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A B S T R A C T   

Genomic biomarkers of cancer are based on changes in nucleic acids, which include abnormal expression levels 
of some miRNAs, point mutations in DNA sequences, and altered levels of DNA methylation. The presence of 
tumor-related nucleic acids in body fluids (blood, saliva, or urine) makes it possible to achieve a non-invasive 
early-stage cancer diagnosis. Currently existing techniques for the discovery of nucleic acids require complex, 
time-consuming, costly assays and have limited multiplexing abilities. Surface-enhanced Raman spectroscopy 
(SERS) is a vibrational spectroscopy technique that is able to provide molecular specificity combined with trace 
sensitivity. SERS has gained research attention as a tool for the detection of nucleic acids because of its promising 
potential: label-free SERS can decrease the complexity of assays currently used with fluorescence-based detection 
due to the absence of the label, while labeled SERS may outperform the gold standard in terms of the multi
plexing ability. The first papers about SERS-based methods for the measurement of genomic biomarkers were 
written in 2008, and since then, more than 150 papers have been published. The aim of this paper is to review 
and evaluate the proposed SERS-based methods in terms of their level of development and their potential for 
liquid biopsy application, as well as to contribute to their further evolution by attracting research attention to the 
field. This goal will be reached by grouping, on the basis of their experimental protocol, all the published 
manuscripts on the topic and evaluating each group in terms of its limit of detection and applicability to real 
body fluids. Thus, the methods are classified according to their working principles into five main groups, 
including capture-based, displacement-based, sandwich-based, enzyme-assisted, and specialized protocols.   

1. Introduction 

Cancer is one of the leading causes of mortality worldwide ac
counting for more than 10 million deaths annually [1]. An early-stage 
cancer diagnosis can significantly improve the survival chances of pa
tients but is complicated by an absence or a weak manifestation of 
symptoms [2]. One promising solution to achieve an early-stage cancer 
diagnosis is the regular screening of the population [3]. Currently 
existing diagnostic techniques have limitations: tissue biopsy requires 
invasive and risky procedures, imaging-based techniques expose pa
tients to ionizing radiation, and stool- and blood-based tests have limited 
accuracy and sensitivity [2–4]. Recently, liquid biopsy has gained 
research attention as a promising non-invasive and accurate screening 

tool. Liquid biopsy is based on the analysis of body fluids for the pres
ence of circulating tumor cells, circulating tumor DNAs/RNAs, exo
somes, and other tumor-related substances that may serve as cancer 
biomarkers [2]. Circulating tumor nucleic acids are continuously ejected 
from tumors into body fluids and have a short half-life time (up to 2.5 h) 
which makes them ideal for real-time monitoring of tumor changes and 
therapy response [5]. Changes in nucleic acids may serve as genomic 
biomarkers for an early-stage cancer diagnosis due to a significant 
contribution of genetic alterations to cancer etiology [6]. 

Genomic biomarkers include but are not limited to an abnormal 
expression of nucleic acids, a mutation in their sequences, and epige
netic changes [2,7]. Alteration of the expression levels of microRNAs 
(miRNAs) has recently gained significant research attention. MiRNAs 
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are short non-coding RNAs that typically consist of 22–25 nucleotides 
(nt) and are present in body fluids as free RNAs or inside exosomes [8]. 
They play a significant role in cellular processes by binding to mRNA 
and inhibiting gene expression. Therefore, abnormal levels of some 
miRNAs can lead to the silencing of tumor-suppressor genes or the 
modulation of oncogenes, a condition that favors cancer formation and 
spread, which makes miRNAs a promising cancer marker [8]. For 
example, the concentrations of miRNA-21, miRNA-155, miRNA-126, or 
miRNA-191 are about 10− 14 − 10− 13 M in the serum of healthy people, 
while their levels are upregulated in breast cancer patients (about 10− 12 

− 10− 11 M) [9]. Circulating tumor DNAs are about 150 nt long frag
ments of DNA circulating in body fluids at a concentration of approxi
mately 7–18 ng/mL (about 10− 10 M) [2,10]. Those DNAs contain 
information about tumor-specific changes, such as single-nucleotide 
point mutations, copy number variations, chromosomal rearrange
ment, and DNA methylation levels [11]. Point mutation is defined as a 
change in a single nucleotide in a sequence. Single-point mutations in 
the KRAS, BRCA2, BRAF, and TP53 genes have been found to be posi
tively correlated with cancer development and are an object of many 
studies [12,13]. DNA methylation, a process that involves an addition of 
a methyl group (− CH3) to cytosines, has been also found to be altered 
during tumorigenesis. It was estimated that around 12% of cancers are 
associated with regional hypermethylation (at a particular gene) and 
70% with global hypomethylation (through a whole genome) [14]. 
Some DNA methylation-based diagnostic kits are already available for 
the detection of cancer-related biomarkers in urine, plasma, and blood 
[15,16]. 

The most common technique for the miRNAs and DNA point muta
tion measurements is based on a target amplification by the polymerase 
chain reaction (PCR) coupled to the fluorescence-based detection of the 
amplified product [17]. DNA methylation is usually measured by con
verting the unmethylated cytosines to uracil with bisulfite treatment and 
further DNA point mutation detection, again with PCR and fluorescence 
[18]. This fluorescence-based technique is commercially available and 
widely applied, but it requires a multi-step assay and the use of a fluo
rescent dye (labeling) due to originally weak auto-fluorescence from 
biological samples [19]. One of the emerging attractive alternatives that 
have a good potential for liquid biopsy application is surface-enhanced 
Raman spectroscopy (SERS). SERS is one of the most sensitive analytical 
techniques that can provide molecular-specific and trace-sensitive in
formation of a biological sample by analyzing the inelastic scattering by 
the molecules absorbed onto the metallic nanoparticles (NPs) [20,21]. 

SERS has been studied for the label-free direct detection of nucleic acids 
without any biological treatment, potentially providing more straight
forward assays than the labeled fluorescence-based gold standard [22]. 
On the other hand, labeled SERS can achieve increased sensitivity by 
relying on Raman reporters, which are the molecules with strong ab
sorption at the laser wavelength and high SERS response due to the 
additional resonance Raman enhancement [23]. Moreover, biological 
assays can be combined with SERS to reach target-specific detection. 
Labeled SERS with biological protocols may lose the advantage of 
simplicity but can still outperform the fluorescence-based gold standard 
in terms of multiplexing capabilities. This is due to the narrow Raman 
bands of the reporters, which allow several of them to be used simul
taneously for the detection of multiple biomarkers [21,22]. 

