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ing of DNA methylation analysis:
an overview of recent progress and future
prospects

Mina Adampourezare,*ab Mohammad Hasanzadeh *bc and Farzad Seidi d

DNAmethylation as one of themost important epigeneticmodifications has a critical role in regulating gene

expression and drug resistance in treating diseases such as cancer. Therefore, the detection of DNA

methylation in the early stages of cancer plays an essential role in disease diagnosis. The majority of

routine methods to detect DNA methylation are very tedious and costly. Therefore, designing easy and

sensitive methods to detect DNA methylation directly and without the need for molecular methods is

a hot topic issue in bioscience. Here we provide an overview on the optical biosensors (including

fluorescence, FRET, SERs, colorimetric) that have been applied to detect the DNA methylation. In

addition, various types of labeled and label-free reactions along with the application of molecular

methods and optical biosensors have been surveyed. Also, the effect of nanomaterials on the sensitivity

of detection methods is discussed. Furthermore, a comprehensive overview of the advantages and

disadvantages of each method are provided. Finally, the use of microfluidic devices in the evaluation of

DNA methylation and DNA damage analysis based on smartphone detection has been discussed.
1. Introduction

DNA methylation in the 50 carbon of cytosine nucleotides is an
important epigenetic modication that has crucial roles in gene
expression, embryonic development,1 cancer, and neurobio-
logical diseases such as Alzheimer's disease.2 This important
epigenetic modication is a post-replication change that causes
a change in the chromosome without changing its sequence.
Important consequences of epigenetic modication include
controlling genetic expression,3 genomic imprinting4 and
cellular differentiation silencing of the X chromosome.5,6

There are two main types of changes in the DNAmethylation
pattern: one is global hypomethylation, which usually targets
non-coding regions and can cause chromosomal instability and
aberrant expression of genes, and the other is hypermethylation
of CpG islands in the promoter regions of genes, which causes
deactivation of these genes.7

The most important genes that are silenced by hyper-
methylation in the promoter region include tumor suppressor
genes, tumor invasion and spread suppressor genes, DNA repair
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genes, hormone receptor genes, and angiogenesis inhibitor
genes.7 The global hypomethylation at the CpG rich region leads
to weak transcription suppression of genes such as oncogenes
(tumorigenic genes) or retrotransposons (Fig. 1).7

Since cytosine and methyl cytosine have similar Watson–
Crick's behavior, conventional sequencing cannot be used to
detect methyl cytosine. Recently, DNAmethylation was detected
by various methods including bisulte genomic sequencing,8

the use of restriction enzymes,9 and the use of anti-methyl
cytosine antibodies.9 One of the most important benets of
bisulte treatment is deamination of non-methylated cytosine
and to convert it to uracil (U).10 Limitation of bisulte treatment
are DNA degradation, time-consuming, incomplete conversion
of non-methylated cytosine to uracil, require expensive instru-
ments, and high cost of sequencing.11–14

Enzymatic/chemical hydrolysis based methods such as high
performance liquid chromatography (HPLC)15 and high
performance capillary electrophoresis (HPCE)16 need, lengthy
experimental processes, abundant DNA samples, and expensive
instruments. A major limitation of DNA restriction enzyme
digestion based methods such as PCR (MSRE-PCR),17

methylation-specic multiplex ligation and dependent probe
amplication (MS-MLPA)18 applied for the site-specic detec-
tion of DNA methylation is restriction of specic enzyme iden-
tication sequences. Therefore, information about the
methylation status of the entire genome cannot be obtained.
The major advantages of bisulte treatment methods such as
methylation sensitive high resolution melting (MS-HRM),19

combined bisulte restriction analysis (COBRA),20 methylation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rearrangement of the DNA methylation patterns associated with tumorigenesis.7
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specic PCR (MS-PCR),21 methlight,22 bead arrays (Illumina),23

and pyrosequencing24,25 is converting methylation changes to
base changes (unmethylated cytosine to uracil and nally
thymine). The major disadvantages of this method are DNA
degradation due to high temperature and prolonged incubation
with chemicals, incomplete conversion of unmethylated cyto-
sine, time-consuming, need to use of expensive equipment, and
high cost of sequencing services.26–28 Affinity enrichment tech-
nique using DNA methyl binding domain (MBD) protein are
appropriate for high efficiency analysis but time-consuming
and requiring antibodies and instrument are the main limita-
tions of this method. Isotope-labeled S-adenosylmethionine
(SAM) and immune reactions focus on direct exposure detection
of DNA methylation using its dynamics assay. Time-consuming
and too costly materials are the disadvantages of these
methods.29

Therefore, highly sensitive, accurate, and quantitative assay
methods of DNA methylation would be valuable for genetic
disease diagnosis. In recent years, scientists have tried to
develop various methods to determine methylation, which one
of them is the use of optical biosensors.30

Optical biosensors are powerful detection and analysis tools
that measure changes in the optical properties including
absorbing, reecting, and emitting specic light wavelengths in
response to a connecting event between a receiver and target
molecules.31,32 An optical biosensor consists of a compact
analytical tool that contains a bio-recognition sensing element
integrated with an optical transducer system. The main purpose
of an optical biosensor is to generate a signal that is propor-
tional to the concentration of a measured substance (analyte).

These biosensors can be classied into ve distinct classes
based on the nature of the transfer mode including uores-
cence, surface plasmon resonance (SPR), surface-enhanced
Raman scattering (SERS), colorimetry and luminescence.32,33

The following subsections concentrate on the applied optical
biosensors in the recent researches for DNA methylation
detection by different transduction events. In addition to the
use of biosensors, the use of nanomaterials improves the
quality and sensitivity of detection. In accordance with this,
with the development of nanotechnology, new nanomaterials
have been designed and synthesized such as gold nano-
particles,34 carbon nanomaterials,35 semiconductor quantum
dots,36 and metal nanoclusters.37 Nanomaterials have some
© 2022 The Author(s). Published by the Royal Society of Chemistry
attractive optical properties due to their unique size and shape
and may act as optical emitters.38–40 In addition, bioactivation of
nanomaterials through physical adsorption, electrostatic and/
or covalent coupling, makes them a powerful tool for making
suitable biosensors.40,41 In this review, critical role of labelled
and label free optical methods on the photonic biosensing of
DNAmethylation are surveyed. Also, important role of advanced
nanomaterials on the optical biosensing with emphasize on the
key role of detection method are investigated.
2. Evaluation of DNA methylation
using fluorescence method

Fluorescence assays dominate some elds of biosensing
because of high intrinsic sensitivity of this optical technique
and the possibility of integration with receptors with high
selectivity. In uorescence detection, a specic wavelength of
electromagnetic radiation excites uorophore molecules and an
optical transducer detects the intensity of shied and emitted
light.32,42 Three different approaches to bioassay target mole-
cules using uorescence methods including labeled, label free,
and uorescence resonance energy transfer (FRET) methods.

