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Fluorescence imaging along with a wide range of fluorescence detection methodologies enables the
visualization of macromolecular dynamics in clinical diagnostics and fundamental biomedical research.
However, multiplexed fluorescence-based detection has hitherto been largely limited by the overlap of
the emission spectra of fluorophores, which only with four or five fluorochrome dyes enable
simultaneous use. Fluorescent barcodes with high resolution and high throughput have emerged as a
versatile biosensor platform for multianalyte analysis via fine control of fluorescence proportional types,
spatial geometries, specific fluorescence properties, and time dimensions. Fluorescence imaging of RNA
enables the visualization of physiological and pathological processes at the subcellular level, which is
highly important for biomedical diagnostics and therapies and has made tremendous progress toward
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understanding the complexity of biological systems. In this review, we provide the design and
development of fluorescence coding techniques for multiplexed bioanalysis detection and then discuss
DOI: 10.1039/d4sd00085d their applications in RNA biosensors. Additionally, associated challenges in the field and potential
solutions will be discussed. Overall, we hope this review will inspire researchers and pave the way for
rsc.li/sensors the future design of fluorescent biosensors.

intracellular compounds.>® Fluorescence imaging is a

method of visualizing and examining organisms or materials

1. Introduction
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Conducting numerous high-throughput studies in intricate
biological systems is crucial for biological research and
medical diagnostics." Fluorescence imaging is the
predominant technique for the in situ detection of cells and
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using fluorescent markers. It has several benefits including
exceptional sensitivity, precise resolution, and non-
destructive properties. This approach finds extensive
application in several areas such as biomedical research, cell
biology, and molecular biology.*® As technology advances,
fluorescence imaging techniques such as multiphoton
fluorescence imaging’” and super-resolution fluorescence
imaging®® are continuously being enhanced and refined.
These advancements offer greater potential for scientific
inquiry and medical diagnostics. However, the presence of
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spectral overlap among fluorescent dyes can make the
differentiation of fluorescence signals of distinct dyes
difficult when many dyes are used to identify various
molecules or cells. This can lead to the mixing of information
or incorrect classification."

In order to address this issue, the concept of fluorescence
coding has been suggested as a means of encoding various
chemicals or organisms by utilizing different fluorescence
colors or intensities. This approach has the potential to
greatly enhance the ability to detect or image many targets
simultaneously. Fluorescence coding is a versatile technique
that can be employed to mark proteins for monitoring their
whereabouts and mobility within cells or tissues."’
Additionally, it can be used to construct fluorescent probes
capable of identifying the existence and function of
biomolecules.”> Moreover, fluorescence coding enables the
tracking and examination of cellular behaviors and
interactions.”® In summary, fluorescence coding has an
extensive array of applications in biological detection. The
present fluorescence codes used for multiple detections
mostly consist of ratio-type codes, spatial geometry codes,
fluorescence property codes, and time dimension codes.

Ribonucleic acid (RNA) is a crucial molecule involved in
the process of gene expression. It serves as a transporter of
genetic information during transcription and translation.
RNA has been identified as a potential biomarker for several
illnesses, including early cancer identification and
screening.'® RNA can be classified into several categories
including mRNA," tRNA,"® microRNA (miRNA),"” and small-
molecule RNA. Messenger RNA (mRNA), a type of RNA that is
not double-stranded, regulates protein production and
carries genetic information.'® Tumor-associated mRNAs are
frequently used as specific indicators to assess the local or
systemic migration of tumor cells, and any change in their
expression levels is directly associated with the onset and
progression of tumors."”*° Approximately 30% of genes are
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directly regulated by miRNAs, which are a group of small,
non-coding RNAs. They inhibit the production of proteins via
regulating the post-transcriptional stage of mRNA
degradation.”" Research has demonstrated that miRNAs play
a significant role in a wide range of biological processes such
as apoptosis, migration, aging, differentiation, and
proliferation. Additionally, they have been demonstrated to
contribute to the development of several illnesses such as
diabetes,** leukemia,** and cancer.**

RNA biomarkers®*® have higher sensitivity and
specificity, and RNA detection holds significant therapeutic
promise. However, several challenges need to be overcome
before its application to real samples. To effectively detect
RNA, it is necessary to employ techniques with high
specificity. This is because RNA has a low molecular weight
and a high degree of similarity within the same family.
Furthermore, the assay must have sensitivity and accuracy as
RNA is found in both healthy and malignant cells at low
levels, with the primary distinction being the varying
produced. Furthermore, it is evident that
multiplexed assays are essential, as relying solely on the
dysregulation of a single RNA for illness diagnosis is not
appropriate. This is due to the high expression of certain
RNAs in various types of disease-causing cells.>”*®

This article provides an overview of the current research
on fluorescence coding for multiplexed detection. It discusses
the application of fluorescence coding for multiplexed
detection, in particular RNA detection. Additionally, it
evaluates the obstacles and opportunities associated with this
technique.

amounts

2. Fluorescence coding technique

Fluorescent markers,”® compounds that absorb light from
the surrounding environment and emit fluorescence at
specific wavelengths, are the main components used in
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fluorescence imaging. Fluorescent dyes,®® fluorescent
proteins,*** and similar substances are commonly employed
as fluorescent markers. In the 1960s, researchers began
investigating the application of fluorescent materials for
interpreting biological data.>® Fluorescent materials have the
ability to stimulate and emit energy, resulting in the
production of visible light due to their luminescence
properties. Fluorescent materials are ideal for labeling
purposes. Fluorescence imaging can be used to conduct
studies on the distribution and metabolism of fluorescent
markers in animals. This technique allows for the tracking of
tumor growth and metastasis in live mice.***> Additionally, it
can be utilized to observe the localization and distribution of
particular proteins within cells’® and explore the
physiological processes of cells.

Fluorescence imaging serves as the fundamental basis
for fluorescence encoding technology.*’° Spectral overlap
is a phenomenon that occurs when numerous fluorescent
dyes are employed simultaneously. This poses a challenge
in precisely measuring the matching fluorescence intensity,
thereby affecting the precision of detection outcomes.
Consequently, the utilization of fluorescence imaging
technology is limited to the simultaneous employment of
just four to five distinct types of fluorescent dyes. In
addition, varying excitation spectra require the use of
separate exciters, resulting in increased costs and
complexity of the apparatus. Fluorescence coding technology
has been developed to solve these problems. It is the most
commonly used coding technology because it enables easy
visualization of barcodes, detection signal localization, and
reading. This technology primarily utilizes the distinct
characteristics of the coding original, such as fluorescence
intensity, spatial geometry, and temporal lifetime, to fulfill
the requirement of multiple detection and achieve various
coding methods. The fluorescence coding approach is
extensively employed in biomedical research to achieve
more precise labeling of cells,* proteins®’ and DNA,*
among other substances. As technology has progressed, the
use of fluorescence coding has gradually increased. In the
1980s, researchers initiated an inquiry into the application
of fluorescent particles for coding. Fluorescent particles
have the ability to mark and monitor items, such as
identifying tumor markers in biomedical research.**** With
the advancement of nanotechnology, fluorescence coding
has shown significant improvement in recent years.
Researchers investigated the application of nanoparticles for
fluorescence coding.”> Nanoparticles possess reduced
dimensions and enhanced fluorescence characteristics,
facilitating the utilization of more intricate and accurate
encoding techniques. The nano-fluorescence coding
technology has diverse applications in the domains of
biology, materials science, and information storage.’®™*®
Fluorescence coding primarily emerged from the
investigation and utilization of fluorescent materials. Due to
technological advancements, fluorescence coding technology
has undergone constant development and improvement,
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offering new prospects for research and application in
diverse domains.