This paper aims to analyze the SERS-based approaches presented in 
more than 150 papers for the detection of three types of genomic bio
markers, namely miRNA expression level changes, DNA point muta
tions, and abnormal DNA methylation. All methods will be arranged in 
groups according to their working principle. The future potential of the 
SERS-based methods to reach the clinical standard and replace or be 
combined with the current gold standard will be evaluated according to 
the detection abilities of the SERS-based protocols and their applica
bility for liquid biopsy. 

2. SERS working principle 

The working principle of Raman spectroscopy is based on the 
vibrational motion of a molecule caused by the incident light and sub
sequent scattering of the light with a changed frequency (inelastic 
scattering) [20]. Since the frequency shift depends on the vibrational 
modes of the analyzed molecule, the Raman information is specific to 
each molecule. Thus, the Raman spectrum, which represents the in
tensity profile of the scattered light as a function of the wavenumber, 
can provide a qualitative and potentially quantitative composition of an 
illuminated biological sample [24]. 

Inelastic scattering is a very rare event, so amplification techniques 
can be used for applications that require the detection of trace concen
tration ranges [20]. SERS exploits metal NPs to obtain chemical and 
electromagnetic (EM) enhancement. Chemical enhancement can typi
cally achieve 10 − 102 signal amplification due to the created 
charge-transfer state between the metal NPs and the molecule [25]. EM 
amplification is obtained when the light incident on the metal NPs in
duces a displacement of the electrons toward the positively charged 

Fig. 1. Schematics of the SERS substrates and SERS spectra of the nucleic acids.  
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atomic cores, which makes the NPs perform as dipole antennas [26]. 
This leads to an excitation of the surface plasmon polaritons at the 
interface between the metal and the dielectric and a subsequent EM field 
enhancement at the surface of the NPs [26]. Raman signal increases at 
the fourth power of the EM field resulting in significant amplification of 
the Raman fingerprint information from about 104 times [25] up to 1010 

− 1011 times reported in some papers [27]. 
Since the EM field is created in close proximity to NPs, the SERS 

enhancement drops significantly with an increase in the distance from 
the NPs (D− 10) [28]. A considerable amplification of the SERS effect is 
observed in a region between two or more NPs, called a hot spot, due to 
the plasmonic coupling effect. The hot spots can be created by control
ling the interparticle distance and varying the arrangement of the NPs. 
Different arrangements of NPs are achieved by three main types of 
fabrication techniques, such as a bottom-up approach, a 
self-organization process, and a top-down technique (see Fig. 1, a) [26]. 
The bottom-up method, which is mostly used for the fabrication of NP 
colloidal solutions, involves a reduction of silver or gold ions with the 
reducing agents and control of the NPs aggregation with the capping 
agents [29]. The self-organization process for the fabrication of an array 

of NPs on the solid surface is usually achieved by attaching NPs to a 
silanized surface [29]. The top-down technique is usually applied to the 
production of ordered nanostructures to provide a regular and uniform 
arrangement of the hot spots which makes the SERS signal more 
reproducible. The top-down production includes lithography-based 
methods for the formation of the nanostructures followed by a vapor 
or electrochemical deposition of a metal layer [29]. The ordered nano
structures require a more complex fabrication procedure than the NPs in 
the colloidal solutions or on the solid substrates but provide better 
reproducibility and comparable enhancement [19]. 

3. SERS-based methods for the detection of potential genomic 
biomarkers 

To the best of our knowledge, the SERS-based detection of nucleic 
acids was first presented by Vo-Dinh and his colleagues in 1994 [30]. 
Nucleic acids are made of chemical building blocks called nucleotides, 
which consist of a phosphate group, a sugar group (deoxyribose/ribose 
for DNA/RNA, respectively), and one of five nitrogen bases, namely 
adenine (A), thymine (T), guanine (G), cytosine (C), and uracil (U). 

Fig. 2. Summary of the SERS-based protocols for the detection of genomic biomarkers.  
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Double-stranded DNAs and heteroduplex DNA/RNAs are formed by 
binding of the complementary bases: G and C, and A and T/U (for 
DNA/RNA, respectively) [31]. The principle of the direct detection of 
nucleic acids is based on a difference in the Raman spectra of the five 
bases and the corresponding nucleotides. Fig. 1 (b) shows the normal
ized SERS spectra of the four bases of RNAs. As can be seen, each base 
can be discriminated from others by one or several characteristic peaks. 
For example, a peak at 732 cm− 1 is associated only with A, while a peak 
around 790 cm− 1 is found for C and U, so these two bases need to be 
discriminated by additional SERS information [32]. The SERS spectra of 
nucleotides are similar to the respective bases, but also contain the peaks 
of the sugar group and the phosphate group [33]. In the case of a mixture 
of several nucleotides (such as in the DNA/RNA sequence), the spectrum 
is constituted by the peaks of all present nucleotides. The spectra can be 
convoluted to determine the concentration of each nucleotide in the 
analyzed DNA or RNA and thereby differentiate the sequences [34]. 

Thus, to perform the direct SERS measurement of miRNA or DNA of 
interest, the sequences are absorbed on the Ag or Au nanoparticles. SERS 
spectra of different miRNAs and DNAs have different intensities of the 
peaks associated with the five nucleotides depending on the sequences 
and structures [35–48]. These differences can be found by manual 
analysis or an application of statistical tools, such as the partial least 
squares discriminant analysis (PLS-DA) and the principal component 
analysis (PCA). Morla-Folch et al. have shown that this technique can be 
used to discriminate single-stranded, double-stranded, hairpin RNAs 
with the same sequences and RNAs/DNAs with a point mutation [40, 
48]. As for the DNA methylation-based biomarkers, the methylated 
cytosine can be distinguished from the non-methylated one because its 
characteristic SERS peaks (790, 1028, 1303, 1636 cm− 1) experience 
some frequency shift and intensity change due to methylation [14, 
49–60]. 