The label free method is direct assay method of target
molecules before and aer the binding events. The labeled
method is indirect detection method of target molecules by
adding uorescent labeling reagents such as organic dyes and
nanoparticles (quantum dots, dyedoped silica nano-
particles).33,43 For example, a uorometric nanobiosensor was
used to detect DNA methylation based on the use of gold coated
magnetic nanomaterials to stabilize DNA probe (SH–(CH2)6–50-
CCG TCG AAA ACC CGC CGA-30).44 In this study, dipyridamole
was used as a uorescence optical probe and was able to
distinguish methylated sequences from unmethylated
sequences. The detection limit for methylated and unmethy-
lated sequences was 3.1 � 10�16 M and 1.2 � 10�16 M, respec-
tively (Fig. 2A). Fluorometric nanobiosensors based on carbon
materials and organic dyes of thionine45 (Fig. 2B) and toluidine
blue46 were developed to detect DNA methylation. These optical
probes were used as a platform as well as uorophore and were
able to distinguish methylated sequences from unmethylated
sequences. The designed nanobiosensor had a detection limit
of 1 ZM.
RSC Adv., 2022, 12, 25786–25806 | 25787
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Fig. 2 (A) Schematic representation of the bio-assay for DNA methylation detection.44 (B) Schematic diagram of nanobiosensor preparation
steps for DNA methylation assay.45 (C) Schematic description for label-free fluorescence assay of DNA methylation based on CNPs, SG and
enzyme–linkage reactions.48 (D) Schematic representation of direct detection of DNAmethylation by CdTe QDs.49 (E) A schematic illustration of
the ultrasensitive detection of DNA methylation by gold-nanorods-based fluorescence resonance energy transfer (FRET) assay.52 (F) Principle of
Methylation Level Analysis of Cancer-Related Genes Using CCP-Based FRET Technique, together with the Chemical Structures of CCP and
Fluorescein Used in the Detection.53 (G) Schematic representation of a FRET based approach for the detection of methylated DNA.54 (H)
Detection procedures of cytosine methylation in DNA by the FRET probe based on UCNPs and AuNRs.55
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A label free and sensitive uorometric nanobiosensor based
on quantum dot graphene was developed by Raei and et al.47

Graphene quantum dot (GQD) had a strong affinity for double-
stranded DNA and was intercalated within double-stranded
DNA in a major groove. This nanobiosensor quenched the
uorescence when attached to methylated sequences, but
increased the uorescence intensity when attached to unme-
thylated sequences. It has been assumed that the intercalation
of GQD to double-stranded methylated DNA, DNA conforma-
tion changes from form B to form A, but in double-stranded
unmethylated DNA, DNA conformation does not change and
this change in conformation causes an increase or decrease in
25788 | RSC Adv., 2022, 12, 25786–25806
uorescence intensity. The nanobiosensor had a detection limit
of 7.3 � 10�11 M. Indeed, research group of Xiangyuan48

developed a label free and sensitive uorometric nanobiosensor
based on DNA intercalator dye, endonuclease and carbon
nanomaterials for detecting DNA methylation and evaluating
DNA methyltransferase activity. In this study, the basis of the
work was designed in such a way that single-stranded DNA was
absorbed on the surface of carbon nanomaterials using p–p

bonds, but double-stranded DNA did not have this feature. Also,
when organic dyes were attached to carbon nanomaterials, their
uorescence was quenched, and SYBR Green I (SG) were more
inclined to double-stranded DNA than single-stranded DNA. In
© 2022 The Author(s). Published by the Royal Society of Chemistry
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this study, double-stranded DNAs were methylated by DNA
methyltransferase enzyme and then were cleaved by
methylation-sensitive restriction endonuclease. Single-stranded
DNAs were obtained, and the SG was released and placed on
carbon nanomaterials, and its uorescence was quenched.
Double-stranded DNAs without methyl groups were not cleaved
by methylation-sensitive restriction endonuclease and thus
their uorescence intensity was higher. The nanobiosensor had
a detection limit of 7.3 � 10�11 M (Fig. 2C).

Interestingly, a uorometric nanobiosensor was built based
on the capped CdTe quantum dots as a uorophore probe.49

This optical probe tended to have double-stranded DNA
sequences and increased the uorescence intensity in interac-
tion with unmethylated sequences, but no change in uores-
cence intensity was observed in interaction with methylated
sequences. The different mobility in electrophoresis assay was
conrmed the results of the spectroscopic study. The detection
limit for unmethylated DNA was 6.2 � 10�11 M (Fig. 2D). The
third strategy for uorescence evaluation is uorescence reso-
nance energy transfer (FRET). The mechanism of FRET, a donor
uorophore excites and transfers its excitation energy to
a nearby acceptor chromophore having a similar resonance
frequency in a non-radiative (radiationless) fashion and the
distance-dependent (approximately 1–10 nm) through dipole–
dipole interactions.50–52

FRET is a spectroscopic technique that is widely applied in
various biological and medical elds such as excavating
biomolecules conformational changes, assaying enzyme activity
and intermolecular interactions, and nucleic acid analysis.51

Various nanomaterial compositions have been made by the
FRET mechanism for use as nanosensors. FRET is a distance-
dependent energy transduction method that energy transfers
from a donor molecule to an acceptor molecule. Due to its
sensitivity to distance, molecular interactions are assayed by
FRET.51

For example, a uorescence method based on FRET assay
was designed by using UCNPs and gold nanorods (AuNRs) as
a uorescence quencher for detection of DNA methylation and
to evaluate DNAmethyltransferase activity.52 In this method, the
probe DNA was attached to a uorescent material (FAM) and
hybridized with its complement DNA. The resulted dsDNA was
methylated by DNA methyltransferase and was cleaved by Dpn.
The uorescence measurements were performed aer the
addition of gold nanorods. This method is able to exhibit
methyltransferase activity with a low limit of detection 0.25 U
mL�1 (Fig. 2E). In another study, DNA methylation assay was
performed based on FRET using cationic conjugated polymer in
RASSF1A, OPCML, and HOXA9 promoters as ovarian cancer
markers.53 Aer digestion of genomic DNA by methylation-
sensitive restriction endonuclease and then PCR amplication
of digested productions, the methylation level is detected
through FRET arising from incorporation CCP and uorescein
into the PCR products. The duration was about 20 h (Fig. 2F).