3. Classification of fluorescence
codes
3.1 Fluorescence coding based on proportion

Proportional fluorescence coding is a strategy that was
discovered early on and is now frequently employed. This
technique employs various proportions of fluorescent dyes to
represent distinct biomolecules or cells. By measuring the
intensity of different fluorescence signals, it can identify and
quantify the presence and concentration of target
biomolecules or cells. This enables the simultaneous
detection of multiple biomolecules or cells, enhancing the
efficiency and throughput of the assay.”® Proportional
fluorescence coding has numerous benefits in the field of
biological detection. First, it has the capability to
simultaneously detect multiple target biomolecules or cells,
enabling efficient high-throughput detection. Second, it can
achieve various encodings by modifying the concentration of
different ratios of fluorescent dyes, offering great flexibility
and adaptability.”*>*

3.1.1 Fluorescence coding based on DNA nanotechnology.
During the 1980s, Seeman suggested using the idea of base
complementary pairing to create DNA nanostructures with
specific morphologies.” DNA nanostructures have significant
advantages over conventional materials as they continue to
develop. First, based on the Watson-Crick base pairing
principle,”® DNA nanostructures possess a high level of
programmability and can be designed in different spatial
configurations and sizes, ranging from one-dimensional to
three-dimensional.>® Second, it is possible to design various
functional groups including small molecules, macromolecules,
or nanoparticles to be securely attached to specific positions
within DNA nanostructures. This feature allows for precise
addressing of these functional groups.”®®® Furthermore, due
to the predetermined and extremely small dimensions of the
DNA bases, it is possible to engineer DNA backbones with a
level of accuracy that approaches atomic precision.”® In
addition, DNA nanoparticles have excellent biocompatibility.*°

In 2005, Luo's team used Y-DNA to construct dendritic
DNA (DL-DNA) nanostructures, which demonstrated the
superiority of DNA nanostructures. The DL-DNA was
employed as a carrier for fluorescent dyes in Alexa Fluor 488
(G) and BODIPY 630/650 (R), to create fluorescence intensity-
encoded nano-barcodes. This allowed for the precise control
of the ratio between the two types of dyes (Fig. 1A).°" Initially,
Y-DNA was synthesized and labeled with fluorescent markers.
Then, using sticky ends, five different combinations of
fluorescent barcodes were created: 4G1R, 2G1R, 1G1R, 1G2R,
and 1G4R. These barcodes were used to detect various
pathogen DNAs through fluorescence microscopy and spot
blotting. This technique enables the simultaneous detection
of multiple pathogens using flow cytometers, which are
typically limited to detecting only two colors. In 2006, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fluorescence coding based on proportion. (A) Schematic illustration of barcode decoding. The nanobarcodes 4G1R, 2G1R, 1G1R, 1G2R and
1G4R were decoded based on the ratio of fluorescence intensity.®* (B) Design and assembly of DNA FluoroCubes.”® (C) Schematic illustration of
the FDF structure with spatial control of fluorophores.”? (D) Thirty-six FDF barcodes encoded with different fluorophore combinations.”? (E)
Schematic illustration of sequence-encoded amplicon (SeqEA) for multiplexed imaging of individual RNAs in single cells.”* (F) LINC PCR is
performed using two steps.”® (G) Schematic of the SDwalker-Drop platform for the super-multiplex bacterial phenotype analysis.”®

main focus was on preparing DL-DNA by solid-phase and
liquid-phase  methods. Additionally, the multivalent
anisotropy of DL-DNA was used to create fluorescence coding
approaches for detecting various diseases simultaneously and
quickly.®> Subsequently, three Y-DNA donor molecules and
one X-DNA acceptor molecule were employed to amplify and
identify the signals of various diseases by encoding three
fluorescence ratios, namely 1G1R, 1G3R, and 4G, utilizing
quantum dots (QDs) of red (R) and green (G) hues.”
Nevertheless, the aforementioned approaches are susceptible
to aggregation-induced fluorescence bursts and have limited
encoding capability.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In 2006, Rothemund showcased innovative research in the
field of DNA origami technology.®* DNA origami technology
is a method that harnesses the inherent self-assembly
capability of DNA molecules to construct structures and
devices at the nanoscale. The process relies on the
fundamental concept of base complementary pairing between
DNA molecules, allowing for the spontaneous formation of
desired structures when specified conditions are met through
the design of suitable DNA sequences.®>®® The technology of
DNA origami is characterized by its exceptional accuracy and
controllability, enabling meticulous assembly at the
nanoscale.®” Additionally, it possesses a high degree of self-
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assembly efficacy and rapid self-assembly velocity, enabling
the formation of intricate structures within a short
timeframe.®® Furthermore, the DNA origami technology has
superior biocompatibility and biostability, which make it
suitable for implementation in live organisms.”® When
comparing small Y-DNA molecules to DNA origami
technology, it is observed that DNA origami technology
prevents fluorescence resonance energy transfer (FRET) due
to its larger size. Additionally, it allows for the precise
placement of fluorophores at specific positions and their
assembly into predetermined fluorescence-aligned structures.
This significantly enhances the capacity for fluorescence
encoding. Jungmann and his colleagues used DNA origami to
construct fluorescent probes smaller than 100 nm in size.
These probes have adjustable optical properties, and were
constructed by combining 24 DNA double-helix structures
into a two-dimensional (2D) rectangular DNA origami with a
dimension of 90 x 60 nm? The origami structures were
loaded with varying amounts of three different fluorescent
dyes (ATTO 647N, Cy3, and ATTO 488).”° By employing three
distinct fluorescent dyes and conducting trials at five varying
intensity levels, researchers obtained a total of 5° - 1 = 124
fluorescent probes. While the encoding capacity is
significantly enhanced, the large-scale production of DNA
origami measuring around 100 nm often necessitates
numerous single-stranded DNAs. The complexity of the
strand design and synthesis process imposes limitations on
its practical use. Larger DNA nanoparticles are not suitable
for detecting and imaging at the cellular level.

FluoroCubes, which are only 6 nm in size, have been
recently prepared by DNA engineering, and can be
customized with six fluorescent moieties (Fig. 1B).”" This
method enables the efficient imaging of individual
molecules, along with a significant 54-fold extension in
fluorescence duration and a substantial 43-fold enhancement
in photon emission. Fan et al. have used Cayley dendritic
fractal DNA frameworks (FDFs) to develop fluorescence
intensity-encoded barcodes (Fig. 1C).”> The Cayley dendritic
framework structure was initially fabricated by building DNA
tetrahedra with a side length of 20 bp. Subsequently, the
n-node structure (n = 53) could be achieved using only 16
strands. By accurately attaching three fluorescent motifs
(Alexa 488, Cy5, and ROX) to the FDFs to create the F,;
structure, they not only prevented fluorescence energy
resonance transfer, which reduces fluorescence crosstalk, but
also produced 36 coding barcodes with distinct fluorescence
colors and intensities (Fig. 1D). This significantly reduces the
quantity of DNA strands and diminishes the complexity and
workload associated with coding, in contrast to the prior
method of using large-sized DNA origami. At the same time,
it enhances the capabilities of recognizing and imaging many
functions in living cells.