The aforementioned works have measured each target sequence in 
water or buffer solution separately and in the absence of any other 
interfering substances. For liquid biopsy application, a biomarker of 
interest should be specifically captured from a pool of DNAs, RNAs, 
proteins, and other substances. Thus, the experiment should include a 
biological protocol that ensures target-specific detection. In most cases, 
the protocols rely on labeled SERS, which is based on the modification of 
the target or supporting sequences with a Raman reporter molecule (e. 
g., rhodamine X, methylene blue, 4-methoxy benzoic acid, and others). 
The biological protocol is designed in such a way that an introduction of 
the target sequence induces a change in the distance between the re
porter and the SERS substrate. For example, the reporter originally 
located far enough from the NPs (producing no or weak SERS signal) can 
be brought into the SERS active region. As a result, the presence of the 
target sequence is detected not by a change in its own SERS response, but 
indirectly by an increase in the reporter’s SERS signal because it is much 
stronger [31]. The amplitude of the signal variation depends on the 
concentration of the target (more targets induce more changes in the 
system), making this method suitable for quantitative application. 

A literature review has shown that similar biological protocols are 
presented for miRNA, DNA point mutation, and DNA methylation 
detection. The reviewed protocols have been classified according to 
their working principle into five common groups for all biomarkers: 
capture-, displacement-, sandwich-, and cleavage-based methods, and a 
specialized group combining some distinctive protocols (see Fig. 2). 

3.1. Capture of a target 

The methods illustrated in Fig. 2 (a1-a4) are based on the immobi
lization of a single-stranded DNA (ssDNA), called capture DNA, on the 
surface of the SERS substrate. Capture DNA, being complementary to the 
target miRNA or DNA, is able to hybridize with it, while all other se
quences and interfering substances are blocked from absorption to the 
surface. 

Fig. 2 (a1) shows the simplest version of the capture protocol in 

which the hybridization of the capture DNA with the target causes the 
change in the SERS signal. In the label-free version of this protocol 
(presented in Fig. 2, a1), the SERS response is caused by the appearance 
of the miRNA in the SERS active region and the formation of new bonds 
[61,62]. Another way of applying label-free capture protocol is to use 
reverse transcription-recombinase polymerase amplification in order to 
specifically capture the target and amplify it. Then, the formed dsDNA 
amplicons can be mixed with NPs and directly analyzed. Koo et al. and 
Wang et al. have tested this protocol for the diagnosis of prostate cancer 
by detecting two RNA-based biomarkers in urine [63,64]. A more sen
sitive detection can be achieved by labeling the target. In this case, the 
reporter molecule attached to the target enters the SERS active region 
and induces a more significant SERS signal variation than in the 
label-free version [65–68]. This and other described protocols can be 
applied for all three types of biomarkers but with some modifications. 
For example, in the case of DNA point mutation, a mismatched DNA 
being only one nucleotide different from a matched DNA creates a 
partial hybridization with the capture DNA. However, due to the weaker 
stability of the partial hybridization a wash step, or the application of 
heat or electric potential can dehybridize a mismatched double-stranded 
DNA (dsDNA) while keeping a perfectly matched dsDNA stable [65–70]. 
As for DNA methylation, which does not involve a sequence change, the 
detection requires a preliminary bisulfite treatment. It converts all 
unmethylated cytosines to uracil while leaving the methylated cytosines 
unchanged. When the sequence is changed, the problem is traced back to 
the detection of point mutations in DNA [71,72]. 

The labeled version of the previously described protocol requires 
labeling of the target inside the body fluid, which is not convenient in 
real settings. Fig. 2 (a2) illustrates another capture-based approach, 
which does not require labeling of the target. The Raman reporter is 
immobilized on the surface of AgNPs through Ag–S binding and then 
capture DNA is attached to the reporter. The formation of a double- 
stranded complex after target capturing leads to mechanical stretching 
of the reporter’s bonds and a frequency shift of its SERS peak by about 
0.5 cm− 1 for 10− 17 M of the target. The authors have not specified the 
grating used to detect such a small spectral shift but claimed that the 
limiting factor is not the instrument’s spectral resolution but the 
reproducibility of the measurements [73–75]. According to Zhang et al., 
the maximum root-mean-square variation in the peak position is about 
0.022 cm− 1, so a shift greater than 0.15 cm− 1 is considered significant 
and distinguishable [75]. 

Fig. 2 (a3) describes the following principle: thiolated ssDNA in 
comparison with thiolated dsDNA has a higher binding affinity towards 
the metal and graphene surfaces [76]. Therefore, under optimized 
conditions, the dsDNA formed after the hybridization of the capture 
DNA and the target sequence can be detached from the SERS surface. 
This leads to a decrease in the SERS response of the dsDNA or the re
porter in the label-free and labeled versions, respectively [76–79]. 

Fig. 2 (a4) illustrates an application of a DNA hairpin as a labeled 
capture sequence [80–92]. Complementary sequences on the two ends 
of the capture DNA force it to form a hairpin structure. The target 
miRNA or DNA has a longer complementary sequence with the hairpin 
and a preferable intermolecular hybridization, which causes the hairpin 
to open up. The hairpin DNA allows good control over the distance 
between the reporter and the metal surface: in its closed position, the 
reporter is in proximity to the SERS surface, while in an open state, the 
reporter is moved at a distance equal to the length of the hairpin 
sequence, which reduces the output signal. 

3.2. Displacement by the target 

The methods illustrated in Fig. 2 (b1 and b2) are based on two 
partially hybridized DNAs (capture and placeholder) and the displace
ment of one of them by the hybridization with the target sequence. Fig. 2 
(b1) shows the case when the target hybridizes with the capture DNA 
and the labeled placeholder strand is detached from the SERS surface, 
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resulting in a signal drop [93–105]. In the protocol shown in Fig. 2 (b2), 
the capture DNA is designed as a hairpin and labeled. The placeholder 
DNA initially hybridized with the hairpin opens it up, keeping the dis
tance between the reporter and the SERS substrate. The target sequence 
hybridizes with the placeholder DNA, which leads to a detachment of 
the latter one, the closing of the hairpin, and movement of the reporter 
molecule toward the substrate [106–109]. Some papers have presented 
displacement-based methods combined with pre- [110] or 
post-amplification [111]. 

3.3. Formation of a sandwich 

One of the most exploited techniques is a molecular sandwich 
approach that involves two capture DNAs complementary to the target 
from its two ends. Fig. 2 (c1) illustrates that one of the capture DNAs is 
attached to the SERS substrate, while another one is labeled and 
modified with the NP. The target sequence hybridizes with both cap
tures and attaches them to each other. As a result, the NP is brought close 
to the SERS substrate, and the hot spot is created between the two SERS 
active agents. The reporter molecule, originally, is close to the NP, 
producing a moderate SERS signal, and after the target-induced hot spot 
creation, its signal increases by about three times [112–124]. The same 
method is also applied in the colloidal solution, where two or more 
metal NPs play the role of SERS-active agents [125–134]. 