The FRET assay method also was applied to detect DNA
methylation and to evaluate DNA methyltransferase activity
using gold nanoparticles based on uorescence retrieval of
FAM-labeled DNA with gold nanoparticles (AuNPs).54 In this
© 2022 The Author(s). Published by the Royal Society of Chemistry
study, one end of the DNA probes was attached to FAM uo-
rophore and the other end was modied with thiol groups (60-
FAM–50-TCCGGTTCCCGACCCGGACTCCGCAAAAAA-30-SH).
The thiol groups at the end of the probe were functionalized
with AuNPs, which brings the FAM uorophores close to the
AuNPs. This caused the overlap of the FAM uorescence emis-
sion and the absorption spectrum of the AuNPs and triggered
a FRET event and caused the uorescence quenching of FAM
uorophore.

Then, FAM-labeled DNA was hybridized with its comple-
mentary sequences. Hybridization of the FAM-labeled DNA with
its complementary DNA created a specic CpG locus for the
activity of M.SssI methyltransferase enzyme. The methyl-
transferase caused the methylation of DNA at specic CpG sites
and converted quenched FAM uorophore into an emissive
uorophore. Conversely, no change in uorescence signal was
observed in unmethylated sequences. In this study, detection
limit of 0.14 U mL�1 for M.SssI methyltransferase enzyme and
2.2 pM for methylated targets were resulted (Fig. 2G). In another
study, methylation of cytosine in specic sequences in DNA was
detected using FRET between up-conversion nanoparticles
(UCNPs) and gold nanorods (AuNRs) and ssDNA probe (biotin-
50-ATACCmGGTCTAAA-30-S-S).55 In this method, methylated
single-stranded DNA, which contained biotin at one end and
thiol group at the other, was hybridized to methylated single-
stranded DNA (50-AGACCmGGTAT-30) and unmethylated
single-stranded DNA (30-TATGGCCAGA-50). The resulting
double-stranded DNAs were located adjacent to UCNPs and
AuNRs. The UCNPs were interacted with biotin and the gold
nanoparticles were attached to thiol group and placed close to
each other and their uorescence was quenched. Then, the
resulted double-stranded DNAs were exposed to HpaII restric-
tion enzyme. Two-stranded sequences containing one methyl
group were cleaved with HpaII and the uorescence signal was
recovered, but the sequences containing the two methyl groups
were not cleaved and the uorescence signal did not change.
Sequence containing the two methyl groups were cleaved by
MspI enzyme and the uorescence signal was recovered.
Duration was 2 h (Fig. 2H).

Importantly, novel technology of MS-qFRET, methylation
specic quantum dot FRET, was used to evaluate DNA methyl-
ation.56 In this method, rst, bisulte treatment and conversion
of cytosine to uracil was done. Then PCR was done using Cy5-
dCTP as an acceptor and methylation specic primers that
forward primers contain a biotin label for post-PCR conjugation
to quantum dots as a donor. In this method, DNAs containing
methylcytosine were amplied, but DNAs containing unme-
thylated cytosine were not amplied. Amplied PCR product
end contains biotin, which conjugated to quantum dot by
biotin-streptavidin affinity. Upon excitation at 488 nm, QD
emission is recorded at 605 nm and Cy5 (FRET acceptor) at
670 nm (Fig. 3A).

Interestingly, a MS-PCR, up-conversion nanoparticles
(UCNPs) and intercalating-based FRET system also has been
developed for the detection of DNA methylation of CDKN2A-
gene by Kim et al.57 Briey, aer bisulte treatment of DNA and
amplication with methylation-specic PCR with biotinylated
RSC Adv., 2022, 12, 25786–25806 | 25789
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Fig. 3 (A) Schematic depiction of identification of DNA methylation detection via MS-qFRET technology.56 (B) Schematic procedures for the
detection of methylated DNA based on FRET using up-conversion nanoparticles (UCNPs) and intercalating dye.57 (C) Schematic of QD-FLP,
illustrating the improved design. After bissulfite conversion and PCR amplification with modified primers, the FLP distinguishes the target
amplicon, thereby eliminating background noise from the non-specific PCR amplicons.61 (D) Schematic illustration of the detection of DNA
methylation based on QDs-FRET.62 (E) Schematic illustration of the detection of DNA methylation based on QDs-FRET.63

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
7:

39
:1

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
forward primer (forward primer, 50-biotin-TTATTA-
GAGGGTGGGGCGGATCGC-30), amplied methylated DNA was
hybridized with streptavidin-UCNPs and SYTOX Orange were
intercalated to the streptavidin-UCNP. FRET was occurred
between the UCNPs and SYTOX Orange and the intensity of the
green uorescence was decreased from the UCNPs as FRET
donors (Fig. 3B). This method has a limit of detection as low as
0.1% (Fig. 3B).

MS-qFRET method58 developed based on MSP59 and the
quantum dot uorescence resonance energy transfer (QD-FRET)
25790 | RSC Adv., 2022, 12, 25786–25806
nanosensor technology,60 needs low concentrations of DNA. The
disadvantages of this method are that MSP is dependent upon
bisulte conversion of extracted DNA and bisulte conversion
causes DNA damage.59 Also, formation of primer dimer and
non-specic PCR products with dual biotin and Cy5 labels that
can similarly attach to the QD surface, cause the FRET
background.