3.1.2 Fluorescence coding based on nucleic acid
amplification technology. In addition to proportionate
fluorescence coding, nucleic acid amplification technology,
which relies on the performance of DNA sequence
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hybridization via base complementary pairing, can be used
for coding purposes. This coding technique can be
accomplished via a polymerase chain reaction (PCR), rolling
circle amplification (RCA), and other methods. Alternatively,
it can include amplifying a much small amount of the target
to be detected in order to generate a significant number of
duplicates. Not only will this decrease the limit at which the
test can detect something, but it will also significantly
enhance the sensitivity and precision of the test.

Lee et al. applied RCA to produce biotin surface-modified
nanospheres with many functionalities to generate barcodes
for cancer cell detection.”> The nanospheres were
subsequently linked to different proportions of red and green
QDs via biotin-streptavidin interactions. Wang et al. used
lock-in probes to accomplish proportionate fluorescence
encoding with RCA (Fig. 1E).”* In particular, lock-in probes
were used to attach two probes with different fluorophores by
incorporating a specific number of binding sites to target
nucleic acids. The study describes the design of six lock-in
probes that can be recycled. These probes were created using
two separate fluorescent dyes, namely red (R) and green (G),
and each probe has a unique R/G ratio. After performing
nucleic acid amplification, these hybridized probes were used
to identify the gene sequences of six infectious diseases,
thereby expanding the method's potential to simultaneously
detect several diseases.

Furthermore, the PCR has been utilized for encoding, in
addition to the RCA approach. The reaction is a molecular
biology technique used to amplify specific DNA fragments in a
controlled laboratory setting. Due to its exceptional specificity
and sensitivity, it is widely utilized in various domains such as
gene amplification and medical diagnostics. This technique
allows for the amplification of several target fragments from
minuscule DNA samples.”” Wang et al developed a novel
fluorescence-based scheme called Ligation-eNabled
fluorescence-Coding PCR (LiNC PCR) using PCR technology.
This scheme significantly enhances the multiplexing capability
of standard PCR analysis (Fig. 1F).”° In this approach, TaqMan
probes were inserted using probe locations that corresponded
to red (R) and green (G) fluorescence signals. The probes were
built with ten R/G ratios, namely, 1/1, 2/1, 1/2, 4/1, 1/4, 1/0, 0/1,
3/3, 3/0, and 0/3. The binding sites provide distinctive
fluorescence signals during the PCR procedure, enabling clear
and unequivocal identification of the amplified targets.
Consequently, the detection performance and ability to
simultaneously identify several ovarian cancer epigenetic
indicators were considerably enhanced by using only two
universal TagMan probes.

3.1.3 Fluorescent microsphere coding with different
proportions. Microspheres surpass planar arrays in terms of
both production and use. Microspheres show the ability to be
linked to a wide range of probe molecules, while planar
arrays have a limited number of predetermined attachment
sites for probe molecules. The Bio-plex Suspension
Microarray system utilizes proportional fluorescent dye
microspheres, and has demonstrated successful application

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in several fields. The fundamental method entails coloring
the microspheres with different fluorescent hues by precisely
combining two separate red fluorescent dyes. The
microspheres can be classified into 100 distinct varieties
based on various ratios, with each type assigned a number
ranging from 1 to 100. Subsequently, protein or DNA probes
that match different detectors can be chemically linked to
the microspheres in different quantities, enabling the
simultaneous identification of 100 specific target molecules
in a single sample and the collection of numerous detection
data. The interconnections and interactions between
biological molecules can be elucidated by concurrently
identifying 100 different target molecules in a sample and
combining results from various experiments.

For example, Nie's team developed a technique to combine
several fluorescent colors by incorporating red, green, and blue
QDs into polymer microspheres at varying levels of fluorescence
intensity.”” Similarly, Xu's team used mesoporous beads of
similar sizes to microcarriers in order to develop a barcode
library with a large encoding capacity.”® Subsequently, they
combined different proportions of red QDs in the outermost
layer and enclosed varying proportions of fluorescein
isothiocyanate (FITC) isomer I green dye within the mesopores.
Ultimately, they employed ten specific tumor markers as
exemplar targets to demonstrate the suitability of this
multiplexed bioassay platform. Based on a similar idea, Pei et al.
developed a detection method called SDwalker-Drop, which
utilizes stochastic DNA walkers in droplets. This technique
combines DNA walker technology with coded combinations of
fluorescent dyes to enable simultaneous identification and
multiplex detection of pathogens (Fig. 1G).”® The paper utilized
a mixture of three dyes (AMCA, FAM, and TR) with distinct
spectral properties, along with eight intensity levels ranging
from 0 to 7. These dyes were immobilized in thiol-labeled
oligonucleotide gold nanoparticles, which functioned as
spherical nucleic acid probes (SNPs). Theoretically, this system
could achieve a coding capacity of 8 - 1 = 511. Through
experimentation, researchers successfully obtained 20 patterns
for the detection and identification of bacterial phenotypes. The
process of enclosing bacteria and probes within droplets that
are 50 picometers in size, and the enzymatic cascade reaction of
SDwalker for signal transduction and amplification caused by
bacteria, significantly enhances the potential of droplet-based
microfluidics  to  detect bacterial  species
simultaneously. Nevertheless, this method remains unsuitable
for identifying and seeing chemicals within living cells.

Klymchenko et al addressed this issue by creating
fluorescent polymer nanoparticle barcodes that are suitable
for both in vitro and in vivo cellular imaging.®® Researchers
used a biodegradable poly(lactic-co-glycolic acid) polymer
mixed with three colors of cyanine dye in different ratios to
form homogeneous 40 nm-sized RGB (red, green, and blue)
barcodes. These barcodes serve the dual purpose of
distinguishing between 13 different cell populations, and can
be passed down through multiple cell generations.
Consequently, they enable the tracking of tumor cells in live

numerous
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animals and facilitate cell tracing in developing embryos.
Hu's team used fluorescent proteins conjugated to magnetic
beads to generate encoded microspheres. These
microspheres were subsequently deployed to immobilize
capture probes on their surface, enabling the detection of
target oligonucleotides within the pathogen.®’ Recently, the
technique of DNA-induced fusions has been employed to
carry out numerous randomized fusions of six different
populations of cargo liposomes. A total of 566 distinct fusion
sequences were detected using various ratios of
chromophore-encoded liposome populations, as viewed by
total internal reflection microscopy. Machine learning
enables the categorization of enormous amounts of data,
which make it a valuable tool for high-throughput drug
screening, biosynthesis, and epitope mapping.**

3.2 Fluorescence coding based on spatial geometry

The use of fluorescence emission color-based coding is often
problematic in detection devices due to its susceptibility to
photobleaching and the need for several lasers to match
different dyes with varying excitation spectra, which adds to
the complexity. However, spatial geometry-based fluorescence
coding allows for the identification of many targets utilizing a
reduced number of fluorescent dyes. Spatial geometric
fluorescence coding is a scalable technique that allows for the
adjustment of the number of tiny areas to accommodate
various detection samples. The fundamental technique entails
partitioning the surface of an item into several small regions
and applying fluorescent dyes, either of the same or different
hues, to each individual region. Subsequently, the dyes are
encoded based on their placements and colors, resulting in a
system that is exceptionally resilient to errors due to the ability
to selectively stimulate and detect fluorescent dyes' hues.