Another version of this protocol applies a magnetic particle instead 
or together with one of the metal NPs (by covering the magnetic particle 
with an Au or Ag shell). As depicted in Fig. 2 (c2), the target sequence 
hybridizes with both DNAs and attaches the SERS-active labeled NP to 
the magnetic particle. An application of the magnet to the solution 
leaves only the magnetic particles with their attachments and removes 
all unattached labeled NPs and other interfering substances. In the 
absence of the target sequence, no labeled NP is attached to the magnetic 
particles and no SERS signal is observed [90,135–143]. The 
sandwich-based protocols shown in Fig. 2 (c1 and c2) can be used with 
the pre-amplification strategies, such as rolling circle amplification 
[144], strand displacement amplification [145], and hairpin-chain re
action [146–148]. 

The sandwich-based method can also involve hairpin DNAs. Fig. 2 
(c3) presents two hairpin DNAs complementary to each other and 
attached to the NPs (one of them is labeled). In the presence of the 
target, the first hairpin opens, and its free end can open the second 
hairpin. The second hairpin replaces the target sequence due to a more 
preferable hybridization and releases it to a new cycle. The two hy
bridized hairpins fasten the NPs to each other, and the reporter in the hot 
spot produces a strong SERS signal [149–163]. 

The hairpin-based methods (capture, displacement, and sandwich) 
can be used for dual signal sensing: one target sequence is detected with 
the help of two reporters for better accuracy. In that case, one labeled 
hairpin DNA is immobilized on the SERS substrate and is opened up by 
the hybridization with another labeled hairpin. The second hairpin’s 
reporter is close to the substrate producing the signal, while the first 
reporter is inactive. The target sequence hybridizes with the second 
hairpin, forcing it to leave the SERS substrate, and the first hairpin 
closes. The signal from the first reporter is increased, while the second 
reporter detaches from the metal NPs producing no SERS response [90, 
164,165]. 

Some protocols (mainly hairpin-based) can be considered in com
bination with fluorescence-based detection in order to compensate for 
the limitations of each technique. Thus, a single molecule with appro
priate properties can be used both as a fluorophore and a reporter, while 
the Ag/Au NPs serve as a fluorescence quencher and a SERS enhancer. 
The hairpins move the reporter/fluorophore to and from the NPs and 
produce opposite changes in the fluorescence and SERS signals [82,90, 
149,156,159]. In that case, SERS can provide approximately as sensitive 
detection of the target nucleic acids as the standard fluorescence tech
nique [159]. 

3.4. Cleavage by enzymes 

The cleavage-based protocols depicted in Fig. 2 (d1, d2) involve 
enzymes that can be activated only in the presence of dsDNA, such as 
duplex-specific nuclease (DSN), Exo III, T7 exonuclease, S1 nuclease, 
and CRISPR-Cas12 enzyme. Fig. 2 (d1) shows the labeled capture DNA 
initially attached to the SERS substrate. Its hybridization with the target 
miRNA or DNA activates the enzyme, which cleaves the capture strand, 
so the reporter is detached from the substrate, and its SERS response is 
decreased. The advantage of this method is its ability to simultaneously 
provide a signal amplification because the target sequence is released to 
participate in a new cycle [164,166–172]. 

As shown in Fig. 2 (d2), the enzyme-assisted method can also be 
integrated with the magnetic separation technique in the NPs colloidal 
solution [165,173–176]. In this case, the presence of the target sequence 
also activates the enzyme, which leads to the detachment of the labeled 
NPs from the magnetic particles. The labeled SERS-active NPs leave the 
solution after magnetic separation, which results in the SERS signal 
drop. 

3.5. Specialized protocols 

Fig. 2 (e1-e3) illustrates the protocols with distinctive working 
principles, which require a complex design and an application of poly
merases, ligases, or methylation-specific antibodies. Thus, the protocol 
shown in Fig. 2 (e1) demonstrates a closed capsule that has the reporter 
molecules trapped inside and can be opened by the target miRNA. The 
capsule can be a DNA hydrogel consisting of two acrylamide strands, 
two pairs of ssDNAs, and two capture DNAs [177–179]. In the presence 
of the target miRNAs, the capture DNAs hybridize with the targets, 
which leads to the opening of the capsule and the release of the reporters 
on the SERS substrate. Another type of capsule called a DNA micro
capsule is formed by putting the reporters on the CaCO3 particle, coating 
the particle with a layer of positively charged oly(allylamine hydro
chloride), and covering it with a layer of negatively charged ssDNAs. 
The ssDNAs hybridize with the target miRNAs, which activates the DSN 
to cleave the formed duplex and open up the capsule. The reporters are 
released to the SERS substrate, and the signal is obtained [180]. 

Fig. 2 (e2) shows a protocol suitable for the discrimination of the 
sequences at a specific point, which makes it particularly useful for DNA 
point mutation detection. The technique is based on the application of a 
ligase and two DNA stands, one labeled and one modified with the SERS 
active NP. The strand hybridizes with the target DNA in such a way that 
the NP and the reporter are placed exactly at the point of potential 
mutation. In the case of an absence of the point mutation, the ligase is 
able to join the two DNA strands and bring the reporter into close con
tact with the NP, so a strong SERS increase is produced. No ligation 
occurs in the case of a mismatch, so there is no contact between the NP 
and the reporter and no SERS response [181–184]. Another way to 
achieve a specific point mutation detection is to apply a polymerase with 
the displacement-based method. Initially, the capture DNA is hybridized 
with the labeled DNA, and then both the target and the mismatched DNA 
hybridize with the capture at its opposite end. The polymerase extends 
the target DNA, and the labeled placeholder DNA is displaced. However, 
the mutated nucleotide in the mismatched DNA blocks the polymerase’s 
activity, so the reporter remains attached to the SERS substrate, and no 
significant change in the SERS intensity is observed [185]. Additionally, 
the polymerase and the ligase can be used to selectively amplify the 
target DNA using PCR. The produced trigger DNAs can be further used in 
the sandwich-based protocol [186,187]. 

The protocol depicted in Fig. 2 (e3) is based on the application of 
methylation-specific antibodies, such as methyl-CpG-binding 2 protein 
and methyl-binding domain proteins, and is mostly suitable for DNA 
methylation detection [6]. The antibodies can be immobilized directly 
onto the SERS active material and grab only the methylated DNA se
quences. The reporter on this methylated DNA generates a SERS signal, 
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while the reporter on the unmethylated and unbound to the SERS sur
face DNA produces no or a weak SERS response [188–190]. Bisulfite 
treatment combined with DNA sequence change detection is more 
suitable for the regional methylation level measurement because of the 
specific capturing of the target DNA. The methods assisted by the 
methylation-specific antibodies can be applied for a global methylation 
evaluation. 