A method similar to that used by Kim was also used to detect
methylation by Keeleyi et al.61 The detection system consists of
three main processes including bisulte conversion, PCR and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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PCR amplicons conjugation to the surface of QDs (as donor) by
FLPs (biotin functionalized DNA oligonucleotide probes) as
acceptor for FRET detection. In this method, only sequences
containing methyl cytosine were amplied by PCR and ampli-
ed products bound to the quantum dot surface by biotin–
streptavidin binding. Due to overlap of the spectrum of the
quantum dot and FLP, the uorescence intensity decreased.
Finally, QD-FRET signals were measured using nanodrop 3300
uorospectrometer. In this study, the biological limitations of
dysfunctional PCR and FRET signal arising from background
noise generated using the MS-qFRET method was eliminated
using FLP (Fig. 3C). In another study, quantum dots-based
FRET method was used for DNA methylation assay of three
tumor suppressor genes, PCDHGB6, HOXA9 and RASSF1A, in
lung adenocarcinoma and adjacent nontumorous tissues
(NT).62 In this study, DNA was extracted and divided into two
parts. One part was placed in the vicinity of HpaII enzyme. This
enzyme cleavages unmethylated sequences but does not
cleavage methylated sites. The second part of the DNA was not
in the vicinity of the enzyme. Both samples were amplied by
PCR using 647-dNTP. In the rst part, methylated DNA could be
amplied since it was insensitive to cleavage by HpaII. Unme-
thylated DNA remains unamplied because it was cleaved by
the HpaII enzyme. The resulting PCR products were mixed with
amino-QDs dots. Positively charged amine QDs formed elec-
trostatic interaction with negatively charged A647 labeled DNA.
This compound could be detected by FRET.With the increase in
the number of methyl groups, the intensity of the FRET signal
was stronger. In the case of products not treated with the
enzyme (second part of DNA), both methylated and unmethy-
lated DNA were amplied, resulting in high-efficiency FRET
signals. The limit detection was obtained up to 90% for cancer
(up to 90% of sequences with methyl group were detected. The
detection sensitivity of this method was 90% of the sequences
containing the group) (Fig. 3D).

Similarly, a methylation-sensitive restriction enzyme, bisul-
te free, quantum dots (QDs) based FRET method using A647
uorophores (Alexa Fluor-647 (A647) uorophores) was
designed to assay the promoter methylation in NSCLC tissue
samples and noninvasive bronchial brushing specimens.63

Using this method, the methylation level was determined by
measuring the signal amplication during QDs-FRET. Using
this method, DNA methylation was assessed in three genes
(PCDHGB6, HOXA9 and RASSF1A) and in two sample groups
(control and patient). This method was able to detect methyla-
tion with a high degree of sensitivity. One of the advantages of
this method is not using bisulte treatment and labeled
primers (Fig. 3E).
3. Evaluation of DNA methylation
using SPR method

SPR (supercial plasmon resonance) is one of the strongest
analytical methods for biomolecular detection.64 In an SPR-
based optical biosensor, the binding of the target analyte to
the surface-connected receptor causes a positional alteration in
© 2022 The Author(s). Published by the Royal Society of Chemistry
refractive indicator on the sensor surface, which is quantita-
tively associated with an increase in the relative mass associated
with the target absorption.65 SPR measures kinetic and affinity
constants of bimolecular interactions in real-time and label-free
fashion.66,67 Since this SPR has distinct advantages over radio-
active or uorescent labeling methods as this label may impair
binding. Additionally, SPR is cost effective and measures
directly binding constant and affinity; and consumes less
reagents.68 In this subsection, some of SPR-based biosensing
techniques were surveyed.

For the example, a novel SPR-based biosensor optical was
applied for detection of methylated CpG sites on specic DNA
sequences in the promoter of the adenomatous polyposis coli
(APC) gene using a dual detection mechanism with oligonu-
cleotide probe hybridization and specic protein binding.69 In
this report, rst, the probe immobilized (50-biotin-
TGmCGGAGTGmCGGGTmCGGGAAGmCGG-30) onto a SPR
based biosensor chip captured complementary target DNA.
Then, the recombinant methyl CpG binding domain (MBD)
protein was added on the surface to recognize and bind to
methylated CpG sites. Binding events increased the refractive
index, and generated a detectable optical signal. The detection
limit was around 5 pmol within 1 h for methylated APC
promoter. The main disadvantage of this method is the use of
specic proteins bound to methyl groups (methyl binding
domain protein). One of the advantages of this technique is that
it does not require bisulte treatment.

A real-time, label-free, molecular inversion probes (MIPs),
bisulte treatment, circularized DNA probe and SPR method
was applied for DNA methylation detection of En1 region DNA
extracted from MCF7 cells and human whole genomic DNA.70,71

In this method, aer genomic DNA extraction from cell lines
and bisulte treatment (conversion of unmethylated cytosines
into uracile), the desired region of genomic DNA is identied by
MIP and MIP binds to the DNA and a multi-play gap is created
between the ends of the MIP identication, which represents
the desired methylated region. This gap is lled by a polymerase
and closed by a ligase, creating a circular DNA. This circular
product is then converted into a single-stranded amplicon by
asymmetric PCR, which is attached to a single-stranded oligo-
nucleotide immobilized on SPR. In the nal stage, detection is
done by SPR. In the presence of methylated DNA compared to
unmethylated DNA, an increase in the SPR signal was observed.
The concentration range was from 0 to 400 nM with low
detection limit 100 nM. Combined detection of SPR and EAP
has three advantages including instant read-outs, cost-effective,
ability to detect multiple samples simultaneously using multi-
channel SPR and MIP multiplication capability (Fig. 4A).

Huertas et al.72 reported a label-free, SPR-immunoassay
using poly-purine reverse-Hoogsteen hairpin (PPRH) probes
(DNA molecules composed of two mirrors symmetrical poly-
purine stretches and a poly-thymidine loop) to assess DNA
methylation in PAX-5 gene fragment. Due to their structural
properties, these oligonucleotides can form reverse-Hoogsteen
hairpins and form Watson–Crick bonds with polypyrimidine
double-stranded DNA targets to form three stranded (triplex)
conformation.74 Finally, anti-methylcytosine antibody was used
RSC Adv., 2022, 12, 25786–25806 | 25791
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Fig. 4 (A) Methodological approach for the label-free and real-time detection of regional DNAmethylation based on MIP and SPR.70 (B) Scheme
of the DNA methylation biosensor methodology.72
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to detect methylcytosine, which specically recognizes cytosine
roots and binds specically to methyl groups in cytosine roots,
and a sensor signal proportional to the quantity of methyl
groups is obtained (Fig. 4B). Similarly, Li et al.,74 reported
a novel platform based on Au nanorod (AuNR) (as label), poly-
merization and nicking reactions, of enzyme cyclic signal
enhancement methods, SPR technique using double stranded
DNA (dsDNA) probe that was self-hybridized with a palindromic
sequence of 50-GATC-30 for DNA methylation detection and
adenine methylation (Dam) methyltransferase (MTase) activity
assay. The concentration range was from 0.5 to 120 UmL�1 with
a detection limit of 0.2 U mL�1.