3.2.1 Geometry-based fluorescence coding. Geometric
barcodes not only use optical features, but also function as
distinct signals based on recognizable shape structures,
which enables the encoding capacity to increase
exponentially. Dejneka et al. employed these data to fabricate
silicate glass barcodes with stripes, including rare-earth ions
as dopants.®® These barcodes enable the combining of up to
CN permutations of N individuals and C distinct fluorescence
colors on a single strip. Their effectiveness in fluorescence
determination was verified using DNA hybridization tests.
However, the synthesis procedure is more difficult.
Consequently, Liu's team utilized a more efficient bottom-up
technique to fabricate lanthanide-doped upconversion
materials on a larger scale.®® A study documented the
creation of a luminous microrod using a hexagonal NaYF,
upconversion material. Additionally, researchers successfully
manufactured upconversion nanocrystals with different
lanthanide activators on their surface. By altering the
composition of the microrods and their terminal activators,
it is possible to simply control the colors of the microrods
and create barcodes for wuse in anti-counterfeiting
applications. They have recently detailed a photolithography-
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based technique for mass-producing small color graphic
barcodes.®” In the first stage of preparation, lanthanide-
doped upconversion nanoparticles (UCNPs) were synthesized
to produce three main colors: red (R), green (G), and blue (B).
Subsequently, the RGB nanoparticles can be mixed in varying
proportions to provide an optically encoded spectrum of
luminous colors, ranging from purple to red. Furthermore, a
demonstration of DNA detection can be achieved by storing
the information in a specific sequence of colors and making
use of the uneven distribution of colors induced by the
varying thickness of the inner layers of the microbarcode,
resulting in distinct geometric imaging.
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The improved capacity to precisely locate and adjust DNA
origami technology has opened up new possibilities for using
fluorescence coding methods. Yin's team utilized DNA
origami techniques to create submicron fluorescent barcodes
with geometric encoding. The encoding mostly involves
accurately positioning fluorescent dyes on the surface in a
specific spatial geometry (Fig. 2A).%° Fluorescent labeling was
applied to three specific sections of a six-helix bundle of DNA
nanorods, which had a length of roughly 800 nm. The
labeled portions were spaced at intervals of 450 nm and 270
nm, respectively. This facilitated the differentiation of the
asymmetrical patterns during the process of decoding using
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fluorescence microscopy. The three sections were identified
using the fluorophores “blue” (B, Alexa Fluor 488), “red” (R,
Alexa Fluor 647), and “green” (G, Cy3). The BRG barcode
obtained is distinct from the GRB barcode because of the
fluorophore labeling of the three areas. Consequently, the
three fluorophores that have different spectrum properties
can be utilized to generate a total of 3* = 27 unique barcodes.
Subsequently, advancements were made in total internal
reflection fluorescence microscopy, resulting in the ability to
accurately identify 216 different barcodes (Fig. 2B). This
breakthrough showcased barcodes with increased spatial
information density and achieved a super-resolution of 40
nm. Wei et al. constructed DNA origami nanorods consisting
of five 10-helix bundles. Each bundle had a length of
approximately 250 nm and contained both fluorescent and
non-fluorescent groups (Fig. 2C).*” The five monomers unite
to create a 1.25 um DNA barcode. Each 10-helix bundle can
exist in two states: “on” (1) or “off” (0). When there are two
or more “on” monomers in a row in the barcode, they cannot
be told apart and appear as a longer “on” monomer.
However, the presence of “off” monomers creates a
distinction between them. This study demonstrates the
utilization of these barcodes for both multiplexed single-
molecule analysis and the identification of synthetic single-
stranded DNA target sequences. The spatial geometric
encoding capability of barcodes is improved by including
fluorescent moieties of different colors. This enables the
barcodes to be encoded in a spatially geometric manner, even
in scenarios where there is only one color of fluorescence, as
well as in cases where there are fluctuations in the intensity
of fluorescence in individual units.

3.2.2 Spatial-based fluorescence coding. In addition, Yin's
group introduced a method dubbed Exchange-Paint for
multiplexed 3D cellular super-resolution imaging. This
technology is based on the DNA point accumulation for
imaging in nanoscale topography (DNA-PAINT) method
(Fig. 2D).*® DNA-PAINT is an advanced microscopy technology
that utilizes DNA molecules as markers to provide exceptionally
high-resolution imaging. This approach allows for imaging
with a resolution of up to 25 nm by precisely manipulating the
binding and dissociation of DNA.**°° The study presents ten
unique rectangular DNA origami structures that closely
resemble the numerical digits from 0 to 9. The fluorescence
switching between on and off states is achieved by two
complementary DNA molecules: the target DNA, which is
complementary to the DNA sequence of the chemical being
tested, and the probe DNA, which has a fluorescent dye
attached. The fluorescent dye emits a fluorescence signal to
show the position of the target molecule when the target DNA
and probe DNA form a complementary pairing. Using
specifically designed fluidic chambers, 10 high-resolution color
photographs of different digital patterns were acquired by
fixing each pattern on origami structures and repeating the
washing and imaging procedures. The imaging strands used
were tagged with Cy3b. The capacity to control variables such
as temperature and salt content enables the achievement of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high-resolution imaging by influencing the rate at which DNA
binds and dissociates. The position and amount of target
molecules can be determined by monitoring the duration and
intensity of the fluorescence signal, which is generated by the
probe DNA's constant binding and dissociation during the
imaging process. In the same year, Yin et al. employed the DNA
origami approach to fabricate diverse three-dimensional
polyhedral structures and tweaked fluorescent groups at
specific locations.”” Subsequently, they employed transmission
electron microscopy and three-dimensional DNA-PAINT super-
resolution  fluorescence  microscopy to the
configuration of individual molecules in a liquid medium.

Ganji et al. have recently employed DNA-PAINT along with
the DNA nanostructure design to simultaneously detect and
analyze individual dinucleotides using DNA nanotechnology.
This allowed them to evaluate the energy associated with the
stacking of bases at the single-molecule level.”> DNA-PAINT
enables the direct measurement of the binding kinetics
between fluorophore-labeled oligonucleotides and their
corresponding strands of DNA origami nanostructures. The
imager strands' binding kinetics are compared to the stacked
and unstacked conformations of their terminal nucleotides
in a single experiment using multiplexed imaging of
patterned origami structures. The variation in individual base
stacking energies resulted in a much wide range of stability
in the residence duration during the examination of single-
molecule data. Based on the observed stability of dwell
duration, a distinctive grid pattern was created using five
rectangular DNA origami structures: box, L, U, C, and H
shapes. As a result, the structures were able to be easily
differentiated in DNA-PAINT imaging, and an experiment was
conducted to show that they are suitable for simultaneous
super-resolution imaging. In addition to this, Jungmann
et al. used a modified version of DNA-PAINT called Exchange-
PAINT, which was combined with orthogonal DNA barcode
imaging and wash cycles. This enabled them to achieve
sequential target multiplexing and imaging through
sequences, resulting in improved resolution. They referred to
this technique as resolution enhancement by sequential
imaging (RESI).”® This study confirms that RESI is capable of
conducting intramolecular imaging in intact cells, thereby
connecting the realms of super-resolution microscopy and
structural biology research.