The schemes presented in Fig. 2 can be used to review all the 
available SERS-based techniques for the detection of genomic markers 
and conduct a further evaluation of their performance. It can be noticed 
that the groups are arranged according to the increasing complexity of 

the protocols: the capture-based method applies only one capture DNA, 
the displacement-based technique needs two DNAs, the sandwich 
approach uses additional NP, the enzyme-assisted method applies en
zymes, and the last group requires the complex structures, polymerase, 
ligase, and antibodies. Since the most optimal protocols are those that 
can provide adequate performance with relatively simple assays, this 
arrangement may make an assessment of their complexity more 
convenient. 

Fig. 3. Frequency shift-based protocol for the detection of miRNAs. Reprinted with permission from Cheng et al. [74]. Copyright 2018 American Chemical Society.  

Fig. 4. Hairpin-assisted capture protocol for the detection of miRNAs. Reprinted with permission from Mao et al. [89]. Copyright 2021 Elsevier. Figure has been 
rearranged for better visibility. 
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4. Examples of the protocols with promising potential for liquid 
biopsy application 

In this section, some original illustrations from the selected papers, 
which have shown promising detection abilities and interesting appli
cations, are presented. 

4.1. Detection of miRNA 

Fig. 3 shows the frequency shift-based capture protocol presented by 
Cheng et al. [74]. Two Raman reporters, 4-methoxybenzoic acid (MBA) 

and 5,5′-Dithiobis(succinimidyl-2-nitrobenzoate) (DSNB), are immobi
lized on the AgNPs film to achieve multiplex detection of two bio
markers, miRNA and alpha-fetoprotein (AFP). The capturing agents for 
two markers, DNAs complementary to the target miRNA and AFP anti
bodies, are covalently bound to the MBA and DSNB, respectively. In the 
case of capturing one of the targets, the respective reporter experiences 
mechanical stretching due to an increased load. The SERS spectrum of 
both reporters is shifted by about 0.4–0.5 cm− 1 in response to 10− 12M of 
AFP and 10− 17M of miRNA. The authors have tested two different 
capturing approaches for miRNA: a simple ssDNA with one active sticky 
end and a Y-shaped structure with dsDNA as a scaffold and two active 

Fig. 5. Displacement-based protocol for the detection of miRNAs. Reprinted with permission from Kim et al. [97]. Copyright 2022 Elsevier.  

Fig. 6. Sandwich-based protocol for the detection of miRNAs. Reprinted with permission from Kim et al. [118]. Copyright 2022 Elsevier.  
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sticky ends. Applying the Y-shaped DNA improved the detection sensi
tivity due to a more stable configuration and twice more capturing 
strands. Thus, a limit of detection (LOD), which is the smallest detect
able concentration of the target, is 10− 15M and 10− 17M for 
single-stranded and Y-shaped configurations, respectively. The devel
oped protocol has been successfully implemented to compare the 
miRNA-223 and AFP concentrations in the serum of hepatocellular 
carcinoma patients and in healthy serum. 

SERS protocols, for example, the hairpin-assisted capture method, 
can be integrated with the lateral flow assays (LFAs), which is a platform 
used in point-of-care testing for fast analysis of biological samples [191]. 
Fig. 4 demonstrates the LFA, which consists of several main regions, 
such as a sample pad, a conjugate pad with the labeled Au nanocages 
modified with hairpin DNAs, a membrane with test and control lines 
that are covered with hairpin capture DNAs and mouse antibodies, 
respectively, and an absorption pad [89]. A sample of body fluid is 
dropped on the sample pad, and then it travels to the conjugate pad 
where the target miRNAs open up the hairpin DNAs on the nanocages. 
The open end of those hairpins can be captured by the hairpin DNAs on 
the test line. However, if the target sequence is absent and the nanoc
ages’ hairpins are left closed, the nanocages travel further to the control 
line and are captured by the anti-mouse antibody. As a result, the SERS 
signal measured on the test line is related to the concentration of the 
target miRNAs, while the signal from the control line signifies the 
number of unhybridized hairpins. The protocol has reached a LOD of 

about 2–3 × 10− 12M for the measurement of miRNA-21 and 
miRNA-196a-5p in the urine of lung cancer patients and healthy people. 

The displacement-based protocol shown in Fig. 5 was presented by 
Kim et al. for multiplex sensing of two miRNAs [97]. As the SERS sub
strate, the authors used Ag nanopillars grown on the surface of the Au 
seeds at the Au substrate. Initially, two types of DNAs are immobilized 
on the surface of the substrate and then hybridized with the labeled 
DNAs complementary to the targets. In the presence of the target miR
NAs, they hybridize with the respective captures and detach them 
together with the reporters from the substrate. As a result, initially 
strong SERS signals from the reporters decrease in response to the target 
miRNAs. The protocol has been tested in mouse urine and reached a LOD 
of about 4.51 × 10− 14M and 1.65 × 10− 13M for miRNA-21 and 
miRNA-155, respectively. 

Many authors have proposed sandwich-based protocols for miRNA 
detection with or without magnetic separation. The optimal sensitivity 
and applicability in body fluids have been shown by Kim et al. and Jiang 
et al. [118,131]. Kim et al. have reached highly sensitive detection with 
the label-free sandwich protocol through the application of Au nanorods 
and AuNPs as SERS active materials [118]. Fig. 6 illustrates that the 
AuNP modified with the capture DNAs is brought in between the two 
adjacent nanorods using the hybridization of its capture DNAs with two 
target miRNAs that at the opposite ends are hybridized with the capture 
DNAs of each nanorod. This configuration allowed the positioning of the 
miRNA-DNA pairs in the hot spot created by three SERS-active 

Fig. 7. Sandwich-based protocol for the detection of miRNAs. Reprinted with permission from Jiang et al. [131]. Copyright 2015 American Chemical Society.  
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substrates, which resulted in a LOD of 10− 17 M. The protocol has not 
been tested directly in body fluids but has been applied for the mea
surement of miRNA-10a and miRNA-21 extracted from urinal exosomes 
of prostate cancer patients. 