Despite researches done at the use of SPR in the evaluation
of DNA methylation, the methods used also have some limita-
tions, such as the use of restriction enzymes and antibodies or
the use of complex primer design methods. It is also necessary
to use some traditional methods in combination with biosensor
techniques. Therefore, designing new methods that can study
methylation without using molecular methods19,20 is of interest
to researchers.
4. Evaluation of DNA methylation
using surface enhanced Raman
scattering (SERS) method

SERS is a label-free method that has been extensively applied in
the characterization of molecular monolayers, interfacial reac-
tions and various biological surfaces.76–78 It is also considered as
a physical phenomenon that happens on metal surfaces which
can replace uorescence-based detection methods.79–81 SERS is
based on highly amplied Raman signals from molecules
attached to nanometer sized metallic structures.82 SERS has
signicant benecial over uorescence, such as unique spec-
trum characteristics with massive informational content,
narrow spectral bands for multiplied assays, and free from both
photobleaching and self-quenching of uorophores.82

In contrast, the overlapping uorescence emission spectra
strongly restrict multiplexing. In addition, SERS also has
comparable sensitivity yet improved photostability over uo-
rophores.79–81 Recently, Raman spectroscopy was applied for
25792 | RSC Adv., 2022, 12, 25786–25806
evaluation of DNA methylation.76,83–86 Raman spectroscopy has
several advantages over methods based on uorescence,
because multiple sites of nucleoside methylation in DNA is
detectable using SERs simultaneously.76,85 In addition, it does
not require any chemical additives and minimizes chemical
changes in the samples.83,87 Raman bands represent molecular
ngerprints with narrow bandwidths, which makes it possible
to identify multiple sites.76,83

Recently, SERS has been employed for DNA identication
and single nucleotide polymorphism (SNP) analysis.88–92 For
example, Hu and coworkers used single base extension reaction
and SERs spectroscopy to detect DNA methylation using AuNPs-
modied capture probe in tumor suppressor gene CDKN2/p16/
MTS1 (p16) and a detection limit of 3 was obtained.76 In the
other study, label-free method of Raman Spectroscopy was
applied for detection of DNA methylation using synthesized
sequences according to the promoter regions of cancer-related
genes such as cadherin 1 (CDH1) and retinoic acid receptor
beta (RARB).93

Ganesh et al. was applied SERs to assay the DNAmethylation
prole in cancer stem cells.94 Ouyang et al. applied laser wrap-
ped graphene-Ag array for detection of methylated DNA and its
oxidation derivatives (5-hydroxymethylcytosine and 5-carbox-
ylcytosine) by SERS. In this method, rst, the target DNAs are
identied and captured from the global DNA by AuNPs func-
tionalized with a specic antibody. Since methylated DNAs have
a weak SER signal, the captured target DNAs are marked by dye
SYBR Green I (SG) as Raman tag, which can specically bind to
double-stranded DNA and increase the SER signal. Also, for
further SERS enhancement, Au-DNA conjugates are directly
dipped onto the graphene wrapped Ag array. The detection limit
1.8 pmol L�1 and duration 60 min was obtained (Fig. 5A).95

Wang et al., applied SERS via ligase chain reaction (LCR) for
DNAmethylation detection. 10% changes in methylation can be
detected by this method (Fig. 5B).96

In this study, aer bisulte treatment of genomic DNA and
conversion of unmethylated C to uracils and subsequently T
aer PCR, for the PCR amplication of a sequence containing
a CpG of interest, LCR was applied to amplify a sequence con-
taining a CpG of interest and to identify the C/T base change. In
order binding LCR products onto the SERS array, one end of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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LCR products contain the specic sequence for binding to DNA
probe immobilized onto the SERS array and the other end
contains a methylation state specic sequence to bind
methylation-specic SERS nanotag. Finally, the methylation
levels of captured LCR products were identied by methylation
state-specic SERS nanotags. These nanotags were made from
AuNPs functionalized with methylation specic DNA probes
and Raman reporters. Final detection was performed by laser.
Finally, to determine the level of methylation, the SER signals
intensities produced from the LCR products of the C-reaction
and T-reaction were compared.

However, the major limitation of clinical application of
Raman spectroscopy is that the signals from single-stranded
and double-stranded DNA are similar. To overcome those
constraints, inculcated internal SERS nanotags were used to
quantify DNA by Wang et al.85 This method provides real-time
molecular information at high resolution without the use of
labels. However, it travails from weak signal and restricted
penetration depth, typically for optical based techniques.
5. Evaluation of DNA methylation
using colorimetric method

Colorimetric nanosensors are a (semi) quantication method
and popular in molecular diagnostics. The colorimetric method
Fig. 5 (A) Illustration of the proposed SERS strategy for detection of
simultaneous C and T single DNA base change detection by LCR (a), and D
a gold surface array (b).96

© 2022 The Author(s). Published by the Royal Society of Chemistry
has various advantages, including the ability to visualize with
naked-eye, cost effectiveness, simplicity, portability and a low
limit of detection.97,98

For the example, a colorimetric assay was applied to detect
DNAmethylation using methyl-binding domain (MBD) proteins
for evaluation methylated prostate cancer biomarker in the
urine. The method can detect 5% methylation differences in
total genomic and gene-specic methylation and the limit of
detection for 50 ng or less DNA input under 2 h was obtained.99

In this method, genomic DNA was rst affected by enzymatic
digestion and the resulting DNA fragments were enzymatically
labeled with biotin to produce a DNA-biotin polymer. Then
MBD protein conjugated withmagnetic beads was used to select
methylated DNA. Finally, methylated DNA was recognized by
SA-HRP (streptavidin conjugated horse radish peroxidase) via
the biotin/streptavidin interaction. Finally, methylation levels
were visually evaluated via the HRP-mediated reduction of
a chromophore (TMB substrate). In the second method, aer
enzymatic digestion of DNA, the resulting fragment was
amplied by isothermal amplication using biotin–deoxy-
nucleotides (dNTPs). Then, HRP/TMB colorimetric reaction was
applied to indicate the presence of methylated regions (Fig. 6).