examine

3.3 Fluorescence coding based on fluorescence properties

Although spatial geometric fluorescence encoding can
enhance detection resolution and enable numerous
detections using a reduced number of fluorescent moieties,
it necessitates the fixing of fluorescent dyes in specific
spatial places, which increases the complexity of design and
synthesis. Furthermore, the encoding capacity remains
restricted as a result of the object's dimensions, rendering
it inappropriate for detection settings that need encoding
with high capacity. It is also unsuitable for analyzing single-
cell samples if the object's size is too large. Xie et al
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employed the inherent characteristics of fluorescent groups,
in particular fluorescence anisotropy (FA) and fluorescence
polarization (FP),”* to encode and address these issues
(Fig. 3A).>> The purpose of FA-based encoding in polystyrene
microspheres was to encode and multiplex five DNAs by
converting them into encoding signals. This was achieved
by utilizing FRET, which causes a decrease in steady-state
FA as the dye loading increases. Additionally, a combination
of dyes with varying intrinsic FA values leads to different FA
values at the same fluorescence intensity level. Meanwhile,
Zhang's team has created a new type of biosensor called
fluorescence anisotropy reporter (FLARE), which uses a
technique called homochromatic FRET to measure the
interaction between two fluorescent proteins. The biosensor
detects changes in the conformation of molecular switches
by analyzing the loss of polarization of emitted light by
fluorescence polarization microscopy to observe the FA of
the sensor. The biosensor is used to monitor specific
biochemical activities (Fig. 3B).”® Research uses the
monochromatic sensor's ability to integrate multiple signals
and provides quantitative measurements utilizing various
color variations. This enables the simultaneous imaging of
three active reporter genes in a single cell, demonstrating
multiplexed capabilities.

3.4 Fluorescence coding based on the time dimension

Although fluorescence-based encoding enables cell detection
and precise size control, it is limited by issues such as
excessive background signals, intensity-signal artifacts, and
the possibility of false-positive results. Therefore, the
advancement of technologies that allow for the regulation of
sequences and the use of micro- and
nanomaterials with extended fluorescence lifetimes has led
to the emergence of new possibilities for high-throughput
detection. Additionally, these materials enhance the detecting
signal range.

3.4.1 Fluorescence coding based on chronological order.
The optical resolution has achieved nanometer precision that

luminescence

922 | Sens. Diagn., 2024, 3, 914-932

was previously unseen, reaching levels as low as a few
nanometers. This advancement has been made possible
through the development of super-resolution optical
techniques such as stochastic optical reconstruction
microscopy (STORM)””*® and time-dependent single-photon
microscopy.”® Additionally, the time dimension can also be
utilized for encoding purposes.

Reif et al created a temporal reporter framework
comprising fluorescent moiety reporter strands and DNA
devices.'” Upon attaching the reporter strand to the DNA
device, a momentary fluorescent spot becomes visible when
observed using a microscope. In the study, the fluorescent
intensity traces that are captured over a sufficient duration of
time are referred to as temporal DNA barcodes. This is
because the random intensity trajectories vary for each DNA
device, enabling the distinction of individual molecules.
Meanwhile, they introduce a method for barcoding single
molecules that does not require amplification and relies on
time-based signals (Fig. 4A)."°" This is achieved by using
reporter gene strands colored with dyes, which temporarily
connect to specific nucleic acid strands and produce signals
with different intensities over time. The DNA strands are
designed to produce distinct temporal signals that can be
used for molecular-scale identification.

3.4.2 Fluorescence coding based on fluorescence lifetime.
In addition to encoding signals based on the frequency and
duration of fluorescence flicker, fluorescence lifetime was
used for detecting encoded signals,'>'®® which is not
influenced by either wavelength or intensity. This effectively
removes the possibility of any interference caused by other
encoded signals. Furthermore, the advancement of time-
resolved techniques has enabled the differentiation of
luminescence lifetimes with identical emission wavelengths.
Therefore, in the context of multiplexed bioanalysis, it
provides an opportunity to enhance the capacity for encoding
when integrated with other optical dimensions.

Based on the aforementioned fluorescence characteristics,
Hildebrandt et al. identified and characterized two distinct
types of QDs coated with a layer of SiO, and encased by two

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different rare earth complexes (Tb and Eu). The thickness of
the SiO, shell layer varied between 6 nm and 12 nm (Fig. 4B)."**
Conventional organic dyes are often used because they are
affordable, come in a wide range of options, and have a high
quantum yield. However, their application is hampered by
their broad luminescence spectrum and less persistent
fluorescence, which makes them prone to photobleaching.
QDs'%"% outperform traditional fluorescent dyes in several
aspects, such as enhanced photostability, increased
fluorescence intensity, and the ability to generate various
fluorescence hues using the same wavelength by adjusting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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their size or composition. The text witnessed four separate
photoluminescence (PL) decays due to FRET from Tb or Eu
donors to QD acceptors. The discovery of these decays
occurred in three distinct time-detection windows employing
time-gated  (TG) luminescence intensity = monitoring.
Consequently, the attachment of Eu or Tb complexes to QDs
with two different SiO, coating thicknesses resulted in the
production of four distinct QD luminescence decays within
three detection windows labeled as red (R), green (G), and
blue (B). Each of these decays exhibited distinct variations in
light intensity. Consequently, unique RGB codes were created
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for each of the four nanomaterials, taking into account the
different levels of intensity seen in these three detection
windows. The ability to identify and track several cells was
demonstrated in this manner.

Despite the advancements made in utilizing QDs for
fluorescence lifetime encoding, these materials still exhibit
very brief lives ranging from 10 to 100 nanoseconds, which
endow them with the potential for heightened signal
interference. Consequently, there is a preference for rare
earth metal compounds that exhibit luminescence durations
ranging from microseconds to milliseconds and are encoded
utilizing FRET based on UCNP. Zhang's team systematically
design a methodology for manipulating the luminescence
emission color and decay lifetimes of UCNPs (referred to as
1,-UCNPs) (Fig. 4C)."*” By adjusting the shell thickness and
controlling the FRET, the luminescence intensity of these
particles can be modified. This allows for the encoding of the
1,-UCNPs based on their emission color and luminescence
decay lifetime. Subsequently, they generated microspheres
encoded with lifespan wavelength binary information using
1,-UCNPs and porous polystyrene (PS) microspheres. This
unique color-lifetime encoding approach was used to
evaluate nine subtypes of human papillomavirus (HPV) in
patient samples. The encoding capacity of this strategy is
improved by three orders of magnitude compared to the
standard strategy. This demonstrates the strategy's capacity
for efficient and rapid identification of biological samples.

Irrespective of the concentration of the material and
the technique used for measurement, employing
fluorescence lifetimes as readouts produces more precise
and consistent results compared to conventional
fluorescent barcodes. Nevertheless, the absence of methods
to enable temporal and spatial control over the encoding
process has limited the application of fluorescence
lifetimes in this domain. Although there has been
significant advancement in using semiconductor QDs and
lanthanide complexes for encoding, achieving real-time
adjustment of fluorescence lifetimes remains a challenge
due to the poisonous nature of QDs.

