Y.; Kim, H.M.; Kim, M.G.; Shin, Y.B. Label-free CRP detection using optical
biosensor with one-step immobilization of antibody on nitrocellulose membrane. Sens. Actuators B Chem.
2014, 190, 243-248. [CrossRef]

Sridevi, S.; Vasu, K.S.; Asokan, S.; Sood, A.K. Sensitive detection of C-reactive protein using optical fiber
Bragg gratings. Biosens. Bioelectron. 2015, 65, 251-256. [CrossRef]

Schulze, S.; Wehrhold, M.; Hille, C. Femtosecond-pulsed laser written and etched fiber bragg gratings for
fiber-optical biosensing. Sensors 2018, 18, 2844. [CrossRef] [PubMed]

Murata, A.; Ooya, T.; Takeuchi, T. Two-layer reflectometric interference spectroscopy-based immunosensing
for C-reactive protein. Microchim. Acta 2015, 182, 307-313. [CrossRef]

Ouyang, M.; Di Carlo, D. Nanoplasmonic swarm biosensing using single nanoparticle colorimetry.
Biosens. Bioelectron. 2019, 132, 162-170. [CrossRef]

Ghosh, S.; Metlushko, A.; Chaudhry, S.; Dutta, M.; Stroscio, M.A. Detection of c-reactive protein using
network-deployable DNA aptamer based optical nanosensor. In Proceedings of the 2019 IEEE EMBS
International Conference on Biomedical and Health Informatics, BHI 2019, Chicago, IL, USA, 19-22 May 2019;
Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA, 2019.

Borse, V.; Srivastava, R. Fluorescence lateral flow immunoassay based point-of-care nanodiagnostics for
orthopedic implant-associated infection. Sens. Actuators B Chem. 2019, 280, 24-33. [CrossRef]

Islam, M.S.; Yu, H.; Lee, H.G.; Kang, S.H. Molecular switching fluorescence based high sensitive detection of
label-free C-reactive protein on biochip. Biosens. Bioelectron. 2010, 26, 1028-1035. [CrossRef]

Chiavaioli, F;; Zubiate, P; Del Villar, I.; Zamarrenlo, C.R.; Giannetti, A.; Tombelli, S.; Trono, C.; Arregui, EJ.;
Matias, I.R.; Baldini, F. Femtomolar Detection by Nanocoated Fiber Label-Free Biosensors. ACS Sens. 2018, 3,
936-943. [CrossRef]

Zubiate, P; Santano, D.; Urrutia, A.; Zamarrefio, C.R.; Diaz, S.; Matias, LR.; Arregui, EJ.; Giannetti, A.; Baldini, F;
Fernandez-Irigoyen, J.; et al. Fiber-optics: A new route towards ultra-low detection limit label-free biosensing.
In Proceedings of the Seventh European Workshop on Optical Fibre Sensors, Limassol, Cyprus, 28 August 2019;
Kalli, K., Brambilla, G., O’Keeffe, S.O., Eds.; SPIE: Bellingham, WA, USA, 2019; Volume 11199, p. 62.
Chiavaioli, F.; Zubiate, P.; Del Villar, 1.; Zamarrefio, C.R.; Giannetti, A.; Tombelli, S.; Trono, C.; Matias, LR.;
Arregui, FJ.; Baldini, F. Lossy mode resonance fiber-optic biosensing allowing ultra-low detection limit.
In Proceedings of the 2019 Conference on Lasers and Electro-Optics Europe and European Quantum
Electronics Conference, CLEO/Europe-EQEC 2019, Munich, Germany, 23-27 June 2019; Institute of Electrical
and Electronics Engineers Inc.: Piscataway, NJ, USA, 2019.