Another paper that applies the sandwich-based protocol for the 
exosomal miRNAs detection is presented by Jiang et al. [131]. In this 
paper, the miRNA expression is measured inside the exosome directly in 
serum, thus showing more advanced applicability. The AuNPs, labeled 
and modified with the capture DNAs, are able to penetrate into the 
exosome, where they hybridize with the opposite ends of the target 
miRNA, forming a Y-shaped structure, as shown in Fig. 7. The reporter in 
the hot spot between two conjunct NPs produces the SERS response 
signaling the presence of the target. The magnetic separation can be 
used to improve the signal by modifying the exosomes with the magnetic 
NPs in order to concentrate all exosomes in the measurement spot. The 
protocol has been implemented for the comparison of the concentration 
of miRNA-10b in the serum of pancreatic cancer patients and healthy 
people and reached a LOD of 2.1 × 10− 16M. 

Luo et al. have used the enzyme-assisted protocol with the hairpin 
DNAs for dual signal detection [165]. Fig. 8 illustrates the hairpin DNAs 
initially labeled by the 6-Carboxyl-X-Rhodamine (ROX) reporter and 
attached to the magnetic bead. In the absence of the targets, the hairpins 
stay closed and no further reactions are activated. Addition of the target 
miRNAs results in their hybridization with the hairpins that further 
hybridize with other DNAs labeled by the methylene blue (MB) reporter. 
The miRNA-DNA parts activate the cleavage of the sequences by the DSN 
so that the miRNAs are released for a new cycle and the strands with 
ROX are detached from the magnetic beads. When the magnet is applied 
to the solution, the magnetic beads with their attachments are left in the 
original tube, while the supernatant is mixed with NPs for further SERS 
measurement. In the absence of target miRNAs, the ROX reporters 
remain attached to the beads, but free MB molecules are transferred into 

the analyzed sample. On the contrary, in the presence of the targets, 
most MBs are left in the original solution while the released ROX mol
ecules can enter the analyzed sample. As a result, the ROX’s signal sig
nifies the presence of the target miRNAs, while MB’s signal is used to 
quantify the amount of hairpins not activated by the targets. This pro
tocol resulted in a good LOD of 1.1 × 10− 18M for the detection of 
miRNA-155 artificially diluted in human serum to simulate liquid biopsy 
application, which is called spiked serum. 

Fig. 9 shows the specialized protocol that involves the formation of 
the closed capsule [177]. As can be seen, there is an enzyme-assisted 
pre-amplification step that from a single target miRNA produces mul
tiple ssDNAs used later as triggers for further reaction in the protocol. As 
a substrate, the authors used a leaf with natural pores covered with 
AgNPs. The capsule is created by attaching two types of small DNA 
strands to the acrylamide, then adding a toluidine blue (TB) reporter, 
and then closing the capsule with the capture DNAs from two sides. The 
closed capsule is placed on the substrate but no signal is detected 
initially because the reporters are trapped inside the capsule. Then, the 
trigger DNAs from the pre-amplification step hybridize with the capture 
DNAs, which causes the opening of the capsule, the release of the re
porters on the NPs, and the SERS response. The authors have tested this 
protocol for the detection of miRNA-155 in spiked serum and achieved a 
LOD of 0.83 × 10− 16M. 

4.2. Detection of DNA point mutation 

Fig. 10 presents an illustration from Zhang et al. who used a pre- 
amplification by the duplex-specific enzyme before the frequency 
shift-based detection [75]. The hairpin DNA, initially attached to the 
DSNB reporter on the substrate, hybridizes with the target DNA. The 
formed dsDNA activates the enzyme which cleaves the hairpin, releases 
the target for a new cycle, and leaves a small strand on the substrate. 

Fig. 8. Magnetic separation for the detection of miRNAs. Reprinted with permission from Luo et al. [165]. Copyright 2020 American Chemical Society.  
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Special probe DNAs complementary to the left strand are captured by it, 
reproducing the frequency shift-based protocol. The spectrum shifted by 
0.19–0.37 cm− 1 in response to about 10− 14 − 10− 12M of the target DNA. 
In the case of no target, the enzyme is not activated, so the hairpin stays 
inactive, and no change in SERS signal is observed. The protocol resulted 
in the LOD of 1.2 × 10− 16M and has been used for the detection of 17 nt 
KRAS G12D mutation in the serum and plasma of lung cancer patients. 

Fig. 11 presents the enzyme-assisted protocol developed by Miao 

et al. [171]. The method involves hairpin DNAs labeled by a Cy5 re
porter, which hybridize with the target DNAs to activate the Exo III 
enzyme. After the cleavage, the targets participate in new cycles, while 
the free labeled strands from the hairpins are caught further by the 
capture DNAs. Thus, the reporter is brought close to the AuNPs-covered 
substrate, producing a SERS signal. In the case of no target, the initial 
hybridization with the hairpin does not occur, so the labeled strand is 
not attached to the substrate. This protocol reached a LOD of 0.91 ×
10− 14M for the sensing of the single-base-mutated 22 nt long DNA of 
diffuse intrinsic pontine gliomas in spiked blood. 

Huang et al. presented an application of ligation, polymerase, and 
nicking enzyme for the detection of a DNA point mutation [187]. Ac
cording to Fig. 12, the protocol originally involves two capture DNAs, 
one hairpin and one single-stranded. The target and single-mismatched 
DNAs hybridize with both capture DNAs in such a way that the potential 
point of mutation is in between the two captures. In the case of a match, 
ligation occurs and the polymerase can prolong the upper DNA strand. 
The duplex-specific enzyme is activated to cleave the end of the dsDNA, 
creating trigger DNAs. These triggers are used in order to capture the 
labeled DNA probes and attach them to the AuNPs to produce the SERS 
signal. In the case of mismatched DNA, the point of mutation does not 
allow the ligation and further creation of the dsDNAs, so the trigger 
DNAs are not obtained, the labeled DNAs are not captured by the NPs, 
and no signal is observed. The achieved LOD is 1.4 × 10− 12M for the 
detection of the 44 bp long KRAS gene artificially added into the cell 
lysate. 

4.3. Detection of DNA methylation 

Fig. 13 illustrates the capture-based method presented by Hu et al. 
[72]. The methylated and unmethylated target DNAs are exposed to 
bisulfite pre-treatment to convert unmethylated cytosine to uracil. The 

Fig. 9. Sandwich-based protocol for the detection of miRNAs. Reprinted with permission from He et al. [177]. Copyright 2017 American Chemical Society.  