O'Reilly et al synthesized a two-component switching
nanogel by utilizing spiropyran (SP) monomers and
methacrylate maleimide dithiomaleimides (DTMs) (Fig. 4D)."%®
DTMs, being non-toxic and capable of modifying
substituents, can be utilized to alter the fluorescence
properties. By combining methyl methacrylate (MMA) as the
hydrophobic matrix and ethylene glycol dimethacrylate
(EGDMA) as the cross-linking agent, crosslinked nanogels
are synthesized. These nanogels have different ratios of
DTMMA and SPMA. Upon exposure to light, a
photoisomerization-induced FRET process This
enables the real-time adjustment of fluorescence lifespan by
the manipulation of light. A variety of nanogels with a
similar surface chemistry but wider dynamic lifetimes were
used for encoding and counting different systems, after the
successful implementation of dynamic photocontrol of
fluorescence durations.

occurs.
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4. Application of fluorescence coding
technology in RNA detection

RNA molecules have a low molecular weight, exhibit large
variability in their abundance and play a crucial role in
guiding protein synthesis within cells. Recent studies have
shown that RNA expression differs between normal cells and
those cells affected by various diseases, which makes it a
valuable biomarker for diagnosing disorders. Studying RNA
expression and control can contribute to tumor diagnosis
and treatment by improving the understanding of different
tumor mechanisms.

4.1 Proportional type-based fluorescence coding in RNA
detection

4.1.1 Fluorescence coding based on DNA nanostructures
in RNA detection. DNA nanostructures as coding carriers
provide a high level of programmability and hold significant
promise for the advancement of fluorescence intensity coding
with increased capacity. This is achieved by randomly altering
the number of ratios between the dyes. Mi et al. developed a
fluorescence intensity coding approach using DNA tetrahedra as
a carrier to detect three cancer-associated miRNAs (Fig. 5A).'%
This method involves using different ratios of Cy3 and Cy5
dyes and taking use of the FRET effect. By altering the
quantity and positioning of Cy3 and Cy5 labels on the four
corners of the DNA tetrahedron, a total of 26 samples were
generated. A detection method based on a barcode probe was
implemented to create an in vitro sensing platform for
identifying three specific miRNA targets: miRNA-210, miRNA-
199a, and miRNA-21. A code library for fluorescence intensity
was created using a range of FRET intensities. The high
sensitivity and specificity of the barcode probe were confirmed
using miRNA-210 as a target model.

4.1.2 Fluorescence coding based on nucleic
amplification technology in RNA detection. RNA segments
with low expression levels can be enhanced by amplifying them
utilizing nucleic acid amplification technology to increase their
output signal. Li's team introduced a DNA sequence-encoded
fluorescent barcode called sequence-encoded amplicon
(SeqEA). This barcode utilizes controlled DNA hybridization to
accurately encode barcodes with different fluorescence
intensities. These barcodes can be rolled over and amplified,
allowing for the simultaneous imaging of multiple single-
molecule RNAs in individual cells (Fig. 5B).""® Their lock-in
probes utilize barcode (B1 and B2) and recognition (R) modules
for encoding. Hybridizing the target mRNA to the R module
initiates the RCA process, leading to the creation of
nanoparticles consisting of lengthy DNA amplicons including
several lock-in probe repetitions. The visualization of these
nanoparticles is achieved by hybridizing them with
fluorescently tagged detection probes (P1 and P2). The quantity
of detection probe P1 that attaches to the RCA amplicon and
marks certain mRNAs can be accurately regulated by altering
the sequence of the B1 barcode module. This enables the

acid

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sd00085d

Open Access Article. Published on 16 April 2024. Downloaded on 8/18/2025 10:33:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

. 2 o [ ®
A Carrier pe b ‘e o e &8
» ~— (0 9. a——
= .:. sembly - =
™ o
Tags o 0
Unites o g ¢

Barcode 1 | Barcode 2 R

O

3
5[ Barcode 1 Barcode 2
| 0900000000000000 1 ittt

Lstrr-viet r-e-segc
[ =
[o T

o0e"”

b
4
“44a

3

P2

l RCA detection

Sequence
P2 i
P1 "5,

3phi2g

5
1
3

\_l\}_l\_l
3

»

3

LA ) )
3
Relative fluorescence intensity
i A . .
| 1 1 i

m copies of padlock probe

Hybridization efficiency/onEismil

7 N

[emRuats s W

. . . N i {9
> mRNA 2,

o]

.
\ * mRNAn
Amplicon \MRNA3 ® © o .,
\ . > 4
\___*mRNA4 '
6. base 6. base
-0-] Dephosphorylation | -©
00 ™

Circular DNAzyme RNA-primed RCA

AR CRREYE o
5, A
Specific RNA cleavage 5 AAA
RNA ¥

57 TN AT Stage 1 st

o0 &5

Q

melews  Ratiometric N1\

° . analysis e &

. p—— . N
5

NNy

Fluorescent nanoladders

=

Stage 2
=
. RFP
e N2 e—e— NI N
DFP
—
Stage3 NN
Multiplexing:

o Secondary assemblies
NI*N2 virtual signals 4

aJ_L@

Wavelength

Amplicon

Primary scaffold

Y

Branched
barcodes

View Article Online

Critical review

D Multiplexed MicroRNA Profiling in Single Living Cells

1. Classified by

@ cy5/Cy3 ol
- ll.Correctedby

AMCA @ o

Ill. Quantitated by ..

FAM @ .

miR-373

miR-10b
miR-155
miR-16
miR-135b
miR-205
miR-1246

miR-141

|
Ca?* Homeostasis i
Breakdown -

>

Mito-ER
Crosstalk
\ Mito-ER miRNAs
\ Multiplexed Imaging

+ iometric
Different Ratio
of dyes

Molecular
Beacon

+

Targeting
Peptide

Fig. 5 Proportional type-based fluorescence coding in RNA detection. (A) Construction procedure and in vitro multiplexed sensing application of
Tetra-FICT.2%° (B) Schematic illustration of sequence-encoded amplicon (SeqEA) for multiplexed imaging of individual RNAs in single cells.** (C)
Overview of hierarchical DNA branch assembly-encoded fluorescent nanoladders for single-cell transcript imaging.*'* (D) Schematic of FluoELs for
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exhibition of multiplexed detection of RNAs at the individual
molecule level. This technique can be utilized for studying the
regulation of gene expression and analyzing the behavioral
changes of mRNAs at the single-cell level. However, it
necessitates cell fixation and permeabilization processes to
introduce probes, which implies that it cannot be used for
imaging multiple living cells simultaneously. According to this,
Zhao's group implemented the use of branching DNA for
encoding (Fig. 5C).""" The method employs three consecutive
DNA assemblies to enhance the accuracy of its detection.
First, it utilizes deoxyribozyme-incorporated circular probe-
mediated RNA self-initiated RCA. Second, it incorporates
branching DNA barcodes that are linked to the
corresponding RNA-primed amplicons. By repeating these
sequences, the number of detecting fluorescent probes
(DFPs) that are stably bound to the barcodes can be
determined. Here, ten branching barcodes were used to
broaden the possibilities for designing branching DNA
barcodes with distinct fluorescence characteristics. The
range of DFPs spans from one to ten, hence expanding
the assortment of DNA barcode patterns that exhibit
diverse fluorescence characteristics. In conclusion, the
arrangement of fluorescent probes on branched DNA

© 2024 The Author(s). Published by the Royal Society of Chemistry

114

enables the representation of fluorescence intensities and
spectra. This report showcases the findings of a study that
involved the simultaneous imaging of nine RNA samples
utilizing two different detection spectral channels and
three repeated sequences.