Socorro, A.B.; Corres, ].M.; Del Villar, I.; Arregui, EJ.; Matias, I.R. Fiber-optic biosensor based on lossy mode
resonances. Sens. Actuators B Chem. 2012, 174, 263-269. [CrossRef]

Zubiate, P; Urrutia, A.; Zamarreno, C.R.; Egea-Urra, ]J.; Fernandez-Irigoyen, J.; Giannetti, A.; Baldini, F.;
Diaz, S.; Matias, L.R.; Arregui, EJ.; et al. Fiber-based early diagnosis of venous thromboembolic disease by
label-free D-dimer detection. Biosens. Bioelectron. X 2019, 2, 100026. [CrossRef]

Beckham, J.C.; Caldwell, D.S.; Peterson, B.L.; Pippen, AM.M.; Currie, M.S.; Keefe, EJ.; Weinberg, J.B.
Disease severity in theumatoid arthritis: Relationships of plasma tumor necrosis factor-«, soluble interleukin
2-receptor, soluble CD4/CDS8 ratio, neopterin, and fibrin D-dimer to traditional severity and functional
measures. J. Clin. Immunol. 1992, 12, 353-361. [CrossRef]

Hill, K.O.; Meltz, G. Fiber Bragg grating technology fundamentals and overview. J. Light. Technol. 1997, 15,
1263-1276. [CrossRef]


http://dx.doi.org/10.3389/fbioe.2019.00299
http://dx.doi.org/10.1016/j.snb.2012.10.099
http://dx.doi.org/10.1016/j.bios.2016.09.020
http://www.ncbi.nlm.nih.gov/pubmed/27638106
http://dx.doi.org/10.1016/j.snb.2013.08.078
http://dx.doi.org/10.1016/j.bios.2014.10.033
http://dx.doi.org/10.3390/s18092844
http://www.ncbi.nlm.nih.gov/pubmed/30154380
http://dx.doi.org/10.1007/s00604-014-1334-2
http://dx.doi.org/10.1016/j.bios.2019.02.056
http://dx.doi.org/10.1016/j.snb.2018.10.034
http://dx.doi.org/10.1016/j.bios.2010.08.045
http://dx.doi.org/10.1021/acssensors.7b00918
http://dx.doi.org/10.1016/j.snb.2012.07.039
http://dx.doi.org/10.1016/j.biosx.2019.100026
http://dx.doi.org/10.1007/BF00920793
http://dx.doi.org/10.1109/50.618320

Sensors 2020, 20, 6289 50 of 51

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Libish, T.M.; Radhakrishnan, P. Design and Development of Fiber Grating Based Chemical and Bio-Sensors.
Ph.D. Thesis, Fabrication of Etched FBGs and Refractive Index Sensing. Cochin University of Science and
Technology, Kerala, India, 2015. Chapter 5.

Chiavaioli, F; Baldini, F; Tombelli, S.; Trono, C.; Giannetti, A. Biosensing with optical fiber gratings.
Nanophotonics 2017, 6, 663—-679. [CrossRef]

Gauglitz, G. Direct optical sensors: Principles and selected applications. Anal. Bioanal. Chem. 2005, 381,
141-155. [CrossRef]

Song, Y.W.; Kang, E.H. Autoantibodies in rheumatoid arthritis: Rheumatoid factors and anticitrullinated
protein antibodies. QJM 2010, 103, 139-146. [CrossRef]

Humphreys, J.H.; van Nies, J.A.B.; Chipping, J.; Marshall, T, Mil, HH.M.H.; Symmons, D.PM,;
Verstappen, S.M.M. Rheumatoid factor and anti-citrullinated protein antibody positivity, but not level, are
associated with increased mortality in patients with rheumatoid arthritis: Results from two large independent
cohorts. Arthritis Res. Ther. 2014, 16, 483. [CrossRef]

Pope, ].E.; Movahedi, M.; Rampakakis, E.; Cesta, A.; Sampalis, ].S.; Keystone, E.; Thorne, C.; Bombardier, C.
ACPA and RF as predictors of sustained clinical remission in patients with rheumatoid arthritis: Data from
the Ontario Best practices Research Initiative (OBRI). RMD Open 2018, 4, e000738. [CrossRef]

Zeng, T.; Tan, L. 14-3-3n protein: A promising biomarker for rheumatoid arthritis. Biomark. Med. 2018, 12,
917-925. [CrossRef]

Liu, N.J.; Chapman, R.; Lin, Y.; Mmesi, ].; Bentham, A.; Tyreman, M.; Abraham, S.; Stevens, M.M. Point of
care testing of phospholipase A2 group IIA for serological diagnosis of rheumatoid arthritis. Nanoscale 2016,
8, 4482-4485. [CrossRef]