Fig. 10. Frequency shift-based protocol for the detection of DNA point muta
tion. Reprinted with permission from Zhang et al. [75]. Copyright 2019 
American Chemical Society. 
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AuNPs are modified with capture DNAs, which can hybridize with both 
target DNAs. Since the methylated cytosines have not been converted to 
uracil, they can capture free labeled guanines, producing a SERS signal. 
The unmethylated DNA is left without the cytosines after the bisulfite 
treatment, so it can not capture labeled guanines. The protocol showed a 
LOD of 3 × 10− 12M and can distinguish a 1% change in methylation 
level. The protocol has been tested for DNAs diluted in water. 

Fig. 14 illustrates the protocol, which does not require bisulfite 
treatment because it applies methylation-specific antibodies [188]. 
AuNPs are modified with antibodies that can capture the target DNAs 
through their methyl groups. The targets are labeled by the reporters 
and placed on the AgNPs-based SERS substrate for the SERS measure
ment. Unmethylated DNAs are not captured and thus detected. The 
protocol has been tested for the measurement of the methylation level of 

Fig. 11. Enzyme-assisted protocol for the detection of DNA point mutation. Reprinted with permission from Miao et al. [171]. Copyright 2021 Frontiers in Molecular 
Biosciences. 

Fig. 12. Polymerase-assisted protocol for the detection of DNA point mutation. Reprinted with permission from Huang et al. [187]. Copyright 2014 Elsevier.  
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DNAs extracted from cells. It reached a LOD of 1.8 × 10− 12M and can 
distinguish a change in methylation as low as 0.1%. 

It can be noticed that highly sensitive miRNA detection can be ach
ieved with some relatively simple assays. For example, high LODs are 
achieved with one-to-two-step detection with the frequency-shift cap
ture protocol of Cheng et al. [74], the displacement-based method of 
Kim et al. [97], and the label-free sandwich of Kim et al. [118]. For 
comparison, similar protocols for the DNA point mutation require either 
a pre-amplification step (the frequency-shift capture protocol of Zhang 
et al. [75]) or post-dehybridization by electric potential or wash. 
Moreover, the highly sensitive detection of miRNA can be reached even 
with label-free methods if the sensitive and reproducible SERS substrates 
are used [118]. The protocols developed for miRNA detection have been 
integrated with the LFA devices [89] and are more often used for the 
multiplex sensing of several target sequences [89,97] and even of 
different types of biomarkers [74]. 

5. Discussion 

The review has shown that there is significant research attention 
being paid to SERS-based methods for the detection of genomic bio
markers, especially for changes in miRNA expression levels. However, to 
reach a clinical level, the presented protocols should show promising 
detection ability and applicability in body fluids. Thus, a LOD should be 
sufficient to detect the physiological concentration of miRNAs (about 
10− 14 M) and DNAs (about 10− 10 M). Moreover, the biological protocols 
should be successfully tested in the environment as close as possible to 
real body fluids. Some papers have presented the detection of targets in 
complex media, such as the urine, serum, or plasma of cancer patients. 
However, others have tested the protocols in water/buffer solutions, 
spiked serum, or total RNAs/DNAs extracted from cancer cells. Table 1 

summarizes the protocols for detecting all three types of genomic bio
markers and provides the best-performed example for each protocol. 
The examples are selected according to the two parameters, a LOD and 
the complexity of the tested matrix. Firstly, works that reached LODs 
sufficient for the detection of the required target have been filtered, and 
then among them, the paper that tested the detection in the most com
plex matrix has been selected. 

According to Table 1, the best-performed examples for the majority 
of the protocols are labeled techniques. A variety of reporters are 
implemented in the protocols, including the already mentioned MBA, 
DSNB, MB, ROX, and TB, as well as others: 4-aminobenzenethiol (ABT), 
6-Carboxyfluorescein (FAM), 5,5′-dithiobis (2-nitrobenzoic acid) 
(DTNB), 3-mercaptophenylboronic acid (MPBA), Cyanine-5 (Cy5), 
Cyanine-3 (Cy3), 1-tetradecanol (TD), crystal violet (CV), 5-Carboxyte
tramethylrhodamine (TAMRA), texas red (TR), 1,3,3,1′,3′,3′,-hexam
ethyl-2,2′-indotricarbocyanine iodide (HITC), and 4-mercapto-3-nitro 
benzoic acid (MNBA). Most labeled methods have achieved sufficient 
LODs, except the hairpin-assisted displacement method for the detection 
of miRNAs (4.6 × 10− 12M [108]) and the affinity difference-based 
capture protocol applied to the DNA point mutation recognition (0.5 
× 10− 8M [79]). In terms of applicability, the detection of miRNAs has 
shown promising potential: all labeled capture and sandwich methods 
have been applied in real serum, the displacement and cleavage-based 
protocols have been tested in total RNAs, and only the specialized pro
tocol has been checked in spiked serum. The applicability of DNA point 
mutation is at a lower level: only three protocols, such as the simple and 
frequency shift-based capture and displacement, have been tested in 
body fluids (plasma, serum, and blood), and only the hairpin-assisted 
capture method has been checked in total RNAs. Labeled protocols for 
DNA methylation measurement have been only tested in total RNA 
(sandwich), spiked serum (specialized), and buffer (hairpin-assisted 

Fig. 13. Capture-based protocol for the detection of DNA point mutation. Reprinted with permission from Hu et al. [72]. Copyright 2011 Elsevier.  

Fig. 14. The specialized protocol for the detection of DNA point mutation. Reprinted with permission from Ouyang et al. [188]. Copyright 2017 Elsevier.  
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capture). The applicability of these protocols to DNA detection is further 
complicated by the length of DNAs. Most of the studied papers tested 
their protocols for the detection of 22–23 nt long miRNAs and 17–53 nt 
long DNAs. The length of miRNAs in body fluids is usually within the 
studied ranges, but circulating DNAs are longer. DNAs with a sufficient 
length of more than 150 nt have been only tested by the hairpin-assisted 
capture and displacement protocols [85,97]. 

Some protocols shown in Table 1, have label-free methods presented 
as the best-performing examples. It can be seen that LODs of these 
protocols are not sufficient or are at a bare minimum for the miRNAs/ 
DNAs detection. Thus, the simple and affinity difference-based capture 
protocols for miRNA detection have LODs of 4.85 × 10− 10M [61] and 5 
× 10− 12M [78], respectively, the sandwich-based assay for the DNA 
point mutation recognition has a LOD of 10− 6M [122], and the LOD of 
the simple capture protocol for DNA methylation measurement is 
10− 10M [71]. Three out of four protocols have only been tested in 

buffer/water, and only the affinity difference-based method for the 
miRNAs detection has been applied in total RNAs. There is also the 
label-free sandwich protocol for miRNAs detection developed by Kim 
et al. and mentioned in the previous section [118]. It can be the 
best-performed example and is listed in Table 1 because of a very good 
LOD (10− 17M), but it has been tested only in total RNAs. 