4.1.3 Fluorescent microsphere coding with different
proportions in RNA detection. The simultaneous
employment of numerous unique fluorophores and intensity
levels dramatically increases the number of targets that
fluorescent microspheres can detect. Sun et al. developed
fluorescence-encoded microspheres by attaching custom-
designed stem-loop structured probes to silica cores and
shells in three distinct proportions of two-color QDs. These
microspheres can be used for precise target detection and

amplification.""® The presence of a miRNA target leads to
the generation of a significant quantity of stem-G-
quadruplexes through target-triggered exponential

amplification. The fluorescent G-quadruplex intercalator can
selectively signal them, resulting in a change in the color of
the microsphere emission. Consequently, changes in
emission color that depend on the abundance of the target
can be utilized to visually and directly identify specific
miRNA targets.
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Most fluorescence-encoded microspheres currently available
in the market range in size from 2 to 100 micrometers, which
poses challenges in their detection within living cells.
Furthermore, biomolecules are arranged in a random manner
within the internal space of the cell. The complex environment
within the living cell can easily lead to uneven refraction of
fluorescence, resulting in a divergence of the detection signal.
Our team developed a technique called fluorophore-encoded
error-corrected labels (FluoELs), which is a form of
fluorescence labeling coding with error correction. This
technology allows for accurate examination of marker
molecules in living cells (Fig. 5D)."" Living cellular miRNAs
can be identified using FluoELs, which consist of cell-safe silica
nanoparticles (MSN) as the structural framework and varying
proportions of coding bi-fluorescent fluorophores (Cy5 and
Cy3) contained in the core. In this study, a fixed amount of
AMCA fluorescence was used to correct the quantitative bias
caused by refractive fluctuations in living cells. After fabricating
the fluorescent coding spheres, a 20 nm silica shell layer was
added to the outer surface. This layer allowed for the loading of
more molecular beacon (MB) detection probes with the right
size and low cytotoxicity. Additionally, the structure prevented
FRET between the signal recognition component of MB probes
and the coding dye, enabling specific detection of miRNAs.
This method allows for accurate quantification and in situ
detection of nine specific miRNAs in breast cancer cells. It also
permits the examination of variations within individual cells
and the quantitative assessment of miRNA levels in living cells.
Using this information, we proceeded to develop multiplexed
organelles portrait barcodes (MOPB), an innovative
fluorescence coding method that utilizes heterochromatic dye-
encoded barcodes to identify miRNAs in different locations of
organelles within living cells (Fig. 5E)."** The shell-core
mesoporous silica nanoparticle (SFMSN) was loaded with
varying proportions of AMCA, Cy3, and Cy5 dyes, ensuring
good biosafety. The surface of these nanoparticles was then
modified with organelle targeting peptide (TP) and MB
detection probes, resulting in the formation of MOPBs. The
paper presented a model of the endoplasmic reticulum (ER)
and mitochondria (Mito). Four distinct ratios of Cy3/AMCA
dyes were employed to create SFMSN-encoding spheres. These
spheres were then utilized to generate ER-MOPB, which targets
the ER, and Mito-MOPB, which targets the Mito. ER-TP and
Mito-TP were combined with the corresponding MOPBs with
MB probes that covalently bind and react with target miRNA.
Intracellular miRNAs were quantified by measuring the
fluorescence intensity of FAM on MB. This allows for the
accurate identification of miRNAs from eight distinct
organelles, facilitating the discovery of biomarkers within the
subcellular milieu. Similarly, He et al suggested utilizing
apolipoproteins as carriers to create fluorescence-encoded
microspheres. These microspheres were loaded with two
different fluorophores (fluorescein and rhodamine B) in seven
different amount ratios. The purpose was to detect and
visualize seven specific mRNA targets in situ.'’> Chen's team
constructed the core of the sensor using UCNPs, which are
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nanoparticles that obtained three fluorescence-encoded probes
by embedding Cy3 and Cy5 in a proportional manner into poly-
L-lysine-packaged UCNPs (PLL-UCNPs). Each barcode in the
sensor simultaneously packaged the same number of AMCA
fluorophores for error correction."'® Finally, they acquired in
situ pictures of the three separate miRNAs.

4.2 Fluorescence coding based on spatial geometry in RNA
detection

4.2.1 Geometry-based fluorescence coding in RNA
detection. The coding theme, which is based on geometries,
exhibits exponential scaling for asymmetric particles in the
form of C® and for symmetric particles in the form of C°/2.
Here, C represents the number of distinguishable spectral
features (‘colors’) and S represents the number of spatial
features (‘stripes’). Hence, by combining a limited palette of
colors and a correspondingly limited number of stripes, one
can harness a substantial coding potential that rapidly
amplifies with minor modifications to either parameter.
Doyle et al. utilized a combination of geometric patterning,
rare-earth upconversion nanocrystals, single-wavelength
near-infrared excitation, and portable charge-coupled device
(CCD)-based decoding to create a set of encoded barcodes
that can differentiate between particles synthesized by flow
lithography (Fig. 6A).""” This design exhibited an extremely
low rate of false positives in decoding (<107°). It also had a
huge encoding capacity that could scale exponentially (>10°
particles). Additionally, it has the capability to detect
miRNA-210 and miRNA-221. Kim's group proposes utilizing
primer immobilization network particles as independent
reactors to investigate the expression of several miRNA
targets (Fig. 6B)."'® Particles ranging in size from 200 to 500
um were recognized using two-dimensional codes engraved
on the particles. This advanced method of analysis allowed
for the simultaneous analysis of 10 miRNAs from
extracellular vesicles (EVs) in a single chamber, greatly
increasing the efficiency and multiplicity of the study. Based
on this, Doyle's group conducted a multiplexed detection
assay of miRNAs in colon tumor tissue utilizing a
biocompatible hydrogel that is more biocompatible, non-
contaminating for graphic coding, and assessable using a
basic mobile phone camera.**?

4.2.2 Spatial encoding-based fluorescence coding in RNA
detection. The spatial encoding-based approach offers several
advantages including high sensitivity and specific single-
molecule assays. It also has a high degree of multiplexing
capability, indicating that it can detect multiple targets
simultaneously. Unlike methods that rely on spectrally
separable fluorophores or plasma interactions, the spatial
encoding-based approach is not limited by the number of
probe species that can be distinguished by their spectral
properties.

Dai's group created a method for miRNA profiling that is
extremely specific to sequences and allows for multiplexing
(Fig. 6C)."*° This method utilizes DNA nanostructures and
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repeating probe binding, which enables super-resolution
geometric barcoding. In order to trap and render the relevant
miRNAs immobile, they initially functionalized origami
structures that were only partially complementary to the
target miRNA sequences (13-17 nT) on a glass surface. The
unpaired region that miRNAs capture functions as a binding
site for DNA-PAINT technology imaging. This binding is
detected and identified through the temporary pairing of
complementary imaging strands that are labeled with
fluorescent markers. The work employed a square lattice
configuration, with a 20 nm gap between each of the four
convenient markers and eight anchoring strands, to attain a
high level of multiplexing capability. This configuration
enabled the simultaneous identification and quantification
of eight different miRNAs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.3 Fluorescence coding based on fluorescence properties in
RNA detection

FA has great potential for imaging biomolecules and
performing multiplexed analysis since it can efficiently
distinguish fluorophores that have similar emission spectra.
Regrettably, the extensive use of this substance in the field of
biology and biotechnology has been impeded by its
susceptibility to alterations in the environment.