Seoane, I.V.; Martinez, C.; Garcia-Vicufia, R.; Ortiz, A.M.; Juarranz, Y.; Talayero, V.C.; Gonzélez-Alvaro, L;
Gomariz, R.P.; Lamana, A. Vasoactive intestinal peptide gene polymorphisms, associated with its serum
levels, predict treatment requirements in early rheumatoid arthritis. Sci. Rep. 2018, 8, 1-11. [CrossRef]
Das, S.; Baruah, C.; Saikia, A K.; Bose, S. Associative role of HLA-DRB1 SNP genotypes as risk factors
for susceptibility and severity of rheumatoid arthritis: A North-east Indian population-based study.
Int. |. Immunogenet. 2018, 45, 1-7. [CrossRef]

Corgier, B.P; Marquette, C.A,; Blum, L]J. Direct electrochemical addressing of immunoglobulins:
Immuno-chip on screen-printed microarray. Biosens. Bioelectron. 2007, 22, 1522-1526. [CrossRef]

Lokate, A.M.C.; Beusink, J.B.; Besselink, G.A.].; Pruijn, G.J.M.; Schasfoort, R.B.M. Biomolecular interaction
monitoring of autoantibodies by scanning surface plasmon resonance microarray imaging. J. Am. Chem. Soc.
2007, 129, 14013-14018. [CrossRef]

van Beers, ].].B.C.; Willemze, A.; Jansen, ].J.; Engbers, G.H.M.; Salden, M.; Raats, ]. ACPA fine-specificity
profiles in early rheumatoid arthritis patients do not correlate with clinical features at baseline or with disease
progression. Arthritis Res. Ther. 2013, 15. [CrossRef]

Qiu, S.; Miao, M.; Wang, T.; Lin, Z.; Guo, L.; Qiu, B.; Chen, G. A fluorescent probe for detection of histidine in
cellular homogenate and ovalbumin based on the strategy of click chemistry. Biosens. Bioelectron. 2013, 42,
332-336. [CrossRef] [PubMed]

Attia, M.S.; Diab, M.; El-Shahat, M.F. Diagnosis of some diseases related to the histidine level in human serum
by using the nano optical sensor Eu-Norfloxacine complex. Sens. Actuators B Chem. 2015, 756-763. [CrossRef]
Jonsson, T.; Steinsson, K.; Jénsson, H.; Geirsson, A.]‘ ; Thorsteinsson, J.; Valdimarsson, H. Combined elevation
of IgM and IgA rheumatoid factor has high diagnostic specificity for rheumatoid arthritis. Rheumatol. Int.
1998, 18, 119-122. [CrossRef]

Arnett, F.C.; Edworthy, S.M.; Bloch, D.A.; Mcshane, D.J ; Fries, J.F.; Cooper, N.S.; Healey, L.A.; Kaplan, S.R.;
Liang, M.H.; Luthra, H.S.; et al. The american rheumatism association 1987 revised criteria for the classification
of rheumatoid arthritis. Arthritis Rheum. 1988, 31, 315-324. [CrossRef] [PubMed]

Aletaha, D.; Neogi, T.; Silman, A.].; Funovits, J.; Felson, D.T.; Bingham, C.O.; Birnbaum, N.S.; Burmester, G.R.;
Bykerk, V.P.; Cohen, M.D; et al. 2010 Rheumatoid arthritis classification criteria: An American College of
Rheumatology/European League Against Rheumatism collaborative initiative. Arthritis Rheum. 2010, 62,
2569-2581. [CrossRef]