A colorimetric nanosensor based on gold nanoparticle,
sodium bisulte treatment, PCR amplication and 5-aza-20-
deoxycytidine was designed for DNA methylation assay in
nasopharyngeal carcinoma cells by Lin.100 Also, Li et al.,
methylated DNA and its derivatives.95 (B) Schematic illustration for
NAmethylation analysis via simultaneous SERS nanotags detection on

RSC Adv., 2022, 12, 25786–25806 | 25793
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designed a label-free and enzyme-free colorimetric method
based on gold nanoparticle for DNA methylation assay in
human serum samples without using complicated instruments
or expensive biological enzymes or common organic dyes
during the reaction. The employed strategy was the difference in
electrostatic interaction of single-stranded DNA and double-
stranded DNA against salt-induced aggregation of Au NPs.
The method has a low detection limit of 8.47 nM.101 Interest-
ingly, Geng et al., reported colorimetric method based on
combining methylation-sensitive endonuclease digestion and
hyperbranched rolling circle amplication (HRCA) method for
DNA methylation analysis in p16/CDKN2 promoter of breast
cancer samples. The concentration range was from 100 fM to
10 nM and duration was 3 h.102 The colorimetric method is
generally low sensitivity and selectivity and is quantitative/semi-
quantitative.97–100 The colorimetric methods are mostly based
on the color change properties due to the accumulation of
nanoparticles. On the other hand, the use of gold nanoparticles
alone has less sensitivity and selectivity. Also, the increase in the
size of gold nanoparticles due to their accumulation in solution
and eventually the formation of sediment, the color of the
suspension becomes colorless over time and prevents accurate
quantication. In addition, false positive results due to non-
specic accumulation of functional nanoparticles in complex
biological samples limit their practical application.103 There-
fore, the use of DNA amplication and endonuclease based
digestion methods along with colorimetric methods can
improve the sensitivity of the detection72,104–107 and amplify the
detection signals.103,108–111
6. DNA methylation assay using
microfluidic devices

Over the past two decades, microuidics technologies have
emerged as promising tools for a variety of biomedical appli-
cations.112,113 Microuidic systems are small and miniature
Fig. 6 (A) Strategy for total genomic methylation. Genomic DNA. (B) Str

25794 | RSC Adv., 2022, 12, 25786–25806
devices that have several advantages over traditional methods,
including precise uid volume control, low consumption of test
samples and solutions, sample contamination reduction during
transferring between each step, reaction time, no need for
laboratory equipment and skilled operators.114–116 Therefore,
these devices are very suitable tools for point-of-care (POC)
diagnosis. Microuidic systems are designed that the entire
analytical process can be performed on a single chip. Many
detection tools could be integrated into microuidic systems
such as electrochemical, colorimetric, optical biosensors,
molecular techniques and etc.117

According to different stages of methylation evaluation,
microuidic devices are classied into different types including
microuidic for bisulte treatment,118 DNA extraction,119

methylcytosine assay based on bisulte conversion,120–123

microuidic based on restriction enzyme and bisulte free,124,125

microuidic for methyltransferase assay126,127 and morpholog-
ical properties.128
7. Optical analysis systems of DNA
damages using smartphones

Recently, smartphones and smartphone-based technology have
developed rapidly, and smartphones have become a versatile
multimedia device. Smartphones have several advantages,
including portability, internet connection, increased battery
and computing capacity, and a large number of sensors and
applications.129–131 Therefore, these features make this device
a laboratory level sensor and make it suitable for medical,
biological analysis and the point of care diagnosis.132–134

Numerous types of optical and electrical biosensors have been
integrated with smartphones, including smartphone-based
colorimetry,135 smartphone-based FRET spectroscopy,136

smartphone-based uorimetry137 and smartphone-based SPR.138

In the colorimetric method integrated with smartphones,
the reaction is rst performed in aqueous medium or using
ategy for gene-specific methylation. Genomic DNA.99

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Scheme of genotyping by AS-HCR with colorimetric detection. (a) Mechanism of the AS-HCR method for identifying single-nucleotide
variants from genomic DNA and (b) assembly for smartphone detection.153

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
7:

39
:1

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
paper-based systems such as strip tests or paper microuidic
devices. Then, changes in the color of the solution or paper
substrates are detected by smartphone cameras. The smart-
phone analysis is performed by a app on a smartphone or an
application on a computer aer transferring data.139–148

Smartphones are used not only in colorimetric analysis but
also in spectroscopic, uorimetric and electrochemical
analyzes. Smartphones are able to detect wavelengths and
Fig. 8 Multimodal mobile microscopy device and schematics of RCA as
optical design of the mobile-phone-based microscopy platform. (c and d
viewing perspectives. Mobile phone screen of (d) shows a bright-field im
sample preparation scheme: genomic DNA is restriction digested and th
attached to slides. The DNA fragments are ligated and amplified on the sl
DNA sequencing reactions are then imaged through our mobile phon
a targeted SBL reaction of KRAS codon 12 in genomic DNA extracted fro
RCPs are either stained with Cy3 corresponding to base G (KRAS wild type
Schematic diagram of in situ point mutation detection assay through p
targeted by single-base-discriminating padlock probes. Mutant specific
specific probes do not ligate on mutated KRAS cDNA and generate no R
detected codon 12 point mutations, imaged with our mobile phone fluore
mm (inset).154

© 2022 The Author(s). Published by the Royal Society of Chemistry
analyze the entire visible spectrum.149 The use of smartphone
technology has also been proven in colorimetric and uoro-
metric analyzes of single and double strand DNA detection,150

DNA sequencing,151 quantitative DNA analysis using mobile
PCR digital devices based on smartphones.152