Thus, there are some promising label-free protocols, but more work 
should be conducted to consider them for liquid biopsy application. 
Currently, the labeled techniques have a better potential for liquid bi
opsy detection. 

6. Conclusion 

In conclusion, the literature review has shown that the SERS-based 
detection of genomic biomarkers has achieved a high level of research 
attention during the last decade. Currently, labeled protocols mostly 
outperform label-free methods. Thus, sufficient LODs and applicability 
in body fluids have been achieved by the labeled capture and sandwich 
protocols for the detection of miRNAs and labeled capture and 
displacement protocols for DNA point mutation recognition. However, 
some papers have presented label-free protocols that achieved LODs 
sufficient or nearly sufficient for the detection of genomic biomarkers. 
More work should be performed on further improving LODs and on 
detection in body fluids. 

Among all three genomic biomarkers, SERS-based methods have 
been found to be particularly compatible with miRNAs due to their 
shorter length and easier manipulations. The protocols are used more 
often for the multiplex detection of miRNAs and even simultaneous 
measurement of miRNA and another type of biomarkers (such as pro
teins). Moreover, the LOD of the miRNA detection has been improved 
due to the application of more advanced SERS substrates and LFA de
vices. In addition, SERS-based methods can be used not only for the 
detection of free miRNAs in body fluids but also for miRNAs in exo
somes, which expands the area of application. In comparison, the 
detection of DNA point mutation with good LOD and applicability has 
been achieved with frequency-shift capture- and displacement-based 
protocols, and only the latter has also been applied to the DNA with a 
realistic length. Moreover, the most successful protocols for DNA point 
mutation measurement usually apply pre-amplification or post-washing, 
which again makes the assay more complex. The SERS-based detection 
of DNA methylation is the least developed among the three: it is pre
sented in the smallest number of papers, and no protocol has been tested 
in body fluids yet (although an achieved LOD is promising). Their SERS- 
based potential is also lower because of the bisulfite pre-treatment, 
which again makes the protocols more complicated. 

Although the attractive direct detection without any biological pre- 
treatment was found to be not suitable for liquid biopsy application 
due to its inability to selectively capture the target, SERS-based methods 
still have some potential advantages over currently applied 
fluorescence-based detection. First, there is a possibility to increase the 
sensitivity of the label-free techniques by designing appropriate repro
ducible and sensitive SERS sensors, especially for miRNA detection. 
Moreover, even some labeled protocols are based on one-to-two-step 
detection (capture and displacement) and do not require amplification 
for miRNA detection, which simplifies the complexity of the assay. In 
addition to potentially more straightforward assays, the labeled SERS 
techniques can provide good multiplexing abilities, so the diagnostic 
accuracy can be improved by relying on multiple biomarkers. Finally, 
the labeled SERS can be combined with fluorescence-based methods to 
overcome the limitations of both techniques and reach more accurate 
detection. 

This paper has shown that the potential of SERS for liquid biopsy 
application is very promising, especially for the detection of miRNA- 
based biomarkers. Some protocols already achieved sufficient LODs 
and applicability to be implemented in practice. Further research work 
in this direction should be conducted toward the development of more 

Table 1 
Performance of the SERS-based methods for the detection of miRNAs, DNA point 
mutation, and DNA methylation level. (LOD - limit of detection).  

Protocol Scheme Label Matrix LOD (M) Ref. 

miRNAs 
Capture Fig. 2 

(a1) 
label-free buffer 4.85 ×

10− 10 
[61] 

Fig. 2 
(a2) 

MBA serum 10–17 [74] 

Fig. 2 
(a3) 

label-free total RNA 5 × 10− 12 [78] 

Fig. 2 
(a4) 

ROX,Cy5, 
FAM 

serum 10–18 [85] 

Displacement Fig. 2 
(b1) 

Cy3 total RNA 5 × 10− 17 [96] 

Fig. 2 
(b2) 

Cy5 total RNA 4.6 × 10− 12 [108] 

Sandwich Fig. 2 
(c1) 

Cy5 serum 2.1 × 10− 16 [131] 

Fig. 2 
(c2) 

R6G,CV,4- 
ATP 

serum 3 × 10− 16 [140] 

Fig. 2 
(c3) 

R6G serum 3 × 10− 17 [158] 

Cleavage Fig. 2 
(d1) 

MBA total RNA 3.4 × 10− 16 [167] 

Fig. 2 
(d2) 

DTNB total RNA 0.84 ×
10− 16 

[175] 

Specialized Fig. 2 
(e1) 

MPBA spiked 
serum 

0.775 ×
10− 17 

[178] 

DNA point mutation 
Capture Fig. 2 

(a1) 
Cy3,TAMRA plasma 5.15 ×

10− 11 
[68] 

Fig. 2 
(a2) 

DSNB serum 1.2 × 10− 16 [75] 

Fig. 2 
(a3) 

TR buffer 0.5 × 10− 8 [79] 

Fig. 2 
(a4) 

FAM total DNA 0.5 × 10− 13 [92] 

Displacement Fig. 2 
(b1) 

Cy5 blood 4 × 10− 13 [100] 

Sandwich Fig. 2 
(c1) 

label-free buffer 10–6 [122] 

Fig. 2 
(c2) 

HITC,TD buffer 10–16 [142] 

Cleavage Fig. 2 
(d1) 

DTNB spiked 
serum 

3 × 10− 16 [172] 

Specialized Fig. 2 
(e2) 

ABT buffer 3 × 10− 14 [184] 

DNA methylation 
Capture Fig. 2 

(a1) 
label-free water 10–10 [71] 

Fig. 2 
(a4) 

Cy5 buffer 3 × 10− 12 [72] 

Sandwich Fig. 2 
(c1) 

MNBA, MBA total RNA 0.5 × 10− 12 [124] 

Specialized Fig. 2 
(e3) 

R6G spiked 
serum 

1.8 × 10− 12 [189]  
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reproducible, sensitive, and applicable SERS sensors and the application 
of simple protocols for the target capturing. This work can hopefully 
contribute to attracting the interest of many researchers with different 
educational backgrounds on this topic and stimulate work in this 
direction. 
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