Saraux, A.; Berthelot, ].M.; Chales, G.; Le Henaff, C.; Mary, ].Y.; Thorel, ].B.; Hoang, S.; Dueymes, M.; Allain, J.;
Devauchelle, V,; et al. Value of laboratory tests in early prediction of rheumatoid arthritis. Arthritis Care Res.
(Hoboken) 2002, 47, 155-165. [CrossRef]


http://dx.doi.org/10.1515/nanoph-2016-0178
http://dx.doi.org/10.1007/s00216-004-2895-4
http://dx.doi.org/10.1093/qjmed/hcp165
http://dx.doi.org/10.1186/s13075-014-0483-3
http://dx.doi.org/10.1136/rmdopen-2018-000738
http://dx.doi.org/10.2217/bmm-2017-0385
http://dx.doi.org/10.1039/C5NR08423G
http://dx.doi.org/10.1038/s41598-018-20400-6
http://dx.doi.org/10.1111/iji.12347
http://dx.doi.org/10.1016/j.bios.2006.05.016
http://dx.doi.org/10.1021/ja075103x
http://dx.doi.org/10.1186/ar4322
http://dx.doi.org/10.1016/j.bios.2012.10.039
http://www.ncbi.nlm.nih.gov/pubmed/23208107
http://dx.doi.org/10.1016/j.snb.2014.10.132
http://dx.doi.org/10.1007/s002960050069
http://dx.doi.org/10.1002/art.1780310302
http://www.ncbi.nlm.nih.gov/pubmed/3358796
http://dx.doi.org/10.1002/art.27584
http://dx.doi.org/10.1002/art.10241

Sensors 2020, 20, 6289 51 of 51

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

National Cancer Institute (NCI). Definition of International Unit—NCI Dictionary of Cancer Terms.
Available online: https://www.cancer.gov/publications/dictionaries/cancer-terms/def/international-unit
(accessed on 8 May 2020).

Anderson, S.G.; Bentzon, M.W.; Houba, V.; Krag, P. International Reference Preparation of Rheumatoid
Arthritis Serum. Bull. World Health Organ. 1970, 42, 311.

World Health Organization. WHO Expert Committee on Biological Standardization Sixty-Eighth Report;
World Health Organization: Geneva, Switzerland, 2018; ISBN 9789241210201.

Aggarwal, R; Liao, K.; Nair, R.; Ringold, S.; Costenbander, K.H. Anti-citrullinated peptide antibody assays
and their role in the diagnosis of rheumatoid arthritis. Arthritis Care Res. (Hoboken) 2009, 61, 1472-1483.
[CrossRef] [PubMed]

Sanmarti, R.; Victoria Hernandez, M.; Gomez-Puerta, J.A.; Graell, E.; Cafiete, ].D. Serum autoantibodies in
rheumatoid arthritis. Int. . Adv. Rheumatol. 2008, 6, 47-52.

Aletaha, D.; Alasti, F; Smolen, J.S. Rheumatoid factor, not antibodies against citrullinated proteins,
is associated with baseline disease activity in rheumatoid arthritis clinical trials. Arthritis Res. Ther. 2015, 17.
[CrossRef] [PubMed]

Srirangan, S.; Choy, E.H. The role of Interleukin 6 in the pathophysiology of rheumatoid arthritis. Ther. Adv.
Musculoskelet. Dis. 2010, 2, 247-256. [CrossRef]

Xie, K.; Dai, K.; Qu, X.; Yan, M. Serum and Synovial Fluid Interleukin-6 for the Diagnosis of Periprosthetic
Joint Infection. Sci. Rep. 2017, 7, 1496. [CrossRef] [PubMed]

Assier, E.; Boissier, M.C.; Dayer, ].M. Interleukin-6: From identification of the cytokine to development of
targeted treatments. Jt. Bone Spine 2010, 77, 532-536. [CrossRef]

Kim, G.W,; Lee, N.R;; Pi, R H,; Lim, Y.S.; Lee, YM.; Lee, ].M.; Jeong, H.S.; Chung, S.H. IL-6 inhibitors for
treatment of rheumatoid arthritis: Past, present, and future. Arch. Pharm. Res. 2015, 38, 575-584. [CrossRef]
Burska, A.; Boissinot, M.; Ponchel, F. Cytokines as Biomarkers in Rheumatoid Arthritis. Mediators Inflamm.
2014, 2014. [CrossRef]