For example, Lazaro153 and coworkers used smartphone-
based detection method evaluate single-nucleotide variants
detection in genes KRAS and NRAS in cultured cells and tissues
says. (a and b) 3D schematic illustration of the inner structure and the
) Photographs of the mobile-phone-based microscope from different
age of fixated A549 cells captured by the phone. (e) DNA sequencing
e KRAS DNA fragment selectively circularized on KRAS selector probes
ide, and the RCA products sequenced by unchained SBL chemistry.15,20

e microscope. (f) Dual-colour mobile phone microscope image of
m A427 cells which are heterogeneous for a KRAS codon 12 mutation.
), or Cy5 corresponding to base A (KRAS mutant). Scale bar, 50 mm. (g)
adlock probes and RCA. KRAS mRNA is converted to cDNA, which is
padlock probes are ligated and amplified through RCA. Wild-type-
CP. (h) A full field of view image of the A549 cell line with in situ RCA
scencemicroscope. Scale bar, 200mm (full field of view); Scale bar, 20
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biopsied from cancer patients. For this purpose, rst
isothermal amplication was done, then allele-specic
hybridization chain reaction (AS-HCR) was done using
allele specic probes immobilized on the chip in a micro-
analysis format. Despite the high ratio of wild type cells to
mutant cells, AS-HCR was able to identify specic DNA
variants. Finally, the data were detected with a smartphone
array reader. The advantage of this method is that the anal-
ysis time using this method was 1 h compared to traditional
methods that take 2 h. Secondly, AS-HCR was an isothermal
method and inexpensive and instrument free. Also, the
amount of contamination in this method is lower than
conventional PCR method. The DNA concentration range
was less than 103 copies and the detection limit was 0.7%
(Fig. 7).

Kuhnemund and et al.154 used a smartphone to detect
single-nucleotide mutations and DNA sequencing based on
selector probes, pad lock probe in situ and RCA to generate
micron sized DNA coil, each of which could be labeled with
uorescent probes or quenched. In this method,
a sequencing library was rst generated from synthetic
fragments of gene KRAS with two types of wild type and
mutation 12 codon. Products of individual RCA could be
identied and quantied by mobile phone based micro-
scope. The result showed that using this method, very small
amounts of variant sequences can be identied (1 : 1000
ratio). This study was performed on biopsy specimens of
colon cancer. The results of the smartphone analysis were
consistent with the results of the PCR-based sequencing
analysis (Fig. 8).

Mai and et al.155 applied an enzyme-free colorimetric
biosensor based on catalytic hairpin assembly amplication
and G-quadruplex DNAzyme to assess BRCA1 gene. Colori-
metric readout was recorded using a smartphone camera
and a UV-vis spectrophotometer. The detection limit was 10
pM in a concentration range of 50 pM to 200 nM. This
method can detect target DNA at a concentration of 0.2 nM.
This colorimetric platform can be selected to detect BRCA1
gene in serum samples. To complete our discussion in this
review, Table 1 summarizes recent reports on the optical bio-
sensing of DNA methylation and DNA damage
analysis.45–112,156
8. Conclusion and future
perspective

In conclusion, DNA methylation is an epigenetic and post-
replication change that is common to all vertebrates.
Studies have shown that loss of DNA methylation interferes
with tissue homeostasis. Loss of DNA methylation causes
abnormal activation of gene expression and is associated
with in vivo differentiation of adult stem cells.156–160 Due to
the limitations of routine methods in the detection of DNA
methylation in the clinic diagnosis, designing sensitive
methods for evaluating DNA methylation in all cell lines and
in all cell sections is essential. In the meantime, it seems that
RSC Adv., 2022, 12, 25786–25806 | 25799
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the design and development of optical nanobiosensors can help
in the detection of DNA methylation at a low cost and in a short
time to diagnose diseases related to methylation. The use of
nanomaterials in these biosensors will make these devices more
sensitive and practical in point-of-care early diagnosis. Early
diagnosis will help to survive patients. Successful development
of biosensors to diagnose various diseases will require nding
the appropriate nancing to move technology from research to
commercial product realization. Given the importance of
microuidic systems in assessing DNA modication as well as
the integration of smartphones with biosensors, it is expected
that in the very near future we will see the development of these
technologies and their use in medicine and clinical and
personalized medical diagnoses.

In summary, recent progresses on the epigenetic researches
using optical biosensing of DNA methylation were surveyed.
Many examples of the optical biosensors have been reported for
extraction and bisulte treatment, DNA methylation detection
based photonic devices/methods using microuidic and
smartphone-based techniques. Also, assay of methyltransefer-
ase activity using photonic measurement by was performed.
Many nanomaterials have been reported to increase the sensi-
tivity of microuidic and lateral ow tests, such as carbon
nanotubes, quantum dots, and metal nanoparticles that allow
highly sensitive and rapid measurements in small volumes of
materials. Using a combination of nanoparticles and other
optical based amplication methods integrated with microuid
and smartphone, in the future these tests will be used with high
sensitivity to detect DNA methylation. There are also some
problems in using these tests, including non-specic and non-
selective adsorption when using real samples. We hope that the
relevant problems will be overcome by increasing progress in
improving these tests.

In this review, labeled and unlabeled methods for evaluating
DNA methylation using uorimetric, SERS, SPR, FRET, and
colorimetric methods and evaluating nucleotide changes in DNA
sequence based on mobile phones and integrating these
methods intomicrouidic systems have been reviewed andmany
examples are given. In this sensing process, different types of
nanomaterials, including GQD, QD, magnetic nanomaterials,
cationic conjugated polymer, MBD magnetic beads, Au nanorod,
AuNPs, CdTe, UCNPs, wrapped Ag array, as well as organic dyes
as chromophores and uorophores have been used. Therefore,
the use of a combination of these methods and the use of
different nanomaterials can increase the detection sensitivity and
by reducing the analysis time, it enables the evaluation in low
volume samples. In real biological samples, due to the complexity
of the cellular environment and the large size of the genome,
rst, it is necessary to extract DNA, then amplify the desired
region of the genome by PCR. The toxicity of nanomaterials used
in synthesis probes can affect the structure of DNA in real bio-
logical samples and should be further studied and claried.