Li et al. achieved precise control over the FA level and
stability of a fluorophore in complex situations by attaching
fluorescent motifs at various locations on the DNA
tetrahedron (Fig. 7A)."*! First, the researchers created a DNA
tetrahedral structure to control the FA properties of the
fluorophore, known as FA DNA frameworks (FAFs). They
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accommodating fluorophores with controllable FA features.’®* (B) Regulation of FA by adjusting the fluorophores' placement on FAFs.

devised three methods to position the fluorophore Alexa 647:
first, by attaching it to the edge of the structure, second, by
attaching it to the 4th or 11th nucleotide protruding from the
13th nucleotide on the structure, and third, by placing it at
the 11th nucleotide on the structure, extending inward from
the 8th nucleotide (Fig. 7B). They discovered that the shorter
overhanging structure resulted in higher FA. Furthermore,
the fluorophore positioned within the structure exhibited
higher FA compared to when it was positioned outside the
structure. This suggests that different positions on the
structure can influence the movement of the fluorophore,

A »

Binding time

121

leading to variations in FA. By merging alterations in FA with
two distinct fluorescent hues of fluorophores, they achieved
barcodes including eight unique pseudo-colors that can be
used for miRNA analysis and cell labeling.

4.4 Fluorescence coding based on the time dimension in
RNA detection

4.4.1 Fluorescence coding based on chronological order in
RNA detection. Super-resolution imaging has led to the
emergence of a new category of passive imaging techniques

AN Ex8-recognition I\ Ex8-flare \AANAANV Target mRNA

Counts

Time (ns) Time (ns)

Fig. 8 Fluorescence coding based on the time dimension in RNA detection. (A) Simultaneous multiplexed super-resolution imaging by engineering

blinking kinetics.*?? (B) Frequency-based 124-plex super-resolution imaging.*?? (C) Nanofilm synthesis and experimental schematic.
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known as DNA-PAINT. By transferring the programming of
reporter genes from dye color to DNA sequence, they can
achieve the multiplexing of highly monochromatic optics.
Jungmann's team showcased a novel technique in super-
resolution microscopy that allows for the simultaneous
detection and imaging of RNA and proteins in cells (Fig. 8A)."**
This was achieved by manipulating the flicker frequency and
duration of the target fluorescence using the DNA-PAINT
technique. By combining different fluorescence spectra, the
team was able to achieve 124 different types of super-resolution
imaging in just a few minutes. Two methods were employed to
control the scintillation frequency of the target. First, the
scintillation frequency was observed to increase linearly with
the number of binding sites, as demonstrated by comparing
samples labeled with one binding site and three binding sites.
Second, the duration of the scintillation was altered by
adjusting the length of the connecting strand. It was found that
the longer the strand, the longer the duration of the
scintillation. Using this approach, DNA origami structures were
created with three distinct binding sites at positions 0, 3, 9, 22,
and 44. These structures were then labeled with fluorescent
dyes in three different colors: red, green, and blue (Fig. 8B).
This resulted in a total of 5> — 1 = 124 target structures, which
could effectively differentiate between TFRC and MKI67 mRNA
molecules. This demonstrates the capability of RNA imaging
detection and highlights its potential for use in cellular
multiplex detection.

4.4.2 Fluorescence coding based on fluorescence lifetime
in RNA detection. Fluctuations in fluorophore concentration
and light can sometimes affect fluorescence intensity
measurements. A highly effective alternative, which is not
affected by variations in fluorescence intensity or initial
excitation circumstances (such as wavelength), is the
assessment of fluorescence lifetime. This method effectively
eliminates any interference caused by background materials
and fluctuations in excitation.

Sun et al employed fluorescent lifetime imaging of
nanoflares to specifically detect endogenous mRNAs (Fig. 8C)."**
The researchers generated nanoflares by forming AuNP-DNA
complexes and attaching Cy5-modified oligonucleotides to
gold nanoparticles, they observed a significant decrease in
fluorescence lifespan. In the presence of the target mRNA,
the recognition sequence on the AuNP would form a hybrid
with the target, resulting in an extension of the fluorescence
lifetime. The suitability of this approach for identifying
endogenous mRNAs was assessed using MDA-MB-231 cells.
Fluorescence lifetimes can be accurately determined by
studying the fluorescence decay trails in cells, which allows
for the detection of target mRNAs in cells. This presents
novel possibilities for the detection of a wide range of
supplementary biomolecules.

5. Summary and outlook

Fluorescence coding has emerged as a crucially pivotal
technique in biomedical detection due to its versatility,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensitivity, and multiplexing capabilities. This methodology
involves tagging molecules with fluorescent labels based on
the fine control of fluorescence scaling type, spatial geometry,
specific fluorescence properties, and time dimensions,
allowing for their detection and quantification by
fluorescence microscopy or spectroscopy. Based on its high
throughput, high spatiotemporal resolution, and real-time
monitoring, fluorescence coding has shown great potential in
the tracing of pathophysiological microenvironment
variations. Developing a fluorescence coding technique for
RNA detection in anomalous microenvironments offers
numerous advantages in the diagnosis and tracing of diverse
pathophysiological processes that have revolutionized the
field of molecular biology and biomedicine.

Fluorescence coding allows for the simultaneous detection
of multiple RNA targets within the same sample, attributing
to encoding fluorescent motifs in multiple ways, the
multiplexing capability of which is invaluable for studying
complex biological processes. By employing different
fluorescent labels with distinct emission spectra, different
proportions, and spatial geometry, and using nanomaterials,
researchers can detect multiple RNAs simultaneously,
distinguish between various RNA species, and monitor their
dynamics in real time, providing insights into cellular
responses to stimuli or disease states.

However, there are several challenges in RNA detection by
fluorescence coding techniques. Low signal intensity and
high background noise in physiological environment can
obscure the detection of low-abundance RNA targets, limiting
the utility of fluorescence coding techniques for sensitive
biomarker detection and quantification. To solve the
problem, multiplexed fluorescence imaging strategy based on
multicolor encoded hybridization chain reaction amplifiers
can improve the sensitivity of fluorescence coding
techniques, enabling the detection of low-abundance RNA
targets with improved signal-to-noise ratios. Furthermore,
fluorescence coding can be combined with advanced imaging
techniques such as fluorescence in situ hybridization (FISH)
or single-molecule imaging, to visualize RNA molecules with
high spatial resolution. It allows researchers to study RNA
localization, trafficking, and dynamics within subcellular
compartments or complex tissue environments, providing
mechanistic insights into RNA-mediated biological processes.

In summary, fluorescence coding has become an
indispensable tool for RNA detection in biomedical research,
offering sensitivity, multiplexing capabilities, and compatibility
with high-throughput screening platforms. By harnessing the
power of fluorescence coding technology, researchers can
elucidate the roles of RNA molecules in health and disease
conditions, paving the way for the development of novel
diagnostics and therapeutic interventions.
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