National Center for Biotechnology Information (NCBI), PubChem Database. Histidine, CID = 6274.
Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Histidine (accessed on 8 May 2020).
Borden, A.L.; Wallraff, E.B.; Brodie, E.C.; Holbrook, W.P,; Hill, D.F,; Stephens, C.A.L.; Kent, L.J.; Kemmerer, A.R.
Plasma Levels of Free Amino Acids in Normal Subjects Compared with Patients with Rheumatoid Arthritis.
Exp. Biol. Med. 1950, 75, 28-30. [CrossRef]

Gerber, D.A ; Tanenbaum, L.; Ahrens, M. Free serum histidine levels in patients with rheumatoid arthritis
and control subjects following an oral load of free L-histidine. Metabolism 1976, 25, 655-657. [CrossRef]
Gerber, D.A. Low free serum histidine concentration in rheumatoid arthritis. A measure of disease activity.
J. Clin. Investig. 1975, 55, 1164-1173. [CrossRef]

Kirkham, J.; Lowe, J.; Bird, H.A.; Wright, V. Serum histidine in rheumatoid arthritis: A family study.
Ann. Rheum. Dis. 1981, 40, 501-502. [CrossRef] [PubMed]

Sasaki, C.; Hiraishi, T.; Oku, T.; Okuma, K.; Suzumura, K.; Hashimoto, M.; Ito, H.; Aramori, I.; Hirayama, Y.
Metabolomic approach to the exploration of biomarkers associated with disease activity in rheumatoid
arthritis. PLoS ONE 2019, 14, €0219400. [CrossRef]

Madsen, R.K,; Lundstedt, T.; Gabrielsson, J.; Sennbro, C.J.; Alenius, G.M.; Moritz, T.; Rantapda-Dahlqvist, S.;
Trygg, ]. Diagnostic properties of metabolic perturbations in rheumatoid arthritis. Arthritis Res. Ther. 2011,
13, R19. [CrossRef]

Kim, D.; Mun, S.; Lee, J.; Park, A.; Seok, A.E.; Chun, Y.T.; Kang, H.G. Proteomics analysis reveals
differential pattern of widespread protein expression and novel role of histidine-rich glycoprotein and
lipopolysaccharide-binding protein in rheumatoid arthritis. Int. |. Biol. Macromol. 2018, 109, 704-710.
[CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


https://www.cancer.gov/publications/dictionaries/cancer-terms/def/international-unit
http://dx.doi.org/10.1002/art.24827
http://www.ncbi.nlm.nih.gov/pubmed/19877103
http://dx.doi.org/10.1186/s13075-015-0736-9
http://www.ncbi.nlm.nih.gov/pubmed/26307354
http://dx.doi.org/10.1177/1759720X10378372
http://dx.doi.org/10.1038/s41598-017-01713-4
http://www.ncbi.nlm.nih.gov/pubmed/28473693
http://dx.doi.org/10.1016/j.jbspin.2010.07.007
http://dx.doi.org/10.1007/s12272-015-0569-8
http://dx.doi.org/10.1155/2014/545493
https://pubchem.ncbi.nlm.nih.gov/compound/Histidine
http://dx.doi.org/10.3181/00379727-75-18087
http://dx.doi.org/10.1016/0026-0495(76)90062-7
http://dx.doi.org/10.1172/JCI108033
http://dx.doi.org/10.1136/ard.40.5.501
http://www.ncbi.nlm.nih.gov/pubmed/7305474
http://dx.doi.org/10.1371/journal.pone.0219400
http://dx.doi.org/10.1186/ar3243
http://dx.doi.org/10.1016/j.ijbiomac.2017.12.075
http://www.ncbi.nlm.nih.gov/pubmed/29246875
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	MicroRNAs or miRNAs 
	Fluorescence-Based Biosensors 
	MiR-21 
	Let-7a 
	Other miRNAs 

	Resonance-Based Biosensors 
	Other Optical Sensing Techniques: Interferometry and Surface-Enhanced Raman Spectroscopy (SERS) 

	CRP (C-Reactive Protein) 
	Other Biomarkers 
	Rheumatoid Factor (RF) 
	Anti-Citrullinated Protein Antibodies (ACPA) 
	Interleukin-6 (IL-6) 
	Histidine 

	Conclusions and Outlook 
	References