It is hoped that in the future, with the advancement of
science and technology and the use of high-sensitivity nano-
materials and eliminating the disadvantages of these methods,
microuidic methods can be routinely used to detection of DNA
methylation and early stage diagnosis of cancer.
25800 | RSC Adv., 2022, 12, 25786–25806
Surface Plasmon Resonance (SPR) based biosensors are simple
and fast and label-free detection assays which is used to detect
different types of biomolecules without using any uorophores
and chromophores. Also, it measures directly binding constant
and affinity; and consumes less reagents.69 Surface-enhanced
Raman spectroscopy (SERS) is sensitive to any changes in
conformation of the biomolecules. Low detection limit,
interference-free high, and selectivity are several desirable prop-
erties. In this method, a wide range of excitation wavelengths
from NIR to red excitations can be used, which reduces photo
damaging to biological samples. The colorimetric methods are
very simple and is based on color changes due to the reaction of
nanomaterials with the desired analyte that can be seen with the
naked eye. Color changes due to the reaction of nanomaterials
with the desired analyte can be observed. Low sensitivity and
selectivity and semi-quantitative are the major disadvantages of
this method. Decrease in the color intensity of the solution con-
taining the sample with the passage of time and false positive
results due to non-specic accumulation of functional nano-
particles in complex biological samples limit their practical
application.112 In uorescence resonance energy transfer (FRET),
energy transfers from an excited donor to an atomic structurally
appropriate acceptor uorophore. FRET provides indirect infor-
mation about the various biomedical actions like conformation
changes. FRET is highly sensitive to the distance between acceptor
and donor (about 10 nm) which makes it a very sensitive tech-
nology for the detection of near-eld interaction between mole-
cules. Fluorescence assays has high intrinsic sensitivity and can
be integrated with receptors with high selectivity. In uorescence
detection, a specic wavelength of electromagnetic radiation
excites uorophore molecules and an optical transducer detects
the intensity of shied and emitted light.32,42
© 2022 The Author(s). Published by the Royal Society of Chemistry
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136 C. Vietz, M. L. Schütte, Q. Wei, L. Richter and B. Lalkens,
Benchmarking Smartphone Fluorescence-Based
Microscopy with DNA Origami Nanobeads: Reducing the
Gap toward Single-Molecule Sensitivity, ACS Omega, 2019,
4, 637–642.

137 A. Baba, K. Shinboa and K. Kato, A smartphone-based
surface plasmon resonance platform Chutiparn
Lertvachirapaiboon, Anal. Methods, 2018, 10, 4732.

138 E. Petryayeva and W. R. Algar, Multiplexed homogeneous
assays of proteolytic activity using a smartphone and
quantum dots, Anal. Chem., 2014, 86, 3195–3202.

139 T. San Park, C. Baynes, S. I. Cho and J. Y. Yoon, Paper
microuidics for red wine tasting, RSC Adv., 2014, 4,
24356–24362.

140 Y. Wang, S. Wang, N. Dong, W. Kang, K. Li and Z. Nie,
Titanium carbide mxenes mediated in situ reduction
allows label-free and visualized nanoplasmonic sensing of
silver ions, Anal. Chem., 2020, 92, 4623–4629.

141 T. Liu, S. Zhang, W. Liu, S. Zhao, Z. Lu, Y. Wang, G. Wang,
P. Zou, X. Wang, Q. Zhao and H. Rao, Smartphone based
platform for ratiometric uorometric and colorimetric
determination H2O2 and glucose, Sens. Actuators, B, 2020,
305, 127524.

142 W. Xu, S. Lu, Y. Chen, T. Zhao, Y. Jiang, Y. Wang and
X. Chen, Simultaneous color sensing of O2 and pH using
a smartphone, Sens. Actuators, B, 2015, 220, 326–330.

143 S. K. Vashist, T. van Oordt, E. M. Schneider, R. Zengerle,
F. von Stetten and J. H. Luong, A smartphone-based
colorimetric reader for bioanalytical applications using
the screen-based bottom illumination provided by
gadgets, Biosens. Bioelectron., 2015, 67, 248–255.

144 W. Chen, F. Cao, W. Zheng, Y. Tian, Y. Xianyu, P. Xu,
W. Zhang, Z. Wang, K. Deng and X. Jiang, Detection of
the nanomolar level of total Cr(iii) and (vi) by
functionalized gold nanoparticles and a smartphone with
the assistance of theoretical calculation models,
Nanoscale, 2015, 7, 2042–2049.

145 N. Lopez-Ruiz, V. F. Curto, M. M. Erenas, F. Benito-Lopez,
D. Diamond, A. J. Palma and L. F. Capitan-Vallvey,
Smartphone-based simultaneous pH and nitrite
colorimetric determination for paper microuidic devices,
Anal. Chem., 2014, 86, 9554–9562.

146 L. Shen, J. A. Hagen and I. Papautsky, Point-of-care
colorimetric detection with a smartphone, Lab Chip, 2012,
12, 4240–4243.

147 A. W. Martinez, S. T. Phillips, E. Carrilho, S. W. Thomas,
H. Sindi and G. M. Whitesides, Simple telemedicine for
developing regions: camera phones and paper-based
microuidic devices for real-time, off-site diagnosis, Anal.
Chem., 2008, 80, 3699–3707.
RSC Adv., 2022, 12, 25786–25806 | 25805

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03630d


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
7:

39
:1

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
148 R. Zhao, T. Shen, T. Lang and B. Cao, Visible smartphone
spectrometer based on the transmission grating, 16th
International Conference on Optical Communications and
Networks (ICOCN), Wuzhen, China, 2017, pp. 1–3.

149 T. Heng, W. Chia-Chen Chang, J. Vaillant, A. Bruyant and
C. Wann, DNA biosensor combining single-wavelength
colorimetry and digital Lock-in Amplier within
a Smartphone, Lab Chip, 2016, 1–20.

150 A. Palatnick, B. Zhou, E. Ghedin and M. C. Schatz,
iGenomics: Comprehensive DNA sequence analysis on
your Smartphone, GigaScience, 2020, 9, 1–12.

151 T. Goua, J. Hua, W. W. Xiong, D. Shufang, Z. Weibo and
F. Ying, Smartphone-based mobile digital PCR device for
DNA quantitative analysis with high accuracy, Biosens.
Bioelectron., 2018, 120, 144–152.

152 A. Lazaro, A. Maquieira and L. A. Tortajada-Genaro,
Discrimination of single-nucleotide variants based on an
allele specic hybridization chain reaction and
smartphone detection, ACS Sens., 2022, 7, 758–765.

153 M. K. hnemund, Q. Wei, E. Darai, Y. Wang, I. Hernández-
Neuta, Z. Yang, D. Tseng, A. Ahlford, L. Mathot,
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